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Abstract: This paper proposes the new high-gain observer dedicated to the SEPIC converter and the single-phase 

inverter. The high-gain observer is designed in order to minimize the number of sensors required, because the use of 

voltage and current sensors have many disadvantages. In fact, these sensors can obtain a bulky system, also, they are 

expensive and take up more place.  Also, this paper proposes new controller able to locate and track the global 

maximum power point under the partial shading effect. Actually, when the partial shading occurs, the Power-Voltage 

curve presents more than one maximum power point, which are divided between the global maximum and the local 

maximums. The global maximum presents the superior one, while the local maximums present the inferior ones. The 

classical methods like Perturb and Observe and Incremental Conductance are no longer able to distinguish the global 

maximum point. So, they cause a high drop of power, which justifies the need of a controller that can solve such 

problems.  Effectively, the proposed controller is designed for this purpose, it consists of an algorithm able to locate 

the global maximum power point and generate the reference input of corresponding voltage. Also, this controller 

consists of the sliding mode controller that is able to track the reference input by acting on the SEPIC converter’s duty 

cycle. In addition, the SEPIC converter is connected to the grid through the single-phase inverter. However, to make 

this connection, it should unify the power factor and synchronize the inverter current with the grid voltage. Effectively, 

these two tasks are solved by designing the sliding mode controller that acts on the inverter duty-cycle to allow its 

current to be in the same shape and phase as the grid voltage. Also, the DC bus voltage is regulated by using the PI 

controller. The overall system is modelled mathematically, tested and validated under Matlab/Simulink environment 

to show the criteria’s performances and efficiency improvement of PV panel by using the proposed Global Maximum 

Power Point Tracking controller. Moreover, the proposed controller is compared with the hybrid controllers: P&O-

sliding mode, IC-sliding mode and PSO-Backstepping controllers. The results illustrate the performance of the 

proposed controlled to distinguish and track rapidly (about 40ms depending on the shading pattern), and accurately 

the desired global maximum power point. 

Keywords: Grid connected PV system, High gain observer, Partial shading, SEPIC converter, Sliding mode controller. 

 

 

1. Introduction 

Nowadays, the renewable energy is become 

essential thanks to its many advantages. In fact, this 

energy is not pollutant and inexhaustible [1], which 

motivated researchers to develop it and improve its 

energy production. Between the different existing 

types of renewable sources, there is the photovoltaic 

energy. This one is the most used because it can be 

installed in the roof of houses and close to the 

customer, which minimizes space, cost and losses of 

energy due to the transport of electrical energy from 

the distribution network. Also, the photovoltaic 

energy sources are easy to install and maintain. 

However, the power, produced by the photovoltaic 

modules, is not maximal and depends on the load as 

well as the external meteorological conditions 

(irradiation and temperature) [2, 3]. In order to allow 

the PV module to produce the maximum of power, it 

has to connect it to the DC/DC converter or the 

DC/AC inverter. These converters are able to control 

the PV module's voltage to be equal to the optimal 
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one, which presents the desired voltage that 

corresponds to the Maximal Power Point (MPP). 

Under the uniform conditions of irradiation and 

temperature, the Power-Voltage (P-V) curve presents 

a single point of maximum power. So, in order to 

track the MPP, it must design the Maximum Power 

Point Tracking (MPPT) techniques. Effectively, 

several techniques and algorithms have been realized 

and proposed in the literature. In fact, the Perturb and 

Observe (P&O) [4] and Incremental conductance 

(IC) [5] are the most used because they are easy to 

implement and don't require high memory space. 

However, their major drawback is the speed-accuracy 

dilemma [6, 7]. 

To address this issue, the robust nonlinear 

controllers are designed. In [8], the hybrid controller 

composed of the P&O algorithm and the 

Backstepping controller is proposed, while in [9], the 

same controller is used by just replacing the P&O 

algorithm by IC algorithm. Knowing that the hybrid 

controller can improve the tracking performances, 

because of the P&O and IC algorithms which are 

slightly changed to act on the voltage instead of the 

duty cycle. However, these controllers can minimize 

oscillations, but they can not eliminate them 

definitely.  

In [10] and [11], the backstepping and sliding 

mode controllers (SMC) are designed, respectively. 

These controllers are robust against the external 

perturbations, parameter variations and the 

measurement errors of sensors, also they are accurate 

and rapid. So, these controllers can improve the PV 

modules efficiently and can obtain a PV system with 

good tracking performance criteria. 

Under the partial shading effect, the PV panel is 

subjected to the nonuniform irradiation and 

temperature, which makes appear several points of 

maximum power in the power-voltage curve [12]. 

These points are divided between local and global, 

and this latter presents the superior maximum. In this 

case, the MPPT techniques previously discussed 

cannot distinguish the global maximum, but can just 

track the MPP very close to Voc which can be local or 

global [14]. Thus, these techniques cause a high drop 

of power when the partial shading takes place. 

The OC&P algorithm that is proposed in [14], can 

distinguish and track the global maximum power 

point GMPP. Here, in this algorithm, the comparison 

process is launched to look for the GMPP. Then, the 

P&O algorithm is applied just one time to track this 

point. Effectively, this algorithm can improve the PV 

panel efficiency, but cannot obtain a system with 

good tracking performance criteria, the P&O 

algorithm used introduces oscillations and obtain a 

delayed system's response. 

In [12], a system composed of two stages is proposed. 

The first one, called the measurement stage, is 

controlled in order to sweep the power voltage curve, 

look for the Global Maximum Power Point (GMPP), 

and generate the reference of Global Maximal Power 

(GMP). Then, the second stage, which consists of a 

boost converter, is controlled in order to track the 

reference of GMP. In fact, this technique can improve 

the PV panel efficiency and the performance criteria 

of the PV system. However, by using the 

measurement stage, that makes the system expensive 

and bulky. 

The PSO is the most used algorithm under partial 

shading due to its simplicity and aptitude to 

distinguish the GMPP [13]. However, this algorithm 

has a slow convergence in the iterative process [1] 

and can fall into the local maximum. 

This paper proposes a technique able to 

distinguish and track the global maximum power 

point rapidly and accurately. Effectively, this one is 

previously proposed in [1] and improved in this paper, 

by using the sliding mode controller instead of the 

backstepping controller, because the sliding mode 

controller offers robustness against the model 

uncertainties and a large class of perturbations.  

Also, the high gain observer is designed in order 

to replace some sensors used in the previous work [1]. 

This observer contributes for reducing space, cost and 

system complexity. In addition, the proposed 

controller is compared with some hybrid controllers, 

the P&O-sliding mode, IC-sliding mode and PSO-

Backstepping, to prove its tracking performances and 

efficiency improvement under uniform and non-

uniform meteorological conditions (irradiation and 

temperature). The PV system is connected to the grid 

via the DC/AC inverter, in this case, the batteries are 

not needed. However, the DC bus should be regulated, 

also, the output current has to be synchronous with 

the grid voltage to obtain the unity power factor. In 

fact, these two tasks are achieved by using the  

Proportional-Integral (PI) controller to regulate 

the DC bus voltage and using a sliding mode 

controller to ensure the unity power factor. In 

addition, the high-gain observer is designed in order 

to observe and replace the DC/AC inverter output 

current. 

This paper is organized as follows. Section 2 

presents the modeling of the PV module and 

describes the average model of the grid-connected 

PV system. Section 3 is devoted to the control design 

as well as the high-gain observer design. The 

simulation results and conclusion are discussed in 

sections 4 and 5, respectively. 
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Nomenclature: 

PV      : Photovoltaic.  

DC      : Direct Current. 

P-V     : Power-Voltage. 

f          : Grid frequency. 

I-V      : Current-Voltage. 

𝜎2 , 𝜎2 :  Sliding surfaces. 

AC      : Alternating Current. 

P&O   : Perturb and Observe. 

eGmax   : Maximal grid voltage. 

MPP   : Maximal Power Point. 

SMC   : Sliding mode controller. 

IC        : Incremental Conductance. 

SLG    : Sweep, Look and Generate. 

PSO     : Particle Swarm Optimization.  

GMPP : Global Maximum Power Point. 

PI        : Proportional-Integral controller. 

SEPIC : Single Ended Primary Inductor Converter. 

2. PV system modeling 

The grid-connected PV system, proposed in this 

study, see Fig. 1, consists of a PV panel of three PV 

modules (Reference: Shell SM55) connected in series, 

of the SEPIC converter, and a DC/AC inverter 

connected to the grid. The PV modules are subjected 

to the partial shading effect. So, the irradiation and 

temperature, in the overall PV panel, are not uniform, 

which makes appear several maximum power points 

divided between local and global, as can be seen in 

Fig. 2. The SEPIC converter is used because of its 

ability to reproduce the Power-Voltage curve from Isc 

(short-circuit current) to Voc (Open-circuit voltage), 

the noninverted output voltage and currents with 

fewer oscillations due to the use of two inductors 

instead of one in the case of the buck-boost converter. 

The DC/AC inverter is controlled in order to ensure 

the injection of the PV power to the grid by regulating 

the DC bus voltage and synchronizing the output 

current with the grid voltage. 

 

 
Figure.2 Power-voltage curve of PV panel under partial 

shading effect  
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2.1 Grid-connected PV system average model 

The average model of the proposed system is 

expressed as follows [1]: 

 

{
 
 
 
 
 
 

 
 
 
 
 
 𝑉̇𝑝𝑣 =

1

𝐶𝑝𝑣
𝐼𝑝𝑣 −

1

𝐶𝑝𝑣
𝐼𝐿1                                        

𝐼𝐿̇1 =
1

𝐿1
𝑉𝑝𝑣 −

1

𝐿1
(1 − 𝑢1)(𝑉𝐶1 + 𝑉𝑑𝑐)             

𝑉̇𝐶1 =
1

𝐶1
(1 − 𝑢1)𝐼𝐿1 − 𝑢1

1

𝐶1
𝐼𝐿2                        

𝐼𝐿̇2 = 𝑢1
1

𝐿2
𝑉𝐶1 − (1 − 𝑢1)

1

𝐿2
𝑉𝑑𝑐                       

𝑉̇𝑑𝑐 =
1

𝐶𝑑𝑐
(𝐼𝐿1+𝐼𝐿2)(1 − 𝑢1) − (2𝑢2 − 1)

𝐼𝐺
𝐶𝑑𝑐

𝐼𝐺̇ = (−𝑅𝐺𝐼𝐺 − 𝑒𝐺 + (2𝑢2 − 1)𝑉𝑑𝑐) /𝐿𝐺          

 (1) 

where: 

eG          : Grid voltage. 

IG           : Current of grid. 

Vdc         : DC bus voltage. 

Cdc         : DC bus capacitor.  

Vpv         : PV panel voltage.  

Ipv          : PV panel current. 

u1           : SEPIC converter’s duty cycle.   

u2           : DC/AC inverter’s duty cycle. 

VC1        : Voltage at the capacitor C1 terminals.  

Cpv              : Input capacitor of the SEPIC converter. 

L1 , L2    : SEPIC converter Inductors’ inductances. 

IL1 , IL2   : Inductor currents of the SEPIC converter.   

LG , RG   : Grid filter inductor and series resistance.  
 

2.2 Modeling of PV module 

The photovoltaic module, composed of Ns single-

diode cells in series connection, is expressed by the 

following equation [15]:   

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑠 [exp (𝑞
𝐹1

𝛼𝑁𝑠𝐾𝑇
) − 1] −

𝐹1
𝑅𝑠ℎ

 
(2) 

where  
 

Table 1. Specifications of Shell SM55 PV modules 

Parameters Values 

Maximum power Pmax 55W 

Optimal voltage Vopt  17.4V 

Optimal current Iopt  3.15A 

Short-circuit current Isc 3.45A 

Open-circuit voltage Voc 21.7V 

Temperature coefficient Ki of Isc 1.4 × 10-3A/°C 

Number of cells Ns 36 

 𝐹1 = 𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠 (3) 

 

 
𝐼𝑝ℎ = [𝐼𝑝ℎ0 + 𝐾𝑖(𝑇 − 𝑇𝑠𝑡𝑐)]

𝐺

𝐺𝑠𝑡𝑐
  

(4) 

 

and 

 

 
𝐼𝑠 = 𝐼𝑠0 (

𝑇

𝑇𝑠𝑡𝑐
)
3

exp (𝑞
𝐸𝐺
𝛼𝐾

(
1

𝑇𝑠𝑡𝑐
−
1

𝑇
)) (5) 

with: 

K           : Boltzmann constant. 

α            : The ideality coefficient.  

Ns          :  Number of PV module cells. 

Rs , Rsh   : The series and shunt resistors.  

Ki           : The temperature coefficient of Isc.  

G, T       : Ambient irradiations and temperatures. 

Gstc, Tstc : Standard irradiations and temperatures. 

q            : Electron charge (1.60217646e−19 C)[22].  

EG          : The band-gap energy that is equal 1.2 for  

    the polycrystalline silicon solar cells [1].  

Is  ,  Iph    : The saturation and photo-current measured  

                 under ambient conditions. 

Is0 , Iph0   : The saturation and photo-current measured  

                 under standard conditions. 

 

 
(a) 

 
(b) 

Figure.3 The I-V curves of the mathematical model and 

the experimental data under (a) a temperature of 25°C 

and changed irradiation, (b) an irradiation of 1000W/m2 

and changed temperature 
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In fact, Rs, Rsh, Iph0, Is0 and α are the unknown 

parameters those must be defined in order to obtain a 

mathematical model of PV module that can mimic the 

real one.  Effectively, this is realized based on the 

following equations as given in [1]: 

 

 

{
 
 
 
 

 
 
 
 𝐼𝑝ℎ0 = (

𝑅𝑠 + 𝑅𝑠ℎ
𝑅𝑠ℎ

) 𝐼𝑠𝑐              

𝐼𝑠0 =
𝐼𝑠𝑐

𝑒𝑥𝑝 (
𝑉𝑜𝑐

𝑉𝑡
) − 1

                 

exp (
𝑉𝑜𝑝𝑡 + 𝑅𝑠𝐼𝑜𝑝𝑡 − 𝑉𝑜𝑐

𝑉𝑡
) =

𝐴

𝐵 − 𝐶

𝑅𝑠ℎ =
𝐷(𝑉𝑜𝑝𝑡 − 𝑅𝑠(𝐼𝑠𝑐 − 𝐼𝑜𝑝𝑡) − 𝑉𝑡)

𝐷(𝐼𝑠𝑐 − 𝐼𝑜𝑝𝑡) − 𝑉𝑡𝐼𝑜𝑝𝑡

  

 

 

 

(6) 

 

where 

 

 

{
 
 
 

 
 
 𝑉𝑡 =

𝛼𝐾𝑁𝑠𝑇𝑠𝑡𝑐
𝑞

                                 

𝐴 =   𝑉𝑜𝑝𝑡𝑉𝑡(2𝐼𝑜𝑝𝑡 − 𝐼𝑠𝑐)               

𝐵 = 𝐷(𝑉𝑜𝑝𝑡𝐼𝑠𝑐 + 𝑉𝑜𝑐(𝐼𝑜𝑝𝑡 − 𝐼𝑠𝑐))

𝐶 = 𝑉𝑡(𝑉𝑜𝑝𝑡𝐼𝑠𝑐 − 𝑉𝑜𝑐𝐼𝑜𝑝𝑡)              

𝐷 = (𝑉𝑜𝑝𝑡 − 𝐼𝑜𝑝𝑡𝑅𝑠)                       

 

 

 

(7) 

with: 

Iopt             : Optimal current. 

Vopt            : Optimal voltage. 

Isc              : Short-circuit current. 

Voc             : Open-circuit voltage. 

Vt               : Thermal voltage. 

A, B, C, D  : Supposed parameters. 

 

These parameters are given in the datasheet, and 

illustrated in Table 1. The ideality coefficient α is 

considered equal 1.3 [1], this value is adjusted until 

the Current-Voltage (I-V) curve of the mathematical 

model fits the I-V curve given in the datasheet, see 

Fig. 3-a and Fig. 3-b.  

After replacing parameters, given in Table 1, in 

Eqs. (6) and (7), the unknown parameters are 

calculated: 

 

{
 
 

 
 
𝛼 = 1.3                             
𝑅𝑠  = 0.3355Ω                 
𝑅𝑠ℎ = 235.9Ω                   
𝐼𝑝ℎ0 =  3.445𝐴                 

 𝐼𝑠0 =    5.013 × 10
−8𝐴

 

 

(8) 

 

3. Control design 

In order to track the global maximum power point, 

the algorithm called SLG is proposed, see Fig. 4. This 

one sweeps the power-voltage curve, looks for the 

GMPP and generates the corresponding optimal 

voltage.  

During the first time interval, see Fig. 5, the SLG 

algorithm starts generating a signal reference that 

varies from 0 to Voc by the fixed step step size Vi 

(Vi=0.2V). Then, the sliding mode controller is 

designed and applied in order to track this reference 

voltage by adjusting the duty cycle of the SEPIC 

converter. Which allows to this converter to 

reproduce the power-voltage curve at terminals of  

the PV module. Also, during this time interval, the 

algorithm scans the power-voltage curve reproduced, 

looks for the GMPP by comparing the current power 

with the previous one, and stores the maximal power 

and its corresponding voltage. During the second 

time interval, the algorithm generates the reference of 

optimal voltage that is found during the first time 

interval. Effectively, this voltage corresponds to the 

GMPP. The sliding mode controller is applied again 

in order to track the voltage reference. Which allows 

to the SEPIC converter to reproduce the global 

maximal power at the terminals of the PV panel. 

 

All th process, that is discussed previously, 

repeats any time when the change of irradiation 

and/or temperature is detected. The detection can 

make when one of the following conditions is true. 

 

 
{
𝑉𝑃𝑉 − 𝑉𝑜𝑝𝑡 ≤ −∆𝑉

𝑃𝑃𝑉 − 𝑃𝑚𝑎𝑥 ≤ −∆𝑃
 (9) 

 𝑃𝑃𝑉 − 𝑃𝑚𝑎𝑥 ≥ ∆𝑃 (10) 

 

with ∆𝑉 and ∆𝑃 are the detection thresholds. 

In fact, it is not necessary to scan all the Power-

voltage-curve to find the desired maximum point of 

power. For this reason, the points of voltage very 

close to Isc and Voc are not scanned. That is made by 

imposing the sliding mode controller to track the 

reference voltage, generated during the first time 

interval, except to not exceed 𝑉𝑠𝑢𝑝 and do not get off 

of  𝑉𝑖𝑛𝑓, see Fig. 2 and Fig. 5. Here, 𝑉𝑖𝑛𝑓 is supposed 

equal to 5V as a minimal voltage. While 𝑉𝑠𝑢𝑝 is the 

maximal voltage, this one can be found when the 

following condition is true: 

 

 
{
𝑉𝑝𝑣 ≥ 𝑉𝑐
𝑃𝑝𝑣 ≤ 𝑃𝑐

 (11) 
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Figure.4 Flowchart of the proposed SLG-SMC algorithm 

 

with 

Ppv : PV power. 

Vc : Constant variable supposed equal 17V.  

Pc : Constant variable supposed equal 5W. 
 

 
(a) 

 
(b) 

Figure.5 Power and voltage of the PV panel 

3.1 Sliding mode controller design 

The sliding mode command is a nonlinear 

controller that is able to control the nonlinear systems 

to pursue any reference signal. The SMC controller is 

designed in order to allow the controlled output 𝑦1 = 

Vpv to track the desired output y1ref  = Vref.  

The step design of SMC are as follows: 

Firstly, it must define the tracking error, this one is 

expressed as follows: 

 𝜀1 = 𝑦1 − 𝑦1𝑟𝑒𝑓 = 𝑉𝑝𝑣 − 𝑉𝑟𝑒𝑓 (12) 

 

Then, the sliding surface is defined: 

 

 
𝜎1 = (

𝑑𝑦1
𝑑𝑡

+ 𝜆1)
𝑟1−1

𝜀1 (13) 

 

with 

𝜆1 : Positive constant.  

𝑟1 : The relative degree, of the output y1, is equal 2. 

This degree is found by deriving the output y1 as a 

function of time until the control input 𝑢1  appears 

[11]. 

  

Thus, the sliding surface will be as follows: 

 

 
𝜎1 = (

𝑑𝑦1
𝑑𝑡

+ 𝜆1)
2−1

𝜀1 = 𝜀1̇ + 𝜆1𝜀1 (14) 

Thus: 

 𝜎1 = 𝑉̇𝑃𝑉 − 𝑉̇𝑟𝑒𝑓 + 𝜆1𝜀1 (15) 

Replacing Eq. (1) in Eq. (15): 

 
𝜎1 =

1

𝐶𝑝𝑣
(𝐼𝑝𝑣 − 𝐼𝐿1) − 𝑉̇𝑟𝑒𝑓 + 𝜆1𝜀1 (16) 

The time derivative of Eq. (16) is: 

 

 
𝜎̇1 =

1

𝐶𝑝𝑣
(𝐼𝑝̇𝑣 − 𝐼𝐿̇1) − 𝑉̈𝑟𝑒𝑓 + 𝜆1𝜀1̇ 

𝜎̇1 =
1

𝐶𝑝𝑣
(𝐹2𝑉̇𝑝𝑣 − 𝐼𝐿̇1) − 𝑉̈𝑟𝑒𝑓 + 𝜆1𝜀1̇ 

(17) 

with  

𝐹2 =
𝑑𝐼𝑝𝑣
𝑑𝑉𝑝𝑣

= −𝐼𝑠
𝑞

𝛼𝑁𝑠𝐾𝑇
exp (𝑞

𝑉𝑝𝑣
𝐴𝑁𝑠𝐾𝑇

) (18) 
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𝐼𝑝̇𝑣 =
𝑑𝑉𝑝𝑣
𝑑𝑡

=
𝑑𝐼𝑝𝑣
𝑑𝑉𝑝𝑣

𝑑𝑉𝑝𝑣
𝑑𝑡

= 𝐹2𝑉̇𝑝𝑣 

F2 is obtained considering that the resistance Rs 

negligible and Rsh infinite.  

The sliding mode exists if the attractiveness 

condition is true: 

 

 𝑉̇1 = 𝜎̇1𝜎1 < 0 (19) 

Therefore, the Lyapunov stability can be guaranteed 

if  𝑉̇1 = −𝐾1|𝜎1| in the closed loop. Which can be 

done if: 

 𝜎̇1 = −𝐾1𝑠𝑖𝑔𝑛(𝜎1) (20) 

where   

K1   : positive constant. 

sign : Signum function. 

So, replacing Eq. (17) in Eq. (20), the input control 

u1 can be found: 

 

𝑢1 = [𝐹3 +
1

𝐶𝑝𝑣
(𝐹2𝑉̇𝑝𝑣 −

1

𝐿1
𝑉𝑝𝑣) + 𝜆𝑉̇𝑝𝑣] 𝑍 + 1 (21) 

Considering that: 

{

𝐹3 = 𝐾1𝑠𝑖𝑛𝑔(𝜎1)

𝑍 =
𝐶𝑝𝑣𝐿1

𝑉𝑐1 + 𝑉𝑑𝑐
    

 (22) 

3.2 Grid Current control 

In order to obtain a unity power factor and to 

inject the sinusoidal current to the grid, this current 

should have the same shape and phase as the grid 

voltage. To achieve this, the sliding mode controller 

is designed. This one forces the output current to 

pursue a reference signal, which is the multiplication 

of the network voltage by a positive parameter 

generated by the PI controller (𝐼𝐺𝑟𝑒𝑓 = 𝛽. 𝑒𝐺 =

𝛽𝐸√2 sin(2𝜋𝑓)), which is used in order to regulate 

the DC bus voltage to track the desired reference 

voltage.  

3.2.1. Sliding mode controller design 

The steps design of the sliding mode controller 

are as follows: 

Define the tracking error 𝜀2: 

 𝜀2 = 𝑦2 − 𝑦2𝑟𝑒𝑓 = 𝐼𝐺 − 𝐼𝐺𝑟𝑒𝑓 (23) 

 

The sliding surface is expressed as follows:  

 

 
𝜎2 = (

𝑑𝑦2
𝑑𝑡

+ 𝜆2)
𝑟2−1

𝜀2 (24) 

with 

𝜆2 : Positive constant.  

𝑟2 : The relative degree of the output 𝑦2, it is equal 1. 

 

Thus, the sliding surface will be as follows: 

 

 
𝜎2 = (

𝑑𝑦2
𝑑𝑡

+ 𝜆2)
1−1

𝜀2 = 𝜀2 (25) 

 

The time derivative of Eq. (21) gives: 

 

 𝜎̇2 = 𝜀2̇ (26) 

 

Knowing that: 

 

 𝜀2̇ = 𝑦̇2 − 𝑦̇2𝑟𝑒𝑓 = 𝐼𝐺̇ − 𝐼𝐺̇𝑟𝑒𝑓 (27) 

 

So, replacing Eq. (1) in Eq. (27), 𝜀2̇ will be:  

 

𝜀2̇ =
(−𝑅𝐺𝐼𝐺 − 𝑒𝐺 + (2𝑢2 − 1)𝑉𝑑𝑐)

𝐿𝐺
− 𝐼𝐺̇𝑟𝑒𝑓 (28) 

 

The sliding mode exists if the following 

attractiveness condition is true: 

 

 𝑉̇2 = 𝜎̇2𝜎2 < 0 (29) 

 

The Lyapunov stability can be guaranteed if  𝑉̇2 =
−𝐾2|𝜎2| in the closed loop. Which can be done if: 

 

 𝜎̇2 = −𝐾2𝑠𝑖𝑔𝑛(𝜎2) (30) 

With  

K2 : positive constant. 

sign : Signum function. 

So, replacing Eq. (28) in Eq. (30), the input control u2 

can be found: 
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𝑢2 = [𝑅𝐺𝐼𝐺 + 𝑒𝐺 + 𝑉𝑑𝑐 + (𝜀2̇ +
𝑑𝐼𝑔𝑟𝑒𝑓

𝑑𝑡
)𝐿𝑔]

1

2𝑉𝑑𝑐
 (31) 

3.2.2. Proportional-integral controller 

The aim behind using this controller is to generate 

the ratio β that allow the 𝑉𝑑𝑐 to pursue the 𝑉𝑑𝑐𝑟𝑒𝑓, the 

block diagram of this PI controller block is illustrated 

in Fig. 6.  

 

The PI controller is defined by: 

 

 𝛽(𝑡) = 𝐾𝑝𝜀𝑑𝑐(𝑡) + 𝐾𝑖∫𝜀𝑑𝑐(𝑡) 𝑑𝑡 (32) 

 

with  

Ki , Kp : The positive regulation parameters.  

𝜀𝑑𝑐 : Error between 𝑉𝑑𝑐 and 𝑉𝑑𝑐𝑟𝑒𝑓, can be expressed 

as follows: 

 𝜀𝑑𝑐(𝑡) = 𝑉𝑑𝑐 − 𝑉𝑑𝑐𝑟𝑒𝑓   (33) 

3.3 Grid Current control 

The high-gain observer is proposed in order to 

replace some sensors used, which minimizes the 

corresponding electrical perturbations, cost and space. 

In fact, this observer needs only the PV current and 

voltage to estimate 𝑉𝐶1, 𝑉𝑑𝑐 and 𝐼𝐺.  

The dynamical model of the connected grid PV 

system can be expressed under the following 

canonical form: 

 

{
 
 
 

 
 
 
𝑥̇1 = 𝑎1(𝑢)𝑥2 +𝜑1(𝑥1, 𝑢)                         

𝑥̇2 = 𝑎2(𝑢)𝑥3 + 𝜑2(𝑥1, 𝑥2, 𝑢)                   

𝑥̇3 = 𝑎3(𝑢)𝑥4 + 𝜑3(𝑥1, 𝑥2, 𝑥3, 𝑢)            

𝑥̇4 = 𝑎4(𝑢)𝑥4 + 𝜑4(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑢)      

𝑥̇5 = 𝑎5(𝑢)𝑥5 + 𝜑5(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑢)

𝑥̇6 = 𝜑6(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6, 𝑢)              
𝑦 = 𝑥1                                                           

 (34) 

 

 
Figure.6 Regulation block of the DC voltage 

 

 

Using Eq. (1) and Eq. (34), it can be concluded that: 

𝑎1(𝑢) = −
1

𝐶𝑝𝑣
                

𝑎2(𝑢) = −
1

𝐿1
(1 − 𝑢1)   

𝑎3(𝑢) = −𝑢1
1

𝐶1
                

𝑎4(𝑢) = −(1 − 𝑢1)
1

𝐿2
    

𝑎5(𝑢) = −(2𝑢2 − 1)
1

𝐶𝑑𝑐

 

(35) 

And: 

𝜑1(𝑥, 𝑢) =
1

𝐶𝑝𝑣
𝐼𝑝𝑣                                                      

𝜑2(𝑥, 𝑢) =
1

𝐿1
𝑉𝑝𝑣 −

1

𝐿1
(1 − 𝑢1)𝑉𝑑𝑐                       

𝜑3(𝑥, 𝑢) =
1

𝐶1
(1 − 𝑢1)𝐼𝐿1                                       

𝜑4(𝑥, 𝑢) = 𝑢1
1

𝐿2
𝑉𝐶1                                                 

𝜑5(𝑥, 𝑢) =
1

𝐶𝑑𝑐
(𝐼𝐿1+𝐼𝐿2)(1 − 𝑢1)                        

𝜑6(𝑥, 𝑢) = (−𝑅𝐺𝐼𝐺 − 𝑒𝐺 + (2𝑢2 − 1)𝑉𝑑𝑐) /𝐿𝐺

 

(36) 

 

Thus, the following condensed form can be obtained: 

 

 
{
𝑥̇ = 𝐴(𝑢)𝑥 + 𝜑(𝑥, 𝑢)  

𝑦 = 𝐶𝑥
   (37) 

 

where: 

 

𝐴(𝑢) =

[
 
 
 
 
 
0𝑎1(𝑢) 0 0 0 0

0 0 𝑎2(𝑢) 0 0 0

0 0 0 𝑎3(𝑢) 0 0

0 0 0 0 𝑎4(𝑢) 0

0 0 0 0 0 𝑎5(𝑢)
0 0 0 0 0 0 ]

 
 
 
 
 

            𝐶 = [1 0 0 0 0 0]

         𝜑 = [𝜑1 𝜑2 𝜑3 𝜑4 𝜑5 𝜑6]𝑇

 

(38) 

 

Knowing that 𝜑(𝑥, 𝑢)  is the locally Lipchitz 

nonlinear function.  

Thus, the candidate observer of the Grid 

connected PV system can be described by the 

following dynamical system: 

 

{
𝑥ො̇ = 𝐴(𝑢)𝑥ො + 𝜑(𝑥ො, 𝑢) − 𝑆−1𝐶𝑇(𝐶𝑥ො − 𝑦)

𝑆̇ = −𝜃𝑆 − 𝐴𝑇(𝑢) − 𝑆𝐴(𝑢) +  𝐶𝑇𝐶        
         𝑦ො = 𝐶𝑥ො 

 (39) 

 

+ 
− 

PI controller × 
𝑉𝑑𝑐 

𝑉𝑑𝑐𝑟𝑒𝑓 𝑒𝐺 

𝛽 𝐼𝐺𝑟𝑒𝑓 
𝜀𝑑𝑐 
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where y and u are the measured output and input 

control, respectively. 𝑥ො is the estimated state. While 

S is the differential Lyapunov equation solution that 

is presented by the symmetric positive matrix. 𝜃 is 

the observer adjustment positive parameter.   

4. Simulations and results discussion 

In order to validate the proposed controller as well 

as the system, simulations are made under 

MATLAB/ Simulink environment. As can be seen in 

Fig. 7, the photovoltaic panel is supposed subjected 

to the uniform meteorological conditions during the 

first-time interval that is [0, 2s]. Then, between 2s 

and 5s second the PV panel is supposed subjected to 

the non-uniform meteorological conditions which 

means that the partial shading takes place during this 

period of time. 

Whenever the meteorological conditions change, 

the voltage reference varies rapidly from 0 to Voc, 

then returns the optimal voltage Vopt, see Fig. 8. 

During this time, the sliding mode controller 

regulates the duty cycle of the SEPIC converter in 

order to track this reference of voltage, which 

consequently allows this converter to reproduce the 

power-voltage curve at the terminals of the PV panel 

and to return the GMPP, as can be seen in Fig. 9 (a). 

So, this process repeats any time where the change of 

irradiation and/or temperature is detected. Therefore, 

the controller works properly with good tracking 

performances (rapidity and accuracy), also it can 

distinguish the GMPP and detect the meteorological 

conditions change.  

The input control that is the duty cycle of the 

SEPIC converter is depicted in Fig. 10. 

To prove the proposed controller efficiency 

improvement under the partial shading effect, this 

controller is compared with the Sliding mode 

controller combined with the P&O and IC algorithms, 

respectively, see Fig. 9(b). So, as can be seen in this 

figure, at t=2s, where the partial shading takes place, 

the P&O-sliding mode and IC-Sliding mode 

controllers are able to track the global maximum 

point of power, while at t=3s, these controllers fall at 

the local maximum point and make the high drop of 

the power. It can be concluded that these controllers 

cannot distinguish the global maximum point, but 

they can just track the maximum very close to the 

open-circuit voltage. However, the proposed 

controller is able to distinguish and track the global 

maximum point of power under uniform and 

nonuniform ambient meteorological conditions. 

Fig. 9 (c) shows the PV power curves of the 

proposed controller and the PSO-Backstepping 

controller. So, as this figure illustrates, the PSO-

Backstepping controller makes more iterations to 

find and track the global maximum points of power, 

which makes the system slow, while the proposed 

controller can scan and track rapidly the GMPP 

without any oscillation around this maximum. 

Fig. 11 illustrates the grid current as well as the 

grid voltage. As can be illustrated, the current has the 

same phase and shape as the grid voltage, which 

means that the unity power factor is ensured. 

As can be seen in Fig. 12, the grid current tracks 

rapidly and accurately the reference signal, which 

proves the aptitude and tracking performances of the 

sliding mode controller to pursue any reference 

trajectory. Fig. 13 depicts the DC bus voltage and the 

desired voltage reference, it is noted that the DC bus 

voltage pursues the reference of voltage, and makes a 

small overtaking during the meteorological 

conditions change. 

 

 
Figure.8 Voltage at the terminals of the PV panel 

 

Figure.7 Meteorological conditions in the PV panel 
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(a) 

 
(b) 

 
(c) 

Figure.9 Power at the terminals of the PV panel 

 

 
Figure.10 Input control of the SEPIC converter 

 

 
Figure.11 Grid current and voltage 

 
Figure.12 Grid current  

 

 
Figure.13 DC bus voltage  

 

 
Figure.14 Input control of the inverter 

 

The input control of the inverter is shown in Fig. 

14. Fig. 15 shows the estimated DC bus voltage (Vdc), 

the estimated voltage at the terminals of capacitor C1 

(VC1) and the estimated grid current IG. While Fig. 16 

shows the errors between the estimated and the actual 

states. Effectively, as can be seen, these errors are 

very small, which means that the high-gain observer 

can work properly. Therefore, it can be used instead 

of the current and voltages sensors. 

The regulators' parameters, as well as the 

parameters of the high-gain observer and the PV 

system, are given in Table. 2. 
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5. Conclusion 

An improved controller is proposed in this study. 

This one consists of the sliding mode controller and 

an algorithm called SLG.  

On the one hand, the proposed controller is compared 

with the hybrid MPPT controllers such as the P&O-

SMC and IC-SMC controllers. Results have shown 

that these controllers are not able to track the GMPP 

under the partial shading effect, while the proposed 

controller can distinguish the GMPP under uniform 

and non-uniform meteorological conditions.  

On the other hand, the proposed controller is 

compared with the most known algorithm which is 

the PSO combined with the Backstepping controller. 

Results have illustrated that this controller can track 

the GMPP, however this one takes more tracking 

time. While the proposed controller can track the 

GMPP in 40ms. Effectively, this time depends on the 

shading pattern.  

 

 
(a) 

 
(b) 

 
(c) 

Figure.15 Estimated: (a) Vdc, (b), VC1 and (C) IG 

 

 
(a) 

 
(b) 

 
(c) 

Figure.16 Estimation errors of: (a) Vdc (b) VC1 and (C) IG  

 
Table 2. Regulators and PV system parameters 

SEPIC and grid 

parameters 

Proposed regulators’  

parameters 

𝐶𝑝𝑣 = 440𝜇𝐹 𝐾1 = 9 × 10
4 

𝐶1 = 100𝜇𝐹 𝜆1 = 1000 

𝐿1 = 1𝑚𝐻 𝛥𝑃 = 0.1𝑊 

𝐶𝑑𝑐 = 1000𝜇𝐹 𝛥𝑉 = 0.1𝑉 

𝐿2 = 1 𝑚𝐻 𝐾2 = 210 

𝐿𝐺 = 2.2 𝑚𝐻 𝐾𝑝 = 0.001 

𝑅𝐺 = 0.47Ω 𝐾𝑖 = 0.1 

𝑒𝐺𝑚𝑎𝑥 = 90𝑉 𝜃 = 2 

𝑓 = 50𝐻𝑧  

 

On the other hand, this controller is combined 

with the high-gain observer in order to minimize 

number of sensors required. The PV system is then 

connected to the grid. The sliding mode controller is 

designed and used again to provide the unity power 

factor. While the DC bus voltage is regulated using 

the PI controller. The results have illustrated that the 

connection to the grid is ensured, and the sinusoidal 

current, with the same shape and phase as the voltage 

grid, is injected. The high-gain observer is used also 

to replace the grid current sensor. The high-gain 
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observer has shown its ability to properly replace 

some sensors of current and voltages.  

The proposed controller will be implemented in 

the external card in order to validate in the real time 

its aptitude to track the GMPP under changed 

meteorological conditions. 
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