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 This study presents a comprehensive comparative analysis of maximum 

power point tracking (MPPT) strategies for photovoltaic systems, focusing 

on the classical perturb and observe (P&O) method, an artificial intelligence-

based fuzzy logic controller (FLC), and a robust sliding mode control (SMC) 

technique. These methods aim to maximize power output by dynamically 

adapting to rapid and unpredictable environmental variations, such as 

changes in solar irradiance. Simulations performed in the 

MATLAB/Simulink environment under diverse real-world scenarios 

demonstrate that SMC and FLC outperform the conventional P&O approach, 

particularly under conditions of sudden and severe environmental 

fluctuations. The findings highlight the advanced controllers’ ability to 

sustain optimal power extraction, minimize energy losses, and maintain 

system stability across varying operating conditions. These results 

underscore the potential of SMC-based MPPT systems to enhance the 

efficiency and resilience of renewable energy applications, making them 

highly viable for deployment in real-world scenarios characterized by 

volatile environmental conditions. 
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1. INTRODUCTION 

The increasing worldwide need for clean and sustainable energy has intensified the focus on 

renewable energy sources, particularly solar power. Photovoltaic (PV) systems are at the forefront of this 

transition, offering a promising solution to meet energy needs while reducing carbon emissions [1]. However, 

the efficiency of PV systems is inherently limited by their ability to continuously operate at the maximum 

power point (MPP), which varies due to changing environmental conditions, such as irradiance and 

temperature. This challenge underscores the importance of effective maximum power point tracking (MPPT) 

techniques [2]. Significant research has been conducted to enhance the energy efficiency of PVSs by 

implementing predictive and tracking techniques for maximum power point extraction [3]. A reliable control 

system consistently tracks the MPP under all environmental conditions, ensuring the system operates at 

optimal performance. Various MPPT methods have been developed to optimize the energy extraction from 

PV systems. Among these, the conventional perturb and observe (P&O) [4], incremental conductance (INC) 

[5], backstepping [6], fuzzy logic (FL) [7], and sliding mode control (SMC) [8]. These methods can be 

chosen based on performance parameters such as complexity, convergence rate, speed, soft cost, sensor 
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requirement, and reliability [9]. Typically, MPPT methods adjust a reference signal—positive or negative—

based on the operating state of PVSs. While most techniques perform well in stable conditions, they often 

struggle when faced with rapid changes in weather or load. Many of these methods are based on the 

incremental conductance (InCon) and P&O algorithms [10], which rely on PV electrical parameters to 

determine the MPP. However, these approaches can lead to precision errors due to the time lost during the 

search for the maximum power point [11]. To address these challenges, an improved MPPT algorithm has 

been developed, as highlighted in [12]. This enhanced approach combines P&O with FL control, aiming to 

overcome the limitations of traditional P&O methods. By dynamically adjusting the perturbation amplitude 

within the P&O algorithm, this technique enhances transient response and minimizes steady-state voltage 

oscillations, leading to more efficient and reliable power tracking. 

Also, Nadkarni et al. [13] enhances traditional MPPT methods by modifying the fuzzy logic 

controller (FLC) and P&O techniques. These improvements aim to reduce steady-state voltage oscillations 

and improve transient response in photovoltaic systems. Two MPPT methods are compared: P&O and SMC 

[14]. P&O is generally applied in simple or stand-alone installations, while SMC is better suited for larger 

systems, so the SMC has gained a lot of attraction in the designing of nonlinear control systems due to its 

simplicity, robust- ness, and good dynamic behavior [15]. On the other hand, the SMC technique, chosen for 

its robustness and low computational complexity, is compared with traditional methods like proportional 

integral derivative PID and P&O, showing superior performance in handling sudden irradiance changes. 

Experimental validation on a PV rooftop installation confirmed the approach's effectiveness in maximizing 

energy output [16]. MPPT algorithms play a crucial role in maximizing power output under varying 

environmental conditions.  

Traditional MPPT techniques, such as the P&O method, often struggle to adapt effectively to rapid 

and unpredictable changes in solar irradiance [17], leading to suboptimal energy harvesting. To address these 

limitations, this paper proposes advanced MPPT techniques based on SMC and FLC. SMC is renowned for 

its robustness against disturbances and uncertainties [18], while FLC offers flexibility in handling nonlinear 

systems and complex decision-making processes [19]. By leveraging the strengths of both approaches, the 

proposed controllers aim to enhance the precision, response speed, and overall performance of MPPT in PV 

systems. This paper aims to evaluate and compare the effectiveness of these three MPPT techniques in 

maximizing the efficiency of PV systems. By analyzing their performance under varying irradiance levels, 

the study seeks to identify the most reliable and efficient method for real-world applications in renewable 

energy systems. 

The rest of this article is organized as follows. Section 2 presents the modeling of the PV system and 

the associated boost converter, establishing the foundational elements necessary for implementing MPPT 

algorithms. In section 3, the three MPPT techniques P&O, FLC, and SMC are explained in detail, along with 

their respective design processes. Section 4 offers a simulation study conducted in MATLAB/Simulink, 

comparing the performance of these three MPPT methods under various conditions.  
 

 

2. METHOD 

2.1.  Photovoltaic model 

Researchers have developed various models to simulate the behavior of photovoltaic cells under 

different conditions. Each model builds upon the ideal representation, which consists of a current source to 

capture solar energy and a diode to reflect the characteristics of the P-N junction. Figure 1 illustrates the 

equivalent electrical circuit of the one-diode PV model [20]. A photovoltaic cell can be represented as a 

current source in parallel with a simple P-N diode and a shunt resistor (Rsh), all connected in series with a 

resistance (Rs). Using Kirchhoff's current law, the output current of the solar cell can be given by (1). 
 

IPV = Iph − Id − Ish (1) 
 

Based on Shockley's diode equation, Id is expressed as: 
 

Id = I0 [exp (
Vpv+RsIpv

nVT
) − 1] (2) 

 

I0 = Irs. (
T

Tn
)
3

exp⁡ [
q.Eg0

n.K
× (

1

Tn
−

1

T
)] (3) 

 

I = Iph − I0 [exp (
Vpv+RsIpv

nVT
) − 1] −

Vpv+RsIpv

Rsh
 (4) 

 

VT =
KT

q
⁡⁡ (5) 
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where IPV is the output terminal current, Iph is the photocurrent generated by the cell under standard test 

conditions (STC) with G=1000 W/m² and T=25 °C, Id is the current passing through the diode, and Ish is the 

shunt resistor current. I0 is the saturation current, q is the electron charge, K is the Boltzmann constant, n is 

the ideality factor relative to the module, and T is the diode junction temperature [21]. Table 1 presents the 

parameters of the PV model used in this study, specifically the polycrystalline type, with a peak power of 

240 Wc under standard test conditions (STC). 

 

Iph = [Isc + ki(T − Tn)] ×
G

1000
 (6) 

 

Id = Irs. (
T

Tn
)
3

exp [
q.Eg0

n.K
× (

1

Tn
−

1

T
)] (7) 

 

 

 
 

Figure 1. PV cell model 

 

 

Table 1. PV parametres 
Parameters Values 

Maximum power Pmax 240 W 

Current at maximum power Ipm 7.9 A 

Voltage at maximum power Vpm 30.2 V 

Short-circuit current Icc 8.33 A 

Open-circuit voltage Voc 37.2 V 

Shunt resistance Rsh 1000⁡Ω 

Series resistance Rs 0.008⁡Ω 

Ideality factor n 1.2 

 

 

2.2.  Boost converter  

The boost converter is commonly used in renewable energy applications, including solar and wind 

power. Due to the intermittent nature of solar energy production, it is important to address this variability to 

enhance overall system efficiency [22]. One significant application of the boost converter is in maximum 

power point tracking systems. Figure 2 illustrates the structure of a boost converter, which consists of a PV 

Vpv, a controlled switch (T), an inductor (L), a diode (D), a filter capacitor (C), and a load resistance of 

R=100 ohms. The converter operates in continuous conduction mode (CCM), with its behavior depending on 

whether the switch T is conducting or not. As a DC/DC converter, the boost converter increases the input 

voltage to a higher level at the output. It regulates the voltage at the PV panel terminals based on the chosen 

control strategy, which is implemented by adjusting the duty cycle of the voltage applied to the switch gate (T). 

 

 

 
 

Figure 2. Boost converter 
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The power flow is regulated by adjusting the duty cycle α of the switching period Ts. Depending on 

whether the switch (S) is on or off, the converter operates in two distinct states: S = 0; ⁡t⁡ϵ⁡]0; αTs]: When the 

switch is on, the diode is reverse-biased, preventing current flow through it. During this phase, the inductor 

stores energy by drawing current from the input voltage source, while the capacitor supplies power to the 

load by discharging through the resistor. The corresponding equations for this state are: 

 

V𝑝𝑣 − L
diL

dt
= 0 (8) 

 
⁡Vout

R
− L

dVout

dt
= 0 (9) 

 

the two equations above can be presented in matrix form as (10). 

 

[

diL

dt
dVout

dt

] = [
0 0

0
−1

RC

] [
iL
Vout

] + [
1

L

0
] Vpv (10) 

 

S = 0; ⁡t⁡ϵ⁡[αTs.; Ts.] when the switch is off, the diode D becomes forward-biased, allowing current to flow 

through it. During this phase, the energy stored in the inductor L is transferred to the capacitor C, which helps 

maintain the output voltage. The equations for this stage are: 

 

Vpv − Vout − L
diL

dt
= 0 (11) 

 

iL −
Vc

R
− C

dVout

dt
= 0 (12) 

 

the two in (11) and (12) can also be presented in matrix form as (13). 

 

[

diL

dt
dVout

dt

] = [
0

−1

L
1

C

−1

RC

] [
iL
Vout

] + [
1

L

0
] Vpv (13) 

 

The state-space averaging technique helps derive a simplified model of the converter over a full 

switching period. Essentially, this approach replaces the instantaneous state-space representation with an 

averaged model that captures the circuit's overall behavior throughout Ts. Applying this method, the 

modified averaged model is expressed as: 

 

A = ⁡A1α + A2(1 − α) (14) 

 

B =⁡B1α + B2(1 − α) (15) 

 

where the matrices A1, A1, B1, and B2 are given by (16). 

 

A1 = [
0 0

0
−1

RC

] A2 = [
0

−1

L
1

C

−1

RC

] B1 = [
1

L

0
] B2 = [

1

L

0
] (16) 

 

Using the equations above to obtain the averaged state-space model of the converter over the entire period Ts. 

 

[

diL

dt
dVout

dt

] = [
0

−(1−α)

L
(1−α)

C

−1

RC

] [
iL
Vout

] + [
1

L

0
] Vpv (17) 

 

Defining the state vector as (18). 

 

x = [il⁡⁡⁡⁡Vout]
T (18) 
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The (17) can be expressed as (19) and (20). 
 

ẋ = Ax + BVin (19) 
 

y = Cx (20) 
 

Where y is the output vector and the system matrices are defined as in (21). 
 

A = ⁡ [
0 −

(1−α)

L
1−α

C
−

1

RC

] ⁡⁡⁡⁡⁡B = ⁡ [
1

L

0
] ⁡⁡⁡⁡⁡C = [01] (21) 

 

2.3.  MPPT controllers 

2.3.1. Perturb and observe method (P&O) 

In a photovoltaic system, the P&O method is used to control a DC-DC boost converter, which 

transforms the fluctuating DC voltage from solar panels into a stable DC output suitable for the load.  

As illustrated in Figure 3, the P&O algorithm regulates this converter by continuously adjusting the duty 

cycle α of the switch (S). This ensures that the output voltage remains at the level corresponding to the MPP 

of the solar panels. 

The P&O method is widely used for MPPT in photovoltaic systems due to its simplicity and low 

dependency on system parameters. It works by periodically adjusting the array voltage (either increasing or 

decreasing it) and comparing the resulting power with the previous cycle. If the power increases, the 

perturbation continues in the same direction; otherwise, it reverses. As a result, each MPPT cycle causes a 

slight fluctuation in the array’s terminal voltage. While the P&O algorithm effectively tracks the MPP under 

stable conditions, it may struggle when atmospheric conditions change gradually or continuously, potentially 

leading to power loss [23]. 

 

2.3.2. Fuzzy logic control (FLC) 

Recently, a number of artificial intelligence-inspired strategies have been developed and 

implemented as MPPT algorithms, often referred to as ‘intelligent’ due to their robustness and ability to 

tolerate modeling inaccuracies [24]. Among these strategies is FL. The FL theory allows for the modeling 

and rigorous processing of imprecise, uncertain, and subjective information, making it particularly suitable 

for approximating nonlinear functions. However, implementing a fuzzy logic system requires a thorough and 

complete understanding of the system to accurately establish the inference rules. Designing a fuzzy 

controller, such as the MAMDANI type used as an MPPT algorithm, involves four key steps: fuzzification, 

rule definition, fuzzy inference, and defuzzification. These steps are illustrated in Figure 4. 
 

 

 
 

Figure 3. P&O algorithm 
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Figure 4. Control structure of MPPT FL 
 

 

The proposed fuzzy MPPT controller has two inputs and one output. The two input variables of the 

FLC are the error (e) and the change in error (∆e) measured at each sampling step, while the output variable 

(∆⍺) represents the increment of the duty cycle. The two inputs e and ∆e are defined as follows: 
 

e =
∆Vpv

∆Ipv
Ipv + Vpv (22) 

 

∆e = e(n) − e(n − 1) (23) 
 

where ∆Vpv and ∆Ipv are respectively the variations in voltage and current of the sources measured at two 

sampling periods n and n-1. The value of the error e(n) actually reflects the system's response in the 'perturb 

and observe' method, indicating how far it is to the right or left of the optimal value. The value of Δe(n) 

determines the control effort needed to reach the optimum in finite time. 
 

2.3.3. Sliding mode control (SMC) 

Sliding mode control (SMC) is a nonlinear control approach initially designed for systems with 

changing structures. One of its key strengths is its ability to ensure stability while remaining highly robust 

against significant variations in system parameters or external disturbances. Unlike the classical method used 

in some works to determine the sliding surface by calculating sliding coefficients, the sliding mode control 

concept modeled in this study is designed to drive the system to operate at the maximum power point, 

meaning that the sliding surface is equivalent to the MPP condition [25].  

The first step in designing the control involves selecting the sliding surface. This surface can be 

chosen as (24). 
 

dPpv

dIpv
=

dI²pvRpv

dIpv
= Ipv (2Rpv + Ipv

dRpv

dIpv
) = 0 (24) 

 

Knowing that the maximum power point (MPP) condition is given by (25). 
 

dPpv

dIpv
= 0 (25) 

 

Where Rpv =
Vpv

Ipv
 is the equivalent load connected to the PV and Ipv is the PV current. The solution of (25) 

is: 2Rpv + Ipv
dRpv

dIpv
. Consequently, the sliding surface is defined as (26). 

 

S = 2Rpv + Ipv
dRpv

dIpv
 (26) 

 

Figure 5 illustrates the P-V characteristics and how the MPP shifts along the sliding surface. When 

examining the P-V characteristics of the PV panel under specific weather conditions, Figure 6 can be divided 

into two distinct zones, separated by the maximum power point (MPP), where the slope of the curve is zero 

(S=0). Zone 1 corresponds to a positive slope (S < 0), while zone 2 corresponds to a negative slope (S > 0). 

For instance, if the operating point is to the left of the MPP, the control should move toward the sliding 

surface by increasing the PV voltage Vpv. Conversely, if the operating point is to the right of the MPP, the 

control should adjust toward the sliding surface by decreasing Vpv. To achieve this, the switching control 

law is defined by (27). 
 

α = {
α + ∆α⁡⁡⁡if⁡S > 0
α − ∆α⁡⁡⁡⁡if⁡S < 0

 (27) 

 

Consider a time-dependent nonlinear switching system defined by (28). 
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ẋ(t) = g(x(t)) + φ(x(t)). αeq (28) 
 

The equivalent control is determined from (29). 
 

Ṡ = [
dS

dx
]
T

Ẋ = [
dS

dx
]
T

(f(X) + g(X))αeq (29) 

 

The equivalent control can be obtained from (30). 
 

αeq ⁡⁡⁡⁡=
[
dS

dx
]
T
f(X)

[
dS

dx
]
T
g(X)

= 1 −
Ve

Vs
 (30) 

 

The Lyapunov function is defined by (31). 
 

V =
1

2
S² (31) 

 

For the surface S=0 to be attractive, it is sufficient for the derivative with respect to V to be negative. 
 

V̇ = ṠS;⁡∀S ≠ 0 (32) 
 

To find this sliding mode existence theorem, we calculate the derivative of the surface S. 
 

Ṡ = [
dS

dx
]
T

Ẋ = (3
dRpv

dIpv
+ Ipv

∂²Rpv

∂²Ipv
) Ẋ (33) 

 

The equivalent duty cycle must lie in 0 < αeq < 1. The real control signal α⁡ is proposed as (34). 
 

α = 1⁡if αeq + k ∗ S⁡ ≥ 1 
 

α = ⁡αeq + k ∗ S⁡if 0 < 𝛼eq + k ∗ S⁡ ≤ 1 
 

α = 0⁡if αeq + k ∗ S ≤ 0 (34) 
 

 

 
 

Figure 5. P-V characteristics 
 

 

 
 

Figure 6. I-V and P-V characteristic curve of the solar cell under fixed irradiance and  

at different temperatures 
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3. RESULTS AND DISCUSSION 

This section presents the simulation results of the proposed MPPT method based on FLC and SMC. 

To evaluate the robustness and response speed of the controllers, the simulation involves varying the 

irradiance of the PV panel over a 1-second period. The simulations were conducted using MATLAB 

Simulink. We begin by presenting the V-I and P-I characteristics of the PV model used in this study. The 

characteristic curves of the photovoltaic system show the correlation between current and voltage, and 

between power and voltage. These nonlinear curves depend on the level of solar irradiance and the 

temperature of the cell. Figure 7 shows the I-V characteristic curve of the solar cell under fixed irradiance 

and at different temperatures, and Figure 8 under fixed temperature and at different irradiance. To evaluate 

the effectiveness of the proposed control techniques for MPPT, Figure 8 shows the irradiance profile 

subjected to sudden variations. The irradiance rapidly changes between 1000 W/m² and 700 W/m², while the 

temperature is kept constant at 25 °C. 
 
 

 
 

Figure 7. I-V and P-V characteristic curve of the solar cell under fixed temperature and at different irradiance 
 

 

 
 

Figure 8. Irradiance profile 
 

 

Figures 9 through 13 provide a comprehensive evaluation of the MPPT performance across three 

methods: P&O, FLC, and SMC. Figure 9 illustrates the photovoltaic system's response without any MPPT 

regulation, revealing a significant discrepancy between the actual power output and the potential power that 

could be achieved using an MPPT controller. This highlights the substantial energy losses due to the lack of 

optimal MPP tracking. Figures 10 to 12 showcase the system’s performance with the P&O, FLC, and SMC 

methods, respectively. The P&O method, as depicted in Figure 10, is characterized by oscillations around the 

MPP. During sudden changes in irradiance, the P&O algorithm requires time to reestablish the MPP, 

resulting in temporary power losses. These oscillations and delays illustrate the method's limitations in 

responsiveness and accuracy under dynamic environmental conditions. 

In contrast, Figure 11 shows that the FLC method provides effective and stable tracking of the 

maximum power point, demonstrating its robustness and adaptability to varying conditions. Finally, Figure 

12 highlights the SMC-based MPPT method, which achieves precise and efficient tracking of the MPP. This 

figure underscores the superior performance and reliability of SMC, particularly in fluctuating environmental 

conditions, offering a significant advantage in maintaining optimal power output. 
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Figure 9. PV response without MPPT 

 

Figure 10. MPPT with P&O 

 

 

  
 

Figure 11. MPPT with FLC 

 

Figure 12. MPPT with SMC 

 

 

Figure 13 presents a comparison of the three MPPT control methods applied to the photovoltaic 

system. These methods were evaluated under a change in irradiance from 1000 W/m² to 800 W/m². In the 

transient regime, all three methods exhibit similar response times, with the SMC method showing a slight 

advantage in speed compared to the P&O and FLC methods. In the steady-state regime, all three methods 

effectively track the desired power reference. However, a notable difference is observed in the P&O method, 

which exhibits oscillations around the reference power, while the FLC and SMC methods maintain a 

smoother tracking performance. 

To more precisely evaluate the quality of each method, a statistical analysis was conducted using the 

mean absolute percentage error (MAPE). This indicator quantifies the magnitude of the error as a percentage, 

providing an objective and comparative assessment of the performance of the different methods [25]. The 

calculation of this index is based on the relative error equation in (35). 

 

MAPE =
1

N
∑ |

Pout−Pref

Pout
|N

t0 ∗ 100 (35) 

 

Furthermore, to determine the efficiency of each MPPT controller in terms of power, the efficiency is 

calculated relative to the maximum power that a PV system could theoretically produce. This efficiency, 

denoted as η_MPPT, is defined as (36). 

 

ηMPPT =
∫ Pout(t)dt
t
0

∫ Pmax(t)dt
t
0

 (36) 

 

The results of the statistical analysis confirmed that the MPPT controller based on sliding mode 

control is more accurate (MAPE = 2.64%) compared to the controller based on the P&O algorithm (MAPE = 

11.25%) and FLC (MAPE = 3.1%). Table 2 presents the efficiency and MAPE of each maximum power 

point tracking (MPPT) technique for the proposed photovoltaic system: the MPPT based on the P&O method 

and the MPPT based on FLC and SMC. The results clearly indicate that the SMC-based MPPT achieves  
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a higher efficiency (η_MPPT = 98.11%) compared to the P&O-based MPPT (η_MPPT = 92.83%) and FLC 

(η_MPPT = 95.32%). This means that SMC is more effective at extracting the maximum power from the 

solar system, allowing for better utilization of renewable energy resources and more optimal energy 

production. The superior performance of SMC in terms of efficiency indicates that it can more accurately 

track the maximum power point of the photovoltaic system. 

 

 

 
 

Figure 13. Comparison of the three MPPT control methods 

 

 

Table 2. MAPE and the efficiency of each MPPT 
Control method MAPE Efficiency 

P&O 11.25% 92.83% 
FLC 3.1% 95.32% 

SMC 2.64% 98.11% 

 

 

4. CONCLUSION 

This study provides a thorough evaluation of three MPPT techniques: perturb and observe (P&O), 

fuzzy logic control (FLC), and sliding mode control (SMC) for optimizing photovoltaic system performance. 

While all three methods demonstrated the ability to effectively track the maximum power point, the SMC-

based MPPT method clearly distinguished itself with superior accuracy and efficiency. This enhanced 

performance suggests that SMC offers a more reliable and robust solution under varying environmental 

conditions, making it a highly effective approach for improving the efficiency and stability of photovoltaic 

energy systems. The results of this study highlight the potential of SMC as a leading choice for advancing the 

performance of renewable energy technologies, particularly in applications where environmental conditions 

are unpredictable and rapidly changing. 
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