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The growing deployment of renewable energy has become increasingly
important as conventional fossil-based generation faces sustainability and
resource limitations. On Sulawesi Island, Indonesia, wind energy contributes
to the regional grid through several wind power plants, whose fluctuating
generation introduces operational concerns for system stability. This study

investigates the stability performance of the Sulbagsel 78-bus network by

pinpointing vulnerable buses and examining the effects of wind power

Keywords: variability. A hybrid stability index (HSI), which integrates multiple stability
Hybrid stability index indicators, is applied to obtain a more robust assessment. The an.alys1s shows
. . L that the entire system operates within a secure margin, with all index values
Identlﬁcatlon‘qf critical buses remaining below the critical limit (<1). The most sensitive areas are located
Network stability on the transmission paths connecting Bus 56 Sidera—Bus 57 Sidera 70 kV
Sulbagsel 78-bus system (0.02268), Bus 38 Bosowa—Bus 40 Pangkep (0.02220), and Bus 73 Powatu
Wind power plants 150 kV-Bus 74 Powatu 70 kV (0.02187). In contrast, the Bus 24 Tanjung
Bunga—Bus 25 Bontoala corridor demonstrates the strongest stability margin
(0.00026). These results indicate that the variability of wind generation does
not impose significant negative impacts on the overall stability of the
Sulbagsel power system.
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1. INTRODUCTION

Voltage-related instability represents one of the most serious vulnerabilities in power networks, as it
can trigger progressive voltage deterioration and ultimately lead to large-scale system failures. This concern is
particularly relevant for the electrical grid on Sulawesi Island, Indonesia, where the increasing use of wind-
based generation adds an additional layer of operational uncertainty. The output of wind turbines depends
directly on naturally changing wind conditions, resulting in generation that is highly variable and less
controllable than the steady supply typically offered by conventional fossil-fueled units. For this reason,
rigorous mechanisms for observing system behavior and detecting early signs of instability are vital to maintain
dependable operation of networks incorporating wind energy. As the global energy sector moves toward
reducing reliance on fossil resources, a wide range of renewable technologies and storage solutions is being
deployed. Within this transition, hybrid energy configurations have emerged as promising pathways for
achieving cleaner power production while strengthening grid robustness and overall system adaptability [1]-[4].

Kundur [5] defines voltage stability as the capability of an electric power system to sustain
acceptable voltage levels at all buses, both under steady-state conditions and in the aftermath of system
disturbances. A well-designed power system is expected to preserve its equilibrium and respond adaptively
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so that post-disturbance operating conditions remain within permissible limits [5]-[10]. Electricity has
become a fundamental requirement of modern society, and the continuous growth in demand results in
persistent changes in system operating patterns. At the same time, the penetration of renewable energy
resources into traditionally fossil-based networks continues to increase. While this transition supports
sustainability objectives, the integration of variable renewable generation introduces additional complexities
in system operation and stability management [11]-[14].

Numerous analytical approaches have been proposed to evaluate voltage stability and to quantify the
proximity of an operating point to instability through various voltage stability indices [15]-[17]. For practical
application in planning and operational environments, such indices must be computationally efficient and
straightforward to implement. These indicators enable system planners and operators to locate buses that
exhibit weak voltage support in an interconnected network. In principle, voltage stability assessment in
power systems serves four key purposes: i) detecting potential voltage depressions, ii) identifying the
emergence of voltage instability, iii) determining vulnerable or weak buses within the network, and
iv) pinpointing areas where instability is likely to develop.

This research utilizes operational data from the 78-bus Southern Sulawesi (Sulbagsel) power
network to examine the system’s voltage stability characteristics. The assessment is conducted using the
hybrid stability index (HSI), an integrated indicator that combines the line stability index (Lmn) and the fast
voltage stability index (FVSI) to provide a more refined and reliable evaluation of system conditions. The
principal contribution of this work is the identification of vulnerable or stability-critical buses within the
Sulbagsel network, along with an examination of how the variability of wind power generation influences
overall system behavior when wind power plants are incorporated into the existing grid infrastructure. The
results offer a detailed perspective on network susceptibility and elucidate the extent to which renewable
generation intermittency affects power system performance.

The IEEE 30-bus test system, as documented in Hadi Saadat’s “Power system analysis” [6], was
employed as a benchmark dataset to validate the proposed approach. Simulations carried out on this test
system were used to assess the precision and robustness of the HSI in detecting buses with critical stability
margins. To extend the evaluation to a practical network, additional analyses were performed on the
Sulbagsel 78-bus system, which incorporates a wind power plant within its operational configuration. This
real-system case study allowed for a detailed examination of voltage stability. Figure 1 shows the single-line
diagram of the IEEE 30-bus test system.

Figure 1. Single-line diagram of the IEEE 30-bus test system
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The IEEE 30-bus system originates from the transmission network model developed by the
American Electric Power Service Corporation, which has since become one of the most widely used
benchmark systems in power system research. This dataset is routinely employed in the electrical engineering
community as a standardized reference for evaluating analytical methods, validating simulation tools, and
comparing the performance of various computational algorithms used to solve complex power system
problems [6]. The model is composed of six generator buses, twenty-four load buses, and forty-one
transmission lines or branches that interconnect the buses, forming a representative medium-scale network
suitable for both academic studies and practical testing environments. Among the generator buses, Bus 1
functions as the slack or reference bus, providing the necessary balance between real and reactive power
within the system. The configuration of the IEEE 30-bus system is traditionally illustrated through a one-line
diagram, which presents the arrangement of generators, loads, transformers, and transmission lines in a
simplified schematic form to facilitate power flow and stability analysis. The dataset utilized in this study
corresponds to the Sulbagsel 78-bus power system as recorded in December 2023. Table 1 summarizes the
key characteristics and operational parameters of the network.

Table 1. Summary of Sulbagsel 78-bus system data

Bus number  Bus code Bus name Bus number  Bus code Bus name
1 1 Sengkang 40 0 Pangkep
2 0 Sidrap 41 0 Pangkep 70 kV
3 0 Soppeng 42 0 Barru
4 0 Enrekang 43 2 GI Balusu
5 2 Makale 44 0 Pare-pare
6 2 Palopo 45 2 PLTD Suppa
7 0 Siwa 46 2 Pinrang
8 2 PLTB Sidrap 47 0 Polmas
9 0 Bone 48 0 Majene
10 2 Sinjai 49 2 Bakaru
11 0 Bulukumba 50 0 Mamuju
12 0 Bantaeng Switch 51 0 Mamuju Baru
13 0 Bantaeng Smelter 52 2 PLTU Mamuju
14 0 Bantaeng New 53 0 Topoyo
15 0 Jeneponto 54 0 Pasang Kayu
16 2 PLTB Tolo 55 0 Silae
17 2 PLTU Jeneponto EXP 56 0 Sidera
18 2 PLTU Jeneponto 57 0 Sidera 70 kV
19 2 Punagaya 58 0 Poso
20 0 Tallasa 59 0 Pamona 150 kV
21 0 Sungguminasa 60 2 Tallise
22 0 Bolangi 61 0 Parigi
23 0 Maros 62 2 Pamona 275 kV
24 0 Tanjung Bunga 63 2 Slwna
25 0 Bontoala 64 0 Latupa 275 kV
26 0 Tallo Lama 65 0 Latupa 150 kV
27 0 Tallo Lama 70 kV 66 0 Wotu 275 kV
28 0 Bontoala 70 kV 67 0 Wotu 150 kV
29 2 Tello 68 0 Malili
30 0 Panakukang 69 0 Lasusua
31 0 Tello 30 kV 70 0 Kolaka
32 0 Barawaja 71 0 UNNHA
33 0 Tello 70 kV 72 0 Kendari
34 2 Borongloe 73 0 Pwatu 150 kV
35 0 Daya 74 0 Pwatu 70 kV
36 0 Mandai 75 2 NTNSA
37 0 Tonasa 76 2 PLTU Maramo
38 0 Kima 77 0 Andolo
39 0 Bosowa 78 0 Kasipute

Table 1 provides an overview of the Sulawesi Island power network, which comprises 78 buses,
including 21 generator buses and 57 load buses. This arrangement represents the overall layout of the
regional grid, incorporating multiple generation points and load centers distributed across the system. The
Sulbagsel 78-bus network also contains 92 transmission lines that interconnect the buses. Additional
information regarding the configuration of this network is presented in Table 2.
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Table 2. Line data of the Sulbagsel 78-bus system

From bus To bus From bus To bus

1 Sengkang 2 Sidrap 35 Daya 36 Mandai

1 Sengkang 3 Soppeng 36 Mandai 41  Pangkep 70 kV
1 Sengkang 7 Siwa 37 Tonasa 41  Pangkep 70 kV
2 Sidrap 3 Soppeng 38 Kima 40 Pangkep

2 Sidrap 4 Enrekang 39 Bosowa 40 Pangkep

2 Sidrap 5 Makale 40 Pangkep 41  Pangkep 70 kV
2 Sidrap 8 PLTB Sidrap 40 Pangkep 42 Barru

2 Sidrap 44 Pare-pare 40 Pangkep 43 GI Balusu

3 Soppeng 9 Bone 42 Barru 43 GI Balusu

4 Enrekang 5 Makale 43 GI Balusu 44 Pare-pare

5 Makale 6 Palopo 44 Pare-pare 45 PLTD Suppa
6 Palopo 65 Latupa 275 kV 44 Pare-pare 46 Pinrang

8 PLTB Sidrap 23 Maros 44 Pare-pare 47 Polmas

9 Bone 10 Sinjai 46 Pinrang 49 Bakaru

9 Bone 11 Bulukumba 47 Polmas 48 Majene

10 Sinjai 11 Bulukumba 47 Polmas 49 Bakaru

11 Bulukumba 12 Bantaeng Switch 48 Majene 50 Mamuju

11 Bulukumba 15 Jeneponto 50 Mamuju 51 Mamuju Baru
12 Bantaeng Switch 13 Bantaeng Smelter 51 Mamuju Baru 52 PLTU Mamuju
14 Bantaeng New 15 Jeneponto 51 Mamuju Baru 53 Topoyo

15 Jeneponto 16 PLTB Tolo 53 Topoyo 54 Pasang Kayu
15 Jeneponto 19 Punagaya 54 Pasang Kayu 55 Silae

17 PLTU Jeneponto EXP 19 Punagaya 55 Silae 56 Sidera

18 PLTU Jeneponto 19 Punagaya 56 Sidera 57 Sidera 70 kV
19 Punagaya 20 Tallasa 56 Sidera 58 Poso

19 Punagaya 24 Tanjung Bunga 57 Sidera 70 kV 60 Tallise
20 Tallasa 21 Sungguminasa 58 Poso 59  Pamona 150 kV
21 Sungguminasa 22 Bolangi 59 Pamona 150kV 62 Pamona 275 kV
21 Sungguminasa 23 Maros 60 Tallise 61 Parigi
21 Sungguminasa 24 Tanjung Bunga 62 Pamona275kV 63 Slwna
21 Sungguminasa 29 Tello 62 Pamona275kV 64  Latupa275kV
22 Bolangi 23 Maros 62 Pamona275kV 66 Wotu 275 kV
24 Tanjung Bunga 25 Bontoala 64 Latupa275kV 65 Latupa 150 kV
25 Bontoala 26 Tallo Lama 64 Latupa275kV 66 Wotu 275 kV
26 Tallo Lama 27 TalloLama70kV 66 Wotu 275 kV 67 Wotu 150 kV
26 Tallo Lama 29 Tello 67 Wotu 150 kV 68 Malili
27 Tallo Lama 70 kV 28 Bontoala 70 kV 68 Malili 69 Lasusua
29 Tello 30 Panakukang 69 Lasusua 70 Kolaka
29 Tello 31 Tello 30 kV 70 Kolaka 71 Unaha
29 Tello 33 Tello 70 kV 71 Unaha 72 Kendari
29 Tello 38 Kima 72 Kendari 73 Pwatu 150 kV
29 Tello 39 Bosowa 72 Kendari 76  PLTU Maramo
31 Tello 30 kV 32 Barawaja 73 Pwatu 150kV 74 Pwatu 70 kV
33 Tello 70 kV 34 Borongloe 74 Pwatu 70 kV 75 NTNSA
33 Tello 70 kV 35 Daya 72 Kendari 77 Andolo
33 Tello 70 kV 36 Mandai 77 Andolo 78 Kasipute

2. METHOD

The HSI is a composite analytical approach that integrates the Lmn with the FVSI. In this research,
the HSI is employed to detect stability-critical buses and to evaluate the influence of output intermittency
from wind power plants on the voltage stability of the electrical network. To examine the effectiveness of the
proposed method, a series of simulations is conducted on the IEEE 30-bus test system following the steps
outlined below:

Stage 1: The IEEE 30-bus system is solved using the Newton—Raphson power flow method to establish the
baseline operating conditions.

Stage 2: The Lmn index is computed in conjunction with the Newton—Raphson results to identify buses
exhibiting low stability margins.

Stage 3: The FVSI index is applied, also supported by the Newton—Raphson solution, to determine critical
buses for comparative evaluation.

Stage 4: The HSI, formed by combining Lmn and FVSI within the Newton—Raphson framework, is utilized
to validate the performance of the hybrid approach and to refine the identification of weak buses.

Stage 5: The verified HSI method is then implemented on the Sulbagsel 78-bus system as a real-network case
study, enabling assessment of its scalability and accuracy in a larger, more complex grid
environment.
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2.1. Line stability index

The line stability index (Lmn) is formulated from the analytical characteristics of transmission-line
power flow using a simplified single-line equivalent model. The index serves as an indicator of the voltage-
stability margin for a transmission line that electrically links two buses in a power network [18]-[21]. In its
formulation, the multi bus system is reduced into a single transmission line representation to enable easier
derivation of the stability relationship between sending-end and receiving-end electrical quantities. This
simplified model conceptually illustrated in Figure 2 is used to evaluate how close a line operates to its
voltage collapse point.

Vs£8, V28,
1 | |2
. 112 .
Ss = B +j0Qs S, = B +j0O,

Figure 2. Single-line equivalent illustrating a transmission path

In this model, V, P;, and Q, refer to the voltage, active power, and reactive power at the sending side
of the line, typically associated with the generator bus. Similarly, V., P., and Q, correspond to the voltage,
active power, and reactive power measured at the receiving side, which represents the load bus. The phase
angle at the generator is denoted by §;, while §, indicates the phase angle at the load side. The term I;,
represents the current flowing from the sending end to the receiving end, and 6 is the impedance angle of the
transmission line. The mathematical formulation governing these quantities is presented as (1).

_ 4XQr
Lmn = V5|2 sin? (6 &) =1 M

The Lmn is directly influenced by reactive power and indirectly by active power through the voltage
phase angle in the power system. This index is employed to assess the stability condition of a transmission
line within the network. A line is considered to approach an unstable state when the Lmn value nears 1,
indicating a potential disturbance or imbalance in power flow. Conversely, when the Lmn value remains
below 1, the system is regarded as stable, signifying that the power flow is still within permissible limits for
secure power system operation [20].

2.2. Fast voltage stability index

The fast voltage stability index (FVSI) is derived from the relationship between bus voltages and
reactive power in the system. In its formulation, the sending-end bus is set as the reference with a zero-phase
angle to simplify the analysis. FVSI is used to evaluate the voltage stability margin of a transmission line
and is obtained from the general current expression between the sending bus ‘s’ and the receiving bus ‘r’
[22]-[25]. This index helps determine the potential for voltage instability under different loading and
operating conditions. The formulation of the FVSI is presented as (2).

2
FVSI = % <1 (2)

S

Where Z denotes the line impedance, X represents the line reactance, Q, corresponds to the reactive power at
the receiving bus, and Vj denotes the sending-end voltage magnitude. A transmission line is classified as
critical when its FVSI value approaches unity, as this condition signifies a high susceptibility to voltage
instability and the potential initiation of a system-wide collapse. The computation of FVSI therefore plays an
important role in pinpointing the weakest bus within the network and in quantifying the remaining voltage
stability margin under varying operating conditions.

2.3. Hybrid stability index

The hybrid stability index (HSI) is developed by integrating the Lmn [25], and the FVSI [26], to
improve the precision and robustness of voltage stability assessment in power networks. By combining the
fundamental parameters embedded within both indices, the HSI offers a broader and more reliable
representation of system operating margins under varying load and generation conditions. All variables used in
the formulation of the HSI are expressed in per-unit (p.u.) to ensure computational consistency and facilitate
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comparative analysis across different components of the electrical system [27]-[29]. The simplified single-line
configuration used in deriving and applying the HSI is illustrated in Figure 3.

Vs £ 65 Ve 26,
Z=R+jX
1
Buss Busr S, = B+ jO,

Figure 3. Two-bus system configuration shown in a single-line format

The mathematical formulation of the HSI is derived by combining the Lmn with the FVSI, enabling
a more precise evaluation of voltage stability within the power network. This composite index integrates key
operational variables to detect emerging instability conditions across the system. The complete mathematical
representation of the HSI is provided below.

_ 4Qr [UzD* X B
HST = V|2 [ X g sinZ(g_(g(o' 1 )] <1 (3)
o = {1 6 < éb¢
0 6 =6c

Note: ¢ functions as a modifier factor. Where ¢ represents a transition parameter whose value varies according
to the magnitude of the phase-angle difference .

The research workflow outlining the sequential stages and methodological procedures employed in
this study is shown in Figure 4. This diagram provides a structured overview of the research activities,
starting from data acquisition, continuing through the analytical processes using the selected stability indices,
and concluding with the interpretation of the resulting findings.

‘ Start '

A 4
Input of Generation System Data
(bus data and line data system)
Line Flow Analysis
(Newton Raphson)

v

Critical Bus Identification
(Hybrid Stability Index)

Is Stability Indices < 1?

/ Output /

End

Figure 4. Research methodology flowchart
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3. RESULTS AND DISCUSSION

The identification of critical buses and the evaluation of power-generation intermittency from wind
power plants in this study were carried out through a two-stage analysis. In the first stage, the IEEE 30-bus
benchmark system was employed to verify the robustness and accuracy of the stability assessment methods
applied. In the second stage, the 78-bus Southern Sulawesi (Sulbagsel) power network integrated with the
Sidrap and Jeneponto wind power plants was examined as a practical case study. This phase focuses on
determining the system’s weak buses and assessing the influence of wind power variability on overall system
stability and operational performance.

3.1. IEEE 30-bus system stability

The stability analysis of the IEEE 30-bus test system was conducted to verify the reliability,
consistency, and computational accuracy of the HSI in detecting critical buses within the network. This
evaluation functions as a fundamental validation stage to confirm that the proposed index can reliably
represent system stability across different loading scenarios and operational variations. In addition, Table 3
and the graphical outputs in Figure 5 provide a detailed quantitative characterization of the voltage stability
profile of the IEEE 30-bus system based on HSI results. These findings offer a comprehensive representation
of system behavior and support a more rigorous assessment of the relative criticality of each bus in the
network.

Table 3. HSI results for the IEEE 30-bus system

Line number From Bus  To Bus HSI Line number From Bus  To Bus HIS
1 1 2 0.00015 22 15 18 0.00064
2 1 3 0.00048 23 18 19 0.00038
3 2 4 0.00047 24 19 20 0.00020
4 3 4 0.00010 25 10 20 0.00058
5 2 5 0.00054 26 10 17 0.00022
6 2 6 0.00049 27 10 21 0.00021
7 4 6 0.00011 28 10 22 0.00043
8 5 7 0.00033 29 21 22 0.00007
9 6 7 0.00022 30 15 23 0.00059
10 6 8 0.00011 31 22 24 0.00060
11 6 9 0.00051 32 23 24 0.00080
12 6 10 0.00138 33 24 25 0.00106
13 9 11 0.00048 34 25 26 0.00134
14 9 10 0.00025 35 25 27 0.00065
15 4 12 0.00064 36 28 27 0.00098
16 12 13 0.00032 37 27 29 0.00128
17 12 14 0.00071 38 27 30 0.00185
18 12 15 0.00037 39 29 30 0.00145
19 12 16 0.00055 40 8 28 0.00054
20 14 15 0.00103 41 6 28 0.00016
21 16 17 0.00053 Average 0.00058
2 %1078 . . HyPrid Sta‘bility If\dex (I-!SI) .
18 1
16 1
14 B
a
% 12 B
oo _
g
g 0.8
0.6 - 1
0.4 1
0.2 4
0 . . . . . . . .
0 5 10 15 20 25 30 35 40 45

Line Number

Figure 5. Graph of the IEEE-30 bus system stability index based on the HSI index method
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Overall, the stability evaluation of the IEEE 30-bus network using the HSI confirms that the system
operates within a secure and stable region. The lowest HSI value, approximately 0.00007, occurs on Line 29
connecting Bus 21 and Bus 22, indicating the strongest stability margin in the system. In contrast, the highest
HSI value 0.00185 is recorded on the line linking Bus 29 to Bus 30, identifying this segment as the most
vulnerable within the network. The computed average HSI value of 0.00058 further supports the conclusion
that the system remains well below any critical threshold. To provide a clearer interpretation, the distribution
of HSI values for all transmission lines is depicted in Figure 5.

3.2. Stability of the Sulbagsel 78-bus system

The stability evaluation of the Sulawesi 78-bus electric power network was conducted using the HSI
to identify critical buses within the Southern Sulawesi (Sulbagsel) transmission system, which has been
integrated with wind power plants [30], [31]. This assessment provides insight into the most vulnerable
locations in the network and offers a more comprehensive characterization of the system’s operational
behavior under diverse loading and generation scenarios. In addition, the study examines the impact of wind
power generation intermittency on overall system stability, recognizing the variability inherent to wind
resources and its influence on voltage magnitudes, reactive power demand, and real power transfer
capability. The results of the critical bus identification, together with the observed effects of wind power
plants output fluctuations on system performance, are presented in Table 4.

Table 4. Critical bus identification in the Sulbagsel 78-bus transmission system using the HSI method

Frombus Tobus Without PLTB PLTB PLTB Frombus Tobus Without PLTB PLTB PLTB
11:00 AM  8:00 PM 11:00 AM  8:00 PM

1 2 0.00318 0.00318 0.00318 35 36 0.00381 0.00381 0.00381
1 3 0.00239 0.00239 0.00239 36 41 0.01823 0.01823 0.01823
1 7 0.00476 0.00476 0.00476 37 41 0.00270 0.00270 0.00270
2 3 0.00409 0.00409 0.00409 38 40 0.00284 0.00284 0.00284
2 4 0.00366 0.00366 0.00366 39 40 0.00162 0.00162 0.00162
2 5 0.00742 0.00742 0.00742 40 41 0.01586 0.01586 0.01586
2 8 0.00064 0.00064 0.00064 40 42 0.00375 0.00375 0.00375
2 44 0.00145 0.00145 0.00145 40 43 0.00350 0.00350 0.00350
3 9 0.00322 0.00322 0.00322 42 43 0.00213 0.00213 0.00213
4 5 0.00373 0.00373 0.00373 43 44 0.00345 0.00345 0.00345
5 6 0.00246 0.00246 0.00246 44 45 0.00058 0.00058 0.00058
6 65 0.00568 0.00568 0.00568 44 46 0.00203 0.00203 0.00203
8 23 0.00584 0.00584 0.00584 44 47 0.00726 0.00726 0.00726
9 10 0.00590 0.00591 0.00590 46 49 0.00467 0.00467 0.00467
9 11 0.01084 0.01085 0.01084 47 48 0.00381 0.00381 0.00381
10 11 0.00500 0.00500 0.00500 47 49 0.00381 0.00381 0.00381
11 12 0.00059 0.00059 0.00059 48 50 0.01104 0.01105 0.01104
11 15 0.00360 0.00359 0.00360 50 51 0.00450 0.00450 0.00450
12 13 0.00197 0.00197 0.00197 51 52 0.00509 0.00509 0.00509
14 15 0.00186 0.00186 0.00186 51 53 0.00696 0.00696 0.00696
15 16 0.00257 0.00257 0.00257 53 54 0.00706 0.00706 0.00706
15 19 0.00238 0.00239 0.00238 54 55 0.00749 0.00749 0.00749
17 19 0.00218 0.00218 0.00218 55 56 0.00250 0.00250 0.00250
18 19 0.00215 0.00215 0.00215 56 57 0.02268 0.02268 0.02268
19 20 0.00131 0.00131 0.00131 56 58 0.00744 0.00744 0.00744
19 24 0.00109 0.00109 0.00109 57 60 0.00701 0.00701 0.00701
20 21 0.00118 0.00118 0.00118 58 59 0.00715 0.00715 0.00715
21 22 0.00052 0.00052 0.00052 59 62 0.00564 0.00564 0.00564
21 23 0.00245 0.00245 0.00245 60 61 0.00749 0.00749 0.00749
21 24 0.00087 0.00087 0.00087 62 63 0.00272 0.00272 0.00272
21 29 0.00056 0.00056 0.00056 62 64 0.00321 0.00321 0.00321
22 23 0.00192 0.00192 0.00192 62 66 0.00174 0.00174 0.00174
24 25 0.00026 0.00026 0.00026 64 65 0.00548 0.00548 0.00548
25 26 0.00193 0.00193 0.00193 64 66 0.00158 0.00158 0.00158
26 27 0.01680 0.01680 0.01680 66 67 0.00558 0.00558 0.00558
26 29 0.00045 0.00045 0.00045 67 68 0.00306 0.00306 0.00306
27 28 0.00306 0.00306 0.00306 68 69 0.00503 0.00503 0.00503
29 30 0.00029 0.00029 0.00029 69 70 0.00488 0.00488 0.00488
29 31 0.02220 0.02220 0.02220 70 71 0.00422 0.00422 0.00422
29 33 0.01681 0.01681 0.01681 71 72 0.00293 0.00293 0.00293
29 38 0.00062 0.00062 0.00062 72 73 0.00080 0.00080 0.00080
29 39 0.00261 0.00261 0.00261 72 76 0.00506 0.00506 0.00506
31 32 0.01339 0.01339 0.01339 73 74 0.02187 0.02187 0.02187
33 34 0.00928 0.00928 0.00928 74 75 0.00479 0.00479 0.00479
33 35 0.00280 0.00280 0.00280 72 77 0.01228 0.01228 0.01228
33 36 0.00576 0.00576 0.00576 77 78 0.01237 0.01237 0.01237
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The results presented in Table 4 summarize the identification of critical buses and the evaluation of
voltage stability performance in the 78-bus Southern Sulawesi (Sulbagsel) power system under wind power
generation intermittency. The analysis reveals that the most critical condition in the network occurs on the
transmission segment connecting Bus 56 Sidera to Bus 57 Sidera 70 kV, which records the highest HSI value
of 0.02268. The second highest criticality is observed on the line between Bus 38 Bosowa and Bus 40
Pangkep, with an HSI value of 0.02220, followed by the line between Bus 73 Powatu 150 kV and Bus 74
Powatu 70 kV, which yields an index of 0.02187. Conversely, the line exhibiting the strongest stability
margin is the segment linking Bus 24 Tanjung Bunga and Bus 25 Bontoala, which presents the lowest HSI
value of 0.00026. Overall, the Sulbagsel 78-bus network operates within a secure stability range, as all
computed HSI values remain significantly below the critical threshold (HSI < 1). These findings demonstrate
that, despite the inherent variability of wind power generation, the interconnected system maintains adequate
voltage support and is capable of sustaining reliable power flow conditions.

To evaluate the influence of wind power plant generation intermittency on the stability of the
Sulbagsel 78-bus power system, three simulation scenarios were conducted: i) a baseline scenario without
wind power plant integration, ii) a scenario incorporating wind power plant generation data during the
daytime peak-load period at 11:00 AM, and iii) a scenario utilizing wind power plant generation data during
the nighttime peak-load period at 08:00 PM. The critical-bus identification results presented in the preceding
table indicate that variations in wind power plant output do not exert a significant impact on the stability of
the Sulbagsel 78-bus system. This suggests that the system remains robust under the observed levels of wind
power plant intermittency.

This study provides a detailed assessment of the stability profile of each bus within the integrated
power system, ranging from those exhibiting high vulnerability to instability to those classified as stable or
non-critical. The results reinforce the contribution of this research, particularly in the systematic
identification of critical or weak buses in the Sulbagsel 78-bus network and in the evaluation of the effects of
wind power plant intermittency on the performance of the existing conventional grid.

4. CONCLUSION

Conclusions drawn from the critical-bus assessment and the evaluation of wind-generation
intermittency using the HSI are summarized as follows: i) Analysis of the 78-bus Sulbagsel transmission
network confirms that the system operates within a secure stability region. All computed HSI values remain
significantly below the critical limit (<1); ii) The multi scenario simulations comprising conditions without
wind power plant integration, with daytime wind generation, and with nighttime wind generation
demonstrate that fluctuations in wind power plant output do not introduce a material degradation in system
stability; iii) The bus-by-bus evaluation validates that the Sulbagsel 78-bus configuration exhibits acceptable
stability margins across the entire network.
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