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Abstract— The voltage stability margin (VSM) is an important indicator to access the voltage stability of the power system. In this paper,
Flexible AC transmission systems (FACTS) devices like static synchronous compensator (STATCOM), static synchronous series compensator
(SSSC), and unified power flow controller (UPFC) have been deployed to enhance the VSM of the power system. The placement of the
FACTS devices is decided based on contingency raking. For the top five critical contingencies, the most severe bus is selected based on bus
voltage stability criticality index and degree centrality methods. The critical line is decided based on the values of the line stability index,
fast voltage stability index, and line stability factor. The STATCOM and shunt part of the UPFC are placed at the critical bus, whereas the
SSSC and series part of the UPFC are placed at the critical line for enhancing voltage stability. The proposed method for voltage stability
enhancement using FACTS devices is tested and validated on the IEEE-14 bus system and the NRPG-246 bus system at different system
loading scenarios. The impact of the placement of FACTS devices is validated in terms of VSM improvement.
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NOMENCLATURE R Ranking
UPFC Unified power flow controller
Terminology  Description
STATCOM Static synchronous compensator 1. INTRODUCTION
vC Voltage collapse

Lqp Line stability factor An increase in linear and non-linear loads due to technological
Lmn Line stability index development, restructuring, increasing interconnection, environ-

CBI Critical boundary index mental, and economic factors are rfasponsible for su.sc.epti.blf.: and
NRPG Northern region power grid more cpmplex power systems operating near their stablhty limit [1].
Pp, Maximum real power demand limit at bus ‘i’ The primary purpose of the restructur.ed‘ power system is to lower
VSM Voltage stability margin power loss and investment and to maximize the utlllZElFlOl’l of power
CPF Continuation power flow system networks [2]. The sources of disturbances are increased due

FVSI Fast Voltage Stability Index to deregulated power systems which result in unpredictable and

P; Sending end real power flow less robustness of systems [3]. Long-term stability doesn’t have
BVSI Bus voltage stability criticality index assured short-term stability. Con§equently, many blackouts have
SSsC Static synchronous series compensator been r.e.ported all over the world in thf; last .dfzcagle due to voltage
cd Degree centrality instability problems [4]. The voltage 1n§tab111ty is referrefi to the
0:; Line impedance angle between bus ‘i’ and ‘j’ uncontrol!ed vgltage drop of the transmission s‘ystem.,‘whlch may
Qp,, Maximum reactive power demand limit at bus ‘i’ lez.1d to disruption of the system. The voltage 1pstab111ty problem
Qi ' Sending end reactive power flow arises yvhgn the power system opera}es beyopd its generatlor} and
A Loading factor transmission capability. The progressive (.1r0p in voltage magnitude,
Amax Maximum loading factor which leads to the blackout of a significant part of the power
k Loading multiplier system network, s known as voltage collapse (VC). The event. of
Xy Line reactance bus ‘i’ and j’ voltage collapse. 1nclpdes sudden }os; of geqerators, overloa@mg
Qj; Receiving end reactive power flow of tl}e transmlssmn line, sudden significant d}sturbance, or minor
P; Receiving end real power flow continuous disturbances [5, 6]. _Gene?ator exciter and overload tap
) Power angle changers restore the voltage quickly in the power system network.
Yij Line admittance between bus ‘i’ and ‘j’ Tap changing operation results in an increase in load, which will

LO Line Outage increase the line losses. Further, this will increase the voltage drop
in load level. As result, the reactive power output of the generator
will reach its excitation limit. Further additional reactive power
will be managed by generators nearest in resulting overloading
of several generators. The successive outages of generators and
transmission lines would lead to a complete blackout [7].

It is very essential to know the margin of the power system
stability to avoid and prevent voltage collapse or blackout. The
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as variations in system parameters. In [8], the first developed
voltage stability index to determine the voltage instability based on
Jacobian. Several methods have been developed for the assessment
of voltage stability, like modal analysis, eigenvalue, singular value,
and sensitivity methods [9, 10]. For static and dynamic loads,
a novel index based on V-Q sensitivity is proposed [11]. The
reactive powers sensitivity matrix of the generators can be quickly
established for the loading parameter. The high value of the
sensitivity factor indicates critical loads and critical generating
units. The indices based on Jacobian have drawbacks as they
are required high computation and high accuracy for online
applications. Voltage stability margin (VSM) is the more accurate
and widely accepted method for predicting voltage collapse [12].
It is measured by direct method or continuation power flow (CPF)
and used for a dynamic system with consideration of parameter
limits and nonlinearity. Some voltage stability indices have been
developed based on online parameters (line admittance/impedance)
and variables like power flow, bus voltages as well as line current.
Further, these indices are categorized into bus voltage stability
indices and line voltage stability indices [13]. Several advantages
of finding the critical lines over detecting the critical bus in the
power system network using indices have been discussed in [14].
Using Thevenin’s equivalent impedance matching technique have
been proposed to determine the voltage stability limits in [15].
However, it is seen that by taking into account the variation of
active and reactive powers at the same instant, the voltage stability
analysis provides high accuracy. In this situation, the critical
boundary index (CBI) has been used to measure the physical
distance from the operating point to the point close to voltage
collapse (known as voltage stability margin) [16].

A hybrid approach was developed by the author in [17] to
access the voltage stability based on PMU measurement with
considering generator’s reactive power reserve limits. For the
monitoring of the wide area, a fast voltage stability index was
developed [18]. A novel voltage stability assessment algorithm
(VSAA) is evaluated from power flow equations in [19] and it is
validated under different loading, different generator outages, and
load disturbances. A new global voltage stability index (VRIgys)
was formulated to access the short-term voltage stability in [20]. A
new line voltage stability index (BVSI) was formulated for finding
the most severe line of the power system, which was tested under,
heavy reactive power loading, heavy active power loading, heavy
apparent power loading, (N-1) contingencies [21]. It is possible
to represent an electrical network by the graph. The centrality
measures can rank the relative importance of the nodes and edges
in a network graph [22]. Like graph theory, the concept of degree
centrality has been used in grid networks by considering electrical
parameters to identify the most critical bus of the network [23].
The enhancement of reactive power to improve the voltage profile
and voltage stability margin is based on contingency ranking.
The contingency ranking can be based on the voltage stability
margin, performance index, loadability of the power system, and
the voltage level of the buses. The requirement of reactive power
compensation can be met by rescheduling the generators, changing
the tap of the transformers, load shedding, and providing external
reactive power support.

Contingencies can be ranked based on the line stability index
[24]. The appropriate buses of the system for DGs placement
can be decided by analytical approaches using the loss sensitivity
factor [25]. The voltage stability analysis has been evaluated
under unbalance conditions using distributed generation sources
[26]. Several control techniques have been employed in the
power system, such as reactive power compensation devices
(shunt capacitor, Flexible AC Transmission System, synchronous
condenser, etc.), load shedding, tap changing transformer with
proper adjustment, et cetera can overcome the voltage instability
and voltage collapse problems [27]. The power flow of any
electrical network can be easily controlled by regulating the line
parameters, magnitude, and phase angle of the bus voltages. The

concept of a novel Flexible AC Transmission System (FACTS) was
proposed in [28] to regulate these parameters at the power system
level. Since then, to improve the power handling capability of the
line and power system stability, the allocation of FACTS devices
in the network has become a wide area of interest for researchers
and operators. Genetic algorithms, particle swarm optimization,
L-index, sensitivity-based approaches, and modal analysis are the
vast areas used for the optimal allocation of FACTS [29]. The
area of the voltage stability region has been visualized in [30].
The improvement of the VSM has been investigated using PMUs
at the appropriate locations [31]. In [32], the FACTS devices
SVC and TCSC were placed at optimal locations at minimum
investment cost. The optimal location of SVC and TCSC are
found as bus number 10 and line (9-14) for the IEEE-14 bus
system. Line outage (6-13) contingency is found as the most
important contingency. In [33], the voltage stability margin is
improved by five different FACTS devices. The most critical line
and bus are found as line (1-5) and bus 14 for the IEEE-14 bus
system by reactive power loss sensitivity approach and tangent
vector analysis respectively. The most severe contingency is found
as the line outage (2-3) for IEEE-14 bus system. The maximum
voltage stability margin is obtained when UPFC is placed in the
system. In [34], the voltage stability margin was improved by
minimizing the voltage stability index Lmax. A Multi-Objective
Genetic Algorithm (MOGA) was used to minimize Lmax and
the Investment cost of the SVC and TCSC FACTS devices by
keeping a minimum deviation of the generator’s real power. The
voltage stability has been accessed by increasing the Doubly-Fed
Induction Generator-based (DFIG)-based Wind Energy Conversion
System (WECS) power penetration in [35]. In this, the effects of
increasing the DFIG-based WECS power penetration on generator
loading, transformer loading, and on transmission line loading
have been analyzed.

This paper presents a simple method to improve the voltage
stability margin using series and shunt FACTS devices with wide
variations in Qp/Pp. Qp and Pp are the reactive and real power
demands at buses. A system load multiplier k is considered to
vary Qp/Pp, which gives wide variations in load patterns. Load
flow analysis data has been used to calculate the voltage stability
indices and identify the voltage stability boundary. This work is
mainly focused on a comparative analysis of the effects of FACTS
devices, such as STATCOM, SSSC, and UPFC on the voltage
stability margin or loadability of the load buses using continuation
power flow (CPF). Based on VSM critical contingencies have
been determined. The most severe contingency is that which has
lower a VSM. Critical boundary index (CBI) and degree centrality
measures methods have been employed to find out the critical bus
and for the placement of the shunt FACTS device STATCOM.
While for the placement of series FACTS devices SSSC and series
part of the UPFC, the fast voltage stability index (FVSI), line
stability index (Lmn), and line stability index (Lqp) methods are
used to determine the most critical line. The proposed method with
the placement of the FACTS device has also been investigated
with the deployment of the DFIG-WECS.

The proposed work has mainly the following highlights:

« Critical contingencies ranking has been to identify the most

critical contingencies with wide variations in load.

o The locations of shunt and series FACTS controllers have
been identified using bus voltage stability indices and line
voltage stability indices respectively.

o Enhancement of loadability of the load bus or VSM with
shunt and series FACTS device and their comparative study.

2. VOLTAGE STABILITY MARGIN (VSM)

The transmission line has a limited capacity for carrying both
active and reactive power. The network’s voltage stability is
impacted by this power system limitation. The sustainability of
voltages on each bus in the power system within a reasonable
range is referred to as the voltage stability of a system.



Journal of Operation and Automation in Power Engineering, Vol. 12, No. 4, Dec. 2024

A A
_|______T _______ 1
. Stable Region |
:47 VSM B
[
|
| |
\" : 3
| /
| !
| Unstable |
' Region
| |
O i v,
—
PO P Pmax

Fig. 1. P-V Curve of a power system

Due to the increase in power demand, the voltage magnitude
decreases. The decrease in voltage magnitude will lead to an
increase in power till the point of voltage collapse, “B”. Beyond
this point, there is no increase in power even after the decrease in
voltage. It will lead to voltage collapse. In Figure 1, the region
beyond point B is unstable and is denoted in red color. The system
should operate in the stable area indicated by the green color.
The stability of the system is evaluated in terms of VSM. The
distance between the operating point, A, and the nose point, B, is
known as the VSM. VSM is considered to be an indicator of the
voltage stability of the power system [36]. Increasing the distance
between the operating point and the nose point will improve the
VSM. This can be achieved by either lowering the operating point
or increasing the nose point. The operating point can be reduced
by reducing the system loading, which is not a feasible solution
to improve the VSM [37]. The nose point can be shifted right by
providing additional reactive power support in the system.

3. CONTINGENCY RANKING

On increasing the system loading, the operating point is shifted
right (refer to Figure 1) and hence, the VSM of the power system
is reduced. To improve the voltage stability of the power system,
reactive power support at a suitable bus is needed. The selection
of a suitable bus is decided by CPF [38].

Apart from the different system loading conditions, the
VSM of the power system is also affected under different
contingency conditions. In this paper, the (N-1) line outage
contingencies for base case loading conditions are considered to
rank the contingencies under normal operating scenarios. Under
contingency, the operating point, as well as the nose point both,
will change and hence the voltage stability of the system will
degrade. To improve the VSM, reactive power support is needed
at the critical bus. The gap between the maximum loadability
point and the operating point of the base case with a single line
outage at a time has been used to rank contingencies in order to
identify the critical bus. The most severe contingency is who has
the lowest VSM.

3.1. Contingency Under Different System Loading Condi-
tions

For a given system network condition, the maximum loading
point is estimated using CPFE. In this paper, branch outages have
been considered as contingency conditions. For each line outage,
the network condition may change and hence, the maximum
loading of the system will also change. For a given line outage,
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Fig. 2. Block diagram of two bus power systems

the VSM will be assessed with wide variations of real and reactive
power demands at the load buses [38]:

PDi = PDib(1+A) (1)

QDi = kQDib (1 + )‘) 2

where Pp,, and Q)p,, are the real and reactive power demand
at ith bus respectively at base case; Pp, and (Qp, are the real
and reactive power demand at the ith bus; the system loading
factor known as Amax applies to all buses. Using the system
loading factor (multiplier k), the system Qp/Pp ratio can be
varied. The value of multiplier k£ is chosen as 0.2, 0.5, 1.0, and
1.2 which would give a large deviation in Qp/Pp. Similarly, the
system loading factor Amax may be evaluated for all line outage
contingencies. Then, Amax is used to order each contingency and
find the critical contingency. The critical contingencies are decided
based on the lowest system loading factor and computed for all
values of k.

Severe critical contingencies cases for all values of k are most
sensitive toward the voltage instability and are required for further
analysis. The reactive power support technique is the most potent
method to enhance the power transfer capability of the line and
improve the VSM and voltage level of the buses. By controlling
the injection and absorption of reactive power, the bus voltage
level can be controlled. This can be accomplished using series and
shunt FACTS devices at appropriate locations in the power system.
The series and shunt FACTS devices in the power system are
placed at the appropriate line/bus using the most critical line/bus
under critical contingency.

3.2. Location of Shunt FACTS Devices

Shunt FACTS devices are placed at the most severe bus of
the system. Bus voltage stability criticality index (BVSI) [16]
and degree centrality (Cd) [22] methods have been employed to
identify the most severe bus of the systems.

A) Bus Voltage Stability Criticality Index (BVSI)
For a given two-bus system between bus i and j, as shown in
Fig. 2, the critical boundary index (CBI) is defined as:

CBIi; = \/ AP + AQ?, 3)

where the distances between the operating point and nose point
(defined by Amax) of the real and reactive power, respectively, are
AP;; and AQ),;. Hence, the expression of BVSI for the ith bus
can be written as:

>, |CBIL;]

BV SI(i) = , (i #J) “)

n—1
where n represents the overall system bus count. With the increased
value of BVSI, the bus voltage stability will improve.

B) Degree Centrality

The most simple and direct centrality for any vertex is node
degree. The degree of a node’s centrality determines how connected
that node is to the other nodes in the network. For any node v
in a network with a graph G = (V, E) with n vertices, a set of
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vertices denoted by V, and a set of edges denoted by E, the
degree centrality is denoted by [22]:
L(v,v)

Calw) = S - Lot ©

where L represents Laplacian, and n — 1 is used for normalization.
In an electrical power system network, the connectivity strength
of any node (bus) with the connected links is dependent upon the
admittance of links (lines). Hence, electrical degree centrality is
defined by:

2 vl

n—1

Ca(i) 5 (i #J) (0)
where y;; is the admittance of the line connected between bus i
and j. The node having electrical degree centrality near zero is the
most severe bus and the node having electrical degree centrality
near 1 is the most stable bus.

3.3. Location of Series FACTS Devices

The series FACTS devices should be placed at the most
critical line under critical contingency conditions. To select the
most critical lines of the system, a number of indices have
been developed by power system researchers based on load flow
analysis. In this paper, three indices have been discussed for
selecting the critical line.

A) Line stability index

The line stability index, L,,, has been frequently used by
researchers to define the stability criterion of each line [39]. It is
expressed as:

_ 4Xi;Q;
(Visin(0; — 9))?

where, X;; and 0;; are the line reactance and line impedance
angle between bus i and bus j, respectively; (Q; and V; are
the receiving end reactive power and sending end bus voltage
magnitude, respectively; § = §; — J; for two bus systems shown
in Fig. 2.

B) Fast Voltage Stability Index (FVSI)

FVSI of a line is also used to select the critical line and is
mathematically defined as [13]:

O]

mn

41Zi;° Q;

FVSI =
VS ViXs

®)

where Z;; is the line impedance between bus i and bus j.
C) Line Stability Factor (Lgp)

The line stability factor is also used for finding the critical line
and defined in terms of real and reactive power as [14]:

Xi;\ ([ Xi
Lqp:4(Vi;) (%;Pi%czj) ©)

where P; is the active power at sending end of the line. The
Igp value of the system should be less than 1 for the stable and
secure operation of a system. The stable condition of the system
is decided by an index, Lmn/FVSI/Lgp.

3.4. FACTS Devices for Improvement of VSM

In this paper, STATCOM, SSSC, and UPFC FACTS devices are
deployed in the power system network on a critical bus/line. With
the deployment of these devices, stability enhancement has been
investigated.

A) STATCOM

The STACOM is the most potent FACTS device, which is
connected in shunt with the AC load buses. The STATCOM can
regulate bus voltages by injecting reactive power at the buses
based on bus voltage reference values.

B) SSSC

In order to make up for the reactive and resistive voltage drops,
the SSSC is connected in series with a line and is capable of
transferring both active and reactive power.

C) UPFC

UPFC is the fast-acting reactive power compensating device
within the family of FACTS devices. It has a powerful ability
to control all the regulating parameters of the system like line
impedance, bus voltages magnitude as well power angle. The
UPFC is the combination of two (series and shunt types) FACTS
devices. One is STATCOM connected in shunt with the line, and
the other is SSSC connected in series with the line, and both are
linked with a common dc capacitor for reactive power exchange
between them. As UPFC controls all the system parameters, the
active and reactive power are both maintained by this FACTS
device.

3.5. Wind Power Integration for the Improvement of VSM

The incorporation of wind power into the system can slightly
increase the system’s loadability. When the bus, which is most
susceptible to voltage instability or a potential voltage collapse
point, is integrated with the wind system, the voltage level
stabilizes itself. The wind energy system is accessible in the
PSAT Simulink library along with various induction generator (IG)
configurations integrated with the IEEE-14 bus system. In the IEEE
14-bus test system used in this work, only generators 1 (slack
bus) and 2 can generate both active and reactive power. Also,
only reactive power is added to the system by the synchronous
compensators connected with buses 3, 6, and 8. Instead of
replacing the synchronous generators and compensators, in this
paper, the Doubly-Fed Induction Generator-based Wind Energy
Conversion System (DFIG-WECS) is connected to the system via
the most critical bus.

3.6. Algorithm to Improve Loadability with STATCOM,
SSSC, and UPFC

1. Run continuation power flow (CPF) for different values of k
and each line outage. Perform raking based on the value of
)\max-

2. Select some top cases having the lowest system loading
parameter for k = 0.2, 0.5, 1.0, and 1.2 values.

3. Find out the BVSI and Cd value for all buses and all values
of k. The most severe bus is the bus with the lowest BVSI
and Cd values.

4. Calculate line stability indices (Lmn, FVSI, and Lqp) for all
lines connected to the most critical bus obtain in step 3. The
most severe line is that which has the highest value of line
indices.

5. Place the FACTS devices at the most critical bus/line with
wide variations in load pattern with/without wind power
integration.

a. Place the STATCOM at the most critical bus, obtain the
system loading parameter by CPF and note down the value
of the system loadability factor.

b. Place the SSSC in the most critical line as selected in step
4, obtain the system loading parameter and note down the
value of the system loadability factor.

c. Place the shunt converter of the UPFC at the most severe
bus as obtained in step 3 and the series convertor of the
UPFC in the most critical line connected with the most
severe bus, obtain the system loading parameter and note
down the value of the system loadability factor.

6. Calculate the active and reactive power loadability of the
critical load bus using (1) and (2) at the nose point with and
without placement of the FACTS device and compare.

7. Plot the nose curve with and without using FACTS devices
for the case which has maximum improvement in loadability.
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Table 1. Line data of IEEE-14 bus test system

Line No. Bus Number Resistance Reactance
(r) (in p.u.) (x) (in p.u.)

Impedance Angle
(0) (in deg.)

369

Table 2. Most severe bus and their bus voltage stability indices with
different system loading

Loading Multiplier Most Severe BVSI Value Cd Value Amax of the

From To ‘K Bus System
1 6 12 0.12291 0.25581 64.33693 0.2 14 0.11071 0.43669 4.21
2 2 5 0.05695 0.17388 71.86509 0.5 14 0.11064  0.43668 4.16
3 7 0 0.11001 90 1.0 14 0.11031  0.43644 4.03
4 3 4 0.06701 0.17103 68.60463 12 14 0.10653  0.42815 3.96
> 1 10 0.08205 0.19207 6686841 Table 3. Ranking of top 5 critical line outage contingencies
6 9 14 0.12711 0.27038 64.82103
7 3 2 0.04699 0.19797 76.64742 R k=02 k=05 k=10 k=12
LO VSM LO VSM LO VSM LO VSM
8 6 13 0.06615 0.13027 63.07893
1 12 1343 12 1341 1-2 1.336 1-2 1.334
9 5 4 0.01335 0.04211 72.40999
2 32 2289 32 2279 3-2 2261 3-2 2215
1 1 2 .01 . 1 1.864
0 001938 0.05917 71.86478 3 5-6 2.557 5-6 2.454 5-6 2.279 5-6 2.253
11 4 7 0 020912 90 4 24 3.37 7-9 3.341 7-9 2.883 7-9 2.689
12 5 1 0.05403 022304 76.38278 S 25 3539 24 3343 613 3220 613  3.052
13 5 6 0 0.25202 90 LO = Line Outage, R = Ranking
14 9 10 0.03181 0.0845 69.37117
15 2 4 0.05811 0.17632 71.75927
P " I 017093 034802 Y Cd for different values of k and listed in Table 2. It is observed
: i . that bus number 14 has the lowest indices value for all four types
17 12 13 0.22092 0.19988 42.13759 of load patterns. As a result, bus 14 is regarded as the IEEE-14
18 6 11 0.09498 0.1989 64.47429 bus system’s weakest bus. Also, in [33], [35], [40], and [43],
bus number 14 was found as the most severe bus of the system
19 8 7 0 0.17615 90 from different methods. For this critical bus 14, the line connected
20 4 9 0 0.55618 90 between bus 14 and 13 is identified as the critical line on the

4. RESULTS AND DISCUSSIONS

The effect of the STATCOM, SSSC, and UPFC on VSM and
maximum real and reactive power loadability of the critical load
bus have been investigated on IEEE-14 bus and functional Northern
Region Power Grid (NRPG)-246 bus system. For both the test
systems, the maximum loading parameter, Amax has been evaluated
for different values of k using CPF. Based on the maximum
loadability of the test system, the line outage contingencies have
been ranked. In this work, four values of k (0.2, 0.5, 1.0, and
1.2) have been considered for investigating the proposed method.
Critical contingencies have been evaluated with wide variations
in load patterns. The most critical bus has been found based
on calculated BVSI and Cg indices values, and the validation of
the method developed is done by comparing the critical buses
as found in [40]. The most critical line has been found based
on calculated Lmn, FVSI, and Lqp values. The validation of the
method developed is done by comparing critical lines as found in
[41]. The shunt FACTS device STATCOM is connected at the most
severe bus and series FACTS devices SSSC, as well as the series
component of the UPFC, are connected in the most critical line.
Maximum loadability of the critical load bus has been obtained in
different operating scenarios. The voltage vs loadability curve is
plotted with and without FACTS devices.

4.1. IEEE-14 Bus System

This system consists of 14 buses, 20 lines having three
transformers, a zero-injection bus at bus 7, 3 synchronous
condensers at buses 3, 6, and 8, and 2 generators at buses 1 and 2
as shown in Fig. 3 [42]. The line connected between buses, The
lines 2-5, 6-12, 12-13, 6-13, 6-11, 11-10, 9-10, 9-14, 14-13, 7-9,
1-2, 5-1, 3-2, 3-4, 5-4, 2-4, 4-9, 5-6, 4-7, and 8-7 (from the bus-to
bus) are indexed as lines as shown in Table 1.

For all the lines of the IEEE 14-bus test system intact, the
critical bus may be identified based on the value of BVSI and

basis of three indices, namely, Lmn, FVSI, and Lqp for different
values of k. In a similar manner, critical buses and lines may be
identified for line outage contingencies.

Using CPF, the maximum loadability parameter A has been
obtained for all line outage cases at k = 0.2, 0.5, 1.0, and 1.2.
Based on the value of Amax, all line outage contingency ranking
has been performed for all values of k. The top three critical
contingencies are independent of load pattern, k and are the same
as evident from Table 3. However, the top five contingencies have
been considered in this paper for further investigation.

For the top five-line outage contingencies, the critical bus has
to be identified on the basis of BVSI and Cd for four different
values of k. In Table 4, the most severe bus has been listed for
the top five-line outage contingencies with k=0.2 and k=1.2. In all
considered critical contingencies cases, the BVSI and Cd values
of bus number 14 are found as lowest among all buses except in
the case of line outage (3-2) at k=0.2. So, it is concluded that bus
number 14 is found as the most severe bus also under considered
contingencies. Therefore, bus 14 is the most suitable bus for the
placement of shunt FACTS devices like STATCOM and the shunt
part of the UPFC.

Critical bus 14 is connected to buses 9 and 13 only. Hence, for
the critical line selection, only two lines (14-9 and 14-13) have
been considered. For these two lines, three indices (Lmn, FVSI,
and Lqp) have been evaluated for different values of k and are
listed in Table 5. In most of the cases, line (14-13) has the highest
line indices value except for line (6-13) outage cases. Hence, line
(14-13) is considered to be the most critical line associated with
the most critical bus 14 which was also found in [35] and [43]
as the most severe line with different methodologies. This is the
most optimal location for the placement of series FACTS devices
like SSSC and series part of the UPFC.

As evident from Table IV, line (5-6) is one of the critical line
outage contingencies. For this line outage, bus 14 is the critical
bus, and line (14-13) is the critical line defined by the stability
indices. For the critical line outage for line (5-6), the stability
indices for the rest of the line have been represented pictorially for
the IEEE-14 bus system at different values of k. It is also observed
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Table 4. Most severe buses and their bus voltage stability indices under different contingencies

k=0.2 k=1.2
Line Outage Most Severe Bus BVSI Value Cd Value Line Outage Most Severe Bus BVSI Value Cd Value
1-2 14 0.10651 0.43051 1-2 14 0.09163 0.41508
3-2 3 0.10214 0.42184 32 14 0.09084 0.41068
5-6 14 0.11031 0.42961 5-6 14 0.09849 0.41934
2-4 14 0.11016 0.42778 7-9 14 0.09751 0.41733

2-5 14 0.10946 0.42703 6-13 14 0.09446 0.41644
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that line (14-13) has the highest stability index value in the case
of line outage (5-6) for different values of k.

After placing the STATCOM at the most severe bus number 14,
the line indices values of the sever line (14-13) associated with
this bus, get reduced as shown in Table 6. As a result, the severity
of the critical line decreased. Also, in the cases of placement of
SSSC and UPFC at the optimal locations, the line indices value
for the severe line (14-13) has been decreased. Consequently, the
severity of the line (14-13) gets also reduced.

The critical bus/line for the critical line outage has been
identified for the placement of FACTS devices for the enhancement
of voltage stability. In this paper, three FACTS devices, namely,
SSSSC, STATCOM, and UPFC have been considered for this
purpose. For the most critical line outage (between buses 5 and
6), STATCOM and shunt part of UPFC is located at severe bus
i.e., bus 14 and SSSC, and the series part of the UPFC is placed
at the most severe line (14-13) connected to most severe bus 14
of the IEEE-14 bus system. In the cases of wind integration and
with the deployment of STATCOM at bus 14, the severity of the
most severe bus 14 is no more severe and in this case, bus 5 is
identified as the most severe bus as evident from Table 7. Also,
the most severe bus of the system changed from bus number 14
to bus number 5 after the placement of UPFC at bus 14 as shown
in Table 8. In general, SSSC should be placed at the most critical
line but, in this paper, the SSSC has been placed in the severe line
associated with the most critical bus 14. Therefore, the severity of
the line (14-13) associated with the most critical bus 14 may not
be affected upon placement of SSSC in the line (14-13).

The FACTS devices like STATCOM or shunt part of UPFC
is placed at bus 14 and SSSC or series part of UPFC is placed
at line 14-13. Also in similar manner, wind power is integrated
with the most severe bus 14. For the top 5 lines outage cases
(listed in Table 4 having the lowest voltage stability margin, the
maximum loadability limit, Amax has been evaluated with and
without FACTS device at different values of k (k=0.2, 0.5, 1.0,
and 1.2) as shown in Table 9, Table 10, Table 11, and Table 12.

From these Tables (from Table 9 to 12), the improvement in
the VSM has been visible with the deployment of wind power
and FACTS devices for different values of k. For the base case,
the value of maximum loadability with FACTS devices deployed
is also improved for different values of k, which is also reflected
in [43]. In the intact case of using STACOM at bus number 14,
the maximum loadability has been increased from 4.03 p.u. to
4.10 p.u. as shown in Table 11. Whereas in the same case, it was
increased up to only 4.08923 p.u. in [43]. In the same scenario
when UPFC is used the maximum loadability gets improved from
4.03 p.u. to 4.17 whereas it was improved only up to 4.10391 p.u.
in [43] as shown in Table 13. From these tables, it is observed that
in all these line outage cases with the intact case at different values
of k (k=0.2, 0.5, 1.0, 1.2), the system loadability factor has been
increased when the FACTS devices are used in the system. Also,
the maximum real and reactive power demand at the most critical
bus 14 gets improved. It is found that in the line outage case (7-9)
at multiplier value k=1.0, the gap between the system loadability
factor with and without FACTS devices is maximum in comparison
to other cases. Thereby in this case the gap between maximum
real and reactive power demand with and without FACTS devices
is maximum in comparison to other cases. The maximum loading
factor Amax (in p.u.) with and without FACTS devices at k=1.0
(base case) has been comprised with other research is shown in
Table 13.

The value of the system loadability factor with line outage
(7-9) and without FACTS device at multiplier value k=1.0 is 2.88,
whereas its value gets improved by 3.48 p.u., 2.95 p.u., 3.51
p-u., and 3.55p.u. when SSSC, STATCOM, combined SSSC and
STATCOM, and UPFC are placed at the most critical line and
bus respectively. Similarly, the maximum real and reactive power
demand with line outage (7-9) and without FACTS device at
multiplier value k=1.0 is 57.86 MW and 19.42 MVAR, whereas its
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value gets improved by 66.70 MW and 22.38 MVAR, 58.88 MW
and 19.76 MVAR, 67.14 MW and 22.53 MVAR as well as 67.73
MW and 22.73 MVAR when SSSC, STATCOM combined SSSC
and STATCOM, as well as UPFC, are placed at the most critical
line and bus respectively as shown in Fig. 4 and Fig. 5.

4.2. NRPG-246 Bus System

India has five regional electricity grids, with the Northern
Region Power Grid (NRPG)-246 being the largest [44]. This
system consists of 376 lines including transformer branches, and
246 buses at 220 kV and 400 kV. The critical buses for intact cases
with variations in load pattern, k are identified based on BVSI,
and Cd values as shown in Table 14. It is observed that under
lightly loading conditions (k=0.2), bus number 242 is identified as
the critical bus of the NRPG-246 system, whereas bus number 173
is found as the most stressed bus for other loading patterns (k=0.5,
1.0, and 1.2).

The maximum loadability parameter Amax has been calculated
using continuation power flow for all line outage scenarios at k =
0.2, 0.5, 1.0, and 1.2. Contingency ranking has been done based
on VSM for all chosen values of k as shown in Table 15. From
Table 15, it is seen that line outages 61-154, 156-158, 40-41,
166-173, 173-174, 165-174, 219-77, 181-158, 160-164, 106-123,
168-171, 158-160, and 165-171 are the critical contingency with
wide variation in load pattern. The VSM obtain in Table 15 in
different contingencies and different load patterns are compared
with the results obtained in [45] as shown in Table 16.

The BVSI and Cd values for all buses have been calculated
considering critical contingencies and wide variation in load
patterns using load flow analysis data. For the top ten-line outage
contingencies, a critical bus must be identified on the basis of BVSI
and Cd for four different values of k. In Table 17, the most severe
bus has been listed for the top ten-line outage contingencies with
k=0.5 and k=1.2. In most of the considered critical contingencies
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Table 5. Line voltage stability indices at different contingencies with wide variation in load pattern ‘&’
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. k=0.2 k=0.5 k=10 k=1.2
Line Outage
Line Lmn FVSI Lqgp Lmn FVSI Lqgp Lmn FVSI Lqp Lmn FVSI Lqp
Intact Case 14-13 0.0679 0.0692 0.0529 0.03 0.0306 0.0223 0.0637 0.0649 0.055 0.0839 0.0854 0.0659
14-9 0.0138 0.0136 0.0124 0.0098 0.0097 0.0093 0.0154 0.0152 0.0112 0.0154 0.0152 0.0137
21 14-13 0.0122 0.0125 0.0063 0.0339 0.0349 0.024 0.0725 0.0744 0.0553 0.0889 0.0911 0.0685
149 0.0063 0.0062 0.0058 0.0085 0.0084 0.0076 0.0124 0.0122 0.0107 0.0139 0.0138 0.0119
12 14-13 0.0089 0.0091 0.0045 0.0304 0.0311 0.0219 0.0686 0.0701 0.0528 0.0847 0.0865 0.0659
14-9 0.008 0.0078 0.0075 0.0103 0.0101 0.0093 0.0142 0.014 0.0124 0.0158 0.0156 0.0137
56 14-13 0.14 0.133 0.102 0.168 0.159 0.123 0.217 0.205 0.159 0.239 0.224 0.175
14-9 0.1369 0.1348 0.0581 0.1251 0.1230 0.046 0.1496 0.1566 0.1323 0.1631 0.1710 0.1441
24 14-13 0.0136 0.0139 0.0083 0.0355 0.0363 0.0261 — — — — — —
14-9 0.0043 0.0043 0.0046 0.0064 0.0063 0.0062 — — — — — —
25 14-13 0.0172 0.0175 0.0122 — — — — — — — — —
14-9 0.0006 0.0006 0.0021 — — — — — — — — —
79 14-13 — — — 0.061 0.0636 0.0411 0.134 0.1391 0.1002 0.1661 0.1723 0.1261
14-9 — — — 0.0063 0.0063 0.0051 0.0253 0.0253 0.0207 0.0337 0.0337 0.0276
6-13 14-13 — — — — — — 0.019 0.019 0.016 0.017 0.017 0.014
14-9 — — — — — — 0.079 0.077 0.069 0.091 0.089 0.078

Table 6. Line Stability Indices of Line (14-13) with and without placing the STATCOM, SSSC, and UPFC for the line outage (5-6)

Without With STATCOM With SSSC in With UPFC at Among
Loading Multiplier ‘&’ FACTS at Bus 14 Line (14-13) Bus 14 and Line (14-13)
Lmn FVSI Lqp Lmn FVSI Lgp Lmn FVSI Lqgp Lmn FVSI Lqp
0.2 0.14 0.133 0.102 0.117 0.118 0.094 0.096 0.098 0.073 0.075 0.071 0.069
0.5 0.168 0.159 0.123 0.151 0.142 0.114 0.118 0.135 0.082 0.098 0.096 0.081
1.0 0.217 0.205 0.159 0.196 0.183 0.138 0.131 0.142 0.103 0.105 0.113 0.091
1.2 0.239 0.224 0.175 0.209 0.202 0.149 0.143 0.139 0.109 0.112 0.099 0.105
Table 7. The most severe bus with STATCOM/wind integration deployed at bus 14
Without FACTS/Wind With Wind Integration With STATCOM
Loading Multiplier ‘&’ Integration at 14" Bus at 14t Bus
Most Severe Bus BVSI Value Cd Value Most Severe Bus BVSI Value Cd Value Most Severe Bus BVSI Value Cd Value
0.2 14 0.11071 0.43669 5 0.12248 0.46052 0.12817 0.46384
0.5 14 0.11064 0.43668 5 0.12201 0.45951 0.12691 0.46076
1.0 14 0.11031 0.43644 5 0.12139 0.45821 0.12534 0.45944
1.2 14 0.10653 0.42815 5 0.12108 0.45741 0.12183 0.45879
Table 8. The most severe bus with UPFC deployed at bus 14 and line (14-13)
ith PF! ith UPF
Loading Multiplier ‘&’ Without UPFC With UPFC
Most Severe Bus BVSI Value Cd Value Most Severe Bus BVSI Value Cd Value
0.2 14 0.11071 0.43669 5 0.12765 0.46147
0.5 14 0.11064 0.43668 5 0.12596 0.45957
1.0 14 0.11031 0.43644 5 0.12507 0.45885
1.2 14 0.10653 0.42815 5 0.12029 0.45796
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Table 9. Maximum loading factor Amax (in p.u.) with and without FACTS devices at k=0.2

Line Outage Amax Without .}‘mf‘x with' Amax With Amax With Amax With SSSC Amax With
FACTS wind integration SSSC STATCOM and STATCOM UPFC
Intact Case 4.21 4.215 4.25 4.23 4.26 4.27
1-2 1.34 1.345 1.35 1.34 1.35 1.35
3-2 2.29 2.301 2.30 2.29 2.31 2.31
5-6 2.56 2.564 2.75 2.61 2.78 2.86
2-4 3.37 1.374 3.39 3.38 3.40 3.40
2-5 3.54 3.545 3.56 3.55 3.57 3.58
7-9 3.59 3.5936 3.87 3.65 3.88 3.93
6-13 3.88 3.8847 3.89 3.95 3.95 4.09

Table 10. Maximum loading factor Amax (in p.u.) with and without FACTS devices at k=0.5

Line Outage Amax Without ')\m?x with. Amax With Amax With Amax With SSSC Amax With
FACTS wind integration SSSC STATCOM and STATCOM UPFC
Intact Case 4.16 4.1618 421 4.18 4.18 4.24
1-2 1.34 1.3424 1.34 1.34 1.34 1.34
3-2 2.28 2.2784 2.30 2.28 2.28 2.30
5-6 2.45 2.4531 2.66 2.51 2.51 2.77
2-4 3.34 3.3403 3.37 3.35 3.35 3.39
2-5 3.50 2.5072 3.53 3.52 3.52 3.55
7-9 3.34 3.346 3.76 3.42 3.42 3.83
6-13 3.64 3.6555 3.65 3.75 3.75 4.03

Table 11. Maximum loading factor Amax (in p.u.) with and without FACTS devices at k=1.0

Line Outage Amax Without ‘Ama..x with' Amax With Amax With Amax With SSSC Amax With
FACTS wind integration SSSC STATCOM and STATCOM UPFC
Intact Case 4.03 4.0356 4.12 4.10 4.13 4.17
1-2 1.34 1.3446 1.34 1.34 1.34 1.34
3-2 2.26 2.2655 2.28 2.27 2.28 2.29
5-6 2.28 2.286 2.50 2.34 2.52 2.62
2-4 3.28 3.291 332 3.30 3.33 3.35
2-5 3.42 3.431 3.47 345 3.48 3.50
7-9 2.88 2.8967 3.48 2.95 3.51 3.55
6-13 3.22 3.226 3.23 3.33 3.66 3.79

Table 12. Maximum loading factor Amax (in p.u.) with and without FACTS devices at k=1.2

Line Outage Amax Without .)\m;?x with. Amax With Amax With Amax With SSSC Amax With
FACTS wind integration SSSC STATCOM and STATCOM UPFC
Intact Case 3.96 3.968 4.08 4.00 4.09 4.13
1-2 1.33 1.3401 1.34 1.34 1.34 1.34
3-2 2.25 2.256 2.28 2.26 2.28 2.28
5-6 2.22 2.227 243 2.28 2.46 2.56
2-4 3.25 3.254 3.30 3.27 3.31 3.33
2-5 3.38 3.388 3.44 341 345 3.47
7-9 2.69 2.702 3.33 2.76 3.36 3.33
6-13 3.05 3.057 3.06 3.16 3.59 3.64

Table 13. Comparison of maximum loading factor Amax (in p.u.) with and without FACTS devices at k=1.0 (base case)

Amax Without Amax With STATCOM Amax With Amax Wwith UPFC Amax With
FACTS (Proposed Approach) STATCOM (Found in [43]) (Proposed Approach) UPFC (Found in [43]

4.03 4.10 4.08923 4.17 4.10391
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Table 14. Most severe buses and their bus voltage stability indices with
different system loading

Loading Multiplier ‘%’ Most Severe Bus BVSI Value Cd Value
0.2 242 0.06249 0.17164
0.5 173 0.07416 0.19467
1.0 173 0.07298 0.19386
1.2 173 0.06778 0.19377

Table 15. Ranking of top 10 critical contingencies

R k=02 k=05 k=10 k=12

LO VSM LO VSM LO VSM LO VSM

1 61-154 0.092 156-158 0.07 156-158  0.343  156-158  0.394

2 156-158 0.197 40-41 0929 173-174  1.058 173-174  0.991

3 4041 0.750 173-174  1.252 4041 1.081 165-174  1.091

166-173 1.102 165-174 1392 165-174  1.167 40-41 1.097

173-174 1.394 181-158  1.503  181-158 1296  181-158  1.225

165-174 1.554 219-77 1.507  160-164 1311  160-164  1.235

219-77 1.631 160-164  1.529  168-171 1.37 168-171  1.291

8 181-158 1.642 168-171 1.59 219-77 1.374  219-77 1.352

9 160-164  1.6860  106-123  1.613  158-160 1446  158-160  1.365

10 106-123  1.7313  158-160  1.675  165-171 1.471 165-171 1.381

cases, the BVSI and Cd values of bus number 173 are found
as lowest among all buses at k=0.5 and 1.2. Hence, bus number
173 is considered to be the weakest bus which is the same bus
associated with the most critical line found in [41]. This bus 173
is the most appropriate bus for the placement of shunt FACTS
devices like STATCOM and the shunt component of the UPFC.

Similarly, the line indices Lmn, FVSI, and Lqp values are
calculated for the lines (166-173) and (173-174) which are
associated with the weakest bus number 173 for different values
of k as depicted in Table 18. Among all cases, line (166-173) has
the highest line indices value. So, it is concluded that the most
critical line (166-173), is connected to the most severe bus which
same as found in [41]. And this is the most optimal location for
the placement of series FACTS devices like SSSC and series part
of the UPFC.

The wind power integration and the FACTS devices, namely,
SSSSC, STATCOM, and UPFC have been placed at the most
severe line (166-173), most critical bus number 173, and among
the most severe line and bus of the system respectively for the
NRPG-246 bus system.

In the cases of the deployment of the wind power and
STATCOM at bus 173, the severity of the most severe bus 173
is no more severe and in this case, bus 242 is observed as the
most severe bus in the system as shown in Table 19. Also, the
severity of bus 173 become dismissed after placing the UPFC at
bus 173, and the most severe bus of the system changed from bus
number 173 to bus number 242 as shown in Table 19. In general,
SSSC should be placed at the most critical line but, in this paper,
the SSSC has been placed in the severe line associated with the
most critical bus 173. Therefore, the severity of the line (166-173)
associated with the most critical bus 173 may not be affected upon
placement of SSSC in the line (166-173).

For the top 10 severe lines outage cases along with the intact
case having the lowest voltage stability margin, the maximum
demand limit at bus number 173 has been evaluated with and
without FACTS device: the SSSC, the STATCOM, combined
SSSC, and STATCOM, and the UPFC at different values of k
(k=0.2, 0.5, 1.0, 1.2). Table 20 and Table 21 show the Maximum
loading limit (Amax) with and without using FACTS devices at
k=0.5 and 1.2, respectively. With the integration of wind power at
bus 173 (critical bus), there is no significant effect on maximum
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loadability (Amax), but its effect is seen on voltage stability indices
BVSI and Cd as shown in Table 19. As a result, after the
deployment of wind power at bus 173, the most critical bus has
been changed from bus 173 to bus 242.

From Tables 20 and 21, it is observed that in all these line outage
cases with the intact case at different values of £=0.2, 0.5, 1.0,
and 1.2, the system loadability factor (Amax) has been increased
on the deployment of FACTS devices. Hence, the maximum real
and reactive power demand limit at the most critical bus 173
gets improved. It is found that in the line outage case (165-174)
at multiplier value k=0.5, the gap between the system loadability
factor with and without FACTS devices is maximum in comparison
to other cases. Thereby in this case the gap between maximum
real and reactive power demand with and without FACTS devices
is maximum in comparison to other cases.

The value of the system loadability factor with line outage
(165-174) and without FACTS device at multiplier value k=0.5 is
1.39 p.u., whereas its value gets improved by 2.17 p.u., 2.17 p.u,,
and 1.82 p.u. when SSSC, STATCOM, and UPFC are placed at
the most critical line and bus respectively. Similarly, the maximum
real and reactive power demand with line outage (165-174) and
without FACTS device at multiplier value k=0.5 are 116.25 MW
and 21.89 MVAR, whereas its value gets improved by 154.1 MW
and 29.01 MVAR, 154.25 MW and 29.04 MVAR, 154.75 MW
and 29.13 MVAR, as well as 137.16 MW and 25.82 MVAR when
SSSC, STATCOM combined SSSC and STATCOM, as well as
UPFC, are placed at the most critical line and bus, respectively as
shown in Fig. 6 and Fig. 7.
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Table 16. Comparison of voltage stability margin under top 10 critical contingencies with wide variations in load Patterns
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k=02 k=05 k=10 k=12
LO VSM VSM [45] LO VSM VSM [45] LO VSM VSM [45] LO VSM VSM [45]
61-154 0.092 NE 156-158 0.07 NE 156-158 0.343 0.34 156-158 0.394 0.39
156-158 0.197 0.19 40-41 0.929 0.92 173-174 1.058 1.05 173-174 0.991 0.99
40-41 0.750 0.75 173-174 1.252 1.25 40-41 1.081 1.08 165-174 1.091 1.09
166-173 1.102 1.10 165-174 1.392 1.39 165-174 1.167 1.16 4041 1.097 1.10
173-174 1.394 1.39 181-158 1.503 1.50 181-158 1.296 1.29 181-158 1.225 1.22
165-174 1.554 1.55 219-77 1.507 1.51 160-164 1.311 1.31 160-164 1.235 1.23
219-71 1.631 1.63 160-164 1.529 1.53 168-171 1.37 1.36 168-171 1.291 1.29
181-158 1.642 1.64 168-171 1.59 1.59 219-77 1.374 1.37 219-77 1.352 1.35
160-164 1.6860 1.68 106-123 1.613 1.61 158-160 1.446 NE 158-160 1.365 1.36
106-123 1.7313 1.73 158-160 1.675 1.67 165-171 1.471 1.47 165-171 1.381 1.38
NE = Not Evaluated
Table 17. Most severe buses and their bus voltage stability indices under different contingencies
k=0.5 k=1.2
Line Outage Most Severe Bus BVSI Value Cd Value Line Outage Most Severe Bus BVSI Value Cd Value
156-158 173 0.07015 0.18521 156-158 173 0.06224 0.18288
40-41 173 0.07083 0.18846 173-174 173 0.06281 0.18691
173-174 173 0.07124 0.18851 165-174 174 0.06334 0.18712
165-174 174 0.07211 0.18903 40-41 173 0.06346 0.18756
181-158 173 0.07243 0.19062 181-158 173 0.06609 0.19034
219-77 173 0.07271 0.19297 160-164 173 0.06723 0.19161
160-164 173 0.07272 0.19467 168-171 173 0.06951 0.19543
168-171 173 0.07281 0.19573 219-77 173 0.07084 0.19261
106-123 173 0.07302 0.19362 158-160 173 0.07132 0.19315
158-160 173 0.07305 0.19352 165-171 173 0.07186 0.19289
Table 18. Line voltage stability indices at different contingencies with wide variation in load pattern k
Line Outage Line Number Lmn l]<fV(;I2 Lqp Lmn I]:V‘;I5 Lqp Lmn l’:Vle Lqp Lmn l]:VISI2 Lqp
Intact Case 166-173 0.597 0.601 0.769 0.594 0.598 0.768 0.606 0.610 0.420 0.587 0.591 0.763
173-174 0.484 0.480 0.475 0.493 0.488 0.483 0.581 0.576 0.540 0.513 0.507 0.503
40-41 166-173 0.572 0.575 0.797 0.569 0.569 0.796 0.564 0.567 0.793 0.561 0.565 0.791
173-174 0.484 0.480 0.475 0.492 0.492 0.483 0.506 0.501 0.496 0.512 0.507 0.503
156158 166-173 0.598 0.602 0.769 0.595 0.689 0.869 0.590 0.595 0.765 0.588 0.593 0.763
173-174 0.488 0.484 0.478 0.497 0.493 0.487 0.511 0.507 0.501 0.518 0.513 0.508
165-174 166-173 0.597 0.601 0.769 0.594 0.599 0.768 0.589 0.593 0.764 0.587 0.591 0.763
173-174 0.506 0.500 0.500 0.523 0.517 0.517 0.559 0.552 0.550 0.580 0.573 0.574
168171 166-173 0.597 0.601 0.769 0.594 0.598 0.767 0.589 0.593 0.764 0.587 0.591 0.763
173-174 0.492 0.484 0.497 0.496 0.492 0.487 0.510 0.506 0.501 0.517 0.512 0.508
173-174 166-173 0.597 0.601 0.769 0.594 0.598 0.767 0.589 0.593 0.764 0.587 0.591 0.763
173-174 L.O. L.O. L.O. L.O. L.O. L.O. L.O. L.O. L.O. L.O. L.O. L.O.
181-158 166-173 0.597 0.601 0.769 0.594 0.661 0.869 0.589 0.593 0.764 0.587 0.591 0.763
173-174 0.486 0.482 0.476 0.523 0.578 0.573 0.507 0.502 0.497 0.513 0.508 0.503
219.77 166-173 0.597 0.601 0770 0.594 0.598 0.768  0.589 0.593 0.764  0.587 0.591 0.763
173-174 0.484 0.480 0.475 0.493 0.488 0.483 0.506 0.501 0.496 0.512 0.507 0.503
L60-164 166-173 — — — 0.594 0598 0767  0.589 0593 0764  0.587 0.591 0.763
173-174 — — — 0.512 0.504 0.517 0.549 0.540 0.555 0.567 0.558 0.573
158160 166-173 — — — 0594 0598 0767  0.589 0593 0764 0561 0.660  0.875
173-174 — — — 0.492 0.488 0.483 0.505 0.501 0.496 0.512 0.586 0.584
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Table 19. The most severe bus with STATCOM/wind integration deployed at bus 173 and UPFC deployed at bus 173 and line (166-173).

Loading Multiplier ‘&’

Without FACTS

With Wind Integration

at 173"" Bus

With STATCOM
at 173" Bus

With UPFC (at Bus 173
and Line 166-173)

Most BVSI Cd Most BVSI Cd Most BVSI Cd Most BVSI Cd
Severe Bus  Value Value Severe Bus  Value Value Severe Bus  Value Value  Severe Bus  Value Value
0.2 242 0.06249 0.17164 242 0.06295 0.17324 242 0.06318 0.17551 242 0.06304 0.17536
0.5 173 0.07416  0.19467 242 0.06269  0.17298 242 0.06297  0.17372 242 0.6281  0.17402
1.0 173 0.07298  0.19386 242 0.06255 0.17185 242 0.06275 0.17281 242 0.06268 0.17212
12 173 0.06778  0.19377 242 0.06249 0.17111 242 0.06252  0.17173 242 0.06265 0.17131

Table 20. Maximum loading limit (Amax) (in p.u.) with and without using FACTS devices at k =0.5

Line Outage

Amax Without

Amax With

Amax With

Amax With

SSSC

Amax With

FACTS SSSC STATCOM and STATCOM UPFC
Intact Case 2.17 2.18 2.18 2.18 2.18
40-41 0.93 0.97 0.94 0.97 0.97
156-158 0.07 0.10 0.08 0.10 0.13
158-160 1.67 1.68 1.68 1.68 1.68
160-164 1.53 1.54 1.61 1.73 1.58
165-174 1.39 2.17 2.17 2.18 1.82
168-171 1.59 1.61 1.61 1.62 1.61
173-174 1.25 1.26 1.26 1.26 1.26
181-158 1.50 1.51 1.52 1.54 1.52
219-77 1.51 1.55 1.52 1.55 1.53
106-123 1.61 1.65 1.62 1.65 1.64
Table 21. Maximum loading limit (Amax) (in p.u.) with and without using FACTS devices at k=1.2
Line Outage Amax Without Amax With Amax With Amax With SSSC Amax With
FACTS SSSC STATCOM and STATCOM UPFC
Intact Case 1.75 1.78 1.78 1.79 1.78
40-41 1.10 1.15 1.10 1.14 1.14
156-158 0.39 0.42 1.39 0.41 0.46
158-160 1.36 1.37 1.37 1.37 1.37
160-164 1.23 1.23 1.28 1.35 1.26
165-171 1.38 1.39 1.39 1.39 1.38
165-174 1.09 1.77 1.73 1.78 1.46
168-171 1.29 1.31 1.30 1.32 1.30
173-174 0.99 0.99 0.99 1.02 0.99
181-158 1.23 1.23 1.23 1.23 1.23
219-77 1.35 1.46 1.35 1.45 1.35

S. CONCLUSIONS

In this paper, the voltage stability margin of the most critical
lines and buses of the IEEE-14 bus and NRPG-246 bus systems
is examined in relation to the effects of series and shunt FACTS
devices like SSSC, STATCOM, and UPFC. A simple and fast
approach has been developed to achieve this. Four types of load
patterns have been considered for both systems. Among these load
patterns, five and ten types of line outage cases based on the lowest
maximum loadability factor have been taken for further analysis for
the IEEE-14 bus and NRPG-246 bus systems respectively. With the
wide variation in load patterns and critical contingencies, critical
boundary index and degree centrality measurement methods have
been used to determine the most severe line of both systems. With

the wide variation in load pattern and for critical contingencies,
the line stability indices, Lqp, Lmn, and FVSI methods have
been used to find the most severe line of both systems. When
FACTS devise SSSC, STATCOM and UPFC are placed at the
most severe lines and critical load buses, results show an increase
in maximum loadability of the system and hence enhancement
in voltage stability margin of the most severe buses 14 and 173
of IEEE-14 bus and NRPG-246 bus system respectively in all
considered cases as expected. For the IEEE-14 bus system, the
improvement in voltage stability margin for critical line outages at
all load patterns is evident with deployment for FACTS devices
placed at optimal location in the system as evident from Tables
9, 10, 11, and 12. Similar improvement in VSM is also reported
for the NRPG-246 bus system (refer Tables 20 and 21). With the
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deployment of the FACTS devices at optimal location, considerable
improvement in VSM has been observed for critical contingencies
at all load patterns.
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