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Abstract: - Solar energy is an abundant, renewable resource that offers a sustainable alternative to fossil fuels.
Photovoltaic (PV) systems, which convert sunlight into electricity, have gained global prominence due to
technological advancements and decreasing costs. A typical PV system consists of solar panels, inverters, and
energy storage. However, the efficiency of these systems is affected by variable sunlight and temperature
conditions. Maximum Power Point Tracking technology works as an optimization tool for solar panel
operations by finding their maximum operational efficiency. The research examines solar panel modeling
together with MPPT algorithms and buck converter implementation for energy management between solar
panels and storage systems. Simulations based on MATLAB/Simulink evaluated the performance output of a
two-stage PV system which integrated an MPPT-controlled buck converter for performance assessment. The
system evaluation results demonstrate its analysis of maximum power point while monitoring various
conditions that optimize energy efficiency through irradiance and temperature variations. Off-grid and hybrid
systems require energy storage according to research findings which demonstrates both lead-acid and lithium-
ion batteries as options. The paper explores solar energy integration challenges alongside methods to use
advanced energy conversion systems and smart grid systems for enhancing future performance. The study
highlights solar energy promising potential to be a key player in the global shift toward renewable energy. The
simulation results further validate the system's strong performance, confirming its effectiveness in supporting
this transition.
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1 Introduction The ongoing global energy transition is
Solar energy is one of the most obtainable motivated by several factors, including the need for
renewable energy sources available to humans since environmentally friendly alternatives to fossil fuels,
it is in ample supply and is capable of producing the growing demand for electricity, and the pressing
energy ad infinitum with a small quantity of chall_enge of_ addressing climate change. The r_no_st
Greenhouse gases that are needed to help combat rousing attributes of solar energy are that it is
climate change. In the last years, the use of sun cell widely available, inherently stable, and can be
(PV) setups has grown a lot. This is due to better supplied at all levels whether residential or utility,
tech, lower prices, and a bigger world push for 8. _

green energy fixes. Sun PV setups change sun rays This paper discusses the elements of the solar
to power, making them very important in moving to photovoltaic  system including solar panels,
an Earth-friendly energy road ahead, [1], [2]. investors, and more so energy storage systems. It

also goes to understand the functionality of the
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Maximum Power Point Tracking (MPPT)
Technology and its types of solar charge controllers,
energy storage products, and application of the DC-
DC converters such as Buck converters necessary
for proficient energy generation and energy storage.
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Fig. 1: Buck converter

In addition, the paper reveals the problems and
prospects of integration of solar energy into the
wider electricity grid, and the future of solar energy
in the process of transition, [4], [5]. A typical solar
photovoltaic  system comprises several key
components: modules, investors, and batteries for
solar energy applications. These systems are
composed of light capturing and converting
technologies, energy storage, and distributing
technologies, [6]. Solar panels are the central
component of any PV system that is composed of
photovoltaic cells that produce electrical current
once in contact with sunlight. This electrical energy
is Direct Current (DC) electrical energy which can
be directly supplied to loads or stored in batteries
for later usage or converted to Alternating Current
(AC) to suit the normal electrical grid systems,[7],
[8]. There are steady advancements Thus, growth in
PV technology has been driven by advancements in
semiconductor materials that have improved
efficiency and durability of solar cells. The current
photovoltaic solar panels can produce electricity
from the sun at rates higher than they were in the
past hence more rate of conversion from surface
area. Also, over the years there has been a reduction
in the cost of PV modules which has favored
customers, corporations, and governments all
around the world for solar electricity, [9].

The power of the solar panel varies; its output
depends on the amount of light reaching the panel
the level of heat and the condition around it.
Another advantage of the shown mathematics of a
solar panel is that reading panel power-voltage
characteristics is not constant, but reads a maximum
power at a specific point. The peak efficiency power
that we discussed above is the maximum power
point (MPP) which changes with the sun's position
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and illumination level. To maximize energy
generation thus, it is important that a solar PV
system gets to the MPP and this brings us to the
understanding of MPPT technology, [10]. In the
effectiveness of a solar PV system, it is anticipated
that the system operates at the Maximum Power
Point tracking the voltage and the current version
power density. However, because of the variations
in shading, the amount of light intensity on the
panel, and variation in temperatures among others
the MPP is variable. Rather, it varies from morning
to evening hence the need to employ a tracking
system to control the operations of the solar panel in
real time for optimization, [11].

MPPT technology that serves as the means to
achieve that makes sure the solar PV system
operates with utmost efficiency in all circumstances,
at or close to the Maximum Power Point. Apart
from the use of the MPP tracking algorithms, the
power output of a PV system is constantly checked
and the voltage and currents of the panels are
adjusted to that of the MPP. This dynamic tracking
is advantageous when harvesting energy since solar
radiation changes, especially in areas with cloud
cover or partial solar cover, [12]. Despite this, if
MPPT is not utilized, the solar panels are likely to
operate at a voltage and current level that is remote
from the optimum level, causing huge energy losses.
For example, with the increased temperature of the
solar cells, the MPP is moved to a different voltage
and the corresponding current and hence the
operating point of the system has to be changed.
Likewise in the case when radiation intensity
reduces because of cloud inclusion, the MPP
changes once more. As it is, these transitions are
sensed by MPPT systems, and, in turn, the load is
managed to guarantee that the PV array operates at
maximal power, [13], [14].

The role of MPPT becomes even more crucial
in energy storage devices for example in solar
battery charging circuits. These systems need to
deliver the right amounts of Voltage and Current to
charge the battery without overcharging or deep
discharging that harms the battery and decreases the
battery’s life cycle. The successful operation of
photovoltaic systems in the long term depends on
proper MPPT deployment with charging controllers
according to [15]. Standalone solar photovoltaic
power and combined solar and other power systems
demand battery storage because they must provide
continuous power when the available light is
insufficient. He noted that energy storage systems
such as batteries hold the excess energy produced
from the solar panels during the day for use at night
or when there is little sunlight. Lead-acid batteries
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have been the most popular battery technology used
in energy storage in solar applications because of
their low cost and reliability, [16], [17]. However,
the advances in battery technology, including the
lithium-ion type of battery, have brought new
opportunities in energy storage systems. Lithium-
ion batteries in turn have compact structure, high
energy density, long cycle life, high electrochemical
efficiency, and better safety compared to lead-acid
batteries. However, these events make lead-acid
batteries popular in solar energy projects, especially
in remote areas and low-cost projects.

A solar charge controller is a necessary
component for any photovoltaic system that requires
power storage. This device controls the quantity of
power that travels between a solar panel and a
battery, preventing the battery from being
overcharged or fully depleted. Charge controllers
come in two main types: PWM controllers and
MPPT controllers, [18]. Even though PWM
controllers are cheaper and easier to manufacture
than their counterparts, MPPT controllers are better
in terms of efficiency. MPPT charge controllers
show higher efficiency when it comes to extracting
energy from the solar array; this energy is especially
high when the solar panel voltage is higher than the
battery voltage. Thus, the MPPT controllers help the
system work at its optimum efficiency and also
extend the battery life by charging the battery
according to its needs as provided by the panel,
[19].

In most of the MPPT charge controllers, a
DC-DC converter is incorporated to either boost or
buck the solar panel voltage to meet the charging
circuit needs of a battery. Of these applications, the
buck converter is one of the most frequently adopted
DC-DC converters. The buck converter is a step-
down converter that brings in a higher voltage
coming from the solar array to a lower voltage
appropriate for charging the battery, [20]. The buck
converter works on the principle of varying a switch
duty cycle (in most cases an active switch), in order
to achieve a desired output voltage. When used in an
MPPT charge controller, the buck converter
regulates voltage in a way that will make the solar
panel work at Maximum Power Point when
providing the right voltage needed to the battery
system. It also makes it possible not to overcharge,
and charge the battery efficiently and safely, [21].
That said, following the rise of solar PV systems,
several issues are still worth discussing in regard to
the introduction of solar energy into the wider
electric grid. One of the issues that turn into a
problem is that the efficiency of solar energy
depends on the weather conditions and the period of
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the day. This intermittency can be somewhat
problematic for grid stability, as well as for energy
management especially if higher penetration of solar
power is involved.

2 Description of the Overall System
The Configuration of the photovoltaic system,
coupled with the buck converter is presented in
Figure 2. It involves integrating a PV panel as the
energy source, a DC-DC converter, and the battery
as the load. A detailed explanation of MPPT
techniques unfolds in the following section where
P&O control demonstrates its application to
optimize PV system performance. The essential DC-
DC buck converter switching circuit operates as an
explanation to understand the energy management
process for PV panel to battery connection.

Iradiance

&’l

l

Fig. 2: Construction of the overall system

[ o o ]

Temperature

2.1 DC-DC Buck Converter

A DC-DC buck converter is generally implemented
in PV systems since the supplied input voltage PV
panel is frequently times higher than the needed
voltage for the load, such as batteries and other
storage devices. The buck converter works in the
context of voltage step down; large input voltage
can be converted to practical output voltage due to
high efficiency with an additional converting of
energy.

The Figure 1 illustration shows that buck
converter functions fundamentally through control
of the switching mechanism. The converter
hardware includes a switch mostly made from
MOSFET or IGBT along with a diode and inductor
along with a capacitor. The on-off operating state of
the switch produces pulsed input which the inductor
and capacitor smooth into a constant DC output
voltage. The switch duty cycle D represents the ratio
between switching on time and the full cycle for
determining the output voltage, [22]. The
relationship between the input voltage V;,, output
voltage V,,;, and duty cycle D for an ideal buck
converter is given by the following equation:

Vour = D * Vin 1)

where:
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V,ue 1S the output voltage,V;, is the input voltage
from the PV panel, and D is the duty cycle, which
ranges from 0 to 1.

Inductor Voltage and Current: The inductor
voltage during the on and off states follows:

V—LdiL 2
L=l (@)

From this, we can find the change in inductor

current ( Ai; ) during the on and off states:
Ai; = TL - t,, (for on-state)

3)

out

Ai; = - t (for off-state)
where: L is the inductance, t,, and t,r; are the on
and off times of the switch, respectively. The
inductor Ripple Current ( Al ) the peak-to-peak
inductor ripple current is an important parameter
that depends on the input voltage, output voltage,
switching frequency (f; = 1/T).

2.2 P&O-based MPPT Technique

The Perturb and Observe (P&OQ) technique is
among the most powerful techniques used in
Maximum Power Point Tracking (MPPT) in
photovoltaic systems, therefore its significance. It is
popular due to its efficiency and ease of making
certain that a PV system is operating at the vicinity
of the Maximum Power Point (MPP) which is the
power inputs highest level despite changes in
external conditions such as solar irradiance and
temperature, [23]. The P&O technique is developed
on the idea that the system operating point is
disturbed, usually, the voltage or current control and
the consequent changes of the output power are
studied. Another advantage of this feedback
mechanism is to enable the system to regulate its
operation parameters in tracking and sustaining the
MPP, [24]. Accomplished by influencing the
voltage or current by a small amount at the
terminals of the PV array and noting the level of
impact on the power output, the P&0O MPPT
algorithm works.

The current power output is compared with the
previous measurement which was taken by the
algorithm. It modifies the operational point as
follows in light of the comparison: The mechanism
keeps increasing the voltage if this leads to more
power than it does so the mechanism reduces the
voltage if the increase leads to reduction in the
power levels. The photovoltaic (PV) cell exists in
mathematical form as a voltage-controlled current
source with high sensitivity to sun irradiation
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(W/m?) and temperature (°C) values. A PV cell
equivalent circuit can be seen in Figure 3 for
simulation purposes.

q(V + Rl V + Rl
Ly =1Ipn— 1, [exp <%) — 1] — 7{)” 4)
G
Lp = [Isc + a(T = Tyer)] 1000 (5)
3
Ir — Irr (TT ) e[(qu/rlk)((1/Tref)_(1/T))] (6)
ref
Rs ipy
MWN——=
(f)'Ph VY Dev g Rp v,
Fig. 3: Equivalent circuit of a solar cell
_ Isc - (Voc/Rp)
ITT - qVoc 1 (7)
[exp [nkTref]:I -
Voc(T) = V()C(Tref) + ﬂ(T - Tref) (8)

The variables in the photovoltaic (PV) cell
model include: I, , the output current of the PV
cell; I, , the light-generated current; I, , the reverse
saturation current; I.., the diode reverse saturation
current; ,,,, the voltage of the PV array; and V. ,
the open-circuit voltage. Additionally, and R and
R, portray the series and shunt resistances in turn.
The model also uses Boltzmann constant K, ambient
temperature T, solar insolation G (measured in
W/m?), short circuit current I, , and the bandgap
energy of the cell (1.1 eV). Current | under standard
test conditions (STC), and the bandgap energy (1.1
eV). The photovoltaic (PV) system is a vital
component in renewable energy generation, and its
efficiency largely depends on the accurate tracking
of its maximum power point (MPP) under varying
environmental conditions. The electrical
characteristics of the PV array used in this study, as
detailed in Table 1, provide a solid foundation for
understanding its performance. To maximize the
energy output of the PV modules, the Perturb and
Observe (P&O) algorithm is employed for
Maximum Power Point Tracking (MPPT). This
method is instrumental in continuously adjusting the
operating point of the PV system to ensure that it
operates at its maximum potential, regardless of
fluctuations in temperature and irradiance, [25]. The
P&O MPPT algorithm is widely used due to its
simplicity, effectiveness, and adaptability to
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different environmental conditions. The basic
principle of the P&O algorithm is to perturb the
operating voltage of the PV array and observe the
resulting change in power. If the power increases,
the algorithm continues to adjust the operating
voltage in the same direction; if the power
decreases, it reverses the direction. This iterative
process allows the PV system to track the maximum
power point, ensuring optimal energy conversion. In
practical applications, this dynamic adjustment is
crucial, especially as the PV array's output is highly
dependent on environmental factors such as solar
irradiance, temperature, and shading. These factors
can change rapidly throughout the day, causing the
maximum power point to shift. Without an efficient
MPPT algorithm, the PV system would fail to
operate at its optimal point, leading to significant
energy losses. The performance of the PV system is
not only dependent on the MPPT algorithm but also
on the interaction between various system
parameters and components. These include the
electrical characteristics of the PV modules, the
efficiency of the power electronics used to convert
DC to AC power, and the environmental conditions
under which the system operates. Accurate
modeling of these variables is essential for
optimizing energy conversion. For instance, the
current voltage (I-V) characteristics of the PV
modules are non-linear and vary with temperature
and irradiance. A well-designed MPPT algorithm,
like P&O, must account for these changes to ensure
the system consistently operates at the MPP.
Moreover, the integration of energy storage systems
or grid connection further complicates the system’s
behavior, as power flow needs to be managed
efficiently to avoid losses. By accurately modeling
and understanding the interaction of these variables,
engineers can optimize the performance of the PV
system, ensuring that it delivers reliable and
efficient power under diverse operating conditions,
[26]. Accurate modeling of the PV array, combined
with an effective MPPT algorithm, offers several
key benefits. First, it helps in maximizing energy
yield, ensuring that the PV system operates at its
highest efficiency throughout the day. This is
particularly important in regions where sunlight
availability is inconsistent or where systems need to
cope with shading or other obstructions. Second, it
enhances the reliability and lifespan of the PV
system.

Furthermore, accurate modeling and MPPT
optimization help in reducing energy losses, making
the system more sustainable and cost-effective in
the long run. This is crucial in large-scale renewable
energy projects, where even small improvements in
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efficiency can translate into significant cost savings
and reductions in carbon emissions.

Table 1. Electrical Characteristics of the PV Array

Parameters Symbol Values
Short circuit current
Max current Isc 8.75A
Open circuit voltage e 81A
pen ¢ 9 Voc 36.6V
Maximum power
voltage Vmpp 309V
. Pwmpp 250 w
Maximum power 25C
Temperature m
Solar irradiance 1000W/m2

One of the most widely utilized strategies for
tracking the maximum power point (MPP) of
photovoltaic (PV) modules is the Perturb and
Observe (P&O) method. This technique is highly
efficient and features a simple structure, making it a
popular choice in MPPT systems, [15]. Figure 4
illustrates the typical power-voltage (P-V) curve (in
green) and current-voltage (I-V) curve (in blue) for
a PV panel. The P-V curve demonstrates a distinct
point, highlighted in red, known as the Maximum
Power Point (MPP). At this point, the system
operates with optimal efficiency, allowing the

maximum energy, denoted as Pyppr, t0 be
extracted from the PV panel, [27].
Maximum power point o 5
Q_":

Current-voltage curve

PV power P,,

PV current iy,

PV voltage Vpl, Vmpp

Voc
Fig. 4: Power-voltage (P-V) characteristic of PV
modules

The P&O method works by periodically
perturbing the operating voltage of the PV system
and observing the resulting change in power. If the
power increases, the system continues to adjust in
the same direction; if it decreases, the perturbation
direction is reversed. This iterative process ensures
that the PV system operates at or near the MPP,
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even under varying conditions of solar irradiance
and temperature. The significance of the MPP in the
P-V curve is critical, as it represents the point where
the product of current and voltage yields the highest
possible power output. By continuously adjusting
the system to operate at this point, the P&O method
ensures that the energy harvested from the PV
modules is maximized, [28].

In practical applications, the accuracy of the
P&O algorithm and its ability to quickly adapt to
environmental changes are essential for optimizing
the overall performance of solar energy systems.
The simplicity of its structure makes it ideal for
integration into  low-cost, efficient MPPT
controllers, which are crucial for enhancing the
reliability and sustainability of PV systems.

3 Simulation Results

To validate the results a PV battery charging and
storage system with a unidirectional DC-DC buck
converter was modelled through a prototypical
MATLAB/Simulink simulation. This simulation
focused on understanding PV module |-V
characteristics  together with MPPT charge
controller efficiency by testing system operation
under different environmental conditions.

Figure 5 and Figure 6 demonstrate a strong
correlation  between  the  simulated -V
characteristics and the theoretical values obtained
from the PV module. In Figure 5, the I-V curve is
shown under varying irradiance levels with a
constant temperature of 25°C, while Figure 6
presents the |-V characteristics under different
temperatures with a constant irradiance of 1000
W/m?. Results from the simulation validate that the
PV module acts as intended while temperature and
irradiance variations occur thus demonstrating the
effectiveness of the MPPT algorithm to dynamically
optimize power output. Figure 7 shows that the
power output which reaches over 1.5 kW exceeding
provides the measurements. At this operating point,
the duty cycle of the DC-DC buck converter is set to
0.55, ensuring efficient power transfer from the PV
array to the battery storage system. The MPPT
charge controller's efficiency is calculated at 98%,
highlighting its capability to maintain optimal power
extraction and minimal energy loss.

These simulation results confirm the reliability
of the proposed system in optimizing energy
conversion under real-world conditions, showcasing
its potential for practical applications in solar-
powered battery charging and energy storage
systems.
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Fig. 5: The I-V characteristics curve with a constant
temperature of 25°C
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4 Conclusion

The growing demand for clean, renewable energy
has positioned solar photovoltaic (PV) systems as a
crucial solution for reducing greenhouse gas
emissions and advancing global sustainability
efforts. This paper has explored key components of
solar energy systems, including solar panel
modeling, MPPT technology, DC-DC converters,
and energy storage integration. The use of
Maximum Power Point Tracking (MPPT) and
efficient DC-DC converters, such as buck
converters, plays a pivotal role in maximizing
energy  generation and improving  system
performance under fluctuating solar irradiance and
temperature conditions. Through
MATLAB/Simulink simulations, the effectiveness
of a two-stage solar energy system with MPPT
control was demonstrated. The simulations
highlighted the system’s ability to dynamically track
the Maximum Power Point, ensuring optimal
performance even in changing environmental
conditions. This dynamic adjustment is crucial for
solar systems to operate efficiently and harvest the
maximum available energy. Moreover, the paper
discussed the challenges of integrating solar energy,
particularly in terms of intermittency and energy
storage limitations. Energy storage systems, such as
lead-acid and lithium-ion batteries, are essential for
off-grid and hybrid systems, providing a stable
power supply when sunlight is unavailable. Despite

these challenges, advancements in battery
technology, grid management, and energy
conversion systems continue to enhance the

feasibility of large-scale solar deployment. Solar
energy has immense potential to contribute to a
sustainable energy future. While technical
challenges remain, ongoing research and innovation
in solar technology, energy storage, and grid
integration will further improve the efficiency,
reliability, and scalability of solar PV systems,
making them a cornerstone of the global renewable
energy transition.
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