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Nowadays, photovoltaic (PV) systems are widely used in daily life and in many critical 

fields such as agriculture, industry, and exploration. Designing a controller to ensure that 

the PV system consistently achieves high efficiency during operation is always of interest 

to the scientific community. The PV system must maintain operation at the maximum 

power point tracking (MPPT) to optimize efficiency. Beyond the influence of intrinsic 

parameters like temperature and radiation, it is also significantly affected by external 

disturbances and variations in the power conversion circuit. Hence, an effective control 

strategy is required to mitigate these impacts. This paper introduces an adaptive sliding 

mode control (ASMC) approach for MPPT in PV systems. Initially, the Perturb & Observe 

(P&O) algorithm determines the reference voltage for the control scheme. Then, an 

adaptive sliding mode controller is designed to accurately track this reference while an 

observer estimates uncertainties and external disturbances. To further minimize chattering 

effects, a fuzzy controller is incorporated. The stability of the proposed controller is 

guaranteed based on the Lyapunov criterion, ensuring both adaptability and robustness. 

Finally, comparative simulations are conducted to validate its performance. 
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1. INTRODUCTION

Renewable energy has been playing an essential role in 

electricity production. Solar power is a widely accessible 

renewable energy source that is both eco-friendly and 

sustainable. It is a potential and popular choice in the fields of 

agriculture, industry, services, etc. [1-5]. The problem of 

improving PV systems' efficiency has attracted many 

scientists' attention [6-10]. The current-voltage (I-V) and 

power-voltage (P-V) characteristics of PV systems exhibit 

nonlinear behavior, varying dynamically with changes in 

radiation intensity and temperature. There is a single 

maximum point on these characteristics, which changes with 

different radiation and temperature values. The objective of 

the control strategy is to ensure that the PV system 

continuously operates at the maximum power point (MPP) to 

optimize energy extraction. 

A DC/DC (Direct Current) converter is integrated with the 

PV system to regulate its output voltage. Common types of 

DC/DC converters include buck, boost, and buck-boost 

converters. Switching components such as MOSFETs and 

IGBTs (Insulated-Gate Bipolar Transistors) are employed to 

regulate the converters, with control pulses generated using 

pulse-width modulation (PWM). The controller's task is to 

create a pulse width for the PWM stage, in which the pulse 

width has a value from [0,1].  

MPPT algorithms are developed in two forms, namely 

indirect algorithms and direct algorithms. The direct algorithm 

is commonly used because it only uses information about 

voltage and current. Meanwhile, in addition to requiring 

information about voltage and current, the indirect algorithm 

also involves information about temperature and radiation 

parameters as control parameters [3, 11]. Therefore, it is 

difficult for the indirect algorithm to perform well when 

radiation and temperature change. The P&O and Incremental 

Conductance (INC) methods are widely adopted direct 

approaches due to their simplicity and ease of implementation. 

However, a common drawback of these algorithms is their 

tendency to oscillate around the MPP under stable radiation 

conditions and their inability to effectively track the MPP 

during rapid radiation changes [2, 12-14]. On the other hand, 

the performance of the PV system is influenced by parameter 

uncertainties and external disturbances. In reference [15], a 

sliding mode controller was developed with a surface 

formulated based on the MPP. However, a major limitation of 

this approach is the chattering phenomenon occurring in the 

system. In reference [16], the authors introduced an MPPT 

controller utilizing quadratic sliding mode control, but the 

chattering issue persisted. On the contrary, in reference [17], a 

type 2 fuzzy and sliding mode-based MMPT controller was 

proposed, eliminating the chattering phenomenon. However, 

it did not consider the influence of uncertain parameters and 

external disturbances. Additionally, MPPT techniques 

utilizing fuzzy logic and neural networks [18, 19] have also 

been explored and implemented. However, these algorithms 

are more complex than the conventional MPPT, a simple and 

low-cost algorithm. The control strategies mentioned above 

are utilized to generate pulse width values for PWM, which 
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regulate the switching components of the DC/DC converter. 

The control strategies mentioned above are utilized to 

generate pulse width values for PWM, which regulate the 

switching components of the DC/DC converter. To enhance 

control performance, MMPT techniques have been developed 

employing a two-loop control structure. In this structure, the 

first loop is responsible for setting the reference voltage, while 

the second loop adjusts the voltage tracking of the PV system 

based on the reference. For the first loop, widely used 

algorithms include P&O and INC. The effectiveness of the 

tracking process is heavily reliant on the tracking controller’s 

performance in the second loop. The success of the tracking 

process is primarily determined by how well the controller 

functions in the second loop. A suitable control method should 

be capable of accurately tracking the MPP in various scenarios 

while handling the system's nonlinearities and uncertainties. In 

reference [20], the authors introduce an MPPT approach that 

integrates P&O with a sliding mode controller for photovoltaic 

applications, where the P&O method operates in the first loop 

and the sliding mode controller manages the reference voltage 

tracking in the second loop. However, this controller does not 

address the uncertain parameters, and the chattering 

phenomenon has not been eliminated. On the contrary, in 

reference [21], a control scheme based on P&O and sliding 

mode controller for PV systems was introduced to ensure 

robustness against the influence of disturbances and 

uncertainties of system parameters. However, the chattering 

phenomenon was not eliminated. In reference [22], the authors 

used the INC algorithm in the first loop and introduced the 

terminal sliding controller for the second loop. However, the 

algorithms [21, 22] did not eliminate the chattering 

phenomenon. In reference [23], the chattering phenomenon of 

the sliding controller was eliminated by automatic switching 

factor adjustment. However, it did not consider the uncertain 

parameters and external disturbances. In addition, in reference 

[24], an observer combined with the P&O method and a 

sliding controller was designed for PV systems. 

Unfortunately, it did not eliminate the chattering phenomenon. 

From the analysis provided, this paper presents an adaptive 

sliding mode control (ASMC) approach to ensure the PV 

system consistently functions at the MPP. This is achieved 

using an observer and a fuzzy controller, where the observer 

estimates the uncertain components and unknown external 

disturbances, and the fuzzy controller adjusts the switching 

coefficient to reduce oscillations in the sliding mode control. 

The highlights and primary contributions of the paper are 

outlined below: (1) The ASMC employs a two-loop control 

scheme to enhance control quality, unlike the direct single-

loop control schemes used in references [15-19]. (2) In 

contrast to references [20-24], the ASMC not only ensures the 

system consistently operates at the MPP but also eliminates 

the influence of external disturbances, uncertain parameters, 

and chattering phenomena. 

 

 

2. MATHEMATICAL MODEL OF THE SYSTEM AND 

PROBLEM FORMULATION 

 

2.1 Model of PV system 

 

The PV system is modeled using either the one-diode 

equivalent circuit [25, 26] or the two-diode model [27, 28]. 

The mathematical representation of the PV array using the 

one-diode equivalent circuit model is expressed as follows 

[29]: 
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where, Ns represents the number of solar panels connected in 

series, Np denotes the number of solar panels connected in 

parallel, Ipv and Vpv denote the output current and voltage of 

the PV array, respectively, the ideality factor appears as δ, 𝛽 =
𝑁𝑠

𝑁𝑝
. By Rs has a minimal value, Rp has an immense value; Eq. 

(1) is rewritten as follows: 
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Using the mathematical models presented in Eq. (1) or Eq. 

(2) along with the electrical specifications of the PV module, 

the I-V and P-V curves under varying irradiance levels and a 

constant temperature are generated. To examine the I-V and P-

V characteristics of the PV system, we consider a specific 

configuration using Sun Power SPR-305E-WHT-D PV 

modules, where 66 strings are connected in parallel, and each 

string consists of 5 PVs connected in series [17, 20]. The Sun 

Power SPR-305E-WHT-D PV module has the following 

specifications: a maximum power output of 305.226 W, an 

open-circuit voltage of 64.2 V, a short-circuit current of 5.96 

A, a voltage of 54.7 V at the MPP, and a current of 5.58 A at 

the MPP. This PV system delivers 100 kW of maximum power 

under irradiance conditions of G=1000 W/m² and a 

temperature of T=25℃. Figure 1 displays the I-V and P-V 

curves of the system with varying irradiance conditions. 

 

 
 

Figure 1. I-V and P-V characteristics of PV system [17, 20] 

 

2.2 DC/DC boost converter 

 

DC-DC converters are widely employed in photovoltaic 

power generation systems as an intermediary component 

connecting the photovoltaic panel and the load. In this paper, 
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we utilize a boost converter, with the circuit diagram shown in 

Figure 2, in which Vpv represents the input voltage, Vo stands 

for the output voltage, IL refers to the induced current, Ro 

corresponds to the circuit load, u has a value in the range [0,1] 

is the pulse width of the PWM. The values of the circuit 

elements are selected in the manner outlined below [23]: 

L=0.005 H, Cv=5.10-3 F, Co=5.10-3 F, R=4.9 Ω, the switching 

frequency of the PWM is selected as 5000 Hz. 

 

 
 

Figure 2. Boost converter circuit diagram  

 

The dynamics of the boost converter is defined as follows 

[20]: 

 

( )CV v v pv pv LI C C V I I= + = −  (3) 

 

( ) (1 )L L pv oV L L I V V u= + = − −  (4) 

 

where, �̄�𝑣  and �̄�  are uncertain parameters, u is the control 

input with a value from [0,1]. From Eqs. (3) and (4), we get 
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Defining 𝜁 = [𝑉𝑝𝑣, 𝐼𝐿]
𝑇

, we get the following system of 

state equations: 
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represent the input nonlinear component. 
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d is the unknown external disturbance. 

 

Eq. (7) can be rewritten as 
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where, 
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2.3 Problem formulation 

 

The goal is to design a controller that guarantees the system 

operates consistently at the MPP. First, the P&O method is 

used to determine the reference voltage Vref. Then, the ASMC 

is designed to Vpv track Vref, allowing the PV system to 

continuously operate at the MPP despite changes in irradiance 

and temperature. Figure 3 shows the layout of the controller, 

which includes a sliding mode controller, an observer, and a 

fuzzy controller. The observer estimates the uncertain 

components and external disturbances, while the fuzzy 

controller adjusts the coefficient in the sliding mode controller. 

 

 
 

Figure 3. Control structure diagram 

 

3. CONTROLLER DESIGN 

 

3.1 P&O method 

 

 
 

Figure 4. P&O method diagram 

 

The P&O method is commonly applied to find the MPP of 

photovoltaic systems, owing to its straightforwardness and 
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effectiveness. It calculates a reference voltage Vref, after 

measuring the output of the photovoltaic system. Figure 4 

displays the sequence of steps for the P&O method [20], where 

ΔVref is a positive constant represents the increase or decrease 

of Vref in each sampling period determined by comparing the 

power values from the current and previous sampling periods. 

 

3.2 Adaptive sliding mode controller 

 

3.2.1 Control law design 

After determining Vref through the P&O method, the ASMC 

control law is responsible for determining the control law for 

Vpv to track Vref. 

First, define tracking errors as follows: e1=Vpv-Vref, 𝑒2 = �̇�1, 

𝑒2 = 𝐼𝐿 − �̇�𝑟𝑒𝑓, �̇�2 = 𝐼�̇� − �̈�𝑟𝑒𝑓 . The sliding surface is defined 

by the equation: 

 

1 1 2r e e= +  (9) 

 

where, 𝜅1 > 0. By differentiating Eq. (9), we obtain: 

 

1 2 2r e e= +  (10) 

 

Combining Eq. (8) and Eq. (10), we have 

 

1 2 ( ) ( ) ( ) ( ) refr e F F G u V     = + + + + −  (11) 

 

By the target �̇̄� = 0, we choose the control law as follows: 

 

td su u u= +  (12) 

 

where, ua is the component that pulls the states to the sliding 

surface defined as 𝑢𝑎 = 𝐺−1(𝜁)(�̈�𝑟𝑒𝑓 − 𝐹(𝜁) − �̄�(𝜁) −

𝜅1𝑒2) − �̂�(𝜁) , �̂�(𝜁)  is the estimate of 𝜓(𝜁) , 𝑢𝑠  is the 

component that keeps the states on the sliding surface and 

moves towards the origin chosen as 𝑢𝑠 =
−𝐺−1(𝜁)𝜅2 𝑠𝑔𝑛( �̄�) , with 𝜅2 > 0  being the switching 

coefficient. The stability of the system with control law (12) is 

proven in the following section. The updated law of the 

observer is defined as 

 

ˆ( ) r  = −  (13) 

 

where, 𝜉  is a positive constant. The approximation error is 

defined as �̃�(𝜁) = 𝜓(𝜁) − �̂�(𝜁). 
In the control law (12), if 𝜅2 is large, the system will quickly 

move towards the sliding surface, but the chattering 

phenomenon will oscillate vigorously, and vice versa. 

Therefore, 𝜅2 is selected by the fuzzy controller to reduce the 

chattering phenomenon. 

 

  
(a) Fuzzy function for input (b) Fuzzy function for output  

 

Figure 5. Fuzzy functions for input and output 
 

 
 

Figure 6. Control laws 

 

The controller is designed with a single input and output 

structure, where the input is the sliding surface and the output 

is the coefficient 𝜅2. Figure 5 presents the fuzzy function for 

input and output, and Figure 6 depicts the control law. The 

MAX-MIN composition law is applied, and defuzzification is 

performed using the centroid method. 

 

 

3.2.2 Proof of stability 

The Lyapunov function is chosen as follows: 
 

2 21 1

2 2
L r = +  (14) 

 

Taking the derivative Eq. (14) along the trajectory of Eq. 

(8), we get 
 

1
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Substituting control law Eq. (12) into Eq. (15) one can 

obtain: 
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1
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2

1
r r  


= − + +  

 

Replace updated law Eq. (13) into Eq. (16) one can obtain: 

 

2L r= −  (17) 

 

It can be seen that �̇� ≤ 0  when 𝜅2 > 0 . Therefore, the 

closed-loop system is stable according to the Lyapunov 

criterion. It is easy to see that, L, �̄�, �̇̄�, ∫ �̇�
𝑡

0
𝑑𝑡 = −𝜅2 ∫ |�̄�|

𝑡

0
𝑑𝑡 

are all limited. Apply Barbalat Lemma [30], when 𝑡 → ∞, we 

have �̄� → 0, then 𝑒1 → 0, �̇�1 → 0. 

 

 

4. RESULTS 

 

In this section, the ASMC is applied to the Sun Power SPR-

305E-WHT-D PV system. The simulation is performed on 

Matlab/Simulink 2021b software with the Specialized Power 

Systems toolbox.  

The system simulation time is 3 seconds with the 

temperature kept constant at 25℃, the radiation has a value of 

1000 W/m2 from time 0 to 1.5 seconds and 500W/m2 from 

time 1.5 to 3 seconds, �̄�𝑣  has a random value in the range 

[−5.10−3, 5.10−3]𝐹 , �̄�  has a random value in the range 

[−0.01,0.01]mH . The controller parameters are chosen as 

follows: 𝜅1 = 10, the update coefficient of the observer 𝜉 =
0.5. The P&O algorithm is performed with 𝛥𝑉𝑟𝑒𝑓=0.01V. 

 

 
 

Figure 7. Reference voltage tracking 

 

 
 

Figure 8. Reference voltage tracking error 

 

The tracking results of the reference voltage and tracking 

error of ASMC are shown in Figure 7 and Figure 8. The results 

show that ASMC provides good tracking quality, with the 

response time for 𝑉𝑝𝑣  to reach the reference voltage being 

0.025 milliseconds (see first subfigure of Figure 7) and the 

tracking error being within the range of [0.04,0.06]V (see first 

subfigure of Figure 8). At 1.5 seconds, the radiation is halved, 

and the tracking error increases but quickly returns to 

equilibrium (see second subfigure of Figure 7 and Figure 8). 

Accordingly, the system's voltage, current, and power under 

ASMC are presented in Figures 9-11. They show that the 

system always operates at MPP, with a response time of 0.2 

seconds (see first subfigure of Figure 11). 

 

 
 

Figure 9. System output voltage 

 

 
 

Figure 10. System output current 

 

 
 

Figure 11. System output power 
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To assess the performance of the ASMC, comparative 

simulations were performed with the sliding mode controller 

(SMC) proposed in reference [20]. Since the controller does 

not address uncertain parameters, the simulations were 

conducted with constant system parameters to ensure a fair 

comparison [20]. Figure 12 displays a comparison of the 

output power between the controllers. It can be observed that 

the SMC causes considerable fluctuations around the 

maximum power point (chattering phenomenon), while the 

ASMC significantly reduces this chattering. Consequently, the 

ASMC demonstrates superior control quality compared to the 

SMC. Additionally, the ASMC ensures robustness against 

uncertain parameters. Therefore, the effectiveness of the 

ASMC was confirmed through simulation results. 

 

 
 

Figure 12. Compare the output power of ASMC and SMC 

 

The simulation results show that ASMC provides good 

control performance, not only ensuring the system always 

operates at MPP but also ensuring sustainability and 

significantly reducing chattering. It can be seen that ASMC is 

a more comprehensive solution than references [15-24]. 

However, ASMC has only been verified through simulation. 

In future work, the proposed controller will be implemented 

on the STM32F1 microcontroller, and experiments will be 

conducted using the system structure diagram shown in Figure 

3, in which the values of the boost converter circuit have been 

introduced in Section 2.2. On the other hand, the ASMC 

requires measurements of both voltage and current from the 

PV system. Therefore, ASMC needs to be developed to 

minimize the measurement sensors. 

 

 

5. CONCLUSIONS 

 

This paper has introduced an ASMC scheme for MMPT in 

PV systems. The proposed controller consists of a P&O 

method for generating the reference voltage, an adaptive 

sliding mode approach to ensure the system tracks the 

reference voltage, with an observer designed to estimate 

uncertain components and external disturbances, and a fuzzy 

controller to reduce the chattering phenomenon. The results of 

the simulation indicate that the ASMC effectively maintains 

operation at the MPP, not only ensuring the system always 

operates at MPP but also ensuring sustainability and 

significantly reducing chattering. It can be seen that ASMC is 

a comprehensive solution. However, ASMC has only been 

verified through simulation and requires both PV voltage and 

current sensors. In future work, we will test and develop the 

controller to minimize the measurement sensors. 
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NOMENCLATURE 

 

Ipv current output from the PV array, A 

Vpv voltage output from the PV array, V 

Ppv power output from the PV array, W 

Ns total count of solar panels wired in series 

Np total count of solar panels connected in parallel 

Rs series resistor, Ω 

Rp parallel resistor, Ω 

Io system output current, A 

Vo system output voltage, V 

Po  system output power, W 

G intensity of solar radiation, W/m2 

T temperature of the PV system, oC 

IL  the induced current 

Ro  the circuit load, Ω 

U the pulse width 

L inductor, H 

�̄�  uncertain parameters of inductor, H 

Cv input capacitor, F 

Co output capacitor, F 

�̄�𝑣  uncertain parameters of capacitors, F 

Vref the reference voltage, V 

e1  reference voltage tracking error, V 
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Greek symbols 

 

𝛿  the ideality factor 

𝜁  system state variable 

𝜓  uncertain parameters and external disturbances 

𝜅1  coefficient of a sliding surface 

𝜅2  switching factor of a sliding mode controller 

𝜉  update factor 

 

Subscripts 

 

ref reference 

L induced 

s series 

p parallel 

o output 

pv photovoltaic 

  

38




