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ABSTRACT

The increasing penetration of wind-based renewable energy introduces significant challenges to voltage stability
and transmission system security due to the intermittent nature of wind generation. This study proposes a Discrete
Grey Wolf Optimization (DGWO)-based framework for the optimal placement and sizing of battery energy
storage systems (BESS) in the 150 kV South Sulawesi transmission system under high renewable-energy pen-
etration conditions. The investigated network integrates large-scale wind generation from the Sidrap (275 MW)
and Jeneponto (260 MW) wind farms. The proposed framework combines inverter-constrained BESS operation,
adaptive reactive power control, wind curtailment management, and AC power flow analysis within a unified
multi-objective optimization structure. The optimization identifies optimal BESS installations at Buses 1, 19, and
25 with reactive power capacities of 5.37 MVAr, 7.60 MVAr, and 39.19 MVAr, respectively. Simulation results
under the worst-case operating condition demonstrate that the proposed approach improves the minimum bus
voltage from 0.9400 pu to 0.9590 pu while maintaining all transmission line loadings within the thermal security
limit of 250 MVA. The optimized solution requires only 15.51 MVAr of actual reactive power utilization and
limits wind curtailment to 0.98%. In addition, most fitness improvement is achieved before iteration 60, indicating
stable convergence and good computational efficiency. The results confirm that the proposed approach provides
an efficient, technically feasible, and operationally realistic solution for voltage stability enhancement and secure
operation of renewable-integrated transmission systems.

Keywords: discrete grey wolf optimization, battery energy storage systems, voltage stability, reactive power opti-
mization, wind power integration, wind curtailment, transmission system optimization.

INTRODUCTION

Renewable energy, particularly wind power
generation, has become one of the primary solu-
tions for reducing dependence on fossil fuels and
mitigating carbon emissions in modern power
systems. However, the intermittent and stochas-
tic nature of wind energy introduces significant
power fluctuations that can adversely affect volt-
age stability and general system reliability. In
high-voltage transmission networks, large-scale
wind integration may lead to local undervoltage
conditions, increased transmission losses, and
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redistribution of power flows approaching ther-
mal limits of transmission lines [1, 2].

To address these challenges, the application of
battery energy storage systems (BESS) has gained
considerable attention. Beyond their conventional
role as energy storage devices, BESS can provide
fast and flexible reactive power support through
dynamic reactive power injection. This capability
enables BESS to effectively enhance voltage stabil-
ity and mitigate fluctuations caused by renewable
energy variability [3, 4]. However, the performance
of BESS is inherently limited by inverter capacity,
which introduces a nonlinear coupling between
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active and reactive power that must be explicitly
considered in practical system modeling.

Despite these advantages, determining the
optimal placement and sizing of BESS remains
a challenging nonlinear and non-convex optimi-
zation problem involving multiple decision vari-
ables and operational constraints. Conventional
optimization methods often struggle to achieve
global optimality, particularly in large-scale sys-
tems with complex network interactions. As a
result, metaheuristic algorithms such as particle
swarm optimization (PSO), genetic algorithms
(GA), and ant colony optimization (ACO) have
been widely applied, although they may suffer
from premature convergence and sensitivity to
parameter settings [5].

Grey Wolf Optimization (GWO) has emerged
as a promising alternative due to its strong bal-
ance between exploration and exploitation,
enabling efficient navigation of complex search
spaces [6]. Several studies have demonstrated the
effectiveness of GWO in power system applica-
tions, including optimal reactive power plan-
ning and energy storage sizing [7, 8]. In addi-
tion, recent studies have explored the application
of metaheuristic optimization for renewable-
integrated transmission systems, highlighting
the importance of coordinated voltage control,
reactive power support, and operational flexibil-
ity under high renewable penetration conditions
[9]. However, most existing studies treat reactive
power compensation, energy storage operation,
and renewable curtailment as separate problems,
without fully capturing their coupled interactions
under realistic operational constraints.

This study addresses these research gaps by
proposing a Discrete Grey Wolf Optimization
(DGWO) framework that integrates BESS place-
ment, adaptive reactive power control, and wind
curtailment into a unified optimization model
under AC power flow constraints. In contrast
to previous approaches, the proposed method
explicitly considers:

e the nonlinear inverter constraint linking active
and reactive power,

e adaptive reactive power control based on sys-
tem voltage conditions, and

e the inclusion of wind curtailment as a con-
trollable decision variable within the optimi-
zation process.

This integrated formulation is consistent with
the system modeling and evaluation presented

in the methodology and results sections, where
the adaptive control mechanism ensures efficient
reactive power utilization while the inverter capa-
bility constraint enforces realistic operational
limits for BESS operation.

The main contributions of this study can be
summarized as follows. First, a DGWO-based
framework is developed for the optimal placement
and sizing of BESS in a renewable-integrated 150
kV transmission system under high wind penetra-
tion conditions. Second, the proposed framework
integrates inverter-constrained BESS operation,
adaptive reactive power control, and wind cur-
tailment strategy within a unified AC power flow
optimization framework. Third, a multi-objective
optimization function is formulated by simul-
taneously considering voltage deviation, trans-
mission loading, reactive power utilization, and
curtailment penalty under realistic operational
constraints. Finally, the proposed framework is
comprehensively evaluated on the South Sulawesi
transmission system under worst-case operating
conditions, demonstrating effective voltage stabil-
ity enhancement with efficient reactive power uti-
lization and minimal renewable curtailment.

The simulation results demonstrate that the
proposed method successfully improves the volt-
age profile while maintaining transmission load-
ing within thermal security limits and minimizing
unnecessary reactive power utilization. Therefore,
the proposed approach provides an optimization
framework that is not only mathematically robust
but also physically realistic and technically feasible
for modern renewable-integrated power systems.

RELATED WORK

Various optimization techniques have been
extensively developed to enhance power system
performance, particularly for the optimal place-
ment and sizing of reactive power compensation
devices. Classical heuristic and metaheuristic
methods, including PSO, GA, and ACO, have
been widely applied in problems such as capaci-
tor placement, Flexible AC Transmission Sys-
tem (FACTS) allocation, distributed generation
planning, and energy storage deployment. These
approaches are recognized for their ability to han-
dle nonlinear and multi-objective optimization
problems. However, several studies have reported
inherent limitations, including premature conver-
gence, sensitivity to initial parameter settings,
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and degraded performance when applied to large-
scale or highly constrained systems.

Recent developments in renewable-integrated
power systems have further increased the com-
plexity of optimization problems due to the vari-
ability and uncertainty associated with renew-
able energy sources. Consequently, optimization
frameworks are now required to simultaneously
consider voltage stability, transmission security,
renewable energy utilization, and operational
flexibility under dynamic operating conditions.
This has motivated the increasing adoption of
advanced metaheuristic algorithms capable of
solving nonlinear and non-convex optimization
problems more effectively [10].

To overcome the limitations of conventional
approaches, GWO has been introduced as a nature-
inspired metaheuristic algorithm that mimics the
social hierarchy and cooperative hunting strategy
of grey wolves. One of the key strengths of GWO
lies in its ability to maintain a dynamic balance
between global exploration and local exploita-
tion, enabling it to effectively avoid local optima
while improving convergence stability [11]. Due
to these advantages, GWO has been successful-
ly applied in various power system optimization
problems, including economic dispatch, optimal
reactive power planning, transmission expansion
planning, and energy storage placement [12].

In the context of BESS, numerous stud-
ies have investigated optimal siting and sizing
strategies to improve voltage stability, reduce
power losses, enhance renewable energy inte-
gration, and increase system reliability. GWO-
based approaches have demonstrated promis-
ing performance in determining optimal BESS
locations and capacities in both distribution and
microgrid systems [13]. Similarly, several recent
studies have explored the application of BESS
for voltage stability enhancement, frequency
regulation, oscillation damping, and renewable
fluctuation mitigation, highlighting the signifi-
cant role of BESS as a flexible resource in mod-
ern power systems [14, 15].

Nevertheless, most existing studies primarily
focus on either active power scheduling or static
reactive power compensation without explic-
itly considering the nonlinear coupling between
active and reactive power imposed by inverter
operational limits. In practical BESS operation,
the inverter apparent power capacity constrains
the simultaneous provision of active and reac-
tive power support. Therefore, neglecting this
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relationship may produce solutions that are math-
ematically optimal but physically unrealistic for
real-world operation [16, 17].

Furthermore, previous studies often simplify
renewable energy integration by assuming fixed
operating conditions or neglecting renewable
curtailment strategies. In practical transmission
systems with high renewable penetration, wind
curtailment may become necessary to maintain
voltage stability and transmission security, par-
ticularly during critical operating conditions.
However, only a limited number of studies have
incorporated renewable curtailment as an inte-
grated decision variable within BESS optimiza-
tion frameworks [18, 19].

Another notable limitation observed in prior
research is the absence of adaptive reactive power
control mechanisms within the optimization pro-
cess. Most existing approaches assume fixed
reactive power injection or predefined operating
conditions, which do not accurately represent the
dynamic nature of voltage regulation in renew-
able-integrated power systems. Recent studies
have emphasized that adaptive reactive power
control is essential for improving voltage regula-
tion efficiency while avoiding excessive reactive
power utilization and overcompensation [20].

Based on these research gaps, this study
proposes a Discrete Grey Wolf Optimization
(DGWO) framework that integrates BESS place-
ment, adaptive reactive power control, and wind
curtailment into a unified AC power flow optimi-
zation model. Unlike previous approaches that
mainly focus on static reactive compensation or
simplified renewable integration, the proposed
framework explicitly incorporates the nonlinear
inverter capability constraint coupling active and
reactive power support under realistic operational
conditions. In addition, the framework imple-
ments an adaptive reactive power control mecha-
nism to dynamically regulate reactive power injec-
tion according to real-time voltage conditions,
thereby improving voltage regulation efficiency
while preventing excessive compensation. Wind
curtailment is also incorporated as a controllable
optimization variable to maintain transmission
security and renewable energy utilization under
high wind penetration conditions. Each candidate
solution is evaluated using AC power flow analy-
sis to ensure technical feasibility and operational
consistency. The study validates the effectiveness
of the proposed framework on the 150 kV South
Sulawesi transmission system under worst-case
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operating conditions, demonstrating stable con-
vergence characteristics, improved voltage stabil-
ity, efficient reactive power utilization, and secure
transmission system operation with minimal
renewable energy curtailment.

METHODOLOGY

Power system modeling

The system analyzed in this study is the 150
kV South Sulawesi transmission network [21, 22],
consisting of 44 buses representing a regional inter-
connected power system with a combination of
conventional and renewable generation units. The
system includes coal-fired power plants, gas-fired
generation, and hydropower plants, which serve as
the primary sources for maintaining power balance.

To evaluate the impact of renewable energy
integration, two wind power plants are incorpo-
rated into the system:

e Sidrap Wind Farm (275 MW) at Bus 8
e Jeneponto Wind Farm (260 MW) at Bus 32

Due to the intermittent nature of wind energy,
additional support is required to maintain volt-
age stability. Therefore, Battery Energy Storage
Systems (BESS) are integrated into the system as
flexible resources capable of providing active and
reactive power support.

BESS modeling as virtual STATCOM

In this study, BESS is modeled as a virtual
STATCOM with the capability to simultaneous-
ly control active and reactive power within the
inverter capacity limit [4, 23]. The operational
constraint of BESS is defined based on the appar-
ent power limit of Equation 1:

2 _ p2 2
Sgess = Pess + Qpess (1

where: S, represents the inverter capacity,
while P, and Q, . denote active and

reactive power, respectively.

The active power output of the BESS is linked
to wind curtailment and is expressed as Equation 2.

Pgrss = (1 — @) - Pying (2)

where: a € [0,1] is the curtailment factor. As the
inverter capacity is limited, an increase
in active power reduces the available

reactive power capability, which is con-
strained by Equation 3.

0 < Qpgss < ‘/Sl%ESS — Ppss )

This formulation ensures that BESS oper-
ates realistically, capturing the trade-off between
active and reactive power support.

Power flow analysis

The system operating condition is evaluated
using AC power flow analysis based on the New-
ton—Raphson method [24-26]. The power flow
equations are defined as Equation 4 and Equation 5.

N
Pi = Z Vi Vj(GijCOS 9ij + Bijsin (4)
j=1

N
Qi = Z ViVj(Gyjsin 6y — Bycos (3
j=1

These nonlinear equations are solved itera-
tively to obtain bus voltages and line flows, which
are then used to evaluate system performance at
each optimization step.

Objective function formulation

The optimization problem is formulated as a
multi-objective function that simultaneously con-
siders voltage stability, transmission security, reac-
tive power efficiency, renewable energy utiliza-
tion, and voltage profile smoothness, as commonly
adopted in multi-objective optimal power flow and
reactive power optimization studies [27, 28]. The
objective function is expressed in Equations 6—11.

] =wify +wafs +wsfp +

TWafp + Ws fomootn ©)
Components:
e Voltage deviation (Equation 7)
fv =2V —1)* ()
e Line loading penalty (Equation 8)
fs = ¥max (0,S; = Spax)? ®)
e Reactive power usage (Equation 9)
fo =Xk )
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e Curtailment penalty (Equation 10)
fr = (Pwina — Potctual)2 (10)

e Voltage smoothness (Equation 11)

fsmooth = % 1 Vigr = Vi | (11)

The weighting coefficients w, — w,are select-
ed empirically to balance system stability, opera-
tional security, and efficiency.

Adaptive reactive power control

To ensure realistic system operation, an adap-
tive reactive power control mechanism is embed-
ded within the power flow calculation [29]. At
each iteration, reactive power injection is adjust-
ed based on voltage deviation as Equation 12.

Qreq = k(Vref — Vinin) (12)

Reactive power is then distributed among
BESS units while respecting inverter limits. This
mechanism ensures that reactive power is injected
only when necessary, avoiding overcompensation.

Discrete grey wolf optimization (DGWO)

DGWO is employed to solve the optimiza-
tion problem by mimicking the leadership hier-
archy and hunting mechanism of grey wolves
[11, 30-32]. The population consists of candidate
solutions categorized into alpha, beta, and delta
wolves, representing the three best solutions.

The position of each wolf is updated based on
these leaders of Equation 13.

X1 +X, + X3
3

xnew —

(13)

where each component is calculated using
Equation 14, Equation 15, and Equation 16.

X, =X, —A;-1C X, —X | (14)
X2 :XB—A2'|CZX[;—X| (15)
X3 :Xg—Ag'l C3X5—X| (16)

The coefficient vectors are defined as Equa-
tion 17.

A=2ar;—a,C=2n (17)
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where: o decreases linearly from 2 to 0 to balance
exploration and exploitation.

Since BESS locations are discrete variables,
the updated positions are rounded as Equation 18.

Xpus = round(Xpys) (18)

The overall optimization framework inte-
grates the DGWO algorithm with AC power flow
analysis and adaptive reactive power control
within a closed-loop optimization structure. The
optimization procedure is summarized as follows
in Algorithm 1.

Each candidate solution is evaluated under
realistic operating conditions while satisfying
voltage, transmission loading, inverter capability,
and reactive power constraints.

Integrated optimization framework

The proposed optimization framework inte-
grates the DGWO algorithm with AC power flow
analysis, adaptive reactive power control, and
wind curtailment within a unified closed-loop

1. Initialize DGWO parameters:
- Population size
- Maximum iterations
- Control parameter (a)
2. Generate initial wolf population:
- BESS locations (discrete bus indices)
- Reactive power capacities
- Wind curtailment factors
3. Evaluate fitness of each candidate solution:
- Perform AC power flow analysis
- Compute objective function value
4. Identify alpha, beta, and delta wolves
5. While iteration < MaxIter
For each wolf:
a. Update wolf position using DGWO equations
b. Apply variable boundary constraints
c. Update BESS placement and capacity
d. Apply wind curtailment:
P_actual = (1 — o) P_wind
e. Perform AC power flow calculation
f. Apply adaptive reactive power control
g. Evaluate objective function
End
Update alpha, beta, and delta wolves
End
6. Return optimal solution:
- Optimal BESS locations
- Reactive power capacities
- Curtailment factor
- Minimum objective function value

Algorithm 1. DGWO-based optimization framework
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optimization structure. The overall optimization

process is performed iteratively to ensure that

each candidate solution satisfies both technical
and operational constraints under realistic system
conditions.

The optimization procedure can be summa-
rized as follows:

e Initialize the DGWO population, including
BESS locations, reactive power capacities,
and wind curtailment factors.

e Perform AC power flow analysis for each can-
didate solution.

e Apply adaptive reactive power control based
on voltage deviation conditions.

e Evaluate the multi-objective fitness function.

e Update wolfpositions using DGWO equations.

e Repeat the process until the convergence crite-
rion is satisfied.

This integrated framework enables simultane-
ous evaluation of voltage stability, transmission
loading, reactive power utilization, and renewable
energy integration within each optimization itera-
tion. Consequently, the obtained solutions are not
only mathematically optimal but also technically
feasible for practical power system operation.

The total workflow of the proposed DGWO-
based optimization framework is illustrated in Fig-
ure 1. The flowchart summarizes the interaction
between BESS modeling, adaptive reactive power
control, wind curtailment strategy, and AC power
flow analysis within the iterative optimization loop.

As shown in Figure 1, the optimization process
begins with the initialization of candidate solu-
tions, followed by iterative evaluation through AC
power flow simulation and adaptive control mech-
anisms. During each iteration, the DGWO search
mechanism updates the candidate solutions, while
the system continuously evaluates operational con-
straints. The optimization process continues until
convergence is achieved, resulting in the optimal
configuration of BESS placement, reactive power
capacity, and wind curtailment settings.

RESULTS AND DISCUSSION

Convergence characteristics of the DGWO
algorithm

The convergence behavior of the proposed
DGWO algorithm is presented in Figure 2
through the evolution of the objective function

value during the optimization process. At the
initial stage, the algorithm demonstrates a rapid
decrease in fitness value, dropping from approxi-
mately 19.9 to 19.6 within the first few iterations.
This rapid improvement indicates a strong global
exploration capability in identifying promis-
ing regions of the search space efficiently. Such
behavior is attributed to the large control parame-
ter at the early iterations, which allows the wolves
to explore the solution space broadly and avoid
premature convergence to local optima [12, 31].

As the optimization progresses, the rate of fit-
ness reduction becomes more gradual, particular-
ly between iterations 10 and 50. This phase repre-
sents the transition from exploration to exploita-
tion, where the DGWO algorithm begins refining
candidate solutions around the best-performing
wolves, namely Alpha, Beta, and Delta. The rela-
tively stable convergence trend during this inter-
val indicates that the algorithm maintains solution
diversity while simultaneously improving solu-
tion quality. This convergence behavior confirms
the effectiveness of the proposed multi-objective
formulation in guiding the optimization process
toward solutions that simultaneously satisfy volt-
age stability enhancement, transmission security,
reactive power efficiency, and renewable energy
utilization objectives [26—28].

A noticeable improvement in fitness value is
observed again around iterations 50 and 60, where
the objective function decreases from approxi-
mately 19.51 to 19.22. This behavior suggests that
the algorithm successfully escapes potential local
optima and continues searching for a better global
solution. Such step-like convergence characteris-
tics are commonly observed in population-based
metaheuristic algorithms, where improvements
occur whenever superior candidate solutions are
discovered during the search process. Similar con-
vergence characteristics have also been reported
in previous studies employing population-based
optimization algorithms such as PSO and con-
ventional GWO for power system applications
[6, 8, 9]. However, the DGWO-based approach
demonstrates a more stable convergence trend
and reduced oscillatory behavior, indicating an
improved exploration—exploitation balance during
the optimization process.

After iteration 60, the convergence curve
gradually approaches a stable plateau, eventually
reaching a final fitness value of approximately
19.17 at iteration 100. The absence of significant
oscillations at later iterations demonstrates the
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Figure 1. Proposed DGWO-based integrated optimization framework for optimal BESS placement,
incorporating adaptive reactive power control, wind curtailment, and AC power flow evaluation
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Figure 2. Evolution of the objective function value during the DGWO optimization process

stability and robustness of the proposed DGWO
approach. Moreover, the very small improvement
observed after iteration 70 indicates that the algo-
rithm has effectively converged toward a near-
optimal solution.

From a computational perspective, most
of the fitness improvement is achieved before
iteration 60, indicating that the optimization
framework provides good convergence speed
and computational efficiency for solving com-
plex nonlinear optimization problems in power
systems. This characteristic is particularly
important for large-scale renewable-integrated
transmission systems, where optimization algo-
rithms must provide stable and computationally
feasible solutions under multiple operational
constraints.

The obtained results confirm that the pro-
posed DGWO algorithm efficiently maintains
an effective balance between global explora-
tion and local exploitation while avoiding pre-
mature convergence and maintaining solution
stability. These characteristics demonstrate the
suitability of the proposed method for solving
complex multi-objective optimization problems
in renewable-integrated power systems under
realistic operational constraints. Based on this
stable convergence behavior, the obtained opti-
mal solution is further evaluated in terms of
voltage profile enhancement, transmission line
loading, and reactive power distribution.

System voltage profile

The comparison of voltage profiles before
and after optimization demonstrates a substantial
improvement in system voltage stability, particu-
larly in the minimum voltage magnitude, as illus-
trated in Figure 3. Simulation results indicate that
the minimum bus voltage increases from 0.9400
pu under the base condition to approximately
0.9590 pu after the implementation of the pro-
posed DGWO method.

This improvement of approximately 2.02%
confirms that the proposed optimization frame-
work effectively mitigates undervoltage condi-
tions while maintaining all bus voltages within
the acceptable operational range of 0.95—1.05 pu.
Importantly, no overvoltage condition is observed
after optimization, indicating that the reactive
power compensation is performed in a controlled
and balanced manner. These results demon-
strate that the DGWO-based strategy effectively
enhances voltage stability while simultaneously
satisfying system operational constraints [1, 9].

From a physical perspective, the voltage
enhancement is primarily achieved through the
strategic placement of BESS units at buses with
high voltage sensitivity. Unlike conventional
compensation approaches that rely mainly on
increasing reactive power capacity, the pro-
posed DGWO method focuses on identifying
the most effective locations for reactive power
support. Consequently, the improvement in volt-
age profile is strongly influenced by optimal
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Figure 3. Comparison of voltage profiles before and after DGWO optimization

placement strategy rather than by excessive reac-
tive power injection. Similar observations have
been reported in previous studies, where optimal
BESS placement provided more effective voltage
support than simply increasing reactive power
capacity [13, 15].

The results further reveal that although the
installed reactive power capacity of BESS is rel-
atively large, the actual reactive power injected
into the system remains considerably lower. The
AC power flow analysis indicates that only 15.51
MVAr of reactive power is required to maintain
acceptable voltage conditions throughout the
transmission network. This behavior is directly
associated with the adaptive reactive power con-
trol mechanism incorporated into the proposed
framework, where reactive power injection is con-
tinuously adjusted according to real-time voltage
deviation conditions. As a result, reactive power
is supplied only when required, thereby prevent-
ing unnecessary compensation and improving
general operational efficiency [20].

In addition, the inverter capability constraint
incorporated into the proposed BESS model
ensures that the energy storage system operates
within realistic physical and operational limits.
Accordingly, an increase in active power deliv-
ery reduces the available reactive power support
capability, reflecting the practical characteristics
of inverter-based energy storage systems [3, 4,
30]. This coordinated interaction between active
power support, reactive power injection, and
voltage regulation contributes significantly to the
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stability improvement achieved by the proposed
optimization framework.

Another important observation is that the
improved voltage profile is achieved without
introducing unstable voltage oscillations or
excessive voltage deviation among buses. This
indicates that the proposed adaptive reactive
power control mechanism effectively maintains
smooth voltage regulation across the transmis-
sion network, even under high renewable pen-
etration conditions. Such behavior is particularly
important for renewable-integrated transmission
systems, where voltage fluctuations may become
more severe due to the intermittent characteristics
of wind generation [2, 22].

Collectively, the proposed DGWO method
effectively enhances the voltage profile while
maintaining efficient reactive power utilization
and respecting system operational constraints.
The simulation results demonstrate that the pro-
posed optimization framework is capable of
improving voltage stability without introducing
excessive reactive power injection or operational
violations. Furthermore, the improved voltage
profile subsequently influences the redistribution
of power flow within the transmission network,
which is analyzed further in the following section.

Transmission loading analysis

The evaluation of transmission line load-
ing after the implementation of the proposed
DGWO method indicates that no thermal limit
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violations occur within the system, as illustrated
in Figure 4. The simulation results show that the
maximum transmission line loading increases
from 195.00 MVA under the base condition to
approximately 247.32 MVA after optimization.
Although a significant increase in line loading
is observed, the value remains below the pre-
defined thermal limit of 250 MVA, indicating
that all transmission lines continue to operate
within safe operational boundaries.

The increase in transmission loading is pri-
marily caused by the redistribution of power flow
resulting from the improved voltage profile and
reactive power support provided by the optimal-
ly placed BESS units. In interconnected power
systems, reactive power injection influences bus
voltage magnitudes and phase angle differences,
which subsequently alters the active and reactive
power flow distribution throughout the transmis-
sion network. Consequently, certain transmission
corridors experience higher loading levels after
optimization [24, 25]. This observation is consis-
tent with previous studies on renewable-integrat-
ed transmission systems, where voltage support
mechanisms were found to significantly influence
transmission power flow redistribution and net-
work utilization patterns.

Despite this redistribution effect, the absence
of overload conditions demonstrates that the
developed optimization framework effectively
maintains transmission system security while
simultaneously improving voltage stability. No

critical bottleneck conditions are observed, and
the loading increase remains physically reason-
able and operationally acceptable. This result
indicates that the optimization process does not
simply maximize voltage improvement without
considering network security constraints. Instead,
the proposed method effectively coordinates volt-
age regulation and transmission loading manage-
ment within a unified optimization structure.

Moreover, the obtained results confirm the
effectiveness of the transmission loading penal-
ty component incorporated within the proposed
multi-objective function. The penalty mecha-
nism effectively restricts candidate solutions that
exceed thermal constraints, thereby guiding the
optimization process toward solutions that simul-
taneously satisfy voltage stability and transmis-
sion security requirements. This demonstrates
that the proposed optimization scheme is capa-
ble of balancing multiple operational objectives
under realistic AC power flow conditions.

Another important observation is that the
transmission loading increase remains concen-
trated on several major transmission corridors
with relatively high power transfer capability,
while weaker lines remain within moderate load-
ing conditions. This indicates that the optimiza-
tion process naturally redistributes power flow
toward stronger transmission paths, thereby
improving the global operational efficiency of the
network without introducing critical stress condi-
tions on vulnerable transmission lines.
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Figure 4. Transmission line loading before and after DGWO optimization
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From a practical perspective, the results dem-
onstrate that the proposed DGWO method is
capable of achieving a balanced trade-off between
voltage profile enhancement and transmission line
utilization. Although several transmission lines
operate closer to their thermal limits after opti-
mization, the system remains within acceptable
operational margins, confirming that the obtained
solution is both technically feasible and opera-
tionally reliable for realistic power system appli-
cations. Furthermore, the coordinated interaction
between voltage improvement, reactive power
support, and transmission loading regulation con-
firms the effectiveness of the proposed integrated
optimization framework for renewable-integrated
transmission systems.

Reactive power distribution

The optimized reactive power distribution
obtained using the proposed DGWO method
demonstrates that reactive power support is
not uniformly allocated across the network but
instead concentrated at specific buses with high
voltage sensitivity, as shown in Figure 5. The
optimization process identified Buses 1, 19, and
25 as the optimal installation locations for BESS
Units 1, 2, and 3, with installed reactive power
capacities of 5.37 MVAr, 7.60 MVAr, and 39.19
MVAr, respectively. The significantly larger
capacity assigned to Bus 25 indicates that this
location exhibits the highest voltage sensitivity

and therefore contributes most strongly to voltage
stability enhancement within the South Sulawesi
transmission system. However, Figure 5 shows
that the actual reactive power injections required
under the final operating condition are only
approximately 4.4 MVAr, 5.0 MVAr, and 6.1
MVAr for BESS Units 1, 2, and 3, respectively.
This difference between installed capacity and
actual utilization demonstrates the effectiveness
of the adaptive reactive power control mecha-
nism, which injects only the amount of reactive
power required to maintain system voltage within
acceptable limits. These results confirm that volt-
age stability improvement is achieved primarily
through strategic BESS placement and bus sensi-
tivity characteristics rather than through excessive
reactive power compensation, thereby improving
operational efficiency and ensuring realistic utili-
zation of inverter-based BESS resources.

The AC power flow simulation reveals that
the total reactive power actually utilized is only
15.51 MVAr, which is substantially lower than
the total installed reactive power capability. The
simulation data reveal that the proposed frame-
work does not continuously utilize the full reac-
tive power capacity, but instead injects reactive
power only according to actual system require-
ments. Similar observations have been reported
in previous studies on adaptive reactive power
compensation, where efficient voltage regulation
was achieved using relatively low reactive power

w £ [6)] [o)]
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Figure 5. Actual reactive power injection of BESS units after DGWO optimization
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support through optimal device placement and
coordinated control strategies [13].

This discrepancy between installed capac-
ity and actual reactive power injection is pri-
marily attributed to the adaptive reactive power
control mechanism integrated into the proposed
methodology. In this approach, reactive power
support is dynamically adjusted based on volt-
age deviation conditions during each optimi-
zation iteration. Consequently, reactive power
is supplied only when necessary to maintain
acceptable voltage levels, thereby improving
operational efficiency and preventing excessive
compensation. This adaptive behavior also con-
tributes to maintaining stable voltage regulation
under varying operating conditions associated
with renewable energy fluctuations.

Furthermore, the inverter capability constraint
incorporated within the BESS model also contrib-
utes to limiting reactive power injection. Since
the BESS units simultaneously provide active
and reactive power support, the available reac-
tive power capability decreases as active power
output increases. This constraint ensures that
the BESS units operate within realistic physical
limits and accurately represent practical inverter-
based energy storage behavior [3, 4]. Therefore,
the obtained reactive power allocation reflects not
only optimization performance but also the physi-
cal feasibility of the proposed framework.

The non-uniform reactive power allocation
further indicates that voltage sensitivity var-
ies considerably among buses in the transmis-
sion network. In particular, Bus 25 exhibits the
largest reactive power capacity contribution,
suggesting that this location has the strongest
impact on improving system voltage stability.
Such behavior confirms that the effectiveness
of reactive compensation is determined primar-
ily by optimal placement rather than by exces-
sive reactive power magnitude. This finding is
consistent with recent studies emphasizing that
strategic placement of inverter-based support
devices is more effective than simply increasing
reactive power capacity [15, 19].

From a system operation perspective, the
obtained results are consistent with the concept of a
minimum reactive power injection strategy, where
system stability is achieved using the minimum
required reactive power support. This strategy is
highly beneficial because it reduces the possibil-
ity of overcompensation, minimizes unnecessary
reactive power circulation, and prevents potential

overvoltage conditions. In addition, lower reactive
power utilization contributes to reducing converter
stress and improving the operational efficiency of
inverter-based energy storage systems [29].

In general, the proposed DGWO framework
produces an efficient and technically feasible
reactive power distribution while maintaining
voltage stability and respecting inverter opera-
tional constraints. These results confirm that the
proposed method is capable of achieving effec-
tive voltage support with relatively low reactive
power utilization, demonstrating the importance
of strategic BESS placement and adaptive reac-
tive power control in renewable-integrated trans-
mission systems.

Overall performance analysis

The obtained optimization results demon-
strate that the developed framework significantly
enhances power system performance through
an adaptive, efficient, and operationally realistic
optimization strategy. The proposed method suc-
cessfully improves voltage stability, maintains
transmission system security, minimizes unnec-
essary reactive power utilization, and supports
renewable energy integration under realistic AC
power flow constraints.

First, substantial voltage profile improvement
is achieved without requiring excessive reactive
power injection. Although the installed reactive
power capacities of the BESS units reach 5.37
MVAr, 7.60 MVAr, and 39.19 MVArat Buses 1, 19,
and 25, respectively, the actual reactive power uti-
lized during system operation is only 15.51 MVAr.
Meanwhile, the minimum bus voltage successfully
increases from 0.9400 pu to approximately 0.9590
pu. These findings indicate that the optimization
algorithm effectively identifies buses with high
voltage sensitivity, allowing reactive power sup-
port to be allocated at the most influential loca-
tions. Consequently, voltage stability enhancement
is achieved primarily through optimal placement
strategy rather than excessive reactive power mag-
nitude. Similar observations have been reported
in previous studies, where strategic placement of
reactive support devices provided more effective
voltage regulation than approaches relying solely
on large reactive power capacities [13, 15].

Second, the obtained wind curtailment level
remains relatively low at approximately 0.98%,
indicating that most wind energy generation can
still be utilized effectively. This result confirms
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the effectiveness of integrating wind curtailment
as a controllable decision variable within the
optimization framework. By simultaneously con-
sidering voltage stability, transmission loading,
reactive power utilization, and renewable energy
integration, the DGWO-based strategy maintains
a balanced trade-off between system security and
renewable energy utilization under high wind
penetration conditions.

Third, although the redistribution of power
flow resulting from voltage improvement causes
an increase in transmission line loading, the
maximum loading remains within the allowable
thermal limit. The maximum line loading reach-
es approximately 247.32 MVA, which remains
below the specified thermal constraint of 250
MVA. This behavior demonstrates that the pro-
posed method not only improves voltage con-
ditions but also maintains transmission system
security and operational reliability. In addition,
the transmission loading penalty incorporated
into the objective function effectively prevents
the optimization process from producing infea-
sible operating conditions.

Furthermore, all operational constraints incor-
porated into the optimization problem, including
voltage limits, inverter capability constraints,
reactive power limits, and transmission thermal
capacities, are successfully satisfied throughout
the optimization process. This confirms that the
obtained solution is not only mathematically opti-
mal but also technically feasible and physically
realistic for practical implementation in renew-
able-integrated transmission systems. In particu-
lar, the inverter-constrained BESS model ensures
that reactive power allocation remains consistent
with the actual operating characteristics of invert-
er-based energy storage systems.

From a broader optimization perspective, the
obtained results validate the effectiveness of the
proposed multi-objective formulation in balanc-
ing several critical performance indices simulta-
neously, including voltage stability enhancement,
reactive power efficiency, transmission security,
and renewable energy utilization. The adaptive
reactive power control mechanism further con-
tributes to operational efficiency by ensuring that
reactive power is injected only when required by
the actual system conditions, thereby minimizing
unnecessary reactive power circulation and pre-
venting excessive compensation.

Compared with previous studies employ-
ing PSO, GA, and conventional GWO-based
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optimization approaches for voltage stability
enhancement and reactive power planning, the
optimization framework demonstrates improved
operational realism through the simultaneous
consideration of inverter capability constraints,
adaptive reactive power control, renewable cur-
tailment management, and AC power flow feasi-
bility [6, 8, 9]. In addition, most fitness improve-
ment is achieved before iteration 60, indicating
good convergence speed and stable optimization
performance for complex renewable-integrated
transmission system applications.

Collectively, the obtained results demon-
strate that the proposed DGWO-based optimi-
zation framework provides a reliable, efficient,
and technically feasible solution for improving
voltage stability while maintaining secure trans-
mission system operation under high renewable
energy penetration conditions. The coordinated
interaction among adaptive reactive power con-
trol, inverter-constrained BESS operation, renew-
able curtailment management, and transmission
security evaluation confirms the suitability of
the proposed framework for solving complex
multi-objective optimization problems in modern
renewable-integrated power systems.

CONCLUSIONS

This study proposed a DGWO-based frame-
work for the optimal placement and sizing of
BESS in a renewable-integrated 150 kV transmis-
sion system under high wind penetration condi-
tions. The proposed framework integrated invert-
er-constrained BESS operation, adaptive reactive
power control, wind curtailment strategy, and AC
power flow analysis within a unified multi-objec-
tive optimization structure. The obtained results
demonstrated that the proposed approach suc-
cessfully improved voltage stability, maintained
transmission system security, minimized reactive
power utilization, and reduced renewable energy
curtailment under realistic operational constraints.

The simulation results demonstrated that the
proposed approach significantly improved the
system voltage profile while maintaining trans-
mission system security. The minimum bus volt-
age increased from 0.9400 pu to approximately
0.9590 pu after optimization, while all transmis-
sion line loadings remained within the allowable
thermal limit of 250 MVA. The optimal BESS
installations were obtained at Buses 1, 19, and 25
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with reactive power capacities of 5.37 MVAr, 7.60
MVAr, and 39.19 MVAr, respectively. Despite the
relatively large installed reactive power capaci-
ties, the actual reactive power utilized during
operation was only 15.51 MVAr, indicating effi-
cient reactive power allocation through the pro-
posed adaptive control mechanism. In addition,
the obtained solution maintained a low wind cur-
tailment level of approximately 0.98%, confirm-
ing effective renewable energy utilization under
worst-case operating conditions.

The obtained results further confirmed that
voltage stability enhancement was achieved pri-
marily through strategic BESS placement rather
than excessive reactive power injection. The
adaptive reactive power control mechanism suc-
cessfully ensured that reactive power was inject-
ed only when required by the actual system con-
ditions, thereby improving operational efficiency
and preventing unnecessary compensation. Fur-
thermore, the inverter capability constraint incor-
porated into the proposed framework ensured that
the obtained solutions remained physically real-
istic and technically feasible for practical imple-
mentation in modern inverter-based renewable
energy systems.

From a broader optimization perspective, the
developed optimization framework demonstrated
strong capability in solving complex, nonlin-
ear, and multi-objective optimization problems
associated with renewable-integrated transmis-
sion systems. The coordinated interaction among
voltage regulation, transmission loading man-
agement, reactive power optimization, inverter-
constrained operation, and renewable energy
utilization confirmed the effectiveness of the pro-
posed integrated optimization strategy under high
renewable penetration conditions. In addition,
most fitness improvement was achieved before
iteration 60, indicating stable convergence char-
acteristics and good computational efficiency for
large-scale renewable-integrated power system
optimization problems.

Compared with conventional optimization
approaches, the DGWO-based approach provided
a more balanced and operationally realistic solu-
tion by explicitly considering the nonlinear cou-
pling between active and reactive power capa-
bility, adaptive reactive power control behavior,
renewable curtailment management, and AC
power flow feasibility within a unified optimiza-
tion structure. These characteristics confirmed the
suitability of the proposed method for improving

voltage stability while maintaining secure and
efficient transmission system operation under
high renewable penetration conditions.

Future research may focus on extending the
proposed DGWO framework to multi-period and
uncertainty-based optimization problems that
consider dynamic renewable energy fluctuations
and time-varying load conditions. Further inves-
tigation involving dynamic stability analysis,
contingency assessment, and hybrid metaheuris-
tic optimization techniques may also improve the
robustness and scalability of the proposed frame-
work for large-scale renewable-integrated trans-
mission systems. In addition, the incorporation of
real-time operational data and practical inverter
control strategies may provide deeper insights into
the real-world implementation of adaptive BESS-
based voltage support in modern power systems.
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