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This paper presents a comprehensive exploration of an integrated Buck-Boost
converter and Sliding Mode Control (SMC) Maximum Power Point Tracking
(MPPT) system for optimizing photovoltaic energy conversion. The study
focuses on enhancing solar energy extraction efficiency, regulating output
currents, and ensuring effective battery utilization. Through a systematic
analysis of converter component sizing and operational modes, the paper
delves into the intricacies of the Buck-Boost converter. The unique
contribution lies in the innovative integration of SMC with the traditional
Perturb and Observe (P&O) algorithm, providing robust and adaptive MPPT
under varying environmental conditions. Additionally, the paper introduces a
battery management systemwith three distinct modes, namely, Charging, Direct,
and Discharging, offering intelligent control over critical scenarios. Simulation
results underscore the robustness of the proposed system under diverse
conditions, demonstrating its effectiveness in managing power distribution
based on battery charge levels, even in scenarios of insufficient solar power.
Overall, this research significantly contributes to advancing the understanding of
PV/battery systems and offers a practical, sustainable solution for optimizing
energy production, distribution, and storage, marking a substantial stride towards
a more efficient and sustainable energy future.
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1 Introduction

The systems for renewable energy production, such as photovoltaic installations, play a
crucial role in the transition towards a more sustainable economy. The use of solar energy
through photovoltaic panels offers several significant environmental advantages (Potrč
et al., 2021; Fekik and Benamrouche, 2022; Fekik et al., 2023a; Fekik et al., 2023b). Firstly, it
reduces dependence on fossil fuels, thereby contributing to mitigating greenhouse gas
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emissions responsible for climate change. Additionally, photovoltaic
systems do not generate air pollution or toxic waste, minimizing
their impact on air and soil quality. However, it is important to
recognize that these technologies are not without challenges. The
intermittency of solar energy production and the need for efficient
storage to address seasonal and diurnal variations pose technical
challenges (Hassan et al., 2023; Fachrizal et al., 2024; Khalid, 2024).

The integration of power electronics into photovoltaic systems
represents a significant advancement in controlling and optimizing
solar energy production. Power electronics provide functionalities
such as Maximum Power Point Tracking (MPPT), enabling the best
utilization of variations in sunlight to maximize energy production
(Meghni et al., 2017; Meghni et al., 2018; Ammar et al., 2019). The
continual pursuit of efficiency in photovoltaic systems has led to the
development and study of various MPPT techniques. Among the
most common methods are Perturb and Observe (P&O), which
continuously adjusts the solar panel voltage to maximize output
power, and Incremental Conductance, which uses an analysis of the
current-voltage characteristic curve to determine the maximum
power point (Vinnikov et al., 2021; Mandourarakis et al., 2022;
Hai et al., 2023; Katche et al., 2023). Other approaches include the
Sequential Search Algorithm, systematically exploring operating
points to identify MPPT, and techniques based on artificial
intelligence algorithms such as neural networks and genetic
algorithms. Each method has its advantages and limitations,
including responsiveness to weather changes, implementation
complexity, and associated costs. Ongoing research aims to
develop more sophisticated MPPT methods, combining
traditional approaches with advanced algorithms to optimize
solar energy production under various conditions.

Efficient power management in photovoltaic systems (PV)
incorporating batteries is a central imperative to maximize the
use of renewable resources and ensure a constant availability of
energy. This necessity has driven the development of innovative
approaches to optimize solar energy production while ensuring
efficient storage. In-depth research has highlighted the inherent
complexity of variable weather conditions and energy demand
fluctuations. Innovative power management strategies, such as
the use of advanced MPPT techniques and the integration of
intelligent power converters, are at the core of these initiatives.
The goal is to optimally balance the production, distribution, and
storage of energy, ensuring continuous availability and efficient
resource utilization while extending the system components’
useful life. Continuous innovation in this field is essential to
address evolving challenges and to solidify PV/battery systems as
key components of a resilient and sustainable energy infrastructure.

Benhalima et al. (2018) presented enhanced control strategies
for autonomous microgrids based on solar photovoltaic systems
(SVPAs) and fixed-speed synchronous generators driven by a diesel
engine. To achieve this, a sliding mode regulator based on the d-q
transformation theory is employed for the voltage source converter
(VSC). This approach aims to mitigate harmonics, balance the diesel
generator (DG) current, and inject the power generated by SVPA
into the local grid.

A two-stage photovoltaic (PV) system that concurrently
achieves maximum power point tracking (MPPT) and voltage
regulation is presented in Manuel and İnanç (2022). Additionally,
it introduces an enhanced version of the perturb and observe (P&O)

algorithm, known as artificial potential fields (APF)-P&O.
Simulations conducted using MATLAB/Simulink demonstrate the
superior efficiency of the APF-P&O method compared to
conventional approaches. This integrated approach offers a
promising avenue to enhance the overall performance of
photovoltaic systems by addressing both MPPT and voltage
regulation in a more efficient and synchronized manner.

In the paper Haq et al., 2022, a nonlinear generalized global
sliding mode controller (GGSMC) is presented to maximize the
power of a photovoltaic array (PV) using a DC-DC buck-boost
converter. A feed-forward neural network (FFNN) is employed to
provide a reference voltage. The GGSMC is designed to track the
reference generated by the FFNN, accounting for variations in
temperature and sunlight. The proposed control strategy, in
conjunction with a modified sliding mode control, eliminates the
convergence phase, ensuring that the sliding mode persists
throughout the entire duration.

The primary goal of this research is:

• Develop and evaluate an integrated Buck-Boost converter and
Sliding Mode Control (SMC) Maximum Power Point
Tracking (MPPT) system.

• Enhance the efficiency of solar energy extraction and regulate
output currents.

• Ensure effective utilization of batteries within a
photovoltaic system.

• Innovative integration of SMC with the Perturb and Observe
(P&O) algorithm.

• Introduce a battery management system with distinct modes,
and offer intelligent control in diverse scenarios.

• Contribute significantly to advancing the understanding of
PV/battery systems.

In order to provide a comprehensive exploration of the integrated
Buck-Boost converter and Sliding Mode Control (SMC) Maximum
Power Point Tracking (MPPT) system for optimizing photovoltaic
energy conversion, this paper is structured as follows. Section 2 delves
into the systemmodeling, encompassing the modeling of PV cells, the
design considerations for the Buck and Buck-Boost converters, and
the proposedMPPT strategies. Following this, Section 3 elucidates the
battery management aspect of the system. Moving forward,
Section 4 presents the results and discussion derived from various
tests conducted to evaluate the system’s performance. Specific
attention is given to Test N°1, Test N°2, and Test N°3. Finally,
Section 5 encapsulates the paper with a comprehensive conclusion,
summarizing key findings, emphasizing the significance of the
proposed system, and suggesting avenues for future research.

2 System modeling

The studied global system is depicted in Figure 1. This
configuration consists of a photovoltaic system connected to a
Buck converter controlled by an MPPT based on sliding mode
control. The Buck converter is linked to batteries and a second Buck-
Boost converter controlled in current. The power supply
management of the batteries is carried out by a supervisory
system adapted to the operating conditions.
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2.1 PV cell modeling

Figure 2 illustrates the equivalent circuit of a solar cell. This
circuit consists of a current source in parallel with a diode,
accompanied by a parallel resistor and a second series resistor.
Eq. (1) defines the mathematical model of the current generated by a
photovoltaic cell (Fekik et al., 2023b; Fekik et al., 2022b).

Ipv � Iph − Is exp
q Vpv + RsIpv( )

NKT
( ) − 1( ) − Vpv + RsIpv( )

Rp
( ) (1)

Where Ipv and Vpv represent, respectively, the current and voltage
output of a solar cell:

Rp: is the parallel resistance, or shunt resistance, of a solar cell. In
practice, the value of the resistance (Rp) is often high, so it can be neglected.

Rs: represents the series resistance.
q: is the charge of an electron (1.602 × 10̂-19 Coulombs).

Iph: and Is represent, respectively, the photoelectric current and
the saturation current of a diode.

N: is the ideality factor of the diode.
K: is the Boltzmann constant (1.38 × 10−23 J/°K).
T: is the temperature of a cell.
The modeling of a photovoltaic panel (PV) can be performed

using various methods, ranging from simple analytical models to
more complex physical models based on the fundamental equations
of physics. A solar module consists of a set of elementary
photovoltaic cells, usually connected in series, which are then
linked to other modules to form a photovoltaic generator (PVG)
with the desired characteristics.

The solar generator with a power of 3,300 Wc will enable the
operation of the studied system. In the context of this study, the
selection of modules has been oriented towards the 330Wc-Poly 72-
cell modules, and the associated electrical parameters are presented
in Table 1 below:

When solar panels are connected in series, the voltage adds up
with a constant current. Conversely, if they are connected in parallel,
the currents add up, and the voltage remains constant. To achieve
the desired characteristics, it is sometimes necessary to combine
these two topologies. In the context of this study, we have 10 panels
connected in a series-parallel arrangement, allowing us to obtain a
PVG with the characteristics presented in Table 2 under standard
operating conditions.

FIGURE 1
Global system.

FIGURE 2
PV cell modeling.

TABLE 1 Characteristics of the chosen photovoltaic panel.

Pmax ISC VOC IMPP VMPP NT Ns Np

330W 9.02A 45.8 8.45 39 10 2 5

Frontiers in Energy Research frontiersin.org03

Fekik et al. 10.3389/fenrg.2024.1380387

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1380387


2.2 Buck converter

The operating principle of the Buck converter shown in Figure 3
is based on the periodic switching of the switch K to create state
transitions that allow energy to be stored in an inductance and
released to a load (Radwan et al., 2018; Fang et al., 2021). The switch
is typically controlled by a control pulse, which rapidly opens and
closes based on a pulse width modulation (PWM) signal.

The choice of a buck converter over a buck-boost converter in
battery chargers depends on the specific characteristics of the system
and battery charging requirements. The reasons for choosing a buck
converter in battery chargers are:

- Stable Input Voltage: If the input voltage of your system is
generally higher than the required voltage to charge the
battery, a buck converter can effectively lower this voltage
to an appropriate level.

- High Efficiency: Buck converters often have higher efficiency
than buck-boost converters, especially when the input voltage
is close to the output voltage.

- Simplicity of Design: Buck converters tend to have simpler and
more cost-effective designs than buck-boost converters. This
can be an advantage in applications where complexity needs to
be minimized

- Battery Characteristics: If the battery you are charging has a
nominal voltage compatible with the input voltage of your
system, a buck converter can be a suitable choice without
requiring a boost function.

When the switch is closed (0 to DT), the diode is blocked, and
the current flows through the inductance, storing energy. When the
switch is open (DT to T), the diode conducts, and the current flows
through it to the load. The duty cycle of the PWM signal is adjusted
to regulate the desired output voltage. However, it is important to
note that this device adheres to the principle of energy conservation,
so if Vin > Vout, then Iin < Iout. There are two possible topologies
resulting from a given position of the switch. By applying Kirchhoff’s
laws to each, we can derive the equations that define them. It is
worth noting that the following modeling is done for continuous
conduction mode (Leng and Liu, 2017).

From 0 to DT: The switch K is closed, and the diode is reverse-
biased, as shown in Figure 3.

By applying Kirchhoff’s voltage law to this circuit, the following
equations (Eqs 2–5) (Ejury, 2013; Lee, 2015).

Vin t( ) � VL t( ) + Vout t( )withVk t( ) � 0v (2)

This implies:

VL � Vin t( ) − Vout t( ) (3)
Therefore:

L
diL t( )
dt

� Vin t( ) − Vout t( ) (4)

Consequently:

iL t( ) � Vin − Vout

L
t + ILmin (5)

We know that for t = 0, we will have a minimal inductor current
IL, and for t = DT, we will have a maximal inductor current.
Therefore, we can deduce the (Eq. 6):

iL DT( ) � ILmax � Vin − Vout

L
DT + ILmin (6)

So, the peak-to-peak ripple of the current, denoted as ΔiL, can be
determined by the equation (Eq. 7):

ΔiL � ILmax − ILmin � Vin − Vout

L
DT withT � 1

f s
(7)

The current ripple in the receiver is directly proportional to the
chopping frequency used in pulse width modulation (PWM).
Thus, the higher the chopping frequency, the lower the current
ripple will be. This implies that a significant increase in the
chopping frequency would require the use of fast-switching
electronic components, such as MOSFETs, capable of rapid
switching to maintain a clean voltage waveform at higher
frequencies (Ejury, 2013; Lee, 2015).

From DT to T: The switch K is open, and the diode D is
conducting, as shown in Figure 4.

By applying Kirchhoff’s voltage law to this circuit, the equation
(Eq. 8):

VL t( ) � −Vout t( )withVout t( ) � Vc t( ) etVd t( ) � Vc t( ) (8)

TABLE 2 Characteristics of the utilized photovoltaic generator.

Pmax ISC VOC IMPP VMPP

3300W 45 .1 91 .6 42.7 78

FIGURE 3
Equivalent circuit of the Buck converter for the closed switch K.

FIGURE 4
Equivalent circuit of the Buck converter for K open.

Frontiers in Energy Research frontiersin.org04

Fekik et al. 10.3389/fenrg.2024.1380387

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1380387


The equation (Eq. 8) becomes (Eq. 9):

−L diL t( )
dt

� Vout t( ) (9)

And the load current is given by equation (Eq. 10)

iL t( ) � Vout

L
t + ILmax (10)

We know that for t = DT, we will have a maximal inductor
current IL, and for t = T, we will have a minimal inductor current.
Therefore, we can deduce the equation (Eq. 11):

iL T( ) � ILmin � −Vout

L
T − DT( ) + ILmax (11)

So, the peak-to-peak ripple of the current, denoted as ΔiL, can be
determined by the following formula (Eq. 12):

ΔiL � ILmax − ILmin � Vout

L
T − DT( )withT � 1

f s
(12)

In steady-state operation, the energy stored in each component
of the Buck converter remains constant at the beginning and end of
each switching cycle. Therefore, the inductor current IL flowing
through the inductance also remains constant at the beginning and
end of each switching cycle. This means that the current in the
inductance does not change significantly during a switching period
and remains practically stable [33]. The out voltage is given by
equation (Eq. 13)

Vout

L
T − DT( ) � Vin − Vout

L
DT → Vout

Vin
� D (13)

So:

D � Vout

Vin
(14)

The duty cycle D shown by the equation (Eq. 14) linearly
determines the variation in the output voltage. Thus, the output
voltage Vin is always less than the input voltage because the duty cycle
is between 0 and 1. Under ideal conditions where there is no power
loss, the average power at the input and output of the circuit is equal if
we consider the inductor, diode, and switch as ideal components.

2.2.1 Dimensioning and component selection
This section presents the criteria for choosing each of the main

components of the Buck-Boost converter to meet specific
specifications and applications. Indeed, oversizing these
components will increase the weight and cost of the circuits.

2.2.1.1 Current ripple and inductor selection
It is crucial that the sizing of the inductance L complies with the

current allowed by the MOSFET transistor. If one wishes to limit the
maximum current ripple ΔiL for a given value, it is essential to
choose the switching frequency fs wisely. Indeed, the higher the
switching frequency, the smaller the inductance core can be, which is
approved by the following formula (Eq. 15), allowing us to calculate
the value of L (Ejury, 2013; Lee, 2015).

ΔiL � ILmax − ILmin � Vout

L
T − DT( ) with T � 1

f s
(15)

ΔiL � Vout

Lf s
1 − D( ) (16)

L � Vout

f sΔiL
1 − D( )withVout � DVin (17)

This implies:

L � Vin

f sΔiL
1 − D( )D (18)

For continuous conduction mode, it is assumed that:

ΔIL � 2Iout with: Iout � Vout

R
(19)

By combining Eqs 18, 19, we obtain a second equation allowing
the calculation of the inductance value L, which is dependent on the
load value:

L � R 1 − D( )
2f s

(20)

Generally, a good estimate for the maximum tolerated ripple
current of the inductance is 20%–40% of the output current (Ejury,
2013; Lee, 2015). Note that the maximum inductance value can be
calculated for a duty cycle of 50%.

2.2.1.2 Voltage ripple and capacitor selection
To maintain the output voltage Vout and the current Iout

constant, even during the opening of the switch, converter
topologies typically include a capacitor C. The components of the
converter are sized to minimize ripples in output voltages and
currents during the switch transition from closing to opening
and vice versa. To estimate the ripple of the output voltage, it is
assumed that the current flowing through the capacitor is equal to
the ripple of the current in the inductance. In other words, it is
assumed that the ripple of the current flowing through the load R is
zero (Choudhary and Saxena, 2014).

It is possible to observe that for each half-switching period, the
capacitor stores or releases a charge ΔVc, leading to a voltage
variation across its terminals, as shown in Figure 5. This
variation is given by the following formula (Eq. 21):

Δvc � ΔQ
C

� Vout

8LCf 2
1 − D( )D (21)

If the current ripple is known, then we have the following
formula (Eq. 22):

FIGURE 5
Charge and discharge of the output capacitor.
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C � ΔiL

8LΔVout f
2 (22)

For a duty cycle of 50%, we will have a maximum ripple, and this
will allow us to determine the capacitor value that ensures a ripple
below this value (Eq. 23):

C≥
Vin

32.L.ΔVCmax.f2
(23)

2.3 Buck boost converter

The DC-DC converter depicted in Figure 6 is a Buck-Boost
converter, a variant that controls the output voltage by delivering
either a higher or lower voltage compared to the input voltage, based
on the specific needs of the application. This converter amalgamates
the characteristics of both Buck and Boost converters, making it
suitable as an optimal transformer for generating the desired output
voltage from an input voltage with reverse polarity. Additionally, it
incorporates a diode for ensuring safe operation Ahmed et al., 2023;
González-Castaño et al., 2022; Khan et al., 2022; Allahverdinejad
et al., 2022).

Therefore, the converter can be configured in two ways, and
applying Kirchhoff’s laws to each allows for the extraction of
equations defining it in the continuous conduction mode
(Afshari et al., 2023).

2.3.1 ON-state mode of operation (switch,
k, closed)

In this operational mode, the switch K remains closed for a
duration of DT, where D is the duty cycle, and T is the time
period. With the switch closed, offering zero resistance, the
current flows through the inductor, the switch, and back to
the DC input source. Throughout this period, the inductor
stores energy. As the diode is in a blocked state, the inductor’s
polarity reverses, enabling the current to pass through the load
and the diode before returning to the inductor. Consequently, the
direction of the current through the inductor remains constant
(Singh et al., 2022).

Applying Kirchhoff’s voltage law to the circuit shown in Figure 7
results in the following equations, assuming the ideal characteristics
of the components (Singh et al., 2022) (Eqs 24, 25):

Vin t( ) � VL t( ) (24)
L
diL t( )
dt

� Vin t( ) (25)

By integrating the differential Eq. 10, we obtain the solution
(Eq. 26):

iL t( ) � Vin

L
t + ILmin (26)

where at t � 0, minimum current is iL(0) � ILmin, and at t � DT, the
inductor current is at a maximal current ILmax under the steady state
operation of the converter (Eq. 27).

Therefore,

iL DT( ) � ILmax � Vin

L
DT + ILmin (27)

The peak-to-peak ripple, ΔiL in the current can be determined by
utilizing the following equation (Eq. 28):

ΔiL � ILmax − ILmin � Vin

L
pDT whereT � 1

f s
(28)

Next, we define the following:
Vin � buck-boost converter input voltage; VDC � buck-boost

converter output voltage; VL � inductor voltage; Iin = buck-boost
converter input current; IDC = buck-boost converter output current;
IL = Inductor current; IC = capacitor current.

2.3.2OFF-statemode of operation (switch, k, open)
In the OFF cycle, from DT to T, the diode D conducts, as

depicted in Figure 8. In this phase of current decay within inductor
L, corresponding to the opening of switch K, the inductor discharges
and redistributes the energy it had stored back to the load.

Applying Kirchhoff’s voltage law to this circuit yields the
following equations (Eqs 29, 30) (Singh et al., 2022):

VL t( ) � −VDC t( )withVDC t( ) � Vc t( ) (29)
VL t( ) � −L diL t( )

dt
� VDC t( ) (30)

Solving the equations with the same approach as during the ON
state, the inductor current is expressed by the equation (Eq. 31)

iL t( ) � VDC

L
t + ILmax (31)

Also, the inductor current IL, at t = T is given by the following
equation (Eq. 32):

iL T( ) � ILmin � −VDC

L
T − DT( ) + ILmax (32)

And the peak-to-peak ripple current ΔiL is determined by the
following equation (Eq. 33):

ΔiL � ILmax − ILmin � VDC

L
T − DT( ) (33)

The duty cycle can be derived as follows (Eq. 34):

Vin

L
DT � −VDC

L
1 − D( )T → −VDC

Vin − VDC
� D (34)

Knowing that the output voltage is inverted, it can be written as
shown in the equation (Eq. 35)

FIGURE 6
A basic schematic of the buck-boost converter.
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D � VDC

Vin + VDC
(35)

Also, the relationship between the input and the output of the
converter is given as follows equation (Eq. 36):

VDC � D
1 −D

Vin (36)

The output voltage of the Buck-Boost converter is dictated by
both the input voltage and the duty cycle, D (Mayo-Maldonado
et al., 2018; Rosas-Caro et al., 2018; Singh et al., 2022). This
converter functions as a step-down transformer when the duty
cycle is less than 0.5 and as a step-up transformer when the duty
cycle exceeds 0.5. Despite its dual functionality, it is commonly
referred to as an inverting converter because the output voltage
always exhibits the opposite polarity to the input voltage. While the
ideal output voltage is expected to be unaffected by the load,
practical considerations require regulation to offset fluctuations
in the input voltage and imperfections in real components.

2.3.3 Current ripple and inductor selection
The choice of inductance in a Buck-Boost converter demands

careful consideration to enhance efficiency, stability, and overall
circuit performance. This optimization process involves utilizing the
previously defined equations (Ejury, 2013; Lee, 2015).

Eq. 37 establishes a connection between the change in inductor
current (ΔiL), the direct current voltage (VDC), the inductance (L), and
the time period (T) minus the product of the duty cycle and the time
period (DT). This change in inductor current essentially represents the
difference between the maximum and minimum inductor currents is
given by equation (Eq. 37).

ΔiL � ILmax − ILmin � VDC

L
T − DT( ) (37)

The given equation articulates the variation in inductor current
with respect to the direct current voltage (VDC), the switching
frequency (fs), the inductance (L), and the complement of the duty
cycle (1 - D) as shown by the equation (Eq. 38):

ΔiL � VDC

f sL
1 − D( ) (38)

Eq. 23 can be resolved to find the inductance (L) in relation to
the direct current voltage (VDC), switching frequency (fs), change in
inductor current (ΔiL), and the complement of the duty cycle (1 - D).
Additionally, the expression for VDC is provided in terms of D/(1-D)
* Vin, as illustrate by the equation (Eq. 39):

L � VDC

f sΔiL
1 − D( )withVDC � D

1 −D
Vin (39)

Thus, we obtain the equation (Eq. 40):

L � Vin

f sΔiL
D (40)

2.3.4 Voltage ripple and capacitor selection
A. Selecting the suitable capacitor for the Buck-Boost converter

typically involves beginning with a standard capacitor value and
verifying if it aligns with the converter’s specifications. In cases where
the voltage ripple exceeds acceptable limits, opting for a larger capacitor
is advisable to mitigate the voltage ripple (Ejury, 2013; Lee, 2015).

By examining the current waveform depicted in Figure 9, it
becomes feasible to ascertain the fluctuation in voltage across the
capacitor, given by the equation (Eq. 17):

ΔQ � −VDC

R
DT (41)

FIGURE 7
Structure of an Equivalent circuit of the buck-boost converter during the on-state.

FIGURE 8
Equivalent Circuit of the Buck-Boost Converter during the
OFF state.
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This equation describes the variation in charge (ΔQ) within a
circuit element. It equals the negative of the product of the voltage
across the element (VDC) and the reciprocal of the resistance (R),
multiplied by the change in time (DT), as shown by the equation
(Eq. 42):

ΔVDC| | � ΔQ
C

� VDC

RC
DT (42)

This equation establishes a connection between the absolute
value of the change in output voltage (|ΔVDC|) and the ratio of the
change in charge (ΔQ) to the capacitance (C). Additionally, it is
expressed in terms of the output voltage (VDC), resistance (R),
capacitance (C), and the change in time (DT), as given by the
equation (Eq. 43):

C � VDC

RΔVDCf s
DwithVDC � IDCR (43)

In this context, C denotes the capacitance, VDC is the output
voltage, R represents the resistance, ΔVDC is the change in output
voltage, fs is the switching frequency, and D stands for the duty
cycle. This equation establishes a relationship between capacitance,
output voltage, resistance, change in output voltage, switching
frequency, and duty cycle, as shown by the equation (Eq. 44):

C � IDC
ΔVDCf s

D (44)

The provided equation expresses capacitance in terms of the
output current (IDC), the change in output voltage (ΔVDC),
switching frequency (fs), and duty cycle (D).

Leveraging the previously discussed equations, we conducted a
dimensioning process, as illustrated in Table 3 below. It is
noteworthy that our approach differs from the conventional
method of fixing a switching frequency (fs) and then searching
for appropriate hardware. Instead, we calculated the suitable
frequency based on the available hardware.

3 Proposed MPPT

Numerous algorithms have been suggested to optimize the
operation of the PV array at the maximum power point (Mostafa
et al., 2020). This paper employs and compares Perturb and
Observe (P&O) and Sliding Mode Control (SMC) methods, as
elaborated later.

3.1 Classical perturb and observe (P&O)

The Perturb and Observe (P&O) algorithm stands out as the
most commonly employed method for tracking the maximum
power point. The P&O MPPT technique operates by periodically
perturbing the terminal voltage of the PV array, incrementing or
decrementing a control parameter by a small amount until reaching
the maximum power point. The process involves measuring the
power, introducing a small perturbation, measuring the new power,
and determining the direction of perturbation based on the sign of
the power change. If the change is positive, the control system
continues perturbing in the same direction; otherwise, it adjusts the
operating point in the opposite direction (Bharambe and Mahajari,
2015; Lamnadi et al., 2016).

However, this method has notable drawbacks. In steady-state
operation, the obtained power oscillates around the maximum
power point, potentially causing the tracking to deviate under
rapidly changing environmental conditions. Additionally, the step
size not only defines the range of oscillation around the MPP during
steady-state operation but also governs the speed of convergence
to the MPP.

3.2 Sliding mode MPPT

The sliding mode control (SMC) process represents a nonlinear
controller, falling within the category of dynamic controllers
designed to provide robust control for intricate, high-order
nonlinear dynamic plants operating in uncertain conditions
(Bartoszewicz and Żuk, 2010; Singh et al., 2017; Meng et al.,
2018; Vaidyanathan et al., 2019). In conjunction with this,
Perturb and Observe (P&O) is utilized to track the maximum
power point, acquiring Vref for subsequent comparison with the
actual Vpv in varying environmental conditions (Mostafa et al.,
2020). Subsequently, the current controller, employing IC, engages
the hysteresis loop to generate the signal (u) for toggling the
converter between on (1) and off (0).

Regarding the dynamic analysis of SMC:

S � Vpv − Vref( )pG1 + IinpG2 (45)

With G1 and G2 are constants gain; To implement the
proposed technique, (S) must be equal to zero, and dS/dt
should also be zero.

From this standpoint, the derivative of equation (Eq. 45) is given
by equation (Eq. 46)

dS
dt

� dVpv

dt
− dVref

dt
( )pG1 + dIC

dt
pG2 (46)

IC � Ipv − Iout( ) (47)

And

IC � C
dVC

dt
(48)

Deriving Eqs 47 and 48, we arrive at the subsequent expression:

dVC

dt
� Ipv − Iout

C
(49)

FIGURE 9
Current waveform across the capacitor.
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We have also the equations (Eqs 50–52):

Vpv t( ) � Vin t( ) � VL t( ) + Vout t( )withVout t( ) � VC (50)
Vpv t( ) � VL t( ) + VC t( ) (51)
dVpv

dt
� L

dIl
dt

+ Ipv − Iout
C

(52)

By substituting Eqs 52 and 48, and Eq. 47 into Eq. 46, we obtain
the following expression:

dS
dt

� L
dIl
dt

+ Ipv − Iout
C

− dVref

dt
( )pG1 + dIpv

dt
− dIl
dt

( )pG2 (53)

With

diL t( )
dt

� Vin t( ) − Vout t( )
L

�
Vout
D( ) − Vout t( )

L
� Vout

L
1 − D
D

( ) (54)

By substituting Eq. 53 into Eq. 54, we can express the relation as
given by the equation (Eq. 55):

dS
dt

� Vout
1 − D
D

( ) + Ipv − Iout
C

− dVref

dt
( )pG1

+ dIpv
dt

− Vout

L
1 − D
D

( )( )pG2

� 0 (55)

4 Battery management

This module incorporates a 640Ah capacity battery with a
programmable state of charge, accompanied by an intelligent
supervisory control system managing battery behavior in critical
scenarios using three switches: “Charging,” “Direct,” and “Discharging."

The charging behavior of the battery (PLoad) can be described by
the following equations:

When.
Ppv exceeds PLoad (battery charging) (see Eq. 56):

PLoad � Ppv + PBat (56)

When Ppv is less than PLoad (battery discharging) (see Eq. 57):

PLoad � Ppv − PBat (57)
where:

PLoad: Battery charging power (positive for charging, negative for
discharging).

Ppv: Photovoltaic power (solar panels).
PBat: Battery power (positive for discharging, negative for

charging, based on charging/discharging conditions and the state
of the “Charging,” “Direct,” “Discharging” switches).

5 Results and discussion

The photovoltaic panel will serve as the power source for the
entire system, followed by a Buck-type adaptation stage controlled
by a proposed Maximum Power Point Tracking (MPPT)
command, along with a load in the form of a battery. Figure 10
below illustrates the voltage-current and power-voltage
characteristics of the selected module under standard operating
conditions in terms of temperature and irradiation (25°C,
1000 W/m2):

To gain a preliminary insight into the behavior of the PV
generator, consisting of 2 modules in series and 5 in parallel as
indicated in Table 1, we have studied its response to variations in
temperature and irradiation.

From Figure 11, it can be observed that irradiance has a direct
impact on current; as irradiance increases, the current intensity
increases, and the I(V) curves shift towards higher values, allowing
the module to produce more electrical power.

To test the validity and feasibility of the proposed structure and
MPPT technique, three tests will be conducted.

5.1 TestN°1

In this test, the state of charge of the battery (SOC) and the
irradiance are kept constant, as shown in Figures 12A,D. The state of
the switches is observed, as depicted in Figure 12B,C, F.

It is observed that when the power supplied by the panel is
sufficient and constant, as shown in Figure 12E due to constant
irradiance (G = 1000 W/m2) to meet the requirements of the
load, the battery maintains a constant charge level. This
confirms the robustness of the proposed MPPT technique
based on the sliding mode. It is also noteworthy that the
direct switch is activated, indicating that the load is powered
by the PV generators, while the other two switches are
deactivated. Figures 12G, H depict the current and voltage at
the output of the buck-boost converter, maintained constant at
their desired values through regulation ensured by the PI
controller.

TABLE 3 Dimensioning of the regulation stages used in the system.

Converter r D fs Lmin Cmin ΔiL Δvout

Buck Vout
Vin

Vout
Vin

R(1−D)
2L

R(1−D)
2fs

ΔiL
8LΔVoutf

2

Vout
Lfs

(1 −D) Vout
8LCf2 (1 −D)D

0.61 0.61 6 KHz 300 μH 10000 μF <15% <1%

Buck-Boost Vout
Vin

Vout
Vin+Vout

R(1−D2)
2L

Vin
fsΔiL D

Iout
ΔVoutfs

D Vout
fsL

(1 −D) Vout
RC DT

0.1 0.09 12 KHz 300 μH 10000 μF <15% <1%
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5.2 TestN°2

In this test, the state of charge of the battery (SOC) is maintained
constant, as depicted in Figure 13A, while the irradiance varies

according to the profile shown in Figure 13D. The state of the
switches is observed, as indicated in Figures 13B,C, F.

When the power provided by the panel exceeds 1500 W and the
SOC is constant, the discharge and charge switches are activated (see

FIGURE 10
Characteristics of I (V) and P (V) for the selected module.

FIGURE 11
Characteristic of the PV generator for different irradiance values.
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FIGURE 12
Simulation results for a state of charge (SOC) greater than 95% with constant irradiance = 1000 W/m2.

FIGURE 13
Simulation results for a state of charge (SOC) greater than 95% with variable irradiance.
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Figures 13B,F) to compensate for the power deficiency, ensuring that
the current and voltage at the output of the buck-boost converter are
maintained at their desired values and the battery remains
fully charged.

From time (t = 0.2 to t = 0.6 s), with irradiance G = 1000 W/m2,
as shown in Figure 13D, the power supplied by the photovoltaic
generator is sufficient. It can be observed that the charge and
discharge switches are deactivated, while the Direct switch is
activated, as depicted in Figures 13B, C, F. The current and
output voltage remain constant after a slight disturbance.

From time (t = 0.6 to t = 1.2 s), when the power supplied by the
photovoltaic generator is insufficient, the discharge and charge
switches are activated to compensate for the power deficiency
from the PV generator with the battery, as shown in Figures
13C, E, F. This ensures that the voltage and current at the output
of the buck-boost converter are maintained at their desired levels, as
illustrated in Figures 13G, H.

5.3 TestN°3

In this test, the brightness remains constant, as shown in
Figure 14D, while the state of charge of the battery (SOC) varies
according to the profile presented in Figure 14A. The state of the
switches is observed, as illustrated in Figures 14B, C, F. When the
state of charge of the battery (SOC) is above 95%, the discharge and
charge switches are deactivated (see Figures 14B, F), as there is no
lack of power, and the battery’s state of charge is satisfactory. The
power supplied by the PV generator keeps the current and voltage at
the output of the buck-boost converter at their desired values, thus
maintaining the battery at its full charge, with the Direct switch
activated (see Figure 14C).

From time (t = 0.2 to t = 0.7 s), the state of charge of the battery
varies according to the profile shown in Figure 14A. The power
supplied by the photovoltaic generator remains sufficient, as shown
in Figure 14E, with constant illumination. The activation of the
charge switches is noted to charge the battery with the power
generated by the PV generator, as shown in Figure 14B. The
discharge switch remains deactivated as long as the PV power is
sufficient, while the Direct switch is activated, as illustrated in
Figure 14C. The current and output voltage remain constant
after a slight disturbance.

From time (t = 0.7 to t = 1.2 s), the power supplied by the
photovoltaic generator remains sufficient. The deactivation of the
discharge and charge switches is observed, while the Direct switch is
activated to maintain a constant current and voltage at their
desired values.

5.4 TestN°4

In this test, both the brightness and the state of charge of the
battery (SOC) remain constant, as indicated in Figures 15A,D. A
charge disturbance is introduced from time t = 0.3 to t = 0.6 s,
followed by deactivating the disturbance from t = 0.6–1.2 s. The
state of the switches is observed, as illustrated in Figures
15B, C, F.

Upon introducing the charge disturbance, a perturbation is
observed in the current curve (Figure 15G), stabilizing
subsequently at the imposed reference value, Iref = 10A,
confirming the robustness of the implemented controller.
However, the output voltage at the load exhibits a slight drop
due to the charge disturbance. Analysis of the switch states
reveals that the power is supplied by the PV panel (Figure 15E).

FIGURE 14
Simulation results for a variable state of charge (SOC) with constant irradiance = 1000 W/m2.
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This temporary current perturbation can be attributed to the
system’s response to the load variation, while the slight voltage drop
may result from the converter’s response to the disturbance. These
observations demonstrate the system’s ability to maintain stability
despite temporary disturbances, thereby validating the effectiveness
of the implemented control.

6 Conclusion and future works

This research introduces an innovative approach to power
control in PV/battery systems by integrating sliding mode MPPT
with advanced energy management through a dual Buck converter.
The study focuses on optimizing solar energy extraction, regulating
current, and ensuring efficient battery utilization. Simulations
conducted on MATLAB with two converters (buck and buck-
boost) validate the proposed hybrid topology, contributing
significantly to the advancement of sustainable and efficient
energy solutions.

The results showcase the robustness of the sliding mode MPPT
technique under various conditions. Tests conducted under
constant and variable solar irradiance, coupled with State of
charge (SOC) variations, demonstrate the system’s adaptability
and efficiency. The supervisory system effectively manages the
power supply of the buck-boost converter based on battery
charge levels, addressing specific scenarios such as insufficient
solar power.

This study not only advances the understanding of PV/battery
power control but also underscores the potential of integrating
sliding mode MPPT and dual Buck converters for optimizing
energy production, distribution, and storage. The results

presented herein pave the way for further exploration and
implementation of these innovative techniques in real-world
applications, marking a significant stride towards a more
sustainable and efficient energy future.
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