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Abstract: Maximum power point tracking (MPPT) is essential for maximizing photovoltaic (PV) energy conversion under variable
irradiance and temperature. Conventional perturb and observe (P&O) and incremental conductance (INC) algorithms are simple to
implement but may exhibit slow convergence, steady-state oscillations, and reduced tracking accuracy during rapid environmental
changes. This study proposes two hybrid MPPT controllers—particle swarm optimization (PSO)-assisted P&O and PSO-assisted INC
for a dual-stage grid-connected PV system. PSO adaptively determines the perturbation step size, while bounded duty-cycle constraints,
transient PSO execution, and reduced perturbation near the maximum power point are applied to limit control jitter and improve
stability. The proposed controllers were evaluated in MATLAB/Simulink under time-varying irradiance and temperature and compared
with conventional P&O and INC methods. Both hybrid approaches improved power tracking, reduced oscillations at the DC–DC boost
converter output, and maintained stable grid synchronization. The PSO–P&O controller achieved 97% efficiency, whereas PSO–INC
reached 98.5%, demonstrating superior tracking accuracy and steady-state performance. These findings indicate that combining global
PSO search with deterministic local tracking can enhance the efficiency, robustness, and reliability of grid-connected PV systems. Future
work should validate the controllers experimentally under partial shading, grid disturbances, and real-time hardware conditions.

Keywords: particle swarm optimization, maximum power point tracking, incremental conductance, perturb and observe, grid-connected
photovoltaic system

1. Introduction

Solar photovoltaic (PV) systems are increasingly being
adopted in industrial and residential applications owing to their
ability to significantly reduce greenhouse gas emissions. The clean
energy produced by PV systems also powers automobiles, irriga-
tion systems, satellites, and several other applications. However,
factors such as solar radiation intensity and ambient tempera-
ture significantly influence the energy production efficiency of
PV systems [1, 2]. Moreover, PV modules display considerable
fluctuations in their current-voltage and power-voltage character-
istics, demonstrating a nonlinear correlation [3]. This nonlinearity
necessitates tuning to locate the maximum power point (MPP),
where the system output is maximized. Optimization techniques
such as perturb and observe (P&O) and incremental conductance
(INC), which are easy to implement [4, 5], have been developed to
maximize power extraction from PV systems by adjusting the volt-
age or duty cycle. Implementing maximum power point tracking
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(MPPT) methods in PV energy harvesters enhances the efficiency
of energy collection, offering advantages such as the ability to
reduce the size of solar panels and energy storage units [6].

Conventional optimization methodologies have distinct
advantages and limitations in their implementation. The P&O
method is known for its simplicity in tuning the MPP by peri-
odically perturbing the PV voltage and observing the resulting
output power. However, under steady-state conditions near the
MPP, P&O may experience power losses owing to continuous
perturbations [7]. Additionally, its performance can be limited
by rapidly changing environmental conditions, such as fluctua-
tions in irradiance or partial shading, which may cause it to lose
track of the true MPP [8]. The INC method leverages the power
derivative with respect to voltage to accurately locate the MPP by
comparing the incremental and instantaneous conductances [9].
In general, especially in dynamic environments, INC algorithms
suffer from increased computational complexity and the need for
precise measurements, potentially leading to slower convergence
and increased implementation costs [10].

Considering the limitations inherent in traditional MPPT
techniques, researchers and engineers are actively developing
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more robust approaches that demonstrate superior performance
compared with conventional optimization methods. Advanced
techniques such as particle swarm optimization (PSO), Artificial
Neural Networks (ANNs), and Fuzzy Logic Control have been
developed to enhance MPPT by improving accuracy and speed
while reducing oscillations at the MPP [5, 11]. A key advantage
of these approaches is their ability to identify the global opti-
mum by generating random variables within the search space,
thereby overcoming the limitations of traditional algorithms [12].
For instance, ANN-based MPPT controllers have recently gained
prominence owing to their ability to predict the optimal operating
point by learning from historical data, rendering them particularly
suitable for environments with frequent variations [13]. In a study
conducted by Ncir et al. [13], differential evolution in conjunc-
tion with a feedforward neural network was employed to achieve
enhanced tracking speed and improved efficiency under various
irradiance conditions. Hybrid methods that utilize PSO effec-
tively address partial shading and the complex nonlinear traits
of PV systems, thereby ensuring swift convergence to the global
MPP [14]. These methods overcome the limitations of conven-
tional techniques by dynamically adapting to real-time conditions,
thereby improving their accuracy and reliability [14].

Hybrid MPPT techniques that integrate stochastic opti-
mization methods with deterministic tracking algorithms have
gained increasing attention due to their fast convergence and
high tracking accuracy. However, such hybrid control schemes
may encounter stability challenges, particularly in the form of
duty-cycle oscillations and control jitter, when variable step-size
perturbations are not properly regulated. Stochastic methods
such as PSO introduce random exploration, while determinis-
tic methods like P&O continuously adjust the operating point,
which may lead to conflicting control actions near the MPP.
Recent studies have investigated the stability of variable step-size
MPPT algorithms and proposed damping and adaptive step-size
mechanisms to mitigate oscillatory behavior and ensure smooth
convergence [5, 15]. In this work, bounded duty-cycle limits,
controlled PSO iteration phases, and reduced perturbation mag-
nitudes are employed to enhance stability while preserving fast
dynamic response.

In this research, the hybrid MPPT control technique is
used, and the novelty lies in merging the PSO algorithm along
with P&O first and then with INC algorithms. By performing
this technique, the strengths of the particle and swarm method
are integrated with the P&O method, due to which the over-
all performance of the system under the same input conditions
can be enhanced, while also helping to mitigate their individ-
ual drawbacks under changing environmental conditions. Unlike
many existing hybrid approaches that combine two or three algo-
rithms without clearly defining their unique contributions, this
approach aims to enhance tracking speed, accuracy, and stability
by dynamically adjusting the control strategy based on real-time
solar irradiance and temperature fluctuations, thus improving
convergence to the global maximum power point (GMPP) [16].
This integration addresses the steady-state oscillations and slow
response of P&O, the computational complexity of INC, and the
local optima issues in traditional methods by using PSO’s global
search capability to optimize step sizes and control parameters
adaptively [14]. The proposed method also includes a comparative
evaluation under diverse environmental scenarios, demonstrating
superior performance in efficiency and robustness compared to
standalone and other hybrid MPPT techniques, which is often
missing or insufficiently emphasized in prior studies [16]. By
combining these algorithms in a novel control framework and

validating it through simulation under realistic conditions, the
study contributes a practical and effective solution for maximizing
PV system energy output. This explicit focus on hybridizing PSO
with both P&O and INC, along with detailed performance bench-
marking, distinguishes the work from previous hybrid MPPT
research that typically focuses on dual combinations or lacks
comprehensive comparative analysis [17].

2. System Design

All the system design components are described as follows.

2.1. PV cell modeling

The equivalent circuit diagram of a PV system incorporates
four parameters, which are a light-generated current (IP), shunt
resistance (Rsh), series resistance (Rse), and a diode (Id). So, it
is also known as four parameters model (Figure 1). The light-
generated current varies with solar irradiance and cell temperature.
Therefore, the relationship between the voltage and current of a
PV cell can be expressed as follows [18].

Figure 1
Basic model of PV cell

I = IP − Irs [exp (q (V + IRse)𝜂kT ) − 1] − V + IRse

Rsh
(1)

In this context, I represents the output current of the solar
cell, and V denotes its output voltage. The reverse saturation
current of the diode is denoted by Irs and equals 1.6 × 10−19

C. The deviation factor of the diode is represented by 𝜂, which
is Boltzmann’s constant (1.3807 × 10−23 JK−1). T indicates
the solar cell temperature, cell series, and shunt resistance. The
P–V and I–C characteristics of the PV system are shown in
Figure 2.

The electrical behavior of the solar cell was system-
atically characterized through its current–voltage (I–V) and
power–voltage (P–V) profiles under three distinct irradiance lev-
els: 0.6, 0.8, and 0.95 kW/m². The results reveal a pronounced
current plateau across a broad voltage range, indicating stable
charge carrier generation under illumination. However, as the ter-
minal voltage approaches the threshold of approximately 35–40 V,
a rapid decline in current is observed, marking the transition
toward the open-circuit condition.

At the highest irradiance level of 0.95 kW/m², the solar cell
exhibits a peak current close to 9 A, reflecting the strong depen-
dence of photocurrent on incident solar intensity. This behavior
underscores the direct proportionality between irradiance and
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Figure 2
I–V and P–V characteristics of solar cell

current generation, while also highlighting the inherent nonlin-
earity of the I–V characteristic near the voltage limit (Figure 2)

This analysis demonstrates that higher irradiance enhances
solar cell performance by increasing both current and power
output. The I–V and P–V curves provide essential insight into
the cell’s operational behavior and efficiency under varying solar
conditions.

2.2. DC–DC boost converter

A DC–DC converter converts a fixed direct current (DC)
voltage to a variable DC voltage. While performing the MPPT
algorithm, the power that is obtained from the PV module is
analyzed, and necessary adjustments are made by incrementing
or decrementing the voltage and current values so that maxi-
mum output power can be achieved. In order to convert the input
DC voltage to the required steady output voltage as per require-
ment, the values of duty cycle (D) are adjusted between zero and
one, which eventually results in achieving the required DC output
voltage [19].

Vo = Vs/ (1 − D) (2)

where Vo refers to the output voltage of the boost converter,
Vs is the source voltage, and D is the duty ratio. As illustrated in
Figure 3, a boost converter requires several components: a DC
input voltage source, an inductor, a switch (typically an IGBT),
a diode, a capacitive filter, and a load. The duty ratio can be
adjusted to modify the output voltage. In order to maintain the
continuous conduction mode, it is essential to determine the crit-
ical inductance and capacitance, which ensure an uninterrupted
current flow through the load.

Figure 3
Basic schematic of DC–DC boost converter

Lc = D (1 − D)2 × R
2 f

(3)

Cc = D
2 fR

(4)

The value of critical inductance helps to determine for which
time the load current remains uninterrupted and can conduct con-
tinuously; it means that for the continuous conduction of the
current toward the load, the value of the inductor in the con-
verter must be higher than the value of critical inductance, and it
is represented as Lc.

Similarly, the critical capacitance (Cc) value represents the
value of the capacitor for which it can maintain the continuous
capacitor voltage. It suggests achieving the desired performance;
the value of capacitance must be greater than the critical value in
this converter.

Pdf_Fol io:3 03



Archives of Advanced Engineering Science Vol. 00 Iss. 00 2026

2.3. Dual-stage grid-connected PV system

The output of the PV module cannot be directly interfaced
with the utility grid under all operating conditions. Before grid
connection, criteria such as phase sequence, voltage, and fre-
quency matching must be satisfied. A dual-stage grid-connected
PV system includes a DC-to-DC converter followed by a DC-to-
alternating current (AC) converter to produce high-quality AC
power suitable for grid synchronization (Figure 4). In this pro-
cess, first, the obtained DC power is passed through a boost
converter to obtain appropriate voltage, which is maintained by a
DC link capacitor, as DC-link capacitors help protect the circuit
from voltage spikes and electromagnetic interference (EMI), and
it is placed mostly between the DC-to-DC converter circuit and
inverter circuit.

The three-phase inverter serves as the interface that trans-
forms DC power into AC, enabling seamless interaction with
the grid. To enhance power quality, an output filter composed
of inductors L1, L2, and capacitor C is employed, effectively
smoothing the waveform and mitigating harmonics.

The control architecture is designed with a high level
of sophistication, integrating multiple coordinated subsystems.
A pulse-width modulation (PWM) generator governs the inverter
switching, while a phase-locked loop (Pll) ensures precise syn-
chronization with the grid. Transformations between the abc
and dq reference frames enable efficient control in a rotating
coordinate system, and cascaded control loops with propor-
tional–integral (PI) regulators maintain system stability and
dynamic performance.

Real-time measurements of current and voltage Iabc & Vabc
are continuously fed back into the control system, allowing
adaptive regulation and reliable grid integration. In the outer
control loop, a single PI controller is utilized to regulate the
DC-link voltage, ensuring it accurately tracks the reference value
Vdc,ref and maintains overall system balance.

Concurrently, internal loop current regulation employs a pair
of controllers to manage the direct and quadrature currents. The
overall relationship between the grid-connected inverter voltages
and line currents is as follows [20]:

[eaebec] = Rf [IaIbIc] + Lf d/dt [IaIbIc] + [VaVbVc] (5)

where ea, eb, and ec represent the inverter output voltages;
Ia, Ib and Ic denote the three-phase line currents; Va, Vb, and Vc
correspond to the three-phase grid voltages; and Rf and Lf are
the filter resistance and inductance, respectively.

In order to transform three-phase electrical parameters into
dq-axis components, Park’s transformation technique is used,
due to which grid synchronization becomes possible with the PV
system.

This process incorporates a phase-locked loop (PLL) based
on the synchronous reference frame. The mathematical represen-
tation of the reference frame that rotates in sync with the voltage
of the grid can be expressed as follows [20, 21]:

Vd = ed − R fId + 𝜔L f − L (dId) /dt (6)

Vq = eq − R fIq + 𝜔L fId − L (dIq) /dt (7)

Figure 4
Dual-stage grid-connected PV system control scheme
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where Vd and Vq are the grid d-axis and q-axis voltage com-
ponents, respectively; ed and eq are the d-axis and q-axis
inverter voltage components, respectively; Id and Iq are the d-
axis and q-axis grid currents, respectively; and 𝜔 is the angular
frequency [21].

2.4. System specifications and configuration

In this research method, the required parameters of the PV
module, PSO algorithm, boost converter, and grid-tied PV sys-
tem are tabulated below (Table 1). Regarding the parameters
used in the PV module, it includes the open-circuit voltage (Voc),
short-circuit current (Isc), and maximum power specifications
for a particular value of irradiance and temperature, which is
1000 W/m2 and 25 °C.

In addition, optimization of the power output requires
parameter initialization like inertia weight (w), cognitive coeffi-
cient (C1), and social coefficient (C2), which are very essential
in the PSO algorithm. Furthermore, in a boost converter, the
values of resistances, inductance, capacitance, and other filter
components decide the performance of the DC-to-DC conver-
sion, so that the required performance can be achieved. Lastly,
the parameters for the grid-tied PV array, which incorporate the

filter capacitance, filter inductance, grid frequency, grid voltage,
and switching frequency of the inverter, help to ensure optimal
energy conversion and integration to the grid and provide a solid
structure for performance analysis.

3. MPP and Optimization Algorithms

The MPP of a PV system is defined as the operational state
at which the PV system achieves its optimal efficiency, yielding the
maximum attainable power output [22]. As previously discussed,
various optimization techniques, including P&O and INC, are
frequently utilized to achieve the maximum power output in PV
systems. These conventional techniques are not only straightfor-
ward to implement but also serve as references and benchmarks
for newly developed hybrid and advanced MPPT techniques [5].
This section briefly discusses the proposed P&O-, INC-, and
PSO-based models for the optimal power extraction from PV
systems.

3.1. Perturb and observe (P&O)

P&O is a widely used optimization technique for extract-
ing optimum power from PV systems. This approach involves

Table 1
Parameters settings for the study

Parameter Value

PV module (1000 W/m², 25 °C)

Open-circuit voltage (Voc) 38.4 V (grid-tied: 36.3 V)

Short-circuit current (Isc) 8.85 A (grid-tied: 7.35 A)

Maximum power 248.977 W (grid-tied: 213.15 W)

Voltage at maximum power point 30.7 V (grid-tied: 29 V)

Current at maximum power point 8.11 A (grid-tied: 7.35 A)

Parallel strings 1 (grid-tied: 8)

Series modules per string 1 (grid-tied: 25)

PV system capacity 40 kW

PSO algorithm

Inertia weight (w) 1

Cognitive coefficient (c1) 1.5

Social coefficient (c2) 1.5

Boost converter
Input capacitance (Ci) 100 µF

Input resistance (Ri) 0.0001 Ω
Inductance in inductive filter (L) 2 mH

Resistance in inductive filter (R) 0.1 Ω
Capacitance in capacitive filter (Ci) 100 µF

Resistance in capacitive filter (R) 0.0001 Ω
Load resistance (R) 20 Ω

Grid-tied PV array simulation

Filter capacitance (Cfilter) 20 µF

Filter inductance (Lfilter) 20 µF

Inductance in inductive filter (L) 7 mH

Grid voltage (VLL) 400 V

Grid frequency (f) 50 Hz

Inverter switching frequency (fsw) 10 kHz
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making minor adjustments to the operating voltage while concur-
rently monitoring the resulting changes in the power output to
determine the MPP [7, 23]. If the power increases subsequent to
a change in voltage, the adjustment is iterated until the maximum
power is attained, with the power calculated through the mea-
surement of voltage and current, and the differentials from the
previous values evaluated [23]. At the MPP, the change in power
is zero; otherwise, the algorithm adjusts the voltage using a fixed
step size, shifting the operating point as required to approach
the MPP. This continuous adjustment enhances energy collec-
tion while maintaining a balance between the tracking speed and
stability, despite potential fluctuations [24]. This method alters
the duty cycle of the converter, which induces a perturbation in
the system voltage [25]. Choosing the appropriate perturbation
step size and sampling rate is essential because a smaller step size
ensures stability but slows down tracking, whereas a larger step
size accelerates tracking at the risk of increased fluctuations [26].
Figure 5 [14, 28] depicts the basic flow of the conventional P&O
algorithm. In PV system, the output power is given as P = V × I,
where V is the voltage and I is the current. The P&O algorithm
disturbs the voltage and observes the resulting change in power.
If ΔP/ΔV > 0, then the voltage is increased. If ΔP/ΔV < 0, the
voltage decreases, and the changes are repeated until the system
converges at the MPP, where ΔP/ΔV = 0.

Figure 5
Conventional perturb and observe algorithm

Researchers have demonstrated the efficacy of the P&O
method in real-world applications for high MPPT [23]. Stud-
ies have demonstrated the satisfactory efficiency of the P&O
method, citing its effective energy collection from PV panels [23].
Nevertheless, this methodology has been criticized for its propen-
sity to induce oscillations around the MPP, potentially resulting
in energy inefficiencies, particularly under dynamic environmen-
tal conditions or partial shading scenarios [8]. Moreover, slow

convergence speed with steady-state oscillations, drift under sud-
den irradiance variation, difficulty in recognizing the global MPP
under partially shaded conditions, and becoming trapped in the
local MPP are significant challenges [8, 27]. Despite certain limi-
tations, P&O has contributed significantly to various innovations
in controlling techniques for efficient MPP tracking under diverse
conditions.

3.2. Incremental conductance (INC)

Another widely used technique for optimizing PV systems to
achieve maximum power is the INC algorithm. This technique
evaluates the differential conductance (dI/dV) and contrasts it
with the instantaneous conductance (I/V) [4]. When dI/dV is
equal to − I/V, the system reaches the MPP [29]. The INC algo-
rithm can determine whether the MPP has been achieved by
computing the incremental changes in the current and voltage.
The operating point is adjusted based on the slope of the PV
power curve [29]. Researchers have noted that INC is generally
more accurate than P&O, with better performance under fluctu-
ating weather conditions [10]. In contrast to P&O, which depends
on disturbances, INC utilizes the connection between differential
conductance (dI/dV) and immediate conductance (I/V) [9].

The INC method determines the MPP by utilizing the prin-
ciple that the derivative of power with respect to voltage (dP/dV)
equals zero at the MPP [29]. This can be mathematically rep-
resented as dI/dV = − I/V, where I is the current and V is
the voltage. In this method, the algorithm continuously mea-
sures the voltage and current from the solar panel, calculating
the changes in voltage (ΔV ) and current (ΔI). It then evaluates
the ratio of ΔI/ΔV. When ΔI/ΔV = − I/V, the system is at the
MPP. If ΔI/ΔV> − I/V, the voltage is adjusted upward, while
if ΔI/ΔV< − I/V, the voltage adjusted downward, enabling the
system to track the MPP effectively under varying environmental
conditions. This methodology accurately tracks the MPP under
rapidly changing conditions, ensuring efficient operation without
the oscillations observed in alternative methods, such as P&O [9].
INC effectively maximizes energy harvesting from solar panels
[21]. Critics contend that implementing INC presents greater chal-
lenges than simpler methods, such as P&O [10]. The approach to
the MPP can be impeded when the voltage deviates significantly
from the optimal value or when subjected to rapid fluctuations in
irradiance [29]. Similar to P&O, this method exhibits poor con-
vergence speed and accuracy [21]. Notwithstanding these inherent
challenges, the INC method remains an efficacious approach for
optimizing power extraction from PV systems, thereby establish-
ing itself as a reliable MPPT method [9, 28]. Figure 6 [14, 28]
illustrates the basic flowchart for INC optimization.

3.3. Particle swarm optimization (PSO)

PSO is an algorithm that emulates the collective move-
ment of bird flocks and fish schools using a population-based
approach (Figure 7) [14, 30, 33]. PSO aims to identify optimal or
near-optimal solutions to complex problems through an iterative
process that refines potential solutions based on specific measures
of quality or fitness [30]. In PSO, a collection of candidate solu-
tions, known as particles, explores the problem space to identify
the optimal solution [30]. Each particle updates its position based
on its own experience and that of its neighbors, gradually con-
verging toward the optimal solution identified by the swarm [31].
Each particle serves as a candidate solution to the optimization
problem and is characterized by its specific position and velocity
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Figure 6
The conventional incremental conductance algorithms

Figure 7
Flowchart of PSO

within the search domain [32]. The motion of each particle is
influenced by its personal best position (Pbest) and the best
positions identified by its neighboring particles (global best or
Gbest), where Pbest represents the optimal position attained by a
particle in its history and Gbest denotes the optimal position dis-
covered by any particle within the entire swarm [32]. The velocity

and position of each particle are updated using the following
equations [31].

Vi(t + 1) =W × Vi(t) + c1 × r−1[(Pbest)−(i)−Xi(t)] + c2 × r2[(Gbest)− − X−i(t)] (8)

Xi (t + 1) = Xi (t) + Vi (t + 1) (9)

Here,Vi(t) and X_i(t) are the velocity and position of particle
i at time t, W is the inertia weight, c1 and c2 are acceleration
coefficients, and r1 and r2 are random numbers between 0 and 1.

Researchers have increasingly utilized PSO to achieve MPPT
in PV systems and have demonstrated its superior performance
in tracking GMPPs compared to traditional techniques [33,
34]. However, researchers have described several limitations of
PSO-based MPPT methods, such as long convergence times
and oscillations during the search process [33, 35]. Researchers
have proposed modifications or innovative methods to address
these disadvantages, including hybrid methods combined with
traditional methods [34].

3.4. Proposed PSO-based MPPT optimization

A previous study indicated that hybrid optimization tech-
niques are advantageous for maximizing the efficiency of PV
systems. We integrated PSO with conventional methodologies in
our model to increase the output power and improve the conver-
gence speed to expedite the MPP identification. In addition, the
hybrid PSO and P&O optimization method reduces the possibil-
ity of converging to the local minima in comparison to traditional
methods, which results in reduced oscillations around the MPP.
The strength of this proposed hybrid model is that the perturba-
tion step size is dynamically adjusted using a swarm intelligence
approach, and it results in an enhanced convergence rate and
reduced oscillations around the MPP.

Furthermore, the PSO and INC hybrid model helps to
accurately track maximum power under dynamic environmental
conditions such as partial shading and highly dynamic irradi-
ance conditions. The main focus in this paper is to improve the
efficiency, accuracy, and reliability of the solar PV systems and
maximize the energy using the PSO + P&O and PSO + INC
approaches.

The particles represent different perturbation steps in the
PSO-based P&O method. The position and velocity were
enhanced using the PSO algorithm. The position and velocity
updates are as follows [31]:

Xi (t + 1) = Xi (t) + Vi (t + 1 ) (10)

Vi(t + 1) =W · Vi(t) + c1 · r1 · (Pibest − Xi(t))+ c2 · r2(Gbest − Xi(t)) (11)

where Xi represents the position of the particle i,Vi repre-
sents velocity, w is the inertia weight, c_1 and c_2 are cognitive
and social coefficients, r1 and r2 are random numbers, Pi best is
the best-known position of particle i, and Gbest is the global best
position. Similarly, the conductance calculations in the PSO +
INC method are similar but optimized using PSO with position
and velocity updates. These enhancements enable both techniques
to dynamically adjust their search for the MPP, thereby signif-
icantly improving their efficiency and adaptability to changing
environmental conditions. A flowchart of the PSO-based hybrid
optimization is presented in Figure 8.
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Figure 8
Flowchart of proposed PSO-driven P&O/INC optimization

4. Simulations and Result

A comprehensive Simulink model (Figure 9) was developed
to represent a solar energy conversion system integrated with
advanced power optimization control. The system is initiated
by a PV module interfaced with a DC–DC boost converter,
comprising key components such as an IGBT switch, diode,
and inductor to facilitate efficient voltage stepping and energy
transfer. The control framework incorporates a PWM scheme
to regulate the switching dynamics of the converter, ensuring
optimal power extraction. Distributed measurement and monitor-
ing blocks are embedded throughout the model to continuously
track critical parameters, including voltage, current, and power.
Furthermore, the system is governed by closed-loop feedback

mechanisms and intelligent control algorithms that implement
MPPT strategies, thereby enhancing overall energy efficiency.
Visualization tools, including scopes and display blocks, are inte-
grated to enable real-time observation of system performance and
output responses. This model serves as a robust platform for sim-
ulating and analyzing the dynamic behavior of a solar power
conversion system, along with its associated control architecture
under varying operating conditions.

The Simulink model depicts a grid-connected PV system. The
simulation model commenced with a PV array (represented by
a solar panel icon) that generated DC power from solar energy
(Figure 10). The system includes power conditioning stages, most
notably a three-phase inverter that converts the DC power from
the PV array into three-phase AC power suitable for grid inte-
gration. The inverter section contains multiple IGBT/diode pairs
controlled by PWM signals for appropriate power conversion.
A three-phase distribution grid connection incorporates appro-
priate inductors (L1, L2, and L3) for filtering and synchronizing
the grid. The upper section of the diagram illustrates the control
system components, including the PWM generation and various
measurement blocks for monitoring the system parameters. This
setup represents a typical grid-tied solar power system that enables
renewable energy to be fed into the utility grid while maintaining
proper power quality and grid synchronization requirements.

The hybrid MPPT algorithm integrates PSO for global peak
detection with INC for high-precision local tracking. During the
initial global search phase, a swarm of 100 particles explores the
duty-cycle step-size space ΔD ∈ [0, 0.5] over 100 iterations, utiliz-
ing an inertia weight w = 1 and acceleration coefficients c1 = c2
= 1.5 to converge upon the GMPP. Once the optimal step size is
identified (gbest), the system transitions to the INC phase, which
regulates the duty cycle D within a [0, 0.8] range by comparing the
instantaneous conductance I/V against the INC ΔI/ΔV. While
this dual-stage approach effectively minimizes steady-state oscil-
lations, its reliance on a simplified power model and the absence
of a dedicated shading detection trigger suggest that performance
may vary under complex partial shading scenarios.

In this control system, a three-phase inverter is designed using
a direct–quadrature (dq) frame transformation technique, as illus-
trated in Figure 11. Overall, this system is divided into two main
parts, where the first left-side part is the PLL using DQ frame
transformation so that sine-cosine reference signals can be gen-
erated, while the right-side part consists of a three-phase current
controller of the inverter using DQ transformation. Functionally,
the PLL section is responsible for synchronization with the grid
frequency, and the current controller part is responsible for the
regulation of the inverter output. This complete control architec-
ture is very crucial for a grid-tied inverter system as it enables
proper synchronization with the grid along with accurate current
control in a rotating reference frame, which makes the control sys-
tem highly stable and efficient in order to get the desired result.
Block PI controllers and feedback loops help to monitor and
maintain stable operation along with the quality of power of the
grid-connected inverters.

The performance of PV systems is contingent on solar irra-
diance and temperature, which are critical parameters. Solar
irradiance, ambient temperature, and relative humidity sig-
nificantly influence PV power output under various climatic
conditions [36]. In general, higher temperatures negatively impact
PV panel efficiency. In our model, the dynamic response of the
PV system to short-term environmental variations specifically
irradiance and temperature over a 10 s interval was systemati-
cally simulated. Solar irradiance, expressed in W/m², represents
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Figure 9
The Simulink model of the PV system implemented algorithms and a boost converter

Figure 10
Grid-connected PV systems
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Figure 11
Control structure of grid

Figure 12
Input (a) irradiance and (b) temperature
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the incident solar energy on the PV surface (Figure 12(a)). The
irradiance profile follows a Gaussian distribution, initiating at
zero, reaching a peak value of approximately 900 W/m² around
4–5 s, and subsequently declining to zero by the end of the sim-
ulation. This behavior effectively emulates transient atmospheric
conditions such as passing cloud cover and fluctuating solar
exposure. Figure 12(b) illustrates the temperature profile (°C),
corresponding to the operating temperature of the PV module.
The temperature begins at approximately 10 °C, rises rapidly to
around 25–30 °C within the first second, and thereafter remains
relatively stable with minor fluctuations for the duration of the
simulation.

In our simulation without MPPT, we analyzed the power
output and efficiency of a dual-stage grid-connected PV system

and observed a significant discrepancy between the ideal and
actual power. Although the ideal curve peaked at 220 W,
the actual PV output remained at approximately 60 W, indi-
cating substantial power loss and inefficient energy harvesting
(Figure 13(a)). The efficiency reached over 90% but could not be
maintained over the period, dropping to 30% during the mid-
dle period, which demonstrates the importance of the MPPT
controller (Figure 13(b)). With the implementation of the P&O
MPPT controller, the PV system demonstrated notable improve-
ments in power and efficiency. The PV output power closely fol-
lowed the ideal power curve, reaching approximately 200–220 W
(Figure 13(c)). Similarly, the system exhibited a substantially
stable efficiency, averaging 90–95% throughout most of the
operating period (Figure 13(d)). The boost converter power

Figure 13
System response without MPPT: (a) PV output power and (b) PV system efficiency; system response with P&OMPPT: (c) PV output
power, (d) PV system efficiency, and (e) boost converter power; system response with incremental conductance MPPT: (f) PV output

power, (g) PV system efficiency, and (h) boost converter power, respectively
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Figure 14
Power-tracking, efficiency, and boost converter performance of hybrid P&O–PSO and INC–PSO MPPT controllers under varying

irradiance conditions
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Figure 14
(continued)
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Figure 15
Output grid current, voltage and frequency

output closely resembles a smooth bell curve over time, indicating
effective power conversion and delivery to the load (Figure 13(e)).
Similarly, the performance of the INC MPPT controller was
comparable to that of the P&O controller. However, it exhibited
slightly more pronounced oscillations in tracking the ideal power
curve (Figure 13(f)) and efficiency (Figure 13(g)) while having
a similar pattern with more pronounced fluctuations compared
to the P&O method (Figure 13(h)). The boost converter power
output remained virtually identical between the two methods.
Overall, we observed improvements in the power and efficiency
curves for both MPPT controllers, with the P&O controller
offering marginally more stable operation with fewer oscillations.

We employed hybrid approaches (P&O + PSO and INC
+ PSO) and observed that they exhibited notable improve-
ments over their traditional counterparts. Both hybrid controllers
demonstrated superior power-tracking capabilities with reduced
oscillations around the MPP (Figures 14(a) and (d)). The effi-
ciency of the systems for both models maintained consistently
high levels of approximately 95%, with INC + PSO exhibiting

slightly more stable efficiency than P&O + PSO (Figures 14(b)
and (e)). The power output from the boost converter in the
hybrid models displayed reduced oscillations with a smoother out-
put curve compared to the traditional P&O and INC methods
(Figures 14(c) and (f)). In this study, we successfully integrated a
double-stage grid-tied PV system with synchronous parameters.
The three-phase current and voltage waveforms exhibited proper
synchronization with a stable grid frequency, indicating effective
operation with improved MPPT control (Figure 15(a)-(c)). Over-
all, the hybridization of PSO with P&O and INC led to further
improvements, with PSO + INC demonstrating superior efficiency
(Table 2). A comparison revealed that PSO integration functioned
more effectively with INC than with P&O integration. In addi-
tion, the PV system (P&O MPPT) was successfully synchronized
with the grid at a voltage of approximately 380 V and a frequency
close to 50 Hz, indicating effective grid integration under varying
irradiance conditions.

Figure 14 presents the dynamic performance of the sys-
tem under hybrid MPPT strategies. For the hybrid P&O + PSO
approach, subfigures (a), (b), and (c) illustrate the PV out-
put power, PV system efficiency, and boost converter power,
respectively. Similarly, for the hybrid INC + PSO approach,
subfigures (d), (e), and (f) depict the corresponding PV output
power, PV system efficiency, and boost converter power, provid-
ing a comprehensive comparison of system behavior under both
optimization techniques.

Figure 15 illustrates the dynamic response of the grid-tied
PV system under MPPT operation, depicting (a) the synchro-
nized grid current, (b) the synchronized grid voltage, and (c) the
synchronized grid frequency.

5. Conclusions and Recommendations

MPPT plays a pivotal role in maximizing the energy output
of PV systems, especially in environments subject to unpre-
dictable variations in sunlight intensity and temperature. This
research presents a robust hybrid framework that integrates PSO
with the established P&O and INC algorithms. The innova-
tive dual-stage grid-connected architecture leverages PSO’s global
search capabilities to circumvent local maxima pitfalls, which
is a common limitation in purely deterministic MPPT meth-
ods. Concurrently, it utilizes INC and P&O for fine-tuned
local optimization, enhancing the system’s accuracy in locat-
ing the MPP. Simulation results indicate that the proposed
hybrid configurations significantly outperform traditional deter-
ministic approaches. Specifically, the PSO+INC configuration
achieved an outstanding tracking efficiency of 98.5%. This level of
efficiency not only optimizes power extraction but also addresses
the inherent trade-offs between convergence speed and steady-
state oscillations, which often hinder system performance and
energy yield. To further bolster system stability and reliability,
a dq-frame transformation current controller was implemented,

Table 2
Comparison of MPPT optimization efficiency

MPPT algorithm Step size Efficiency (𝜂) %
P&O 0.0005 95%
INC 0.0005 95%
PSO + P&O 0–0.5 97%
PSO + INC 0–0.5 98.5%
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ensuring effective synchronization with the power grid. This
controller maintains stable frequency and voltage profiles even
in fluctuating irradiance conditions, a crucial requirement for
the reliable operation of grid-connected PV systems. Despite
these advancements in efficiency and stability, the study acknowl-
edges certain limitations. The dependence on a simplified power
model could introduce performance variability, particularly in
extreme situations involving non-uniform partial shading condi-
tions, where light intensity discrepancies across the solar panel
can occur. Future research is directed toward two key areas:
(i) conducting comprehensive experimental validations in real-
world, large-scale dual-stage grid-connected networks to evaluate
the system’s robustness against grid transients and environmental
fluctuations and (ii) investigating advanced artificial intelligence
techniques to enhance adaptive control strategies under condi-
tions of high uncertainty. In summary, the hybridization of PSO
with the INC method presents a promising and effective approach
for integrating modern renewable energy systems, significantly
enhancing the potential for maximizing energy harvesting and
improving the performance of PV technologies under variable
environmental conditions.
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