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Abstract: Grid-connected photovoltaic (PV) systems as sustainable energy-generation means for reducing dependence 

on conventional energy sources. This review considers the main areas of grid-connected PV systems, with emphasis on 

the complete design, modeling, and optimization of equipment on the AC side of the system. MPPT techniques, inverter 

control strategies, and grid synchronization are considered because these really have a bearing on system efficiency and 

system stability. The paper considers the classical methods of MPPT, such as Perturb & Observe and Incremental 

Conductance, as well as more advanced methods such as Variable Step-Size P&O and hybrid AI–fuzzy logic, stressing 

the fact that these latter methods improve tracking performance while reducing the steady-state oscillations. Inverter 

control methods are also analyzed and compared, with SVPWM showing clear advantages over SPWM in terms of THD 

reduction and maximizing the use of DC bus voltage together with grid voltage regulation improvement. PV system 

modeling using MATLAB/Simulink is discussed as a very modular system, giving possibilities for scalability and 

performance optimization under many different environmental and grid conditions. Challenges in current PV system 

simulation are discussed in the paper, including fast environmental variation, non-linearities, and computational load, 

while emerging trends such as hybrid modeling, digital twin integration, and cloud-based simulation frameworks are 

also discussed. The adoption of more advanced modeling and control strategies is, therefore, stated as a key component 

to enhance the effectiveness, reliability, and scalability of present-day grid-connected PV systems.. 

Keywords: Grid-connected photovoltaic systems, Maximum Power Point Tracking (MPPT), Perturb and Observe 

(P&O), Incremental Conductance (INC), Space Vector PWM (SVPWM), MATLAB/Simulink, modular modeling, grid 

synchronization, photovoltaic system simulation. 

 
I.INTRODUCTION 

Given the facts, acceptance of renewable or alternate forms of energy will heavily shape the future. Being 

environmentally friendly, and thus easy to use, it is projected that with greater social acceptance, it will also become 

economically viable [1]. Renewable sources of energy are not known to produce slight amounts of greenhouse gases; 

wastes; or nearby pollutants, such as acid rain, urban or highway smog, or health hazards. These sources do not require 

expensive environmental cleanup laws. These energy sources can be utilized within all fields-from electricity generation 

to producing fuel for transportation to heat for domestic, commercial, and industrial processes [2].From among the 

various types of renewable technologies, solar photovoltaic (PV) systems represent one of the most commonly installed 

technologies; along with hydropower and wind power systems. Many photovoltaic systems are considered one of the 

greatest potential means of generating electricity because sunlight is abundantly available all over the Earth's surface, 

thus allowing for many applications [3]. The merits of photovoltaic technology are many. Clean energy, easy virtual 

maintenance, and silent operations all characterize this energy source, making it one of the most essential renewable 

energy sources. 

Solar energy systems can generally be classified into two general categories: stand-alone systems and grid-connected 

photovoltaic (GPV) generation systems [4]. In the last two decades, GPV systems have gained greater importance as a 

quasi-reliable source of electricity supply and a bastion of the electrical grid. A GPV system is a decentralized generation 

system connected directly into the transmission and distribution network. Typically, it consists of two main controllers, 

namely, that of an MPPT and the inverter along with grid synchronization [5]. 
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Figure 1 Main components of grid-connected photovoltaic systems [6]. 

The figure1 illustrates the operation of a grid-connected photovoltaic (GPV) system. Solar radiation (insolation) from the 

sun is captured by the photovoltaic (PV) array, which converts it into direct current (DC) power. This DC power is then 

sent to a power conditioning unit (PCU) that optimizes energy output through maximum power point tracking (MPPT) 

and converts the DC power into alternating current (AC) power using an inverter. The AC power is supplied to the load 

center, which distributes electricity to the local load (such as a household or building). Excess DC power generated can 

be stored in a battery storage system for later use. Additionally, any surplus electricity can be fed into the grid, while the 

system can also draw power from the grid when solar generation and storage are insufficient. This configuration ensures 

continuous and reliable energy supply. 

Simulation plays a crucial role in the development of photovoltaic (PV) systems, as it provides accurate insights, is cost-

effective, and reduces risks at all stages of project development—from initial planning to final operation [7]. It enables 

the assessment of project feasibility by analyzing solar resource availability at the site, assists in component sizing and 

selection, and predicts system performance in terms of energy yield, financial returns, profit margins, and levelized cost 

of energy (LCOE). Moreover, it facilitates the early detection of design flaws and energy loss factors such as shading, 

temperature variations, or component mismatches, allowing for timely corrective action [8]. Simulation also helps reduce 

initial development time and costs by eliminating the need for physical prototypes. By using simulation modelling, 

multiple configurations can be rapidly tested for performance suitability. 

Additionally, simulation enables the study of system behaviour under various conditions, including grid integration, 

environmental influences, and long-term operational effects. It also provides a powerful tool for education and training 

through realistic modelling scenarios [9]. In PV systems, converters play an important role as inverters when connected 

to the grid, particularly in transformer-less configurations that are used with both renewable and non-renewable energy 

sources. In the case of solar PV modules, transformer-less inverters improve efficiency and reduce costs by minimizing 

leakage currents to the grid. Current inverter designs and simulations are often compared to conventional half-bridge and 

full-bridge topologies to evaluate their ability to step DC voltage up or down with respect to the load. These inverters 

utilize switches, capacitors, and free-wheeling diodes with PV modules, and their performance is assessed based on their 

ability to minimize common-mode leakage current. Comparative analyses between conventional and proposed inverter 

topologies are presented in this study [10]. 

MATLAB/Simulink plays a particularly vital role in the modeling and simulation of PV systems, offering a versatile 

platform for evaluating system behavior under a range of operating conditions. Its graphical user interface and extensive 

library of pre-defined blocks allow accurate representation of system components, including solar panels, inverters, 

maximum power point tracking (MPPT) controllers, and energy storage devices [11]. Furthermore, Simulink provides 

dynamic simulation capabilities, enabling researchers and engineers to study system performance during both steady-

state and transient conditions, while testing control strategies that maximize power extraction and ensure effective grid 

integration [12]. In addition, MATLAB’s robust computational tools support data analysis, optimization, and fault 

diagnosis, making it a comprehensive platform for design validation, performance enhancement, and complete 

integration into the PV system development process. 
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Figure 2 Smart Grid Challenges and Benefits. 

The picture shows the components and benefits of a Smart Grid system. New forms of energy generation and storage, 

two-way power flow, energy management, and advanced meter infrastructure are the four major elements that the Smart 

Grid integrates at its core. Together, these elements facilitate better performance of the grid and sustainability.Renewable 

energy and storage integration bring flexibility in the utilization of assets and self-healing features to support the least 

flexible and most resilient grid. Two-way power flow thus creates high reliability and energy efficiency, energy flowing 

unconstrained between producers and consumers. Meanwhile, energy management in Smart Grid reduces greenhouse gas 

emissions by managing energy consumption and using cleaner energy sources. Advanced metering infrastructure 

improves energy security and power quality while providing real-time information for effective monitoring and control of 

grid operations.Hence, the Smart Grid implies a modernized grid, and in turn, this can very well imply energy efficiency, 

reliability, environmental sustainability, or all the three put together. 

 

II.CONTROL STRATEGIES FOR GRID-CONNECTED PV SYSTEMS 

Control strategies play a critical role in enhancing the efficiency, reliability, and power quality of grid-connected 

photovoltaic (PV) systems. These strategies are primarily focused on two key areas: Maximum Power Point Tracking 

(MPPT) and inverter control. MPPT techniques ensure that the PV array operates at its optimal power point under 

varying irradiance and temperature conditions, while inverter control maintains stable grid interaction by managing 

voltage regulation, harmonic distortion, and reactive power flow. The integration of intelligent MPPT algorithms with 

advanced inverter control methods, such as Space Vector Pulse Width Modulation (SVPWM), enables grid-tied PV 

systems to achieve superior energy yield, reduced losses, and improved overall stability even under dynamic 

environmental and load conditions[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 dq0-frame PI 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 strategies and SVPWM-driven inverter control significantly enhances efficiency, stability, and power quality in 

grid-tied PV systems [22-23]. 
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Table 1: Comparative Analysis of MPPT and Inverter Control Strategies for Grid-Connected PV Systems 

Control Strategy Key Features Advantages Limitations 

P&O (Perturb & 

Observe) 

Simple algorithm; adjusts 

voltage and current 

iteratively to find MPP 

Easy implementation; 

requires only voltage and 

current sensors 

Slow response to irradiance 

changes; oscillations around 

MPP 

INC (Incremental 

Conductance) 

Compares instantaneous 

and incremental 

conductance to track MPP 

Higher accuracy and faster 

tracking than P&O; better 

under dynamic conditions 

Slightly more complex 

implementation; requires 

accurate sensing 

VSS‑P&O (Variable 

Step‑Size P&O) 

Dynamically adjusts step 

size based on operating 

conditions 

~30% faster tracking; ~80% 

reduction in power ripple; 

improved stability 

More complex tuning; may 

require additional computation 

Fuzzy Logic‑based 

MPPT 

Uses fuzzy inference for 

decision making 

Very fast response (~25 ms); 

minimal voltage ripple 

(~1%); robust to 

environmental changes 

Requires careful design of 

membership functions; 

computationally intensive 

Hybrid ANN–Fuzzy / 

INC–Fuzzy MPPT 

Combines machine learning 

adaptability with fuzzy 

uncertainty handling 

Superior accuracy, faster 

convergence, minimal 

steady‑state oscillations 

High complexity; requires 

training data and more 

processing power 

SPWM (Sinusoidal 

PWM) Inverter 

Control 

Traditional modulation 

technique for inverters 

Simple and well‑understood; 

adequate performance in 

many applications 

Higher Total Harmonic 

Distortion (THD); less 

efficient DC bus utilization 

SVPWM (Space 

Vector PWM) 

Inverter Control 

Uses space vector approach 

for improved inverter 

control 

Lower THD (~1.66% vs 

3.45% in SPWM); better DC 

bus voltage utilization; 

reduced switching losses 

More complex 

implementation; requires 

advanced control 

hardware/software 

SVPWM with PI/PR 

and Harmonic 

Compensators 

Combines SVPWM with 

advanced regulators and 

compensators 

Excellent grid voltage 

regulation; improved reactive 

power management; effective 

under faults 

Highest complexity; requires 

precise tuning and 

computational resources 

 

The table1 enlists some comparative features of the various MPPT methods and inverter control schemes used in grid-

interactive PV plants, including their major features, advantages, and limitations. Such MPPT techniques as P&O and 

INC are very simple and popular; however, the implementation of P&O is easy, but the drawback is that it is slower and 

oscillates in steady state, while INC being more accurate is capable of tracking rapidly under dynamically changing 

scenarios. Therefore, more advanced MPPT techniques, namely VSS-P&O, fuzzy logic-based MPPT, and hybrid ANN–

fuzzy or INC–fuzzy methods, enjoy fast transient response, less power ripple, and good stability at the expense of 

solution complexity and computer capacity. Meanwhile, in flipping the question, on the inverter control side, 

conventional SPWM is simple but less efficient, which produces high THD; meanwhile, SVPWM significantly reduces 

THD, optimizes DC bus utilization, and enhances harmonic suppression. Further advanced SVPWM methods together 

with PI/PR controllers and harmonic compensators present the best capabilities in regulating the grid voltage, managing 

reactive power, and handling faults in multilevel inverters, with intrinsic complexity for implementation and tuning. 

 

III.PV SYSTEM COMPONENTS MODELING  

Modeling of photovoltaic (PV) system components is essential for accurate analysis, design, and optimization of grid-

connected systems. Each component—ranging from the PV module to the power converters, controllers, and energy 

storage units—must be mathematically represented to predict system behavior under varying environmental and load 

conditions. The PV module is typically modeled using the single-diode or double-diode equivalent circuit, which 

captures the effects of irradiance, temperature, and internal resistances on the I-V and P-V characteristics. Power 

electronic converters, such as DC-DC converters used for Maximum Power Point Tracking (MPPT) and DC-AC 

inverters for grid integration, are modeled to evaluate switching behavior, efficiency, and control dynamics. Controllers, 

including MPPT algorithms and grid synchronization mechanisms, are integrated into the models to ensure maximum 

power extraction and stable grid operation. Energy storage elements, if present, are modeled to analyze 

charging/discharging characteristics and their impact on system reliability. Such comprehensive modeling enables 

accurate simulation of the entire PV system, supports fault detection and mitigation studies, and allows optimization of 

component sizing, control strategies, and overall system  performance 

PV module modeling commonly employs single‑diode mathematical models that are validated against industry-standard 

tools like PVSyst, ensuring accurate I–V/P–V characteristics under varying irradiance, temperature, and even wind 

conditions [24]. Comprehensive reviews highlight both deterministic and probabilistic parameter extraction methods, 

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 
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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 models 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 

Technique 

Focus Area Key Findings Advantages Reference 

No. 

PV Module Single-Diode 

Model 

Accuracy under 

varying 

conditions 

Validated against 

PVSyst; replicates 

I–V/P–V curves 

accurately 

High fidelity, 

industry-

validated 

[24] 

PV Module Parameter 

Extraction 

(Deterministic 

& Prob.) 

Calibration and 

realism 

Uses Lambert W, 

LSTM, etc., for 

precise model 

fitting 

Realistic 

behavior, 

adaptability 

[25] 

DC–DC 

Converter 

State-Space 

Modeling 

Speed and 

efficiency 

Reduces 

simulation time 

with dynamic PV 

input and steady-

state logic 

Fast, accurate, 

low 

computational 

burden 

[26] 

DC–DC 

Converter + 

Storage 

Three-Port 

Bidirectional 

Converter 

Topological 

simplification 

Combines PV and 

battery in single 

unit for efficiency 

Fewer 

components, 

high integration 

[27] 

Converter 

Control 

Simulink-

Based 

Bidirectional 

Control 

Power flow and 

efficiency 

Enables dynamic 

bidirectional 

control in PV-

battery setups 

Improved 

system 

flexibility 

[28] 

Grid Interface Two-Stage 

Inverter with 

MPPT 

Grid 

Synchronization 

Models filter/PLL 

for unity power 

factor operation 

Effective for 

dynamic grid 

conditions 

[29] 

Inverter State-Space 

Averaged 

Model 

Transient 

behavior, 

control design 

Captures 

dynamics of 

three-phase 

inverters 

Robust 

controller 

tuning, 

analytical depth 

[30] 

Energy Storage 

Integration 

Microgrid 

Simulation 

Hybrid energy 

systems 

Simulates 

interaction 

between PV, 

battery, and 

converters 

Holistic view, 

stability testing 

[31] 
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DC–DC 

Converter 

Average-

Value Model 

MPPT 

efficiency, 

computational 

load 

Maintains 

accuracy while 

simplifying 

computation 

Optimized for 

large-scale or 

long-duration 

simulations 

[32] 

DC–DC 

Converter 

High-Gain 

Converter 

with 

AGAO‑RBFN 

Control 

Component 

stress reduction 

Adaptive control 

reduces stress and 

enhances gain 

High 

performance, 

intelligent 

adaptation 

[33] 

 

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. 

 

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 

There are several challenges that affect the accuracy, efficiency, and applicability of photovoltaic system models. One 

important issue is the almost impossible feat to capture ever-changing environmental conditions, such as rapid 

fluctuations in irradiance or temperature, which greatly affect system performance. It is also a difficulty to model 

nonlinearities relating to photovoltaic modules and converters as grid interactions, resulting in the solar plant behavior 

being not accurately predicted. Another limitation is computationally expensive, more so for large grid-connected 

systems or when analyzing advanced control strategies, fault analysis, or long-term performance evaluation. Further, 

integrating multi-physics phenomena, such as thermal effects, partial shade effects, and degradation mechanisms, into 

one simulation environment is a tough task. 

On the brink of this transformation are modeling giants wrestling with day-to-day occurrences of this nature. Appropriate 

for modeling and simulation, intelligent modeling in the broad sense refers to methodological and algorithmic 

formulations with the highest levels of working methodologies-specific engineering knowledge. AI and scenarios of 
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machine learning algorithms are used increasingly for real-time parameter estimation, fault detection, and predictive 

modeling. Hybrid approaches that blend physics-based models with data-driven approaches are becoming more and more 

common while giving an upper hand on accuracy without a steep rise in computational load. Digital twin integration is a 

recent development, allowing continuous synchronization between simulation and respective real-time operational data 

for better performance monitoring and optimization. Efforts are underway to define standardized simulation frameworks 

that allow interoperability and consistency across a variety of tools and platforms. With greater computational power and 

cloud-based simulation platforms now at hand, the future of PV system simulation will surely be able to evolve into a 

more accurate, scalable simulation system with support for complex grid interaction and high penetration of renewable 

sources. 

 

VI.CONCLUSION 

In conclusion, grid-tied photovoltaic systems have become very central to the integration of renewable energy into 

modern power systems, and this in turns leads to a more sustainable environment by reducing the usage of such energy 

sources. This particular review stressed various elements to do with MPPT techniques, inverter control methods, and 

good grid synchronization strategies to ensure that the systems perform to the best of their capacities. Traditional MPPT 

methods, such as P&O and INC, are still favored because of their operational simplicity; however, advanced versions, 

such as VSS-P&O and the hybrid AI-fuzzy logic technique, offer an enormous advantage with respect to energy 

lessening, tracking speed, and output stability in rapidly varying conditions. Likewise, SVPWM-based inverter control 

strategies with the implementation of PI/PR controllers and harmonic compensators are far better than the traditional 

SPWM method in minimizing THD, suppressing harmonics, and reactive power compensation. Modular modeling of 

systems in MATLAB/Simulink is invaluable for designing, simulating, and validating PV systems such that it 

simultaneously offers provision for scaling from a very small system servicing one or two communities right through to a 

very large microgrid. However, despite challenges in fully capturing environmental variability, all system nonlinearities, 

and limiting computational complexity, new approaches such as digital twin incorporation, standardized simulation 

frameworks, and hybrid data-driven modeling methodologies appear promising in breaking these barriers. With these 

advancements, the innovative strategies must then be targeted to best deliver the grid-tied PV systems, which prove 

extremely efficient, highly reliable, and scalable to meet the ever-growing energy demands of future power grids. 
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