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ABSTRACT: This paper presents a probabilistic optimization framework for enhancing the photovoltaic hosting
capacity of distribution networks through the coordinated operation of smart photovoltaic-static synchronous com-
pensator (PV-STATCOM) inverters. High penetration of photovoltaic systems introduces significant operational
challenges, including voltage rise, increased power losses, and reduced system reliability, particularly under uncertain
load demand and intermittent solar generation. To address these challenges, a multi-objective optimization problem
is formulated to simultaneously maximize the photovoltaic hosting capacity while minimizing voltage deviation and
power losses, subject to network operational constraints. The proposed approach employs the Fire Hawk optimizer, a
recently developed metaheuristic algorithm, to efficiently solve this nonlinear and non-convex optimization problem.
The decision variables include the optimal sizing of photovoltaic systems and the reactive power support provided
by PV-STATCOM inverters. Unlike conventional deterministic approaches, uncertainty in load demand is explicitly
modeled using a probabilistic framework based on Latin Hypercube sampling and Monte Carlo simulation. The Latin
Hypercube sampling is utilized for efficient scenario generation while Monte Carlo studies enable statistical evaluation
of system performance under diverse operating conditions. The effectiveness of the proposed method is validated on
the IEEE 15-bus distribution system. Simulation results demonstrate that the coordinated control of PV-STATCOM
inverters significantly improves voltage profiles and reduces power losses, leading to an increase in photovoltaic hosting
capacity from 6.89 to 8.311 MW, corresponding to a 20.62% enhancement in the network under study. Furthermore,
studies demonstrate that the Fire Hawk optimizer algorithm exhibits fast convergence and superior performance
compared to conventional optimization techniques, including genetic algorithm, particle swarm optimization, and
Aquila optimizer. The probabilistic analysis also confirms improved system robustness by reducing voltage violation
risks under uncertainty.
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1 Introduction
The increasing penetration of photovoltaic (PV) systems in distribution networks has become a defining

feature of modern power systems, driven by environmental concerns, declining technology costs, and
supportive energy policies. While PV integration offers substantial sustainability benefits, high levels of
penetration pose significant operational challenges, including voltage rise, increased power losses, thermal
overloading of network components, and voltage unbalance, particularly in unbalanced feeders under high-
solar, low-load conditions [1,2]. These challenges are especially pronounced due to the inherent intermittency
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of PV output, which can lead to overvoltage violations and limit the network’s ability to absorb additional
renewable capacity without active management. For instance, traditional volt-VAr control often fails to
eliminate all violations in realistic feeders, necessitating more advanced strategies [3].

To quantify these limitations, the concept of photovoltaic hosting capacity (PVHC) has been widely
adopted as a key performance indicator. PVHC represents the maximum allowable PV penetration that a
distribution network can sustain while maintaining acceptable voltage profiles, power quality, and system
reliability [4]. However, accurately determining and enhancing PVHC is a challenging task, as it is strongly
influenced by network topology, load behavior, and the inherent variability of renewable energy sources.

The assessment of PVHC has therefore become an important research topic in modern distribution
system planning and operation. An accurate estimation of PVHC enables network operators to identify the
maximum renewable energy integration level without violating technical constraints such as voltage limits,
thermal ratings of distribution lines, and transformer loading capabilities [5]. Nevertheless, PVHC is not a
fixed parameter and may vary significantly depending on operating conditions, load demand patterns, feeder
characteristics, and control strategies employed within the network. In addition, the increasing penetration of
distributed energy resources has introduced new operational complexities that require more advanced ana-
lytical tools for PVHC assessment. As a result, conventional deterministic approaches may not fully capture
the stochastic nature of practical distribution systems, potentially leading to inaccurate or overly conservative
PVHC estimations. Consequently, there is a growing need for more comprehensive methodologies that can
accurately evaluate hosting capacity while accounting for network uncertainties and operational flexibility
resources. Conventional approaches, such as network reinforcement or infrastructure upgrades, often entail
high capital expenditures and long implementation periods, motivating the exploration of alternative,
more flexible solutions like smart inverter controls and distributed energy resources coordination [6].
Recent studies have further emphasized that accurate estimation of PVHC requires considering multiple
technical constraints simultaneously, including voltage deviation, line loading, and power quality indices [7].
Moreover, the integration of high PV penetration has been shown to significantly affect the operational
flexibility of distribution networks, necessitating advanced control strategies [8].

On the other hand, smart inverter-based technologies can significantly improve PVHC, up to 3× in
realistic feeders, by providing ancillary services such as reactive power support and voltage regulation. In
particular, PV-STATCOM configurations enable PV inverters to operate as static synchronous compensators
(STATCOMs) [9], offering bidirectional reactive power control independent of active power generation [10].
The concept of PV-STATCOM has gained considerable attention in recent years as an effective solution
for providing dynamic reactive power support without requiring additional reactive power compensation
devices [11]. Several researchers have demonstrated the capability of PV inverters operating in STATCOM
mode to mitigate voltage fluctuations and improve the overall hosting capacity of distribution feeders [12].

Among the various techniques proposed for enhancing PVHC, PV-STATCOM technology has emerged
as a promising and cost-effective solution. Unlike conventional PV systems that primarily inject active
power into the grid, PV-STATCOM enables PV inverters to provide dynamic reactive power support,
thereby contributing to voltage regulation and improved power quality [9]. By utilizing the existing inverter
infrastructure, PV-STATCOM can mitigate voltage rise issues associated with high PV penetration without
requiring additional compensation devices or significant network reinforcement. Furthermore, during
periods of low solar irradiance or even at night, the inverter can operate in STATCOM mode and continue
supplying reactive power to support grid operation. Owing to its flexibility and fast response characteristics,
PV-STATCOM has attracted considerable attention as an effective approach for increasing PVHC while
maintaining network security and operational reliability [13].
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This capability allows PV-STATCOM units to mitigate voltage rise during peak generation periods,
enhance voltage stability, and address unbalance issues across the network, often outperforming traditional
methods like on-load tap changers [14,15] or battery energy storage systems [16,17] in cost-effectiveness. For
example, coordinated Volt/VAr control with battery energy storage systems has shown superior performance
in minimizing voltage deviations compared to default settings. Despite their demonstrated potential, the
effective utilization of PV-STATCOM units for PVHC enhancement remains relatively underexplored,
especially under stochastic operating conditions involving correlations between PV output and load, as well
as fast fluctuations like voltage flicker [18].

A critical limitation of many existing PVHC studies is their reliance on deterministic assumptions
regarding load demand and PV generation. In practice, both parameters are subject to significant uncertainty
due to fluctuating weather conditions, meteorological factors, and dynamic consumption patterns, which
can lead to overly optimistic or conservative PVHC estimates [19]. Probabilistic methods, such as Latin
Hypercube sampling (LHS) and Monte Carlo (MC) simulations, offer a more realistic framework by explicitly
accounting for these uncertainties and enabling comprehensive assessment of constraint violations across
a wide range of operating scenarios [20]. These methods generate vast quantities of realistic profiles using
probability density functions and scenario reduction techniques, improving PVHC by up to 20% when
combined with local reactive power regulation.

The MC studies have been extensively employed in literature as a robust probabilistic tool for evaluating
the impact of uncertainties. By generating many random scenarios based on probability distributions of
load demand, MC enables a comprehensive statistical assessment of voltage violations, line overloading, and
other operational constraints under uncertain conditions [21]. This approach provides valuable insights into
the risk of constraint violations and has been widely adopted for hosting capacity studies in distribution
networks. On the other hand, the LHS has emerged as an efficient sampling technique to reduce the
computational burden associated with traditional MC studies while maintaining high accuracy. The LHS
ensures a more uniform coverage of the input variable space by stratifying the probability distributions,
thereby requiring fewer samples to achieve statistically reliable results. Several studies have successfully
applied LHS in combination with probabilistic analysis to model uncertainties in load demand more
effectively [22].

The integration of probabilistic modeling with PV-STATCOM and efficient optimization techniques
has received limited attention in the literature, particularly when compared to metaheuristics like genetic
algorithm (GA) [23], particle swarm optimization (PSO) [24], or aquila optimizer (AO) [25]. Moreover,
emerging issues like voltage flicker mitigation in sub-second timescales remain underexplored, where multi-
agent systems could provide autonomous coordination.

To address these gaps, this paper proposes a probabilistic optimization framework for enhancing PVHC
through the coordinated control of smart PV-STATCOM inverters. The optimization problem is formulated
to maximize PVHC while satisfying voltage regulation and operational constraints under uncertainty and
is solved using the Fire Hawk optimizer (FHO) [26], a recently developed metaheuristic algorithm with
superior exploration, exploitation capabilities compared to alternatives like GA, PSO and AO.

The selection of the FHO is motivated by its superior balance between exploration and exploitation,
which is particularly important for solving highly nonlinear and non-convex optimization problems such as
PVHC enhancement. Unlike conventional metaheuristic algorithms, FHO employs adaptive search mech-
anisms that improve global search capability while maintaining local refinement, reducing the likelihood
of premature convergence to local optima. These characteristics make FHO well-suited for complex power
system optimization problems involving multiple conflicting objectives and operational constraints [26].
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Uncertainties associated with load demand and PV generation are modeled using LHS and MC simu-
lations to ensure robust and statistically meaningful results, incorporating probabilistic overvoltage risk and
source-load. The proposed approach is validated on the IEEE 15-bus distribution network, demonstrating
up to 20% improvement in PVHC and voltage performance under stochastic conditions, outperforming
deterministic baselines and traditional Volt/VAr controls.

The main contributions of this paper can be summarized as follows: First, a probabilistic framework
for enhancing PVHC is proposed, which explicitly considers the uncertainties associated with load demand.
Unlike conventional deterministic approaches, the proposed method provides a more realistic and robust
assessment of PVHC under stochastic operating conditions. Furthermore, a coordinated control strategy
for PV-STATCOM inverters is developed to simultaneously regulate voltage profiles and improve hosting
capacity, where reactive power support is integrated with probabilistic system behavior rather than being
treated in a deterministic or isolated manner. In addition, a probabilistic modeling approach based on LHS
and MC simulation is implemented, in which LHS is utilized for efficient scenario generation and MC sim-
ulation is employed for statistical evaluation, enabling accurate representation of uncertainties with reduced
computational complexity. Moreover, the FHO is adopted to solve the multi-objective PVHC enhancement
problem, offering an improved balance between exploration and exploitation compared to conventional
metaheuristic algorithms, which results in faster convergence and higher-quality solutions in nonlinear and
non-convex search spaces. Finally, a comprehensive comparative analysis is conducted with well-known
optimization techniques, including GA, PSO, and AO, demonstrating the superior performance of the
proposed approach in terms of PVHC improvement, voltage regulation, and convergence characteristics.

The remainder of this paper is organized as follows: Section 2 presents the mathematical modeling
of the system studied, including the detailed models of the PV system and the PV-STATCOM, along
with their operational characteristics and governing equations. Section 3 introduces the proposal including
the formulated objective function, system constraints, and the implementation of the FHO algorithm.
The employed probabilistic modeling based on LHS and MC studies are discussed in Section 4. Section 5
evaluates the performance of the proposed technique and discusses the study results. In this section, the
success of the proposed method is first evaluated on the IEEE 15-bus distribution network. This section
then presents the sensitivity analysis and uncertainty impact on the proposed technique performance. The
scalability of the proposed technique has been also evaluated by employing the proposed technique on the
larger IEEE 33, 69, and 123-bus test systems in this section too. Finally, the key findings of the research are
summarized and highlighted in Section 6.

2 System Modelling
Fig. 1 shows the single-line diagram of the studied system. The system under investigation consists of

the upstream network, distribution transformer, various types of electrical loads (residential, commercial
and industrial) and PV system. The active power, indicated by blue arrows, flows unidirectionally from the
PV systems toward the grid, representing power injection.
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Figure 1: Single-line diagram of system.

2.1 PV System
First, the main equations for modeling PV systems based on the standard single-diode model are

presented. This model is derived from the equivalent circuit of a PV cell and includes the photocurrent, diode
current, series resistance, and shunt (parallel) resistance. The current-voltage characteristic of a PV cell based
on the single-diode model can be expressed as [27]

I = Iph − I0 [exp(q (V + IRs)
nkT

) − 1] − V + IRs

Rp
(1)

where I is the output current, and V is the output voltage of the cell. The photocurrent Iph represents the
current generated by incident sunlight, proportional to irradiance. The diode saturation current I0 models
the recombination losses in the cell, increasing exponentially with temperature. The electron charge q = 1.602
× 10−19 C and Boltzmann constant k = 1.381× 10−23 J/K are physical constants. The cell temperature (T) affects
both Iph and I0, with higher temperatures reducing efficiency. The diode ideality factor n (typically 1 to 2 for
silicon) accounts for non-ideal diode behavior. The series resistance Rs represents losses from contacts and
interconnections, while the parallel resistance Rp models leakage currents across the cell [27].

Pm pp = Pm pp ,re f ⋅
G

Gre f
[1 − γ (T − Tre f )] (2)

Eq. (2) describes the maximum power output Pmpp of a PV module at the maximum power point.
Pmpp,ref is the power at standard test conditions (Gref = 1000 W/m2, Tref = 298 K). G is the actual irradiance,
scaling power linearly. T and γ are the cell temperature and temperature coefficient.

The output power of PV array is directly proportional to number of parallel and series cells, given by [27]

Parra y = Ns ⋅ Np ⋅ Pce l l (3)

where Ns, Np and Pcell are the number of series cell, number of parallel cell and power of each cell, respectively.

2.2 PV-STATCOM
The PV-STATCOM concept involves PV inverters that not only inject active power generated by solar

panels into the grid but also function as a STATCOM to supply or absorb reactive power for voltage regulation
and enhanced grid stability, particularly at night or during low PV generation. By controlling the inverter’s
voltage magnitude and phase angle, the system modulates reactive power injection or absorption, leveraging
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the inverter’s spare capacity to support the grid. This approach enhances PVHC, efficiency and reduces the
need for additional equipment in power systems, optimizing cost and performance [28].

Based on Fig. 2, the control of injected or absorbed active and reactive power is achieved by adjusting
the voltage magnitude and phase angle at bus C. The relationships are given as: Qc2 = +QPV-STATCOM , Pc2 =
+PPV-STATCOM , Qc1 = −QPV-STATCOM and Pc1 = −PPV-STATCOM .

PPV−STATC OM = V 2
c Gc − Vc Vn (Gc cos (θcn) + Bc sin(θcn)) (4)

QPV−STATC OM = −V 2
c Gc − Vc Vn (Gc sin (θcn) − Bc cos(θcn)) (5)

− PPV−STATC OM = V 2
n Gc − Vc Vn (Gc cos(θcn) + Bc sin(θcn)) (6)

− QPV−STATC OM = −V 2
n Gc − Vc Vn (Gc sin(θcn) − Bc cos(θcn)) (7)

More discussions on the rating and operational principle of the PV-STATCOM inverter have been
presented in the next section.

Figure 2: PV-STATCOM connection.

3 The Proposal
In this study, the PVHC is defined as the maximum allowable penetration of PV generation (in kW

or MW) that can be integrated into the distribution network without violating the distribution network’s
operational constraints. These constraints primarily include voltage limits at all buses and loading condition
of all lines. This definition is consistent with widely adopted formulations in the literature, enabling a
meaningful comparison with existing studies.

In the proposed method, the PV-STATCOM technology is utilized to enhance PVHC systems in
distribution networks by simultaneously controlling reactive power through PV inverters, thereby improving
voltage stability and mitigating network constraints. The objective function maximizes the PVHC and is
optimized using the FHO algorithm. System equations are modeled probabilistically to account for inherent
load uncertainties. To achieve this, LHS is employed for efficient scenario generation, combined with MC
studies for statistical evaluation of results, ensuring high accuracy and reliability in the optimization process.

3.1 Objective Function
The proposed objective function is designed as a multi-objective optimization to enhance the perfor-

mance of PV systems integrated with PV-STATCOM. It aims to maximize the PVHC of the network for
greater PV integration, minimize voltage deviations from the nominal value across network buses, and
reduce power losses. The function is formulated as

max F = w1 ⋅ PV HC −w2 ⋅
Nb

∑
i=1
∣Vi − 1

Vi
∣

2

−w3 ⋅
NLine

∑ Pl oss (8)
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where PVHC represents hosting capacity, Vi is the voltage at bus i, Ploss is total loss, and w1, w2, w3
are weighting factors to balance the objectives. The selection of the weighting factors and their impact
are discussed in Section 5.4. In the objective function of (8), the PVHC component is formulated as a
benefit term and therefore appears with a positive sign. Conversely, voltage deviation and power losses are
undesirable performance indices and are included with negative signs to ensure their minimization during
the optimization process.

3.2 Constraints
The constraints of the system under study, which need to be evaluated and incorporated into the

optimization computations, are expressed as follows:

Pgr id
G en + PPV

G en = PLoad + PLoss (9)

Q gr id
G en ± QPV−statcom

G en = QLoad + QLoss (10)
V min ≤ Vi ≤ V max ∀i ∈ Ωn (11)
V min

PV−STATC OM ≤ VPV−STATC OM ≤ V max
PV−STATC OM ∀i ∈ Ωn (12)

Qmax
PV−STATC OM =

√
[(SPV−STATC OM)2 − (Pmax

PV−STATC OM)
2] (13)

Il ine ≤ Imax (14)

Eqs. (9) and (10) depict the power balance restrictions of the system, guaranteeing that the overall
power generated matches the combined total of load demand and power losses. Eq. (11) outlines the voltage
limitations in the network buses. Likewise, Eq. (12) ensures that the voltage levels at the PV-STATCOM
inverter connection points stay within the defined upper and lower limits. Eq. (13) stands out as a key
constraint, illustrating the relationship between the reactive power exchanged by the PV-STATCOM inverter
and its immediate active power injection. Eqs. (12) and (13) denote the inverter voltage and power capability
limits that are essential to be considered in the PV-STATCOM inverter model. In addition to power and
voltage constraints, line thermal capacity is also enforced by (14) to ensure that the power flows through each
feeder and line does not exceed their thermal ratings (Iline).

In this study, the PV-STATCOM inverter is assumed to have an additional 15% apparent power capacity
beyond the maximum active power rating of the PV panels. This design ensures sufficient reactive power
support under varying levels of active power generation, as defined by (13). During periods of high solar
output, the inverter’s reactive power capability is constrained by its apparent power rating, as defined by its
P-Q capability curve. Under this condition, the inverter can deliver full active power from the PV panels
while simultaneously providing reactive power support of up to approximately 56% of the panels’ active
power. As solar irradiance decreases, and consequently the active power output of the PV panels drops, the
inverter gains additional capacity to exchange reactive power. For instance, when the active power generation
falls to 50% of its maximum, the inverter can provide reactive power exchange capability of up to twice the
active power output. During low irradiance conditions or at night, the inverter operates in STATCOM mode,
continuing to supply reactive power compensation within its rated capacity. This assumption reflects the
operational characteristics of modern smart inverters widely used in active distribution networks.

It is worth noting that other practical constraints, such as transformer loading limits and protection
coordination, can also influence the hosting capacity. However, since the primary focus of this study is on
voltage regulation and probabilistic performance assessment, these aspects can be considered as potential
extensions in future work.
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3.3 Fire Hawk Optimizer (FHO)
The decision variables in this study are the optimal sizing of photovoltaic systems and the reactive power

support provided by PV-STATCOM inverters. These are determined by the FHO. FHO has been proposed
in 2023 by [26]. This algorithm draws inspiration from the hunting and mobility patterns of fire hawks, a
type of predatory bird. Typically, the FHO algorithm is divided into three primary phases, mimicking the
smart, aggressive, and adaptable nature of fire hawks as they detect, strike, and seize their prey.

x j
i (0) = x j

i ,min + r × (x j
i ,max − x j

i ,min)where{i = 1, 2, . . . , N .
j = 1, 2, . . . , d . (15)

Dk
� =

�
����

d
∑
j=1
(x j

� − x j
k)

2
,
⎧⎪⎪⎪⎨⎪⎪⎪⎩

� = 1, 2, . . . , NHawks
k = 1, 2, . . . , NPrey
j = 1, 2, . . . , d

(16)

FHnew
l = FHl + (r1 ×GB − r2 × FHNear), l = 1, 2, . . . , n (17)

PRnew
q = PRq + (r3 × FHl − r4 × SPl), {

l = 1, 2, . . . , n,
q = 1, 2, . . . , r. (18)

In Eq. (15), x j
i (0) represents the initial position of the ith individual (either a fire hawk or a prey) in the

jth dimension of the search space, which is randomly generated within the upper and lower bounds x j
i ,max

and x j
i ,min; r denotes a random number in the range [0, 1]. In Eq. (16), Dk

� expresses the Euclidean distance
between the �th fire hawk and the kth prey in the search space, where d is the number of dimensions, NHawks is
the total number of fire hawks, and NPrey is the total number of prey. In Eq. (17), the new position of each fire
hawk FHnew

l is updated based on its current position FHl , the global best position GB, and the nearest fire
hawk FHNear; the random coefficients r1 and r2 regulate the balance between exploration and exploitation.
Finally, in Eq. (18), the new position of each prey PRnew

q is updated based on its interaction with fire hawks
and the position of the prey group SP; the random parameters r3 and r4 are used to maintain a trade-off
between local and global search capabilities. These equations collectively describe the position-updating
mechanism and the interactive behavior between predators (fire hawks) and prey during the optimization
process. When a solution is found, the performance of the solution is tested on the objective function of (8)
and against the constraints of (8)–(14). If any constraint is found to be violated, a large penalty is applied to
eliminate the unacceptable solution.

4 Probabilistic Models
To accurately capture the uncertainties associated with load demand a probabilistic modeling frame-

work is adopted. In this study, load demand is modeled using a normal probability distribution characterized
by its mean and standard deviation, reflecting typical variations in consumption patterns. The normal
distribution with a standard deviation of 10% is adopted to represent the inherent variability of load
demand, as this assumption has been widely employed in probabilistic distribution network studies and
provides a realistic representation of load fluctuations. In the proposed framework, load uncertainty is
explicitly modeled through the combined use of LHS and MC simulation. LHS is utilized as an efficient
stratified sampling technique to generate a representative set of input scenarios from the defined probability
distributions. Compared to conventional random sampling, LHS ensures better coverage of the input space
with a reduced number of samples. Later, the generated samples are then transformed into actual load and
PV generation values using the inverse cumulative distribution function (CDF). For each scenario, a power
flow analysis is performed to evaluate system performance. Subsequently, the MC studies are used as a
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statistical evaluation tool to analyze the distribution network’s response across all generated scenarios. In
this framework, LHS is primarily responsible for scenario generation while the MC studies provide statistical
assessment of performance indicators such as voltage profiles and power losses. This combined approach
enables accurate and computationally efficient probabilistic analysis of PVHC.

The fundamental process of LHS relies on sampling and permutation, with the success of the method
heavily dependent on achieving an effective permutation. The standard LHS technique is typically applied
to estimate the uncertainty in an output variable, such as Y, derived from a deterministic model Y = g(X),
where X = (X1, . . ., Xk) represents a k-dimensional input vector. To create an independent LHS with a size of
N and k dimensions, a collection of independent random variables uniformly distributed over the interval
[0, 1] is employed, with i ranging from 1 to N and j from 1 to k. A random uniformly distributed LHS can be
generated from:

V ( j)
i =

U( j)
i

N
+

π( j)
i − 1

N
(19)

which denotes an independent random permutation. Drawing from Eq. (19), the following expression can
be formulated:

π( j)
i − 1

N
< V ( j)

i <
π( j)

i
N

(20)

Eq. (20) indicates that a random value from each interval has an equal chance of being selected without
overlap, thus showing that the sample values more accurately reflect the true distribution compared to the
MC method.

X( j)
i = F−1

i (V
( j)
i ) (21)

where F−1
i is the inverse CDF.

5 Performance Evaluation
This section evaluates the performance of the proposed and developed technique through numerical

simulation studies. The simulations aimed at enhancing PVHC were carried out using MATLAB (version
R2018b). This section provides a detailed discussion and analysis of the studied network, the scenarios
considered, and the outcomes of the simulations.

5.1 Network under Study and Considered Study Parameters
First, the IEEE 15-bus distribution system of Fig. 3 has been examined and studied. This system

comprises 15 buses with a nominal voltage of 12.5 kV. The single-line diagram of the test network is depicted
in Fig. 3. Within this network, buses 7, 10, and 13 are identified as potential sites for PV systems, with their
simulation and PVHC improvement being explored.

This system is employed as a benchmark test network in this paper due to its extensive use in recent
studies on PVHC and reactive power control and to ensure the validity and comparability of the results.
This system exhibits notable reactive power characteristics, making it particularly suitable for evaluating the
performance of the PV-STATCOM based control strategy and its impact on voltage regulation. Furthermore,
to enhance the generality of the findings, sensitivity analyses under varying load and PV penetration
levels are conducted to evaluate and confirm the robustness of the proposed approach under different
operating conditions.
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Figure 3: Considered IEEE 15 bus network.

The main configuration parameters of the probabilistic simulation framework used in this study are
summarized in Table 1. Furthermore, the parameters of the employed FHO are listed in Table 2. Both MC
and LHS methods are implemented using 5000 samples based on the forecasted hourly load profile. The
probabilistic analysis considers normally distributed load variations and evaluates the uncertainty impacts
on PVHC and bus voltage profiles. It is to be noted that this study has focused on the steady-state operation
of the system rather than the time-series studies. While time-series analysis can provide some temporal
insights, the probabilistic framework presents a much wider spectrum of the various operating conditions
in the network. As such, the employed probabilistic snapshot framework using LHS and MC studies can
properly capture a wide range of operating conditions which can occur at any specific time and better suit
the PVHC determination, focused here.

Table 1: Configuration parameters of the probabilistic simulation models.

Number of Samples Probability Type Standard Deviation Confidence Level
5000 Normal Distribution 10% 95%

Table 2: FHO algorithm parameters.

Population Iteration Time SPl

100 100 24 h 0.5

5.2 Performance of the PVHC
Table 3 presents the PVHC before and after implementing the proposed method, along with the

maximum and minimum voltage levels across the network. As evident from the table, the proposed PV-
STATCOM approach significantly increases the hosting capacity while maintaining voltage profiles within
acceptable limits. Table 4 lists the determined best solution for the network considered and includes the
defined capacity for each PV system in Fig. 3 as well as the maximum and minimum observed network
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voltage. Fig. 4 illustrates the convergence curve of the FHO algorithm and shows that the employed FHO
algorithm converges to the optimal solution within 50 iterations, demonstrating fast convergence and
high stability.

Table 3: Result of PVHC.

Parameter Before Proposed Method After Proposed Method

Bus Number Value Bus Number Value
Total PVHC 7, 10 and 13 6.890 MW 7, 10 and 13 8.311 MW

Vmin 3 0.957 p.u. 10 0.981 p.u.
Vmax 13 1.050 p.u. 5 1.0501 p.u.

Table 4: Determined best solution for PVHC, capacity of each PV system, and the minimum and maximum voltage in
the network.

PV1 (MW) PV2 (MW) PV3 (MW) PVHC (MW) Vmax (p.u.) Vmin (p.u.)
3.113 2.766 2.432 8.311 1.0501 0.981

Figure 4: Convergence curve of FHO.

The amount of reactive power exchanged with the grid is presented in Fig. 5. This figure shows the
expected (mean) reactive power profile derived from the probabilistic snapshot analysis. After performing
a large number of probabilistic scenarios, the average reactive power exchange at each hour was calculated
across all valid scenarios. As observed, the PV-STATCOM units typically absorb reactive power during
midday hours (when PV generation is high) and inject reactive power at night (when solar output is zero).
This behavior, obtained from the averaged probabilistic results, provides effective voltage regulation and
enhances the overall grid support throughout the daily cycle.

Figs. 6–8 present the probabilistic voltage profiles of buses equipped with PV-STATCOM units. The blue
bars represent the voltage distribution obtained using LHS, while the dashed line curves correspond to the
results from MC simulation. This comparison highlights the consistency and accuracy of the probabilistic
modeling approach in capturing voltage behavior under uncertainty.
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Figure 5: Mean reactive power exchanged with the grid by PV-STATCOMs (derived after performing a large number
of probabilistic scenarios).

Figure 6: Probabilistic voltage at bus 7.

Figure 7: Probabilistic voltage at bus 10.



Energy Eng. 2026;123(10):12 13

Figure 8: Probabilistic voltage at bus 13.

5.3 Uncertainty Impact
To provide a quantitative assessment of uncertainty impacts, several probabilistic risk indicators are

extracted from the LHS and MC studies. These statistical metrics obtained for PVHC and voltage behavior
are summarized in Table 5. It can be seen from this table that the LHS method yields lower standard deviation
and a lower estimated violation probability compared to the MC approach for the same number of samples,
indicating improved sampling efficiency and more stable statistical estimation of PVHC.

Table 5: Quantitative risk indicators of probabilistic PVHC assessment.

Parameters LHS MC
Mean of PVHC (MW) 8.311 8.223

Standard deviation of PVHC (MW) 0.39 0.56
Probability of voltage violation (%) 1.7 3.4

Probability of overvoltage >1.05 p.u. (%) 0.9 2.4

5.4 Impact of Weighting Factors
A sensitivity analysis is performed to investigate the influence of the objective function weighting

factors in (8) on the optimization solutions. Different combinations of weighting coefficients associated
with PVHC, power loss, and voltage deviation are evaluated, and the obtained results are summarized
in Table 6. The results demonstrate that increasing the weighting factor associated with PVHC improves
the maximum PVHC but slightly increases network voltage deviation. Conversely, assigning higher weights
to loss minimization and voltage regulation enhances operational performance at the expense of reduced
PVHC. The selected weighting factors provide a balanced compromise between technical performance and
PVHC enhancement and can be eventually determined by the utility (network operator) depending on their
preferences. Fig. 9 illustrates the variations impact of weighting factors on the PVHC and demonstrates that
highest PVHC is achieved considering the weightings in case 1. Therefore, these weightings have been used
in the rest of the studies of this paper when evaluating other systems or aspects.
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Table 6: Sensitivity analysis of multi-objective weighting factors.

Case w1 w2 w3 PVHC (MW) Voltage Deviation (%)
Case 1 0.6 0.2 0.2 8.311 0.19
Case 2 0.5 0.3 0.2 8.025 0.08
Case 3 0.4 0.4 0.2 7.682 0.06
Case 4 0.4 0.3 0.3 7.438 0.04
Case 5 0.3 0.3 0.4 7.024 0.03

Figure 9: Highest PVHC achieved by different sets of weighting factors used in the objective function.

5.5 Comparison against Other Optimization Techniques
To demonstrate the superior performance of the employed FHO technique against other conventional

metaheuristic approaches, the case study of Section 5.2 has been also re-solved by GA, PSO and AO
independently. Table 7 presents the parameter values of AO, PSO, and GA algorithms. As seen from this
table, the population size, number of iterations, and execution time are set identically for all three algorithms
to ensure a fair comparison of their performance under equal conditions. The other internal parameters are
selected based on recommendations reported in the original algorithm references and preliminary numerical
experiments to ensure the best possible result by each algorithm. As described, G1 and G2 are coefficients
of AO, and C1 and C2 are coefficients of PSO while the crossover rate is the parameter of GA. Table 8 lists
the determined PV systems capacities, the total PVHC and the minimum and maximum voltage across the
network by the FHO and compares them with those determined by the three other optimization techniques.
As it can be seen from this table, the FHO outperforms the other methods, resulting in a slightly higher PVHC
(i.e., 8.311 MW by FHO vs. 7.264–8.104 MW by the other techniques) and an improved voltage drop across
the network (i.e., 0.981 by FHO vs. 0.972–0.980 p.u. by the others). The observed maximum voltage across
the network by all four optimization techniques are almost equal (i.e., all between 1.0500 and 1.0502 p.u.).

To ensure a fair and statistically reliable comparison, each of the optimization algorithms of FHO,
GA, PSO, and AO have been independently implemented and each executed 20 times under identical
input conditions. Given the stochastic nature of metaheuristic methods, multiple runs are essential to assess
both solution quality and consistency. The performance of each algorithm is evaluated using statistical
indicators, including the mean, standard deviation, best, and worst values of the obtained PVHC. Table 9
shows statistical performance comparison of optimization algorithms over these 20 independent runs. It can
be seen from this table that the employed FHO technique outperforms the other metaheuristic approaches
in solving the considered multi-objective problem in this paper.
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Table 7: GA, PSO, and AO algorithms parameters.

PSO AO GA

Parameter Value Parameter Value Parameter Value
Population 100 Population 100 Population 100

Iteration 100 Iteration 100 Iteration 100
Time 24 h Time 24 h Time 24 h

C1 and C2 2 G1 and G2 1 and −1 Crossover Rate 0.8

Table 8: Comparison of results with conventional algorithms.

Algorithm PV1 (MW) PV2 (MW) PV3 (MW) PVHC (MW) Vmax (p.u.) Vmin (p.u.)
FHO 3.113 2.766 2.432 8.311 1.0501 0.981
AO 3.043 2.672 2.389 8.104 1.0501 0.980
PSO 2.706 2.516 2.305 7.527 1.0500 0.978
GA 2.587 2.403 2.274 7.264 1.0502 0.972

Table 9: Statistical comparison of the determined PVHC by different optimization algorithms.

Algorithm Mean (MW) Standard Deviation (%) Best PVHC (MW) Worst PVHC (MW)
FHO 8.311 0.0875 8.652 8.068
AO 8.104 0.1561 8.287 7.984
PSO 7.527 0.1587 7.954 7.1045
GA 7.264 0.2014 7.362 6.896

5.6 Effectiveness and Scalability on Larger Systems
To demonstrate the effectiveness and scalability of the proposal, the performance of the proposed

method in increasing the PVHC of the network has been further assessed on 3 larger well-known IEEE
benchmark systems, i.e., IEEE 33, 69 and 123 bus networks. These networks are modeled and analyzed
under the same operating conditions as Section 5.1. Table 10 summarizes the results of these studies and
shows that the proposed method can increase the PVHC of these networks by 17.06% to 19.54%. The
maximum and minimum observed voltages and the probability of the voltage violation are also reported
in this table. According to Table 10, the proposed method achieves a substantial increase in the maximum
PVHC compared to the base case (without PV-STATCOM). This improvement is consistently observed
across different network sizes, highlighting the effectiveness of the PV-STATCOM in providing dynamic
reactive power support and enabling higher PV penetration levels while maintaining voltage profiles within
acceptable limits.
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Table 10: Comparison of PVHC improvement, maximum and minimum voltage, and probability of voltage violation
of the proposed method in larger test networks.

Test System PVHC Improvement (%) Vmax (p.u.) Vmin (p.u.) Probability of Voltage
Violation (%)

LHS MC
123-bus 18.74 1.05 0.974 2.3 4.7
69-bus 19.54 1.05 0.962 2.8 5.2
33-bus 17.06 1.051 0.983 1.9 3.6

6 Conclusion
This paper proposed an enhanced approach for improving the PVHC of electrical networks by utilizing

PV-STATCOM technology. The system has been designed and controlled using a developed multi-objective
optimization framework, which is solved through the FHO algorithm. The developed objective function aims
at maximizing the PVHC of the network for greater PV integration while minimizing voltage deviations
from the nominal value across network buses and reducing power losses. The effectiveness of the proposed
probabilistic framework has been demonstrated through comprehensive numerical simulations. The results
confirm that PV inverters can significantly reduce voltage deviations and power losses by providing
intelligent reactive power support. For instance, simulations conducted on the IEEE 15-bus test system show
that the PVHC increases from 6.890 to 8.311 MW, corresponding to a 20.62% improvement, thanks to the
proposed PV-STATCOM technology, coordinated under the developed objective function. Furthermore,
the findings verify that probabilistic modeling based on LHS and MC studies effectively captures load
uncertainties. The results also indicate that the FHO algorithm achieved rapid convergence within 50
iterations, demonstrating both robustness and computational efficiency compared to conventional methods
such as GA, PSO and AO. In addition, the combination of snapshot-based probabilistic modeling and the
computational efficiency of the FHO algorithm ensures strong scalability, which was validated successfully
through further studies on larger IEEE 33, 69, and 123-bus test systems.

It is important to note that this study adopts a probabilistic snapshot-based framework rather than a
time-series simulation approach. While time-series analysis can more accurately capture temporal dynamics,
such as PV generation intermittency and ramping effects, the proposed method leverages LHS and MC
techniques to represent a broad range of operating conditions and uncertainties in a computationally
efficient manner. Therefore, incorporating time-series analysis to further examine dynamic operational
characteristics is recommended as a valuable direction for future research.
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The following abbreviations are used in this manuscript:

AO Aquila optimizer
FHO Fire Hawk optimizer
GA Genetic algorithm
LHS Latin Hypercube sampling
MC Monte Carlo
PSO Particle swarm optimization
PV Photovoltaic
PVHC Photovoltaic hosting capacity
PV-STATCOM Photovoltaic-Static synchronous compensator
STATCOM Static synchronous compensator
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