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This article presents an innovative APISMCmethod applied to PVS, integrating the
MPPT technique for a boost converter. The primary objective of this approach is
to maximize the converter’s output power while ensuring optimal operation in
the face of varying environmental conditions such as solar irradiance and
temperature, while dynamically adapting to variations in system parameters, as
demonstrated by the obtained results. To achieve this, a RVO is employed to
generate reference voltage and power. A PI controller calculates the reference
current based on this power. The APISMC control modeling utilizes all its
reference variables to synthesize the sliding surface and duty cycle for optimal
boost converter control. Simulations conducted demonstrate superior
performance in terms of stability, speed, and control of the converter
compared to traditional MPPT algorithms. The main contributions of this
article include an improvement in system robustness against irradiance
variations, thanks to the integration of an adaptive algorithm and a PI
controller within the SMC. Moreover, the proposed theoretical and practical
framework enables rapid MPPT attainment by adjusting the duty cycle in real-
time, optimizing maximum power extraction and ensuring stable regulation even
under non-ideal conditions.
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1 Introduction

Renewable energies are alternative energy sources to fossil fuels,
which are limited and polluting. They are essential for the energy
transition towards a more sustainable world. Among renewable
energies, PV solar energy is one of the most promising. It is clean,
inexhaustible, and available in most countries around the world. It is
rapidly developing and becoming increasingly efficient and
affordable. However, the most important challenge is to find
technical means to maximize the energy production of PVS,
particularly through better control of converters. Thus, their
performance heavily depends on the control techniques applied.
One of the techniques often used and commercialized is MPPT.
Indeed, it is an algorithm that allows for finding the MPP of a PV
system. In other words, it can be characterized as the point where the
output power generated by the converter system is maximized for a
given output voltage. Several studies have focused on the control of
PVS using the MPPT technique (Poongavanam et al., 2023;
Velmurugan et al., 2022; Vankadara et al., 2022; Vankadara
et al., 2023). Various types of classic MPPT algorithms have been
developed for PVS, such as the Incremental Conductance (INC)
algorithm, which offers good responsiveness to rapid changes but
may suffer from increased complexity and sensitivity to
measurement errors (Atia et al., 2022; Chellakhi et al., 2024; El
Ouardi et al., 2023; Ahmed et al., 2022). The RVO control is another
approach that adjusts the reference voltage to maximize power but
may be limited by non-ideal operating conditions (El Fadili et al.,
2014). Also noteworthy is the PO control, which is simple to
implement and effective under steady-state operating conditions
(Ali and Mohamed, 2022; Gomathi et al., 2024; Kumar and Bindal,
2022). However, it may perform less well under rapid variations in
irradiation, leading to oscillations around the MPP, among other
commonly used techniques. These techniques are straightforward to
implement and provide good performance. Nevertheless, they can
be sensitive to variations in temperature and illumination.
Currently, new control techniques for PVS and converters are
being developed, including those utilizing artificial intelligence
(Remoaldo and Jesus, 2021; Mazumdar et al., 2024; Aljafari et al.,
2023; Radhakrishnan et al., 2022; Oliver et al., 2022), such as neural
networks control algorithm (Cano et al., 2024; Maguluri et al., 2023;
Oh et al., 2024; Sahoo et al., 2022; Saxena et al., 2021), fuzzy logic
control (Abdelmalek et al., 2018; Chandrashekar et al., 2024; Derbeli
et al., 2023; Hussain et al., 2024), and adaptive controls (Henao-
Bravo et al., 2022; Li et al., 2024; Stitou et al., 2022; Ouaret
et al., 2023).

PVS are subjected to sudden external variations, such as changes
in temperature and irradiation. However, traditional controllers are
often ineffective and lack robustness against these external
disturbances. Therefore, converters generally require high-
performance and robust controls in terms of speed and accuracy
to meet the load requirements under variable conditions and to
maintain performance even in the presence of uncertainties and
disturbances. In reality, PV systems, where the converter is a key
element, require good regulation of their duty cycle (Corrêa and
Vieira, 2023; Youssef et al., 2023). Maintaining precise duty cycle
control is essential for optimizing the voltage and power at the
output of the converter. For this reason, robust, adaptive, and fuzzy
controls are more complex but offer better robustness against

environmental variations. For this work, Sliding Mode Control
(SMC) is recognized for its robustness and ability to manage
nonlinear systems, making it a preferred choice for PVS (Chaibi
et al., 2019; Muktiadji et al., 2022; Singh et al., 2017; Swarnkar et al.,
2022). By its nature, this control is a nonlinear control algorithm
that allows for managing the dynamic systems of the PV and the
converter in the presence of disturbances and uncertainties (Azar
and Serrano, 2015; Chang et al., 2024; Gundecha et al., 2016; Tian
et al., 2019; Samadhiya et al., 2021; Samadhiya and Namrata, 2021;
Vaidyanathan and Azar, 2016). It is based on constructing a sliding
surface, which represents the operating space of these two systems.
The SMC maintains the dynamical system on the sliding manifold
modeled by the system’s current and voltage relative to the reference
currents and voltages. This ensures its correct operation and rapid
response. The choice of parameters for the sliding surface is a crucial
point for optimizing the control operation from a dynamic and rapid
perspective. Thus, the combination of SMC control and adaptive
parameter control leads to a certain optimization that enhances the
performance of conventional SMC control to very significant results.
Several studies have addressed the integration of SMC control with
adaptive control (Alnami et al., 2024; Rahme et al., 2023), neural
networks (Ruz-Hernandez et al., 2024; Wang et al., 2023), PI
controllers (Bhat et al., 2020; Chinnappan et al., 2019), and fuzzy
logic (Ezhilan et al., 2022; Said Adouairi et al., 2023).

In the literature cited in previous paragraphs, many existing
MPPT techniques, such as Incremental Conductance and
Perturbation and Observation, exhibit sensitivity to
environmental variations, leading to degraded performance
during rapid changes in irradiation or temperature, resulting in
oscillations around the maximum power point. Additionally,
traditional controllers often lack robustness against external
disturbances, making it difficult to accurately regulate the output
voltage and converter performance. Another noteworthy point is the
complexity of algorithms. Indeed, several recent approaches,
particularly those using artificial intelligence, while effective, can
be too complex for practical and robust implementation in real-time
systems. The APISMC proposed in this article aims to address these
shortcomings by integrating an adaptive control that allows for
dynamic adjustment of control parameters based on environmental
variations, thus improving system stability and response speed.
Additionally, APISMC control relies on robustness, combining
SMC control with adaptive algorithms, the approach ensures
accurate regulation of the output voltage, even in the presence of
uncertainties and disturbances.

The article presents an innovative APISMC control method
applied to PVS, integrating the MPPT technique for the boost
converter. This approach aims to maximize the converter’s
output power while ensuring optimal operation, even in the face
of environmental variations such as solar irradiance and
temperature. Consequently, a new MPPT approach is designed,
using APISMC control for the PVS and the boost converter, aimed at
improving robustness against environmental variations and
subsequently maximizing the extracted power. Furthermore, the
improvement of robustness against irradiation variations is achieved
by integrating the PI controller and the adaptive algorithm into the
SMC control. Simulation results show that the APISMC MPPT
algorithm offers superior performance compared to conventional
MPPT algorithms under SMC or PO control. It is capable of quickly
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tracking changes in irradiation and maintaining maximum output
power by monitoring it against the reference. However, it should not
be overlooked that traditional MPPT controllers, which are simple
to implement and provide good performance under nominal
conditions, can be sensitive to variations in temperature and
irradiation.

The organization of this article is as follows: In Section 2, we
will present the PV model by outlining the main mathematical
equations relating the photo-generated current to solar irradiation
and temperature, the total current, and finally the power provided
by the panel. Afterwards, the modeling of the boost converter will
be established in Section 3. The converter is presented through the
relationships that connect the input and output voltages of the
converter and the current through the coil, which is often confused
with the output current. This modeling includes the integration of
the duty cycle between the input and output electrical variables,
leading to the development of the output power of the converter.
The importance of the RVO technique and its operating algorithm
are discussed in Section 4. In Section 5, we emphasize the
objectives of the APISMC control and the benefits of
integrating the adaptive algorithm and PI control into the SMC.
The development of the suggested APISMC will be discussed in
Section 6, involving the designing of the sliding surface and the
various components of the proposed control system, and also the
confirmation of the system’s stability through the use of the
APISMC. In Section 7, the application of the proposed control
will be implemented through numerical simulations of the
photovoltaic system and the boost converter. The effectiveness
of the proposed control is verified against other control techniques.
Finally, in Section 8, we will present a conclusion highlighting the
main results obtained and potential perspectives to
conclude this work.

2 Modeling of the photovoltaic system

In this section, we propose the modeling of a cell in a PVS. The
various mathematical equations materializing this electrical diagram
of the photovoltaic cell will be given below.

2.1 Equation of the PV module current

The equation for the current of the PV module is given
as follows:

Ipv � Iph − I0 exp Vpv + IpvRs/aNsVth( ) − 1( ) (1)

The different variables and parameters of Equation 1 are given in
nomenclatures section at the beginning.

2.2 Equation for the total current of the
PV system

To obtain this equation, we divide the current of the PV module
Ipv by the number of PV modules np connected in parallel.

Iin � Ipv
np

(2)

Iin Is the total current generated by the PV panel (A).

2.3 Equation of the photo-generated current

The photo-generated current depends on the illumination and
the temperature:

Iph � Isc,n + ki × T − Tn( )( ) × G/Gn( ) (3)

where the different parameters of Equation 3 are defined in
nomenclatures section at the beginning.

2.4 Power equation of the PVS

The electrical power generated by the PV panel is the product of
the current given by Equation 2 and the voltage, and it is expressed
as follows:

Pin � Iin × Vin (4)
the parameters of Equation 4 are given by:

Pin is the power generated by the PV panel (W)
Vin is the voltage generated by the PV panel (V)

3 The boost converter

To adapt the output voltage of the photovoltaic system to the
load, we plan to choose a boost-type voltage converter. The focus
will be on the equations relating the input and output voltage of the
converter to the current flowing through the inductor circuit. In
reality, the inductor current IL is often confused with the output
current of the converter noted Iout.

3.1 Presentation of the boost converter

The boost converter is governed by the two known operating
modes called ‘ON’ and ‘OFF’. The input voltage-output voltage
relationship can be described as follows:

L
diL
dt

� Vin + μ − 1( )Vout

C
dVout

dt
� −iout − μ − 1( )iL

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (5)

with

iL is the instantaneous current of the inductance passing through
the coil in (A),
iout is the instantaneous output current in (A),
Vout is the output voltage in (V), μ is a logical variable that can
only take the values 0 or 1 depending on the operating state of the
boost converter, such as:
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μ � 0
μ � 1

switchON
switchOFF

{
The input voltage Vin and output voltage Vout can be

expressed as:

Vin �
Vout + L

diL
dt

if μ � 0

L
diL
dt

if μ � 1

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (6)

and

Vout �
− 1
C
∫ iout + iL( )dt if μ � 0

− 1
C
∫ ioutdt if μ � 1

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (7)

Using Equations 4–7, we can reformulate this converter
problem based on the dynamics control relying on the
voltage Vin, voltage Vout and current IL. Afterwards, we will
present the sizing of voltages Vin and Vout as a function of the
duty cycle D and then the output power for which we will
perform the MPPT.

3.2 Duty cycle of the boost converter

The integration ofD into the modeling of a photovoltaic system
is crucial for optimizing power extraction and ensuring efficient
operation of the converter. By adjusting D according to sunlight
conditions and system characteristics, it is possible to enhance the
overall performance of the PVS.

For a boost converter, the duty cycle D is defined by:

D � Vout

Vout + Vin
(8)

Equation 8 shows that the duty cycle is proportional to the
output voltage relative to the sum of the input and output
voltages. A higher duty cycle means that the converter is
active for a longer duration, which allows for an increase in
the output voltage.

Subsequently, the boost converter’s output voltage is given by:

Vout � D

1 −D
Vin (9)

By analogy to Equation 9, the output current is expressed by the
following relationship:

Iout � D

1 −D
IL (10)

From Equations 9, 10 it is clear that the choice of the duty
cycle D has a direct impact on the operation of the PVS through
power optimization. Indeed, by adjusting D, the system can
adapt to variations in sunlight and temperature, thus enabling
optimal MPPT. Moreover, it is important to maintain a certain
balance between power and efficiency. A duty cycle that is too
high can lead to overheating losses and a reduction in converter
efficiency, while a duty cycle that is too low may not allow
reaching the desired output voltage Vout.

3.3 Output power of the boost converter

To find an expression for the output power Pout in terms of the
duty cycle D and the input power Pin, we can proceed as follows:

Pout � Vout Iout (11)
with Pout is the output power (W). By using Equations 9–11,
we obtain:

Pout � D2

1 −D( )2Vin IL (12)

Since Iin � IL, we can express the output power of the converter
given by Equation 12 in conventional form in terms of the new duty
cycle, described by the expression

Pout � DPPin (13)
with DP is the duty cycle corresponding to the output power of the
converter, which can be written in the following form:

DP � D2

1 −D( )2 (14)

Equations 13, 14 highlights the importance of choosing Dp to
maximize the output power of a boost converter. Indeed, this
relationship indicates that Pout is directly proportional to Pin. By
maximizing D within safe limits, the system can extract the
maximum available power from the photovoltaic panel.

4 The RVO technique

The integration of the RVO algorithm into the calculation of the
duty cycle D optimizes the operation of the PVS. Therefore, it is
essential to understand how to determine the reference voltage Vref,
which will subsequently be compared to Vout. Initially, the power-
voltage characteristic is established based on the system’s state of
charge and variations in sunlight, as shown in Figure 1. By
connecting all the maximum power points corresponding to the
maximum voltage points of each curve, we obtain an inverse
characteristic Vmax � f(Pmax). This characteristic describes the
optimal operation for the MPP, which corresponds to the
optimal reference voltage. Subsequently, the duty cycle D can be
continuously recalculated to adapt to changes in Vout and Vref,
ensuring that the converter always operates at its maximum
efficiency and maximizes power extraction, while highlighting the
importance of dynamic voltage management in the PVS.

To make this technique more effective, the goal will be to maintain
Vin at an optimal level to maximize the power extracted from the
photovoltaic panel. To achieve this, we propose that the expression for
the reference voltage Vref is given by:

Vref � k × Vin (15)

In Equation 15, k is a coefficient determined adaptively that adjusts the
reference voltage based on the system’s characteristics and sunlight
conditions. To ensure that the voltageVref is as effective as possible, it is
necessary to guarantee that k is optimal. To achieve this, we propose the
algorithm for the implementation of RVO in the context of controlling
the duty cycleD and optimizing k, given by the following Algorithm 1:

Frontiers in Energy Research frontiersin.org04

Torchani et al. 10.3389/fenrg.2024.1485470

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1485470


BEGIN

// Initialize parameters

INITIALIZE Vref, k0, Pin, Pout

SET alpha// Learning rate for gradient descent

// Main loop

WHILE (termination condition not met) DO

// Measure Vin

MEASURE Vin

// Calculate Vref

Vref = k * Vin

// Calculate D

D = Vout/ (Vout + Vin)

// Evaluate output power

Pout_new = D * Pin

// Optimize k

k_gradient = CALCULATE_gradient(Pout_new, k)

// Calculate the derivative of Pout with respect to k

k = k + alpha * k_gradient// Adjust k

// Evaluate performance

IF (Pout_new > Pout) THEN

Pout = Pout_new// Keep the new Pout value

ELSE

k = k - alpha * k_gradient// Adjust k in the

opposite direction

END IF

END WHILE

END

Algorithm 1. Adaptive RVO algorithm

5 Objectives of APISMC control

It should be noted that if the duty cycle is too large, i.e., very close
to the value 1, it allows extracting the maximum power from the
photovoltaic module but can cause overheating losses. On the other
hand, if the duty cycle is very small, i.e., very close to the value 0, it

does not allow reaching the desired output voltage Vout. This
requires finding a balance between power and efficiency by
adjusting the duty cycle. To this end, the objectives of the
proposed APISMC control are such that:

The adaptive SMC aims to maintain the performance of the
boost converter in the face of unexpected variations in system
parameters, such as load changes or input voltage Vin

fluctuations. This ensures stable regulation even under non-ideal
conditions. Additionally, the use of an adaptive sliding surface
improves the dynamic stability of the system. This means that
the system can react quickly to changes in state and maintain the
output voltage Vout at the reference value Vref without undesirable
oscillations, by appropriately adjusting the duty cycle D.

The APISMC allows quick and effective reaching of the MPPT
by adjusting the duty cycle in real-time, according to changes in
irradiance G G and temperature T. This control law is designed to
maintain the system trajectory on the desired sliding surface chosen
as a linear combination of state variable errors, typically the inductor
current IL and the output voltage Vout. Furthermore, the suitable
choice of the sliding surface gains Ki will be made adaptively,
allowing an optimization of the dynamic performance regulation
of the system, such as response speed and stability.

Since variations in Vin can affect the output voltage Vout and
disturbances can cause variations in the inductor current IL, influencing
the system stability, a disturbance-insensitive control like SMC is
imperative to maintain the performance of the boost converter. For
this, the dynamic adjustment of D allows compensating for
disturbances and maintaining the output voltage Vout at the desired
value Vref, even in the presence of variations in Vin or load changes.

In summary, the objectives of the APISMC technique are
as follows:

• Balance power and efficiency: Avoid overheating losses while
ensuring the desired output voltage is achieved.

• Adapt to unexpected variations: Maintain performance in the
face of changes in system parameters such as load variations or
input voltage fluctuations.

FIGURE 1
Power-voltage characteristic: Extraction of maximum power points.

Frontiers in Energy Research frontiersin.org05

Torchani et al. 10.3389/fenrg.2024.1485470

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1485470


• Improve dynamic stability: Ensure a rapid system response to
state changes and maintain the output voltage at the desired
reference value without undesirable oscillations.

• Rapidly achieve MPP: Adjust the duty cycle in real-time based
on variations in irradiance and temperature to quickly reach
the maximum power point.

• Ensure disturbance insensitivity: Maintain the performance of
the boost converter even in the presence of disturbances and
variations in input voltage or load.

6 Synthesis of the APISMC control

The design of the sliding surface ensures that the system remains
stable during operation. By defining a specific trajectory for the
system’s state variables, it helps maintain the desired performance
even under varying conditions. Additionally, it allows the control
system to be robust against external disturbances such as changes in
solar irradiance or temperature. This robustness is crucial for
maintaining optimal performance in real-world scenarios.

The sliding surface S is defined by the following equation:

S � K1 Vref − Vin( ) +K2 Iref − IL( ) (16)

with and are weighting coefficients. The parameters K1 and K2 are
weighting coefficients that determine the relative importance of the
voltage error and current error in the sliding surface. One side, a
higher value of K1 means that the voltage error will have a greater
impact on the sliding surface, leading to faster convergence of the
actual voltage to the desired voltage. On the other side, a higher value
of K2 means that the current error will have a greater impact on the
sliding surface, leading to faster convergence of the actual current to
the desired current. Then, the parameters k1 and k2 are used to tune
the performance of the APISMC control by adjusting the relative
importance of the voltage and current errors in determining the
sliding surface.

The sliding surface consists of the error between the desired and
actual values of the voltage Vin and current IL, it is used to validate
the performance of the APISMC control. Regarding the boost
converter, effective management of the system’s trajectory on the
sliding surface generates an optimal activation time that facilitates
rapid responses to changes in environmental conditions, allowing
for quick tracking of the maximum power point (MPP).

To introduce the PI part into the control, we modify the
definition of Iref so that it is calculated from the power error,
which allows the system to be adaptive. The new expression for Iref
will be:

Iref � Iref,0 + Kp Pref − Pout( ) +Ki ∫ Pref − Pout( )dt (17)

where Iref,0 is the initial value of Iref and Pref is the desired
output power.

The parametersKi andKp are used to implement the PI control
for the system and used to tune the performance of the PI control by
adjusting the relative importance of the current and accumulated
errors in determining the control action.Kp is the proportional gain,
which determines the response of the control system to the current
error between the desired and actual output power. A higher value of

Kp means that the controller will respond more aggressively to
changes in the error. Ki is the integral gain, which determines the
response of the control system to the accumulated error over time. A
higher value of Ki means that the controller will be more persistent
in reducing the error, even if it is small.

The sliding surface is designed by integrating the PI part into the
surface given by Equations 16-17, we then obtain:

S � K1 Vref − Vin( )
+K2 Iref,0 +Kp Pref − Pout( ) + Ki ∫ Pref − Pout( )dt − IL( )

(18)
or alternatively

S � K1 Vref − Vin( ) +K2 Iref,0 + KpϵP +Ki ∫ ϵPdt − IL( ) (19)

then

ϵP � Pref − Pout (20)

To satisfy Equations 18–20 and to make the system adaptive, the
gainsK1 ,K2 ,Kp andKi must be dynamically adjusted based on the
system’s performance. In our case, we will use optimization
algorithms to adjust these gains, particularly the gradient descent
algorithm; the various gains are given by:

K1 � K1 − α1
∂S
∂K1

K2 � K2 − α2
∂S
∂K2

Kp � Kp − αp
∂S
∂Kp

Ki � Ki − αi
∂S
∂Ki

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
where α1, α2, αp, and αi are positive learning rates. ∂S

∂K1
, ∂S
∂K2

, ∂S
∂Kp

and
∂S
∂Ki

are the partial derivatives of the sliding surface S with respect to
each gain, and they will be calculated analytically. Once the surface S
is designed, the adjustment of the duty cycle D is determined from
its nominal value D0 � Vout

Vout+Vin
, its expression is provided by:

D � D0 +KsS (21)
where Ks is a control gain to adjust the duty cycle based on the
sliding surface. In the given context, Ks is defined as a control gain
used to adjust the duty cycleD based on the sliding surface S. It plays
a crucial role in tuning the response of the control system, allowing
for modifications to the duty cycle to achieve the desired output
performance. Specifically, Ks influences how much the duty cycle is
adjusted in response to the state of the system as indicated by the
sliding surface, helping to ensure a fast and robust response.

By using Equations 16, 21 we combine the two parts, the
adaptive expression for D and incorporating both proportional
and integral controls to ensure a fast and robust response of the
system, can be formulated as follows:

D � D0 +Ks K1 Vref − Vin( ) +K2 Iref − IL( )( ) (22)

The control gain Ks can be determined adaptively using the
gradient descent method, defining the Cost Function as follows:
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J Ks( ) � 1
2
S2 (23)

The calculation of the derivative of the cost function with respect
to Ks is given by:

∂J
∂Ks

� S
∂S
∂Ks

(24)

and the update of Ks is given by:

Ks � Ks − α
∂J
∂Ks

(25)

Using Equations 22–25, the expression for the control of the
APISMC control system can be formulated by combining the
contributions from the PI part and the SMC part, as follows:

DPI−SMC � DPI +DSMC (26)
The continuous component of the control is given by the PI

control, as follows:

DPI � Kp Pref − Pout( ) +Ki ∫ Pref − Pout( )dt (27)

The discontinuous component is given by:

DSMC � KsS (28)

Thus, the final expression of the adaptive APISMC control to
generate the duty cycle D for the boost converter is given by:

D � D0 + Kp Pref − Pout( ) +Ki ∫ Pref − Pout( )
+Ks K1 Vref − Vin( ) +K2 Iref − IL( )( ) (29)

The switch activation duration ton is related to the duty cycle D
by the following relationship:

ton � D · T (30)
where T is the total period of the cycle, which is the inverse of the
switching frequency, given by:

T � 1
f

(31)

Overall, this activation duration can be expressed in terms of the
control as follows:

ton �
D0 + Kp Pref − Pout( ) + Ki∫ Pref − Pout( ) + Ks K1 Vref − Vin( ) + K2 Iref − IL( )( )

f

(32)
All the analytical relationships presented earlier for developing

the sliding surface, the APISMC control given by Equations 26–29,
and the switch activation duration given by Equations 30–32 are
illustrated by the explanatory diagram in Figure 2. It is a diagram
linking the different components of the PVS and the boost converter
with the adaptive APISMC control, which is provided below.

To demonstrate the stability of the system using the candidate
Lyapunov function, we will start from the inequalities and make
simplifications through approximation. We will establish the
conditions on the parameters that ensure the derivative of the
Lyapunov function is negative.

We define the candidate Lyapunov function as follows:

V � 1
2
S2 (33)

where the sliding surface S is given by Equation 19. Then, _V is
obtained as:

_V � S _S (34)
Calculating the derivative of the surface S:

_S � K1
_Vref −K1

_Vin +K2 Kp _ϵP + KiϵP +Ki ∫ _ϵPdt − _IL( ) (35)

For the system to be stable, we must have:

_V � S _S< 0 (36)
using Equations 33–36, this implies that:

S> 0
_S< 0

{ (37)

Considering the condition of Equation 37, we assume that the
errors |Vref − Vin| and |Iref − IL| are small, which allows us to write:

S| | ≈ K1 Vref − Vin

∣∣∣∣ ∣∣∣∣ + K2 Iref,0 +KpϵP +Ki ∫ ϵPdt − IL

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣ (38)

Using absolute values, we can write:

S| |≤K1 Vref − Vin

∣∣∣∣ ∣∣∣∣ + K2 Iref,0
∣∣∣∣ ∣∣∣∣ + Kp ϵP| | + Ki ∫ ϵPdt

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣ − IL| |( )

(39)
Therefore, to ensure that _V< 0, we must have:

S K1
_Vref − K1

_Vin +K2 Kp _ϵP +KiϵP +Ki ∫ _ϵPdt − _IL( )( )< 0 (40)

We generally consider that the derivatives _Vref, _Vin, _ϵP and _IL
are small, and we can further simplify them as follows:

_S � K2 Kp _ϵP +KiϵP − _IL( )< 0 (41)

For _S< 0, the gains must be sufficiently large. On one hand, this
ensures that the current error and the voltage error are corrected
quickly, and on the other hand, it guarantees a rapid response to
power variations.

Considering Equations 37–41, in summary, if the gainsK1 ,K2 ,
Kp and Ki are sufficiently large, then it is possible to ensure that
_V< 0 for positive values of S. This provides evidence that the system
is stable, as the Lyapunov function decreases over time, implying
that the states converge to equilibrium.

7 Numerical simulation

In this section, we will present the simulations conducted to
validate the proposed control synthesis, namely, the APISMC
control in the Matlab environment. These simulations aim to
demonstrate the effectiveness and robustness of the APISMC in
the context of MPPT for a photovoltaic system. By comparing the
results obtained with those from conventional control methods,
we will be able to evaluate the performance of the APISMC
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control in terms of stability, response speed, and ability to adapt
to variations in environmental conditions.

We use a PV array containing 54 cells that are connected in
series. The PV system delivers its power in parallel to the DC/DC
boost converter. The parameters, including information on the
electrical characteristics of the photovoltaic system under varying
irradiation conditions, are provided below in Table 1.

The parameters, including information on the electrical
characteristics of the boost converter under varying irradiation
conditions, are provided below in Table 2.

The adaptive algorithms allow to obtain each time the values of
the gains (K1, K2, Ks, Ki, Kp and k) for the control of the
photovoltaic system.

For the case of the conventional SMC control, the parameters
are manually adjusted to obtain the best responses, these parameters
are given by:

K1 � 78

K2 � 37

Les valeurs du courant de référence et de duty cycle initiales sont
données par:

Iref,0 � 15A

and

D0 � 0.01

The simulations conducted have generated various figures
illustrating the performance of the proposed APISMC control
for the photovoltaic system and the boost converter. Figure 3
presents the solar irradiation profile used as input to the system,
reflecting the variations in solar irradiation over time. Figures 4, 5
show the current and voltage control signals generated by the
APISMC, respectively, highlighting its ability to dynamically
adapt to changes in environmental conditions. Figure 6
compares the sliding surfaces obtained with the APISMC and
the conventional SMC control, demonstrating the improvement
brought by the integration of adaptive algorithms and the PI
controller. Figures 7–9 present the responses of current, voltage,
and power under the proposed APISMC control, comparing them
to the performance of conventional SMC and PO techniques.

FIGURE 2
Diagram of the different components of the PVS system with the APISMC.

TABLE 1 The values of the photovoltaic system parameters.

Designation Value

Nominal short-circuit current (Isc,n) 8, 21A

Short-circuit current temperature coefficient (μIsc) 0, 0032A/°C

Nominal open-circuit voltage (Voc,n) 32, 9V

Open-circuit voltage temperature coefficient (μVoc,n
) −0, 1230V/°C

Nominal current (In) 7, 61A

Nominal voltage (Vn) 26, 3V

Number of cells in series (Ns) 54

Diode ideality factor (a) 1, 5

TABLE 2 The values of the boost converter parameters.

Designation Value

Inductance of the inductor (L) 2, 2mH

Capacitance of the capacitor (C) 47 μF

Load resistance (R) 100Ω
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FIGURE 3
Sunlight profile defined by the received irradiation.

FIGURE 4
Current control signal generated by proposed scheme.

FIGURE 5
Voltage control signal generated by proposed scheme.
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FIGURE 6
Sliding surface in both cases: conventional SMC and proposed PISMC.

FIGURE 7
Current response by proposed APISMC and compared to SMC and PO.

FIGURE 8
Voltage response by proposed APISMC and compared to SMC and PO.
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FIGURE 9
Power response by proposed APISMC and compared to SMC and PO.

FIGURE 10
Duty cycle by proposed APISMC and compared to SMC and PO.

FIGURE 11
Efficiency of the different controls with temperature variation.
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Figure 10 illustrates the variation of the duty cycle D of the boost
converter under different controllers: APISMC, SMC, and PO,
emphasizing the optimization achieved by the APISMC to
maximize the output power of the photovoltaic system. Finally,
Figures 11, 12 demonstrate the impact of varying temperature and
irradiance on the efficiency of different control
strategies over time.

Figure 3 shows the variation of the solar irradiation received
over time. The irradiation follows a distribution characterized
by the successive values of 900W/m², 1000W/m², 1200W/m²,
and 800W/m². This variation in sunlight allows for the
simulation of realistic conditions and the evaluation of the
adaptive sliding mode control proposed by APISMC to
quickly adapt to changes in irradiation to maintain the MPPT
of the photovoltaic system.

There are minor fluctuations at the start of the signals shown in
Figures 4, 5, but they quickly fade away after 2 seconds. The control
input exhibits a very smooth signal without showing any chattering
phenomena. The responses are provided for a solar irradiation of
900W/m², and these signals repeat in the same manner for each
variation in irradiation

Figure 6 presents the curve of the sliding surface S, whose
evolution illustrates the variation of the signal representing the
error of the current IL and the voltage Vin relative to their
optimal reference values Iref and Vref. By comparing the signals,
it is clear that the sliding surface with the proposed APISMC control
exhibits a very small norm on the order of −3, compared to the
conventional SMC control, which has an amplitude of 300.
Furthermore, the stability of the system is guaranteed despite
variations in irradiation. Indeed, convergence is verified in both
cases, which is typical of SMC in general. However, the response of
the APISMC is very rapid, on the order of approximately
0.01 seconds, compared to that of the SMC, which spans the
entire duration of the irradiation.

Overall, Figure 6 clearly demonstrates the effectiveness of the
proposed control compared to SMC in mitigating the discrepancies
between the system’s behavior and the optimal reference values. This
highlights the effectiveness of the adaptive part of the control in

optimizing the calculated values of Iref and Vref, as well as all the
gains K1, K2, Ks, Ki, Kp and k.

The simulations in Figures 7–9 present the variations of current,
voltage, and typical power. Stability is achieved, with different
convergence characteristics among the controls. The simulations
of current, voltage, and power show that the proposed control
exhibits a minimal response time of 0.1 seconds, as well as a
settling time of less than 0.1 seconds compared to other controls,
such as SMC and PO control. The proposed APISMC-controlled
system has been thoroughly verified to ensure its dynamic behavior
delivers both high accuracy and speed.

These results highlight the effectiveness of the APISMC control
in regulating the performance of the photovoltaic system. The rapid
response of the control allows for effective adaptation to variations
in sunlight conditions, thus ensuring optimal power extraction. In
comparison, other control methods show longer settling times,
which can affect their ability to react quickly to fluctuations in
irradiation. Additionally, the APISMC control does not exhibit
overshoot, unlike other controls that may reach an overshoot
of 14%.

The validity of the APISMC compared to other control
methods, namely, SMC and PO, is clearly demonstrated in the
management of the duty cycle D of the boost converter. In
Figure 10, the simulations show that the APISMC allows for a
more precise and responsive adjustment of the duty cycle,
resulting in effective optimization of the output power.
Indeed, in the case of SMC control, an insensitivity is
identified regarding the variation of irradiation between
900W/m², 1000W/m² and 1200W/m². The SMC control does
not react and maintains the same value of D, which is 0.85 for
these irradiation values. The PO control maintains a similar
response to that of the APISMC but with lower amplitudes.

The simulations presented above in Figures 11, 12 were
conducted by varying environmental conditions, specifically
temperature and irradiance, to evaluate the performance of
different MPPT control strategies. The results demonstrate that
the APISMC consistently outperforms both SMC and PO in terms of
efficiency. This superiority can be attributed to the adaptive and

FIGURE 12
Efficiency of the different controls with irradiance variation.
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flexible nature of the APISMC parameters, allowing it to adjust in
real-time to environmental variations. Consequently, APISMC is
capable of maintaining an optimal operating point for the boost
converter, regardless of temperature or irradiance, resulting in
higher energy yields.

Simulations conducted with temperatures ranging from 15°C
to 45°C and irradiance levels between 800 W/m2 and 1200 W/m2

revealed that APISMC achieved an average of 5% higher
efficiency compared to SMC and PO. This improvement is
due to APISMC’s ability to continuously adjust its parameters
based on rapid irradiance fluctuations, enabling it to more
accurately track the maximum power point. Additionally,
APISMC’s robustness to disturbances, such as load variations,
contributes to maintaining high efficiency under real-world
conditions.

8 Results and discussion

The study has conclusively demonstrated the superiority of the
APISMC controller over conventional SMC and PO control
methods in the context of PV systems. Based on the simulations
from the previous section, APISMC has excelled in several areas:

• Stability and responsiveness: The control signals generated by
APISMC are remarkably smooth, indicating high system
stability. Additionally, APISMC’s response time is
significantly faster, enabling it to react quickly to variations
in environmental conditions.

• Power optimization: By dynamically adjusting the duty cycle
of the boost converter, APISMC effectively maximizes the
output power of the PV system. This capability is essential for
making the most of available solar energy.

• Adaptability: Thanks to its adaptive nature, APISMC can
quickly adapt to changes in solar irradiance, which is
particularly important in environments with variable
weather conditions.

• Robustness: APISMC has demonstrated high robustness to
disturbances, maintaining stable control even under
challenging conditions. These superior performances can be
attributed to the integration of adaptive algorithms and a PI
controller within APISMC. These elements enable the
controller to adapt in real-time to system variations and
continuously optimize its performance. In comparison,
conventional SMC and PO methods struggle to adapt
quickly to environmental changes and may exhibit
oscillations or slower response times. The efficiency results
obtained in the simulations confirm these observations,
showing that APISMC consistently outperforms other
control methods. The use of APISMC in PV systems can
lead to a significant increase in energy efficiency and better
utilization of solar energy. Furthermore, the robustness and
adaptability of APISMC make it a promising solution for
applications in diverse and demanding environments. Overall,
the proposed control exhibits a minimal response time,
allowing for rapid adjustment of the duty cycle in response
to variations in irradiance. This not only guarantees maximum
power extraction but also ensures better system stability. In

comparison, other control methods, while effective in certain
conditions, exhibit longer stabilization times and reduced
responsiveness, which can lead to performance losses in
dynamic environments. Thus, APISMC proves to be a
superior approach for duty cycle control, ensuring optimal
converter management and maximizing PV system efficiency.

However, the APISMC control method has several limitations.
First, its design and implementation can be quite complex, given the
number of parameters used, especially with adaptive dynamics.
Furthermore, the control gains must also be carefully tuned to
ensure optimal performance, leading to a tuning process that can
be time-consuming. Additionally, the computational cost associated
with the calculations necessary for real-time adaptation can pose
challenges in applications where processing resources are limited.
These limitations emphasize the importance of thorough evaluation
and testing in real conditions to ensure the method’s effectiveness in
practical applications.

9 Conclusion

This article presents an in-depth study on the application of
Proportional-Integral Sliding Mode Adaptive Control (APISMC)
aimed at maximizing the output power of a photovoltaic system
(PVS) through a boost converter. The main results of the
simulations demonstrate the effectiveness of the proposed
APISMC method compared to conventional Maximum Power
Point Tracking (MPPT) techniques. The APISMC method
significantly outperforms traditional MPPT algorithms such as
Sliding Mode Control (SMC) and Perturb and Observe (PO)
control, particularly under rapidly changing environmental
conditions, proving its performance. In terms of robustness
against variations, the integration of a Reference Voltage
Optimizer (RVO) enables the APISMC to dynamically adapt to
fluctuations in solar irradiation and temperature, thereby ensuring
optimal power extraction in variable conditions. The simulations
confirm that the proposed control method maintains system
stability and responds quickly to changes in irradiation,
effectively tracking the maximum output power while minimizing
oscillations. The combination of adaptive control strategies with
SMC leads to improved robustness and performance, making
APISMC an optimal approach.

Overall, the results indicate that the APISMC method not
only enhances the efficiency of photovoltaic systems but also
provides a reliable solution for maximizing energy production in
the face of environmental uncertainties. However, it is important
to note certain drawbacks associated with the APISMC method.
Notably, the complexity of implementing APISMC requires
intricate modeling and precise parameter calibration, which
can make its implementation more challenging compared to
simpler methods. Another weakness is that the adaptive
algorithm may demand greater computational resources,
which may not be feasible in low-cost or low-power systems.
To address this, several perspectives can be considered to
improve the reliability and practical application of this control
method. For this purpose, it would be interesting to integrate the
proposed control with artificial intelligence techniques, as the use
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of machine learning and neural networks could further enhance
the adaptability of the control.
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Nomenclatures

Iph Photocurrent (A)

I0 Saturation current (A)

Vpv Voltage of the PV module (V)

Rs Series resistance (Ω)

a Quality factor of the diode

Ns Number of PV cells in series

Vth Thermal voltage (V)

Isc,n Nominal short-circuit current (A)

ki Temperature coefficient of the short-circuit current (%/°C)

T Cell temperature (°C)

Tn Nominal temperature (°C)

G Incident irradiance ( W/m2)

Gn Nominal irradiance ( W/m2)

C Capacitance of the boost converter circuit capacitor in (F)

L Inductance of the coil in (H)
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