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Abstract: Grid-connected photovoltaic (PV) systems are increasingly recognized as a sustainable solution to
reduce reliance on conventional energy sources. This paper reviews several key aspects of 6kW grid-connected
PV systems, with a focus on AC stage design and modeling methodologies. The primary objective is to examine
the crucial elements involved in optimizing system performance, particularly maximum power point tracking
(MPPT), inverter control, and grid synchronization. The review delves into the advancements in MPPT
techniques, including Perturb and Observe (P&Q) and Incremental Conductance (INC), along with more
sophisticated control methodologies to enhance system performance under varying operational conditions. The
study also highlights the advantages of modular PV system designs, which enable hierarchical modeling to
evaluate system behavior under dynamic grid conditions, considering factors like fluctuating weather and
irradiance. This design flexibility is instrumental in addressing challenges related to power conversion,
synchronization, and system stability under changing environmental conditions. The outcomes suggest that
modular PV systems offer scalability, from small-scale installations suited for community use to larger microgrids,
making them adaptable for a wide range of real-world applications. The paper emphasizes that such systems not
only improve operational performance but also provide a pathway to integrating PV systems into more extensive
energy networks, thereby contributing to the development of more resilient and sustainable energy infrastructure.

Keywords: Grid-connected PV system, AC stage design, MPPT, inverter control, grid synchronization, system
simulation, performance optimization.

I  INTRODUCTION

It is recognized and acknowledged that renewable and non—conventional forms of energy will play a crucial role
in the future as they are environmentally friendly, easy to use and are bound to become economically more feasible
with increased usage [1]. RE sources generate little if any greenhouse gases, waste, or pollutants that contribute
to acid rain, urban smog, and health problems and do not require an environmental cleanup cost. In addition, these
resources can be used to produce electricity for all economic sectors, fuels for transportation, heat for building
and industrial processes [2]. Among all the various RE technologies, solar photovoltaic or precisely PV is the
most exploited RE source alongside with hydro and wind power in terms of the pace of deployments and as it is
considered a very promising source of future electrical power generation due to the abundance of sunlight over a
large area of the earth surface thus giving rise to several applications of PV systems [3]. PV exhibits numerous
merits such as cleanness, low maintenance, no noise and regarded as one of the most essential RE sources. There
are two classes of the solar energy system, namely stand-alone and grid-connected PV (GPV) generation systems
[4]. Recently the GPV system is playing an increasingly significant role as an electrical supply resource as well
as an integral part of the electrical grid generation network. A GPV system is an independent decentralized power
system that is connected to an electricity transmission and distribution system. GPV system comprises two
controllers as one is for MPPT and the other for inverter controls and grid synchronization [5].
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Figure 1 Main components of grid-connected photovoltaic systems [6].

Figure 1 illustrates the main components of a grid-connected photovoltaic (PV) system. Sunlight is captured by
the PV array, which converts solar energy into direct current (DC) electricity. This DC power is then sent to a
power conditioning unit, typically an inverter, which converts it into alternating current (AC) suitable for
household or grid use. Some of the DC power can also be stored in batteries for later use. The AC power is then
routed through a load center, where it powers local electrical loads such as appliances or lighting. Any excess
electricity can be fed into the utility grid, enabling energy sharing or credit accumulation, enhancing system
efficiency and reliability.

Simulation is critical during the development of a photovoltaic (PV) system, because it provides insights that are
accurate, cost effective, and reduces risk, at any level of project development from early planning to the final
operational stage [7]. It allows for the analysis of the feasibility of a project including the availability of solar
resources at a site, it assists with the sizing and selection of components, predictions of system performance such
as energy yield, financial returns, profit margins, and levelized cost of energy (LCOE), and assists with early
identification of design shortcomings and energy loss possibilities, such as from shading, temperature effects, or
mismatched components, which allows for early corrective action [8]. Simulation further reduces initial
development costs and time of a PV system by providing an alternative to and eliminating the need for physical
prototypes, employing simulation modeling methods allows multiple configurations to be tested against
performance suitability quickly. In addition, they provide an opportunity to study effects on system behavior due
to grid integration, the environment, or effects of long-term behavior;, while also providing useful education and
training methods through realistic modeling scenarios [9]. Converters which are used as inverters when connected
to grid and with Transformer-less which are mainly considered with different sources like non-renewable and
renewable. In renewable sources solar PV (Photo voltaic) cells in module are considered for improving efficiency
and reducing the cost by neglecting leakage current in the grid. Present inverters designed and simulated are
compared with half-bridge and full bridgefor increasing or decreasing DC voltage w.r.t. load. The inverter is
connected and disconnected with the switches and capacitors with the variation of the DC output voltage. The
overall analysis is to minimize leakage current in common mode. The free-wheeling diodes and switches are used
with PV modules. The comparison made with respect to conventional and proposed topologies is presented in this
study [10]. The role of MATLAB/Simulink is especially important in the modeling and simulation of photovoltaic
(PV) systems, as it is both a broad and flexible platform to examine how systems react under different operating
conditions. It utilizes a graphical interface and has a library of pre-defined blocks that allow for adequate
representation of a PV system's components including solar panels, inverters, maximum power point tracking
(MPPT) controllers, and energy storage systems [11]. Additionally, with Simulink, a dynamic simulation is
available so researchers and engineers can examine the functionality of the PV system during steady- state and
transient events, while also implementing control strategies that maximize power extraction, and interface with
the grid [12]. In addition, MATLAB's computational abilities support data analysis, optimization algorithms, and
other algorithms, providing a useful platform to support design validation, fault analyses, and performance
optimization, and can be completely integrated into the development of PV systems.
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Figure 2 Challenges of grid-integrated renewable energy systems [13].

The figure 2 illustrates the challenges of grid-integrated renewable energy systems, highlighting various factors
that impact the efficiency and reliability of such systems. At the center, the key challenge is the integration of
renewable energy resources (RES) into the grid, which requires addressing issues like accurate design of Grid
Synchronization Controllers (GSCs), deterioration of power quality, and effective regulation of DC link voltage.
Surrounding this central challenge are different related aspects, such as the threatening operating life of power
systems due to increasing electric vehicle penetration, the viability of grid-integrated RES under energy source
integration schemes, and increased complexity in managing microgrids. Additionally, the figure highlights issues
like reduced system inertia, the challenge of calculating the static voltage stability margin, and the need for
effective transmission expansion planning to incorporate distributed generation (DG) and demand-side
management (DSM). All these factors must be carefully managed through risk assessment modeling to ensure a
reliable and stable integration of renewable energy into the power grid.

Il Control Strategies for Grid-Connected PV Systems

Grid-connected PV systems rely on strong control techniques to maximize performance. Specifically, MPPT and
inverter control are essential. MPPT methods such as Perturb & Observe (P&O) and Incremental Conductance
(INC) offer a simple-but-slow response time, resulting in oscillating performance during rapidly changing
irradiance [14]. PV systems with increasing sophistication will utilize more advanced MPPT techniques to
optimize performance. A variable step-size version of P&O (VSS-P&O), was reported to improve tracking time
by ~30% and power ripple by ~80% and increased output stability for VSS-P&O [15]. Outputs with the
incorporation of fuzzy logic in the P&O showed a similar rapid response time of ~25 ms to previous optimization
trials along with only ~1% of voltage ripple [16]. These VSS-P&O and PD outputs were dramatically superior to
standard INC method performance with relatively consistent outputs across trials. The P&O method is simpler as
it requires sensors for the voltage and current only, and it is easier to be implemented [17]. INC is another method
for tracking the MPP. This method is used to counter the weakness of the P&O method. The P&O method is not
capable to compare the actual operating voltage at a maximum power point with the terminal voltage of the (PV)
array. The INC method is easier to implement, it has a higher tracking speed, and better efficiency, this makes
INC algorithm better than P&O [18]. Furthermore, hybrid ANN-fuzzy and INC—fuzzy approaches integrate the
adaptability of machine learning with the uncertainty handling of fuzzy systems, delivering superior accuracy,
faster convergence, and minimal steady-state oscillation across dynamic environments [19]. On the inverter side,
comparative analyses between SPWM and SVPWM reveal SVPWM’s clear superiority: SVPWM reduces THD
from approximately 3.45% to 1.66% in 200 kVA systems and better utilizes DC bus voltage, while also lowering
switching losses and improving harmonic suppression [20]. Advanced control frameworks combining SVPWM
with dgO-frame Pl or PR regulators, and further enhanced by harmonic and lead compensators, achieve
exceptional grid voltage regulation, reactive power management, and THD mitigation in multilevel inverter
configurations, especially under load changes and fault conditions [21]. Overall, integrating intelligent MPPT
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strategies and SVPWM-driven inverter control significantly enhances efficiency, stability, and power quality in
grid-tied PV systems [22-23].

Table 1: Comparative Analysis of MPPT and Inverter Control Strategies for Grid-Connected PV Systems

MPPT/Invert | Techniqu | Improvement | Key System Comparison | Referenc
er Strategy e Focus Findings Impact With e No.
Overall MPPT & | Performance Emphasizes | Enhances General [14]
Control Inverter | Optimization | role of | efficiency Overview
Strategy Control control in | and quality
grid-tied
PV
performanc
e
MPPT P&O, Dynamic Suffer from | Sub- Modern [15]
INC Performance oscillation optimal methods
and slow | tracking
response under
transients
MPPT VSS- Convergence | ~30% faster | Better Convention | [16]
P&O Speed, Ripple | response, tracking al P&O
Reduction ~80% less | efficiency
ripple
MPPT Fuzzy- Stability and | ~25 ms | Superior to | INC [17]
enhanced | Ripple stabilizatio | INC in
P&O n, ~1% | ripple
voltage control
ripple
MPPT P&O Simplicity, Requires Simple and | INC [18]
Implementati | only widely used
on voltage and
current
Sensors
MPPT INC Tracking Easier  to | More P&O [19]
Accuracy, implement, | accurate
Speed faster than P&O
tracking,
higher
efficiency
MPPT ANN- Hybrid High Most robust | Fuzzy, INC | [20]
Fuzzy, Intelligence accuracy, under
INC- fast dynamic
Fuzzy convergenc | conditions
e, low
oscillations
Inverter SVPWM | THD, DC Bus | SVPWM Superior SPWM [21]
Control VS Utilization lowers harmonic
SPWM THD to | and
~1.66%, efficiency
better DC | control
bus use
Inverter SVPWM | Grid Strong Ideal  for | Basic [22]
Control + dg0 | Compliance, voltage and | fault/load Pl/dg0
PI/PR + | Power Quality | reactive variation
HC/LC power conditions
control in
multilevel
setup
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Integrated MPPT + | System Smart Holistic PV | Convention | [23]
Control Inverter | Optimization | MPPT  + | system al combined
Strategies Control SVPWM enhanceme | control

yields nt

optimal

system

efficiency

Table 1 provides a concise comparison of key MPPT and inverter control strategies used in grid-connected PV
systems, highlighting their technical focus, performance improvements, and system impact. It shows that while
conventional methods like P&O and INC are simple and widely used, they are less effective under dynamic
conditions. Enhanced methods such as VSS-P&O, fuzzy logic, and hybrid ANN—Fuzzy improve tracking speed,
accuracy, and stability. In inverter control, SVPWM combined with advanced PI/PR regulators outperforms
SPWM by reducing THD and enhancing voltage regulation. The table emphasizes that combining intelligent
MPPT with advanced inverter control yields superior overall system performance.

Il PV System Components Modeling

PV module modeling commonly employs single-diode mathematical models that are validated against industry-
standard tools like PVSyst, ensuring accurate 1-V/P—V characteristics under varying irradiance, temperature, and
even wind conditions [24]. Comprehensive reviews highlight both deterministic and probabilistic parameter
extraction methads, offering calibrated models to simulate realistic module behavior [25]. For DC-DC converter
modeling, computationally efficient techniques use state-space representations combined with dynamic PV
models, including steady-state detection to reduce simulation time while maintaining high accuracy [26].
Innovative three-port bidirectional converters integrating PV modules with battery storage simplify topology and
improve efficiency compared to dual-converter systems [27], particularly when using Simulink-based
bidirectional control strategies [28]. Grid-interface modeling typically involves two-stage inverter setups where
DC-DC converters regulated by MPPT feed voltage-controlled inverters with unity power factor; Simulink
models include detailed filter and PLL dynamics for synchronization [29]. Dynamic state-space averaged maodels
for three-phase inverters enhance understanding and support robust controller design [30]. Additionally, hybrid
storage integration in microgrid simulations demonstrates MATLAB’s versatility in modeling complex
interactions between PV, battery, and grid-connected converters [31]. Advanced MATLAB/Simulink
implementations include average-value models for DC-DC converters used in MPPT schemes (e.g., boost, buck-
boost) that balance accuracy and simulation efficiency [32], as well as wide-input, high-gain DC-DC topologies
tested with adaptive control (e.g., AGAO-RBFN) to minimize component stress and boost performance [33].

Table 2: Comparative Summary of Photovoltaic System Component Modeling

Component Modeling Focus Area Key Findings Advantages Reference
Technique No.
PV Module Single-Diode | Accuracy under | Validated against | High  fidelity, | [24]
Model varying PVSyst; replicates | industry-
conditions I-V/P-V  curves | validated
accurately
PV Module Parameter Calibration and | Uses Lambert W, | Realistic [25]
Extraction realism LSTM, etc.,, for | behavior,
(Deterministic precise model | adaptability
& Prob.) fitting
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DC-DC State-Space Speed and | Reduces Fast, accurate, | [26]
Converter Modeling efficiency simulation  time | low
with dynamic PV | computational
input and steady- | burden
state logic
DC-DC Three-Port Topological Combines PV and | Fewer [27]
Converter + | Bidirectional | simplification battery in single | components,
Storage Converter unit for efficiency | high integration
Converter Simulink- Power flow and | Enables dynamic | Improved [28]
Control Based efficiency bidirectional system
Bidirectional control in PV- | flexibility
Control battery setups
Grid Interface Two-Stage Grid Models filter/PLL | Effective for | [29]
Inverter with | Synchronization | for unity power | dynamic  grid
MPPT factor operation conditions
Inverter State-Space Transient Captures Robust [30]
Averaged behavior, dynamics of three- | controller
Model control design phase inverters tuning,
analytical depth
Energy Storage | Microgrid Hybrid energy | Simulates Holistic  view, | [31]
Integration Simulation systems interaction stability testing
between PV,
battery, and
converters
DC-DC Average- MPPT Maintains Optimized for | [32]
Converter Value Model | efficiency, accuracy  while | large-scale  or
computational simplifying long-duration
load computation simulations
DC-DC High-Gain Component Adaptive control | High [33]
Converter Converter stress reduction | reduces stress and | performance,
with enhances gain intelligent
AGAO-RBFN adaptation
Control

Table 2 presents a comprehensive comparative summary of various modeling techniques applied to key
components within a photovoltaic (PV) system, with a focus on enhancing accuracy, efficiency, and integration
in a 6kW grid-connected setup. The table categorizes components such as. PV modules, DC-DC converters,
inverters, and energy storage systems, detailing the modeling methods used—ranging from single-diode models
and state-space representations to intelligent control strategies like AGAO-RBFN. Each entry highlights the
specific focus area, such as improving simulation speed, optimizing power flow, or ensuring realistic behavior
under dynamic conditions. Key findings are summarized, showcasing how techniques like deterministic parameter
extraction or bidirectional control enhance system performance. The table also outlines the advantages of each
method, including computational efficiency, high fidelity, and adaptability. This comparative view serves as a
valuable reference for researchers and designers seeking optimal modeling strategies tailored to individual system
components within modern PV applications.
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IV Simulation and Validation of the Grid-Connected PV System

The grid-connected PV system was simulated and verified in Simulink, as a fast means of carrying out system-
level simulations of the system (for a relatively larger system) [34]. The entire system was modelled and simulated
on both the DC side (the PV modules, DC-DC converters) and AC side (interconnection inverters, filters,
controllers) [35]. The system was implemented in a flexible modular design which facilitated hierarchical
modelling, thus allowing re-use of the model and adapting for various system stages from small PV strings to
large microgrids. The modular capability permits testing of different configurations and provides flexibility to
switch around the scale seek to modify it [36]. Furthermore, the modular construction provided us the ability to
see a variety of scenarios operating while in changing grid and weather conditions, while providing us some
indication of system performance within other real challenges. This capability improves the optimization of the
control strategy and adaptability towards operational demands and environmental considerations [37]. Also, it
advances the design process as speaks to creation by permitting quick adaptation and validating specific
component without having to re-work the whole system [38-40].

The simulation results indicate that the system can attain grid synchronization, effective power conversion, and
accurate control of both active and reactive power [41]. The capabilities of real-time are, of course, also in the
system, with interactions through Hardware-in-the-Loop (HIL) as a potentially robust way to test control strategy
in a more realistic scenario; comprising environmental variations such as irradiance or for load variability to
ensure the controller can be evaluated without the immediate need to be deployed physically [42]. There are
further evaluations referred to as Software-in-the-Loop (SIL) and Processor-in-the-Loop (PIL) evaluations
relevant from the initial design phase are also a valuable tool in the sense of determining the performance of the
system and where the best way of optimizing the system can be approached [43]. Additional integration in this
phase combined with modern enabling of high-performance platforms to enable faster simulation cycles and more
precise evaluations, including complex grid variations and similarity of switch behavior [44]. This simulation and
validation are powerful methods of maintenance of reducing development time, increasing the reliability of a
system, and having a safer and more efficient grid-connected PV system implementation [45]. Also, catching
things that may become an issue early will allow for an attempt at correcting those issues, smoothing the
experience in moving to working conditions [46].

V  Challenges and Trends in PV Simulation

The paper highlights several key challenges in current simulation models for grid-connected PV systems, notably
the limited ability to represent real-world uncertainties, nonlinear behaviors, and environmental variations such
as partial shading, temperature fluctuations, and dynamic load profiles. Many existing models are rigid and lack
adaptability to rapidly changing grid and weather conditions, which restricts their application in advanced grid
scenarios. Furthermore, integrating hybrid energy storage systems and multi-level inverter topologies can be
complicated in practice but simplified in a simulation due to their uncontrolled nature causing simulated
performance to differ from real-world performance. In some cases, especially with high-resolution (or real-time)
simulations, computational limitation is still a barrier.

The paper reaffirms recent trends in the incorporation and utilization of intelligent control systems and Al into
integrating and managing energy systems. Fuzzy logic, artificial neural networks (ANN), and adaptive neuro-
fuzzy inference systems (ANFIS) are increasingly used in MPPT, fault detection, and dynamic load management
in photovoltaic systems because of their ability to handle nonlinearities and adapt to situations in real-time.20 The
use of machine learning algorithms for causal relationships to optimize systems, predictive maintenance, and
controller tuning. Both of these trends attempt to reduce the gap between behavior exhibited in the simulation and
actual performance in the field, therefore, making smart, more resilient and efficient future PV systems.

VI  Conclusion

In summary, grid-tied photovoltaic systems are essential for enhancing renewable energy integration, boosting
sustainability, and lessening reliance on traditional power sources. This review underscores the vital significance
of effective MPPT methods, strong inverter management, and grid alignment to guarantee peak performance in
PV systems. The integration of advanced MPPT algorithms greatly improves system efficiency, power
conversion, and overall reliability of the system. The modular design strategy outlined in this paper offers
versatility for scaling and modifying PV systems from small setups to extensive microgrids, ensuring they fulfill
the increasing requirements of contemporary energy systems. The study highlights significant obstacles, such as
grid integration and system stability, and offers insights into methods for addressing these challenges. With the
increasing demand for renewable energy, embracing these innovative modeling, simulation, and control strategies
will be crucial for optimizing grid-connected PV systems, guaranteeing their efficiency, stability, and long-term
operational success.
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