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This letter demonstrates the use of line stability index termed as Fast Voltage Stability Index
(FVSI) in order to determine the maximum loadability in power system. Voltage stability analysis
is conducted using line stability index indicated by FVSI to indicate the stressfulness of a line in
a transmission system. The reactive power at a particular bus is increased until it reaches the
instability point at bifurcation. At this instability point, the connected load at the particular bus is
determined as the maximum loadability. The maximum loadability for every load bus will be
sorted in ascending order with smallest value being ranked highest. The highest rank implies
the weak bus in the system that has the lowest sustainable load. This technique is tested on the
IEEE-30 bus system and a practical 24-bus system in Indian. The Weak area of the Practical
system and the Ranking with overloading are found using FVSI.
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INTRODUCTION

The slow variation in reactive power loading
towards its maximum point causes the
traditional load flow solution to reach its non
convergence point. Beyond this point, the
ordinary load flow solution does not converge,
which in turn forces the system to reach the
voltage stability limit prior to bifurcation in the

system. The margin measured from the base
case solution to the maximum convergence
point in the load flow computation determines
the loadability maximum at a particular bus in
the system.Solvability of load flow can only be
achieved before a power system network
reaches its bifurcation point (Lof et al., 1992a
and 1992b; Chebbo et al., 1992; Crisan and
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Liu, 1994; and Chiang and Jumeau, 1995).
Sauer et al. (1990) determined loadability
maximum through two basic constraints, i.e.,
the equality and inequality constraints. The
equality constraint dealt with the Kirchoff's
circuit laws, while the second one reflects
physical limits such as thermal overload, critical
voltage drop, and steady-state stability. Most
literature agreed that loadability depends on
the solvability margin of load flow (Gubina and
Strmenik, 1995; Lof et al., 1995a; Kessel and
Glavitsch, 1996; and Musirin and Abdul, 2002)
when the Jacobian matrix becomes singular.

In this letter, maximum loadability is
estimated through voltage stability analysis
(Voltage Stability of Power Systems:
Concepts, Analytical Tools and Industry
Experience, 1990) Voltage stability analysis
(Loaf et al., 1995b; and Van Custsem, 1995a
and 1995b) is conducted using line stability
index indicated by FVSI to indicate the
stressfulness of a line in a transmission system.
The reactive power at a particular bus is
increased until it reaches the instability point
at bifurcation. At the instability point, the
connected load at the particular bus is
determined as the loadability. The maximum
loadabilty for each load bus will be sorted in
ascending order with the smallest value being
ranked highest. The highest rank implies the
weak bus in the system that has the lowest
sustainable load. This technique is tested on
the IEEE-30 bus test system and 24- bus
Indian system. The results show that it is able
to estimate the loadability in a system.
Comparisons are also conducted in verifying
the proposed technique in determining critical
line in the system. The critical line means the
line which is close to its voltage stability limit.

RELATED RESEARCHES:
A BRIEF REVIEW

Lof et al. (1992a) presented a paper on
“Voltage stability indices for stressed power
systems”. This paper presents and discusses
the use of static voltage stability indices based
on a singular value decomposition of the power
flow jacobian matrix and matrices divided from
the jacobian matrix. The indices based on
these matrices are useful for the system analyst
in planning and operations planning it is shown
that such indices, together with the singular
vectors contain substantial and important
information about the proximity to voltage
instability point of view.

Loaf etal. (1992b) presented a fast method
to calculate minimum singular value of the
power flow jacobian and modified power flow
Jacobian matrices as a static voltage stability
index, including the distance between the
studied operating point and steady state
voltage stability limit. The magnitude of the
MSV is a measure of the proximity of the
system to the steady state voltage stability limit.

Chiang and Jumeau (1995) proposed a
performance index that provides a direct
relationship between its value and the load
demand that the system can withstand before
voltage collapse.

Gubina and Strmenik (1995) presents a
‘phasor concept’ of voltage collapse
determination. The main idea proposed is that
the voltage phasors contain enough
information to detect the voltage stability
margin.

Lof et al. (1995a) presents and studies a
static model for synchronous generators with
the voltage dependent reactive power limits.
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The influence of voltage dependent reactive
power limits is composed with fixed limits, by
the use of minimum singular value of power
flow jacobian matrix and related sub matrices
as indicators of the static voltage limit.

Kessel and Glavitsch (1996) presented a
paper on “Estimating the voltage stability of a
power system”. This paper suggest, voltage
stability index (L-Index) based in normal load
flow solution for on-line applications varies from
0 (noload of system) to 1(voltage collapse).The
bus with highest L-index value indicates the
most vulnerable bus in the system and hence
this method helps in identifying the weak areas
in the system needing critical reactive power
support.

Musirin and Abdul (2002), presented a
paper on “Estimating Maximum Loadability for
Weak Bus Identification using Fast Voltage
Stability Index (FVSI)”. This paper
demonstrates the use of line stability index
termed as fast voltage stability index in order
to determine the maximum loadability in a
power system. The bus that is ranked highest
is identified as the weakest bus since it can
withstand a small amount of load before
causing voltage collapse. It involves the
experimental procedure of Voltage stability
analysis and evaluation of line stability index
based on the load variation. The point at which
FVSI close to unity indicates the maximum
possible connected load termed as maximum
loadability at the point of bifurcations. Among
the different indices for voltage stability and
voltage collapse prediction it is seen that FVSI
method gives fairly consistent results. The
advantage of this method lies in the simplicity
of numerical calculations and expressiveness
of the results, in this project Fast Voltage

Stability Index (FVSI) is used as a voltage
stability indicator.

INDEX FORMULATION

The voltage stability index or proximity is the
device used to indicate the voltage stability
condition formulated based on a line or a bus.
In this letter, the results of the proposed index
(FVSI) are verified with the existing techniques
proposed by Mohamed and Jammson (1989)
and Mohavani and Omar (1998). The
characteristics are the same, whether the
guadratic equation discriminant is greater than
or equal to zero. The maximum threshold is
set at unity beyond which this limit system
bifurcation will be experienced.

FVSI FORMULATION

The FVSl is derived from the voltage quadratic
equation at the receiving bus on a two-bus
system. The general two-bus representation
is illustrated in Figure 1.

From the figure, the voltage quadratic
equation at the receiving bus is written as

2

V2 {gsind Jrcosd}vlv2 +[X +R7J Q, =0
Q)

Setting the equation of discriminant be
greater than or equal to zero yields

({Esind +cosd}V1J +4 [X +R—2J Q20 (2
X X

Figure 1: Two Bus Power System Model
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Rearranging (2), we obtain

47Q,X

1
vZ(Rsind + X cosd )’ )

.(3)

Since “i"as the sending bus and “j” as the
receiving end bus, Since d is normally very
small, then, d ~0,Rsind ~0 and X cosd ~ X -
Taking the symbolsi as the sending bus and |
as the receiving bus, FVSI can be calculated

2
4z°Q,
VX

FVSI, =

(4)

where z and X is the line impedance and
reactance, Q, is the reactive power at the
receiving end, and V is the sending end
voltage.

LINE STABILTY INDEX

The line stability index symbolized by L_
proposed by Mohavani and Omar (1998) is
formulated based on a power transmission
conceptin asingle line. The line stability index
L,..is given by

4Q, X

[[\/s|sin(q —d)]2

where X is the line reactance, Q, is the reactive
power at the receiving end, V_ is the sending
end voltage, qis the line impedance angle, and
dis the angle difference between the supply
voltage and the receiving end voltage. The
value of L must be lower than 1.00 to maintain
a stable system.

I‘mn =

..(5)

LINE STABILITY FACTOR

Mohamed and Jammson (1989) derived four
line stability factors based on a power
transmission concept (Carson, 1994) in a
single line. One of the factors termed LQP was

used in the comparison since this factor is
sensitive to change in reactive power. The
formulation begins with the power equation in
a power system and finally LQP is expressed
as

LQP = 4(%) [izpf +QJ
v v

where x is the line reactance, V_is the sending
end voltage, P, is the sending end real power,
and Q Is the receiving end reactive power.
LQP must be kept lower than 1.00 to maintain
a stable system.

..(6)

TEST SYSTEM

To validate the performance of the indicator,
an IEEE 30-bus reliability (Hadi Saadat, 2002)
test system is used. The single line diagram
of the systemis shown in Figure 2. This system
has six generator buses (PVs) and 24 load
buses (PQ). In order to investigate (Kundur,
1993) the effectiveness of FVSI four load
buses were selected in random. The reactive
power at these buses is increased gradually
one atatime.

Figure 2: IEEE 30 Bus System
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DETERMINING THE
MAXIMUM LOADABILTY FOR
WEAK BUS DENTIFICATION

The following steps are implemented.

Step 1: Run the load flow program for the base
case.

Step 2: Evaluate the FVSI value for every line
in the system.

Step 3: Gradually increase the reactive power
loading by 0.01 pu at a chosen load bus until
the load flow solution fails to give results for
the maximum computable FVSI.

Step 4: Extract the stability index that has the
highest value.

Step 5: Choose another load bus and repeat
steps 3 and 4.

Step 6: Extract the maximum reactive power
loading for the maximum computable FVSI for
every load bus. The maximum reactive power
loading is referred to as the maximum
loadability of a particular bus.

Step 7: Sort the maximum loadability obtained
from step 6 inascending order. The smallest
maximum loadability is ranked the highest,
implying the weakest bus in the system.

Step 8: For verification purposes repeat steps
1to 7 using Lmn and LQP.

Figure 3 illustrates the response for FVSI
versus Q. The individual FVSI curve is the most

critical line referred to a bus. For instance, L4
(bus 3) means that line 4 is the most critical
line with respect to bus 3. Similar meaning
referred to other lines. The value of FVSI for
each line is maximum at the loadability
maximum of each individual load bus. The
FVSI values at these points are close to unity
indicating that the system has reached its
stability limit.The bus ranking could be
performed by sorting the maximum loadability
in ascending order. The smallest maximum
loadability will be ranked the highest and vice
versa for largest loadability. The results for bus
ranking are tabulated in Table 1. Bus 1 is
ranked the highest with maximum loadability
(Q,.) 0.35 p.u. indicating that this bus
sustains the lowest load.

Practically, proper monitoring should be
conducted (Moon et al., 1999) on this bus so
that the load connected to the respective bus
will not exceed the maximum allowable load
to maintain a stable system. On the other hand,
bus 4 is ranked the lowest since it has the
highest Qmax value, making it the most secure
bus in the system. Table 1 also shows the
results using Lmn, (Chiang and Jumeau, 1995)
and LQP (Gubina and Strmenik, 1995). It
shows that the results are very close to the
results computed using FVSI. This implies that
the proposed index is comparable to LQP
techniques.

Table 1: Bus Ranking Comparision with Other Technique
Rank Bus Qunax \olt FVSI Lo LQP
1 30 0.35 0.507 0.9336 0.9915 0.7964
2 14 0.70 0.837 0.8031 0.9535 0.3616
3 15 1.60 0.368 0.8686 0.9652 0.6985
4 3 3.45 0.709 0.9134 0.9850 0.8241
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Figure 3: FVSI vs Reactive Load Variation
Q (IEEE-30 Bus System)

Table 6: Comparision of Weakest Bus
in Test System
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CASE STUDY RESULTS
(24 BUS INDIAN SYSTEM)

Table 2: For Bus No. 8 FVSI vs Voltage

(PU)
Line No. | From To | Q =400 MVAR | Q =666.76 MVAR
8 2-8 0.7575 0.9999
Voltage 0.3552 0.6517

Table 3: For Bus No. 22 FVSI vs Voltage

(PU)
Line No. | From To | Q =400 MVAR | Q =589.78 MVAR
22 8-22 0.2355 0.9905
Voltage 0.7946 0.4355

Table 4: For Bus No. 13 FVSI vs Voltage

(PU)
LineNo. | FromTo | Q =400 MVAR | Q =1000 MVAR
13 13-14 1.553 0.9945
Voltage 0.347 0.6835

Table 5: For Bus No.3 FVSI vs Voltage

(PU)
LineNo. | FromTo |Q =400 MVAR | Q=1198 MVAR
3 4-3 0.1953 0.9999
Voltage 0.9820 0.7839

Table 6 clearly shows that the Weakest bus
in the both IEEE 30 bus and Indian practical

Case Reactive Power Loadabilty
Q Value (MVAR) | Bus No. | Line No.
IEEE 30 Bus 0.34 30 28-30
System 0.72 14 | 12-14
1.62 15 13-15
3.40 13 11-13
Practical 24 Bus 0.58 22 8-22
Indian System 0.66 8 o8
1.00 13 13-14
1.19 3 4-3

24 bus system. The buses 30 and 22 are
considered as the weakest buses and the
respective lines 28-30, 8-22 are treated as
Critical lines in IEEE 30 bus and 24 bus Indian
system.

Figure 4 lllustrated the response for FVSI
vs Q for Each line at the minimum loadabilty of
each individual load bus. The FVSI of these
points are close to unity indicating the system
has reached the stability limit. The bus ranking
could be performed by sorting the loadability
in ascending order the smallest maximum
loadabilty will be ranked the highest and vice

Figure 4: FVSI vs Reactive Load Variation
Q (Practical 24-Bus Indian System)
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versa for the largest maximum loadbailty. The
result for bus ranking as shown in the table bus
22 is ranked the highest with maximum
loadabilty (Q, . ) 5.8 (PU) indicating the system
sustains the load.so that proper monitoring
suitable action should be initiated to prevent
voltage collapse.

CONCLUSION

The work presents the successful analysis on
Weakest bus in the IEEE 30 and a practical
Indian 24 bus system. The FVSI determines
the maximum load that is possible to be
connected to a bus in order to maintain stability
before the system reaches its bifurcation point.
This point is determined as the maximum
loadability of a particular bus which beyond this
limit system violation will be experienced. The
individual maximum loadability obtained from
the load buses will be sorted in ascending
order. The highest rank implies the weak bus
in the system with low sustainable load and
the bus which ranked highest may sustain
higher load with broader stability margin. From
this information, proper monitoring Indian 24
bus of a weak node can be conducted in
maintaining a secure electric utility so that the
load connected to the respective bus will not
exceed the maximum allowable load to
maintain a stable system. %
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