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Abstract: Line outage contingencies in power distribution systems pose critical challenges, leading to
disruptions, reduced reliability, and potential cascading failures. These problems include increased
vulnerability, limited resilience, and the need for efficient mitigation strategies to enhance the overall
system reliability and quality. This study aims to investigate, analyze, and evaluate the renewable
distributed generator (RDG) allocation and sizing under N-1 line outage conditions in terms of
the reliability and quality for the IEEE 30-bus benchmark power system as a case study. Under
all possible N-1 line outage conditions, there were four critical N-1 line outage conditions, 19-20,
10-20, 27-29, and 27-30, which caused overloading on at least one line. The Severity Performance
Index (SPI) recorded the highest value of 0.715 during the line 10-20 outage, followed by 0.683, 0.606,
and 0.476 during the line F27-30 outage, line F19-20 outage, and line F27-29 outage, respectively.
This indicates that the line 10-20 outage is the most critical among the line outages followed by
the line 27-30 outage. During the line 10-20 outage, the crow search integrated with the particle
swarm optimizer recommends allocating renewable distributed generators (RDGs) at optimal or
feasible buses 14, 15, 17, 20, and 30, with suggested sizes of 26.8127 MW, 38.8986 MW, 27.9600 MW,
21.6300 MW, and 27.0184 MW, respectively. The obtained finding revealed that allocating five RDGs
at optimal busbars helped keep the line loading below maximum limits and improved the voltage
profiles during the N-1 line outages in the IEEE 30-bus benchmark power system. This approach
enhanced the power system reliability and quality across all four N-1 scenarios.

Keywords: renewable distributed generations; N-1 contingency; power system reliability; IEEE
30-bus power system; power quality; optimal power flow

1. Introduction

Traditional distribution systems (TDSs) face challenges especially under an N-1 line or
generator outage such as significant power losses, voltage instabilities, centralized genera-
tion resources, low efficiency, and unidirectional design. The utilization of naturally occur-
ring resources in power system generation has become increasingly indispensable, owing
to the advantages associated with integrating distributed generation. Notably, distributed
sources such as wind and solar play a significant role in the power system domain, charac-
terized by their natural abundance, minimal environmental impact, cost-effectiveness, and
eco-friendly nature. Nevertheless, this transition poses various challenges, encompassing
issues related to generation intermittency and the complexities of grid integration [1,2].
As a result, the incorporation of distributed generators (DGs) with optimal allocation and
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sizing into TDSs is unavoidable not only to overcome the inadequacies of TDSs but also to
improve the power systems’ techno-economic performance [3—-6]. The DGs’ incorporation
into the power distribution system may become ineffective without achieving an optimal
sizing and placement of the DGs that have become a critical issue during the power system
planning process. The determination of the best allocations and sizes of the DG units is a
highly complex nonlinear optimization problem. This is because the systematic rule for
this issue is still open and dependent on specific objectives and constraints that are not yet
satisfied considering both technical and/or economic assumptions [7,8]. The optimal sizing
and siting of DGs depends on the objective functions designed to achieve certain objectives
that are specified by designers and planners. All research studies can be divided into two
categories, namely, studies taking into consideration a single objective function and studies
taking into consideration multi-objective functions (MOFs) regardless of whether these
objective functions are technical or economical. Also, numerous algorithms/approaches
are implemented to address this OPF optimization problem. These optimization techniques
have been categorized into classical/analytical and soft computing approaches [9-13].

The literature on the optimal sizing and placement of DGs in IEEE standard power sys-
tems underscores its significance in enhancing network performance. Various studies have
delved into this subject, addressing various objectives such as minimizing power losses,
enhancing voltage stability, and improving the system’s overall reliability [6,14-16]. For in-
stance, a crow search combined with a particle swarm optimizer [15] and bacterial foraging
algorithm [17] have been employed to optimize DG sizes by considering both loss reduction
and cost aspects. The integration of a hybrid particle swarm optimizer has been explored
for the optimal sizing and placement of DGs, emphasizing the maximization of system
loadability [18]. Further expansions in the research objectives include considerations of the
investment costs and voltage improvements in evaluating DG placements and sizes [19].
A Fireworks Algorithm (FA) was proposed for distribution system reconfiguration along
with optimal DG placement and sizing, demonstrating its efficacy [20]. The application of
Multi-Objective Optimization (MOO) solved with the Big Branch Crunch (BBC) method
has considered voltage-dependent DGs for optimal placement and sizing [21]. Additionally,
studies involving GWO (Grey Wolf Optimization) have focused on incorporating multiple
DGs with an objective of minimizing annual real power losses [22]. These investigations
collectively contributed to the expanding body of knowledge aimed at addressing the
optimal sizing and allocation challenges in IEEE standard distribution systems, striving for
more efficient and reliable power networks.

In the realm of steady-state analysis, the computation of power flow along transmission
lines and the determination of voltage profiles for system busbars and transformers play
a crucial role. This analytical process is essential for the effective planning and design
of DG integration to the grid, as highlighted by Margaris et al. [23]. Also, the study
in [24] exposed deficiencies in the standard Active Power Loss Sensitivity Factor (APLSF)
technique for renewable energy-based distributed generation systems, attributing these
to overlooking reactive power loss and line reactance. It introduces the Dynamic Loss
Evaluation Indicator (DLEI) method, validated on IEEE 33 and 85 bus distribution systems,
illustrating enhancements in technical indicators like the voltage profile, stability, and
power quality over the APLSF-based approach [24]. Furthermore, the assessment of N-1
contingencies is imperative to guarantee the power systems’ reliability and security. Static
studies, integral to this analysis, encompass short-circuit calculations that aid in delineating
the potential capacity of DGs’ integration into the power network, as outlined by Hemdan
and Kurrat [25]. A dynamic analysis, conducted by Mentesidi et al. [26], focused on DGs
in an off-grid network using the Power System Simulator for Engineering. This research
aimed to verify the system stability by conducting comprehensive analyses, including
steady-state, short-circuit, contingency (N-1), and dynamic assessments, as articulated
by Mentesidi and Aguado [26]. Recent research applied a particle swarm optimization
(PSO) approach to address the optimal capacities of DGs for the Transmission Congestion
Problem (TCP) [27]. Additionally, the flower pollination algorithm has been applied to
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evaluate DG capacities for the TCP, converting multiple objectives into a single objective
using a weight strategy [28]. The research gaps identified in previous studies of the N-1
contingency for the power distribution systems include the following;:

(a) Optimal power flow under stochastic N-1 disruptions: there is a need for research
focusing on the optimal power flow in distribution networks under stochastic N-1
disruptions, considering the failure of a single component such as a distribution line
or a distributed generator [29].

(b) Contingency selection and spatial patterns: research is required to explore the spatial
patterns in power transmission networks that can improve contingency selection,
particularly in the context of the most critical or frequent N-K line outages [30].

(¢) Reliability studies on composite power systems: a systematic review of reliability
studies on composite power systems has identified the need for further research on N-1
contingency analysis in the planning phase and reliability studies on power systems
to ensure the reliability of the system under any single credible contingency [31].

These research gaps highlight the need for further investigation into the impact of N-1
contingencies on power systems, as well as the development of new methodologies and
technologies to improve the reliability and resilience of distribution networks. Addressing
these gaps will be crucial for the continued advancement of smart grid technologies and
the integration of renewable energy sources into the power system. Therefore, the optimal
sizing and siting of the DGs in IEEE standard power systems for both normal operating
conditions as well as N-I line outage contingency or faulty conditions has been addressed
and covered in this study. The main objectives and the major contributions of this study
can be summarized in the following:

= Explore the integration of renewable energy sources as a proactive measure to mitigate
the impact of N-1 contingencies, offering a sustainable approach to enhance system
robustness. These studies collectively contribute to the growing body of knowledge
aimed at addressing N-1 contingency challenges in IEEE standard power systems and
advancing the field toward more resilient and reliable power networks.

= Study, investigate, analyze, and evaluate all possible N-1 line outage conditions
with/without optimal DG allocation and sizing regarding the power system reliability
and quality. In the presence of various N-1 line outage scenarios, specifically under
the critical conditions of lines 19-20, 10-20, 27-29, and 27-30, overloading occurs on
at least one line.

= This study proposes an efficient and appropriate solution for all possible N-1 line
outage conditions using the optimal allocation and sizing of multiple DGs. For all
N-1 line outage conditions, the loading of all branches is within limits except four
N-1 line outage conditions that caused overloading on some transmission lines. The
sectionalization concept is applied in this study where the IEEE 30-bus system has been
sectionalized into three main sections to deal with the four N-1 line outage conditions
easily. The sectionalization concept benefits for the OPF include dealing with the
four N-1 line outage conditions easily, reduced computational complexity, decreased
computational time, and enhanced accuracy in optimizing power system operations.

= To address these critical scenarios, the OPF problem with and without RDGs is tackled
using the crow search integrated with the particle swarm optimizer (CSPSO) for each
section under the critical N-1 line outage contingency for the IEEE 30-bus benchmark
power system.

= In the scenario of the most critical N-1 line outage, specifically the line 10-20 outage,
the investigation discloses that strategically placing five renewable distributed gen-
erators (RDGs) at optimal busbars—namely, buses 14, 15, 17, 20, and 30—effectively
mitigates the line loading, ensuring it remains below the designated maximum limits.
Furthermore, this allocation strategy exhibits an enhancement in the voltage profile
across the IEEE 30-bus benchmark system under each of the three remaining N-1 line
outage scenarios. Consequently, this solution proves to be viable and effective for all
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four N-1 line outage conditions, contributing to an overall improvement in the power

system reliability and quality.

In this paper, we provide an overview of the IEEE 30-bus power system under N-1
fault scenarios/contingencies (Section 2). We then detail the methodology and logical
procedures for analyzing N-1 line outage contingencies with and without RDGs (Section 3).
Subsequently, we present the simulation results and discussions (Section 4), followed by
the conclusions and recommendations (Section 5).

2. Overview of the IEEE 30-Bus Power System during N-1 Fault Scenarios/Contingencies

The IEEE 30-bus power system is a widely studied benchmark in power system
research. Comprising 30 buses, this system serves as a representative model for testing and
evaluating various aspects of power distribution networks. It includes multiple branches
and nodes, allowing for the analysis of system behavior under different scenarios, such
as fault conditions and contingencies. Researchers often employ the IEEE 30-bus system
to investigate the impact of distributed generation, optimize system performance, and
enhance overall reliability. Its representation of real-world distribution challenges makes
it a valuable tool for developing and testing innovative solutions in the power systems
engineering field. The IEEE-30 bus power system data are a standard dataset commonly
used in power system studies and research. As illustrated in Figure 1, it represents a
simplified model of a power distribution network with 30 buses, including generators at
buses 1 (slack), 2, 5, 8, 11, and 13, shunt VAR compensators at buses 10, 12, 15, 17, 20, 21, 23,
24, and 29, a transformer with a tap changer in between bus 6 and 9, bus 6 and 10, bus 4
and 12, and bus 28 and 27, loads, and transmission lines. The dataset includes information
such as bus voltages with a limit [0.95-1.1] p.u, line impedances, generator characteristics,
and load profiles. Researchers use these data to analyze the power flow, voltage stability,
and various optimization techniques in electrical power systems. It serves as a benchmark
for testing algorithms and methodologies aimed at improving the efficiency and reliability
of power grids. The IEEE-30 bus power system data utilized in this study are available in
reference [15].

In this study, N-1 contingency scenarios were systematically addressed to the IEEE
30-bus power system, as illustrated in Figure 1. The sequential execution of line outages
(N-1 contingency) was conducted, revealing that, under most N-1 line outage conditions,
the loading of all branches remained within permissible limits. However, four specific
N-1 line outage conditions, F19-20, F10-20, F27-29, and F27-30, resulted in at least one
overloaded line, as depicted in Figure 1. Here, ‘Fx-y’ denotes the line outage between buses
x and y. The identification of overloaded lines during these N-1 contingency conditions
serves as an initial indicator of the severity of line outages and highlights potential reliability
issues within the power system.
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Figure 1. The IEEE 30-bus power network sectionalization regarding the four most critical N-1 line

outage conditions.

3. Methodology and Logical Procedures for N-1 Line Outage Contingencies with and
without RDGs

The procedures for implementing N-1 line outage contingencies with and without

RDGs are summarized as follows:

1.

2.

The outage of lines is executed one by one (N-1 contingency) except the lines intercon-
nected directly to the generators or loads or that have a transformer tap changer.
The overloaded lines due to the N-1 line outage provide an initial indication about
the severity of this line outage and unreliability of the power system.

For all N-1 line outage conditions, the loading of all branches was within limits except
the four N-1 line outage conditions. The four line outage conditions that have at least
one overloaded line are F19-20, F10-20, F27-29, and F27-30, as shown previously in
Figure 1.

Sectionalize the system into three sections based on the regions of the four most critical
N-1 lines. The sectionalized concept is used to deal with each section separately and
to search for a suitable solution to all N-1 line outage contingencies.

The description of the three sections is presented as follows:

" Section 1 has two critical line outages, which are 19-20 and 10-20, so the internal
ring shown in Figure 1 was selected for this section. This section includes nine
buses, which are 10, 12, 14, 15, 16, 17, 18, 19, and 20.

. Section 2 has two critical line outages, which are 27-29 and 27-30, so the last six
buses are selected for this section, as shown in Figure 1. This section includes
six buses, which are 25, 26, 27, 28, 29, and 30.
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L] Section 3 is the summation of both Section 1 and Section 2. Therefore, Section 3
includes 15 buses—9 buses of Section 1 and 6 buses of Section 2—which are
10,12, 14,15, 16, 17,18, 19, 20, 25, 26, 27, 28, 29, and 30. It has four critical line
outages, which are 19-20, 10-20, 27-29, and 27-30, as shown in Figure 1.

5. Assessing the severity of the most critical four N-1 line outage conditions involves
utilizing the Severity Performance Index (SPI). This index evaluates the power sys-
tem’s reliability through the Overloading Index (OLI) and assesses its quality using
the Voltage Deviation Index (VDI), formulated as follows [16]:

SPI = w;-OLI + wy,- VDI (1)
The OLI and VDI are expressed as follows [16,32,33]:

NBr SN

N=1

Nbus (. _ V'fef
VDI = —_—T (©)
= vy’ )

6.  (Post-N-1 line outage contingency):

] Analyze and address each section individually, focusing on the most critical
line outage. This entails resolving the Optimal Power Flow (OPF) under the
most critical line outage condition, with renewable distributed generators
(RDGs) strategically allocated at the designated buses within each section. The
OPF resolution under the N-1 line outage contingency is carried out using a
hybrid optimizer that integrates a particle swarm optimizer (PSO) with the
crow search algorithm (CSA). Figure 2 illustrates the pseudo code of the PSO
integrated with the CSA optimizer implemented for achieving the optimal
siting and sizing of RDGs under N-1 line outage conditions.

L] The PSO integrated with the CSA eliminates the unfeasible buses/solutions
and remains the feasible solution. Therefore, the optimal size and allocation
of RDGs using the PSO integrated with the CSA algorithm are attained. This
optimizer addressed the two sub-optimization issues (optimal RDG sizing
and siting) concurrently based on a technical and economical multi-objective
formula that includes the total costs (Cry), transmission line power losses
(Pross ), and voltage deviation (VD) as formulated in the following;:

Fopj = Min(wy-Crot + w2+ Pross + w3V D + Penalty) @)

The overall cost function (Cryt) encompasses expenses related to thermal generation
(C 1) and distributed generations (Cywpgs), expressed in the following [6]:

Crot = Cry + Cpgs )

Minimizing power losses (PLoss) is a primary objective in the OPF with distributed
generation. The power system’s losses can be formulated in the following [6]:

NBr

Ploss = Y 85| V7 + V} = 2Vi¥jcos(8; = 5 ©®)
ij=
i#]

In the IEEE 30 bus system, the dependent control variables typically include voltage
magnitudes and phase angles at each bus, active and reactive power injections at each bus,
and line flows. These variables are dependent because they are determined by the system’s
topology, operating conditions, and control settings. The independent control variables
may include generation setpoints (active and reactive power), voltage magnitudes at certain



Sustainability 2024, 16, 2380 7 of 21

reference buses, and control settings for devices such as transformers, tap changers, and
shunt capacitors. These variables are considered independent because they can be adjusted
or controlled by the system operator to achieve desired operating conditions or objectives.
The penalty for these dependent and independent control variables is expressed in the
following [6]:

Lim\ 2 NL Lim\ 2 NG y NTL
Penalty = Ap (P gy — Gllm) +AvY, (Vi - VLilm) +20) (Qqi— QGlim) +As Y (S — S’ )
i=1 i=1 =1
It is imperative to consider both equality and inequality constraints while analyzing
OPF optimization issues. The following formulas can be used to calculate the power flow
equations, which show the equality constraints [6]:

NB

Pgi — Ppi — Vlz V] [GijCOS((SZ‘]‘) + Bij sin(dij)] =0Vie NB 8)
=1
NB

Qci — Qpi — Vi) Vj [Gijsin(é;j) — Bjj cos(6;)] =0Vie NB )
=1

Nevertheless, the optimal power flow inequalities encompass the limits of power
system devices to enhance the system’s security. The OPF inequalities are formulated as
follows [6]:

(a) Generator operating limits:

Vgiin <V < ngl“, i=1,...,NG (10)
PGm<PGz§ngx, i=1,...,NG (11)
Qrg;n<QG1§ng?x1 i=1,...,NG (12)

(b) Transformer tap changers’ limits:
TSMm < TS; < TS, i=1,...,NT (13)
(c) VAR compensators’ limits:
Q’m”<QCZ<QC ,i=1,...,NC (14)
(d) Load buses’ limits:
VIt <V < VMY i =1,...,NL (15)
(e) Power line flow limits:
S < S, i=1,...,NTL (16)

7. Check the availability of this solution with the other N-1 line outage contingencies of
this section in terms of the TLL% and voltage profile.
8.  Find the suitable solution for all N-1 line outage contingencies.
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Collect IEEE 30-bus benchmark power system information.
Initialize Np, AP, fl, and twax (CS parameters).
Initialize N, Itrmax, @, c1, and c2 (PSO parameters).
Initialize the iteration numbers t = 0.
Generate the initial recommended solutions, X, randomly for all population Nr; each flock (Xi)
considers a viable solution where Xi€ [Low, Upper].
Solve OPF problem including RDGs using PSO for the IEEE 30-bus benchmark power system in case
of N-1 contingency.
Evaluate the objective formula of each solution Xi.
Set the initial memory for of the initial solutions.

for (t < tpay) Do
Generate random candidate solutions rand (1, Nr) and check its feasibility.
Update the position and memory of crow i as follows:

If (rand = AP)

x{™h = xf 41y ¢ flx (mf —x{)
else

xit+1

= arandom position
End If
Solve OPF problem including RDGs using PSO for the IEEE 30-bus benchmark power system in case
of N-1 contingency.
Check the feasibility of the solutions!
Evaluate the objective function of each solution Xi.
Update the memory based on the following:
t+1 _ {xitﬂ if fobj (1) > fopj(mi)

L .
mt Otherwise

m

End for if (t = t;4y)
Optimal solution is the best memorized value produced (optimal RDG sizing that leads to optimal

allocations automated of these RDGs under N-1 contingency).

Figure 2. Pseudo code of particle swarm integrated with the crow search optimizer for sizing and
allocation of RDGs.

4. Simulation Results and Discussions

The systematic assessment of N-1 line outages was addressed on the IEEE 30-bus
power system. For all N-1 line outage conditions, the loading of all branches remained
within acceptable limits for most conditions except in four critical N-1 line outage scenarios:
F19-20, F10-20, F27-29, and F27-30, as shown in Table 1. These lines were identified as
causing overloading on at least one line and ranked based on an SPI, Equation (1). Figure 3
illustrates the ranking of the four most critical N-1 line outage contingences based on
the SPI.

To address these critical scenarios, the IEEE 30-bus system was sectionalized into
three distinct sections. Section 1, comprising buses 10, 12, and 14-20 (internal ring shown
previously in Figure 1), focused on managing the N-1 line outages F19-20 and F10-20.
Section 2, encompassing buses 25-30, dealt with the N-1 line outages F27-29 and F27-30.
Section 3 was designed to handle all four critical N-1 line outages by combining the
buses from Sections 1 and 2, providing a comprehensive approach to addressing the
identified challenges.



Sustainability 2024, 16, 2380 9 of 21
Table 1. The four most critical N-1 line outage conditions.

N-1 Line Outage Line Overloaded Overloading % Fuel Costs Povi;fnl:\;))sses VDI OLI SPI
F19-20 L15-18 105.1 1220.6 12.2596 0.71104 0.5009 0.606
F10-20 L15-18 118.4 2830.6 13.1810 0.90271 0.5264 0.715
F27-29 L27-30 104.5 1225 13.9662 0.43164 0.5209 0.476
F27-30 L27-29 105.9 1291.2 13.4092 0.83697 0.5292 0.683

1 VDI B OLI @ SPI
0.9 %
0.8 %
= /
& 07 /// =
§ 06 ey ) e
?;,} 0.5 = =
S04 == ===
o3 = &
4 mm
g 02 = :E_
01 = -
0 Lol / o
F19-20 F10-20 F27-29 F27-30

N-1 line outage conditions

Figure 3. Ranking the four most critical N-1 line outage conditions based on SPL

The OPF problem, both in the absence and presence of RDGs, is systematically ad-
dressed using the hybrid CS and PSO approach for each section under critical N-1 line
outage scenarios within the IEEE 30-bus power system network. The process and simula-
tion were executed using MATLAB code V2016. The integration of the CS with the PSO
leverages the strengths of both algorithms—PSO’s proficiency in local search and CS’s
effectiveness in global search—mitigating the premature convergence issue associated with
PSO. This approach simultaneously tackles the dual challenges of the optimal sizing and
siting of multiple RDGs through techno-economic multi-objectives, encompassing total
costs, transmission power losses, and voltage deviation using the previous Equation (4).
The mitigation and assessment of the N-1 line outage impacts on the power system quality
and reliability are comprehensively discussed, analyzed, and evaluated with and without
RDGs, employing a sectionalized conceptual framework as follows:

Section 1:

Section 1 is characterized by two critical line outage scenarios, namely 19-20 and 10-20,
leading to the selection of the internal ring, as illustrated in Figure 1. This section comprises
nine buses 10, 12, and 14-20. The line 10-20 outage results in an 18.4% overload (see Table 1)
on the line between buses 15 and 18 (line no. 22) beyond its maximum limit, as depicted in
Figure 4. Conversely, the line 19-20 outage induces a 5.1% overload (see Table 1) on the
same line between buses 15 and 18 (line no. 22), as shown in Figure 5. The occurrence of
overloaded lines in response to line outages serves as an initial indicator of the severity of
the outage and underscores the power system’s unreliability. The transmission line loading
percent (TLL %) metric provides insights into the power system reliability. Simultaneously,
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the line outage contingency exerts adverse effects on the voltage profile, subsequently
impacting the power system quality, a matter to be further discussed.

140

uMVA limit m Line 10-20 outage ® Normal condition

120

| |mmmnhnm.mnmm ul

234567 891011121314151617181920212223242526272829303132333435363738394041
Line number

Line flow (MVA)

[
=3

Figure 4. The line flow under pre-contingency and post-contingency (line 10-20 outage) compared to
maximum limit.

140
®MVA limit ® Line 19-20 outage ® Normal condition

120

100

|L|mﬂMan.Lmtmm il

12345678 91011121314151617 181920212223 242526272829 3031 3233 3435363738 394041
Line number

Line flow (MVA)

)
S

Figure 5. The line flow under pre-contingency and post-contingency (line 19-20 outage) compared to
maximum limit.

The most critical line outage in this section is the line 10-20 outage based on the SPI,
as shown previously in Figure 3. Therefore, the OPF issue with RDGs assigned to each
of this section’s nine buses and with the line 10-20 outage has been addressed using the
hybrid CSPSO algorithm to attain the optimal sizing and allocation of RDGs. Initially, the
nine buses of this section are the potential candidate buses considered for allocating RDGs
within. The crow search optimizer is capable of neglecting unfeasible buses/solutions
and retains feasible buses/solutions that have a considerable size. The OPF solution with
and without RDGs under the line 10-20 outage contingency using the hybrid CSPSO
approach has been presented in Table 2. The hybrid CSPSO algorithm recommended
allocating RDGs at the optimal or feasible buses, 15, 16, 17, and 20, with an optimal sizing
of 22.9152, 26.0571, 23.3492, and 26.1528 MW, respectively, as shown in Table 2. Under
the line 10-20 outage, the penetration of these four RDGs at the optimal buses 15, 16, 17,
and 20, respectively, with an optimal sizing of 22.9152, 26.0571, 23.3492, and 26.1528 MW
effectively mitigated the line loading, particularly relieving the overloaded line between
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buses 15 and 18, which was operating at 18.4% above its maximum limit, to a level below
its maximum permissible threshold, as depicted in Figure 6. Also, it improved the voltage
profile for the IEEE 30-bus benchmark system to be within the limit, as shown in Figure 7.
While the line 10-20 outage solution effectively enhanced the voltage profile of the IEEE
30-bus benchmark system during the line 19-20 outage, as demonstrated in Figure 7, it
failed to address the overloaded condition of line 15-18, which remained at 5.1% above
its maximum limit during the line 19-20 outage, as depicted in Figure 6. Consequently,
while this solution proves efficient and adequate for the line 10-20 outage scenario, it is not
suitable for mitigating the issues arising from the line 19-20 outage.

Table 2. The OPF solution with and without RDGs under the line 10-20 outage contingency using

hybrid CSPSO.
o Section 1 Section 2 Section 3
(with 25"/%?:; Increase) ligjﬁguct(}?ggl;n Line 10-20 Outage Line 27-30 Outage Line 10-20 Outage
’ (with RDGs) (with RDGs) (with RDGs)
Pgent 192.887 164.4639 160.2759 111.4212
PGen2 52.669 46.3664 48.0828 32.9901
Pgens 22.337 19.4081 26.2451 18.9720
Peens 31.144 14.2356 20.8979 11.0540
PGenti 15.363 10.0027 23.7048 285177
Pcen1s 14.307 12.0041 18.1744 13.1408
Ppcis - - - 26.8127
Active power Ppgis -- 229152 - 38.8986
generators (MW) Ppgis - 26.0571 -- --
Ppcir - 23.3492 - 27.9600
Ppcao - 26.1528 - 21.6300
Ppeas - - 36.0341 -
Ppgag - - 14.3040 -
Ppgso - - 17.9288 27.0184
VGent 1.1 1.1 1.1 1.1
Veen 1.0649 1.0741 1.0571 1.0853
VGens 1.0306 1.0445 0.9840 1.0593
VGens 1.0340 1.0611 1.0464 1.0806
Veenit 1.1000 1.0873 0.9902 1.0909
Ge“erazgru‘;‘)“ages Voent3 1.1000 1.0678 1.0868 1.0891
Tre.9 0.9001 0.9150 0.9885 1.0097
Tre.10 1.0154 1.0950 1.0767 1.0811
Try1n 0.9725 0.9616 0.9683 1.0275
Transformer tap T1’28_27 0.9012 1.0360 1.0548 0.9697
setting (p.u) Qcio 5 0.4206 41373 3.4928
Qc12 0 4.5071 3.8678 4.1083
Qc1s 3.7330 4.7817 3.9390 2.2107
Qc17 1.2804 x 1076 2.0881 0.8419 0.4212
Qc2o 4.9943 2.2073 1.6367 0.9469
Shunt VAR Qe 4.9993 3.6629 2.0447 0.9079
compensators Qc23 0 0.3532 0.6403 1.2114
(MVAr) Qcos 44843 4.7381 2.3656 4.7759
Qc29 0.7067 4.9982 2.5607 0.8417
928.87 849.72 830.29 699.62
10.9317 6.8768 7.8224 6.147
Total cost ($/h) 1.51610 0.5763 1.0256 0.5217

Power losses (MW) 1445.26 1099.08 1187.95 923.83
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Figure 6. The line loading % for the IEEE 30-bus power system network with and without RDGs
under line 10-20 outage.

@ e Linc 10-20 outage without RDGs e [.nc 10-20 outage with RDGs

e e [inc 19-20 outage without RDGs
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29

Figure 7. The voltage profile for the IEEE 30-bus benchmark system network under line 10-20 outage
with and without four RDGs at the optimal buses 15, 16, 17, and 20.

Section 2:

Section 2 is characterized by two critical line outage scenarios, namely 27-29 and
27-30, prompting the selection of the last six buses, as illustrated previously in Figure 1.
This section encompasses six buses: 25, 26, 27, 28, 29, and 30. The line 27-29 outage results
in a 4.5% overload on the line between buses 27 and 30 (line no. 38) beyond its maximum
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limit, as depicted in Figure 8. Conversely, the line 27-30 outage induces a 5.9% overload
on the line between buses 27 and 29 (line no. 37), as shown in Figure 9. The presence of
overloaded lines in response to the line outage offers an initial indicator of the severity of
the outage and underscores the power system’s unreliability. Concurrently, the N-1 line
outage exerts adverse effects on the voltage profile, subsequently impacting the power
system quality, a matter to be further discussed.

140

®MVA limit ® Line 27-29 outage = Normal condition

120

100

| |||MIMMumumtm. al

1 2345678 91011121314151617 181920212223 242526272829 30313233 3435363738394041
Line number

Line flow (MVA)

Figure 8. The line flow under pre-contingency and post-contingency (line 27-29 outage; line no. 38)
compared to maximum limit.
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Figure 9. The line flow under pre-contingency and post-contingency (line 27-30 outage: line no. 37)
compared to maximum limit.

The line 27-30 outage is a more critical line outage in this section than the line 27-29
outage based on the SPI, as shown previously in Figure 3. Therefore, the OPF issue with
RDGs placed at all six buses of this section and with the line 27-30 outage has been
addressed using the hybrid CSPSO algorithm to attain the optimal sizing and allocation of
RDGs. Initially, the six buses of this section are the potential candidate buses considered
to allocate RDGs within. The crow search optimizer is capable of neglecting unfeasible
buses/solutions and retains feasible buses/solutions that have a considerable size. The
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OPF solution with and without RDGs under the line 27-30 outage contingency using the
hybrid CSPSO approach has been presented above in Table 2. The hybrid CSPSO approach
recommended allocating RDGs at the optimal or feasible buses 28, 29, and 30 with an
optimal sizing of 36.0341, 14.3040, and 17.9288 MW, respectively, as shown in Table 2.

Under the line 27-30 outage, the penetration of these three RDGs at the optimal buses
28, 29, and 30 alleviated the line loading especially the overloaded line 27-29 to be less
than its maximum limit, as demonstrated in Figure 10. The voltage profile for the IEEE
30-bus benchmark system remains within the range of 0.95 to 1.1 p.u. during the line 27-30
outage, as depicted in Figure 11. Conversely, during the line 27-29 outage, this solution
not only successfully mitigates the line loading, particularly alleviating the overloaded line
27-30 to below its maximum limit, as shown in Figure 10, but also enhances the voltage
profile of the IEEE 30-bus benchmark system network, as illustrated in Figure 11. Hence,
this solution proves to be effective and suitable for addressing both the line 27-30 and line
27-29 outages.

@» Line 27-30 outage without RDGs e [ ine 27-30 outage with RDGs

@ [ine 27-29 outage without RDGs Availability for line 27-29 outage

10--22

10--21

10--17 12--14

10--20 12--15

19-20 12--16
18-19 1415

15--18 16--17
Figure 10. The line loading % for the IEEE 30-bus power system network with and without RDGs
under line 27-30 outage.

Section 3:

Section 3 amalgamates both Section 1 and Section 2, encompassing a total of 15 buses—9
from Section 1 and 6 from Section 2—specifically buses 10, 12, 14, 15, 16, 17, 18, 19, 20, 25, 26,
27,28, 29, and 30. This section experiences the impact of four critical line outage scenarios:
19-20, 10-20, 27-29, and 27-30, as illustrated previously in Figure 1. The line outage F10-20
causes an 18.4% overload (Table 1) on line 15-18 (line no. 22), exceeding its maximum
VA limit (Figure 4). Similarly, the line 19-20 outage results in a 5.1% overload (Table 1)
on the same line, as depicted in (Figure 5). Additionally, the line 27-29 outage causes a
4.5% overload (Table 1) on line 27-30 (Figure 8), while the line 27-30 outage induces a 5.9%
overload (Table 1) on line 27-29 (Figure 9). These overloaded lines provide a preliminary
indication of the severity of the respective line outages and underscore the power system’s
unreliability. Furthermore, they contribute to a detrimental effect on the voltage profile,
influencing the power system quality, a matter to be further explored.
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@» o [ine 27-30 outage without RDGs e | ine 27-30 outage with RDGs

a» e Line 27-29 outage without RDGs emme Availability for line 27-29 outage

Figure 11. The voltage profile for the IEEE 30-bus benchmark system network under line 27-30
outage with and without three RDGs at the optimal buses 28, 29, and 30.

The most critical line outage in this section is the line 10-20 outage based on the
SPI, as shown above in Figure 3. Therefore, the OPF optimization problem with RDGs
incorporated at all nine buses of this section and with the line 10-20 outage has been
addressed using the crow search combined with the PSO algorithm to attain the optimal
sizing and allocation of RDGs. Initially, the nine buses of this section are considered as
recommended places/buses to allocate RDGs. The crow search optimizer can remove
unfeasible buses and leave the feasible places/buses automatically that have a considerable
value of sizing. The OPF solution with and without RDGs under the line 10-20 outage
contingency using the CS integrated with the PSO has been presented in Table 2. The CS
integrated with the PSO optimizer recommended allocating RDGs at the optimal or feasible
buses 14, 15, 17, 20, and 30 and an optimal sizing of 26.8127, 38.8986, 27.9600, 21.6300, and
27.0184 MW, respectively, as shown above in Table 2.

The penetration of these five RDGs at the optimal buses 14, 15, 17, 20, and 30 under the
line 10-20 outage reduces the line loading, particularly the overloaded line 15-18 to be less
than its maximum limit, as illustrated in Figure 12. Additionally, as seen in Figure 13, the
voltage profile of the IEEE 30-bus benchmark power system under the line 10-20 outage
is improved and has values within the range between 0.95 and 1.1 p.u. for all buses. On
the other hand, under the three other N-1 line outages, this solution not only reduced
the line loading especially the overloaded lines 15-18, 27-30, and 27-29 to be less than
its maximum limits, as shown in Figure 14, but also, it improved the voltage profile of
the IEEE 30-bus benchmark system during each of the three additional N-1 line outages,
as shown in Figure 15. Therefore, this solution enhances the power system quality and
reliability and is effective for all four N-1 line outages.
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Figure 12. The line loading % for the IEEE 30-bus benchmark system network with and without
RDGs under line 10-20 outage.
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Figure 13. The voltage profile for the IEEE 30-bus benchmark system network under line 10-20
outage with and without five RDGs at the optimal buses 14, 15, 17, 20, and 30.
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Figure 14. The line 10-20 outage solution availability for the other N-1 line outage contingencies (the
line loading %).
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Figure 15. Line 10-20 outage solution availability for the other three N-1 lines outage (the voltage profile).
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To ensure a fair comparison and validation, the simulation outcomes obtained us-
ing the hybrid CS-PSO method are juxtaposed with those attained by a hybrid phasor
PSO-gravitational search (PPSOGSA) [34] in addressing the OPF problem for the IEEE
30-bus benchmark system, under scenarios devoid of RDGs and no-load increase, with the
objective of total cost minimization, as delineated in Table 3. The data presented in the table
substantiate the superior performance of the CS-PSO when compared to the PPSOGSA.

Table 3. Comparisons of the OPF solution between CS-PSO and hybrid phasor PSO-gravitational
search (PPSOGSA) without RDGs and no-load increase.

Normal Condition
(No-Load Increase and without DG Units)

Techniques

PPSOGSA [34] CS-PSO
Parameters

PGent 177.1 177.2

PGenZ 48.6 48.9
Active power PGens 21.4 21.7
generators (MW) PGens 21.3 19.6
PGenti 12 12.8

PGen13 12 12.2

VGent 1.1 1.1
VGmZ 1.06 1.07

Generator voltages VGens 1.03 1.05
(pu) VGen8 1.04 1.06

VGeni1 1.08 1.00

VGen13 1.03 1.04

Tre.9 0.99 0.98

Transformer tap Tre.10 1.07 1.06

setting (p.u) Try 1) 0.9779 1.1
T728_27 0.9847 1.02

Qc-10 5 0

Qc12 5 4.88

Qc.15 438 2.03

Shunt VAR 8017 g }é(l)

C-20 .

compensators (MVAr) Ocry 5 0.361
Qco3 2.6 2.07

Qco4 5 2.22

Qc-29 24 4.99
Total cost ($/h) 800.6 800.4
Power losses (MW) 9.053 8.991

5. Conclusions and Recommendations

This study aims to study, investigate, analyze, and evaluate the N-1 line outage condi-
tions with the optimal sizing and siting of multiple DGs in system operating characteristics
such as the power quality and reliability. For all the N-1 line outage conditions, the loading
of all branches is within limits except four N-1 line outage conditions. The critical N-1
line outage conditions that cause overloading on at least one line are 19-20, 10-20, 27-29,
and 27-30. The sectionalization concept is applied in this study where the IEEE 30-bus
system has been sectionalized into three main sections to deal easily with the four N-1
line outage conditions. The SPI under the line 10-20 outage was 0.715 followed by 0.683,
0.606, and 0.476 under the line F27-30 outage, line F19-20 outage, and line F27-29 outage,
respectively. Therefore, the line 10-20 outage represents the most critical line outage that
occurred in the system. The OPF issue with and without RDGs has been addressed using
the CS incorporated with the PSO for each section under the critical N-1 line outage contin-
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gency for the standard IEEE 30-bus power network. Under the line 10-20 outage, the CS
integrated with the PSO suggests allocating RDGs at optimal or feasible buses 14, 15, 17, 20,
and 30, with recommended sizes of 26.8127 MW, 38.8986 MW, 27.9600 MW, 21.6300 MW,
and 27.0184 MW, respectively. The penetration of five RDGs at the optimal buses 14, 15, 17,
20, and 30 alleviated the line loading especially the overloaded line 15-18 to be less than
its maximum limit. Also, the voltage profile of the IEEE 30-bus benchmark system under
the line 10-20 outage is improved and has values within the range between 0.95 and 1.1
p-u. for all buses. Also, this solution proved its effectiveness, efficiency, and its possibility
to mitigate the negative besides with all possible N-1 line outage conditions for the IEEE
30-bus power network. On the other hand, under the three other N-1 line outages, this
solution not only alleviated the line loading, especially the overloaded lines 15-18, 27-30,
and 27-29 to be less than its maximum limits, but also, it improved the voltage profile of
the IEEE 30-bus benchmark system under each one of the three other N-1 line outages.
Therefore, this solution is efficient and appropriate for all the possible N-1 line outage
conditions regarding the power system reliability and quality. The optimal allocation and
sizing of the RDGs are still an open area that needs many developments with normal
operating and abnormal operating conditions (contingency/faulty conditions). The N-1
contingency conditions include N-1 line outage and N-1 generator outage. The N-1 line
outage contingency has a worse effect on the line loading and has been covered in this
study. Whereas the N-1 generator outage contingency has a worse effect on the voltage
profile. The N-1 generator outage contingencies represent a hot research area that has not
been covered in this study and will be covered in future work.
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