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1. Introduction  

The urgent need to reduce the adverse effects of climate change has led to the development 

and improvement of sustainable energy technologies. Amongst these technologies, photovoltaic 

(PV) systems have been classified as a leading technology in the field of sustainable energy 

because of their ability to directly convert solar radiation into electricity. Solar energy provides a 

reliable and non-toxic source of energy that can significantly reduce our dependence on coal, oil 

and natural gas, thereby helping to reduce the rising levels of carbon dioxide in the atmosphere [1]-

[4]. Nonetheless, enhancing the efficiency of PV systems remains a fundamental challenge, as their 

production rate depends on environmental variables such as solar irradiance and temperature, 
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 The solar energy generation sector has received widespread interest 

compared to other types of sustainable energy generation. This is owing 

to its high efficiency and the availability of environmental factors 

essential to the operation of these systems in various parts of the world. 

However, increased the power extracted from these systems are a critical 

issue as their conversion efficiency is low. Therefore, a maximum power 

point tracking (MPPT) controller is necessary in a photovoltaic 

generation system (PV) for maximum power extraction. This study aims 

to explore the performance of the MPPT system that uses an improved 

sliding mode controller (SMC) to identify and track a maximum power 

point (MPP) of a PV system and compares it to synergetic algorithm 

control (SACT). To implementing this purpose, MATLAB/Simulink 

model of a stand-alone PV panel is developed. Then, the analysis of the 

performance efficiency of the PV system based on the proposed MPPT 

methods are implemented under varying environmental conditions. Being 

able to track the MPP perfectly in the case of a sudden change in 

environment conditions, the improved SMC is proven by the results to be 

superior in stabilizing the boost converter's operation, leading to 

enhanced PV system stability. This has led to a reduction in power losses 

and an increase in efficiency.  
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which, in turn, are characterized by their continuous volatility during the day or season. The point 

at which the system produces the highest possible power is known as the Maximum Power Point 

(MPP). Determining and keeping track of this critical point is essential for enhancing the overall 

efficiency and energy yield of PV systems, particularly in areas where environmental conditions 

oscillate rapidly. The variation in the value of the solar irradiance and temperature often leads to 

inefficient energy generation, this demands the use of sophisticated control strategies to ensure that 

PV systems operate at their MPP [5]. 

Control algorithm strategies have been successfully designed for improving wide range of 

systems [6]-[18]. In the context of PV systems, the objective of the controller is to improve the 

performance of the MPPT in order to dynamically update the operating point of a PV system to 

ensure that it reliably generates the maximum power under changing environmental conditions.    

Throughout the years, numerous MPPT techniques have been formulated and applied, with 

different advantages and disadvantages depending on application context and natural surroundings. 

Some of the MPPT techniques depended on pre-calculated or estimated value of the photovoltaic 

panel parameters to synthesize the control signal required to drive the photovoltaic panel to its 

MPP as in [19], Pratima Das proposed an open circuit voltage method as MPPT where the MPP 

voltage (Vmpp) is estimated as a segment of the measured open circuit voltage (Voc). In [20], J.S. 

Kumari et al. used the short circuit current (SCC) method for improving the MPPT performance in 

solar models. The SCC method for MPPT in PV systems estimates the MPP current (Impp) as a 

fixed fraction (around 85-95%) of the short circuit current (ISC). 

Other types of the MPPT techniques used the real-time photovoltaic (PV) voltage and current 

to track the MPP as in [21], R. S. Sharma and P. K. Katti utilized the MPPT based Perturb & 

Observation algorithm (P&O). The main concept of P&O is to continuously change the operating 

voltage of the PV system and observe the resulting changes in the extracted power to find the MPP. 

The disadvantage of this algorithm is oscillation around MPP. Since the system continuously 

perturbs the voltage, it doesn't settle exactly at the MPP but oscillates around it, causing small 

power losses. In [22], D. Guiza et al. employed a modified P&O algorithm to reduce the effect of 

oscillatory behavior near the MPP on the produced power and advance the speed of tracking. The 

main idea of this modified algorithm is based on the contrast between dP/dV and a specified error. 

The algorithm determines the subsequent step of the control signal, if the real-time  power is distant 

from the MPP, the algorithm produces a large step value. Otherwise, it generates a small step value. 

In [23], R. I. Putri et al. utilized an incremental conductance method to enhance the overall 

performance of the PV system. The method works by comparing the incremental conductance 

(∆I/∆V) to the instantaneous conductance (I/V) of the PV module. The results of this method were 

compared with the P&O algorithm in this work and the simulation results show, that the IC method 

had better performance and lower oscillation. In [24], H. Yau and C. Wu offered adaptive MPPT 

technical built upon  the extremum seeking control (ESC) method to improve the performance of 

PV system. The ESC method uses real-time feedback and control techniques to continuously 

optimize the MPP without relying on a predefined model of the PV system or environmental 

conditions.  

In [25], P. Cheng et al. suggested a fuzzy logic control (FLC) technique for improving the 

MPPT performance in PV systems. The main idea of FLC as an MPPT method is to track the MPP 

by using linguistic rules to manage the nonlinear and dynamic characteristics of PV systems under 

varying environmental conditions like irradiance and temperature. To optimize the performance of 

the suggested approach, the authors used the particle swarm optimization algorithm to optimize the 

setting values of the input members’ functions. In [26], K. Kayisli presented super twisting sliding 

mode-type-2 fuzzy MPPT control to achieve optimal tracking for MPP of the PV system. The 

fundamental concept of SMC as MPPT technique is to force the PV system to slide along a sliding 

surface in the control space, ensuring that it continuously operates at the MPP under varying 

conditions like irradiance and temperature changes. The disadvantage with SMC using is chattering 

phenomenon, which define as a high-frequency oscillation around the sliding surface as a result of 
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the switching nature of the control. To diminish the chattering problem, the author suggested the 

super-twisting algorithm based on type-2 fuzzy set. 

Last type of MPPT techniques employs dual loops for MPP tracking. The external loop is used 

for real-time maximum power estimation by identifying the voltage at MPP, while the internal loop 

uses this estimate voltage as a setpoint and generates an appropriate control action to optimize the 

PV system for operation at the estimated MPP. Dahech et al. [27] proposed a backstepping sliding 

mode control (BSMC) to enhance the performance of MPPT in order to enable the effective 

operation of the PV systems in the face of varying external conditions. In this approach, constant 

voltage controller method is used maintain a constant voltage difference  (Vmpp) across the 

photovoltaic panel. Moreover, the internal loop employs a BSMC to stabilize the PV system at the 

estimated reference Vmpp. Kihal et al. [28] employed an adaptive integral derivative sliding mode 

control (AIDSMC) to enhance the PV system’s capability. In this approach, the P&O algorithm, 

which is employed to generate the reference voltage for MPPT’s internal loop, is combined with 

the external voltage control mechanism formulated using an AIDSMC. The obtained findings with 

the presented MPPT indicate remarkable dynamic performance under rapid changes in irradiation. 

The sliding mode control and the synergetic control are novel control strategies that focus on 

controlling and managing intricate systems. However, they have major contrasts in design 

methodology, and implementation. The sliding mode control strategy is based on variable structure 

control, where the system’s states are driven to attain a predefined sliding manifold and then 

remain constrained to this manifold by using a discontinuous switching term [29]-[32]. On the 

other hand, the synergetic control strategy allows the system’s states to evolve along predefined 

invariant manifolds set by the designer during the attainment of intended performance, even under 

the influence of external disturbances [33]-[35]. The following is a concise summary of the work's 

contribution: 

1. Design and implement two MPPT methods represented in sliding mode control and synergetic 

control to evaluate and follow the MPP of the PV panel. 

2. Executing a comparative evaluation between these two control methods in terms of tracking 

efficiency and oscillation around MPP. 

The remainder of this paper is divided into seven sections, which are arranged in the following 

manner: Section 2 describes the mathematical models of the photovoltaic power source. Section 3 

contains the design of the synergetic algorithm control theory as MPPT technique. In Section 4, the 

design of the sliding mode controller as MPPT technique is presented. Section 5 provides the 

simulation results using MATLAB software and comparison results. Finally, in Section 6, the 

conclusions are drawn. 

2. Mathematical Model  

The photovoltaic generation system is structured with multiple components, comprising a PV 

module, a DC-DC boost converter, a controller, and a load. Fig. 1 illustrates a typical photovoltaic 

generation system with an MPPT algorithm. The photovoltaic module serves as the core of system. 

The power extracted from a PV system is influenced by environmental factors such as solar 

irradiation and temperature, which fluctuate throughout the operational periods. These fluctuations 

impart nonlinear characteristics to the system. Therefore, employing an MPPT controller is 

essential for a PV system. The MPPT controller’s aim is to optimize power extraction by 

continuously adjusting the electrical operating point of the modules. DC-DC boost converters are 

commonly employed in PV systems to step up the voltage while regulating power flow [36]-[37]. 

2.1. Modeling of Photovoltaic Cell 

The PV cell functions to convert sunlight into electricity. The circuit of the PV cell under 

investigation, representing a stand-alone PV plant [38], is shown in Fig. 2. It includes the current 
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generated by the cell due to sunlight (Iph), the p-n junction of the PV cell, the series resistance 

(Rs), which accounts for the resistance within the cell due to electron movement through the 

material, and the shunt resistance (Rsh), which represents the leakage current path within the cell. 

The relationship between the PV cell variables is described by the following equation [39]: 

Ipv = Iph − Io (exp
q(Vpv + RsIpv)

nNsKT
− 1) − Ish (1) 

 

Fig. 1. Photovoltaic generation system with MPPT algorithm 

 

Fig. 2. The equivalent circuit of photovoltaic cell 

where Ipv is the PV cell current, Vpv is the PV cell voltage, Iph is the photocurrent (current 

generated by sunlight), Io is the saturation current of the diode, n is the ideality factor of the diode 

(1.6), Ns Number of cells in series (36), q is the charge of an electron ( 1.6 ∗ 10−19 C ), T is the 

operating temperature of the panel (in Kelvin), and k is Boltzmann's constant ( 1.38 ∗ 10−23J/K ). 

Iph is defined as: 

Iph = (Isc + ki(T − Tn))
G

Gn
 (2) 

where ki is the short circuit current temperature coefficient (0.0032), Isc is the short circuit current, 

Gn solar irradiation in STC (1000 W/m2), Tn is the reference temperature (25 ℃), and G 

irradiation level in W/m2. The mathematical expression for the saturation diode current Io is given 

in the following equation [40]: 

Io = Irs (
T

Tn
)
3

exp [
qEg

nk
(
1

Tn
−
1

T
)] (3) 

where Eg is the energy band-gap (1.1eV), and the reverse saturation diode current Irs is: 
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Irs = Isc/(exp (
qVoc
nNskT

) − 1) (4) 

where Voc is the open circuit voltage. Finaly, the shunt current is: 

Ish =
Vpv + RsIpv

Rsh
 (5) 

These equations are modeled in MATLAB using the specifications of the MSX 60W PV panel 

[41]. The characteristic curves of the panel under varying levels of solar irradiance and temperature 

are illustrated in Fig. 3 and Fig. 4.  

2.2. Model of DC-DC Boost Converter 

There are numerous types of DC-DC converter circuits that are capable of being utilized with 

PV systems. The most widely used converter is the step-up converter (boost DC-DC converter) due 

to its high efficiency and ease of implementation. The DC-DC boost converter’s equivalent circuit 

is illustrated in Fig. 5. This converter operates by transforming the DC voltage input to a higher 

level. The mathematical analysis of the DC-DC boost converter is done based on the two 

operational modes of the circuit, where the operational mode of the circuit depends on whether the 

IGBT transistor gate is ON or OFF. 

Accordingly, the mathematical expressions for the inductor current (IL) and the output 

capacitor voltage (Vo) are as follows [42]: 

{
 

 
dIL
dt

=
Vpv − Vo

L
+
Vo
L
u      

dVo
dt

=
1

Co
(IL −

Vo
R
) −

IL
Co
u

 (6) 

where u is the duty ratio, considered the control variable. 

  
(a) (b) 

Fig. 3. P-V characteristics of MSX 60W PV panel for (a) varying temperature (b) varying irradiance 

By combining the two equations in Eq. (6) and assuming IL = Ipv, the mathematical 

expressions of the DC-DC boost converter circuit can be written in the state-space representation as 

follows: 

x = [
Ipv
Vo
] (7) 
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ẋ = f(x, t) + g(x, t)u =

[
 
 
 
Vpc − Vo

L
Ipv

Co
−
Vo
RCo]

 
 
 

+

[
 
 
 
Vo
L

−
Ipv

Co ]
 
 
 
u 

3. Design a Maximum Power Point Tracking Technique Based on a Synergetic 

Control Approach 

The first step in the synergetic synthesis process design is identifying a macro variable 

function in terms of the system states [43]-[44]. 

σ = σ(x, t) (8) 

The macro variable (σ) can be identified by a customized function, σ(x, t). The principal aim 

of the synergetic control approach is to propel the states of the system to work on the σ = 0 

manifold, thereby defining the desired dynamics of the macro-variable evolution  as follows [45]: 

λσ̇ + σ = 0 (9) 

The solution to the differential equation above can be obtained as follows: 

σ(t) = σ0 e
−t/λ (10) 

As shown in the previous  equation, the macro-variable is attracted to zero from any initial 

condition (σ0). The speed at which the system states settle at the manifold depends on the value of 

the design parameter λ [46]. 

 
 

(a) (b) 

Fig. 4. I-V characteristics of MSX 60W PV panel for (a) varying temperature (b) varying irradiance 

 

Fig. 5. The equivalent circuit of DC-DC boost converter 
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To ensure the photovoltaic generation system operates at the MPP, the following macro-

variable is considered:  

σ =
∂Ppv

∂Vpv
= Ipv + Vpv

∂Ipv

∂Vpv
 (11) 

Taking the time derivative of the macro-variable results in 

σ̇ =
∂σ

∂x

∂x

∂t
=
∂σ

∂x

T

(f(x, t) + g(x, t)u) 

σ̇ =
∂σ

∂Ipv
(
Vpc − Vo

L
+
Vo
L
u) 

(12) 

Using Eqs. (11) and (12), we propose the following control action:  

u = 1 −
Vpc

Vo
−
σ

λ b
 (13) 

where  

b =
Vo
L

∂σ

∂Ipv
 (14) 

To emphasize the stability of the PV system based on the SACT as the MPPT, the following 

Lyapunov function has been adopted: 

V =
1

2
σ2 (15) 

The time derivative of Eq. (15) gives: 

V̇ = σσ̇  

V̇ = σ(
∂σ

∂Ipv
[
Vpc − Vo

L
+
Vo
L
u]) 

V̇ = −
σ2

λ 
 

(16) 

It should be indicated that for all t ≥ 0, V is positive definite, and V̇ is negative definite, 

implying that the macro-variable σ will ultimately converge to zero as t approaches infinity 

4. Design a Maximum Power Point Tracking Technique Based on Sliding Mode 

Control 

The first step in the design of SMC is to define a sliding surface function, s(x, t). The second 

step involves designing a control mechanism to drive and stabilize the system’s states on the 

sliding surface [47]-[49]. Ensuring the system’s states reach and remain on the sliding surface 

maximizes power extraction from the PV system. To achieve this, the following equation can be 

used to define the sliding surface: 

s(x, t) =
∂Ppv

∂Vpv
= Ipv + Vpv

∂Ipv

∂Vpv
 (17) 

The time derivative of sliding surface function is 
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ṡ(x, t) =
∂s

∂x

∂x

∂t
=
∂s

∂x

T

ẋ = [
∂s

∂Ipv

∂s

∂Vo
] [

dIpv

dt
dVo
dt

] (18) 

As  
∂s

∂Vo
= 0 

∴ ṡ(x, t) =
∂s

∂Ipv

dIpv

dt
=

∂s

∂Ipv
[
Vpc − Vo

L
+
Vo
L
u] (19) 

The control law is commonly divided into two major parts. The first one is denoted as “the 

equivalent control law”, and it is found by setting the first derivative of the sliding surface function 

to zero. The second part, termed “the switching control law”, ensures the controlled variable 

remains on the sliding surface. 

u = ueq + usw (20) 

By setting Eq. (20) to zero, the equivalent control law (ueq) is determined as follows: 

∂s

∂Ipv
[
Vpc − Vo

L
+
Vo
L
ueq] = 0 (21) 

ueq = −

Vpc − Vo
L
Vo
L

= 1 −
Vpc

Vo
 (22) 

In conventional SMC, the switching control law usw is typically defined as 

usw = −ksign(s) (23) 

where k is a design parameter, and the sign(s) function is defined as: 

sign(s) = {
−1          if        s < 0
   0          if        s = 0
+1          if        s > 0

 (24) 

To alleviate the chattering problem caused by the presence of the sign(s) function, an 

approximated signum function is employed as a surrogate for the sign function [50]. 

sgn(s) ≈
2

π
tanh(βs) (25) 

where β is a design parameter. The control law is then formulated as 

u = 1 −
Vpc

Vo
−
2k

π
tanh(βs) (26) 

To emphasize the stability of the PV system based on the SMC as the MPPT, the following 

Lyapunov function has been adopted: 

V =
1

2
s2 (27) 

The time derivative of Eq. (28) gives [51]: 

V̇ = sṡ = s [
∂s

∂Ipv
(
Vpc − Vo

L
+
Vo
L
u)] 

(28) 
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V̇ = s [
∂s

∂Ipv
(
Vpc − Vo

L
+
Vo
L
(1 −

Vpc

Vo
−
2k

π
tanh(βs)))] 

V̇ = s
∂s

∂Ipv

Vo
L
[−
2k

π
tanh(βs)] 

∂s

∂Ipv
=

∂

∂Ipv
(Ipv + Vpv

∂Ipv

∂Vpv
) =

∂Ipv

∂Vpv

∂Vpv

∂Ipv
+ Vpv

∂

∂Ipv
(
∂Ipv

∂Vpv
) (29) 

With some assumptions, Eq. (1) can be obtained 

Ipv = Iph − Io (exp
qVpv

nNsVT
− 1) (30) 

The derivative of the Ipv equation with respect to Vpv: 

∂Ipv

∂Vpv
= −

q

nNsVT
IDexp (

q

nNsVT
) (31) 

Now, rearranging the 
∂Ipv

∂Vpv
 with respect to Vpv yields, 

Vpv =
nNsVT
q

ln (
ID

Iph + ID − Ipv
) (32) 

The 
∂Ipv

∂Vpv
  equation can be rearranged again with respect to Ipv yielding, 

∂Vpv

∂Ipv
= −

nNsVT
q

ln (
ID

Iph + ID − Ipv
) (33) 

∂s

∂Ipv
=

1

Vpv
−
Ipv

Vpv
2

∂Vpv

∂Ipv
+

q

nNsVT

∂Ipv

∂Vpv

∂Vpv

∂Ipv
 (34) 

Upon completing these steps, it was determined that the sign of 
∂s

∂Ipv
 is always positive and 

guaranteeing the asymptotic stability of the PV system controlled by SMC. 

5. Results and Discussion 

The electrical characteristics of MXS 60W PV panel are listed in Table 1. A PV panel was 

created using MATLAB/Simulink, and the “Ode23t” solver was applied as a numerical solver. The 

corresponding value of controller parameter 𝜆 of the SACT is 6000 and the corresponding value of 

controller parameters 𝑘 and 𝛽 of the SMC is 0.09 and 0.6 respectively. The PV panel power, output 

power, and duty ratio of the MXS 60W PV panel simulated with the proposed MPPT methods 

under standard test conditions (T = 25 ℃ and G = 1000 W/m2) are shown in Fig. 6.  

Table 1. Specifications of MXS 60W PV module [35] 

Parameter Value 
The power at MPP 60 W 

The current at MPP 3.5 A 

The voltage at MPP 17.1 V 

Short circuit current 3.8 A 

Open circuit voltage 21.1 V 

 

For dynamic analysis, the responses of the proposed MPPT methods were tested under varying 

solar irradiation in the range of (600 − 1000) W/m2 at T = 25℃ and under varying temperature 
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in the range of  (25 − 50) ℃ at G = 1000 W/m2. The change in solar irradiation used in the 

examination of the proposed MPPT methods in the first test is depicted in Fig. 7. The PV panel 

power, load power, and duty ratio of the proposed MPPT methods are illustrated in Fig. 8.    The 

variation in temperature used in the examination of the proposed MPPT methods in the second test 

is depicted in Fig. 9 while, the Fig. 10 shows the PV panel power, load power, and duty ratio under 

varying temperature conditions. The PV system’s tracking efficiency can be evaluated using the 

following equation: 

η = (
Ppv

PMPP
) 100% (35) 

where PMPP represents the power at the MPP. 

 
(a) The Power of PV panel 

 
(b) Load power 

 
(c) Duty ratio 

Fig. 6. Dynamic response of MPPT   
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Fig. 7. Variation of irradiation level 

 
(a) The Power of PV panel 

 
(b) The load power 
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(c) The duty ratio 

Fig. 8. Dynamic response of MPPT under variable irradiation conditions 

 

Fig. 9. Variation of temperature level 

A Comparison of efficiency of a PV system using proposed MPPT methods is shown in Table 

2. The results from Table 2 show that the SMC has a better performance than the SACT. For 

example, in the standard conditions, the PV system’s tracking efficiency is increased form 97.86% 

in the case of SACT into 99.5% in the case of SMC. Moreover, under variable irradiation 

conditions scenario, the PV system’s tracking efficiency is increased form 96.19% in the case of 

SACT into 97.68% in the case of SMC for state 1. In the same way for state 2, the PV system’s 

tracking efficiency is increased form 97.14% in the case of SACT into 99.04% in the case of SMC. 

For state 3, the PV system’s tracking efficiency is increased form 97.8% in the case of SACT into 

99.5% in the case of SMC. In addition, under variable temperature conditions scenario, the PV 

system’s tracking efficiency is increased form 97.85% in the case of SACT into 99.5% in the case 

of SMC for state 1. In the same way for state 2, the PV system’s tracking efficiency is increased 

form 98.4% in the case of SACT into 99.4% in the case of SMC. The obtained simulation results 

show the outstanding performance of SMC in stabilizing the boost converter’s operation compared 

to SACT. The operational stability of the boost converter based on SMC enhanced the tracking 
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efficiency of PV system, which led to a reduction in power losses. Moreover, the duty ratio 

produced by SMC indicates less fluctuation compared to SACT. This has led to a decrease in 

system oscillations around MPP. 

 
(a) The Power of PV panel 

 
(b) The load power 

 
(c) The duty ratio 

Fig. 10. Dynamic response of the proposed MPPT schemes under variable temperature conditions 
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Table 2. Accuracy of proposed MPPT schemes 

Under Standard Test Conditions (𝐓 = 𝟐𝟓 ℃ and 𝐆 = 𝟏𝟎𝟎𝟎 𝐖/𝐦𝟐) 

State P(mpp) 
(Ppv)avg (Po)avg 𝛈 

SMC SACT SMC SACT SMC SACT 

STC 60 59.72 58.72 57.52 56.53 99.5% 97.86% 

Under Variable Irradiation Conditions 

State P(mpp) 
(Ppv)avg (Po)avg 𝛈 

SMC SACT SMC SACT SMC SACT 

State 1 

G = 600 W/m2 
34.13 33.34 32.83 31.87 31.37 97.68% 96.19% 

State 2 

G = 800 W/m2 
46.88 46.43 45.54 44.53 43.67 99.04% 97.14% 

State 3 

G = 1000 W/m2 
60 59.71 58.7 57.49 56.52 99.5% 97.8% 

Under Variable Temperature Conditions 

State P(mpp) 
(Ppv)avg (Po)avg 𝛈 

SMC SACT SMC SACT SMC SACT 

State 1 

T = 25  ℃ 
60 59.72 58.71 57.56 56.58 99.5% 97.85% 

State 2 

T = 50  ℃ 
47.24 46.96 46.49 45.05 44.6 99.4% 98.4% 

6. Conclusion 

Maximum power point tracking (MPPT) technologies are of great importance because of their 

impact on the maximum energy extraction from PV. In this study, sliding mode control (SMC) and 

synergetic control (SACT) were used to enhance the MPPT performance of a PV system. The 

robustness and effectiveness of the proposed controllers were validated through numerous 

simulation tests conducted under various environmental conditions. The environmental conditions 

are one scenario under standard conditions, three scenarios under variable irradiation conditions 

and two scenarios under variable temperature conditions. In the standard conditions scenario, the 

results show that efficiency of the MPPT is increased form 97.86% (SACT) into 99.5% (SMC). 

Under the three variable irradiation condition scenarios, the efficiency is increased form 96.19%, 

97.14% and 97.8% (SACT) into 97.68%, 99.04% and 99.5% (SMC) respectively. Under the two 

variable temperature condition scenarios, the efficiency is increased form 97.85% and 98.4% 

(SACT) into 99.5% and 99.4% (SMC) respectively. According to these results of the simulation, 

SMC yielded better tracking efficiency and superior robustness against variations in environmental 

conditions compared to SACT. The results also illustrate that SMC converges to the MPP faster 

than SACT, with reduced oscillations around it. Future work will focus on the practical 

implementation of the suggested control techniques to validate their effectiveness. Another 

extension of this study could be by applying a hybrid nonlinear controller such as backstepping 

sliding mode control. 
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