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ABSTRACT Voltage stability assessment (VSA) is invariably an essential step in the satisfactory operation
of power system. For this, several Voltage Stability Indices (VSIs) based on 1) Existence of solution for
voltage equations, 2) Maximum power transfer (MPT) through a line, 3) MPT theorem/maximum loadability
limit, 4) P-V curve, 5) Energy function and 6) Jacobian matrix can be found in the literature. VSIs assist in
identifying weak lines and buses, voltage collapse proximity, maximum loadability, voltage stability margin,
and prompting countermeasures against voltage instability. This article examines 78 different VSIs based
on their concepts, assumptions, thresholds, and formulae. Additionally, mathematical proofs for 29 indices
have been elaborated upon so that researchers may familiarize themselves with the underlying concepts of
the other existing indices and find newer indices in modern power systems composed of intermittent power
generation and dynamic loads. Also, a novel qualitative comparative analysis of VSIs is tabulated. Further,
anovel framework has been proposed to aid researchers in shortlisting VSIs for a particular application. This
article intends to serve as a meaningful reference to various researchers and individuals working in domains
like Distributed Generation (DG) placing and rating, Voltage Stability Assessment (VSA), and power system
planning.

INDEX TERMS Voltage stability assessment (VSA), phasor measurement unit, voltage stability index,
voltage stability margin, weak bus/line.

LIST OF SYMBOLS AND ABBREVIATIONS
CIGs, converter interfaced generation; MPT, maximum

nodes; 91, d2, voltage angle at both nodes; Y, R/r, X/x, 6,
line admittance, resistance, reactance and impedance angle;

power transfer; FACT, flexible AC transmission; HVDC,
high voltage direct current; kW, kilowatt; MW megawatt;
V1, Va2, voltages at the sending and receiving nodes; P,
Q1, sending node Watts and VAr power; Py, Q», receiving
node Watts and VAr power; S;, Sz, apparent power at both
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d, voltage angle difference; Bp,, line susceptance; A, o,
B, B, line parameters; ¢, load impedance angle; I.., short
circuit current; Vi, Zg, Thevenin’s voltage and impedance
respectively; Zii, Zi, Thevenin’s equivalent impedance of
n-bus system; Py, Qy, active and reactive power loss respec-
tively; Pimax, Qimax, maximum active and reactive power loss
respectively; Pomax), Q2(max), S2(max), maximum receiving
end active, reactive and apparent power; Puarein, Qmargin,
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Smargin, active, reactive and apparent power margin between
maximum and actual value respectively; S, apparent power
at critical point; dmax, maximum voltage angle difference;
AVj, voltage drop at ith bus: B, correction factor; 2;(, Kkt bus
impedance of adjoint network; Zun, Thevenin’s impedance of
adjoint network; I, Vi, current and voltage of k™ bus; AL,
AV, current and voltage of k™ bus for incremented network;
o, arbitrary value more than unity; SGP, sensitivity of active
power generated to active power demand; SGQ, sensitivity of
active power generated to reactive power demand; A, system
parameter; Fjj, element of matrix F; my, mp, sending &
receiving bus; Y, node specification vector; Y(a), singular
vector in the space of Y; J., conservative measure of power
system (PS) steady state stability; Jo, Jacobian corresponds to
the most stable PS state; A;, Jacobian matrix at given time t;;
Ai, load margin at given time tj; AC, increase in active power;
Al, increase in load; n, normal vector; Ip, MW dispatch
power; Ig, MVar, dispatch power; Bj;, susceptance; wi, wa,
weights; Jr, reduced Jacobian matrix; v(t), bus voltage; v(0),
voltage at bus before contingency; Vg, steady state voltage;
Bio, angle between active & reactive power flow gradient;
Ppo, initial load; Ppaxn, load at nose point of PV curve; vgq,
voltage drop; o, switching function; d;, percent diversity;
At, subinterval; Vi, lower voltage limit; Vi, operating point
voltage; P, collapse active power; A.j, maximum coefficient;
Gy, conductance of the line; SCC, short circuit capacity;
SCCp, practice SCC; SCCin, minimum SCC; Vinx, Viny,
real & imaginary part of Thevenin’s voltage.

I. INTRODUCTION

Voltage instability is a phenomenon that mainly occurs in
heavily loaded networks due to various causes such as dif-
ficulty in transmission of reactive power, high reactive power
consumption in the network, reverse operation of ON load
tap changers (OLTC), cascaded tripping of lines and outage
of other elements such as generators, transformers. Usually,
Voltage instability is a localized effect [1]. However, reper-
cussions of voltage instability may sometimes affect large
part of the system leading to complete blackout. Voltage col-
lapse or blackout are typically the outcome of chronologically
occurring events associated with voltage instability that may
lead to lower voltage profile in significant parts of the power
system network [2], [3].

Voltage stability has been studied through different indices.
Earlier research concentrated on offline studies through volt-
age stability indices. With advent of phasor measurement
units (PMUs) it has become possible to maintain voltage
stability of the system in real time framework. Many indices
that have been used for offline studies may also be utilized
for voltage stability assessment of real time systems. Apart
from these, new indices have also been proposed that are quite
suitable in online monitoring of voltage stability margin in
power system networks.

Voltage stability indices may be utilized in the current sce-
nario in quite a large number of applications such as on-line
monitoring and load shedding [4], monitoring long-term
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voltage stability [5], measurement of short circuit capac-
ity [6] of the network, control of voltage when it exceeds
its upper limit [7], dynamic voltage stability analysis [8],
determining the proximity to collapse in real time [9], solving
optimal reconfiguration problem [10], stability measurement
on contingencies [11], online estimation of closeness to
loadability limit [12], placement of interline power flow
controller [13], improving the power system economic dis-
patch [14], wide area measurement based voltage stability
sensitivity application in voltage control, and online voltage
stability assessment [15], [16], capacitor bank allocation [17],
monitoring of voltage stability margin [18], detection of
cyber-attacks [19].

One of the major applications of voltage stability indices is
identifying weak lines and buses that require reactive and/or
real power support. That may be provided by optimally placed
distributed generators (DGs). Other applications of voltage
stability indices include the counter steps against voltage
instability in real time framework. Online determination of
voltage stability indices and counter steps against voltage
instability can be obtained based on phasor measurement unit
(PMU) data.

Distributed generation, often referred to as decentralized
generation, embedded generation, or dispersed generation,
encompasses generators with power ratings ranging from
a few kilowatts to 100 megawatts. These generators are
typically positioned in close proximity to the consumer’s
load, serving to enhance the conventional power system [20],
[21]. According to the IEEE, distributed generation refers
to sources that have lower ratings compared to central gen-
eration and provide sufficient flexibility to be connected at
nearly any node within the network [22], [23].

Optimal placement of DGs may help in increasing voltage
stability of the power system network. In this regard, numer-
ous indices have been cited and compared vaguely in past few
decades [24], [25], [26]. In [26], authors classified indices in
to Jacobian matrix-based indices and system variable based
indices. Also, indices have been characterized based on the
basic theoretical concept, assumptions made, and condition
of stability. It seems that the major research gap is the partic-
ular application of each index. The review in [25] provides
background to select voltage stability indices (VSIs) for
optimal DG allocation and voltage stability analysis (VSA).
Voltage stability indices have also been classified based on
critical lines, critical buses and system parameters such as
critical eigen values, maximum loadability. A review of dif-
ferent voltage stability indices has been presented in [24].
However, application of these indices in monitoring health
of power network has not been suggested. In [27] theoretical
background, functionality and overall performance of VSIs
has been discussed. But it lacks their application aspects.

While selecting VSIs for a particular application, it is
worthy to understand that the indices proposed for trans-
mission networks may not be appropriate to distribution
networks. Voltage stability studies of real-time systems
may be incompatible with offline study indices. Therefore,
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an application-oriented comparison of VSIs is presented in
this article. Also, several VSIs are proposed in literature and
readers find it difficult to select a particular VSI for a given
application. Consequently, this article proposes a qualitative
comparison for 29 VSIs which is also suited for comparing
other VSIs found in the literature. Further, expanding smart
grid infrastructure and increased penetration of renewable
energy resources requires newer VSIs to be developed. This
paper articulates some of the key challenges that need to be
catered to in order to maintain voltage stability in the smart
grid regime. This dossier can be utilized to comprehend the
impending research in this realm and choose an apt VSI for
diverse challenges in hand such as DG placing and rating,
online monitoring and control of voltage stability margin,
ranking the buses/lines rendering to the voltage instability,
and initiating the countermeasures to curb voltage collapse.

The paper’s primary objective and contributions include:

o Mathematical insight on VSIs according to the con-
cept of the existence of solution for voltage equation,
Maximum Power Transfer (MPT) through a line, MPT
theorem/maximum loadability limit, P-V curve, Energy
function for analysis of voltage stability, and Jacobian
matrix for voltage stability analysis of the steady-state
model of the power system network.

« Pointing to future research directions required to main-
tain voltage stability in the real-time framework and
smart grid architecture.

« Proposing novel qualitative comparison of VSIs based
on applications, accuracy, mode of operation, variation
of VSIs with respect to system parameters, and type of
stability.

« Proposing novel framework for shortlisting apt VSIs for
a given problem.

In the upcoming sections, many VSIs along with their
mathematical analysis has been presented in detail. The sub-
sequent sections are organized as: Section II presents concept
of power system stability along with definitions and clas-
sifications of different types of stability identified to affect
power system networks. Section III provides an insight on
VSIs classified on according to the concept of existence of
solution for voltage equation, MPT through a line, MPT
theorem/maximum loadability limit, P-V curve, Energy func-
tion for analysis of voltage stability and Jacobian matrix
for voltage stability analysis of steady state model of power
system network. Section IV presents comparative overview
of various voltage stability indices presented in this paper.
Section V specifies few research gaps and future research
requirements for VSIs in growing smart grid architecture
where conventional indices fail. Section VI proposes a frame-
work for optimistically shortlisting fewer VSIs for a given
problem. Finally, Section VII concludes with summary of
report on listed voltage stability indices.

Il. CLASSIFICATIONS OF POWER SYSTEM STABILITY
Maintaining stability in power system has been considered
as an important issue since early nineteenth century. Power

VOLUME 12, 2024

system stability were classified in different categories, and
a report on categorization of power system stability was
presented in [28]. However, due to excessive use of converter
interfaced generations (CIGs), new categorization of power
system stability was felt. A modified classification of power
system stability has been presented in [29]. According to [25],
power system stability can be described as the capacity of
an electric power system to return to a state of operational
equilibrium following a physical disturbance, while ensuring
that the majority of system variables remain within acceptable
limits, thereby preserving the overall integrity of the system.
The classification of power system stability is further delin-
eated into the subsequent categories and sub-categories.

A. VOLTAGE STABILITY

Voltage stability refers to the capacity of a power system to
maintain consistent voltages in close proximity to the desig-
nated nominal value at all buses within the system subsequent
to a disturbance [29]. Short-term and long-term voltage insta-
bility are caused, respectively, by the dynamics of fast- and
slow-acting power system components.

B. ROTOR ANGLE STABILITY

The analysis of rotor angle stability examines the ability of
interconnected synchronous machines within a power system
to maintain synchronization under both normal operating
conditions and when exposed to significant or minor dis-
turbances [29]. Transient and small-disturbance rotor angle
instability occur due to insufficient synchronizing and damp-
ing torque, respectively.

C. FREQUENCY STABILITY

Frequency stability refers to the capacity of the power system
to sustain a consistent frequency even when exposed to a
significant disparity between power generation and consump-
tion [29]. Short-term and long-term frequency instability
occur due to insufficient load shedding and improper speed
control of the steam turbine, respectively.

D. RESONANCE STABILITY

The phenomenon of resonance arises when energy exchange
takes place in an oscillatory manner. When the magnitude of
the oscillations reaches beyond the threshold value resonance
instability occurs [29]. Torsional resonance and electrical
resonance occur due to the torsional frequencies of the turbine
shaft and the electrical property of the generator, respectively.

E. CONVERTER DRIVEN STABILITY

The utilization of converter-interfaced generators can lead
to the occurrence of cross-coupling effects, wherein the
electromechanical dynamics of the generators interact with
the electromagnetic transients of the power system net-
work. The aforementioned phenomenon has the potential
to result in oscillations within the power system that lack
stability. Further, slow and fast interaction classification
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of the converter-driven stability is based on observed fre-
quency [29].
Figure 1 shows the different classifications of the power

system stability.

Rotor angle
stability

Voltage
stability

Frequency
stability

‘ Small-disturbance

Resonance
stabilty
Electrical

Converter-
riven stabilit
Fast Slow
interaction | | interaction

Small-
disturbance

Large
~disturbance

FIGURE 1. Classification of power system stability [29].

Ill. VOLTAGE STABILITY INDICES (VSls)

Several VSIs have been proposed in literature based on
certain assumptions that are valid in for specific networks.
Some of these assumptions are valid for transmission network
whereas some are valid only for distribution networks. List of
assumptions along with their justification and applicability
in transmission and/or distribution networks are presented in
Table 1.

The properties of the voltage collapse point have been
used to deduce all voltage stability indices (VSIs). Therefore,
this part aims to examine these qualities in order to enhance
comprehension of the Virtual Sensory Interfaces (VSIs).

A. POWER FLOW IN TWO BUS TRANSMISSION SYSTEM/
EXISTENCE OF SOLUTIONS FOR VOLTAGE EQUATION

In order to elucidate the occurrences in the area of the voltage
collapse threshold, we examine the two-bus depiction of a
power system network [36] as depicted in Figure 2.

piza Ve,
Z/0=R+jX
1
1 L I
1 — 21—
S =P +j S, =D+
1 IJQI |:j| Y/2 Y/2|:i| 272 %

FIGURE 2. Two bus system connected through line.

The total power flow at receiving node in Figure 2 is given
by eq. (1) [36]:

_ ViVh V2

- [(6 — 81+ 3p) — -2 /6 1
Y Z ( 1+ 02) Z (1)
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TABLE 1. Assumptions with their justifications and applicability for
obtaining voltage stability indices.

No.

Assumptions

Justification

Applicability

AI

Y=0

The shunt
capacitance of the
line for low and
medium  voltages
may be neglected
[30].

Distribution/Transmission

P=0

Active power may
be neglected due to
availability of DG-
type or DG power
factor [31].

Distribution/Transmission

Q=

Reactive power
may be neglected
due to availability
of DG-type or DG
power factor [31].

Distribution/Transmission

01-02~0

Angular difference
01-0~0  between
typical buses of the
system are usually
so small [32]

Transmission system

R/X=~0

In long overhead
lossless
transmission  line
R<<X[33].

Transmission system

IT-modelled
transmission
line

IT-model provides
better sense  of
physical behaviour
of line. [34]

Transmission system

cos¢ constant

Power factor is
assumed  constant
to simplify  the
problem. [35]

Distribution/Transmission

V=V

Voltage of load side
generator is same as
thevenin’s voltage
of the PSN seen
from that load bus.

Transmission system

n constant

System has constant
efficiency.

Transmission system

N=N

Topological similar
network after
disturbance.

Transmission system

AV2=0, AL=0

Voltage and current
difference at
receiving node is
close to zero.

Transmission system

Vi=f(Vi)

Each node voltage is
independent.

Transmission system

N

13

Zi=0

Negligible
thevenin’s
impedance
(calculated
load side)

from

Transmission system

Whole PSN (local and remaining) is

considered.

Transmission system

YN

@

Power circles are congruent in nature.

Transmission system

Time interval is fixed for load bus

variation.

Transmission system

YN

=

Similar weightage is given to all

lines.

Transmission system

N

3

Angular stability is neglected.

Transmission system

"N

°

B#0

Imaginary part of
the line admittance
is considered.

Transmission system

S

20

ZZ=1

Loadability limit is
independent of load
power factor
variation.

Distribution/Transmission

21

The bus
normalized.

voltage

signals  are

Transmission system
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If 0 = 01-02, then eq. (1) can be split in to Real and Reactive
power as:

Vi V- V2

Py = 12 cos(6 — 9) — 72 cos 6 )
Vi V- V2

0> = 2 6in(@ — 9) — 72 sin 0 3)

1) Line Stability Index (Lmn-index)
Solving eq. (3) for V; yields quadratic equation:
V3sin® — ViVasin(@ — 8) + 20, = 0 )
The condition for stability in standard quadratic equation is
(i.e. ax? + bx + ¢): [36]
b? — 4ac > 0 5)
Thus, for eq. (4), apply condition of stability
[Visin(® — 8))* — 4ZQssinf > 0 6)
Substituting, X= Zsind in eq. (6)
4X0» <
[V) sin(@ — 9)]°

Thus, by neglecting active power effect and shunt admittance,
the Line Stability Index Ly, [35] can be defined as:

_ 4X0»
" vy sing@ — 9)]2

The value of L, = 1, represents the stability limit.

(N

®)

m

2) Line Stability Index (Lj-index)
The current in the line shown in the Figure 2 is given as:

V1401 — V.0
L=h=1=-1"01" 207 ©)
R +jX

Substituting,
a1 = 0 (i.e. reference voltage angle) and d; = 0 (10)

The total power at receiving node is given by:

Sy = VoI* (11)
ST Pr—jor

=2 =21 12
|:V2] Vol — 9 12)

From eq. (9) & eq. (12):
Vi/0—V,/d Py —jOn
R+jX  Val-—2
ViVal =3 = V3.0 = R+jX)(P2—jQ2)  (14)

13)

Rearranging eq. (14):

ViVacosd — Vi = RPy + X0 (15)
—ViVssind = XP» — RO» (16)
Further, from eq. (16):

_ RQ> — V1V, sind

P
2 X

a7

VOLUME 12, 2024

From eq. (15) & eq. (17):

RO, — V1V, sin0

V1V20058—V22=R’ <

] +X0> (18)

Rearranging the terms in eq. (18), we get:

R R
Vi = (}—( sin d +cosa) ViVo + (X+ Y) 0,=0 (19)

Applying the condition of stability on eq. (19):

R 2 R2
[(}—( sin 9 +cosa) V1:| —4(X+ Y) 0>0 (20

4720, X
VZ(Rsind + X sind)? ~

or

21
Thus, by neglecting shunt admittance an index can be derived
as [37]

_ 4720rX
- V12(R sin @ 4 X cos 9)?

i (22)
3) Fast Voltage Stability Index (FVSI)

Further taking assumptions sind ~ 0, cosd ~ 1, Rsind =~ 0,

Xcosd &~ X in eq. (22), the FVSI [38] is obtained as:
4720,

VX

The FVSI and Lj; should be less than 1 for stable operation
of power system.

FVSI =

(23)

4) NEW VOLTAGE STABILITY INDEX (NVSI)
On solving eq. (15) and eq. (16) for P, and Q>:

. X
P2 = [(V[C'Osa — Vz)m — (V]Slna)m]v2
(24)
. R
0> = [(Vicosd — Vz)m - (Vlsma)m]vz
(25)
For lossless line R/’ X<« 1, Thus:
ViV sin0
Pp= —— 26
2 X (26)
ViVacosd — V2
O =——7—" 2 (27)

Applying cos?6+sin’0 =1 on eq. (26) & eq. (27):
Vi +Q0X —VPVs + O5X* + P3X* =0 (28)
Further, applying stability criterion on eq. (28):
2
[eo2x — VD] —4(232+Px?) 20 @9)

2X\/P3+ 03 |
- - "<

30
20,X — Vi 30)
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Thus, by assuming lossless line, NVSI [39] can be defined as:

2X\/P3+ 03

NVSI = 3D
20X -V}
For the stable operation NVSI should be less than 1.
5) LINE STABILITY FACTOR (LQP)
On expanding eq. (29):
Vi +40:,XVE 4+ 4P3X% >0 (32)
40,X  4PIX?
12X T L (33)
Vi Vi
4| X XP2+Q <1 (34)
vZ[| vt o
Further, assuming lossless line (i.e. R/’X<«1), LQP [40] can
be defined as:
LOP 4|:X:||:XP2+Q:| (35)
=Tl v2 || et 2
Vi Vi

For the stability, line stability factor (i.e. LQP) must be less
than 1.

6) LINE STABILITY INDEX (Lp-INDEX)
Solving eq. (2) for V; yields:

V3 cosf — ViVacos(d — ) + ZP, =0 (36)
Applying condition for stability on eq. (36).
[V1cos(d — 8)]* — 4ZP;cosO > 0 37)
Substituting, R= Zcos6 in eq. (35)

VZcos?(0 —3) —4RP, > 0 (38)
4RP> - (39)
VZcos2(0 —d) ~

Thus, by neglecting the effect of shunt admittance and reac-
tive power, L, [41] can be given as

4RP»

=2 40
" V20520 — 9) 40

Line stability index L, is designed in such a manner that if its
value is more than 1, system will be unstable.

7) NEW LINE STABILITY INDEX (NLSI)
From eq. (15),

V? —ViVacosd 4+ RPy + X0, =0 (41)

Applying the condition of stability on eq. (41),

[Vicosd]? — 4 (RP + X032) > 0 (42)
RP X
%QZ < (43)
0.25V; cos? d

124236

Thus, by neglecting shunt admittance and angle difference
between both end voltages, NLSI [42] can be defined as:
RPy + X(0»

NLSI = ———== 44
0.25V? 9

The value for stability limit of NLSI is 1 i.e. if NLSI>1,
system becomes unstable.

8) VOLTAGE REACTIVE POWER INDEX (VQ//jne)
From eq. (9) and (12) apparent power is given as:

S=Py—j0, = ViVaY12l(6 —3) — V3120 (45)
Hence, real and reactive power are given as:

Py = ViVaY1acos(6 —0) — V22Y12 cosf (46)

0> =V V2Yipsin(@ — 9) — V22Y12 sin6 (47)

Rearranging the eq. (47) as a quadratic equation in term of
V; as:
sin(6 — 9) (o))

. — = (48)
sin 6 Y12 sin6

Vi— ViV,

Neglecting voltage angle difference of both ends, the term
sin(6-0)/sinf is eliminated and thus:

)

Yi>sin @ -

Substituting B12 = Y3sind, eq. (49) can be rewritten as

V- ViVa+

(49)

V22—V1V2+&=0 (50)
Bz
Applying the condition of stability on eq. (50), we get
V2 — 12 >0 (51)
Bz
Hence, for stability:
4
sz <1 (52)
B V;
Thus, VQILine [43] is given as:
40,
VOILine = —— 53
Q Line BuV]z ( )

The critical value of VQIL;pe for voltage collapse is 1.

9) VOLTAGE STABILITY LOAD INDEX (VSLI)
From eq. (12),

PI+ 03
I} =-2_=2 54
P2 + Q2
p=-1_=1 55
Py = P1 — Piogs (56)
Q2 = Ql - Qloss (57)
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P+ a2\
onss=( - 2) R (58)
V&
P+2\
sz=( . 2) X (59)
VE

Substituting eq. (56)-(59) in eq. (55), we obtain:

P2+Q2 2 P2+Q2 2
o (5E) 4] o+ (5F)]
I} = 2 2 (60)

+
2 2
Vl Vl

From eq. (9) I} =I; and combining eq. (54) and eq. (60) lead
to

P2+ 2
Vi=V]+2(P2R+ 02X) + (Z—Z,QQ) (R2 + x2)
V2
(61)

From eq. (61), the voltage equation could be written as:

Vi+v2 [2 (P2R+02X) — vﬁ]+(P§ + Qg) (R2 + Xz) =0

(62)
Applying the condition of stability on eq. (62), we get
4[VZ(PaR 4 02X) + (P2R + 02X)?
[VEP, Q2)4(2 Qz)]51 63)
Vi
Therefore, the VSLI [44], [45] is given as
4[VZ (PoR + 02X) + (PaR + 02X)?
VSLI — [Vi (P2R + 02X) + (P2R + 02X)7] (64)

vi

VSLI must be less than 1 for the stability. VSLI can be
calculated with the help of Phasor Measurement Unit (PMU)
data.

10) VOLTAGE STABILITY INDEX (L-INDEX)
From eq. (15) & (16):

ViVacosd — V# = PoR + 02X (65)
—ViVasind = P,X — OoR (66)

Substituting the eq. (65) and (66) in (64):

4 [V1 Vs cosd — V22 cos? 3]
Vi

VSLI = (67)

By neglecting the voltage angle difference, voltage stability
index L [46] may be deduced as:

_A[vivs - V3]

L
v

(68)

The condition for stability is same as that of VSLI.
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11) VOLTAGE STABILITY INDICATOR (VSIg)
Equation (14) after neglecting the voltage angle difference:

ViVa = Vi = R+ jX)(P2 — jQ2) (69)
Further rearranging the terms in eq. (69):
ViVa = Vi = (RP +XQ2) +j(XP, —RQ2)  (70)
On comparing real part:
ViVa — Vi = RPy + X0» (71)

Rearranging:

2

R R R
2 _ Viva+ [Pz (7 —X) +2RQ2] =0 (72)

=V
X 2

Applying the condition of stability on eq. (72),

40 (R +X)?
% < (73)
X (Vi +8RQ)
Hence, VSIg [47] is represented by
40> (R +X)?
VST — 02 (R+X) (74)

p= —
X (Vi + 8RQ»)
The stability limit of VSIg is 1.

12) STABILITY INDEX (SI)
From eq. (62),

2 LV4 o2 g — V4
Py = % goszé’:l: (2V2 cos 92 \;2 /12 (75)
—1Z|* Q5 —2V; 00X + Vi V5)

0 |:—V22 sin@ £ ,/(Vy sin® 0 — Vv

/1Z] (76)
—1Z12 P} — 2V}PoR + V2V3) }

From eq. (75) & (76) for the real values of P> & Q», following

conditions must be satisfied,

Vicos?0 — V) — |Z|2Q* —2VZQX + VAV >0 (77)
Visin?0 — V3 —|Z* PP —2VPR+ VIV =0  (78)

Summing eq. (77) & (78),
2V2VE — VE2V2 (PR + OoX) — |Z)? (Pg + Qg) >0
(79
Thus, the SI [48] can be written as
ST =2VEV3 — Vi —2V3 (PaR + 02X) — 1212 (P + O3
(30)

The stability index derived above is based on voltage
quadratic equation. The critical value of SIis 0, beyond which
system becomes unstable.
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13) LINE COLLAPSE PROXIMITY INDEX (LCPI)
Transmission line may be modelled with the help of two port
equivalent network as:

Viy_(AB Vo
(w)=(5)(x) @
Viloy =AlaVy /0 + BLBI /0 (82)

Putting the value of current I from eq. (12),

P> —jQz)

83
Vol — 0o (83)

VLo =AlaVy/0, + BB (

Rearranging eq. (83), yields
ViVl (01 — 3p) = AZO(V22 4+ B.B (P2 —jO?) (84)
Replacing 91-9; by 9 and rearranging eq. (84),

V22 (Acosa) — Vo (Vicosd) + (PoBcos B+ OxBsin8) =0
(85)

Applying the condition of stability on eq. (85):
(Vi cos 8)2 — 4 (Acosa) (PaBcos B+ OrBsin ) >0

(86)
or
4 (Acosa) (PyBcos ,32—|— O»Bsin B) <1 87)
(Vi cosd)
Thus, LCPI [49] may be defined as
LCPI — 4 (Acosa) (P2Bcos 8+ QxBsin ) (88)

(V) cos 9)?
The stability limit for LCPI is 1.
B. MPT / MAXIMUM POWER LOSS THROUGH A LINE

A power system network may be represented as two bus
Thevenin’s equivalent system as shown in Figure 3.

O— &

Vi 7,20

2,29

S

FIGURE 3. Representation of power system network through Thevenin’s
equivalent network [50].

The current I flowing through the Thevenin’s equivalent
circuit is:
Wi
\/[(Zl cos @ + Z; cos ¢)2 4+ (Z; sin6 + Zp sin ¢)2]

I =
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= (89)
\/[1 +(Z2)2) +2(22)21) cos 6 — )]
Vo= Zol = Lol
\/[1 +(Z2)21) +2(22)Z1) cos 6 — )]
(90)
where short circuit current, I.. =V/Z;.
Py =Vl cos¢p = 2212 cos ¢
Py = Zzl"z" cos¢ (91)
[1+(2/21) +2(22/71) cos @ - 9]
For MPT, 0P»/0Z, =0, thus:
/7 =1 (92)
Similarly,
0 = 2k, sing (93)

[1+(2/21) +2(22/71) cos @ - 9)]

The wattage loss through line is given by P} =I>Z cosf and
Qi =I,Z;sinf. Which can further be written as:

V1)?/z

P =
1+ (22/21)* +2(22/71) cos (6 — ¢)

cosf (94)

and
o V1)*/Z:
1+ (22/21)° +2(22/21) cos (6 — ¢)

sinf  (95)

1) GENERALIZATION TO AN ACTUAL NETWORK

Thevenin’s theorem states that any linear network with energy
source can be shown by a network consisting of a voltage
source (Vy,) in series with equivalent impedance (Zy,) [50].
Thus, for a n-bus power system network if the Thevenin’s
equivalent impedance is Z;j Z6; and load impedance is Z; Z ®j,
power will be transferred to load when Z;i/ Z; <1.

2) LINEARIZED MODEL FOR POWER SYSTEM NETWORK
Nonlinearities in the PSN is caused by the presence of nonlin-
ear elements (i.e. generators, loads etc.), however, Thevenin’s
theorem is applicable to linear system only. Therefore, system
is linearized at operating point as:

V22 cos ¢ _ V22 cos ¢

—_— /
Valh cos ¢ 2 ) &

%)
Dl ==L =
L
where,

L¢p = tan (02 /P2)

Let, Z; = source feeder internal impedance, and Z, = load
feeder impedance in Figure 3. Determination of Thevenin’s
impedance and no-load voltage are discussed in detail
by [50].
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3) VOLTAGE COLLAPSE PROXIMITY INDICATORS (VCPI)
Maximum power transfer (MPT) at receiving end is:

p _ V12 cos ¢ 9%
2(max) = Z_l X W (96)
and,
V2 sin ¢
Or(may) = — —————— 97)
(max) 71 4 cos? (9545)
Similarly,
p . V12 cosf 08
I(max) = Z—lm (98)
and,
VZ  sin6
Ql(max) = ! (99)

Z1 4cos? (97%’5)

These are the maximum permissible quantities. On the basis
of these maximum permissible quantities, the following
VCPI [35] are given:

P

VCPI (1) = —2 (100)
2(max)

vepr ) = — 22 (101)
2(max)
P

VCPI 3) = — (102)
[ (max)

vepr @4y = -2 (103)
[(max)

For the ease of identification, all VCPIs are represented as
VCPI (power) and VCPI (1os5). As the loading at the receiv-
ing end reaches to critical value both indices approach to
1. It is observed that close to voltage collapse point VCPI
(power) 18 less sensitive as compared to VCPI (15 for further
loading [35].

4) NEW VOLTAGE STABILITY INDEX (Lsy)
The total power flow in Figure 3 is given by

S, =Wal (104)
From eq. (89) and eq. (90)
s %6 1 7
2= 7= =
21+ (22)21) +2(22/71) cos (0 — )| A
(105)
and the MPT is given by:
Vi 1
SZ(max) = - (106)

421 cos2 (@)

On the basis of previous assumptions the new VSI, Ly [51]
is given as:

AY)
Ly =

= (107)
S2(max)
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5) POWER SYSTEM STABILITY INDEX (PTSI)
Current through the load in the Figure 3 is given as:

Vi

= ———— 108
Z1L0+Zy/l¢p (108)
Apparent power at load side is give as:
V2Z
S =2l = ——12
|Z1L0 + Zp L)
vz

122 (109)

T 22422422 Zycos (0 — ¢)

where V1, Z1, & Z; may be considered as Thevenin’s voltage,
Thevenin’s impedance and Load impedance, respectively.
Maximum power through the load may be given as:

Vi
271 (1 + cos (6 — ¢))

The voltage collapse occurs if the ratio S»/Sy(max) =1.
With the help of eq. (109), (110) and neglecting shunt
admittance, the PTSI [52] can be given as:
25,71 (1 4+ cos (6 — ¢))
2
Vi

S2(max) = (1 10)

PTSI =

(111)

The maximum value of PTSI for stability is 1.

6) VOLTAGE STABILITY INDEX (VSI)
Combining eq. (24) & eq. (25) with the assumption of d being
negligible

2
sz\/vz—l—(QXwLPR)i«/Z (112)

where,

V2
A= Tl — (QX + PR)V} — (PX — OR)? (113)
Therefore, for the real solution of eq. (112), A must not be
negative. Hence,

A>0 (114)

From eq. (24) and eq. (25), maximum Real power demand
P>(max), maximum VAr power demand Q2(max) and max-
imum VA power demand Symax) can be calculated by
assuming VAr power demand Q,, Real power demand P, and
load power factor angle, ®, constant.

OR V2R 122l V1\V] — 40X

P2(max) = _X - X2 7X2 (115)
PrX V12X |Z2| Vi4/ V12 —4P>R
Q2(max) = * R + R (116)
V21 Z2] — (sin (¢) X 4 cos (¢) B)]
S2(max) = A 2 (1 17)
2 (cos (¢) X — sin (¢) R)
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Since for transmission line X/R>>>1, the approximate value of
Po(max), Q2(max) and So(max) can be expressed as:

Vi Vi
P2(max) = 4x2 - Q2 X (118)
Q2(max) = _V12 — —P%X (119)
4X v}
(1 —sin(¢)) V2
SZ(max) = —2 0052 (d))X (120)

With the approximate Py(max), Q2(max) and Symax) three load
margins Pmargin, Qmargin and Smargin is calculated as:

Pmargin = P2(max) - P2 (121)
Qm argin — QZ(max) - Q2 (122)
Sm argin — S2(max) -5 (123)

The derived VSI [53] based on the load margins can be
written as

(124)

VSI = min (P’”arg in Qmargin Smarg in)

Pomax) Q2(max)  S2(max)

Lower values of VSI indicates marginal stable point.

7) VOLTAGE STABILITY MARGIN (VSMs)
From the eq. (90), the voltage across the load impedance Z»
is given as:

ViZ,
Vo = (125)
JIZ2+ 2} + 22125 c0s (0 — ¢)]

V3Z

=V} =2 (126)
[Z2 +Zi +2Z1Z; cos (0 — qb)]
The power at critical point is given as:
V2

Ser : (127)

= 2711 +cos [ — o]

Z»-Z1 may be considered as margin of safety for given Z;.
On the basis of this VSM in terms of impedance VSM, may
be defined as:

2 -7

1

VSM, = (128)

Further, VSM in terms of power VSM; [54] is represented as:
Scr - S2
SCV
For stability point of view VSM; must be greater than zero.

VSM, = (129)

8) VOLTAGE STABILITY MARGIN INDEX (VSMI)
The equations of Watt and VAr power flow in Figure 3 [32]
is given by:

cos (¢ + 9)

Vo=V (130)
cos ¢
_1VE (sin(¢ +29)
Pz = EY (—Cos¢ — tan¢) (131)
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where, tan (¢) = %. The maximum value of P, and V, can
be found from the eq. (130) and eq. (131) for any given value

of ® as:
V(1
P2(max) = 57 COS¢ — tan¢ (132)
cos(Z +¢
Va(max) = (EOZT¢)V1 (133)
when,
g
-9
Omax = 2= (134)

As the 9 reaches to dmax, corresponding values of Py(max) and
Vamax) can be calculated from knee point of PV curve [55].
Hence the VSM can be the angular distance between 0 &
Omax- As said earlier, for any given working condition of load
the VSMI [51] is:

v = dmx =9

amax

(135)

C. MPT THEOREM
Any intricate power system network may be reduced to the
equivalent Thevenin’s network with Thevenin’s voltage V|
and Thevenin’s impedance Z; [56]. The load voltage V;, and
load side apparent power S, is given in eq. (125) and eq.
(126).

Apparent power sensitivity for load admittance is given as:

s, V[l - (&)’

it 136
dy, 1+ (Z1Y2)? +2Z Y2 cosd (136)
where Y, =1/7Z,»
Dividing both side by (V2)?
sy 1 — (Z112)?
2* — (Z112) (137)
dY2 1+ (Z1Y2)? +2Z Y2 cosd
Substituting, dS>/dY, =(Y2/S2) dS,/dY; in eq. (136)
Z M+1
22 _ + (138)
Z

—M cos d —l—\/[(Mcosa)2 —M?+1]

where, M=dS3/dY; =(S3-S1)(Ya+Y1)/(S2+S1)(Y2-Y),
S1, Y1 are complex power drawn by the load and admittance
at the beginning (t1), S», Y are load power and admittance
at the end (tp). For stable operation, the ratio Z/Z; >1 [57].
This ratio is also used to initiate load shedding under critical
situation of the system.

1) SIMPLIFIED VOLTAGE STABILITY INDEX (SVSI)

The concept of SVSI is based on relative electric distance
(RED). The concept RED is to find generator node near to
the load node to enhance its performance. In matrix form the
generator & load node currents can be related to the respective
node voltages as

Ics | | Yee YoL || Vo
|:1Li| - [YLG YLL:| |:VLj| (139
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Rearranging the matrix eq. (139)

Ve |_|Zw Fire || I
I KgL Yoe || Ve

where, Frg = — | Y| 7! Y6l [58].

(140)

RiG = [A] - abs[Fig] = [A] - abs (12l ™ 1Yi6)
(141)
where, [A] is unit matrix of dimension (n-g)x (g).

The voltage drop AV; on the Thevenin’s impedance can be
calculated as

nj—1
A= V-Vt 2|V - V| ae)
b=1
The above eq. (142) is the useful simplification of the orig-
inally proposed method in [59]. A correction factor B is
proposed in [60] to increase the sensitivity of the derived
index and excel its performance. The correction factor f is
given by:

B =1~ (max (|V,| — [Vi]))? (143)

The difference of voltage magnitude (|Vy| - |Vi|) of two
buses is found out from PMU measurement [60]. The SVSI
for the i bus is defined as:

AV;

SVSI = —

BVi

Power system network will be voltage stable when the pro-
posed index is greater than unity.

Local VSI [61] is obtained from the concept of Tellegen’s
theorem (TT) and adjoint networks. In this method, Telligen’s
Theorem is used to derive Thevenin’s parameters. The basic
form of Telligen’s Theorem states that:

(144)

vir=0 (145)

The Telligen’s Theorem may be expressed in another form as,

ITAV —VTAI =0 (146)

where,

AV: voltage of incremented network

Al current of incremented network

I: current of adjoint network

V: voltage of adjoint network

Equation (146) is valid only if the base network and adjoint
network are topologically identical. Adjoint networks are
unaffected by above mentioned disturbances because it is
physically decoupled from the base network.

We may categorize AV, Al, and into three groups slack
bus, remaining buses & network branches.

Now the eq. (146) may be rewritten as:

(iST AVs — VT AIS) + (i,? AVp— VT AIP)

+ (igAvB - \7BTA13) ) (147)
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Since reference bus has no contribution in eq. (147). Thus

(iSTAVS — VSTAIS) -0 (148)
Without changing the topology of adjoint network eq. (148)
can be further developed to depict the voltage sensitivities of

system component for power & network disturbances.

(ig AVg — VE AIB) =0 (149)
Hence,
(i; AVp— VT AIP) =0 (150)
Taking complex conjugate [61] of eq. (150)
(I;avp —VEAL) =0 (151)
or
(i avep —vVepan) =0 (152)

Thevenin’s equivalent network N, and the corresponding
adjoint network N of a power system supplying load con-
nected at bus-k (Figure 4(a)) are shown in Figure 4(b) and
Figure 4(c), respectively.

v,
Rest of the power
system
k
(a) A
v A
k Ve
z k p / k
E i E Z,
Thevenin's - ! A oA
Equivalent of the SIMIA'?ZI.' Adjint Thevenin's Sk,lk,ZA

Equivalent of the
system

(b) (c)

FIGURE 4. (a) General representation of load bus k in a power system,
(b) the corresponding network N, and (c) its adjoint network N.

system

2) IMPEDANCE-STABILITY INDEX (ISI)
The current in Figure 4(b) will be

Sk/Vi =1 = ((E — Vi) [ Zu) (153)
or
Vi (E—Vi)* = SiZ;, =0 (154)
Maximum power is transferred when
Vi=(E - V)" (155)

On the basis of stability criterion, eq. (155) facilitates follow-

ing result of circuit theory.
|Zi| = |Zinl (156)

Equation (156) shows the condition for maximum power
transfer. The maximum power transfer (MPT) is a limit
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towards loading. Beyond this limit, equilibrium will be lost
and voltage collapse occurs [62]. Hence, eq. (156) denotes
stability limit.

Similarly, for adjoint network eq. (153)-(156) can also be
rewritten with cap (A)z. The eq. (146) can be rewritten for k™
bus as

~T N
(I*k AV, — v,fAI,j) -0 (157)
On the basis of real time measurement of voltage & current
difference, the impedance for k' bus is given as:
AR A (158)
From eq. (157) and eq. (158) adjoint Thevenin’s impedance
can be derived as:

((E _ &k) /Z,h)* AVe— ViAIF =0 (159)
Zi = ((E — f/k)* / (f/kAI,j)) AV, (160)

MPT in adjoint network occurs when
Vi =(E—V)* (161)

Comparing eq. (160) & (161), the Thevenin’s impedance at
the voltage collapse point is as follows:

7' = AV /AL (162)
or
Zin = AV} /AL (163)
or
Zi = |Zi| = |AVi/AL] (164)
At base load:
Zi > Zuy (165)
At the voltage collapse point, Zi = Zu,
Zk = Zin | AV [ Al | = |V /I | (166)

Considering eq. (165) and eq. (166), a impedance-stability
index (ISI) [61] for determining the voltage stability margin
(VSM) can be defined as:

(4 7)

ISl =-~~——2% (167)
Z
or
ISI =1 — [ AVi|/IVi AL | (168)
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3) VOLTAGE STABILITY INDEX (VSlpys)
Equation (165) can also be written a
|AVi / AL| > |Vi /I | (169)
[AVili| > |Vi Al (170)

The critical value of ISI is O [61]. In the figure 4(a) the
apparent power at local load bus (i.e. k) can be written as

Sk = ViIyf (171)
or
ISkl = Vil (172)
Application of Taylor’s theorem on eq. (172) results
as N
AS; = —kAIk + —kAVk + higher terms (173)
alx Vi
After neglecting higher order terms in eq. (173).
ASy = Vi Al + [ AVy (174)

Within the voltage stability limit eq. (174) can be written as.

Iy AV
0<1+\(— —_—
Vi Al

Linear characteristics is obtained when eq. (175) is raised to
the power of « (>1). we obtain linear characteristics. Thus,
without loss of generality, the VSI [63] of k™ bus may be
considered as follows:

I AV
VSIpus = | 1 — —_—
ous [ +(Vk)(A1k)}

It should be noted that VSiy,s ranges from unity (no load) to
zero (voltage collapse).

(175)

(176)

4) S-DIFFERENCE CRITERION (SDC)
S-difference criterion is based on two consecutive measure-
ment of S. The power at sending end increases rapidly due
to transmission losses. This increase in power at sending
end does not yield an increase in useful power at receiving
end. Thus, voltage collapse occurs when change in apparent
power is zero (AS=0). New VSl is based on S-difference [64]
criterion and can be written in absolute form of eq. (176) as
follows:

AV I
Vi ALY

At the voltage collapse point S-difference (AS=0), the SDC
is zero.

SDC = |1+

a77)

5) VOLTAGE COLLAPSE PREDICTION INDEX (VCPI)
For N-bus system the apparent power at k™ bus can be calcu-
lated with the help of eq. (171) [65]:

N

> Vil Vil cos (3 — y,)
m=1
m#£k

i
2

— = |Vil" =

Yik
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N
+i| D Vil IVelsin (8 — a,) (178)
m=1
m#k
where,
Yy
V) = N—me (179)
2. Yy
j=1
J#Fk
Substituting d-3;, = 9 in eq. (178)
N
fVil, 0y =1Vl = D~ |V | IVilcosd  (180)
m=1
m#k
N
AUVl 0y = D7 V| [Vilsind (181)
m=1
m#k

At the voltage collapse point the determinant of the Jacobian
matrix formed from eq. (180) & (181) should be zero. This
results in eq. (182) as,

IV;;V|cosa :% (182)
2 Vi

m=1

m#k

After manipulating eq. (182) and applying complex identity
VCPI at k'™ bus is obtained as:

N
Zm:l Vn/1
m#k

VCPI, = |1 —
Vi

(183)

The critical value of VCPI for voltage instability is 1.

6) VOLTAGE-STABILITY LOAD BUS INDEX (VSLBIy)
In Figure 4(b), let the voltage across Zy be AVy. If load
is considered as constant power type, the point of voltage
collapse will be the point when maximum power is trans-
ferred. Hence, under the MPT condition, at k™ bus, where,
AVy =V [66], the VSLBI is defined as follows:

Vi
VSLBI, = —— 184
N7 (184)
When, VSLBIk >1, voltage collapses.
D. P-V CURVE
Power system can be represented as in [67]:
> Sait D Stoss—i = D Ssi (185)
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Subject to constraints,

Pg—min = Pg = Pg—max

Qg—min = Qg = Qg—max

1) NETWORK SENSITIVITY APPROACH (SG)
Equation (185) can also be represented in active and reactive
power, as

(Pgt +ngt) = (Par +jQur) + ST—loss (186)

where, Py: total watt power generate; Qg: total VAr power
generate; Py;: total watt power deman; Qq;: total VAr power
demand; St_joss: transmission power loss. Equation (186)

can be rewritten as
(I +ja) Pg = (1 +jB) Par + ST—l0ss (187)

where, o = Qg/Py and B = Qg/Pg;. From eq. (187) total
active power generation is given by following equation:

1+j8)P SToss—
o = ( +J/3.) dt Loss' t (188)
1+ joo) 1+ jo)
an
0Py Py
— == 189
0Py nPdt (189)

where, n = Sq/Sg. If ~0, then, the derivative of total watt
power generated with respect to the total watt power demand
is expressed in eq. (190).

0Py Pg
Sgp =2 =% (190)
" 9P Pa
Similarly, for reactive power give in eq. (191).
P P
SGq = 7 = =& (191)
00 Oar

Equation (190) and eq. (191) can be used as a sensitivity
indicator to predict voltage collapse point. As sensitivity goes
to infinity system tends to voltage instability.

2) TANGENT VECTOR INDEX (TVI)

The test function in [68] may also be used for screening
and ranking of contingencies for voltage stability assess-
ment (VSA).

Network partitioning is a way to determine the weak area
in a power system network for voltage collapse analysis and
can also be used to define a new VSI called Tangent Vector
Index (TVI) [69]. Here n-nodes may be considered as buses
and Cj; be the connection between i" and j" node. Two
partition techniques have been used to define and apply Cj
in [69]. Nature of connection between two nodes depends on
the value of Cj. If its value is large, it is set to be strongly
connected else weakly connected.

The two techniques of partitioning are (i) Partitioning
by Right Eigen vector and (ii) Partitioning by Tangent
vector (TV).
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The second technique is explained in [69]. The TV at the
equilibrium point is equal to zero (dx/dA=0) and is given by:
dx 1 of
dA A |,
The TV shows the dependency of system variable on param-
eter A. The various clusters are used to define the TVI as:
dv; -1
dA
The early identification of critical bus is efficiently
achieved with the TV method [69], [70].

(192)

—[D: fL]

*

TVI; = ‘ (193)

E. ENERGY FUNCTION FOR VOLTAGE STABILITY ANALYSIS
References [71] and [72] proposed the energy function for the
solution of voltage instability problem.

The energy function is expressed in [73].

@8%V5) T T T T T 7

v(x-s,xu)z/ [(Ma)) T e ][dw .do ,dv]
(0,65,V5)

(194)

In eq. (194), (w, 0%,V") and (0, 6%,V®) represent solutions
at equilibrium state; @’ =[wi,..... wm]: velocity matrix;
VT =[V,....V,]: voltage matrix, and 0T =[0..... 6,]:
phase angle matrix; M is the inertia matrix; T =f(#, V) and
g’ =g(h,V) may be expressed as:

n
fi0.V) =P =" ByViVjsin (6; — 6))
j=1

(195)

8 (0.V) =V~ | Qi (Vi) + D ByViVjcos (6; — 6)
j=1
(196)

Equation (194) defines Lyapunov function considering that
Watt power injections are constant; VAr power injections and
transfer conductance’s are neglected.

Equation (194) can be extended into kinetic & potential
energy as:

v(X*, X"
B PotentialEnergy ]
(Vi Qi) gy _ S p (gu _ s
KineticEnergy - Z f TV L Z ! ( i i)
,1_/— l:ln u i=1
1
x= oMo + | —3 22 2. Vi'V/'Bjjcos (0;4 - 0;4)
2 i=1j=1
nn
3> Vi'ViBjjcos (61:Y - 91.3)
i=1j=1

(197)

Equation (197) shows the sum of kinetic & potential energy.
Potential energy is completely dedicated to show the weak-
ness to steady state voltage instability.
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Equation (195) and (196) after introduction of transfer
conductance are follows:

n
fi@,V)y="P;— ZBleiVj sin (0,' — 9]-)
j=1

n
=" GyV; vy cos (67 - 6)
j=1

(198)

g (0.V) = (V)™ | Qi (Vi) + D ByViVjcos (6 — )
j=1

n
— (V) X GyVivicos (65 —67)  (199)
j=1
Now eq. (194) can be rewritten as:
n 91'” Viu
v(X*, X") = Z £:0,V)do; + / gi (0, V)dV;
6 Vs

i=1
(200)

The assessment of the above equation results in:

n Ve . (V. n
V(XX == . Q“()/’)dvi - > Pi(0F -0
f i i—1

i=1 i

1 n n
— 3 2 D ViV Bycos (o 61

i=1 j=1

1o : :
+3 2 D ViV Bycos (s - )

i=1 j=1

non
22 vivieos (3 -6)) (5 =)

i=1 j=1

n n
+>°> VGysin (9;‘ - 9;) (Vi“ - v])

i=1 j=I
(201)

The energy function described by eq. (201) can be used for
determination of voltage security indices [74], [75].

F. MODEL ANALYSIS FOR VOLTAGE STABILITY EVOLUTION
Since at any bus, voltage is dependent on VAr power at that
bus, V-Q sensitivity can be utilized to determine the stability
of the system. If it is positive, system will be stable else
unstable [76].

1) REDUCED JACOBIAN MATRIX
The relation between power & voltage may be given by:

AP | | Jpg Jpv A6

AQ | | J 00 Jov AV
Voltage stability of any power system network depends on
Watt and VAr power. In Q-V curve approach, the Watt power

(202)
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is considered constant and VSA is done by incremental rela-
tionship between V & Q.

AQ = [Jov —Joodp Jev | AV = Jrav  (203)
and
AV =J5'AQ (204)
where,
T = [JQV _ JQQJ;@IJPV] (205)
where Jgr: reduced Jacobian matrix
2) MODES OF VOLTAGE INSTABILITY
Assuming,
JrR=E&nn (206)

where, & =column vector matrix of Jr, = row vector matrix
of Jr and "= diagonal Eigen value matrix of Jr. And

Jl=en"1y (207)
From eq. (204) and eq. (207)
AV =& AT pAQ (208)
or
N
AV = Z,: % AQ (209)

Each eigenvalue is represented by A; and the corresponding
column and row eigenvectors are represented by & and n;,
respectively. The iy, nodal Reactive power difference is given
by:

AQpi = ki§; (210)

where,

@211)

K& =1
J
The corresponding i node voltage difference is given by:

AVpi = %AQmi (212)
i

n-node power system network consists of n values of 1. The

value of each A corresponds to the strength of that node to the

voltage stability. If A for i bus is zero then it shows that i

bus is responsible for system voltage collapse [76].

The VSIs presented in this section may be classified based
on line, bus and system parameters, their applicability to
transmission and distribution networks and basic concepts.
Figure 5 presents a classification of indices based on their
applicability to transmission and distribution systems. The
indices that are suitable for the transmission system may
be utilized in the planning of control measures such as the
placement of Flexible AC Transmission System (FACTS)
Controllers. The indices suitable for distribution systems
may be utilized for the optimal placement of distributed
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generations and may be quite helpful in demand-side man-
agement. Table 2 classifies indices to identify critical buses
and lines that need special attention to prevent voltage
instability-driven blackouts. Accordingly, proper planning
of compensating devices and remedial measures may be
decided.

VSI classification on the basis of Transmission & Radial Distribution system applicability

! !

Transmission System Distribution System

FVSL, NVSL, LQP, NLSI, VQIj L, VSIz, VSL| [Lan, VSMs, Lj, Ly, VSLI,
Simplified L-Index, Lmn, VSMI, L;, L,, VSLI, LCPL| [SI, VSM;, PSL  SI(my),
VCPL, Ly, PTSL, VSL, VSMI, Zy/Z,, SVSL, ISL, VSly,| |VSFrow, L, Linear M-
SDC, VCPI, SG, TVI;, L-Index, ENVCL, V,, CBL LVSL| |Index, RVSI,  TPSI,
[TLTI, VCPLy, Iy, Ig, Linear M-Index, DEDI, CSL, RPLL| [NLSI_I, VSAL LPyg |,
V-Q sensitivity index, DSY, Pypg,, dV/dQ, dV1/dVe, dQg/|  [nVSI,

dQ,-Index, VSRI, VMPI, P-Index, NLI, VSIscc, LSZ,
ILSZ, VSAL LPys; , TVSM"", C-WAVI

FIGURE 5. VSIs classified on the basis of their applicability to
transmission & distribution system.

IV. NOVEL QUALITATIVE COMPARISON OF VOLTAGE
STABILITY INDICES

VSIs are difficult to compare quantitatively due to varied
approach and applications, Hence, they may be qualitatively
compared on the basis of their complexity, accuracy, time,
mode of operation (i.e. online/offline), data dependency, and
type of stability (steady state/transient or dynamic).

A. COMPLEXITY

The complexity of a Variable Step-Size Incremental (VSI)
algorithm is contingent upon the analysis of the data collec-
tion process and the computational complexity involved. Data
collection, data aggregation, and data selection are distinct
procedures involved in the processing of data. Data collection
involves the acquisition of data pertaining to each bus and
line within the power system network. This is accomplished
by utilizing sensing devices such as ammeters, voltmeters,
wattmeters, and/or phasor measurement units (PMUs). Fur-
ther, Data aggregation is performed on the collected data to
reduce error [124]. Finally, Data selection depends on the VSI
technique used.

However, the data obtained from the abovementioned
process is erroneous & may affect the VSIs deduction.
Absolutely, at different levels, PMU data loss occurs in the
different practical applications due to delay in transmission
of data, hardware failure and communication congestion etc.
Noise in PMU data and PMU data loss as expected reduce the
performance and reliability of the voltage stability indices.

Researchers mainly try to reduce the code length for the
purpose of reducing memory storage of the algorithm. But
on other hand it reflects in complexity of algorithm. Few
algorithms take more time and memory storage for solving
the voltage stability problem. In real time calculation the
response time is the deciding factor as time taken beyond the
permissible value may result in instability. Memory storage
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TABLE 2. Summary of voltage stability indices along with their features.

=
S 4 — = @
S % = g S 9 £2 &
z = 2 Z €= BT Equation Assumption &=
% = = & = 2 & 5 7
2 ) &) 7n S
i ~ &} >
1 Lin-Index [77] Lmn <1 stable 4X0 A1, Az Line
Lo [78] Lo >1 unstable =—=2
[V; sin(6—9)]
2 Lij-Index [79] Ljj <1 stable 2 Ay Line
Lij>1 unstable =3 f‘-Z 0, X 5
L; " V7 (Rsind+ X cosd)
3 Fast voltage FVSI<I stable 4ZZQ A, Ag Line
stability FVSI [80] FVSI> unstable FVSI = 2—2
index V
1
4 New [81] NVSI<I stable \/ﬁ A, As Line
voltage NVSI NVSI>1unstable NVSI = 2X Pz + Qz
§tzbility ZQZX _ V12
index
5 Line [40] LQP<1 stable X X A1, As Line
stability LQP [82] LQP>1 unstable 4] 2 || 2 p?
factor LQP 4 V2 pe? R + Qz
1 1
6 Line [41] L, <I stable 4RP. A, As Line
stability L, [83] L, >1 unstable Ly=———F"——
index V1 cos“ (60— a)
7 New line [42] NLSI<I stable RP. + X A, Ag Line
stability NLSI [84] NLSI>1 unstable NLSI = OZTVZQZ
index . |
8 Voltage [43] VQIvine <1 stable 40 A, As Line
reactive VQILine VQILine>lunstable Vol,,. = 22
power index B,V
9 Voltage [44] VSLI<I stable ) 2 Al Line
stability VSLI [45] VSLI>1 unstable 4['/1 (ARR+0,X)+(PR+0,X) }
load index VSLI = )
1
10 | L-index [46] L<1 stable 12 Ay, Ay Line
L L>1 unstable L= 4|:V1V2 £ :|
Vlz
11 | Voltage [47] VSl <1 stable 2 Al Ay Line
stability VSls VSIs>1 unstable VST = 40, (R+X)
S B
indicator X (V]2 +8RO, )
12 | Stability [48] SI#0 stable — 2172 174 172 R+0O.X Al Line
index SI SI0 unstable SE=2V7vy -V, -2n, (Pz 0, )
2 2 2
-l (77 + o))
13 | Line [49] LCPI<I stable 4(Acose)(P.Bcos B+O.Bsin As Line
collapse LCPI LCPI>1 unstable LCPI = ( )( 2 ﬂ 5 Qz 'B )
proximity (Vl cos a)
index
14 | Voltage [35] VCPI<I stable P Q Al Ar Line
collapse VCPI VCPI>1unstable VCP[(]) =—2_ VCPI (2) ==
proximity 2(max) 2(max)
indicator P 0
VCPI(3) =—1_ VCP](4) =
[(max) 1(max)
15 | Ls-Index [51] Ls <1 stable S P2 A, A7 Line
Lo Ls >1 unstable L = 2 (max) = s
sr r(max
S 47 cos’ (¢)
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TABLE 2. (Continued.) Summary of voltage stability indices along with their features.

16 | Power [52] 1 PTSI<I stable _ A Line
system PTSI PTSI>1 unstable PTSI = 2S221 (1 +cos (0 ¢))
stability V;Z
index
17 | Voltage [53] 0 VSI>0 stable 0 A, As, Ay Line
stability VSI VSI<O0 unstable VSI = min | —eein Zmargin  “margin
index 2(max) QZ(max) SZ(max)
18 | Voltage [54] 0 VSM; >0 stable S —S 2 Al A; Line
stability VSM; VSM;<Ounstable VSM =—<+—2 S = s
margin ’ S, 27 |:1 +cos (9 - ¢):|
19 | Voltage [55] 0 VSMI>0 stable J -9 Al Line
stability VSMI [85] VSMI<Ounstable VSMI = —==—
margin amax
index
20 Zo/Zy-Index | Zo/Z, [57] 1 Z5/Z7,>1 stable Z2 M +1 As Bus
Z»/Z,<lunstable —==
2
Z —Mcos8+\/[(Mcosa) —M2+1}
_(S,-8)(%+ 1)
(8, +5)(Y, -1)
21 | Simplified [58] 1 SVSI#1 stable AV As Bus
voltage SVSI [59] SVSI=1 unstable SVSI =—L
stability [60] yii4
index
22 | Impedance- [61] 0 ISI=1 stable A A Aro Bus
stability ISI ISI=0 unstable ( =2y, j
index IS =~——or ISI =1-|1,AV;|/|V,AL|
k
23 | Bus VSI [63] 0 VSlbus #0 stable 7 AV a An Bus
VSlbus VSIbus=Ounstable X k
VSt =|1+| — || —
Ve )LAL
24 | S-difference [64] 0 SDC#0 stable AV.I An Bus
criterion SDC SDC= unstable SDC =1+ k" k
KMk
25 | Voltage [65] 1 VCPIk =0 stable N An Bus
collapse VCPI=1unstable z Vm
prediction VCPIk m=1
index VCPI, =122
k
26 | Voltage- [66] 1 VSLBIk >1 stable V An Line
stability VSLBIk VSLBIk<I unstable VSLBI, = —k
load bus AV,
index
27 | Network [67] Sharp Gradual increase — Ao Ove
sensitivity SG rise SGI’ ng/ Pdt r
approach- _ all
based index SGq _Rg’l/ le
28 | Test [86] Details are given in the _ - Bus
function TF reference. 1=¢ J(x’ Y ) v
29 | Tangent [69] 0 TVI; # stable -1 - Bus
vector index | TVI, TV =0 unstable i =%
"o ldA
30 | L-index [87] 1 L<I stable Ve :fixed Bus
L-Index L>1 unstable Z FiiVi
L=MAX[1-="——
jeoy V
J
31 | Power [42] 1 PSI<I stable _ 0 Bus
stability PSI PSI>1 unstable psj =i (F-F)
: 2
index |:|V,.|COS(9—5)]
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TABLE 2. (Continued.) Summary of voltage stability indices along with their features.

32 | Voltage
deviation
index

VDIr

[38]

Details are given in the
reference.

VDI, =i|1—V,|

J=1

- Bus

33 | Stability
index

SI(m2)

[88]

0 SI(m2)>0 stable,
Unstable otherwise

() =[]~ P2) o ) ~Olm2) (]|

4 P(m2) (i) +Q{m2) x{ )}V ()]

#0 Bus

34 | Equivalent
node
voltage
collapse
index

ENVCI

[69]
[89]

0 0: unstable
1: stable

ENVCI =2(ee, + f,.f,)—(ef + /)

A Bus

35 | Voltage
stability
factor

VSFiotal

[90]

1 VSFiowur>1: stable
VSFiow<I: unstable

- Bus

36 L-index

L-Index

[27]

L=4[(xP,~rQ,)’ +x0, ~1P, |
For L<1

2
L= 4|:(xegBeg _rengeg) +xegQ[eg _regP[egj|

37 | Voltage
instability
proximity
index

VIPI

[27]

VIPI =0 =cos™ M

[rslir@|

38 | Integral
steady state
margin

ISSM

[27]

b/t 0<ISSM<1
0&1

—C

ISSM =

39 | Critical
voltage

Ver

[27]

The -
critical
value
of
voltage

E

\/2(1+cos(0!—¢))
E
2cos @

V:

cr

- Bus

40 | Critical
boundary
index

CBI

[81]

0 CBI>0: stable
Unstable otherwise

CBI, =\AP; +AQ;

AP, =X-F
AQ, =Y-0,

- Line

41 | Line
voltage
stability
index

LVSI

(911

1 LVSI=1: unstable
I<LVSI<2: stable

LVSI =max(LVSI,) ¥ j=12,3..1

- Line

42 | Integrate
transmissio
n line
transfer
index

ITLTI

[92]

1 ITLTI<I: stable
ITLTI>1: unstable

_sin(g, +9)sind

R_Index —
CoS (e%j

S

Ais Line

43 | Voltage
collapse
proximity
indicator

VCPIa

[93]
[94]

0 VCPIa >stable
VCPIa <Qunstable

VCPI , =V, cos(5)—0.5,

Asg Line

44 | Linearized
motor
voltage
stability
index

LMVSI

[15]

LMVSI, = __ MysL
|d (MVsL,)/d 4|

MYSt =|det(4)]. 4 = (7 R

45 | Simplified
L-index

L'

[95]

1 L'<1: Stable
L"™>1: unstable

1

I = f’2+g'2
2
"

f'= 0X;, g = —hX;

As, As Bus

46 | MW &
MVar
dispatch
index

Ir and Iq

[14]

Al np,'
L= =
AC,  n'B+n)Q,

- Bus
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TABLE 2. (Continued.) Summary of voltage stability indices along with their features.

k

_ Al nQ,‘
0T A T Tp LT
AC, n, B +ny0,
47 | Linear M- M [96] | O 0: stability limit P - Bus
index [97] point M —index =1——
Diagonal
element [vzaQi/aV;.l =an/a§z[=an/a§z
dependent [98] q' -B, 7 -B. ul
1 index 99] | - - i ” B, - Bus
DEDI ?z
Revamp 47> 0X
voltage [100] RVSI=1: unstable RVSI = jErty .
49 5 1 R = > Al Line
stability RVSI [101] otherwise stable V2 (R sind + X cos 5)
indicator s
Composite 2a
severity CSI = w * W [ P
index [13] 'o2g | P
CSI<I: stable mn .
>0 CSI (98] ! CSI>1: unstable 4xQ A Line
[99] ’ % XL,
) 2
[Vm sin (6’—5)}
51 | Reactive [104] | Highes | Lowest RPIL is more _ n nox - Bus
power loss | RPLI [105] | tvalue | stable RPIL; = Qloss;, "'ZQIOSSi,k NCOSI,
index to
weakes
t bus
52 | V-Q [106] | - Depends on cut-off - . O . o " A Bus
sensitivity SqY value SQ :{,max |:dlag(JRi ) 12_dlag(JRi )|11:| 10
index =l
D’ = 4
53 | Di-index D! [107] 1 0<Di<1 v > > . A Line
J2V7 +2(PR+Q/X)
Derivative DSY: +ve stabl AS
54 | ofload with DSY [12] 0 DSV vesta b? DSY = — Az Bus
respect to Y :-ve unstable V/ AY]
Short term SVSI,
voltage svst, = [ )=, ar
stability :
index SVsI o
1,
55 ‘ [108] - - E”" Ao Bus
SVl SVSIy = | [vryg, ()= v(0)|at
SVSI, o I ®)=vle)
Clear
- *
SVSIS - (V(O) - I/S ) (tStable _lClear)
Contingenc M°=S° —§°
y ranking ) i m; i
56 | ¢ | [11] - - . , ) - Bus
index M?, M Mi/ — S,},, _Si/
Influence II -ve: severe M/
57 | index i [1] 0 o II] = (signof f’)*| —5-1 - Bus
i disturbance M,
Active P..—F
58 | power load Plign [109] 0 0<PLgn<1 Bl =m0 p Ar Bus
margin max n
Voltage Q SV
59 collqpsg dVv/dQ- [110] - 0<index<co I = AZ—I—I , ieL - Bus
sensitivity Index ! =V 00,
index < /
60 dVi/dVe- [110] w At infinity system J = AZ é‘Vz iel _ Bus
Index collspse i SV’
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TABLE 2. (Continued.) Summary of voltage stability indices along with their features.

00, .
61 dQa/dQr- [110] —o0 —0<Ki<-1 Ki = AZ Qk WAS L - Bus
Index & 60,
Transmissio
g2 | npath TPSI [10] 0 TPSI=0 For unstable TPSI =0.5V, —v A Line
stability [111] system P
index
Voltage 2
63 stability 9] 0 AS=0 for unstable AS = (V/ B thlz_‘/' ) R Bus
predictor VIP system = 47
th
New line | Z|2 Y
stability NLSI_I<I: stable _ _ ) .
64 | L dex NLSI 1 [112] 1 NLSI T>1: unstable NLSI 1= _V | o T (0=3) (6— 5) (oc-1) Or-0s£0 Line
Voltage
stability risk 1 Z (d, +d_)At
index ; i=
65 [8] -ve VSRI<O0 pys will be VSRI =— JHN-1 B Bus
VSRI [113] | value more unstable N 2
Voltage v V
margin st (V1> 1D
" P
66 | index VMPI 7] - - VMPI =0 = - -
e V1< V2D
||V|| IIV I
Approximat P,
e collapse ACPI = —* ;
g7 | POwer index 15 . 0<ACPI<I: stable c.i 2" °_rdert, 5
7 acpr | 1] ACPI=1: unstable 1 approximatio. | B
ACPl = ——
1+d A,
P-Index PL av
g . ndese VO
68 P-Index [116] 1 P-Index: unstable P — Index o P PT A Bus
V dP,
New LIVES AP
69 | index NLI [5] 0 NLI>0: stable NLI = Ay Bus
P
VSI based i
70 | onSCC VSI [6] 1 VSlsce<: stable VSl = SCCo, = 25,X, (1 +sing) A Line
see VSlscc>1: unstable sce sccC EQ’ 8
P th
Line
stability LSZ>1 unstable LS7Z = ;
" index eI sz sabe ~2|Z|(B cos0+0, sin6) o
Improved 21Z+Z7,||S
h r
72 | LSZ sz | [117] 1 IILLSSZ;;‘“S“‘J]’I‘? ILSZ = — | 18 : A Line
stable |E,| 2|2 +Z,|(P, cos6+Q, sinb)
Voltage p
stability VSAl =——
assessment VSAI> unstable Dinax
73 | index VSAL | [118] 1 VSAI<] stable RV A Bus
_ ref
p=F /P, P ;-B_R+X2
Load
LPvsr>1unstable (7 +12 W|R [+ (ARG + X5 )
74 | pattern LPvst [119] 1 LPvsi<I stable L PVS] =e " Ay Bus
based VSI
Thevenin
based TVSMnew — Zﬁ’qvi| 7 _ |Z | _|zmew
75 voltage TVSM;™v [120] 0 TVSM>0stable i |Z | q,i Lii eq,i A Bus
stability ' TVSM<Ounstable Li
margin Zmew — Z +Z
eq,i
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TABLE 2. (Continued.) Summary of voltage stability indices along with their features.

New VSI 2 2
— 4R P -
" I A e o LA I
n - V. Smo,+ V., CoSO, g
i i1 i i1 i i
Constancy 2+ 2%k (0 %)
enhanced _ eq| + 2k cos(f—
wide area C-WAVI = - 2
VSI 1=unstable Seq,max 1 + k + Zk COS(& - ¢)
77 C-WAVI | [122] 1 — Al Line
<l=stable |Z |
where, k = 2
Zapp
Line
Voltage 2V .A Sil’l(ﬁ =, )
= k k k
78 | Collapse Lver | [123] 1 z Stab{fl (very, =— ; Line
Index I=unstable v sin(ﬂk _ 5k)
(LVCI) !

is also a concern for large power system networks. If VSI
requires huge amount of dataset of independent variables it
will consume more storage that creates problem when power
system network is large.

As per above discussion complexity basically depends on
data collection, data aggregation and data selection. Here in
qualitative comparison if the VSI depends on two system
variables the complexity is assumed as low; if it depends on
three system variables the complexity is assumed as medium
and if it depends on more than three system variables the
complexity of the VSI is assumed as high with all other
conditions assumed to be same.

B. EFFICACY

Efficacy of VSIs depends on the number of approxima-
tions incorporated during mathematical derivation. Lower
number of approximations results in better accuracy. Various
assumptions found in literature have been summarized in
the Table 1 with justification and applicability. Furthermore,
the level of efficiency is contingent upon the specific Vari-
able Speed Drive Interface (VSI) employed. Static voltage
stability indices (VSIs) are dependent on load flow models,
which might potentially result in imprecise outcomes due to
their disregard for dynamic elements such as the low inertia
compressor motor of air conditioners, heating pumps, and
refrigerators. Additionally, efficacy depends on the data used
for calculating purposes.

Generally, efficacy of VSI highly depends on total number
of approximations taken during derivation of that VSI. Here
in qualitative analysis if approximation taken in the derivation
of VSI is only one its efficacy is assumed as high, if num-
ber of approximations are two, efficacy of VSI is assumed
as medium and if approximation taken are more than two,
efficacy of VSI is assumed as low.

C. COMPUTATIONAL TIME

Computational time of any VSI includes processing time
and data collection and communication delay. Independent
variables are measured through sensing devices and shared to
processing unit through communication channels. Thus, there

VOLUME 12, 2024

shall be a time lag between data transmission and reception.
There are several data measuring and data sensing devices
like ammeter, voltmeter, wattmeter and PMUs. Measured or
sensed data from these devices is sent to data concentration
unit and from there it is sent to the processing unit. All the data
is transmitted from one place to other through communication
channels and takes some finite time to reach the computation
unit. In addition to this the computation unit shall also con-
sume some processing time depending on the VSI selected.

D. MODE OF OPERATION

VSIs are computed in online/offline mode. In online mode,
VSI are calculated in real time and give response instantly for
performing immediate corrective measures. Variable-based
voltage stability indices (VSIs) that rely on the admittance
matrix [Ypyus] and system variables like bus voltages or
power flow across lines are computationally efficient and
suitable for online monitoring. One limitation of these indices
is their inability to provide an exact estimation of the actual
margin from voltage collapse. Nonetheless, they are capable
of identifying essential lines and buses. Offline VSI assess-
ment is basically done for planning and analysis purpose.
Accurate calculation of VSIs in offline mode is a major
concern. Time is not as critical parameter for offline mode
as it is in online VSA.

E. TYPE OF VOLTAGE STABILITY
The examination of voltage stability can be broadly classified
into two categories: large-disturbance voltage stability, also
known as transient voltage stability, and small-disturbance
voltage stability, also known as steady-state voltage stability.
The occurrence of significant voltage instability is attributed
to the presence of substantial disturbances, such system
faults, generation loss, or circuit contingencies. Small voltage
instability caused by small disturbances can occur due to
minor perturbations, such as gradual variations in the load of
a system.

A comparative overview of voltage stability indices pre-
sented in this paper has been shown in Table 3. In Table 3,
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TABLE 3. Comparative analysis of VSIs on the basis of applications, accuracy, mode of operation, variation of VSI with respect to system parameter and
type of stability calculation.

1\?(')' VSI Applications Accuracy /(())fnﬂllll:li Complexity System Parameter Stability
Online monitoring of power system
1 stability Medium Online High Active load change Transient
Linn Contingency monitoring and voltage & g
collapse prediction
Determining voltage stability limit.
Weak area clustering. . . . . Stead
2 L Optimal Location a f d Sizing of High Offline High Reactive load change state Y
Reactive Power Compensation
Find the weakest line.
3 FVSI Quantitative assess the voltage Medium Online Medium Load changes Transient
stability.
Voltage stability analysis on power Stead
4 NVSI grid with integrated distributed Medium Offline Medium Load change state Y
generation system.
5 LQP Sfp Itjlgll?lc égsﬁéleon for - the placement Medium Offline Medium Load change Sstt:tzdy
Assessment of Voltage Stability in Il1- Offline/ Steady
6 Conditioned Radial Distribution Medium . High Load change state
Ly online .
Network /Transient
7 Voltage stability assessment. Medium Offline Medium Load change Steady
NLSI state
8 Voltage stability assessment. Medium Offline Medium Load factor Steady
VQILine state
Voltage stability assessment in radial
distribution system. . . . . Receiving end load Steady
o VSLI Online voltage stability assessment High Offline/Online | High PMU data state
using PMU data
Voltage stability monitoring of power . . . Receiving end load Steady
10 L system network. Medium Offline/Online | Low PMU data state
11 Voltage stability analysis of power Medium Offline Medium Loading condition Steady
VSIs system state
ol o T
12 . . S High Offline Medium different static load
SI Optimal allocation and sizing and state
o models
siting of DG.
13 LCPI v(\)];;::ltgii;tzl(::cllti}t,izlis:ssmem under all High Offline High Load multiplier factor SS:;dy
System parameters,
14 VCPI Real.-time contingency evaluation and Medium Online Low petwork top(?]ogy, Steady
ranking. interconnections and load | state
demand of the system.
Voltage stability assessment in real Stead
15 L. time operation of power systems Medium Offline Low Load at bus state Y
" Contingency ranking
16 PTSI Predicting dynamic voltage collapse. High Offline Medium Reactive load Dynamic
17 Online voltage stability assessment. Low Online Low PMU data and load Steady
VSI parameters state
Voltage stability analysis for
18 VSM distribution system connected to Medium Online High Loading factor Dynamic
3 transmission network.
Identification of Weak Locations in Angle difference between Stead
19 Bulk Transmission Systems in real High Offline Low sending and v
VSMI . . /Dynamic
time. receiving end buses
. . . Load and admittance at Stead,
20 Zo/Z5 Load shedding. High Offline Low the end of change state Y
PMU and relative
Online and in real time voltage stability . . electrical distance (i.e. the | Steady
21 SVSI monitoring with the help of PMU data. High Online Low location of generator near | state
to the load bus)
Used in wide area monitoring . . PMU data Thevenin’s Steady
22 ISI May be used locally in numerical relay. High Online Low parameters state
Voltage and currents Steady
23 Determine margin to voltage collapse. High Offline Medium through the results of
VSlbus state
power flow
24 Local phasor—based voltage collapse Medium Onlipe/ Low ih:Illiiz 1; ?\]?v%a:lei?;err’:r\lter Steady
SDC protection. Offline . . state
intervals of time.
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TABLE 3. (Continued.) Comparative analysis of VSIs on the basis of applications, accuracy, mode of operation, variation of VSI with respect to system

parameter and type of stability calculation.

. L Steady
25 Real time prediction of voltage Medium Online Low Load flow parameters. state
VCPIk collapse. .
/Dynamic
Steady
state &
. . . Online/ also for
26 VSLBIL PMU based voltage stability protection. | Medium Offline Low PMU data dynamic
load
models
27 Determine network sensitivity to High Offline Low Load flow data Steady
SG voltage collapse. state

comparison of voltage stability indices based on different
qualitative assessment parameters such as their application,
accuracy in estimation of voltage stability margin, suitability
for online/offline determination of voltage stability, complex-
ity validity under various system parameters, applicability for
steady state/transient stability assessment has been presented.

V. RESEARCH GAPS AND FUTURE NEEDS

Most of the research on voltage stability studies has been
carried out for transmission networks. Very limited efforts
seem to be made in the voltage stability assessment of

distribution networks. Smart grid architecture encourages
the use of renewable energy resources. These renewable
resources may be utilized as distributed generations that
are capable of supplying a part of the network locally in
a microgrid structure. Modern power system comprises of
intermittent generation sources like wind and photovoltaic
generation & dynamic loads like EVs and electric motors.
These intermittent generation sources and dynamic loads are
highly unpredictable, nonlinear in nature. Also, the dynamic
response of the such system due to introduction of inverters is
different from the conventional power system. These unpre-
dictable, nonlinear and dynamic characteristics are limiting
the use of existing voltage stability indices in the current
power system composed of intermittent generation sources
such as wind and photovoltaic generation. Therefore, con-
ventional voltage stability indices may not be suitable for
stability assessment under such circumstances. Further effort
is required in this regard. However, the indices presented
for static analysis can be utilized to evaluate the power
system network integrated with distributed generation and
electric vehicles without considering its dynamic behavior.
Figure 5 has presented a few indices that may be helpful
in the voltage stability assessment of distribution networks.
A comprehensive presentation of different indices consider-
ing different qualitative aspects are shown in Table 3. It is
observed from Table 3 that a very limited number of indices
have been suggested in the literature for online assessment
of voltage stability. With the advancement in synchro phasor
measurement technology, it is quite possible to monitor and
control the voltage stability of the system in a real-time
framework. Future research must suggest indices that can
effectively monitor and control the voltage stability margin
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of the real-time system through regular update of voltage sta-
bility margin. Further the proposed indices may be validated
on test systems proposed in [125].

VI. PROPOSED FRAMEWORK FOR SELECTING VSIs

This section discusses the applicability of this comprehensive
review article for selection of VSIs. As numerous VSIs are
available in the literature, it is very difficult to select suitable
VSIs for a given problem. However, this survey with the
help of Tables 2 & 3 proposes a framework (Fig. 6), for
optimistically shortlisting fewer VSIs for the purpose. The
approach has been discussed by considering five popular use
cases.

( Start
Selection of VSI on the Basis of
Transmission/Distribution System

v

Considering Assumptions in the Network
(Considering Table 1)

VSI Selection on the Basis of Online/
Offline Study

v

Sclection of Accuracy and Complexity of
VSI

v

System Parameter and Stability Type

v

Best Suited VSls for Optimal DG
Integration in Distribution Network
(As Per Table 2, 3 and Fig. 5)
(PSI, SI (m2), VSAL LPVSI)

v

Stop

FIGURE 6. Framework for selecting suitable VSIs for optimal DG
integration in radial distribution system.

Scenario 1: VSI Selection for optimal DG integration in
radial distribution system.

Consider an example of selecting a suitable VSI for opti-
mal DG integration in a given radial distribution network.
As the problem is related to Distribution network, we can
simply omit VSI applicable to transmission systems with the
help of Fig. 5. Further, Table 2 may be utilized for further
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shortlisting of the suitable VSIs. Generally, the weakest bus
of the Distribution network is selected for DG placement,
thus, VSI, calculating bus stability may be preferred over
VSIs quantifying line stability. Further, for the distribution
system, the resistance of the branch connecting two buses
(i.e., rij #0) must not be neglected. Since the location and
sizing of DGs is considered at the planning stage of the
distribution system, therefore, it come under offline study
voltage stability analysis. Also, at the planning stage, we have
sufficient time to find the most accurate solution towards
our problem. Hence, we have to select the VSI which gives
most accurate solution regardless of its complexity. Loading
conditions in the distribution system at the planning stage
is considered fixed and static stability analysis is good to
calculate the location and allocation of DGs in the distribution
network. Considering the above facts, the best-suited VSIs
for optimal DG integration in the distribution network as per
Table 2, 3 and Fig. 5 are PSI, SI(mj), VSAI, LPys;j.

Scenario 2: VSI Selection for optimal distribution network
reconfiguration.

Similar to the optimal DG integration problem, optimal
network reconfiguration problem is also tested over dis-
tribution networks. So, from figure 5 VSIs applicable to
distribution network may be selected. Radial distribution net-
work contains radiality and buses are connected with the help
branches/tie branches. Each branch has a switch so that we
can divert the flow of power through a path for which the
overall voltage stability of the distribution network may be
enhanced. The aim of the problem is to select a suitable VSI
that calculates voltage stability of the network for the opti-
mal configuration of the network accurately and efficiently.
Since the problem is tested over distribution system, so, the
assumption for the resistance of the branches connecting
buses (rj; #0) may not be neglected during selection of the
VSI. Optimal distribution network configuration is selected
by opening and closing of switches at the planning stage
for fix load condition. Hence, VSIs suitable for offline study
may be selected. Although if the load is variable in nature
and optimal reconfiguration is done in operation stage, VSIs
suitable for online study may be selected. At planning stage,
we prefer VSIs which gives more accurate solution regardless
of the complexity. Loading conditions in distribution system
at planning stage is considered fixed and static stability anal-
ysis is good to calculate the optimal network configuration
of the distribution network. As per the Table 2, 3 and Fig. 5,
PSI, SI(my), VSAI, LPys are the best suited VSIs for optimal
network configuration problem.

Scenario 3: VSI Selection for optimal placement of Electric
Vehicle Charging Station (EVCS) in distribution network.

Electric Vehicle Charging Stations (EVCS) are generally
installed at the load side. Our loads are generally supplied
through radial distribution system. The EVCSs may also be
considered as load because they are installed in the distribu-
tion system to charge/supply power to the Electric Vehicles
(EVs). Since the EV load is increasing day-by-day so their
charging stations (i.e. EVCSs) should be installed optimally
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in the distribution network to reduce the possibility of voltage
instability/voltage degression at the buses in the distribution
system. Since EVCS is connected to the distribution network
so, we may not neglect the resistance of the branches connect-
ing buses (rjj #0) during the selection of the VSI. Voltage
stability indices used for offline study are best suited for
optimal placement of EVCS in distribution systems. Since the
location of EVCS will be fixed for the given load condition
in the distribution system and it would be decided at the time
of planning of the distribution system. So, we have to select
the VSI which gives most accurate solution no matter how
complex is (i.e neglecting most of the assumptions) it. Now
considering the above facts static voltage stability analysis
is good to calculate the optimal location of the EVCS in
the distribution system with the help of the indices like PSI,
SI(my), VSAL LPysi.

Scenario 4: VSI Selection for Critical Reactive Loading at
Single Bus in IEEE 14 bus test system.

Considering an example of VSI selection for critical reac-
tive loading in transmission system. As the problem is related
to transmission network, we can simply omit VSI applicable
to distribution system with the help of Fig. 5. Based on
proposed framework line voltage stability indices are most
suitable for finding the critical reactive loading at a bus in
transmission system. From Table 2 & 3 by using the proposed
framework suitable VSI like FVSI, Ly, Lqp, LVSI, LVCI,
nVSI, VSIscce, LSJ, ILSJ, NLSI, CSI and ITLTI etc may be
utilize for selection of critical reactive loading in transmission
system. Among these VSIS FVSI, Ly, Lgp, LVSI, LVCI have
been selected for analyzing the said problem. By increasing
the reactive load at each bus till voltage collapse, the ability
of the line indices with high reactive loading has been studied
on IEEE 14-bus test system (Figure 7).

FIGURE 7. IEEE 14-bus test system.
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TABLE 4. Line indices for an IEEE 14-bus system with critical reactive loads at a single bus.

Critical Lines Line Stability Indices (in p.u.) Most
Reactive Critical
Loadin To Line
Bus No. (p-u.) ® From Bus | Bus FVSI Lmn Lap LVSI Lvcl
14 13 1.1108 0.9834 0.8473 1.6007 1.0812
14 1.191 9 14 1.0832 0.9763 0.9176 1.7113 1.1540 14-13
6 13 0.4688 0.7131 0.5688 1.7881 1.7328
2 5 1.0177 1.0031 1.0101 1.1058 1.0202
5 5.935 5 1 0.9173 1.0030 0.7355 0.6464 1.0593 2-5
5 6 0.9275 0.9876 0.8570 0.0000 1.0356
2 4 1.0061 1.0032 1.0092 0.9695 1.0161
4 6.005 3 4 1.1352 1.0009 1.0756 2.4106 1.2364 2-4
4 7 0.8887 0.9029 0.8620 0.0000 1.3796
11 10 0.9657 0.9030 0.8341 1.7234 1.3114
10 1.812 9 10 0.8525 0.8022 0.7490 1.9945 1.4448 11-10
6 11 0.8396 0.8018 0.7037 0.0000 1.4452
6 13 1.1805 0.9877 0.9855 1.9252 1.0025
13 2.871 12 13 1.4542 0.9776 0.6852 1.8087 1.1496 6-13
14 13 0.9115 0.8313 0.7411 1.9065 1.4107
12 13 1.5592 1.0001 2.5378 1.7144 1.0109
12 1.765 6 12 1.1828 0.9885 1.0909 2.3365 1.0208 12-13
6 13 0.9875 0.9826 0.8163 1.6409 1.6612
6 11 1.1539 0.9885 0.9865 1.8335 1.0015
11 1.941 9 10 0.4475 0.4408 0.3941 1.8646 1.7478 6-11
8 7 0.4195 0.4195 0.4195 1.7619 1.7619
4 9 1.0488 1.0638 1.0502 0.0000 1.1627
9 2.484 7 9 0.8759 0.8788 0.8819 0.0000 1.3481 4-9
11 10 0.8189 0.7915 0.7107 1.6462 1.4566
TABLE 5. Line indices for the most critical lines in the IEEE 14-bus system under critical contingencies with critical MVA loadings.
Maximum Line Stability Indices (in p.u.)
Critical MVA Loading
Line (p.u.) Most
QOutage Critical Line FVSI Limn Lap LVSI Lvcl
6-13 3.220 14-13 1.0894 1.0812 1.1055 1.1245 1.0154
3-2 2.261 2-4 1.1252 1.0238 2.0231 1.2254 1.0541
1-2 1.336 1-5 0.7945 0.7983 1.4324 1.1145 1.0242
7-9 2.883 4-9 1.0825 1.1580 1.0622 0.0000 1.0011
5-6 2.279 1-5 1.0621 1.0401 1.026 1.1899 1.0024

For critical reactive loading at a single bus, the values of
the LVCI index and LVSI should be very near to 2, while
the values of Ly, FVSI, and L, should be very close to 1.
The line indices value at a single bus under heavy loading is
shown in Table 4. When there is high reactive loading at bus
number 4, the values of the line indices other than the LVCI
index exceed their critical limits. However, the LVCI index
value for the (2)-(4) is 1.0161 p.u., which is very close to 1
but not less than or equal to unity, indicating high accuracy
in the voltage stability prediction. As a result, other indices
cannot reliably forecast the voltage stability in this situation.
It is feasible to determine the system’s critical line in this case
with accuracy as line (2)-(4). Similarly, the lines indicated in
the last column of Table 4 are the most stressed lines in the
system when there is significant reactive loading at a single
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bus. The most critical line indices, Lyn, FVSI, and Lgp, are
found to be 1.0638 p.u., 1.0488 p.u., and 1.0502 p.u., respec-
tively, in the case of heavy reactive loading at bus 9. This
indicates that the system is under voltage collapse condition,
while the LVSI index value is zero, indicating the failure of
the voltage stability prediction. The LVCI index value in this
instance drops to 1.1627 p.u., indicating that lines (4)—(9) are
stressed and require for the necessary control measures.

Scenario 5: N-1 Contingency Analysis under Heavy MVA
Loading in IEEE 14 bus test system.

Similar to the VSI selection for critical reactive load-
ing problem N-1 contingency analysis under heavy MVA
loading is also tested over transmission system. Voltage
stability indices best suitable for transmission network may
be selected from Fig. 5. Further VSIs suitable for line stability
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assessment for N-1 contingency analysis under heavy MVA
loading may be selected from Table 2 and 3 by using the pro-
posed framework. By using the proposed framework FVSI,
Linn, Lgp, LVSL, LVCI are few VSIs selected here for N-1
contingency analysis under heavy MVA loading. In terms
of contingencies, the most severe one is the one with the
lowest maximum MVA loading. For the voltage stability anal-
ysis under high MVA loading scenarios, the top five severe
contingencies are taken into account in IEEE 14-bus test sys-
tem. These extreme scenarios include line outages (6)-(13),
3)-(2), (D)-(2), (7)-(9), and (5)-(6), The most stressed
lines under these severe contingencies are (14)-(13),
2)-(4), (1)-(5), (4)-(9), and (1)-(5), respectively. Under the
maximum allowable MVA loading, the line index values of
Lmn, FVSI, and Lqgp should be equal to or less than unity.
The indices LVCI and LVSI in this case should have values
that are larger than or equal to unity. Table 5 indicates that
the Lmn, FVSI, and Lqgp values of the most stressed lines
are either greater than or significantly less than unity (not
close to unity) under severe contingency conditions. This
indicates that these indices are not suitable for measuring
voltage stability (line severity). On the other hand, the LVSI
values of the majority of severe lines are greater than or
distant from unity. However, in severe contingencies cases,
the LVCI index values are greater than or almost equal to
unity, demonstrating the excellent precision and usefulness
of this index in determining the system’s voltage stability as
measured by the line stability index.

VII. CONCLUSION
An elaborative investigation that delineates several VSIs pro-

posed in works over the past few decades has been presented
in the paper. This work delivers an exhaustive elucidation of
the VSIs concepts, derivation, critical values, assumptions for
obtaining indices, efficacy and pertinence in terms of their
merits and demerits. These VSIs can be applied to find abso-
lute/relative stability of any network and can be calculated
online or offline. To calculate these indices, we need to know
P, Q, V, 6 and line parameters. The correctness of any VSI in
calculating the stability thus depends on the precision of the
instruments measuring these quantities. In addition, accuracy
also depends on the number of assumptions undertaken while
deriving the VSIs. Thus, itis necessary to understand the intri-
cacies of the VSIs before selecting a suitable one for a given
problem. Henceforth, this work makes extensive knowledge
addition and can be considered as a means of information for
investigators, academicians, and power engineers in context
of voltage instability prediction and prevention, DG placing
and rating, voltage stability assessment, power system plan-
ning and other related fields. Further research is required
to suggest new indices that are applicable in a smart grid
architecture for real-time monitoring and control of voltage
stability margin.
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