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Abstract

The numerous power system blackouts in the past decade and
in recent times attest to the fact that more work still needs to be
done to tackle the problem of voltage instability and the
resultant voltage collapse. This research work proposes a new
line stability index that is suitable for the prediction of voltage
collapse in Power System Networks (PSNs). This index code-
named the New Line Stability Index-1 (NLSI_1) was obtained
by deriving from first principles equivalent expressions for the
Line Stability Index (Lmn) and the Fast Voltage Stability
Index (FVSI) and combining them through a switching logic
based on the voltage angle difference since it can signal the
imminence of voltage collapse. This new index (NLSI_1) was
tested on the IEEE 14-bus system and it gives the same results
as the other indices (Lmn and FVSI). For the base case, the
IEEE 14-bus test system was found to be stable with all the
three indices having approximately equal values (< 1) for all
the lines. The contingency case reveals that bus 14 ranks as the
weakest bus in the system with the smallest maximum
permissible reactive load of 74.6 Mvar and the critical line
with respect to bus 14, is the line connecting bus 13 to bus 14.
The values of the three indices, Lmn, FVSI and NSLI_1, are
approximately equal thereby further validating the accuracy of
the new line stability index-1 (NLSI_1).

Keywords: voltage stability, voltage stability indices, new
line stability index, voltage collapse, Lmn, FVSI, NSLI_1;

INTRODUCTION

In recent years, following the unbundling and privatization of
power system networks, their management has become
increasingly more challenging in the face of systems being
operated close to their security limits due increasing load
demand coupled with restricted expansion due to economic
and environmental constraints and increasingly longer
transmission lines[1], [2]. The number of system blackouts in
the past decade attests to the fact that more work still needs to
be done to tackle the problem of voltage instability and the
resultant voltage collapse. A power system network is
expected to remains in equilibrium state under normal
conditions and it required that it react to restore the status of
the system to acceptable conditions after a disturbance, i.e. the
voltage after a disturbance is restored to a value close to the
pre-disturbance situation.
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Voltage instability in Power System Network (PSN) occurs
when a disturbance on the network causes a gradual and
uncontrollable decline in voltage[3]. Contingencies such as
line or generator outage due to faults, sudden increase in load,
external factors, or improper operation of voltage control
devices are the causes of voltage instability [4]. Voltage
instability can also surface where there is an incongruity
between supply and demand of reactive power, that is,
inability of the system to meet the reactive power
requirements. If measures are not taken to check this voltage
instability, it will leads to a decrease in system voltage and
consequently voltage collapse resulting in a partial or total
system blackout. This jeopardizes the essential service of
delivering uninterrupted and reliable power supply to
consumer [5], [6].

Voltage stability as defined by B. Kundur is “the ability of a
power system to maintain steady and acceptable voltages at
all buses in the system at normal operating conditions and
after being subjected to a disturbance” [7] [8].

In real-time PSN operation, it is very important that voltage
stability analysis is carried out and a stability index used to
monitor the voltage stability proximity to collapse and to
predict the eminent danger of collapse early enough. This is
with a view to alerting system operators so that necessary
action could be taken to avoid voltage collapse since it is
highly catastrophic anytime it occurs. Some instances of
power system collapse experienced in recent times across the
world have been reported in Kundu, 1994; Onohaebi, 2009;
Ali, 2005; Anyanwu, 2005; Kundur et al., 2004 and Taylor,
1994. [7], [9], [10] and [11] and [12]

VOLTAGE COLLAPSE INCIDENCES

A voltage collapse incidence may be the resultant effect of
voltage instability in a PSN. Voltage instability is the process
by which the voltage falls to a very low value as a result of
series of events. In [12] several voltage collapses across the
world were reported and among this incidences that have
drawn much attention includes the ones of Belgium (Aug
1982), Sweden (Dec. 1983), Tokyo (July1987), Tennessee
(Aug. 1987) and Hydro Quebec (March 1989). The high
number of blackouts caused by voltage instability shows how
important this phenomenon is to power system network [8].
The bar chart of Figure 1 shows the total number of collapses



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 2 (2017) pp. 190-199
© Research India Publications. http://www.ripublication.com

throughout the world and it also shows their growth and the
increasing trend.
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Figure 1: Worldwide voltage collapse up to February 2014
[14].

The blackouts that occur in the United States (U.S.) and in
Canada on the 14™ of August, 2003 have proven to be the
most severe and significant[13]. It was reported that during
the blackout, about 50 million people were affected in eight
states of the United States and two Canadian provinces.
Approximately, 63 GW of load was lost, which is about 11 %
of the total load. Also, in Southern Sweden, a major system
collapse took place on 23" of September, 2003, and impacted
up to 2.4 million customers[14]. Some other major blackouts
began when a tree flashover caused the tripping of a major tie-
line between Italy and Switzerland [15]. Research work in this
area is aimed at predicting voltage collapse with a view to
reducing its occurrence on PSNs

VOLTAGE STABILITY INDICES — A REVIEW

In view of the fact that voltage stability, to a very large extent,
has to do with system load and transmission line parameters,
voltage indices that reveal how close each transmission line is
to voltage instability have increasingly become essential tools
for voltage stability monitoring by power system operators.
These indices may be used for online or offline monitoring of
the PSN in order to predict proximity to voltage instability or
collapse.

The monitoring of voltage stability for a power grid is an
onerous function for the grid operator, hence the use of indices
to determine and/or predict the system voltage stability state.
These indices are scalar quantities that are observed as system
parameters change. The operators use these indices to know
when the system is close to voltage collapse and take
corrective measures to avert the collapse thereby sustaining the
continuous supply to consumers and to know the vulnerable
line with respect to a bus for location of possible compensation
devices to mitigate voltage instability (Chayapathi, Sharath, &
Anitha, 20. [16]

i. Line Stability Index (Lmn)
The Line Stability Index (Lmn) is derived based on power
transmission line concepts. Moghavvemi and Omar (1998)
derived this line stability index to evaluate the stability of the
line between two buses in an inter-connected system reduced
to a single-line network as shown in Figure 2.
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Figure 2: Typical one-line diagram of transmission line.

where

Vs, Ps and Qs are respectively the sending-end
voltage, real power and reactive power. Vr, Pr and Qr are
respectively the receiving-end voltage, real power and
reactive power. 8 is the sending-end voltage phase angle and
&2 is the receiving-end voltage phase angle, l12 is the line
current.

The power flow through a transmission line using m (Pie)
model representation for a two-bus system is used and the
discriminant of the voltage quadratic equation is set to be
greater than or equal to 0 (zero). If the discriminant is less
than 0 (zero), the roots will be imaginary suggesting that there
is instability in the system. The expression for the index is
given as

4‘XQT < 1

Imn= ————
[Vs| 2Sin2(6-0) —

1)
where 8 is the transmission line angle.

The line index is also directly related to the reactive power and
indirectly related to the active power through the voltage phase
angle 5. A line in the system is said to be close to instability
when the Lmn is close to one (1). On the other hand, if the
Lmn value is less than 1, then the system is said to be stable
[17].

ii. Fast Voltage Stability Index (FVSI)
This index, proposed by Musirin (2002), is also based on the
concept of power flow through a single line [18] as shown in
Figure 2. It was developed based on the measurements of
voltage and reactive power. FVSI is a line index derived from
the general equation for the current in a line between two
buses, labeled ‘s’ and ‘r’. Its mathematical expression is given
as
_ 4Z%0r
FVSI= 757 )

where Z is the line impedance, X is the line
reactance, Qr is the reactive power flow to the receiving end
and Vs is the sending-end voltage. The line whose stability
index value closest to one (1) will be the most critical line
connected to bus and may lead to the whole system
instability [19], [20]. The evaluated FVSI also helps to
determine the weakest bus in the system.

<1

iii. Line Stability Factor (LQP)
The LQP index derived by Mohamed et al., (1989) [21] is
obtained using the same concept as in [17] and [20] in which
the discriminant of the power quadratic equation is set to be
greater than or equal to zero. Figure 2 illustrates a single line
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of a power transmission concept used in the derivation of the
index. The line stability factor for this model is reproduced

as
X | X
Hen A{\FJ{\F i Qr]

where X is the line reactance, Qr is the reactive
power flow to the receiving bus, Vs is the voltage at the
sending bus and Ps is the active power flow from the
sending bus.
For stable system, the value of LQP index should be
maintained at less than 1, otherwise, collapse is imminent
[21].

(:3)

iv. Line Voltage Stability Index (LVSI)

This index is a line voltage stability index that brings to
bear the relationship between line real power and the bus
voltage [22]. The index fails if the resistance of the
transmission line is very close to zero. The index is
formulated as

LVSI = 4RP

—r <1
v, 0030—5]< @

where

6= Tan‘lg is the transmission line angle and R is line
resistance.

LVSI is more sensitive to & since cos(0-0) is faster than sin(6-

8) around 90° and a healthy line could be identified as a
critical line [23] .

v. Voltage Collapse Point Indicator (VCPI)
The VCPI uses maximum power transfer concept to
investigate the stability of each line of the PSN. The
expressions for the indices are stated as follows:

VCPI (power) =

R(max )

®)
(6)

Losses

VCPI (Losses) =

Losses(max)
where Pr is the power at the receiving end and Pjosses iS the
power loss.

As the transmission line experiences increase in power flow
transfer, the value of each of the indices in equations (5) and
(6) increases gradually and if it reaches 1, the voltage
collapse occurs and if the index of any line in the PSN
reaches that value, it is possible to predict the voltage
collapse. The VCPI indices vary from zero (0) no-load
condition to one (1), which is voltage collapse [24].

THE PROPOSED NEW LINE STABILITY INDEX-1
(NLSI_1)

The New Line Stability Index (NLSI-1) is hereby proposed
for PSNs to monitor voltage stability conditions and/or for
voltage collapse prediction. To derive the mathematical
formulation for NLSI-1, we first derive the Line Stability
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Index (Lmn) [17] and the Fast Voltage Stability Index
(FVSI) [20] and combine them based on a consideration that
the FVSI is an approximation of the Lmn under voltage angle
conditions so that the NLSI-1 takes advantages of improved
prediction accuracy and speed.

Consider the one-line diagram of a two-bus power system
model shown in Figure 3. All parameters and variables are in
per unit.

V£ 6, Vi £6;
,— Z=R+X
Bus s I Busr l
S, =P+ JQr

Figure 3: One-line diagram of a two-bus power system model

The power at bus r is,

'5:"‘ = 'P?"‘ + -jl.Q?“ (7)
5=V I (8)
where
- _ Z Vs L8 =V L5y
I = zZ Z.0 ©)
with tan @ =g in an impedance triangle.
Using equation (9) in (8) gives
Vs L~ Vi L~
S =V 28y [ 7.~ =
_ VsV £ (8= 35)—Vi#
- )
_ Vs L(0+6,-05) VLB
- z z
1Vsllvr| Ve |*
S, = i 2(0 + 6, —6,) — H 26 (10)
The phasor diagram for the two-bus transmission system of

Figure 3 with | as the reference phasor is as shown in
Figure 4.

Figure 4: The phasor diagram for the two-bus transmission
system.
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Expressing S, in terms of its real and imaginary parts, then equation (10) becomes

Wsllverl |Vs||V‘r

Sy = 2l ——Tcos(0 + 8, — 8;) + j———sin(0 + &, — (11)
Rearranging equation (11) gives
|Vs||Vr Vsl Vel
5= 1Z] |Z| ( |Z| ) (12)
But
Sy =P +jQ,
Then equating real and imaginary parts on both sides, gives
P = 'Vsl”lvf 0s(0 — 8, + 8 |Z| (13)
|Vs||VT
Qo =" (14)
Substituting 6§ = 6, — &5 and finding a quadratic equation in terms of Q.. in (14) gives
2
folsing — = sin(0 - 8) + Q- = 0 (15)
Therefore, the voltage quadratic equation is given as
sin 9 |Vs| sin(6-6) _
T R IE T =0 (10)
Equation (16) is a quadratic equation. Therefore, solving for V. gives
[Vslsin(@=8) , |/(VsIsin(@=6)N2 sin®
SNFi J—r\/( S e
Vr = 2sin@ (17)
IZ]
For stability, the discriminant of equation (17) should be greater than or equal to zero
i.e.
(Ivsl? sin2(9—8)) smG
12|12 21 Or = (18)
Multiplying both sides with |Z|?, we have
Vi2sin?(0 — 6) — 4Zsin6 Q, =0 (19)
But the reactance, X from the relevant impedance triangle is given as
= |Z|sin 0
Substituting X into equation (18) gives
Vi2sin?(0 — 6) — 4XQ, =0 (20)
Dividing both sides by |V;| 2sin 2(8 — 6), then equation (20) becomes
4XQr
T VZsnze-5)= 0 (21)
Therefore, for voltage stability we require that
4XQr
PRTECra #2)
From equation (22) when ¢ =0, it can be inferred that
4XQr
Ve Gmay = 1 (22)
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From the impedance triangleX = |Z|sin & which implies:

. X
sinf = —.
1Z]

(23)

Substituting equation (23) into equation (22) and simplifying, yields an expression for voltage stability with negligibly small

values of o:

4Qr(121)?
[Vs2x

It is therefore proposed to combine equations (22) and (24)
into a single equation to compute the proximity to voltage
collapse according to a switching function, o, as shown in
equation (25). Each value of voltage angle, 6, computed from
the load-flow program is tested against a threshold value, &,
in order to determine whether o is 1 or 0 according to the
switching logic in equation (25).

Thus the NLSI_1 is given as:

4Q, [(1Z])?
NLSIl=|VS|2[ X G_sinz(G—S)(G_l) <1
1 6 <6,
o= { (25)
0 6=6,
where ‘c’ is a switching function whose value

depends on whether the angle difference, 6, is very small or
not. A large voltage angle difference between two load buses
indicates a heavily loaded power system network with large
power flows or increased impedance between the load buses.
lan Dobson, et al., [2010] reported that in a simulation of the
grid carried out before the August 2003, Northeastern
blackout showed increasing angle differences between
Cleveland and West Michigan, revealing that large angle
differences could be a risk signal to the occurrence of
blackout or system collapse [25]. Therefore, the voltage angle
difference, delta ‘6’ cannot be totally ignored as assumed in
the FVSI. When NLSI-1 is less than 1, the voltage is stable.
The closer its value approaches one (1), the nearer the voltage
is to collapse.

The switching function o, is dependent on the voltage angle
difference, 8. Therefore, to determine the point at which
switching will take place, a study of the error percentage of
the voltage stability indices with reference to the voltage angle
difference, 6 is considered. The base case results of the Lmn
and FVSI are used. The error percentage is considered using
the two techniques of specifying errors i.e. the absolute error
of an approximation and the relative error of the
approximation. The absolute error gives how large the error is,
and the relative error gives how large the error is relative to
the correct value [26].

The Lmn is taken as the base value. It is considered to be the
true representation of the voltage stability index and the most
accurate among them while the FVSI is an approximation of
Lmn. It is important to note that the switching point is unique
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(24)

to individual power system networks. Figure 5 shows the flow
chart for calculating the voltage stability indices being

considered in this work.
/ A

Input the bus and the line
data for IEEE 14-Bus System

Y

Running of the power flow study using the Newton
Raphson method in the Matlab Environment

.
-

Y

Base Case and contingency ( gradually increasing the
reactive power load at load buses one at a time).

Are the
Stability indices
<17?

No

Analysis of the performance
of the system

/

Figure 5: Steps for calculating the voltage stability indices

RESULTS AND DISCUSSIONS

The new line stability index-1 (NLSI_1) combines two
existing voltage stability indices: the Lmn and FVSI taking
advantage of the accuracy of the Lmn index and the fastness
of the FVSI index. In order to validate this new line stability
index-1 (NLSI_1), it was used together with the Lmn and the
FVSI to investigate the voltage stability of the IEEE 14-bus
test system.
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The IEEE 14-bus test system has 5 generator buses (PV), 9
load buses (PQ) and 20 interconnected lines or branches. Out
of the generator buses, bus 1 is selected as the slack bus [27].
Figure 6 shows the single-line diagram of the system. The bus
and line data used for the power flow analysis are as

presented.

@ GENERATORS

@ SYNCHRONOUS 2

COMPENSATORS

THREE WINDING
TRANSFORMER EQUIVALENT

9
7
8
4

Figure 6: Single-line diagram of the IEEE 14-Bus System

[27]

Simulation Results for IEEE 14-Bus System using line
Indices :

The switching function ¢ was determined using the index
Lmn which is more accurate than the FVSI index, as the base
value for the determination of the percentage error. The
switching function o, chosen has percentage error of 2.384
corresponding to angle difference, 5, of 1.422 degree. The
idea is to switch to Lmn index when voltage angle difference,
8 is greater than 1.422 degrees and then switch to FVSI when
it is less than 1.422 degrees.

The simulation result for both scenarios: the base case and the
contingency are here discussed.

Table 1 shows the base case values of the line stability indices
and Figure 7 shows the bar charts of Lmn, FVSI and NLSI 1
against line Number. i.e. the twenty (20) interconnected lines
of the IEEE 14-bus test system.

At base case, the simulation was carried out to obtain the
voltage stability indices: the Lmn, FVSI and NLSI_1 using
equations 22, 24 and 25 respectively. From Table 1 and
Figure 2, the system is stable as none of the indices of each
line is near 1. It is observed that the three indices’ values are
almost equal. This validates the fact that the developed new
index, NLSI_1 index can be used in place of the other two
indices.

Table 1: The base case result for the IEEE 14-bus test system

From To Voltage Stability Indices

Line No. Bus Bus Lmn FVSI NLSI_1
1 1 2 0.02795 0.02575 0.02795
2 1 5 0.08971 0.08029 0.08971
3 2 3 0.01043 0.00957 0.01043
4 2 4 0.01739 0.01626 0.01739
5 2 5 0.02699 0.02583 0.02699
6 3 4 0.1024 0.10618 0.10618
7 4 5 0.01086 0.01104 0.01104
8 4 7 0.0773 0.07702 0.0773
9 4 9 0.16108 0.15969 0.16108
10 5 6 0.09208 0.09094 0.09208
11 6 11 0.05762 0.05711 0.05711
12 6 12 0.0368 0.03618 0.03618
13 6 13 0.05731 0.05623 0.05623
14 7 8 0.06882 0.06882 0.06882
15 7 9 0.07662 0.07654 0.07654
16 9 10 0.00885 0.00882 0.00882
17 9 14 0.03355 0.03275 0.03275
18 10 11 0.03628 0.03641 0.03641
19 12 13 0.01944 0.01939 0.01939
20 13 14 0.05856 0.05765 0.05765
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Figure 7: The bar chart of Lmn, FVSI and NLSI_1 Vs Line Number for the base case.

The simulation of the contingency case considered, is the
variation of the reactive power demand. This reveals that load
bus 14 is the weakest and most vulnerable bus since it has the
lowest maximum permissible reactive load of 74.6MVAr as
shown in Figure 8. This bus has two (2) lines connected to it
and the critical line with respect to load bus 14 is the line 13-

14. This implies that any addition of reactive load will lead to
voltage collapse on the system. Bus 4 has the highest
maximum load-ability and permissible reactive load of about
361MVAr.

400

350

300 -

250 -

200 ~

150

100 -
50

Maximum reactive Load (Mvar)

4 5 7 9 10 11 12 13 14

Bus No

Figure 8: Maximum reactive load (Q MVAr) on load buses.

The reactive power variation on bus 14 was carried out to
investigate the indices with reactive load and the voltage
characteristics. The results of this simulation are as presented
in Table 2 while Figure 9 shows the graph of voltage
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magnitude and voltage stability indices (Lmn, FVSI and
NLSI_1) against the reactive power Q (MVAr) variation for
bus 14. It’s worthy to note that the graphs of Lmn and NLSI_1
coincide, this gives credence to the new index, NLSI_1 also
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for determining the maximum load-ability of the load buses.
This will consequently guide the operator to take quick action
to avert the voltage collapse when a particular bus is being

overloaded and where to place compensation devices is so
revealed.

Table 2: Reactive power variations on bus 14.

Bus 14 -1st weakest bus (13-14)

Q MVAr Vmag pu Lmn FVSI NLSI_1
5 0.946 0.05856 0.05765 0.05765
10 0.926 0.09758 0.09637 0.09637
20 0.887 0.17392 0.17287 0.17287
30 0.854 0.26946 0.26996 0.26996
40 0.822 0.39171 0.39623 0.39623
50 0.791 0.51545 0.52666 0.52666
60 0.752 0.66223 0.68451 0.66223
70 0.708 0.83048 0.86982 0.83048

75.6 0.674 0.95474 1.00942 0.95474

From Figure 9, for load bus 14, it is observed that the curve of
the voltage magnitude drops as the reactive power is increased
while the voltage stability indices value also increase till
voltage collapse occurs. The NLSI_1, as could be seen, gives
true representation of the hybrid of Lmn and the FVSI indices.

This result for the IEEE 14 bus system validates the accuracy
of the new line stability index-1 (NLSI_1) as compared with
the others found in the literatures [28].

1.2
‘—|| 1
— \
(92]
= o038 ————
> /g =\/Mag pu
S 06 op
E / —Lmn
E 0.4 FVSI
- / ——NLSI_1
g 02
E /
>
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80
Reactive Power Q (Mvar)

Figure 9: The graph of load variation on Bus 14

The maximum load-ability of each load bus, the most critical
line and most stable line with respect to a particular load bus
are identified and tabulated as shown in Table 3. The most
stable lines are lines with the least voltage stability indices
while the critical lines are the lines with the highest values of
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the voltage stability indices with respect to individual load
buses. Table 3 shows The IEEE 14-Bus system ranking of the
load buses as most stable and critical line as connected to each
load buses.
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Table 3: IEEE 14-Bus system load bus most stable and critical line

Ranking | Bus No Max. Load Most stable line NLSI_1 Critical line NLSI_1
(MVAr)
1 14 74.6 9-14 0.90106 13-14 0.92337
2 12 78.6 6-12 0.76222 12 -13 1.06607
3 11 103.8 10-11 0.44815 6-11 0.92693
4 10 121.8 9-10 0.58473 10-11 0.99797
5 13 151.8 14 -13 0.54454 613 0.92585
6 9 152.5 9-10 0.21509 4-9 1.00065
7 7 165.5 7-9 0.19216 7-8 0.99384
8 5 352.5 4-5 0.37737 1-5 1.09165
9 4 361 4-9 0.38756 3-4 0.94735
CONCLUSION environment. Global Journal of Rresearches in

The new line stability index-1 (NLSI_1) combines two existing
voltage stability indices: the Lmn and FVSI taking advantage
of the accuracy of the Lmn index and the fastness of the FVSI
index. In order to validate this new line stability index-1
(NLSI_1), it was used together with the Lmn and the FVSI to
investigate the voltage stability of the IEEE 14-bus system for
two possible situations: the base case and the contingency
analysis i.e. the variation of reactive load on load buses one at
atime.

The simulations for the IEEE 14- bus test system revealed that
for the base case, the system is stable because the three
indices’ values are approximately equal and are far less than
one (<1). For the contingency case, bus 14 was revealed to be
the weakest bus as the indices’ values are very close to one
(~1). This implies proximity to voltage collapse and it has the
smallest maximum reactive loading of 74.6MVAr. This means
that bus 14 is the optimal location for placement of a
compensating device for improving the voltage profile at that
bus as a measure against voltage collapse. Line 13-14 is the
critical line of the system as the three stability indices’ values
of this line are very close to one (1) and are almost equal.
These results show that the new line stability index (NLSI_1)
developed is valid and accurate since the result tallies with
those obtained for the IEEE 14-bus test system in the
technical literatures [29], [30].
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