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ABSTRACT

Voltage instability remains a major operational challenge in stressed transmission networks because reactive
power deficiencies and contingency events can force bus voltages outside acceptable operating limits. This paper
presents an Improved Strength Pareto Evolutionary Algorithm (ISPEA) for the identification of voltage-
instability buses in transmission systems under steady-state and contingency loading. A Newton—Raphson load-
flow model was first used to obtain the operating point of the network. Contingency severity is represented by a
90% increase in reactive demand at load buses, after which the ISPEA ranks buses using a multi-objective fitness
structure based on voltage magnitude deviation, maximum loading capacity, and generator operating constraint
penalties. ISPEA runs for 200 generations with a population of 100, an archive of 100, and a Newton—Raphson
convergence tolerance of 10~ p.u. The method was evaluated on the IEEE 30-bus and Nigerian 31-bus networks
using MATLAB R2023a. Under base-case conditions, the IEEE 30-bus system reaches its minimum voltage at
Bus 5 (0.9360 p.u.), whereas the Nigerian 31-bus system records its lowest voltage at Bus 21 (0.9430 p.u.). After
contingency loading, the number of under-voltage buses increased from 2 to 8 in the IEEE system and from 2 to
9 in the Nigerian system. ISPEA identifies Buses 5, 7, and 23 as the most critical in the IEEE 30-bus system,
and Buses 5, 11, and 21 in the Nigerian 31-bus system. Compared with LVSI and VCPI screening, ISPEA vyields
the lowest maximum loading capacity values across all evaluated buses, confirming the superior identification
of genuinely vulnerable buses for reactive power compensation siting.

Keywords — Voltage instability; weak-bus identification; contingency analysis; transmission networks; multi-
objective optimization; Improved Strength Pareto Evolutionary Algorithm; Newton—Raphson load flow;
reactive-power planning

INTRODUCTION

Voltage stability is the ability of a power system to maintain acceptable voltage magnitudes under normal
operating conditions and after any disturbances. When the system is heavily stressed, reactive power shortages,
unfavorable power transfers, and topology changes can reduce the voltage stability margin and trigger
progressive voltage decline or collapse (Zeitawyeh et al., 2025; Kobibi et al.,2022; Bharathi et al.,2023).
Contemporary work continues to emphasize that contingency-aware voltage stability assessment remains
essential because line outages and load increases can materially change the stability margin and ranking of
vulnerable buses (Luo et al., 2024; Sobayo et al., 2024; Angadi et al., 2023).

The need for reliable weak-bus identification is especially critical in transmission systems that operate near
security boundaries (Ismail et al., 2022; Puhan et al., 2024). In the Nigerian grid context, poor voltage profiles
and network fragility remain operationally relevant concerns (Alayande et al., 2024; Adeyemi et al., 2025). A
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recent Nigerian study also linked node-voltage improvement and reactive power support with improved grid
security and resilience under contingencies (Okampo et al., 2022).

Classical approaches for locating voltage-vulnerable buses include the direct inspection of bus-voltage profiles,
voltage stability indices, modal methods, continuation-power-flow-based critical-bus studies, and fuzzy or
index-based ranking procedures (Valuva et al., 2023; Mamari et al., 2021; Putranto et al., 2024). Voltage stability
indices are widely used to identify weak buses, estimate maximum loadability, and rank critical lines or areas
(Ismail, 2022; Baleboina, 2024). Modal analysis is still used to identify the weakest buses using eigenvalues and
participation factors (Ibrahim et al., 2021; Nappu et al., 2020). The continuation power flow remains a standard
method for tracing P—V curves and determining the maximum loading points and weak buses, especially under
contingencies (Wang, 2024). Fuzzy and index-based ranking procedures

They also continue to appear in decision support and compromise-solution selection for voltage-stability-
constrained operation (Kyomugisha et al., 2022; Zhang et al., 2020; Kyomugisha et al.,2021).

These tools are valuable but are often used as deterministic screening instruments rather than explicit multi-
objective decision frameworks (Alayande et al., 2024; Zhang et al., 2020). In practice, the weakest bus is rarely
defined by voltage magnitude alone because operators also care about reactive power behavior, collapse
proximity, maximum loading capacity, and compensation feasibility (Mokred et al., 2022; Adegoke et al.,2022;
Adetokun et al.,2023). Recent studies have increasingly formulated voltage stability improvement and reactive
power dispatch as constrained multi-objective optimization problems that balance voltage deviation, losses, cost,
and security margins (A. A. Liu et al., 2024; Hu et al., 2026). Generator operating conditions and reactive power
reserves are now also treated as part of the voltage stability assessment rather than peripheral details (B. B. Liu,
2023; Miyazaki et al.,2025).

This study addresses this gap by reformulating weak-bus identification as a constrained multi-objective search
problem and solving it using an Improved Strength Pareto Evolutionary Algorithm (ISPEA). The central premise
is that critical buses should be identified not only by their depressed voltage profile but also by their simultaneous
association with a low voltage-security margin, lower maximum loading capacity, and tighter interaction with
generator operating limits. The main contributions are as follows: (i) a Newton—Raphson—ISPEA voltage
instability bus identification framework; (ii) a constraint-aware objective structure that explicitly incorporates
generator operating limits; (iii) validation on both the IEEE 30-bus system and the Nigerian 31-bus network;
and (iv) interpretation of selected buses as candidate locations for reactive power compensation.

METHODOLOGY

Power-Flow Formulation

For each test network, the steady-state operating point was obtained using the Newton—Raphson method. The
active and reactive power balance equations are P; = Vi X; V; (Gjj cos i + Bij sin 9;) and Qi = Vi Z; V; (Gij sin 0
— Bij cos 9i)). The Newton—Raphson correction step [Ad, AV] T = J'[AP, AQ]T iterates until mismatches fall
below 1075 p.u. PV buses that reach Qmax are switched to the PQ type for the remainder of the iteration,
consistent with the standard PV-to-PQ conversion practice.

Contingency Model

The contingency severity is represented by Q*c_{L,i} =1.9 Q° {L,i}, where Q° {L,i} is the base-case reactive
load. This 90% reactive increase intentionally compresses the voltage security margin. The generator loading
was simultaneously monitored against a 125% megavolt-amperes (MVA) ceiling.

ISPEA-Based Weak-Bus ldentification and Flowchart

The weak-bus identification problem is posed as a constrained multiobjective optimization with three
coordinated objectives: (i) minimize voltage deviation [V — 1.0[; (ii) maximize loading capacity (equivalently,
minimize its negative); and (iii) minimize generator-operating-limit penalty. The ISPEA begins with a
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population P of 100 solutions and an empty archive A. Each member x is assigned a strength S(x) =|{y e P U
A|x <y} |, raw fitness R(x) =X {y=<x} S(y), density D(x) = 1/ (c* + 2), and overall fitness F(x) = R(x) + D(x)
+ pIl(x) with p = 1.0. Buses with F(x) < 1 after 200 generations are candidates for voltage instability. The
"improved" aspects relative to standard SPEA are: (i) adaptive crossover (initial probability 0.90); (ii) Gaussian
mutation (probability 0.01); and (iii) minimum distance archive truncation with next-smallest-distance tie-
breaking. Figure 1 shows the full comparison analysis flowchart used in this study.
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Figure 1. Flowchart of the Newton—Raphson—ISPEA comparison analysis framework

Isthe LVSI
and VCPI
equal to 1?7

=i+l

Bus-Ranking Rule

At convergence, the buses are ranked in ascending order of F(x). Buses with F(x) < 1 are non-dominated and
classified as voltage instability candidates, and those with F(x) > 1 are excluded from the critical set.

Case Studies and Computational Setup

The IEEE 30-bus system has two generators, three synchronous condensers, 15 PQ load buses, and 37 branches.
The Nigerian 31-bus system has seven generation plants, 24 load buses, and 60 transmission lines. Voltage limits
of 0.95-1.05 p.u. and a 125% generator MVVA ceiling were enforced. Table 1 shows the case study (CS)
summaries for all ISPEA settings; stability was verified over 10 independent runs.

Table 1. Studies and Computational Setup CS. ISPEA computational parameters

Parameter Value Notes

Population size (|P]) 100 Fixed for both test systems

Archive size (|A|) 100 Maximum non-dominated solutions
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Max. generations 200 Stopping criterion

NR convergence tolerance 10 p.u. Active/reactive mismatch threshold
Crossover probability 0.90 Adaptive single-point crossover
Mutation probability 0.01 Gaussian perturbation

Penalty coefficient p 1.0 Constraint-violation weighting
Voltage limits (p.u.) 0.95-1.05 5% statutory band

Generator MVA ceiling 125% rated Generator loading limit
Contingency loading 90% Q increase Applied to all load buses
Independent runs 10 Solution stability verification
Software MATLAB R2023a Simulation environment

RESULTS AND DISCUSSION

Base-Case Load-Flow performance

Table 2 presents the base-case Newton—Raphson results for both networks. Under base-case conditions, the IEEE
30-bus network exhibits its lowest voltage at Bus 5 (V = 0.9360 p.u.), whereas Bus 23 registers V = 1.0570 p.u.,
both outside the £5% statutory band. The total active and reactive losses were 324.31 MW and 228.85 MVAr,
respectively. The Nigerian 31-bus network reaches its minimum at Bus 21 (V = 0.9430 p.u.), whereas Bus 5
exceeds the upper limit at V = 1.0700 p.u. No generator reactive limits were active in either system under the
base conditions. The total losses for the Nigerian system were 341.93 MW and 257.69 MVAr. The maximum
loading capacities at the two vulnerable IEEE buses are 45.13 MVAr (Bus 5) and 14.25 MVAr (Bus 23),
confirming that the reactive headroom is already constrained before the contingency stress.

Table 2. Base-case load-flow results. Buses marked * fall outside the 0.95-1.05 p.u. statutory band.

IEEE 30-Bus System — Base Case

Bus No | Bus Type |V Mag (p.u.) | V Angle (°) | P Load (MW) | Q Load (MVAr) | Max Load Cap.
(MVAT)

1 Swing 1.0000 0.0000 0 0 0

2 PV 0.9630 1.5160 21.7 12.9 30.64

3 PQ 0.9780 1.6270 24 1.2 2.28

4 PQ 1.0240 0.6750 7.6 1.6 6.46

5 PQ 0.9360* 1.6700 0 0 45.13

6 PQ 1.0210 2.9380 0 0 46.08

7 PQ 0.9970 1.9510 22.8 7.9 24.13
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8 PQ 1.0160 1.9530 30.0 30.0 71.25
9 PQ 0.9830 1.9520 0 0 2.28
10 PQ 0.9930 0.9360 5.9 2.0 4.75
11 PQ 1.0320 1.1170 0 0 17.81
12 PQ 1.0130 0.4970 11.2 7.5 2451
13 PQ 1.0410 2.4740 0 0 17.81
14 PQ 1.0290 2.8950 6.2 1.6 9.12
15 PQ 1.0370 2.5940 8.4 2.5 10.83
16 PQ 1.0150 0.5880 3.5 1.8 3.61
17 PV 0.9820 2.5440 9.0 4.8 11.40
18 PQ 1.0220 2.9100 3.2 0.9 3.04
19 PQ 0.9950 0.6270 95 34 16.86
20 PQ 0.9910 0.5990 4.2 0.7 3.80
21 PQ 0.9890 3.4470 19.7 5.2 3.61
22 PQ 0.9880 2.4370 0 0 5.70
23 PQ 1.0570* 1.4210 3.2 1.6 14.25
24 PQ 0.9630 1.3450 18.0 5.7 15.91
25 PQ 0.9580 1.3660 1.0 0 0.38
26 PQ 1.0290 3.4320 2.5 2.3 14.25
27 PQ 1.0250 0.6320 0 0 12.73
28 PQ 1.0130 2.4520 0 0 9.12
29 PQ 0.9980 2.0770 3.7 0.9 3.61
30 PV 0.9940 1.0370 12.0 1.9 4.51
Nigerian 31-Bus System — Base Case

Bus Bus \Y/ Mag | V Angle (°) P Load | Q Load | Max Load Cap.
No Type (p.u.) (MW) (MVAr) (MVAr)

1 Swing 1.0500 0.000 68.9 51.7 108.4

2 PV 1.0000 3.3950 0 0 13.64

3 PQ 0.9550 -0.2860 274.4 205.8 431.5

4 PV 0.9730 0.5060 344.7 258.5 538.5
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5 PQ 1.0700* 0.9160 633.2 494.9 988.7
6 PQ 0.9990 2.4750 13.8 10.3 21.7
7 PQ 0.9650 0.8260 96.5 724 150.7
8 PQ 0.9850 3.8390 383.3 287.5 600.5
9 PQ 0.9950 1.5840 275.8 216.8 431.4
10 PV 1.0100 2.0940 201.2 170.9 315.6
11 PQ 1.0130 0.7490 52.5 39.4 81.6
12 PQ 1.0150 0.1500 427.0 320.2 664.4
13 PQ 0.9850 0.0780 177.9 133.4 278.6
14 PQ 0.9600 2.7980 184.6 138.4 288.3
15 PQ 0.9850 3.9570 114.4 85.9 178.7
16 PV 1.0050 1.5900 130.6 99.5 203.1
17 PQ 1.0200 1.2290 130.6 97.9 203.4
18 PQ 1.0300 0.5300 0 0.001 13.04
19 PQ 1.0150 -2.1200 70.3 52.7 109.8
20 PQ 1.0180 4.8480 193.0 144.7 301.9
21 PQ 0.9430* 2.2840 7.0 0.25 8.8
22 PQ 0.9950 -4.4480 199.8 149.9 312.3
23 PQ 1.0150 -0.1480 320.1 256.1 513.3
24 PQ 0.9780 1.5920 20.6 154 32.0
25 PV 1.0150 3.9400 130.0 89.0 175.1
26 PQ 1.0190 2.7520 290.0 145.0 404.9
27 PV 1.0100 2.5520 0 0 12.73
28 PQ 1.0150 3.7960 0 0 9.12
29 PQ 1.0170 3.8550 0 0 128.8
30 PQ 1.0270 3.9740 0 0 451
31 PQ 1.0210 -1.3550 0 0 6.98

Contingency-Case Load-Flow Performance
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Table 3 presents the contingency-voltage profiles. The minimum voltage in the IEEE 30-bus system dropped
from 0.9360 p.u. to 0.9000 p.u. (Buses 5, 16, 23, 24, 26, and 29), while the Nigerian 31-bus minimum drops
from 0.9430 p.u. to 0.9001 p.u. (Bus 5). The under-voltage bus count increases from 2 to 8 in the IEEE system
and from 2 to 9 in the Nigerian system. IEEE 30-bus active losses rise from 324.31 to 541.66 MW (+67.1%),
and Nigerian 31-bus active losses rise from 341.93 to 684.52 MW (+100.2%). These results confirm that the
90% reactive contingency constitutes a severe stress that materially degrades the voltage security margin of both
networks.

Table 3. Contingency-case load-flow results (90% reactive-load increase). Buses marked * fall below 0.95 p.u.

IEEE 30-Bus System — Contingency

Bus No | Bus V Mag (p.u.) |V Angle | P Load (MW) | Q Load | Max Load Cap.

Type ®) (MVAr) (MVAr)
1 Swing 1.0000 0.0000 8.76 7.68 0.38
2 PV 0.9500 0.5620 47.09 27.87 31.23
3 PQ 0.9600 0.6272 5.18 2.59 2.56
4 PQ 0.9500 0.7209 16.42 3.46 7.44
5 PQ 0.9000* 0.5919 7.2 4.08 68.60
6 PQ 0.9500 0.9203 7.2 2.94 50.04
7 PQ 0.9202* 0.9322 49.25 17.07 36.68
8 PQ 0.9501 1.0412 64.8 59.04 78.30
9 PQ 0.9501 1.0421 7.2 6.36 2.47
10 PQ 0.9600 0.3803 12.75 4.32 5.22
11 PQ 0.9500 0.1102 7.2 6.41 17.97
12 PQ 0.9573 0.9418 24.13 16.2 27.26
13 PQ 0.9600 1.5691 7.2 6.43 17.97
14 PQ 0.9500 0.9062 11.16 2.88 9.85
15 PQ 0.9601 0.6127 7.87 1.82 10.96
16 PQ 0.9000* 0.8402 25.92 4.11 6.65
17 PV 0.9500 1.5316 19.44 10.37 12.10
18 PQ 0.9601 1.9734 6.91 1.95 3.08
19 PQ 0.9200* 0.0231 20.52 7.35 17.05
20 PQ 0.9600 0.0967 9.07 1.51 3.98
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0.9501 2.4572 28.37 7.90 5.49
22 PQ 0.9600 0.3311 7.2 6.42 5.96
23 PQ 0.9000* 1.0643 6.91 1.355 21.66
24 PQ 0.9000* 0.4235 38.88 12.31 24.18
25 PQ 0.9500 0.3783 2.16 6.72 0.90
26 PQ 0.9000* 0.0469 5.4 5.26 21.66
27 PQ 0.9500 0.0282 7.2 6.28 13.35
28 PQ 0.9500 1.4124 7.22 6.54 9.86
29 PQ 0.9000* 1.1942 18.15 5.20 5.49
30 PV 0.9500 0.1219 7.56 3.89 4.86

Nigerian 31-Bus System — Contingency

Bus Bus Type \/ Mag |V Angle | P Load | Q Load | Max Load Cap.
No (p.u.) ®) (MW) (MVAr) (MVAr)
1 Swing 1.0500 0.0000 148.74 111.67 108.4
2 PV 0.9500 0.3463 7.92 5.45 13.64
3 PQ 0.9055* 0.9323 592.71 44453 489.08
4 PV 0.9522 0.0053 744.06 558.36 538.5
5 PQ 0.9001~* 0.9742 1266.80 1068.98 1127.56
6 PQ 0.9500 0.7012 29.81 22.25 21.7

7 PQ 0.9500 0.3043 208.44 156.38 150.7
8 PQ 0.9531 0.5443 827.93 621.0 600.5
9 PQ 0.9041* 0.8362 595.73 468.29 490.17
10 PV 0.9500 0.6392 434.59 369.14 315.6
11 PQ 0.9060* 0.9061 1134 85.11 81.6
12 PQ 0.9500 0.0365 922.32 691.63 664.4
13 PQ 0.9003* 0.0772 384.24 288.15 316.48
14 PQ 0.9501 0.0763 398.74 298.94 288.3
15 PQ 0.9541 0.8343 247.10 185.55 178.7
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0.9500 0.6964 282.10 214.92 203.1
17 PQ 0.9534 0.9558 282.10 211.86 203.4
18 PQ 0.9201* 0.0773 8.06 6.73 19.82
19 PQ 0.9501 0.8023 151.85 113.83 109.8
20 PQ 0.9500 0.8662 416.88 312.11 301.9
21 PQ 0.9101* 0.9540 15.12 5.4 0.59
22 PQ 0.9541 0.0832 431.57 323.78 312.3
23 PQ 0.9561 0.9780 691.42 553.18 513.3
24 PQ 0.9504 0.0690 44.50 33.26 32.0
25 PV 0.9500 0.0427 280.8 192.24 1751
26 PQ 0.9400* 0.2026 626.4 313.20 343.44
27 PV 0.9500 0.8046 8.06 5.45 12.73
28 PQ 0.9601 0.8301 7.92 6.61 9.12
29 PQ 0.9500 0.8025 8.29 7.63 128.8
30 PQ 0.9350* 0.1640 8.17 5.17 6.86
31 PQ 0.9500 0.0536 7.92 4.66 6.98

ISPEA Weak-Bus Ranking

Tables 4 and 5 present the core ISPEA weak-bus rankings, respectively. Figure 2 (IEEE) and 3 (Nigerian) show
the corresponding total power losses after the ISPEA application. In the IEEE 30-bus network, ISPEA identifies
Buses 5, 7, and 23 as the most critical under contingency loading (ISPEA fitness: 0.96, 0.84, 0.76; max loading
caps: 50.63, 28.01, 18.04 MVAr). Bus 7 migrated into the critical set only under contingency, revealing
contingency-sensitive vulnerability. In the Nigerian 31-bus network, buses 5, 11, and 21 are the most vulnerable
(fitness: 0.94, 0.76, 0.65; max loading caps: 902.31, 74.86, 0.48 MVAr). Bus 21 had the lowest fitness value
(0.65) with near-zero reactive headroom (0.48 MVA), indicating extreme sensitivity to reactive stress.

Table 4. ISPEA weak-bus ranking — IEEE 30-bus system.

Bus V  Mag | Max Load Cap. | ISPEA Base-Case | Contingency | Rank Shift
(p.u.) (MVAr) Fitness Rank Rank

5 1.0000 50.63 0.96 1 1 0 (persistent)

7 1.0000 28.01 0.84 3 2 +1 (contingency-
sensitive)

23 1.0000 18.04 0.76 2 3 -1 (less critical under
stress)
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Figure 2. Total active and reactive power losses of the IEEE 30-bus system after ISPEA application: Active =

440.23 MW, Reactive = 325.82 MVAr

Table 5. ISPEA weak-bus ranking — Nigerian 31-bus system.

wwwe.rsisinternational.org

Bus V Mag | Max Load Cap. | ISPEA | Base-Case | Contingency | Rank Shift
(p.u.) (MVAr) Fitness | Rank Rank

5 1.0000 902.31 0.94 1 1 0 (persistent)

11 1.0000 74.86 0.76 3 2 +1 (contingency-sensitive)

21 1.0000 0.48 0.65 2 3 -1 (severe, near-zero
headroom)

26 0.9503 275.50 1.00 4 4 0

30 0.9501 6.86 1.00 5 5 0

3 0.9501 390.98 1.00 6 6 0
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Figure 3. Total active and reactive power losses of the Nigerian 31-bus system after ISPEA application: Active
=490.59 MW, Reactive = 391.34 MV Ar

Voltage-Profile Comparison (Figure 2 and 3)

Figure 2 compares the voltage magnitudes across all buses for the IEEE 30-bus system under steady-state,
ISPEA, LVSI, and VCPI conditions. With ISPEA, buses 5, 7, and 23 each achieved 1.0000 p.u. In contrast,
LVSI produces 0.9500 p.u. at buses 5, 16, and 23, whereas VCPI yields magnitudes of 0.8862, 0.7312, and
0.7793 p.u. at buses 5, 11, and 21, respectively. Figure 3 shows the corresponding comparison for the Nigerian
31-bus system. The ISPEA maintains 1.0000 p.u. at buses 5, 11, and 21; the LVSI produces 0.9503 p.u. at buses
5 and 21; and the VCPI achieves 0.9824, 0.9510, and 0.9822 p.u. at buses 5, 11, and 29, respectively. ISPEA
consistently provided the strongest voltage recovery at the identified critical buses.

—g-—Steady State
——ISPEA

el LV/SI

i \/CPI

1.05 A

0.85 A

0.9 -

0.85 -

Voltage Magnitude (p.u)

0.8 -

0.75 -

o7 +—/——T—7 7T 7T 7T 7T T T T T T T T T T T T T T T T T T T T T T T

Bus Number

Figure 4. Comparison of voltage magnitude across all buses — IEEE 30-bus system under steady-state, ISPEA,
LVSI, and VCPI conditions
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Figure 5. Comparison of voltage magnitude across all buses — Nigerian 31-bus system under steady-state,
contingency, ISPEA, LVSI, and VCPI conditions.

Practical Implication for Compensation Placement

The ISPEA-selected buses constitute priority candidate locations for corrective reactive power support because
they are not merely low-voltage buses; they are buses whose voltage weakness persists after loadability and
generator operating constraints are incorporated. For the IEEE 30-bus system, a hybrid STATCOM/SVC at
Buses 5, 7, and 23 with sizes 5.03, 7.38, and 7.78 kVVAr restores all voltages to 1.0000 p.u. and reduces active
losses to 265.92 MW (—50.9% from the contingency). For the Nigerian 31-bus system, STATCOM/SVC sizes
of 7.38, 14.34, and 14.34 kKVAr at Buses 5, 11, and 21 similarly restored voltages to 1.0000 p.u. and reduced
active losses to 316.10 MW (—53.8% from contingency). ISPEA consistently yielded the lowest loading capacity
values across all evaluated buses, which is an operationally meaningful outcome when the goal is to prioritize
buses that are most susceptible to reactive power collapse.

CONCLUSION

This paper presents an Improved Strength Pareto Evolutionary Algorithm for voltage instability bus
identification in transmission networks under steady-state and contingency loading. By combining the Newton—
Raphson load-flow analysis with a constraint-aware multiobjective ranking structure, the ISPEA identifies weak
buses using three coordinated criteria: voltage magnitude behavior, maximum loading capacity, and generator
operating constraints. Application to the IEEE 30-bus and Nigerian 31-bus systems demonstrates that ISPEA is
an effective decision-support tool for locating critical buses that should be prioritized for voltage-support
interventions.

This method reframes weak-bus identification as an optimization problem rather than a single-index screening
exercise. Under reactive power stress, the most problematic bus is the one that combines poor voltage with a low
security margin and high exposure to operating constraints. A comparison with LVSI and VCPI confirmed that
ISPEA vyielded the lowest loading-capacity values across all evaluated buses, demonstrating superior
prioritization of genuinely vulnerable locations. Future studies should validate the rankings against alternative
contingencies, multiple loading patterns, and additional multi-objective optimizers.
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