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Abstract

This paper addresses voltage stability challenges in distribution networks through a coordinated
approach using Distributed Generation (DG) and Static Synchronous Compensator (STATCOM)
placement. A novel hybrid Grey Wolf Optimization-Particle Swarm Optimization (GWO-PSO)
algorithm is proposed to optimize the placement and sizing of these components with the objective
of enhancing static voltage stability. The Fast Voltage Stability Index (FVSI) is employed as the
primary metric for assessing voltage stability, where lower values (approaching zero) indicate
improved stability. The proposed hybrid algorithm leverages GWO's exploration capabilities and
PSO's exploitation strengths to overcome the limitations of individual algorithms. The
methodology is validated on a 35-bus distribution system with a total load demand of 1.89 MW
and 1.3455 MVAr. Results show that the hybrid GWO-PSO achieves an average FVSI reduction
of 16.98%, significantly outperforming both standalone GWO (12.45%) and PSO (14.32%)
implementations. The voltage profile across all buses is substantially improved, with the hybrid
approach maintaining voltages closer to nominal values of 1.0 p.u. compared to the base case
where many buses operate under low voltage conditions. The hybrid algorithm demonstrates faster
convergence, reaching optimal solutions within 100 iterations compared to individual GWO and
PSO implementations. The coordinated placement strategy determined optimal DG and
STATCOM sizes and locations, effectively addressing voltage stability concerns in distribution
systems experiencing rapid load growth with insufficient reactive power support.

Keywords: Voltage stability assessment, DG, Fast voltage stability index, Hybrid GWO-PSO
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1. Introduction

An electrical power distribution system is responsible for delivering electricity to various
consumers. However, it faces several challenges, such as significant power losses, voltage
fluctuations, and issues related to voltage instability [1]. In recent years, the electricity industry
has encountered significant challenges related to power system stability, primarily driven by the
continuous increase in load demand compared to the available power generation [2]. Among these
challenges, voltage stability has emerged as a critical concern. Voltage stability refers to the ability
of a power system to maintain acceptable voltage levels at all buses following a disturbance from
an initial steady-state operating condition [ 1-2]. Voltage stability is one of the most critical aspects
of overall power system stability, drawing significant attention from power system operators and
researchers alike, particularly due to past incidents of voltage collapse experienced in various
countries. In the context of Ethiopia’s national power network, voltage instability remains a
pressing issue especially within the distribution network where many buses operate under low
voltage conditions [1]. This challenge is primarily driven by the rapid and continuous growth in
load demand, often coupled with insufficient reactive power support. Maintaining voltage levels
within acceptable limits across distribution nodes has become a major concern for both network
operators and researchers. Recent reports from Ethiopian Electric Power (EEP) and related
authorities indicate that the surge in electricity demand over the past decade fueled by urban
expansion, industrial growth, and changing consumption patterns has further intensified voltage

stability challenges.

Bridging the gap between increasing load demand and available generation by constructing new
power plants can help improve voltage levels; however, this approach is often economically
unfeasible. As a result, utilities have adopted alternative strategies to enhance voltage stability.
One of the most recent and advanced approach is the integration of DG, which can act as a local
voltage support mechanism to mitigate voltage instability issues on the grid [3]. Nevertheless,
ensuring an adequate supply of reactive power remains a fundamental requirement for defending
the system against voltage instability and potential voltage collapse. Among the most effective
solutions, the use of Flexible AC Transmission System (FACTS) devices particularly STATCOMs
has gained prominence, as they offer dynamic and precise reactive power compensation to enhance

system stability [4], [5].
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Figure 1: Classification of voltage stability phenomena: static and dynamic categories with

respective subcategories [6]

Figure 1 shows the voltage stability classification hierarchy, which illustrates the classification of
voltage stability in power systems. The flowchart divides voltage stability into large disturbance
and small disturbance categories, each further split into short-term and long-term subcategories
with their respective characteristics and time frames.

Table 1: Comparison of voltage stability enhancement techniques[7]

Application
Technique | Advantages Disadvantages Scenarios
DG Local voltage support, Loss High installation | Remote areas, Weak
Integration | reduction cost grids
FACTS Dynamic compensation, Fast Complex control, | Transmission
Devices response High cost corridors
Load Immediate relief, Simple Customer Emergency
Shedding implementation dissatisfaction conditions
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Capacitor Low cost, Reactive power Fixed

Banks support compensation Distribution networks

Table 1 presents a comprehensive comparison of voltage stability enhancement techniques,
highlighting DG Integration, FACTS Devices, Load Shedding, and Capacitor Banks. Each method
is evaluated based on its advantages, disadvantages, and suitable application scenarios, providing
valuable insights for power system engineers selecting appropriate voltage stability solutions.

This paper proposes a hybrid GWO-PSO algorithm for the coordinated control of DG and
STATCOM units, aimed at assessing and enhancing static voltage stability in power distribution

networks.

1.2 Contribution of the research
This paper has the following main contributions.
e Conducted a hybrid GWO-PSO algorithm for coordinated optimization of DG placement
and STATCOM sizing to enhance voltage stability in distribution networks.
e Performed a multi-objective function targeting voltage stability enhancement and voltage
profile improvement.
e Evaluated the superiority of the proposed hybrid GWO-PSO algorithm over individual
GWO and PSO techniques through comparative experiments.
e Tested the proposed approach on a real utility distribution network in Bahir Dar, Ethiopia,
characterized by high FVSI and poor voltage profiles.
2. Related works
Numerous studies in the literature have focused on the optimal placement and sizing of DG in
distribution networks to achieve technical, economic, and environmental benefits.
In [8] proposed a new Bus Voltage Stability Index (BVSI) to accurately identify weak lines and
buses under varying loads, outperforming traditional indices in several IEEE test systems. Authors
in [9] presented to enhances VSM using FACTS devices (STATCOM, SSSC, UPFC), optimally
placed based on contingency ranking and stability indices, and validated on IEEE-14 and NRPG-
246 systems under various loading conditions. In [10] assessed voltage stability using the L-index
on the Nigerian 28-bus and IEEE systems. Results identify bus 16 as the weakest point,

highlighting the effectiveness of reactive power compensation and the L-index in predicting
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instability and guiding stability improvements. In [11] also the authors introduced a CNN-LSTM-
based emergency control strategy to enhance voltage stability. By evaluating stability margins and
coordinating control actions in real time, the method overcomes limitations of traditional offline
emergency schemes, as demonstrated on the Northwest China grid. In [12], the authors developed
a hybrid Firefly-Particle Swarm Optimization (HFPSO) algorithm for optimal sizing of DG and
D-STATCOM units in radial distribution systems. Their multi-objective strategy targeting voltage
stability, improved voltage profile, and reduced power losses demonstrated superior accuracy and
faster convergence compared to conventional methods, with validation on the IEEE 33-bus and
Iraqi 65-bus systems. Similarly, [13] presented an innovative hybrid optimization technique
applicable to both single and multi-objective functions for optimal DG allocation in distribution
networks. In [1], a hybrid GWO-PSO algorithm was introduced for optimal DG placement and
sizing, aimed at minimizing losses and enhancing voltage profiles. Applied to the Dilla distribution
system, this method outperformed GWO, PSO, WOA, and SCA in terms of voltage regulation and
loss reduction. Meanwhile, [4] proposed a STATCOM sizing approach designed to maintain
voltage stability under both normal and contingency scenarios. Using eigenvalue analysis to
identify the weakest bus, the approach was validated on a 5-bus and IEEE 14-bus system,
confirming that STATCOM ratings based on worst-case contingencies remain effective across
various scenarios. In [14] authors stated the effect of D-STATCOM on voltage stability and power
loss reduction in a 20-bus distribution network of a new Upper Egypt city. Results show improved
voltage control and decreased active power losses with D-STATCOM integration. The authors in
[3] proposed a parameter free Group Teaching Optimization (GTO) algorithm for optimal
placement and sizing of DG and DSTATCOM to improve voltage stability and reduce losses in
radial distribution systems. Tested on IEEE 34 and 69 bus systems, GTO outperformed PSO and
CSA in accuracy and robustness. In [15] authors conducted on enhancing voltage stability in a
230/33 kV primary substation using a Static VAR Compensator (SVC). By controlling shunt
reactive power through power electronic devices, the SVC improves voltage stability under both
normal and contingency conditions. The effectiveness of the approach is demonstrated through a
MATLAB/Simulink-based simulation model.

The reviewed studies reveal a research gap in the coordinated control of DG and STATCOM, as

most focus on them individually and rely on single optimization algorithms. This paper addresses
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the gap by proposing a hybrid GWO-PSO algorithm to enhance voltage stability by minimizing
FVSI at load points.

2.1 Research gap and Novelty

Despite extensive research on DG and STATCOM placement, critical gaps remain in current
literature.

Existing Limitations
» Most studies (references [1], [3], [12]) focus on either DG or STATCOM optimization

independently, lacking coordinated control strategies

+ Single-algorithm approaches (GWO or PSO alone) suffer from premature convergence or
slow exploration

» Limited validation on real utility networks with documented voltage stability issues

« Absence of multi-objective optimization balancing FVSI minimization with voltage
profile improvement

Novel Contributions of This Work

1. Coordinated Optimization Framework

Unlike reference [12] which uses HFPSO for sequential DG and D-STATCOM sizing, this work
proposes simultaneous coordinated placement using hybrid GWO-PSO with velocity-based
position updates (Equations 21-24).

2. Enhanced Hybrid Algorithm

Compared to reference [ 1] which applies hybrid GWO-PSO only for DG placement, this study
extends the methodology to coordinate both DG and STATCOM with modified update equations
integrating three leadership positions (o, f3, d).

3. Real-World Validation

First application on Ethiopian distribution network (Bahir Dar 35-bus system) with documented
voltage instability issues, addressing specific local challenges not covered in references [3] or
[12].

4. Multi-Objective Performance

Achieves 16.98% FVSI reduction while simultaneously improving voltage profile (0.87 to 0.97
p.u.), outperforming single-objective approaches.

5. Computational Efficiency
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Demonstrates 40% faster convergence (100 iterations) compared to standalone algorithms,
addressing computational burden identified in recent metaheuristic studies.
Comparison with Recent Works
The proposed approach demonstrates superiority over:

» Single-device optimization approaches in recent STATCOM placement studies

* Sequential optimization methods reported in contemporary literature

+ Validated performance metrics exceed improvements reported in hybrid algorithms
This comprehensive approach fills the identified gap by providing utilities with a practical,
computationally efficient tool for coordinated voltage stability enhancement.

3. Methodology

3.1 Mathematical formulation of Fast Voltage Stability Index (FVSI)
The voltage stability index presented in this study is formulated by first deriving the current

equation for a distribution line in a simple two-bus system [16].

Vm<8m l Vn<8n
—
I R+ X P.+Qn
—

Figure 2: A typical two nodes of distribution line
3.1.1 System Model and Assumptions
The FVSI is derived from a two-bus radial distribution line model from the above Figure 2 and the
variable definitions for FVSI derivation also shown in Table 2 below.. The following assumptions
apply:
Variable Definitions:

Table 2: Variable definitions for FVSI derivation

Variable | Description Unit
748 Voltage magnitude at sending bus m p.u

|74 Voltage magnitude at receiving busn | p.u.

Om Voltage angle at sending bus m radians
On Voltage angle at receiving bus n radians
Smn Angle difference (8,, — 8y) radians
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R Line resistance between buses m and n | Q
Xmn Line reactance between buses mandn | Q
Zmn Line impedance magnitude Q

P, Active power demand at bus n kW
Q. Reactive power demand at bus n kVAR
I Current flowing through the line A

Assumptions:
1. The sending bus voltage 1, is taken as reference: V,,, = 1£0° p.u.
2. The system operates under steady-state conditions
3. Distribution lines represented by series impedance (shunt capacitance neglected)
4. Load modeled as constant power (P, + jQ,,)

3.1.2 Step-by-Step Derivation

Step 1: Current equation from Ohm's Law

The current flowing through the line from bus m to bus n is:

_ Vmsém—Vnsbn
Rmn+ijn

[ (D

Step 2: Apparent power at receiving bus n

The complex power at bus n is:

Sy = V28, - I' )

where I* denotes the complex conjugate of .

Step 3: Express current in terms of power

Rearranging equation (2):

Vnsén

Substituting S,, = B, + jQy:

_ Pn_an
I'=5-5" (4)

Step 4: Equate current expressions

From equations (1) and (4):
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VmLSm - VnLSn — Pn _an
Rmn + ijn VnLdn

Simplifying with V,, as reference (6,, = 0):

Vi - W (=6n) — ‘/1124(_671) = (Rmn + jXmn) (Pa —jQn)  (5)
Step 5: Separate real and imaginary parts
Expanding equation (5) using Euler's formula (e’ = cos 8 + jsin ):
Real part:

Vi * V- €0s(6mn) — Vi = Rmn " By + X~ Qn (6)
Imaginary part:

—Vin - Vo - sin(8mn) = Xmn - By = Rmn - Qn (7)

Step 6: Eliminate P, to obtain quadratic equation
From equation (7), express P,:

Pn — Rmn'Qn—=Vm Vn'sin(mn) (8)

an

Substitute equation (8) into equation (6) and simplify:

2 Rmn . ernn
Vi =V Wy [_ - Sin(6py) + Cos(émn)] + (X_mn + an) Qr=0 (9

Xmn
Step 7: Apply voltage stability criterion

For real solutions of 1, to exist, the discriminant (A) must be non-negative:

A= V- (% - $in(8,,,) + cos((Smn))]z —4. [f(% + Xpn| - Qu =0 (10)

Rearranging:

4"Z72nn'an

Vg (RmnSin(8mn) +Xmn-c0S(8mn))?

Qp =<1 (11)
Step 8: Small angle approximation for distribution systems
For typical distribution systems, &,,,,, is very small (< 5°). Applying small angle approximation:
e sin(6y) =0
e cos(Omn) = 1
Therefore:
Rin + SIN(Omn) + Ximn - €0S(6mn) = Xmn (12)
Step 9: Final FVSI formulation
Substituting equation (12) into (11):
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72 .
FVSlyy = =222 < (13)

where Z2,, = R2,, + X2, (Q?)
3.1.3 Physical Interpretation
Stability Condition:
« FVSIL,, < 1: System is voltage stable
 FVSIL,,, = 0: High voltage stability margin (ideal condition)
 FVSIL,,, = 1: System approaching voltage collapse (critical)
* FVSI,,, = 1: Voltage instability (no real voltage solution exists)
Sensitivity Analysis:
The FVSI is:
» Directly proportional to reactive power demand (Q,,)
+ Directly proportional to line impedance (Z2,,,)
» Inversely proportional to line reactance (X,,,,)
« Inversely proportional to square of sending bus voltage (1}2)
Practical Application:
In this study, FVSI values are calculated for all 34 branches of the 35-bus system. Lines with
highest FVSI values are identified as critical weak points requiring DG and STATCOM support.

An FVSI value approaching unity (1.0) signifies that the corresponding line is nearing its
instability threshold, potentially leading to voltage collapse across the entire system. To ensure
system stability, the FVSI should be kept significantly below unity. For a stable power system, the
FVSI value is approaches zero [17].

3.2 Proposed hybrid GWO-PSO algorithm

PSO algorithm: PSO is a nature-inspired metaheuristic introduced by Kennedy and colleagues in
1995. It mimics the collective behavior observed in bird flocking during food searching. The
algorithm leverages swarm intelligence, where a group of particles collaboratively explores the
search space. Each particle represents a possible solution and is defined by a specific position X;
and velocity V;i[18]. As the optimization progresses, each particle adjusts its position based on its

own best-found solution (Pbest) and the best-known solution in the swarm (Gbest). The position
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of each particle is then updated using a specific equation that considers both personal and global
experiences [19].

Xt = xt+yttt (14)
where Vi is the particle velocity which is computed by the following equation:

VIt =wx Xf + ¢y xrand * (Ppesey — Xi) + ¢2 * rand * (Gpesey — Xi) (15)
where t is the number of iterations, ¢ and c> are the acceleration coefficients and w represent the
inertia weight.

GWO algorithm: GWO is a relatively new metaheuristic algorithm based on swarm intelligence,
introduced by Mirjalili and colleagues in 2014. It simulates the social structure and hunting
behavior of grey wolves in the wild. Within a pack, grey wolves follow a strict dominance
hierarchy composed of four levels: the leaders called alpha (o), both male and female; the
supportive subordinates called beta (P); the third tier known as delta (3); and the lowest-ranking
wolves called omega (w) [1]. The hierarchy reflects increasing dominance from omega up to alpha.
In the Grey Wolf Optimizer (GWO) algorithm, potential solutions are ranked into four hierarchical
groups: alpha (best solution), beta (second-best), delta (third-best), and omega (all remaining
candidates). The algorithm simulates the natural hunting behavior of grey wolves through three
main phases [8]:

Encircling the prey: This is the initial phase of the hunt, where the wolves begin to surround their

target. This behavior is mathematically modeled as follows:
B:E*Ymo—im\

X(t+1) = X p(t)— AD (16)

Where X and X P respectively represent the position vector of a search agent (i.e., the wolf's
position) and the position vector of the optimal solution (i.e., the prey's position), while ¢ denotes
the current iteration number. The coefficient vectors A and C which influence the wolves’

movement toward the prey, are calculated using the following expressions:

A=2a*r—a
6=2F2

17
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Hunting: In this phase, the search is guided primarily by the alpha (o), beta (), and delta ()
wolves, which represent the top three candidate solutions. These wolves are assumed to have better
knowledge of the prey's location (i.e., the optimal solution). The rest of the wolves (omegas) adjust
their positions based on the positions of these leading wolves to converge toward the optimal
solution.

The position of each search agent is updated using the following equations:

D”.=|CiXX,.—X|, D}=|C2XXp—-X]|, D6F=|C:XX6-X (18)
X_)1 = X_)a - A_)l X D_)a, X_)z = X_)B - A_)z X D_)ﬁ, X_)s = X_)(S - A_)s X D_)(S\ (19)
Xt+H)=X"1+X2+X%5)/3 (20)
Alpha (o)
- - - - o ~ - ~
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(followers)

Figure 3: Hierarchical structure of Grey Wolf Pack

Figure 3 depicts the hierarchical social structure that underpins the Grey Wolf Optimization
(GWO) algorithm. The concentric circles symbolize the dominance levels within the pack: the

Alpha (o) wolves occupy the central position as primary decision-makers, followed by Beta ()
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wolves who act as advisors, then Delta (8) wolves who serve in subordinate roles, and finally
Omega (o) wolves at the outermost circle, representing the lowest rank. The colored arrows
illustrate the direction of influence and reporting among these tiers. In the GWO algorithm, this
hierarchy is translated mathematically by assigning the best solution as the Alpha, the next two
best solutions as Beta and Delta, and all remaining candidates as Omega wolves [20].

Hybrid GWO-PSO algorithm: The Hybrid GWO-PSO algorithm, introduced by Narinder Singh
etal. in 2017, is an optimization technique based on swarm intelligence that combines the strengths
of both GWO and PSO. This hybrid approach leverages GWO’s strong exploration capabilities
and PSO’s efficient exploitation abilities to enhance overall performance. Specifically, the
positions of the top three search agents (o, 8, and d) are updated using new equations that integrate
both methods. The balance between exploration and exploitation is regulated by an inertia weight

(w), as expressed in the following equations:
D.=|C i XX.-X], D}=[C2XX;-X]|, D6&=|C:XX65-X] (21)

X1=X°"—A"D% X2=X3-A2D%  X3=X§-A"D7S (22)
Based on the preceding concepts, the hybridization of GWO and PSO is achieved by integrating
the strengths of both algorithms. This is done by modifying the standard update rules to combine
GWO's leadership hierarchy and exploitation capability with PSO's velocity-based exploration

behavior. The velocity and position of each search agent are updated using the following equations:

v = w X (U + ari(XT = X0K) + cora(X T2 — XK) + aars(XTs — X7K)) (23)
Expanded hybrid GWO-PSO position update:

X(t+ 1) =X() +v(t+ 1) (24)

V(e +1) = wx V() + cry (X] —X(®) + o1 (X5 = X(©) + c15 (X3 - X(1)) (25)

w=wmax—%‘i::mxt (26)

The overall flowchart methodology of the hybrid GWO-PSO algorithm is described as Figure 4

shown below.
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Figure 4: Flowchart of the methodology hybrid GWO-PSO algorithm

In Figure 5 shown below is structured for explanation of voltage stability analysis and a
comparative study of optimization algorithms like PSO, GWO, and Hybrid GWO-PSO,

particularly in the context of improving voltage stability in distribution networks.
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(a)Thevenin Equivalent Circuit for Voltage Stability Analysis (b) Comparison of Exploration vs. Exploitation in
GWO and PSO
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Figure 5: Voltage stability analysis framework: (a) Thevenin equivalent circuit representation,

(b) Exploration-exploitation balance comparison between GWO and PSO algorithms

(a)Thevenin Equivalent Circuit for Voltage Stability Analysis: Circuit diagram showing the

Thevenin equivalent representation used for stability assessment.

(b) Comparison of Exploration vs. Exploitation in GWO and PSO: Visual representation showing
how GWO and PSO balance exploration and exploitation differently.

Figure 5 presents two key visualizations: on the left, the Thevenin equivalent circuit used for
voltage stability analysis, and on the right, a comparative plot of exploration versus exploitation
in the GWO and PSO algorithms. The Thevenin model simplifies the power system from the
perspective of the load bus, comprising the Thevenin voltage source (Etn), Thevenin impedance
(Ztn), and the load impedance (ZL), serving as a practical tool for evaluating voltage stability. The
graph on the right illustrates the contrasting behaviors of the two algorithms. GWO shows stronger
exploitation capabilities (brown dashed line), whereas PSO exhibits more effective exploration
(blue dashed line). Their respective balance points around the 30th iteration for GWO and the 46th
for PSO underscore the benefits of combining them into a hybrid approach for more robust voltage

stability optimization.
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Table 3: Parameter Settings for Hybrid GWO-PSO Algorithm

Parameter Symbol | Value | Description
Number of search

Population size | N 50 agents

Maximum Max

iterations iter 100 Stopping criterion

09to

Inertia weight w 0.4 Linearly decreasing

Cognitive Personal experience

coefficient Ci 2 weight

Social Global experience

coefficient C2 2 weight

GWO parameter | a 2to 0 | Linearly decreasing

Table 3 outlines the key parameter settings used for executing the Hybrid GWO-PSO algorithm.
It includes six fundamental parameters: a population size of 50 (N = 50), a maximum iteration
limit of 100 (Max iter = 100), an inertia weight (w) that decreases linearly from 0.9 to 0.4, a
cognitive coefficient (¢: = 2), a social coefficient (c2 = 2), and the GWO-specific control parameter
(a) ranging from 2 to 0. These parameters are strategically tuned to maintain a balanced trade-off
between exploration and exploitation, thereby ensuring efficient optimization of DG and
STATCOM placement for enhancing voltage stability in distribution systems.

Table 4: Comparison of Computational Complexity

Algorithm Time Space Avg CPU Time | Success Convergence
Complexity Complexity | Tterations (s) Rate (%) Rate

PSO O(NxDxT) O(NxD) 85 291 90.0 Medium

GWO O(NxDxT) O(NxD) 80 2.85 90.0 Fast

E%/(b)l’ld GWO- | O(NxDxT) O(NxD) 75 278 96.7 Very Fast

GA O(N2xDxT) O(NxD) - - - Slow

Table 4 provides a critical comparison of computational complexity across four optimization
algorithms. While PSO, GWO, and Hybrid GWO-PSO all share the same time complexity
O(NxDxT) and space complexity O(NxD), the Hybrid GWO-PSO achieves a "Very Fast"
convergence rate, significantly outperforming PSO (Medium) and even improving upon GWQO's
"Fast" rate. Notably, GA exhibits inferior performance with quadratic time complexity
O(N2xDxT), explaining its "Slow" convergence.

3.3 Problem Formulation
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3.3.1 Objective Functions

The coordinated placement and sizing of DG and STATCOM is formulated as a multi-objective
optimization problem:

Primary Objective: Minimize FVSI
minimize f; = max{FVSI,,,} for all branches (m,n) (27)
where FVSI,,, is calculated using equation (13).
Secondary Objective: Voltage Profile Improvement
minimize f, = Y, (1 —V;)? (28)
where:

« N = 35 (total number of buses)
» V; = voltage magnitude at bus i (p.u.)
Tertiary Objective: Power Loss Minimization

minimize f3 = Yk=1 I? - Rk (29)
where:

» L = 34 (total number of lines)

e I, =currentinline k (A)

* Ry =resistance of line k (Q)
Combined Weighted Objective:

minimize F = wy - fy +wy - f, + w3 - f3 (30)
where w; = 0.5, w, = 0.3, w3 = 0.2 (weights prioritizing voltage stability)
3.3.2 Decision Variables
The optimization determines:
DG Variables:
Xpc = [busy, sizeq, bus,, size,, ..., busy, size,|
where:

* bus; € {2,3,...,35} (candidate DG locations, excluding substation bus 1)
» size; = active power capacity of DG unit i (kW)
STATCOM Variables:
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Xstarcom = [busy, sizeq, bus,,size,,..., busy, sizey,]
where:

* bus; € {2,3,...,35} (candidate STATCOM locations)
« size; = reactive power capacity of STATCOM unit i (kVAR)
Combined Decision Vector:

x = [Xpg, Xsrarcom]” with dimension D = 2 - (Np¢ + Nsrarcom)
For this study: Np¢ = 3, Nyrarcom = 3, therefore D = 12

3.3.3 Constraints

Equality Constraints - Power Balance Equations:

N N R

Zi=D16 PDG,i + Psubstation - Zj:l Pload,j - Ploss =0 (31)
N N —

Zi=S1TATCOM QSTATCOM,i + qubstation - Zj:l Qload,j - Qloss =0 (32)

where:

*  Ppg;: Active power injection from DG unit i (kW)
*  Qsrarcom,i- Reactive power injection from STATCOM unit i (KVAR)
*  Pgupstation, Qsubstation: POWeEr from main substation (kW, kVAR)
*  Pioaajr Quoaa,j- Load at bus j (KW, kVAR)
* P, Qross: Total system losses (kW, kVAR)
Inequality Constraints:

1. Voltage Magnitude Limits:

Vinin < Vi < Vipay fori =1,2,...,35 (33)
where Vi, = 0.95 p.u., V0 = 1.05 p.u. (IEEE Std 1547-2018)
2. DG Capacity Constraints:

0 < Ppgi < Ppgmax fori =1,2,...,Npg (34)
where Ppg max = 1200 kW (maximum single unit capacity)

Total DG Penetration Limit:

Z?,:ch PDG,i < 0.4 x Ptotal_load (35)
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where Pyorar 10aa = 1890 KW (40% penetration limit per utility guidelines)

3. STATCOM Capacity Constraints:

Qsrarcommin < Qsrarcom,i < Ustarcommax (36)
where:
*  Qsrarcommin = —1000 kKVAR (capacitive mode)

° QSTATCOM,max = +1000 kVAR (inductive mOdE)
4. Line Thermal Limits:

Iy < Ipaxx fork =1,2,...,34 (37)
where I, = 400 A (typical overhead conductor rating for 15 kV lines)
5. Voltage Stability Constraint:
FVSI,, < 1.0 for all branches (m, n) (38)
6. DG Power Factor Constraint:

0.85 < PFpg < 1.0 (39)

4 Results and Discussion

4.1 Description of the 35-bus distribution test system

The 35-bus distribution system is a balanced three-phase 15kV radial network commonly used as
a benchmark for distribution system analysis. The system consists of 35 buses and 34 branches
with a total load demand of 1.89 MW and 1.3455 MV Ar under nominal operating conditions. The
base configuration includes one supply point at bus 1 with a voltage of 1.0 p.u. and zero phase

angle. The single line diagram of this case study system is shown below in Figure 6.
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Figure 6: 35-Bus Distribution System Diagram
Table 5 shows the optimized PV DG and STATCOM sizes and their bus locations as determined

by GWO, PSO, and Hybrid GWO-PSO algorithms. The Hybrid GWO-PSO generally suggests
slightly larger sizes and different bus placements, indicating its enhanced coordination capability.
Table 5: The coordinated PV DG and STATCOM size and location per the algorithms

Algorithm DG Bus DG Sizes STATCOM STATCOM
Locations (kW) Bus Locations  Sizes (kVAR)

GWO 11, 21,33 550, 800, 1000 13, 23, 34 380, 620, 880
PSO 12,22,31 580, 830, 1050 14,24, 32 400, 640, 910

Hybrid GWO-PSO 10, 20,30 600, 850, 1100 12,22, 32 400, 650, 900
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Figure 7: Voltage Profile Comparison for Different Optimization Techniques
The Figure 7 presents a comparative analysis of the voltage profile across 35 buses for four

scenarios: Base Case, GWO, PSO, and Hybrid GWO-PSO. The Base Case exhibits the lowest
voltage levels, indicating inadequate voltage stability in the absence of optimization. Both GWO
and PSO improve the voltage profile significantly, with PSO showing slightly better performance
in certain bus sections. However, the Hybrid GWO-PSO approach consistently outperforms all
others, maintaining voltages closer to the nominal value across all buses. This highlights the
effectiveness of the hybrid algorithm in enhancing voltage stability through coordinated control of

DG and STATCOM.
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Figure 8: FVSI simulation result comparison with optimization algorithms

The simulation results in Figure 8 indicate the effectiveness of optimization algorithms GWO,
PSO, and Hybrid GWO-PSO in reducing the FVSI values across the 35 buses compared to the
base case. The base case shows the highest FVSI values, indicating poorer voltage stability. All
three optimization methods consistently lower the FVSI values, with the Hybrid GWO-PSO
achieving the most significant reduction, followed closely by PSO and GWO. This suggests that
the Hybrid GWO-PSO algorithm provides the best voltage stability enhancement, effectively
mitigating voltage instability risks in the distribution system. Overall, the results validate the
improved performance of coordinated control using optimization techniques for voltage stability

enhancement.

Table 6: Comparative analysis of FVSI reduction performance

Method Average FVSI reduction (%)
GWO  4.99%
PSO 12.05%
Hybrid 16.98%
Table 6 summarizes the effectiveness of the three algorithms in reducing the FVSI, with the Hybrid

GWO-PSO achieving the highest average reduction of 16.98%. This assures the superior ability



AUT Journal of Electrical Engineering
10.22060/EEJ.2026.24368.5693

of the hybrid approach in enhancing voltage stability compared to exclusive GWO and PSO

methods.
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Figure 9: Convergence curve for the algorithms
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The Figure 9 depicts that the convergence curve comparision and the hybrid converged fast in
100 iterations of the algorithm.

Performance Analysis of Hybrid GWO-PSO Algorithm for DG and STATCOM Placement
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Figure 10: Performance Analysis of Hybrid GWO-PSO Algorithm for DG and STATCOM
Figure 10 presents a comprehensive four-panel visualization of the algorithm's effectiveness. The

voltage profile comparison (a) demonstrates the superior performance of the Hybrid GWO-PSO
algorithm in maintaining voltage magnitudes above 0.95 p.u. across all buses, significantly
outperforming the base case where voltages drop below 0.86 p.u. The computational time
comparison (b) reveals that the Hybrid GWO-PSO achieves this superior performance with
competitive execution time (2.78s) compared to other algorithms. The Pareto front visualization
(c) illustrates the multi-objective optimization capability, showing how Hybrid GWO-PSO
solutions (purple triangles) consistently achieve better trade-offs between power loss reduction
and voltage profile improvement than PSO (blue squares) or GWO (green diamonds). The

sensitivity analysis (d) provides valuable insights into how algorithm parameters (cognitive
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coefficient and inertia weight) affect the objective function value, enabling optimal parameter
selection for voltage stability enhancement applications.
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1,0 Base Case
1

PSO

W — G\ O

Hybrid GWO-PSO

Max FVSI Power Loss

Voltage Stability Margin
Figure 11: Radar Chart of Algorithm Performance - Multi-dimensional visualization comparing
different algorithms across various performance metrics

Figure 11 demonstrates the comparative effectiveness of different optimization algorithms across
four key power system metrics. The diamond-shaped visualization clearly illustrates the Hybrid
GWO-PSO algorithm's superior performance (green area) compared to GWO (red), PSO (orange),
and the base case (not visible). The chart effectively quantifies improvements in Min Voltage
(reaching 1.0 normalized value), Power Loss reduction, Max FVSI minimization, and Voltage
Stability Margin enhancement. This multi-dimensional representation confirms the hybrid
approach's effectiveness by showing its consistently larger coverage area across all evaluation
parameters, validating the research hypothesis that combining GWQ's exploration capabilities with
PSO's exploitation strengths yields optimal voltage stability enhancement in distribution networks.

Table 7: Summary of Key Findings and Contributions

Aspect Key Finding Significance
Algorithm Hybrid GWO-PSO converges Reduced computational burden
Performance 40% faster
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Voltage Profile Improvement from 0.87 p.u. to Enhanced power quality

0.97 p.u.
Stability FVSI reduced by 71.3% Significantly improved system
Enhancement security
Economic Benefits | Annual savings of $210,000 Financially viable solution
Practical Successfully tested on real Validated real-world
Implementation network applicability

Table 7 presents a comprehensive summary of the hybrid GWO-PSO algorithm's key findings and
contributions. The table highlights five critical aspects: algorithm performance (40% faster
convergence), voltage profile improvement (from 0.87 p.u. to 0.97 p.u.), stability enhancement
(71.3% FVSI reduction), economic benefits ($210,000 annual savings), and practical
implementation (validated on real networks). This concise presentation effectively demonstrates
the algorithm's technical advantages and real-world applicability for voltage stability enhancement
in distribution systems.

Table 8: Comparative Analysis with State-of-the-Art Methods

Method Voltage Loss Computational | Implementation
Improvement | Reduction | Efficiency Complexity

Proposed Hybrid GWO- | Very High Very High Medium

PSO High

Flower Pollination Medium High Medium Low

Algorithm

Group Teaching High Medium | Medium High

Optimization

Conventional Methods Low Low Very High Low

Table 8 presents a comprehensive comparison of the Proposed Hybrid GWO-PSO algorithm
against other state-of-the-art optimization methods. The table clearly demonstrates the superior
performance of the hybrid approach in voltage improvement and loss reduction categories, while
maintaining reasonable implementation complexity compared to alternatives like Flower
Pollination Algorithm and Group Teaching Optimization. This comparative analysis effectively
validates the research contribution by quantifying the hybrid algorithm's advantages across

multiple performance dimensions.

5 Conclusion
This research effectively illustrates how a hybrid Grey Wolf Optimization - Particle Swarm

Optimization (GWO-PSO) algorithm can be useful for the coordinated placement and sizing of
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Distributed Generation (DG) units and Static Synchronous Compensator (STATCOM) devices to
boost static voltage stability in distribution networks. During the development of the proposed
methodology, it was realised that the hybrid algorithm takes advantage of the unique characteristics
of the GWO and PSO algorithms to leverage both GWO's exploitation abilities while maximising
the PSO algorithm's exploration abilities, and thus providing a better optimisation process than
either GWO or PSO independently. The GWO-PSO hybrid approach was applied to the 35-bus
distribution system with an overall load demand of 1.89 MW and 1.3455 MVAr demand, and the
algorithm successfully shows that it achieves, on average, a 16.98% reduction in FVSI values. This
distance is almost double distributed compared to the GWO and PSO individually, which achieved
12.45 and 14.32%, respectively. The voltage profile developed throughout the distribution network
depicts that the hybrid approach provides significant betterment, where each buses' voltage
remained close to the nominal value, unlike the GWO and PSO methodology alone.

The faster convergence nature of the hybrid GWO-PSO algorithm also demonstrates its overall
efficiency as a hybrid optimization technique when solving complex optimization challenges
within power distribution networks. This research has contributed significantly to reduce the
increasing voltage stability issues for distribution networks, especially in developing networks,
that typically are growing in load quickly without proper reactive power compensation. The
strategic placement determination strategy coordinated by the hybrid algorithm will provide
utilities with recommendations that usually are practical, cost-effective alternatives to simply
reinforcing the existing power distribution network idea of adding more connections or enhancing
existing equipment.

Summary highlights

The hybrid GWO-PSO algorithm is robust as it combines the exploitation strengths of GWO, and
the exploration capabilities of the PSO making it a suitable approach for enhancement of voltage
stability to the limits.

The strategic determination for the coordinated arrangements and optimum size of the DG units
and the STATCOM devices was 16.98% reduction in FVSI values throughout the distribution

system.
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The coordinated placement methodology that was validated on the 35-bus test is also generally

practicable for the use of distribution network operators with a voltage stability issue induced by

increase load demands.

Data availability statement

The datasets used and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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