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The cumulative number of historical and recent power system outages
substantiates the fact that further studies are necessary for an improved
solution to the issue of voltage instability on the grid and the subsequent
system collapse. Voltage collapse is a serious reliability issue which inhibits
the objective of running a reliable and secure power system network. In this
study, a new line stability index (NLSI_1) for predicting voltage collapse is
presented. The new index considers a switching logic which is derived from
the difference of voltage angle between the two load buses. The index is
deployed for performance analysis using the 28-bus, 330-kV Nigeria
National Grid (NNG). The simulation implemented in MATLAB shows that
the index gives the same results as Line stability index (Lmn) and Fast
Voltage Stability Index (FVSI) indices. The base case and the contingency
scenarios were considered during the simulation. The base case analysis
using the NNG values of all the three indices FVSI, Lmn, and NLSI_1 for
simulation generates a value less than one for the entire lines which implies
that the NNG is stable in this mode. The values of the three indices are
almost the same, which confirms the accuracy of the novel index developed.
The analysis for the contingency case reveals that the load bus 16 (Gombe)
which has the lowest, maximum permissible reactive load of 139.5MVAR is
the weakest; also power line 16-19 is identified as the critical line. The result
of the simulation confirms that the accuracy was improved by using NLSI_1.
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1. INTRODUCTION

As defined by P. Kundur [1], Voltage stability is the capacity of power system network (PSN) to
ensure a stable voltage level within acceptable limits, on all the buses in the PSN at normal operating
conditions after experiencing a network disturbance. Under normal operating conditions, a power system
should maintain its equilibrium state in the event of an operational perturbation; the power system should be
automatically restored to stable conditions after the system disturbances. When a gradual and unrestrained
drop in line voltage occurs as a result of disturbances on the power system network (PSN), the power
network is said to be in a state of instability [2]. In a power system, voltage instability occurs when there is
an outage on a generator or a power line as a result of a fault, a sudden load increase, or an inappropriate
control of voltage regulating devices. Voltage instability can also be triggered by discrepancies in reactive
power demand and supply. When voltage instability on a PSN due to extreme load is allowed to persist
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unresolved, it will result in a drop in system voltage which will ultimately lead to voltage collapse with
the resultant system blackout, either partial or total. This threatens power system security and therefore
impedes the goal of ensuring an uninterrupted and reliable supply of electricity to energy consumers [3].
As a result of wide-scale economic and environmental limitations, PSN in Nigeria is being operated at
the borderline of their transmission capacity limits [4].

According to a world bank report, the yearly losses as a result of blackouts experienced in Nigeria
was estimated at $100 billion [5]. Consequently, a number of investors are cautious of investing in Nigeria
due to the daily power outages that creates a major economic challenge [6]. A number of industries in
Nigeria closed down as a result of inadequate power supply which has made business operation and survival
severely tough for both small scale businesses and manufacturers [7, 8].

Although, there is a high frequency of voltage collapse on the Nigerian National Grid yearly
the available research work on the issue is quite a few. About 30 system collapses were recorded annually
within a ten year period ranging from January 2005 to December 2014, this is quite enormous and it renders
the national grid insecure and unreliable. About 88% of the disturbances accountable for this system
collapses are fault-induced, and this, therefore, implies that the Nigeria National Grid is not robust and
therefore susceptible to voltage instability and collapse [7]. Comparing the frequency of occurrence of
voltage collapses globally and on the NNG as shown in Figure 1, reveals that the NNG experiences more
voltage collapses than what is obtains globally. This brings to bear the enormity of the problem on
the NNG system and therefore, the need arises to investigate and predict voltage collapse to ensure reduction
and mitigate voltage collapse on the network to improve its overall efficiency and effectiveness [9].
The unbundling of power system also place limitations on its expansion, this results in the operation of
transmission lines close to their limits leading to more power outages and system collapses [10, 11]
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Figure 1. Comparing voltage collapse globally as against its occurrence on the NNG [9]

In this study, the performance of a new voltage stability index is evaluated by deploying it on a real
PSN. With respect to the fact that the variation between the voltage angles of two load buses can trigger
a PSN voltage collapse [12], the proposed New Line Stability Index-1 referred to as NLSI_1 integrates
a switching logic which is derived from the difference in the voltage angles of the 2 load buses. The index is
deployed for performance evaluation using the 28-bus, 330-kV Nigeria National Grid (NNG).
During the performance analysis in the MATLAB environment, the base case and the contingency scenarios
were considered.

2. VOLTAGE STABILITY INDICES

A number of tools termed voltage stability indices are available for determining whether a system
voltage is stable, and if not stable the extent to which the system is to instability. The indices reveal
the critical bus of a PSN and also the stability status of each of the power lines connected in between two
buses in an interconnected PSN [13, 14].

The loading margin of a PSN can be determined using the Power-Voltage (P-V) curves while
the Reactive Power-Voltage (Q-V) curve is a suitable index for assessing voltage instability. In the Q-V
curve, the voltage stability limit is defined as the point where the dQ/dV is zero. The point where the power
curve intersects the horizontal axis is the operating point, and at this point, there is no need to inject or absorb
any reactive power [15-17]. The eigenvectors and eigenvalues of the system’s reduced power flow Jacobian

Int J Elec & Comp Eng, Vol. 9, No. 6, December 2019 : 5125 - 5133



Int J Elec & Comp Eng ISSN: 2088-8708 O 5127

matrix can be used in the modal analysis to deduce the voltage stability of a power system [18, 19].
For steady-state analysis, a PSN has a stable voltage provided the eigenvalues obtained from the reduced
power-flow Jacobian matrix are all positive, if there are any negative eigenvalues then the system is
unstable [19, 20]. If the eigenvalue is zero (0), then it implies that the power system is only marginally stable
and at the boundary line of voltage collapse and this creates a high probability for voltage instability to
ensure [21].

Using the modal analysis, the QV, the PV, and the energy-based procedures as suggested by [22, 23]
is quite intensive to compute, it is time-consuming and rigorous whereas voltage collapse prediction
demands6a fast response. It is therefore imperative to use a reduced calculation time, less tedious and easy to
deploy voltage stability indices for either offline or online PSN collapse prediction for improved performance
and response.

3. COMMON LINE VOLTAGE STABILITY INDICATORS
The following highlights the 4 major voltage stability indices that have been applied by
previous studies:

3.1. Line stability index (Lmn)

The idea of the Lmn is derived from the single line power transmission concept. It was developed
for evaluating the stability of a power line connecting two buses in an interconnected system which has been
scaled down to a single line PSN. Lmn is expressed as follows:

L :LQVSI
"V sin? (0-6)

M

For interpretation purposes, if the Lmn index is close to 1, the line in the PSN is deemed close to instability
but the system is said to be stable when the Lmn value is less than 1 [24].

3.2. Fast voltage stability index (FVSI)

The use of the FVSI was proposed in the study by [25]. The FVSI like the Lmn also applies
the concept of power flow through a single line [11]. The FVSI was developed using the standard line current
equation for a line connected between two buses. It is mathematically defined as follows:

Fyst =429 o
VX

s @)

The most critical line in a bus is the line that has a stability index value that is closest to one (1) and
such a bus has the tendency to trigger system instability [26]. In deriving the index, an assumption is made
that the difference between the voltage angles of the two load buses is quite small.

3.3. Line stability factor (LQP)
The LQP was developed by [27], by applying a method for fixing the discriminant of the power
quadratic equation at a value that is > 0. The LQP index is defined as:

X X
LQP=4[—2J[—2 P, +QrJ
V, V, @)

The value of the LQP index for a stable system must be kept below 1 otherwise it may trigger
a voltage collapse.

3.4. Line voltage stability index (LVSI)

The LVSI is based on the relationship existing between the bus voltage and the line’s real
power [14]. In this model, a failure ensues when the line resistance of the power line reduces to a near zero
value. The LVSI is defined in (4).
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LVSI = 4RR,

=—rt <1
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The Line Voltage Stability Index is extra sensitive to 8, and this is because cos (0-8) is faster than
sin (0-8) in the 90° region and this creates a tendency for identifying a healthy line as a critical line [28].
Note that in the expression in (4), all the symbols do not have their usual meanings.

4. NEW LINE STABILITY INDEX_1 (NLSI-1)
To derive the NLSI-1 the power system model of a two-bus network using the single line diagram as
shown in Figure 2 is considered. All the variables and parameters are given in per unit.

I Z=R+X |

[ —
Bus s B

Figure 2. The single line model of a 2-bus power system

As shown in Figure 1, bus‘s’ (the reference bus) and bus ‘r’ are the sending end and the receiving-
end bus respectively. The model variables are explained as follows: V, and V; are the receiving end and
the sending end bus voltage, P, and S, are the real power and the reactive power respectively at the receiving-
end bus ‘r’; 8, and Js are the voltage angles of the receiving-end and sending-end buses respectively; & stands
for the difference between 6r and 6s.

According to the study by [12], wide angular differences may portend a higher risk of a system
collapse. This, therefore, necessitates the use of the NLSI 1 which incorporates a switching function, o, and
logic for computing the proximity of voltage collapse in order to enhance the precision of stability
assessment. The NLSI_1 is defined as:

2
NLSI _124_Qr2 EG_+(G_1) <1 a:{l 5<86,
VAR sin®(6-9) 0 6>, ©

In (5), o is the switching function while & is a modifier. The value of 6 depends on the magnitude of
the angular difference 8. From the load-flow program, the value of § is computed and verified against
a baseline value,d, so as to determine if ¢ is 1 or 0. The system voltage will be stable if NLSI-1 is below 1.
The closer the value of NLSI-1 gets to 1 the higher the risk of a voltage collapse. This index helps in ensuring
optimal allocation of compensation devices towards mitigating voltage collapse by helping to identify
the most vulnerable and weakest line bus [9, 29].

5. THE NIGERIA NATIONAL GRID 28-BUS, 330-KV NETWORK

The diagram in Figure 3 shows the NNG, 28-Bus, 330-kV Network which has nine (9) generator
(PV) buses, nineteen (19) Load (PQ) buses and thirty-one (31) interconnected branches. In most parts of
the network, the NNG is characterized by low voltages as a result of the insufficient dispatch and control
infrastructures [30]. The NNG is a radial grid; it is weak and overloaded which culminates in high
transmission losses and incessant network collapse [31]. As a result of these factors, the NNG is weak and
highly stressed which makes it vulnerable to voltage instability and the eventual system collapse [7, 32].
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Figure 3. The diagram of the 28-bus, 330-kVV NNG network [33, 34]

6. RESULTS AND ANALYSIS
6.1. The results of the power flow simulation using the NNG 28-bus, 330-kV network

A 2-case scenario, power flow simulation was deployed for the NNG 28-bus, 330-kV network.
These analyses were carried out to determine the voltage stability indices for the base case and
the contingency case for the network. The Egbin thermal power station bus has the largest power generator
as compared with the other generating stations, and also it has the lowest power mismatch, and this informs
its selection as the slack bus for the load flow analysis [35]. The voltage profile of the NNG is shown
in Figure 4.
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Figure 4. A chart showing the voltage magnitude on each bus of the 28-bus NNG

6.2. The results of the power flow simulation for the 28-bus NNG System

To carry out the voltage stability simulations, it is vital to determine the switching function ¢ which
is unique to the network. In order to choose the least error different point for the switching function o,
the percentage error between the FVSI and Lmn index was determined. The switching function ¢ selected
has a percentage error of 2.379 within an equivalent angular difference of 4.076°. This is to allow for
immediate switching to Lmn index if the voltage angle difference goes above 4.076° and then switch back to
the FVSI index when it falls below 4.076°.
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Result for the base case scenario is depicted in the bar chart of Figure 5 which shows comparatively
the values of Lmn, FVSI and NLSI_1 in a bar chart for the 31 interconnected lines of the NNG 330-kV,
28-bus network. As shown by the chart, all the line stability indices values for the thirty-one lines are below
one (1) which implies that the system is stable. The magnitudes of the three indices are almost equal and this
observation confirms the fact that NLSI_1 index which is newly developed can serve as an alternative to
the other two indices.
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Figure 5. A chart showing Lmn, FVSI and NLSI_1 for each transmission line

For the second case study i.e. the contingency scenario, the impact of reactive load variations on
the NNG bus was determined by varying the reactive loads on the load buses one by one. This was done in
order to determine the maximum reactive load for each bus and also to identify the weakest bus and
the critical line. The maximum reactive load of each bus in MVAr is plotted in Figure 6 against the bus
number. The Load bus 16 has the lowest maximum permissible reactive load of 139.5 MVAr and this makes
it the weakest and the most susceptible bus to voltage collapse. Since the bus only has one connected line,
therefore line 16-19 is the critical line and this means that a voltage collapse will ensue if there is any
additional reactive load to the line.
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Figure 6. The maximum reactive loads (Q) at the load buses of the NNG

The reactive power on the critical bus 16 (Gombe) was varied to reveal the effects of the per-unit
voltage magnitude, and FVSI, Lmn and NLSI_1 (16-19). The result of the analysis is presented in Table 1.
The chart of Vmag, FVSI, Lmn and NLSI_1 plotted against the reactive load variation on bus 16 is detailed
in Figure 7. From the results presented in Figure 7 for the weakest bus 16, it shows that there is a drop in
the voltage magnitude with increasing reactive power, simultaneously the voltage stability indices also
increased until voltage collapse occurs. As revealed by the results, the NLSI 1 gives an accurate
representation of FVSI and the Lmn indices and as such it could be used in place of either the Lmn or FVSI
for enhancing the voltage stability evaluation of power system networks. Figure 6 shows that the curve of
Lmn almost overlaps that of NLSI_1 which makes the curves appear as one line. This confirms that the novel
index NLSI_1 compares satisfactorily well with the Lmn or FVSI indices.
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Tablel. The variations of the reactive power on load bus 16

S/No Q (MVAr Vmag (pu) Lmn FVsSI NLSI_1
1 0 1.028 0 0 0
2 15 1.005 0.05272 0.05364 0.05272
3 30 0.98 0.11077 0.11273 0.11077
4 45 0.954 0.17535 0.17845 0.17535
5 60 0.926 0.24807 0.25246 0.24807
6 75 0.896 0.33128 0.33714 0.33128
7 90 0.863 0.42857 0.43614 0.42857
8 105 0.826 0.54588 0.55549 0.54588
9 120 0.783 0. 69438 0.70646 0.69438
10 135 0.73 0.9 0.91519 0.9
11 139.5 0.71 0.98229 0.99859 0.98229
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Figure 7. A chart showing the indices and the reactive power variations on bus 16

7. CONCLUSION

In this study, an improvement in voltage collapse prediction on a power grid was achieved by
the application of a new line stability index-1 (NLSI_1) using the Nigeria National Grid 330kV, 28-bus
network for performance evaluation. The functionality and performance validation of NLSI_1 shows that
the index performed comparatively well with respect to the two existing indices (Lmn and FVSI). For voltage
collapse prediction and for the identification of the weakest bus and also the critical line in a power system
network, the NLSI_1 is computationally efficient and very effective. Also, by using the new index
compensation devices can be optimally placed so as to prevent voltage collapse.
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