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Abstract- Under the partial shading effect, the Power-Voltage curve of a photovoltaic panel includes several maximum power 
points divided between the local maximums and a global maximum. The most known Maximum Power Point Tracking 
techniques are unable to distinguish the global maximum power point. Thus, they result in a considerable drop in power. In fact, 
the Global Maximum Power Point Tracking technique based on the SLG-Backstepping command strategy is able to distinguish 
and track the global maximum power point. In the previous works, this command strategy has proven its tracking performances 
(accuracy and rapidity) when it is tested under Matlab/Simulink environment. In this work, this paper focuses on the real-time 
experimental assessment of the newest SLG-Backstepping command strategy, these tests are carried out in order to prove the 
ability of this command strategy to provide the desired performances, to detect any change of meteorological conditions and to 
track the global maximum in the real time. This strategy command is compared to the Maximum Power Point Tracking technique 
based on the P&O-Backstepping command strategy. In fact, these two controllers are implemented on the Arduino Mega 2560 
board. Effectively, according to the experimental results, the SLG-Backstepping command strategy is able to detect the presence 
of partial shading and to track the global maximum under the partial shading effect. In addition, this strategy command shows 
tracking performances better than the P&O-Backstepping controller when they are compared under uniform meteorological 
conditions. In fact, as affirm results, the proposed command strategy tracks the maximum power point in approximately 0.7s, 
while the MPPT technique based on the P&O-Backstepping make a delay of 1.5s, also, also, under the partial shading effect, a 
considerable loss of power is noticed when using the MPPT technique. 

Keywords Arduino Mega 2560 Board, Backstepping technique, BOOST converter, Global Maximum Power Point Tracking 
technique, Partial shading effect, SLG algorithm. 

 

Nomenclature 

𝐶"#  : 
Capacitance of the input capacitor 
(µF). 

𝐶$%&  : 
Capacitance of the output capacitor 
(µF). 

𝜀(, 𝜀*  : Tracking errors. 
𝐼"#  : Photovoltaic current (A). 
𝐼,  : Inductor current (A). 
𝐼$%&  : Output current (A). 

𝛼  : Virtual control. 

𝐾(,	𝐾*  : 
Positive constants (control 
parameters). 

𝑉"#   : Photovoltaic Voltage (V). 
𝑉$%&   : Output Voltage (V). 
𝑉123   : Reference Voltage (V). 
𝑃567_9$:;   : Maximal power dissipation. 
𝑃"#  : Photovoltaic maximum (W). 

𝐿  : 
Inductance of the Boost inductor 
(mH). 
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𝑑  : Duty cycle (control law). 
MPPT : Maximum Power Point Tracking. 

GMPPT : Global Maximum Power Point 
Tracking. 

LMPP : Local Maximum Power Point. 
GMPP : Global Maximum Power Point. 

SLG : 
Sweep, Look and Generate 
algorithm. 

P&O : Perturb and Observe algorithm. 
InC : Incremental Conductance. 
PV : Photovoltaic. 

𝑉((𝜀(), 
𝑉*(𝜀(, 𝜀*)   

: 
 
Lyapunov functions. 
 

DC : Direct-Current. 
 

1. Introduction 

Photovoltaic resources have become in demand thanks to 
their simplicity of installation and maintenance, non-
exhaustion and cleanliness [2]-[3]. Also, this kind of the 
renewable energies can be installed close to the consumer, 
which reduces the cost of transporting energy and power 
losses. However, the efficiency of these resources is highly 
dependent on the weather conditions [4]-[5].  

To improve efficiency of the photovoltaic energy, it must 
operate the photovoltaic panels at the maximum power point 
taking into account the weather conditions’ changes. To reach 
this goal, researchers are proposing the Maximum Power 
Point Tracking technique. This technique can track the 
maximum power point when the ambient meteorological 
conditions are uniform. 

The MPPT technique based on the P&O-Backstepping 
command strategy is designed in [6] in order to improve the 
tracking performances of the classical algorithms P&O [7]-
[8]-[9] and InC [10]-[11]). The P&O-Backstepping command 
strategy includes two controllers, the P&O algorithm and a 
nonlinear command based on the Backstepping controller. 
The P&O algorithm is used to generate the reference trajectory 
that carries the optimal voltage value while the Backstepping 
controller is designed in order to follow that reference 
trajectory by adjusting the duty cycle of the BOOST converter. 

In fact, although the P&O-Backstepping command 
strategy proposes good tracking performances under the 
normal meteorological conditions, it remains unable to 
operate efficiently under the partial shading effect, because in 
this case, the Power-Voltage curve (P-V) presents several 
maximum power points divided between the Local Maximum 
Power Points (LMPPs) and one Global Maximum Power 
Point (GMPP)) [12]-[13]. Indeed, MPPT techniques can not 
distinguish the global maximum power point. Thus, they lead 
to a sharp drop in power in certain cases of partial shading. 

To remedy the partial shading effect, a new algorithm 
called SLG is proposed in [2]-[14], this algorithm allows the 
scanning of the PV characteristic followed by the search for 

the maximum power point. Here, the sliding mode controller 
is used in order to allow the PV voltage to pursue a voltage 
reference trajectory, which is returned by the SLG algorithm, 
by adjusting the Sepic converter’s duty cycle. 

This paper offers the experimental test bench of two 
photovoltaic modules subjected to the partial shading effect 
and controlled by the SLG-backstepping command strategy. 
Indeed, this latter is implemented on the Arduino Mega 2560 
Board that serves to generate the PWM signal, which is 
dedicated to controlling the Boost converter’s transistor. The 
second aim is to show the criteria’s performances of the 
proposed technique compared to the P&O-Backstepping 
command strategy under the uniform meteorological 
conditions. The proposed system is composed of a BOOST 
converter, a DC load (Resistive load of 50Ω), and two 
photovoltaic modules (Reference: SP20-36P) of Maximal 
power of 20W.  

In fact, the main objectives of this paper are summarized 
in the following lines: 

• Providing the experimental test bench of the 
proposed SLG-Backstepping controller. 

• Testing the performances of the proposed controller 
under uniform and nonuniform meteorological 
conditions (partial shading effect). 

• Comparing the proposed controller with the MPPT 
technique (P&O-Backstepping) in terms of tracking 
performance and power production. 

This article is organized as follows, section 2 presents the 
proposed photovoltaic system, section 3 covers the details of 
the proposed command strategy. Section 4 is devoted to the 
discussion of the experimental results, while the last section is 
dedicated to the conclusion. 

2. Studied Photovoltaic System 

The studied PV system consists of three essential 
components:  

Ø Photovoltaic panel composed of two PV modules 
(Reference: SP20-36P) connected in series, which 
means that the maximal power can produce this 
photovoltaic source is 40W, which is equal to 
20W×2. The electrical characteristic of the SP20-36P 
photovoltaic module is listed in Table 1. 

Ø Boost converter, its parameters are listed in Table 2. 
As depicted Fig.2b, two inductors are connected in 
series to obtain the equivalent inductor of 
approximately 0.66mH, and four output capacitors 
are connected in series to obtain an equivalent 
capacitor of approximately 220µF. 

Ø Resistive load (Resistance of 50Ω with a maximal 
power dissipation of 100W).  

The Arduino Mega 2560 Board is programmed, using the 
proposed SLG-Backstepping command strategy, in order to 
generate the PWM signal that can control the BOOST 
converter’s MOSFET. The studied PV system is illustrated in 
Fig.1, while the technical specifications of the studied 
Arduino are listed in Table 3. 
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Table 1. Electrical characteristics of the studied PV 
modules (Reference:   SP20-36P) 

Parameters Values 
Maximal power (𝑃@:A) 20𝑊 
Optimal voltage (𝑉$"&) 17.3𝑉 
Optimal current (𝐼$"&) 1.16𝐴 
Open-circuit voltage (𝑉$K) 21.7𝑉 
Short-circuit current (𝐼LK) 1.26𝐴 

 

Table 2. Electrical characteristics of the designed BOOST 
converter. 

Parameters Values 
Inductance 𝐿 0.66𝑚𝐻 
Input capacitance (𝐶"#) 470µ𝐹 
Output capacitance (𝐶$%&) 220µ𝐹 
Maximal input voltage (𝑉RS) 63𝑉 
Maximal output voltage (𝑉$%&) 400𝑉 
Switching frequency (Khz) 32𝐾ℎ𝑧 

Mosfet IRFZ44N 

Maximum Continuous 
source current (𝐼V) 49𝐴 

Diode Forward Voltage 
(𝑉VX) 

1.3𝑉 

Minimum Drain-to-
Source Breakdown 
Voltage (𝑉VXX) 

55𝑉 

Schottky Diode 
SR540 

DC Blocking Voltage 40𝑉 
Forward Voltage for a 
Forward current 𝐼Z = 5𝐴 

0.55𝑉 

 

Table 3. Electrical specifications of the Arduino Mega 
2560 board. 

Microcontroller ATmega2560 
Operating Voltage 5𝑉 
Input Voltage 
(recommended) 7 − 12𝑉 

Input Voltage (limits) 6 − 20𝑉 

Digital I/O Pins 
54 (of which 14 provide 

PWM output) 
Analog Input Pins 16 
DC Current per I/O Pin 40𝑚𝐴 
DC Current for 3.3V Pin 50𝑚𝐴 

Flash Memory  256𝐾𝐵 of which 8𝐾𝐵 
used by bootloader 

SRAM 8𝐾𝐵 
EEPROM 4𝐾𝐵 
Clock Speed 16𝑀ℎ𝑧 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 1. Hardware Implementation: a – Top view, b – Right 
side view, c – Left side view, d - Experimental Test bench. 

BOOST converter 

DC load 

Arduino Mega 2560 Board 

PV Current Sensor  

Inductors 
Input capacitor Output capacitors  

Output voltage Sensor  Input voltage Sensor  

Mosfet  

Heatsink  

PWM  

Input  

Series connection of the PV modules 

Partial shading 
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2.1. State equation of the Boost converter 

The modelling of the Boost converter passes through 
studying two switching phases, (as detailed in [12]). Also, by 
using the average value method [15], the following state 
equation can be obtained: 

 

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑑𝑉RS
𝑑𝑡 =

1
𝐶RS

𝐼RS −
1
𝐶RS

𝐼,																											

𝑑𝐼,
𝑑𝑡 =

1
𝐿 VRS −

1
𝐿
(1 − d)𝑉$%&																			

𝑑𝑉$%&
𝑑𝑡 =

1
𝐶$%&

(1 − d)𝐼, −
1
𝐶$%&

𝐼$%&												

 (1) 

2.2. Current and voltage sensors 

The current sensor used, (see Fig.2), is the ACS712. This 
sensor can measure a maximum current of 30A and has a 
sensitivity of 66mV/A. 

 

Fig. 2. ACS712 current sensor. 

The input voltage sensor, that is designed, (see Fig.3), can 
support a maximal input voltage of 50.45𝑉	that is equal to 
5𝑉 × (9.83𝑘Ω+ 89.37𝑘Ω)/9.83𝑘Ω, which is more enough 
in this study. Because, the maximal voltage, that can produce 
two PV modules (Reference: SP20-36P) connected in series, 
does not exceed 43.4𝑉, "2 × 𝑉$K". 

 

Fig. 3. Voltage sensors (voltage dividers). 

The output voltage sensor, (see Fig.3), is designed to be able 
to measure a maximal voltage of 88.6𝑉 "5𝑉 × (9.83𝑘Ω +
164.3𝑘Ω)/9.83𝑘Ω". 

 

3. Control Design 

To overcome the issue of the power losses that is due to 
the partial shading effect, the SLG-Backstepping is proposed. 
This hybrid technique is composed of two loops, the first one 
is the SLG algorithm, while the other one is the nonlinear 
controller based on the Backstepping command. Actually, the 
SLG algorithm sweeps the P-V curve of the PV modules each 
time when there is a detection of the partial shading. Also, in 
the same time, this algorithm looks for the GMPP, then, it 
generates the corresponding optimal voltage as a reference 
trajectory to be tracked by the Backstepping command. In fact, 
the SLG algorithm stops scanning the P-V curve whenever the 
PV voltage is close to reaching the value of the open circuit 
voltage. The flowchart of the proposed SLG-Backstepping 
command strategy is shown in Fig.4, [2]- [14]. 

 

 
Fig. 4. Flowchart of the proposed SLG-Backstepping 
algorithm. 

 

Ø The partial shading is detected when one of the following 
conditions is true : 
 

 m
𝑉RS − 𝑉$"& ≤ −∆𝑉	
𝑃RS − 𝑃@:A ≤ −∆𝑃 (2) 

 𝑃RS − 𝑃@:A ≥ ∆𝑃 (3) 

with 
∆𝑉 and	∆𝑃 is the detection thresholds. 
 

𝑉RS 

𝑉q1;  

Gnd Gnd 

Pin 9 Pin 15 

+ 

− 

+ 

− 

𝑉$%&  

9.83𝑘Ω 9.83𝑘Ω 

89.37𝑘Ω 164.37𝑘Ω 

𝑉q1;  

Input voltage sensor Output voltage sensor 
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Ø The SLG algorithm stops scanning the P-V curve when the 
following condition is true : 
 

 m
𝑉"# ≥ 𝑉K
𝑃"# ≤ 𝑃K

 (4) 

with 
 
Vc : Constant variable supposed equal 17V.  
Pc : Constant variable supposed equal 5W. 

3.1. Backstepping command 

The Backstepping command is a nonlinear controller that is 
devoted especially to the nonlinear systems, this command 
allows the PV system to be more performant [17]. The 
designing steps of this command are as follows: 
 
§ Step 1: 

 
For designing the Backstepping command, it must define the 

output 𝑦 and the reference trajectory 𝑦123. Knowing that this 
technique allows the PV voltage to pursue the voltage 
reference generated by the SLG algorithm. Therefore, in this 
case, the output is 𝑦 = 𝑉"#  while the output reference is 𝑦123 =
𝑉123 . 
 
The tracking error is defined by the following expression: 
 

𝜀( = 𝑦 − 𝑦123 = 𝑉RS − 𝑉123  (5) 

The time derivative of 𝜀( is expressed as follows: 

𝜀(̇ = 𝑉̇RS − 𝑉̇123  (6) 

Using (1) and (6) the following equation can be obtained: 

𝜀(̇ =
𝐼RS − 𝐼,
𝐶RS

− 𝑉̇123  (7) 

In order to ensure the Lyapunov stability, the time derivative 
of the following Lyapunov function has to be negative [18]-
[19]: 

𝑉((𝜀() =
1
2 𝜀(

* (8) 

The time derivative of (8) is as follows: 

𝑉̇((𝜀() = 𝜀(𝜀(̇ = 𝜀( t
𝐼RS − 𝐼,
𝐶RS

− 𝑉̇123u (9) 

Equation (9) must be negative. For this reason, 𝑉̇((𝜀() can also 
be expressed as follows: 

𝑉̇((𝜀() = −𝐾(𝜀(* < 0 (10) 

With 𝐾( is positive constant (𝐾( > 0). 

From equations (9) and (10), the following expression can be 
concluded: 

𝐼RS − 𝐼,
𝐶RS

− 𝑉̇123 = −𝐾(𝜀( (11) 

Assuming a novel variable 𝛼 that embodies the virtual 
control, with 𝛼 = (𝐼,); and (𝐼,); is the desired value of the 
state variable 𝐼,. Therefore, referring to the equation (11), the 
virtual control 𝛼 and its time derivative would be: 

𝛼 = −𝐶RS𝑉̇123 + 𝐼RS + 𝐶RS𝐾(𝜀( (12) 
𝛼̇( = −𝐶RS𝑉̈123 + 𝐼ṘS + 𝐶RS𝐾(𝜀(̇ (13) 

§ Step2:  
 

Defining the novel tracking error and its time derivative as 
follows: 

𝜀* = 𝐼, − 𝛼 (14) 
𝜀*̇ = 𝐼,̇ − 𝛼̇ (15) 

Substituting the second equation of the state equation (1) in 
(15), the time derivative of 𝜀* will be: 

𝜀*̇ =
1
𝐿 𝑉RS −

1
𝐿
(1 − 𝑑)𝑉$%& − 𝛼̇ (16) 

The second Lyapunov function is expressed as follows: 
 

𝑉*(𝜀(, 𝜀*) = 𝑉((𝜀() +
1
2 𝜀*

* (17) 

Its time derivative would be: 

𝑉̇*(𝜀(, 𝜀*) = 𝑉̇((𝜀() + 𝜀*𝜀*̇ (18) 

Introducing (14), the new expression of the time derivative of 
the Lyapunov function 𝑉((𝜀() (eq. (9)) can be obtained :  

𝑉̇((𝜀() = −𝐾(𝜀(* −
𝜀(𝜀*
𝐶RS

 (19) 

Now, replacing equation (19) in equation (18), the following 
time derivative of 𝑉*(𝜀(, 𝜀*) becomes as follows: 

𝑉̇*(𝜀(, 𝜀*) = −𝐾(𝜀(* + 𝜀* t−
𝜀(
𝐶RS

+ 𝜀*̇u (20) 

To ensure that the time derivative of the Lyapunov function 
𝑉*(𝜀(, 𝜀*) is negative, the following expression must be 
validated: 

−
𝜀(
𝐶RS

+ 𝜀*̇ = −𝐾*𝜀* < 0 (21) 

With 𝐾* is a positive constant. 

Replacing equation (16) in equation (21), the following 
control law is obtained: 

𝑑 = 1 −
𝐿
𝑉$%&

t−
𝜀(
𝐶RS

+
𝑉RS
𝐿 + 𝐾*𝜀* − 𝛼̇u (22) 

With this choice  
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𝑉̇*(𝜀(, 𝜀*) = −𝐾(𝜀(* − 𝐾*𝜀** < 0 (23) 

Therefore, this control law 𝑑 ensures the asymptotic 
convergence of the errors 𝜀( and 𝜀* to 0. Thus, it ensures the 
convergence of  𝑉RS to 𝑉123 . 

4. Experimental Results 

In order to test the SLG-Backstepping command strategy 
in the real-time and under the partial shading effect, two PV 
modules (Reference:   SP20-36P) are connected in series, and 
one of them is considered partially shaded as can be seen in 
Fig.1d. 

Unlike the PV system, discussed in [2]-[14], which 
includes the SEPIC converter as an adaptation stage, and 
which is above all characterized by its filtering performance 

of the harmonics included in the currents and voltages better 
than the BOOST converter, this study focuses on the 
discussion of the performance of the proposed SLG-
Backstepping technique  in the real-time by comparing it with 
the existing MPPT technique based on the P&O-Backstepping 
and considering the Boost converter as the adaptation stage. 

The PV modules, connected in series, can produce a 
maximal power of 40W under the standard conditions 
(irradiation of 1000𝑊/𝑚* and a temperature of 25°𝐶). In this 
study, the PV modules are supposed subjected to a constant 
radiance coming from four spotlights used as can be seen in 
Fig.1d. 

The MATLAB/Simulink environment is used for 
deploying the discussed techniques to the Arduino Mega 
2560, as depicted Fig.5. 

 
Fig. 5. Matlab/Simulink environment: Controllers to deploy on the Arduino board. 

• P&O-Backstepping parameters: 

∆𝑉R&{ = 0.04𝑉,	𝐾( = 1.3 × 10|, 𝐾* = 1.1 × 10|. 
With ∆𝑉R&{ is the P&O voltage step. 
 
• SLG-Backstepping parameters: 

𝑉}~3 = 6𝑉, ∆𝑉 = 7𝑉,  ∆𝑃 = 7𝑊, 𝐾( = 1.3 × 10|, 𝐾* =
1.1 × 10|.  
 
• Resistive load: 

𝑅 = 50Ω, 𝑃567_9$:; = 100𝑊. 

With 𝑃567_9$:;  is the maximal power that can dissipate the 
resistive load used. 
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      (a) 

 
        (b) 

 
       (c) 

 
       (d) 

 
  (e) 

 
  (f) 

Fig. 6. Results obtained under uniform meteorological 
conditions. a - PV power, b - PV voltage, and c - PV current 
using the SLG-Backstepping and the P&O-Backstepping. d 
- PV voltage using the P&O-Backstepping technique. e - 
PV voltage, and f - Duty cycle using the SLG-Backstepping 
technique. 

 
Initially, the photovoltaic modules are considered 

unshaded (under uniform meteorological conditions). Figure 
6a illustrates the PV power produced using the P&O-
Backstepping and SLG-Backstepping techniques. As can be 
seen in this figure, both techniques can reach the point of 
maximum power. Moreover, the proposed technique tracks 
the MPP faster than the P&O-Backstepping technique. The 
PV voltage, (see Fig.6b), produced using the P&O-
Backstepping exhibits harmonics around its optimum as well 
as a significant rise-time. So, from these two figures, it can be 
concluded that the SLG algorithm offers tracking 
performances better than the P&O algorithm. In fact, based on 
the experimental data, the proposed SLG-Backstepping 
control strategy pursues GMPP in about 0.7s while P&O-
Backstepping takes 1.5s to converge to the global maximum 
power point. 

Figure. 6c depicts the PV current produced using both 
techniques discussed. While Fig.6f shows the control law 
(duty cycle) obtained using the SLG-Backstepping Command 
strategy. 
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(a) 

 
     (b) 

 
      (c) 

 
          (d) 

 
        (e) 

 
          (f) 

Fig. 7. Results obtained under partial shading effect. a - PV 
power, b – PV voltage, and c – PV current produced using 
the SLG-Backstepping and P&O-Backstepping techniques. 
d- PV voltage, e - PV current, and f - Duty cycle using 
proposed SLG-Backstepping technique. 

 
Referring to Fig.6d and Fig.6e, it can be seen that the 

backstepping technique allows the Boost converter to quickly 
and accurately follow the voltage reference generated by the 
SLG or the P&O algorithm. 

From now on, the PV modules are considered partially 
shaded as illustrated in Fig.1d.  Under these conditions, the P-
V curve can present one or two MPPs (one LMPP and one 
GMPP). 

 

 
(a) 
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(b) 

 
(c) 

 
    (d) 

Fig. 8. Results obtained under temporary partial shading. a 
- PV power, b- PV voltage, c - PV current, and d - Duty 
cycle using the SLG-Backstepping technique. 

 
Figure 7a, Fig.7b and Fig.7c respectively show the PV 

power, PV voltage and PV current produced using the P&O-
Backstepping and the proposed SLG-Backstepping 
techniques. From Fig. 7a, it can be noted that the proposed 
technique has pursued the GMPP while the P&O-
Backstepping has followed the LMPP. Thus, the MPPT 
techniques lead to considerable power losses in some cases. 
Indeed, based on experimental data, the P&O-Backstepping 
makes power losses of about 12W, these losses can be large in 
some cases depending on the shading pattern, while the 
GMPPT technique based on the proposed SLG-Backstepping 
conmmand strategy allows the PV system to extract the global 
maximum power point. 

Figure 7d, Fig.7e and Fig.7f respectively illustrate the PV 
voltage, PV current and the duty cycle using the proposed 
technique. 

Figure 8 shows the PV power, PV voltage, PV current and 
duty cycle obtained considering that the partial shading occurs 
instantly and disappears twice in a row. In this case, it can be 
seen that the proposed technique can rapidly locate and track 
the global maximum power point. 

5. Conclusion 

In this paper, the proposed SLG-Backstepping command 
strategy is implemented on the Arduino Mega 2560 Board. A 
Boost converter is designed in order to control the 
photovoltaic power and feed the resistive load in the real-time. 
The proposed technique is compared with the P&O-
Backstepping under the partial shading and the uniform 
meteorological conditions, respectively. Indeed, the 
experimental tests have proven that the proposed technique 
can track the global maximum power point quickly and 
accurately in the real time, while the P&O-Backstepping 
technique results in a high-power loss under the partial 
shading effect. Furthermore, this technique is too slower 
compared to the proposed one under uniform meteorological 
conditions. Therefore, the proposed technique solves the issue 
of the partial shading and makes the photovoltaic sources 
more performants. Thus, it can be considered as a solution of 
power optimization for photovoltaic panels subjected to the 
non-uniform weather conditions (partially shaded 
photovoltaic panels). 
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