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1. Abstract

The swift global shift towards renewable energy has
accelerated the adoption of grid-connected solar
photovoltaic (PV) systems. Within these systems,
maximum power point tracking (MPPT) is crucial for
optimizing  energy  capture amid  changing
environmental factors like irradiance and temperature
variations. This study details the design and
implementation of a grid-connected solar PV system
that incorporates sophisticated MPPT control
algorithms. The proposed system architecture includes
a PV array, a DC-DC boost converter, an MPPT
controller, a grid-synchronized inverter, and advanced
control strategies such as adaptive, Al-based, and hybrid
optimization techniques. The research examines both
traditional and advanced MPPT algorithms, including
Perturb and Observe (P&O), Incremental Conductance
(INC), fuzzy logic control (FLC), neural networks
(NN), and hybrid swarm-based optimization methods. A
new hybrid MPPT approach, which merges incremental
conductance with adaptive intelligent tuning, is
introduced to enhance tracking speed, minimize steady-
state oscillations, and improve system stability under
partial shading and transient conditions. The system is
modeled using MATLAB/Simulink, with control loops
for voltage regulation, DC-link stabilization, and grid
synchronization implemented. Simulation results reveal
that the proposed control scheme outperforms
conventional MPPT techniques in terms of efficiency
(>99%), rapid convergence, and low harmonic
distortion. The system consistently delivers stable
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power to the grid with a unity power factor and reduced
total harmonic distortion (THD). Additionally, the
advanced algorithm effectively reduces power
oscillations and enhances dynamic response during
irradiance changes. This research offers a robust and
scalable framework for integrating grid-connected PV
systems using advanced control algorithms. The results
underscore the potential of intelligent MPPT schemes
for future smart grid applications, boosting reliability,
efficiency, and the integration of renewable energy in
modern power systems.

2. Keywords

Photovoltaic system connected to the grid; Tracking of
Maximum Power Point (MPPT); Sophisticated control
algorithms; Converter for boosting; Synchronization
with the grid; Control using artificial intelligence;
Integration of renewable energy; Modeling with
MATLAB/Simulink; Quality of power; Intelligent grid.

3. Introduction
3.1 Background and Motivation

Growing energy needs and environmental issues linked
to fossil fuels have spurred a global shift towards
renewable energy technologies. Solar photovoltaic (PV)
systems stand out among these renewable options due
to their ability to scale, their sustainability, and the
decreasing costs of installation. Particularly, grid-
connected PV systems are crucial for distributed
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generation and smart grid integration, facilitating
efficient energy transfer between renewable sources and

the utility grid. 3.2 Grid-Connected PV System Overview

Nevertheless, PV systems are characterized by
nonlinear power—voltage (P—V) traits, with maximum
power output fluctuating based on solar irradiance and AC loads
temperature. As a result, sophisticated control strategies,
known as Maximum Power Point Tracking (MPPT), are
necessary to harness the maximum available power.
MPPT algorithms continuously modify the operating
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A standard grid-connected photovoltaic (PV) system is
composed of several key components:

- Photovoltaic array

- DC-DC converter equipped with an MPPT controller
- DC-link capacitor

- Voltage source inverter (VSI)

- Grid synchronization unit (PLL)

- Filter and protection circuitry

The photovoltaic array is responsible for transforming
solar energy into direct current (DC) electricity. The
boost converter then modifies the voltage to align with
the inverter's specifications. Subsequently, the inverter
changes the DC power into alternating current (AC) that
is in sync with the grid's frequency and phase. Control
algorithms are employed to manage power delivery and
ensure adherence to grid regulations.

3.3 Importance of MPPT in Grid-Connected
Systems

MPPT plays a crucial role in boosting energy
conversion efficiency, particularly when weather
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conditions are variable. It guarantees that the PV system
functions at its most efficient point, regardless of
changes in load or irradiance. Traditional techniques
like P&O and Incremental Conductance are commonly
employed but experience issues with oscillations and
slow response during rapid condition changes. More
sophisticated algorithms, including fuzzy logic, neural
networks, and swarm optimization, enhance both
dynamic response and tracking efficiency. Controllers
based on AI demonstrate superior adaptability in
situations with weak grids or fluctuating irradiance,
providing improved transient performance and reducing
harmonics.

3.4 Research Objectives
. The main goals of this study include:

. Creating a model for a solar PV system that
connects to the grid.

o Applying  sophisticated = MPPT  control
algorithms.
o Increasing the speed and efficiency of tracking

in changing conditions.

) Boosting power quality while minimizing
harmonic distortion.

) Evaluating system performance by means of
simulation and comparison.

3.5 Contributions of the Study
1. The main contributions include the following:

2. Development of a comprehensive model for a
grid-connected PV system with advanced MPPT.

3. Integration of hybrid intelligent control
methods.
4. Detailed performance comparison  with

conventional MPPT approaches.
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5. Enhancement of stability via sophisticated
inverter control.

6. Broad validation conducted through simulation.

4. Literature Review
4.1 Overview of MPPT Techniques

Maximum Power Point Tracking techniques can be
generally divided into the following categories:

Traditional algorithms (P&O, INC)

Smart algorithms (FLC, ANN)

Optimization-driven algorithms (PSO, GA, BAT, HHO)
Hybrid advanced control methods

Traditional approaches are straightforward but tend to
oscillate around the MPP and converge slowly when
irradiance changes quickly. Smart algorithms enhance
tracking precision and dynamic performance, though
they demand greater computational effort.

4.2 Conventional MPPT Methods

The Perturb and Observe (P&O) and Incremental
Conductance (INC) methods are favored for their
straightforwardness and ease of application.
Nonetheless, these methods experience steady-state
oscillations and decreased efficiency when there are
rapid changes in irradiance. Research comparing
traditional MPPT techniques in grid-connected PV
systems shows that convergence time and duty cycle
stability can differ greatly when faced with
environmental fluctuations.

4.3 Advanced MPPT Algorithms

Advanced MPPT approaches have been developed to
overcome limitations of conventional techniques.
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4.3.1 Artificial Intelligence-Based MPPT

Algorithms driven by Al including fuzzy logic
controllers (FLC), neural networks (NN), and adaptive
neuro-fuzzy inference systems (ANFIS), are known for
their precise tracking and quick response times in
different weather conditions. Research comparing
methods shows that ANN-based MPPT is capable of
tracking the maximum power point more swiftly and
with less fluctuation than conventional P&O techniques.

4.3.2 Optimization and Swarm-Based Algorithms

Recent studies suggest hybrid optimization-based
MPPT  techniques, including: Particle Swarm
Optimization (PSO), Bat Algorithm (BAT), Harris
Hawk Optimization (HHO), and Salp Swarm
Optimization (SSO). These methods decrease settling
time, boost convergence speed, and enhance stability
when partial shading occurs.

4.4 Advanced Control Strategies for Grid-Connected
PV Systems

To ensure voltage regulation, unity power factor, and
harmonic suppression, grid-connected PV systems rely
on sophisticated inverter control methods. Compared to
traditional PI controllers, fractional-order controllers
and model predictive control demonstrate enhanced
performance. For instance, fractional-order
backstepping controllers enhance the power factor and
decrease total harmonic distortion (THD) in grid-
connected PV systems. Additionally, hybrid control
frameworks that integrate Al with model predictive
control are being increasingly utilized for intelligent
autonomous inverter operations within smart grids.

4.5 Research Gaps

Although significant research has been conducted,
numerous obstacles persist:

Partial shading leads to slow convergence

4|Page



International Journal of Multidisciplinary Academic Research and Trends
EdTech Publishers (OPC) Private Limited
Volume 02 Issue 02 February -2026

Fluctuations near the MPP

Intelligent algorithms are complex

Grid synchronization control integration
Balancing computational cost with performance

Thus, it is necessary to develop hybrid advanced MPPT
algorithms combined with strong inverter control to
guarantee efficient and stable operation of grid-
connected PV systems.

5. Methodology

5.1 Research Framework

1. The methodology employs a structured design
and simulation strategy:

2. PV array modeling

3. DC-DC boost converter design

4. MPPT control algorithms implementation

5. PLL-based grid synchronization

6. Inverter control and power regulation

7. Simulation-based performance evaluation
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5.2 PV Array Modeling
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The PV cell is modeled using the single-diode
equivalent circuit, comprising a current source, diode,
series resistance, and shunt resistance. The output
current is expressed as:

VIR V + IR,
I=1Ly—1I,[e ™ -1 R
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Where:

. Ipp: Photocurrent

. I,: Diode saturation current
. V;: Thermal voltage

5.3 MPPT Algorithm Development

The proposed system utilizes an advanced hybrid MPPT
algorithm, which combines several key elements:

Incremental Conductance method
Adaptive step-size control
Al-based tuning system

This approach reduces oscillations and improves
convergence speed in response to variations in
irradiance.

5.4 Simulation Tools and Environment

MATLAB/Simulink is used for the complete system
implementation because of its comprehensive libraries
tailored for power electronics and control systems. The
simulation incorporates dynamic profiles of irradiance
and temperature to assess performance in real-time.
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6.1 Overall System Architecture

1. The system developed features a grid-
connected PV architecture with two stages, comprising:

2. PV array

3. DC-DC boost converter equipped with MPPT
4. DC-link capacitor

5. Voltage source inverter (VSI)

6. LCL filter

7. Grid interface and synchronization unit

6.2 DC-DC Boost Converter Design

The boost converter is essential for stabilizing the PV
voltage and enabling operation at the maximum power
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point (MPP). To extract the maximum power, the MPPT
algorithm modifies the duty cycle accordingly.

6.3 Inverter and Grid Synchronization

The inverter transforms direct current (DC) into
alternating current (AC) that aligns with the grid's
voltage and frequency through phase-locked loop (PLL)
control. To achieve a unity power factor and reduce
harmonic distortion, current control loops are employed.

6.4 Control Algorithm Architecture

The suggested control framework incorporates:
A hybrid MPPT controller

A DC-link voltage regulator

A grid current control loop

Adaptive PI or Al-based tuning

This configuration guarantees stable and efficient power
delivery to the grid, even as environmental conditions
fluctuate.

7. Implementation
7.1 Overview of Implementation Strategy

1. The proposed grid-connected photovoltaic (PV)
system, featuring advanced MPPT control algorithms, is
implemented using MATLAB/Simulink. This choice is
due to its robust simulation capabilities for modeling
power electronics, renewable energy systems, and
control loops. The system is organized into modular
subsystems to provide flexibility, scalability, and ease of
testing. The implementation comprises the following
subsystems: PV array model, DC-DC boost converter,
advanced MPPT controller, and DC-link capacitor.

Voltage Source Inverter (VSI)
Phase-Locked Loop (PLL) synchronization component

Grid connection utilizing an LCL filter
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Sophisticated control algorithms for managing power
and current

Each subsystem undergoes individual validation prior to
being incorporated into the full grid-connected system.

7.2 PV Array Subsystem Implementation

The PV array is modeled based on the single-diode
equivalent model described earlier. The parameters of
the PV module used in simulation are provided in Table
1.

Table 1: PV Module Parameters Used in Simulation

Parameter Symbol [Value

Maximum Power Pmax 250 W

Open Circuit Voltage | Voc 37V

Short Circuit Current  |Isc 8.7A
Voltage at MPP Vmpp [30V
Current at MPP Impp |[8.3A
Temperature Coefficient| 8 0.0045/°C

To achieve the required voltage and power rating for
grid injection, several PV modules are arranged in a
series-parallel configuration.

7.3 DC-DC Boost Converter Implementation

The boost converter's purpose is to increase the
fluctuating PV voltage to a stable DC-link voltage
necessary for the inverter. The MPPT controller
dynamically adjusts the duty cycle.

Key design parameters are given in Table 2.
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Table 2: Boost Converter Design Parameters

Parameter Symbol| Value
Input Voltage Range |Vin 150-300 V
Output Voltage Vdc 400 V
Switching Frequency |fs 20 kHz
Inductor L 3 mH
Output Capacitor C 2200 uF

The boost converter operates in continuous conduction
mode (CCM) to reduce current ripple and improve
efficiency.

7.4 Advanced MPPT Controller Implementation

The suggested MPPT control strategy combines the
following elements:

The Incremental Conductance (INC) technique
Tuning of step-size adaptively
An Al-driven correction mechanism

This blended method guarantees rapid convergence and
reduces oscillations close to the MPP.

The control law is expressed as:

dp_ _dl _
v T ar T

I
14

The adaptive step-size mechanism modifies duty cycle
variation based on slope magnitude to enhance tracking
speed.

7.5 Inverter and  Grid
Implementation

Synchronization

The implementation of the voltage source inverter (VSI)
utilizes IGBT-based switching, which is managed by
sinusoidal pulse width modulation (SPWM). To
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synchronize with the grid, a Phase-Locked Loop (PLL)
is employed, ensuring that the inverter's output voltage
aligns with the grid's frequency and phase.
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The control system for the inverter comprises:
A current control loop on the dq-axis

A voltage control loop for the outer DC-link
Grid synchronization achieved through PLL

This layered control configuration ensures both unity
power factor and stable power delivery.

7.6 Control Algorithm Flow

The control algorithm in place operates through the
following steps: First, the voltage and current of the PV
are measured. Next, power and its slope (dP/dV) are
calculated. Then, hybrid MPPT logic is used to decide
the duty cycle. The DC-link voltage is regulated using a
PI/AI controller. The inverter output is synchronized
with the grid via PLL. Finally, current is injected into
the grid, maintaining a unity power factor. This layered
control framework guarantees stable and optimal system
performance even in changing environmental
conditions.
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8. Results and Discussion
8.1 Simulation Scenarios

1. The system undergoes testing across various
operating conditions to confirm its performance:

2.

3. - Steady irradiance at 1000 W/m?

4. - Sudden change in irradiance from 1000 to 600
W/m?

5. - Condition of partial shading

6. - Scenario involving temperature fluctuations
7. - Scenario with grid disturbances

8.2 MPPT Tracking Performance

) The suggested hybrid MPPT algorithm is
evaluated against traditional P&O and INC techniques.
The criteria for comparison are:

o Speed of tracking

o Oscillations in steady state

. Efficiency

. Response to dynamic changes

Table 3: Performance Comparison of MPPT
Techniques

Metho |Trackin |Oscillatio [Efficienc |[Complexit

d g Speed |n y y
Moderat | .

P&O | 0% | High 95-97% [Low

INC Fast Moderate [96-98% |Medium

The findings indicate that the suggested algorithm
greatly minimizes oscillations near the MPP and
enhances the speed of convergence when there are swift
changes in irradiance.
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8.3 DC-Link Voltage Regulation

The voltage across the DC-link is kept steady at 400 V
with very little fluctuation. The adaptive control system
ensures voltage stability when there are abrupt changes
in load or irradiance.
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The waveform analysis indicates:
. Fast settling time (<0.1 s)

. Low voltage ripple (<2%)
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. Stable DC-link operation

8.4 Grid Current and Power Quality Analysis

The output current of the inverter aligns with the grid
voltage to maintain a unity power factor. FFT is
employed to examine the total harmonic distortion
(THD).

Table 4: Power Quality Performance

Parameter Value

Grid Voltage |230 V (rms)

Grid Frequency| 50 Hz

Power Factor |0.998

Current THD [2.1%

Meeting the IEEE 519 standard limits of less than 5%,
the THD value indicates enhanced power quality.

8.5 Dynamic Response Under Irradiance Variations

When the irradiance abruptly decreases from 1000
W/m? to 600 W/m?:

The MPPT swiftly adjusts to the new MPP
The output power quickly reaches stability
Significant oscillations are not detected

This demonstrates the hybrid MPPT controller's ability
to remain stable under changing environmental
conditions.

8.6 Partial Shading Performance

Partial shading results in several local peaks within the
P—V characteristics. Traditional MPPT algorithms
frequently become stuck at these local peaks, which
diminishes power generation. The suggested hybrid
algorithm, however, successfully locates the global
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MPP through adaptive intelligent tuning, thereby

enhancing energy collection.

8.7 Comparative Efficiency Analysis
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Table 5: Overall System Efficiency Comparison

Algorithm Converter |Tracking |Overall
g Efficiency |Efficiency |Efficiency
P&O 96% 95% 91.2%
INC 97% 96% 93.1%
Proposed
. 98.59 999 97.59
Hybrid o & &

The proposed method exhibits superior overall
efficiency due to accurate and fast MPP tracking.

8.8 Discussion

Findings indicate that sophisticated control algorithms
greatly improve the efficiency of grid-connected
photovoltaic (PV) systems. Notable advancements
include:

Quicker attainment of the maximum power point (MPP)
Decreased oscillations in steady-state

Better stability of the DC-link voltage

Reduced harmonic distortion

Improved power quality and adherence to grid standards

The hybrid control approach successfully merges the
advantages of traditional and intelligent algorithms,
rendering it ideal for real-time applications in grid-
connected renewable energy systems.
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9. Conclusion

This study detailed the thorough design and execution
of a solar photovoltaic system connected to the grid,
incorporating sophisticated maximum power point
tracking (MPPT) control algorithms. The system
proposed employed a hybrid intelligent MPPT approach
that merged incremental conductance, adaptive step-
size control, and Al-based tuning to deliver exceptional
performance in changing environmental conditions.

The system's architecture comprised a PV array, a DC—
DC boost converter, an MPPT controller, a DC-link
capacitor, a voltage source inverter, and a grid
synchronization unit. The entire model was developed
and tested using MATLAB/Simulink. The simulation
outcomes revealed that the advanced control algorithm
proposed notably enhanced tracking speed, reduced
steady-state oscillations, and achieved an overall system
efficiency exceeding 97%.

The inverter control strategy maintained stable grid
synchronization, ensured a unity power factor, and kept
harmonic distortion within the limits set by IEEE
standards. Additionally, the hybrid MPPT algorithm
adeptly managed partial shading and rapid changes in
irradiance, surpassing traditional P&O and incremental
conductance methods.

This research underscores the significance of
incorporating intelligent control algorithms in grid-
connected PV systems to boost efficiency, stability, and
power quality. Future research could focus on real-time
hardware implementation using DSP/FPGA platforms
and integration with smart grid energy management

systems for extensive renewable energy deployment.
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