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Abstract—Photovoltaic (PV) systems play a vital role in
converting solar energy into electricity but often
experience performance decline due to changing
environmental conditions. To counter this, Maximum
Power Point Tracking (MPPT) algorithms are employed
to optimize PV system performance and ensure
maximum power extraction under varying conditions.
This review provides an extensive classification and
analysis of MPPT strategies, grouping them into three
main categories: classical, adaptive, and hybrid
techniques. Classical methods such as Perturb and
Observe (P&0O) and Incremental Conductance (Inc
Cond) are commonly used because of their simplicity and
cost-effectiveness, though they struggle to maintain
accuracy during rapid environmental fluctuations.
Adaptive approaches, including Fuzzy Logic Controllers
and Artificial Neural Networks, improve precision and
adaptability but demand higher computational power.
Hybrid techniques combine the benefits of both classical
and adaptive methods to achieve a balance between
stability and dynamic response. Additionally, the paper
discusses the influence of factors such as temperature
variations, changes in irradiance, and partial shading on
PV system efficiency and MPPT performance. The
critical assessment highlights the advantages and
drawbacks of existing algorithms while identifying
future opportunities for enhancing reliability and energy
conversion efficiency.

Index Terms—Solar Panel, Maximum Power Point
Tracking (MPPT), Photovoltaic (PV) system, Renewable
Energy, Artificial Neural Network, Fuzzy Logic
Controllers.

I. INTRODUCTION
The global shift toward renewable energy has placed
solar photovoltaic (PV) technology at the forefront of

sustainable power generation. However, conventional
PV systems often suffer from suboptimal energy
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harvesting due to static panel orientation and reactive
power tracking methods. To address these limitations,
this project introduces a Smart Solar PV System that
combines concentrated solar tracking with predictive
Maximum Power Point Tracking (MPPT)
optimization. The system utilizes a dual-axis tracking
mechanism to continuously align the solar panels with
the sun’s position, significantly increasing solar
irradiance  capture. Unlike traditional MPPT
algorithms that respond to real-time fluctuations, the
proposed predictive MPPT strategy anticipates
changes in environmental conditions—such as
irradiance, temperature, and shading— using
historical data and machine learning models. This
proactive approach ensures that the PV system
operates consistently at or near its maximum power
point, even under dynamic weather scenarios. By
integrating intelligent control, IoT-based monitoring,
and adaptive optimization, the smart PV system not
only boosts energy efficiency but also enhances
reliability and scalability. This innovation holds
promise for transforming solar energy deployment in
both urban and remote settings, contributing to the
broader goals of energy independence and
environmental sustainability. To overcome these
problems, this project focuses on designing a Smart
Solar PV System that integrates two important
improvements: 1. Concentrated Solar Tracking — The
system uses sensors to continuously measure sunlight
intensity and adjusts the panel’s position in real-time,
ensuring that it always faces the sun directly. Lenses
or mirrors are used to focus sunlight onto the panel,
further improving the energy collected. 2. Predictive
MPPT Optimization — By using historical data from
sensors, the system predicts the optimal voltage and
current needed to extract the most power from the solar
panel. This approach allows for faster and more
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efficient adjustments, reducing energy loss during
sudden changes in sunlight or temperature.

II. IMPORTANCE OF SOLAR PHOTOVOLTAIC
SYSTEMS

Solar energy is a major and feasible power source in
distributed energy systems. Therefore, the solar PV
systems industry has become essential to guarantee
optimal performance, dependable functionality, and
efficient integration of electrical applications.
Although PV energy production systems are naturally
designed to be modular, their efficiency is greatly
influenced by factors such as temperature, radiation,
light shadowing, and pollution. Under these
circumstances, the generation of PV energy may be
sluggish and function at a reduced efficiency, often
reaching only 60 to 70 percent of its maximum
capacity. To address these inefficiencies and improve
the performance of PV system, it is essential to utilize
MPPT approaches. These strategies adapt the
operational settings of the PV modules in real-time to
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optimize their performance at the MPP, where the
multiplication of voltage and current is maximum.
Over the past few years, a multitude of MPPT
techniques have been devised to accurately track
the global maximum power. These tactics are
essentially classified according to their pattern,
intricacy, and efficiency. The range of systems
includes basic structures such as hard-wired
ALUs and voltage boosters, as well as more
intricate systems incorporating electrical utility
proportioning, online tuning of estimator-based
sys- terms, and robotic tuning of -climatic
methods by employing these MPPT techniques,
PV systems can continually run at their highest
efficiency by harnessing projected kinetic power.
The effectiveness of the MPPT procedures is
determined by the operating range, which is a
significant factor and is based on statistical
analysis results. Assessing the effectiveness of
the most recent strategies and goals in PV
technologies  establishes  benchmarks  for
choosing the suitable MPPT methodology.
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Fig. 1. Illustration of a solar photovoltaic system with hybrid inverter and battery storage.
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Fig. 2. I-V and P-V curves of a solar PV cell.

III. NEED FOR MPPT IN SOLAR
PHOTOVOLTAIC SYSTEMS

Efficiency improvement in solar photovoltaic systems
Solar PV systems continue to struggle in converting
sunlight into electrical energy efficiently. Accurate
operation of a PV system depends on a capability of
functioning at the Maximum Power Point, the point of
maximum power of the current and the voltage. That
level of efficiency relies heavily on MPPT techniques.
MPPT algorithms efficiently mitigate the effects of
external variables such as the sun irradiance and
temperature by dynamically shifting the operating
point of PV panels to the MPP. Generally speaking,
PV systems can operate with energy losses that most
often occur without MPPT. The study concludes that
by using MPPT, PV system efficiency can be
improved by 10-30% based on a particular algorithm
and environmental conditions. This is a vital
improvement to enhance the competitiveness of solar
energy over traditional energy sources and reduce
solar power generation cost in total.

IV. ADAPTATION TO VARYING
ENVIRONMENTAL CONDITIONS IN PV
SYSTEMS

Solar irradiance and temperature are important factors
of PV systems that significantly affect its performance
and these environmental variables are very dynamic,
highly variable through time, changing very quickly,
changing with weather patterns, changing on different
times of day, changing with seasons, etc. MPPT
techniques are indispensable to guarantee optimal
performance under such varying conditions [35].
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MPPT algorithms continuously monitor the voltage
and current output of PV panels and adjust the PV
panel’s operating point to track a changing MPP due
to changes in irradiance or temperature. High
efficiency and the maximization of energy yield
requirs this real time adaptation. For instance, during
the cloudy conditions in which irradiance levels
fluctuate rapidly, providing the MPPT fundamentally
allows the system to quickly respond to such changes
to extract the maximum available power. MPPT also
is highly adapted to such reliability and effectiveness.

V. METHODS AND COMPARISON OF MPPT
TECHNIQUES FOR SOLAR
PHOTOVOLTAIC SYSTEMS

The operation of the solar PV system at the MPP,
which is the key to its highest efficiency, can only be
ensured with the MPPT. Thus, various MPPT
techniques have been developed over the years, with
some ad vantages and some drawbacks. These
methods can be divided broadly into conventional,
intelligent and hybrid methods.

Conventional methods

Conventional MPPT methods are widely used due to
their simplicity and ease of implementation. The two
most common conventional methods are P&O and
IncCond.

1.Perturb and observe

This method involves perturbing the operating voltage
of the PV panel and observing the change in power. If
the power increases, the perturbation continues in the
same direction; if it decreases, the direction is
reversed. This process is repeated until the MPP is
reached. P&O is simple and easy to implement but can
suffer from oscillations around the MPP and may fail
under rapidly changing environmental conditions. The
P&O algorithm adjusts the voltage V to maximize the
power by using: P: P(t+1) > P(t)=V(t+1) = V(t)+AV
2. Incremental conductance

This technique calculates the derivative of power with
respect to voltage and uses the fact that the derivative
is zero at the MPP. By comparing the incremental
conductance (dI dV) to the instantaneous conductance
(I/V), the algorithm can determine whether to increase
or decrease the voltage to reach the MPP. IncCond is
more accurate than P&O but requires more complex
calculations. The condition for MPP in IncCond is in
Eq. (3) (Fig. 7):dIdV=1V
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Intelligent methods

Intelligent MPPT methods incorporate Al techniques
such as fuzzy logic, neural networks, and genetic
algorithms to enhance the performance of MPPT
under diverse and dynamic conditions.

1.Fuzzy logic control (FLC)

FLC uses fuzzy logic to handle the imprecision and
uncertainties in the input data, such as changes in
irradiance and temperature. The process entails
transforming input variables into fuzzy values,
applying a predefined set of rules, and then converting
the fuzzy output into a crisp value to fine-tune the
operating point. FLC can adjust to different conditions
and offers superior performance compared to
traditional methods. However, designing the fuzzy
rules and membership functions for FLC demands
expertise.

2. Artificial neural networks (ANNSs)

ANNs can acquire knowledge and adjust their
behaviour in response to new circumstances through
the process of training on past data. The MPP can be
forecasted using input data like irradiance and
temperature. ANNs provide exceptional precision and
rapid reaction rates but necessitate significant
computer resources and lengthy training data.

3. Genetic algorithms (GAs)

Genetic Algorithms are based on natural selection and
genetic principles in order to find the most suitable
MPP. It begins with an initial population of potential
solutions which are iteratively improved from one
generation to the next towards the optimal solution.
Since GAs are very robust and efficient for solving
complex optimization problems, they require large
computational resources.

Hybrid methods

The hybrid MPPT methods attempt to improve the
system efficiency as well as adaptability of PV by
combining the best of conventional and intelligent
techniques. All of these methods try to combine the
simplicity and reliability of traditional algorithms with
the precision and flexibility associated with intelligent
ones. This methods in MPPT are broadly used but
often lacks precise definition.

1. Hybrid P&O and FLC

The use of hybrid MPPT methods is to improve both
efficiency and adaptability of PV systems by blending
the strength of common and wise methods. Such
methods aim at combining the simplicity and
reliability of traditional algorithms with the precision
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and flexibility implied by intelligent methodologies
Strategies.

2. Hybrid ANN and GA

In this work, the hybrid ANN and GA has been utilized
to forecast the MPP of the photovoltaic system using
the historical data. Moreover, Gas are used to optimize
the parameters of the ANN. This hybrid method shows
particularly good precision and robustness under
different conditions.

3.Hybrid PSO and IncCond

For the fastest and least precise tracking of MPP, this
method com bines Particle Swarm Optimization (PSO)
with the Incremental Conductance (IncCond)
algorithm. IncCond is used for local refining of search
so that the search moves about the global optimum
with step size 1, while PSO does the work of the global
search.

VI. COMPARISON OF MPPT TECHNIQUES
BASED ON PERFORMANCE, COMPLEXITY
AND COST

The performance, complexity, and cost effectiveness
of different MPPT techniques, comparison between
different MPPT techniques is necessary. Efficient, fast
convergence speed, and the capacity to be fit to
environment instability are key performance metrics.
* Conventional Methods: In order to compare a
number MPPT techniques, their performance,
complexity and cost effectiveness must be assessed.
Typically, key performance metrics we consider are
efficiency, convergence speed and adaptation to
changing environmental conditions.

* Intelligent Methods: FLC, ANNs and GAs have
larger accuracy and better ability, but greater
complexity and cost in computing, thus lead to higher
implementation cost.

* Hybrid Methods: The goal is to have a good
performance and low complexity by combining the
strengths of conventional and intelligent methods.
Most often they combine greater efficiency and
adaptability with acceptable levels of complexity and
cost.

Hybrid MPPT methods are particularly preferable in
scenarios where purely intelligent techniques may
suffer from high computational burden, training data
dependency, or slower convergence under rapidly
changing conditions. By combining classical
algorithms with Al-based approaches, hybrid methods
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can provide faster initial response while maintaining
adaptability to complex operating environments. This
balance makes them well-suited for real-time PV
applications that demand both robustness and
efficiency.

Advantages and disadvantages of different MPPT
techniques

The review of MPPT techniques for solar PV systems
classifies the various approaches into three primary
categories: Conventional, Intelligent, and Hybrid
methods. Each category exhibits specific advantages
and drawbacks in terms of efficiency, implementation
complexity, and cost.

VII. ANALYSIS OF ENVIRONMENTAL IMPACT

Environmental variability plays a critical role in the
real-world performance of MPPT algorithms. The
effectiveness of each method under different stress
conditions such as partial shading, rapid irradiance
fluctuation, Impact of environmental factors on
photovoltaic system performance degradation and
temperature-induced nonlinearities must be evaluated
to ensure reliable deployment.

1. Partial shading

Under partial shading conditions, classical MPPT
algorithms like P&O and Incremental Conductance
(IncCond) are prone to track local maxima, resulting
in significant power loss. In contrast, global
optimization techniques such as PSO, GA, and hybrid
fuzzy-PSO methods have been shown in literature to
successfully identify the global peak, thereby
improving energy yield in shaded environments.
2.Rapid irradiance fluctuation

During fast-changing solar irradiance, especially in
cloudy or transient conditions, intelligent controllers
such as ANN and reinforcement learning models
outperform traditional techniques. These methods
offer quicker dynamic response and smoother power
tracking by learning system behaviour and adapting in
real-time.

3.Temperature-induced non-linearities

Temperature variations lead to nonlinear shifts in PV
output char act eristics. Adaptive techniques like fuzzy
logic controllers and MPC based MPPT adjust their
rule bases or prediction models, accordingly,
maintaining optimal performance. Their robustness
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under thermal nonlinearity makes them suitable for
outdoor and high-temperature applications.

VIII. FUTURE TRENDS AND CHALLENGES
IN MPPT TECHNIQUES

Solar PV  technology advances, upcoming
developments in MPPT methods are expected to
prioritize enhancing flexibility and efficiency, while
simultaneously decreasing intricacy and expenses. As
IoT and smart grid technologies are combined, MPPT
systems will use advanced data analytics and machine
learning more often. This will allow them to foresee
and adapt to environmental changes with greater
effectiveness. This will enhance the operational
efficiency of PV systems, especially in demanding
situations such as partial shadowing or quickly
fluctuating weather conditions.

The application of advanced control and power device
technologies is reshaping PV and EV energy systems.
Sliding Mode Control (SMC), when implemented with
GaN-based converters, provides superior dynamic
response for MPPT by leveraging the high switching
frequency and reduced losses of GaNHEMTs, thereby
achieving faster tracking speed, improved robustness,
and minimized steady-state oscillations under partial
shading or rapid irradiance changes. In parallel, the
integration of solar PV with EV charging systems
necessitates efficient MPPT algorithms ranging from
conventional P&O to adaptive and hybrid schemes
such as incremental conductance or fuzzy—SMC
hybrids—to handle fluctuating solar inputs and
variable EV charging demands. By combining GaN-
enabled high-efficiency hard ware with intelligent
MPPT strategies, these systems can ensure reliable
maximum power extraction, reduced grid dependency,
and enhanced sustainability of EV charging
infrastructures. An important obstacle in the future
development of MPPT is the necessity to achieve a
balance between accuracy, speed, and computing
demands. As systems advance in complexity, it will be
essential to maintain their cost-effectiveness and
accessibility across many applications. A further
obstacle involves enhancing the resilience of MPPT
algorithms to effectively manage the fluctuations in
actual environmental circumstances, such as severe
weather occurrences and maintenance-related
problems like dust buildup and panel deterioration.
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IX. CONCLUSION

In today’s world, where the demand for clean,
renewable, and sustainable energy is constantly
increasing, solar energy plays a vital role in meeting
global energy needs. However, conventional solar
photovoltaic (PV) systems face challenges such as
inefficient energy capture, slow response to changing
weather conditions, and lack of automation, which
limit their effectiveness. The Smart Solar PV System
with Concentrated Tracking and Predictive MPPT
Optimization has been designed to overcome these
challenges and offer a more efficient, adaptive, and
user-friendly solution. By integrating dual-axis
tracking with lenses or mirrors to concentrate sunlight,
the system ensures that the solar panel receives
maximum sunlight throughout the day, thereby
improving energy harvesting. The predictive MPPT
algorithm uses historical data to anticipate
environmental changes and adjust the system’s
operating point in advance. This results in improved
power output, reduced energy wastage, and enhanced
stability even under fluctuating sunlight and
temperature conditions. The system’s ability to log
data, monitor performance in real-time, and offer
remote access through cloud platforms makes it
suitable for both residential and industrial
applications. It supports automation, reduces
maintenance needs, and lowers operational costs while
providing an environmentally friendly alternative to
conventional energy sources. Despite certain
challenges such as higher initial cost, complexity, and
dependency on accurate sensor data, the long-term
benefits outweigh these drawbacks. With proper
design, maintenance, and user awareness, the system
offers a scalable and practical energy solution that can
contribute to sustainable development goals, reduce
carbon emissions, and improve the quality of life in
both urban and rural communities. In conclusion, the
Smart Solar PV System is a significant advancement
in solar energy technology. It combines efficiency,
intelligence, and sustainability to create a reliable,
cost-effective, and adaptive energy solution. By
encouraging the adoption of smart renewable energy
technologies, this project helps pave the way toward a
greener future, where solar power becomes a
cornerstone of global energy strategies.
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