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Abstract- Under the partial shading effect, the photovoltaic modules are subjected to the non-uniform insolation. In this case, 
the Power-Voltage curve contains several maximum power points (global and local maximums). In fact, the MPPT algorithms 
such as P&O and IC, cannot distinguish the global maximum. Thus, a considerable drop in power is produced. To tackle this 
problem, this article proposes a SLG-backstepping technique. This latter, sweeps the Power-Voltage curve, looks for the global 
maximum power point, and generates the reference of optimal voltage. Then, the backstepping control was designed to pursue 
the reference voltage by adjusting the duty cycle of the SEPIC converter. This algorithm  was  simulated  on  
MATLAB/SIMULINK  environment,  evaluated  under uniform and non-uniform insolation and compared to the PSO with 
backstepping control. In  this  latter,  the  PSO  (Particle  Swarm  Optimization)  serves  to  generate  the  voltage reference that 
corresponds to the Global Maximum Power Point, while the backstepping controller tracks this voltage reference. According to 
the results, the SLG-backstepping algorithm is accurate and has a fast convergence time is about 40ms until 50ms depends on 
the shading pattern. 

Keywords Backstepping control, Partial Shading Effect, Particle Swarm Optimization, Photovoltaic Panel, SEPIC Converter. 

 

Nomenclature 

Cout: Output capacitor 
CPV: Input capacitor 
D: Diode of the SEPIC converter 
DBP1, DBP2: Bypass diodes 
DC: Direct current 
GMPP: Global Maximum Power Point 
GMPPT: Global Maximum Power Point Tracking 
Icell, Vcell: Current and voltage of a photovoltaic cell. 
IL1, IL2: The input and filter coil inductances 
Im, Vm: Optimal current and voltage 
Irr: Irradiation 
K1, K2:  The control parameters 
L1,	L2:	The	SEPIC	converter	coils		
MPP:	Maximum	Power	Point	
MPPT: Maximum Power Point Tracking 
P-V: Power-Voltage 
PSO: Particle Swarm Optimization 
PV: Photovoltaic 
SEPIC: Single Ended Primary Inductor Converter 
SLG: Sweep, Look and Generate 
T: Temperature 

T1: Transistor of the SEPIC converter 
Vi: Step increment of Vinc 
Vinc: Voltage increment 
VC1: Filter capacitor voltage 
Vout: Output voltage 
Vr: The voltage that changes from 0 to Voc 
Vref: The reference voltage 
Vt: Thermal voltage 
	
1. Introduction 

Unlike the fossil fuel energies (coal, oil, natural gas, etc.), 
whose stocks are non-renewable and limited in the human 
scale, the renewable energy is an inexhaustible, a non-
polluting and an unlimited source. In fact, the photovoltaic 
energy is the most used because it can be installed close to the 
consumer, which minimizes the cost and the power losses due 
to the transport of electrical energy.   

The energy produced by the photovoltaic panel is not 
maximal, because the power production depends on the load.  
To overcome this problem, the power converter is necessary 
to control the energy to be maximal whatever the load. For this 
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reason, several techniques have been proposed.  In fact, 
Perturb and Observe (P&O) and incremental conductance (IC) 
[1]-[2] are widely used for their simplicity of implementation. 
But these algorithms cannot be accurate and fast at the same 
time [3]. The nonlinear controllers proposed in [4]-[5] 
accurately track the maximum power point (MPP). However, 
these controllers cause a considerable drop of power when the 
partial shading takes place [6]. 

Under the non-uniform insolation, the power-voltage 
curve presents several points of local maximum and a single 
point of global maximum [7]. Knowing that, the MPPT 
technique cannot distinguish between the local and the global 
maximum [8]. Therefore, it often causes the power losses.  
Indeed, under the non-uniform meteorological conditions, the 
current of the unshaded modules passes through the bypass 
diodes of the shaded modules to protect them against the 
hotspot heating [9]. But the bypass diodes create several 
maximum power points in the P-V curve [10]. 

In [11], the Perturb, Observe and Check Algorithm (POC) 
is proposed to improve the P&O algorithm and to make it able 
to track the global maximum power point (GMPP). However, 
the P&O algorithm is applied several times to locate all the 
maximum power points available in the P-V curve. In [12], the 
author has proposed the OC&P (Observe, Compare, and 
Perturb) method to improve the POC algorithm. Here, the 
comparison process was designed to look for the global 
maximum (desired maximum). Then, the P&O algorithm was 
applied only one time to oscillate around the desired 
maximum. The PSO (Particle Swarm Optimization) algorithm 
[13], is one of the optimization methods that are able to pursue 
the global maximum. But this algorithm isn’t accurate and 
tracks slowly the desired maximum. 

In [14] and [15], two stages were proposed. The 
measurement stage and the adaptation stage (BOOST 
converter).  In fact, in [14], the measurement stage was 
controlled to generate the reference of optimal voltage.  while, 
in [15], the measurement stage was controlled to generate the 
reference of the Global Maximum Power Point. Then, the duty 
cycle of the second stage was adjusted to track the generated 
reference.  But the measurement stage is not preferable, 
because it increases the installation cost and complexity. 

The DMPPT (Distributed MPPT) and MIC (Module 
Integrated converter) topologies, which are proposed in [16]-
[17]-[18], are more powerful than the methods previously 
discussed. In fact, these topologies don’t require the bypass 
diodes, and extract the power of each photovoltaic module 
under uniform and non-uniform weather conditions [18]. But 
these topologies are expensive and the installation cost 
depends on the number of installed photovoltaic modules. 

In this article, the SLK-backstepping technique is 
designed to track the GMPP. Here, the SLK is an algorithm 
which is proposed to look for the optimal voltage. This one 
corresponds to the global maximum power point.  In fact, the 
algorithm detects any change of insolation. Then, it starts 
increasing the reference voltage from 0 to Voc by sweeping the 
P-V curve. Therefore, the algorithm gives the optimal voltage. 
The backstepping is a nonlinear controller that is designed to 
track the optimal voltage of the PV panel given by the SLK 

algorithm, using the DC/DC SEPIC converter.  The SLK-
backstepping proposed algorithm allows to obtain a 
photovoltaic system with an accurate tracking of the global 
maximum and a fast response to any atmospheric changes. 

This article is organized as follows: Section 2 presents the 
proposed system and the photovoltaic panel and the SEPIC 
converter modelling. In Section 3, the proposed technique is 
well detailed. Section 4 is devoted to the simulation results. 
Finally, the last section is dedicated to the conclusion. 

2. Proposed System 

As shown in Fig. 1, the proposed system consists of a 
photovoltaic source, a DC/DC converter and a resistive load 
of 150Ω. In fact, two photovoltaic modules (Reference: Shell 
SM55) have been connected in series. Table 1. shows the 
electrical characteristics of Shell SM55 PV module.  The 
maximum power, generated under standard weather 
conditions (Irradiation of 1000W/m2 and Temperature of 
25°C), is approximately 55W. Thus, the power produced by 
this photovoltaic source is 110W. 

 

Fig. 1. Proposed photovoltaic system. 

Table 1. Electrical characteristics of Shell SM55 PV model 

Parameters Values 
Maximum power Pmax 55W 
Optimum voltage Vopt for Pmax 17.4V 
Optimum current Iopt for Pmax 3.15A 
Maximum current Isc (Short-circuit current) 3.45A 
Maximum voltage Voc (open circuit voltage) 21.7V 
Temperature coefficient Ki of Isc 1.4×10-3A/°C 
Number of cells in series N 36 

 

The SEPIC converter has been used for its many 
advantages. In reality, against the Buck-Boost converter, this 
converter makes it possible to have a non-inverted and 
constant output voltage, and allows to have an input current 
with weak ripples [19]-[20]. In addition, The SEPIC converter 
is able to operate from Isc to Voc by changing the duty cycle 
[19]. Also, it is able to operate in Buck and BOOST mode 
according to the duty cycle value [21]. 
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The proposed system has been modeled mathematically to 
obtain the following state equations [21]: 
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2.1. Modelling of Photovoltaic Panel 

In this study, a single-diode photovoltaic cell was 
considered, see Fig. 2. The mathematical equation of a 
photovoltaic module of Ns cells is as follows: 
 
 𝐼"# = 𝐼78 − 𝐼9 exp 𝑞

𝑉"# + 𝐼"#𝑅9
𝐴𝑁9𝐾𝑇

− 1 −
𝑉"# + 𝐼"#𝑅9

𝑅"
 (2) 

 
With Iph is the photo-current, IS is the saturation current, NS 

is the number of photovoltaic module cells, A is the ideality 
factor, K is the Boltzmann constant (1.3806503e−23J/K), T is 
the cell temperature in Kelvin, q is the electron charge 
(1.60217646e−19C), RS is the series resistor, RP is the parallel 
resistor and VPV and IPV are respectively the photovoltaic 
panel voltage and current. The mathematical models of the 
current Iph and IS are given in [22].  

 

 
Fig. 2. Single-diode photovoltaic cell. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. I–V model curves and experimental data of the Shell 
SM55 solar module at different irradiation, 25°C. 
The photo-current is defined by the expression: 

 

 𝐼78 = 𝐼78B + 𝐾C(𝑇 − 𝑇9D.)
𝐺
𝐺9D.

	 (3) 

With GSTC and TSTC are respectively the irradiation and the 
temperature at the standard conditions (GSTC = 1000W/m2 and 
TSTC = 25°C), Iph0 is the photo-current measured under these 
conditions, and Ki is the temperature coefficient of ISC. 

The saturation-current IS is written as follows: 
 

 
𝐼9 = 𝐼9B

𝑇
𝑇9D.

F

exp	(𝑞
𝐸H
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(
1
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𝑇
)) 

(4) 

 
With EG is the band-gap energy (EG ≈ 1.12eV for solar cells 

of polycrystalline silicon) and IS0 is the saturation current 
measured at the nominal temperature T = TSTC. 

 
As can be seen in equations (2), (3) ad (4), there are five 

unknown parameters to identify RS, RP, A, IS0 and Iph0. A is 
considered equal to 1.3 [23]. Therefore, there remain four 
parameters to identify, these constants were measured under 
the standard conditions by using Table 1 and the following 
expressions as given in [23] and [24]: 
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Where: 
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(6) 

 
The adjusted parameters are illustrated in Table 2. Fig. 3 

and Fig. 4 show the mathematical I-V curve of a PV module 
(Reference: SHELL SM55) plotted with the experimental data 
at five levels of temperature and irradiation. As can be seen, 
the developed PV module fits the electric model behavior to 
the experimental data. Therefore, the calculated equivalent 
circuit works properly. 

 
Table 2. Parameters of adjusted Shell SM55 PV model at 

standard conditions 
Parameters Values 
Ideality Factor A 1.3 
Series resistor RS 0.3355Ω 
Parallel Resistor RP 235.9Ω 
Photo-current Iph0 3.455A 
Saturation current IS0 5.013 × 10-8A 
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Fig. 4. I–V model curves and experimental data of the Shell 
SM55 solar module at different temperatures, 1000W/m2. 
 
3. Proposed Technique 
 

Under the non-uniform conditions of irradiation and 
temperature, the P-V curve has several points of maximum 
power (local and global maximums). The proposed technique 
serves to locate the global maximum and the corresponding 
(optimal) voltage. The backstepping is a nonlinear control that 
is designed to follow the reference voltage by adjusting the 
duty cycle of the SEPIC converter.  

The flowchart, shown in Fig. 5, presents the proposed 
SLG-backstepping technique. As can be seen, the algorithm 
begins generating the voltage reference (Vref), this one 
gradually increases from 0 to Voc and returns the optimal 
voltage value (Vopt). While, the backstepping control follows 
Vref. 

 
Fig. 5. Flowchart of the SLG-backstepping technique. 

3.1. Sweep interval of the P-V curve 
 
As Fig. 3 and Fig. 4 show, the open circuit voltage Voc is 

not constant and depends on the insolation. However, the 
scanning process of the P-V curve must stop if Vref has caught 
Voc. To solve this problem, the following condition has been 
proposed: 

 
 𝑉"# ≥ 𝑉O

𝑝"# ≤ 𝑝O
 (7) 

 
Where Vx = 17V and Px = 5W. In fact, as shown in Fig. 6 

and Fig. 9, when the condition (7) is true, it defines the voltage 
nearest to Voc. When this voltage, which called superior 
voltage Vsup is captured, the scan of the P-V curve ends. In the 
other hand, the inferior voltage Vinf was also defined to be 5V 
instead of zero. Thus, these limits reduce the time of scanning 
process of the P-V curve. 

 
3.2. Partial Shading Detection 

 
The SLG algorithm repeats the search for the maximum 

global power point after any change in weather conditions. But 
to detect the insolation change, one of the following 
conditions must be fulfilled: 
 

 𝑉"# − 𝑉072 ≤ −∆𝑉
𝑃"# − 𝑃JTO ≤ −∆𝑃 (8) 

  
𝑃"# − 𝑃JTO ≥ ∆𝑃 

	
(9) 

 
With ΔP and ΔV are the partial shading detection thresholds. 
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Fig. 6. Sweep interval of the P-V curve. 

3.3. Backstepping control 
 

To design the backstepping control, it has to define the 
output y and the reference yref to follow. Knowing that, this 
nonlinear controller is designed to track the reference of 
optimal voltage. Therefore, y will be the photovoltaic voltage 
VPV. While, yref will be the reference voltage Vref. 

 
The steps design of the backstepping control are as 

follows: 
Step 1: define the tracking error ε1: 

 𝜀* = 𝑦 − 𝑦WXY = 𝑉"# − 𝑉WXY (10) 
The time derivative of ε1 gives: 

 𝜀* = 𝑉"# − 𝑉WXY (11) 
Thus:  

 𝜀* =
𝐼"# − 𝐼)
𝐶"#

− 𝑉WXY 
(12) 

Then, the following function is applied to ensure the stability: 

 𝑉* =
1
2
𝜀*5 

(13) 

The time derivative of V1 gives: 

 𝑉* = 𝜀*𝜀* = 𝜀*
𝐼"# − 𝐼)
𝐶"#

− 𝑉WXY  
(14) 

The virtual control α1 = (IL1)d is chosen to allow the 
stabilization of ε1. Where (IL1)d is the desired value of inductor 
current. The virtual control α1 would be: 

 𝐼"# − 𝛼*
𝐶"#

− 𝑉WXY = −𝐾*𝜀* < 0 
(15) 

With K1 > 0 

Thus, α1 is as follows: 

 𝛼* = −𝐶"#𝑉WXY + 𝐼"# + 𝐶"#𝐾*𝜀* (16) 
Step 2: 

 𝜀5 = 𝐼) − 𝛼* (17) 
The time derivative of ε2 is: 

 
𝜀5 =

1
𝐿*
𝑉"# −

1
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Where: 

 𝛼* = 𝐹𝑉"# + 𝐶"#𝐾*𝜀* − 𝐶"#𝑉WXY (19) 
With: 
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And: 

 
𝐹 =
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𝑞
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exp 𝑞
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(21) 

 
Here, to simplify calculations, F was calculated considering 
that the series resistor RS is negligible while the parallel 
resistor RP is infinite. 

The Lyapunov function is applied as follows:  

 𝑉5 = 𝑉* +
1
2
𝜀55 

(22) 

The time derivative would be: 

 𝑉5 = 𝑉* + 𝜀5𝜀5 (23) 
Knowing that: 

 𝑉* = −𝐾*𝜀*5 −
𝜀*𝜀5
𝐶"#

 (24) 

Consequently: 

 𝑉5 = −𝐾*𝜀*5 −
𝜀*𝜀5
𝐶"#

+ 𝜀5𝜀5 (25) 

The following condition must satisfied to allow converging 
ε2 to zero: 

 −
𝜀*
𝐶"#

+ 𝜀5 = −𝐾5𝜀5 < 0 (26) 

With K2 > 0 
So, the real control is: 

 𝑑 = 𝐿* −𝐾5𝜀5 +
𝜀*
𝐶"#

+ 𝛼* − 𝑉"#
1

𝑉.* + 𝑉012
+ 1 (27) 

Thus:  
 𝑉5 = −𝐾*𝜀*5 − 𝐾5𝜀55 < 0 (28) 

 
Which ensures ε = (ε1, ε2) converges asymptotically to 0. 
Thus, y converges to yref. 
 
4. Simulation Result 

 
Two photovoltaic modules (Reference: Shell SM55) have 

been connected in series and subjected to the different 
meteorological conditions, as shown in Fig. 7. In fact, as can 
be seen in this figure, from 0s to 1.13s, the photovoltaic 
modules were subjected to the uniform insolation level. 
While, in the range 1.13s ≤ t ≤ 5s, the PV modules have been 
subjected to the partial shading effect. The used parameters for 
the photovoltaic system are as follows: 

 
The SEPIC converter parameters: 
CPV = 440µF, L1 = 0.35mF, L2 = 0.35mF, C1 = 440µF, Cout = 
740µF, R = 150Ω. 
 
The SLG-backstepping technique parameters are taken: 
Vinf = 5V, ΔP = 0.006W, ΔV = 0.006V, K1 = 437, K2 = 209. 
 
The PSO-backstepping technique parameters: 
w = 0.1, c1 = 0.2, c2 = 1, K1 = 435, K2 = 500. 
 
Where c1 and c2 are the acceleration coefficients, and w is the 
inertia weight. 
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  (a)     (b)   (c) 

Fig. 7. Meteorological conditions. 
 

Fig. 8 shows the produced photovoltaic power using SLG 
and PSO algorithms with the backstepping control. As can be 
seen, after any change of insolation, the proposed technique 
follows the global maximum power point more quickly than 
the PSO-backstepping technique. In fact, the PSO algorithm 
is widely used, thanks to its simplicity of implementation, 
lower cost and its ability to follow the global maximum power 
[26]. But it has a drawback such as the parameter adjusting 
difficulties [27] and slower convergence time. 

 

 
Fig. 8. Photovoltaic power. 

 
Fig. 9. Photovoltaic voltage. 

As Fig. 9 depicts, the reference voltage increases from 0 to 
Voc, then returns the optimal voltage. In other hand, the 
photovoltaic voltage (VPV) follows Vref without exceeding the 
upper and lower limits (Vinf and Vsup). As can be seen in this 
figure, the search and tracking time of Vopt is about 40ms. But 
this time depends on the insolation level, in the worst case, the 
follow-up time does not exceed 50ms. 
 

Fig. 10-a shows the duty cycle of the SEPIC converter. 
While, Fig. 10-b illustrates the current of the photovoltaic 
panel. Fig. 11-a, Fig. 11-b and Fig. 11-c respectively depict 
the current, voltage and power across the load. 

 

 
    (a) 

 
    (b) 

Fig. 10. (a) Duty cycle, (b) Photovoltaic current. 

   
   (a)   (b)    (c) 

 
Fig. 11. Output current, voltage and power. 
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5. Conclusion 

A new technique has been proposed to track the global 
maximum power point. This one is a combination of SLG 
algorithm and bakstepping control. The SLG algorithm has 
been proposed to provide the reference of optimal voltage, that 
corresponds to the GMPP, whenever the insolation changes. 
While, the backstepping control has been designed to track the 
reference voltage by adjusting the duty cycle of the SEPIC 
converter. 

The SLG-backstepping technique was proposed to provide 
fast and accurate tracking performance and to have a PV 
system able to locate the global maximum. Knowing that the 
PSO algorithm can also track the GMPP and return the optimal 
voltage reference, for this reason, and to show the 
effectiveness of the proposed algorithm, a comparison 
between SLG and PSO was made. After testing these two 
algorithms in MATLAB/SIMULINK environment and 
associate them with the backstepping control, the results show 
that the SLG algorithm can track the optimal voltage more 
quickly than the PSO algorithm. Also, the proposed technique 
can operate under all environmental conditions. 
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