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Abstract7

Maximum Power Point Tracking (MPPT) strategy is necessary to extract the maximum power

production of a Photovoltaic (PV) system. Since the PV has nonlinear dynamics, it is more

suitable to use a nonlinear MPPT controller to improve the tracking efficiency. The modelling and

control of most systems in real-time are not fully precise and introduce some variations such as :

the steady state error and ripples in the system outputs. In this paper, a classical sliding mode

controller has been designed and applied experimentally to the PV system to achieve the Maximum

Power Point (MPP). The results show that the system responses present chattering phenomena

with no negligible state error. In order to reduce these drawbacks (chattering and steady-state

error), an Integral Backstepping combined with a discontinuous Sliding Mode Controller (IBSMC)

is proposed and applied experimentally to the PV system. The obtained experimental results

for the two controllers are compared under the same weather conditions, in terms of chattering

phenomena and state error. As a result, the proposed hybrid controller (IBSMC) has achieved

high dynamic system performances. Moreover, the stability of this system has been proved using

Lyapunov stability criteria.

Keywords: Integral Backstepping Sliding Mode Control (IBSMC), PV, MPPT, Lyapunov8

criteria, Sliding Mode Control (SMC).9

1. Introduction10

Recently, the power produced by Photovoltaic (PV) systems has gained worldwide popularity11

for many reasons such as: the decrease of fossil fuels (gas and oil. . .), their abundant availability,12

and their eco-friendly aspect [1].13
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Besides, the generated PV power magnitude depends mainly on the variation of the weather15

conditions such as the temperature, humidity, and the amount of the received global solar radi-16

ations. Moreover, the choice of the controller’s types has also its effect on the system responses,17

more precisely in the MPPT mode [2].18

Generally, the term MPPT refers to the maximum power point tracking controller that is nec-19

essary to force a PV system to operate at its maximum power point. Nowadays, many MPPT20

techniques ranged from conventional and unconventional approaches has been proposed. the meth-21

ods proposed in the literature, and that guarantee the maximum power produced from PV panels,22

could be categorise as follow :23

First, the conventional control algorithms such as: incremental conductance [3], fractional short24

circuit current, open-circuit voltage, and Perturb an Observe (P&O)[4, 5], achieve the maximum25

point based on the P-V characteristic curve. In addition, hill-climbing algorithms are based on26

introducing a net, negative or positive (increase or decrease) values. However, the main issue of27

these algorithms is the system response fluctuations (produced power, load current. . . ). Even if28

the Maximum Power Point (MPP) is achieved, and by a consequence, the overall system will lose29

its efficiency and power quality.30

The second important category, namely ; Meta-Heuristic optimization techniques such as Salp31

Swarm algorithm (SSA), Grey wolf optimization (GWO), Genetic Algorithm (GA), Particle Swarm32

Optimization (PSO) and Ant Colony Optimization (ACO) [6, 7, 8, 9, 10] have been efficiently33

tested to search the maximum Power Point under partial shading conditions. Generally, they use34

the same procedure to optimize the maximum Power Point. Their efficiency depends strongly on35

the population of different individuals, from which each individual can represent a solution. A36

minimization process between each individual and their parents using a cost function is done for37

each iteration in order to achieve the best goal. The main advantage of these algorithms is that38

the chance of reaching the MPPT is very high [11].39

Moreover, other algorithms category which are widely used in the case of a shaded PV systems40

are the Artificial Intelligent AI and fuzzy logic controllers for MPPT applications [12]. In [13], an41

Artificial Neural Network (ANN) is used to detect the region containing the global MPP. After42

that, the P&O algorithm is introduced to find the optimum point of the maximum power. However,43

these algorithms decrease the system efficiency and are known by their implementation complexity44

[14]. On the other hand, fuzzy logic based control methods can do it better thanks to their short45

2



response time to reach the MPP [15, 16, 17] . However, the performances of theses systems depends46

strongly on logic condition (IF-Else) law bases.47

Consequently, many works have studied a different kind of MPPT strategies. From literature,48

we distinguish to main techniques. The first one is called a voltage-oriented MPPT (VO-MPPT)49

in cascade with a voltage controller, and the second one is called a current-oriented MPPT (CO-50

MPPT) in cascade with a current controller. In this case, the previous mentioned techniques such51

as: P&O,INC . . . ., will be used to generate the reference value (either current or voltage reference).52

Based on this review, linear controllers strategies can improve the efficiency of the system to53

find the MPP. The aim of using linear controllers is to adjust accurately the required MPPT duty54

cycle which improves the dynamic system performances. However, the controller’s performance55

depends entirely on their selected parameters in order to produce the maximum power. These56

parameters can be enhanced using optimization methods such as genetic algorithms, which are57

used for PID controller parameters optimization in [18]. Other linear control algorithms can be58

found such as Ziegler Nichols tuning method used to determine the optimal gain of PID controller59

to improve the P&O-MPPT performance of grid connected PV system [19]. However, despite the60

main advantages of linear controllers to solve the MPPT problems, they are not able to reduce the61

state error and ripples.62

This stability problem is due essentially to the nonlinear nature of the PV system. Linearization63

methods are proposed to model the converters with the assumption that they respond linearly to64

the varying duty cycle. However, they also experience nonlinear behaviour. Hence, as a solution,65

nonlinear controllers are introduced in several researches such as the backstepping and sliding mode66

control [20, 21, 22, 23, 24, 25, 26]. They are used to track the MPP of PV modules. The main67

advantage of these controllers is the robustness and stability of the overall system while tracking68

the MPP. However, the main drawbacks of such techniques are the important steady-state error69

and chattering phenomena.70

There are many sliding mode controllers that have been designed to cope with the steady-71

state error and chattering phenomenon. The traditional SMC with an integral action added to72

the sliding surface (ISMC) is proposed in [27]. The proposed ISMC has been compared with73

traditional SMC in terms of reducing the steady-state error. This controller offers a fixed frequency74

operating through PWM-based control. Nevertheless, chattering phenomenon and overshoot has75

been observed by using this controller (ISMC). Other works have added another integral action76
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term to the sliding surface (double integral) as illustrated in [28], in order to more reduce the steady-77

state error. This controller has achieved more minimization in the steady-state error. However,78

the amount of the overshooting increased considerably.79

In [29], the authors have proposed an adaptive integral derivative sliding mode (AIDSM) con-80

troller to eliminate the overshoot and minimize the steady-state fluctuation. The implementation81

of this controller by using the Hardware-in-loop (HIL) has performed a good performance in terms82

of eliminating the overshoot and the steady-state fluctuation. This controller has been compared83

with the conventional P&O method.84

Generally, the main drawbacks associated with the SMC family is that, in the case of imple-85

menting the rth-order sliding mode controller, the SMC needs knowledge of S, Ṡ, S̈..., S(r−1) nd86

and high implementation complexity.87

In [30], a backstepping controller with integral action has been proposed to extract the max-88

imum power produced from the PV system. This controller is very efficient and robust, but its89

performance depends totally on the system modelling accuracy. Additionally, in their contribu-90

tion, the authors used a non-inverting buck-boost as an interface between the PV system and load,91

which leads to a complex system model. Furthermore, the authors have assessed the controller92

performances by simulation without any experimental results.93

The principal objective of this paper is to alleviate these drawbacks using a proposed integral94

backstepping sliding mode controller (IBSMC). This controller is based on a combination of an95

integral backstepping and a discontinuous classical sliding mode controller. The proposed con-96

troller has been verified firstly by simulation tests using Matlab/Simulink software, in order to97

evaluate the ability of this controller to respond under fast irradiation condition changing, robust-98

ness and performance. Secondly, the performances of this controller (IBSMC) have been compared99

experimentally with traditional sliding mode in terms of reducing the steady-state error and the100

chattering phenomenon. The scheme of the global studied system is shown in Fig.1.101
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Figure 1: Global system scheme.

2. System modelling102

2.1. PV system modelling103

Photovoltaic system modelling is amply detailed in literature [31]. Hence, in this paper, we104

will present only the main equations that describe its electrical behavior.105

Figure 2: Equivalent PV circuit system based on the ohmic losses.
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The output current of this module is given by:106

ipv = Iph cellNpMp −NpMpI0|T exp

(
vM
NsMs

+Rcell
IM

NpMp

npnkb
T
q

)
(1)

2.2. Boost converter modelling107

Generally, the main role of using the DC-DC boost converter is to push the PV system to pro-108

duce the maximum power to the load. The differential classical equations expressed the dynamics109

of the boost converter are given as follows [32]:110  Ldi
dt

= −(1− d)Vc + Vpv

C dVc
dt

= (1− d)iL − Vc
R

(2)

Using the average mode over one switching period and assuming x1, x2 and d to be an average111

value of iL , Vc and u , which are defined as follows:112


x1 = 〈iL〉

x2 = 〈Vc〉

u = 〈d〉

(3)

So, Eq.(2) takes the following form:113

 ẋ1 = − (1−u)
L

x2 + Vpv
L

ẋ2 = (1−u)
C

x1 − x2
RC

(4)

This averaged state-space model will be used to the design different controllers (integral back-114

stepping sliding mode and classical sliding mode) considered in this paper.115

3. Different MPPT controllers design116

3.1. Proposed integral backstepping sliding mode controller design117

The controller is based on the combination of an integral backstepping and a discontinuous118

sliding mode. Its control scheme is shown in Fig.3. In fact, to achieve the MPP for the PV panel,119

the structured scheme of this controller is based principally on two loops; the first one is based120

on a simple conventional method P&O to generate the reference value of the MPPT-PV current121

(Ipv−ref ). For more smoothing the required MPPT duty cycle form, a second control loop based122

on a nonlinear IBSM controller is proposed to regulate the instantaneous PV current Ipv to its123
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reference MPPT value Ipv−ref and achieve consequently a smooth and an accurate MPPT duty124

cycle value of the boost converter. As a result, a smooth output PV power is produced to the load125

with improved power quality.126

 P&O algorithm 
Integral 

Backstepping
sliding mode 

PWM DC-DC Boost
converter 

First  control Loop Second  control Loop

Ipv

Vpv

x1ref ε uIBSCM
PWM
signal x1

Figure 3: The global proposed closed-loop system control.

The flowchart of the proposed controller algorithm is depicted in Fig.4.127

Start 

Measure (Ipv and Vpv)

Reference Current generation
by

(P&O)

e = x1ref - x1 Integral 

xref1

Backstepping
controller 

e

ζ

 DC-DC Boost
conerter 

Load 

x1

u

The discontinuous
Sliding Mode Control

Figure 4: IBSMC proposed algorithm.
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3.2. Reference MPPT PV current generated by a classical method (P&O)128

Known as the featuring effective and simplicity of the classical P&O technique. Hence, it is129

more suitable to generate the reference MPPT value of the PV current (which corresponds to the130

maximum peak of the PV power). The flowchart of P&O algorithm is shown in Fig.5.131

Start

Measure V(t), I(t)

calculate Power P(t)

P(t)>P(t-1)

I(t)>i(t-1) I(t)>i(t-1)

I(t)=I(t-1)+ delta II(t)=I(t-1)- delta I I(t)=I(t-1)- delta II(t)=I(t-1)+ delta I

Return

YesNo

YesNoNoYes

Figure 5: P&O algorithm.

3.3. Integral backstepping sliding mode control132

In this paper, a nonlinear backstepping sliding mode structure is enhanced by introducing an133

integral action and a discontinuous sliding mode term in order to minimize the actual PV current134

error between the output PV current and its reference MPPT current(Ipv−ref ) and to reduce the135

chattering ripples. The main role of the IBSM controller is to produce a smooth and an accurate136

duty cycle command value of the boost converter using the PV-MPPT current reference (Ipv−ref )137

value in order to force the PV system to track the maximum power point (MPPT) with a minimal138

state error and reduced chattering phenomena. The controller structure (see Fig. 4) contains139
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the reference MPPT current (Ipv−ref ) generated by classical method (P&O).Then, Based on the140

error of the PV current and its MPPT reference current, the IBSMS generate the required MPPT141

duty cycle (u)(see Fig.3.). The IBSMC output command (uIBSMC) includes two parts; equivalent142

integral backstepping (u) and discontinuous sliding mode (udis), as given in Eq.(5).143

uIBSMC = u+ udis (5)

Based on the IBSMC flowchart (Fig.4) , the error between the actual (x1 = Ipv) and the MPPT144

required output PV current (x1ref = Ipv−ref ), is writing as:145

ε1 = x1 − x1ref (6)

Our principal aim is to force this error to be zero. So and By deriving Eq. (6) and using Eq.146

(4), we obtain:147

ε̇1 = ẋ1 − ẋ1ref = −(1− u)

L
x2 +

Vpv
L
− ẋ1ref (7)

The addition of the integral action of ε1 the error term leads to:148

e1 = ε1 + ζ (8)

With the integral term written as follows:149

ζ =

∫ t

0

(x1 − x1ref )dt (9)

In order to guarantee the convergence of the error (ε1) to zero, the positive candidate of the150

Lyapunov function is chosen as:151

V1 =
1

2
ε21 +

1

2
κζ2 (10)

Where, κ is a positive definite real number which is needed to guarantee asymptotic system152

stability.This task is ensured if the time derivative of the Lyapunov function is always negative153

.The derivation of equation (10) gives:154

V̇1 = ε1ε̇1 + κζζ̇ (11)

By using the time derivative of Eq. (9) and Eq. (7), we get:155

V̇1 = ε1

(
−(1− u)

L
x2 +

Vpv
L
− ẋ1ref

)
+ κζ (x1 − x1ref ) (12)
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The replacement of Eq. (6) in Eq. (12) permits to write:156

V̇1 = ε1

(
−(1− u)

L
x2 +

Vpv
L
− ẋ1ref + κζ

)
(13)

In order to guarantee the asymptotic system stability,V̇1 must be negative, the term (− (1−u)
L

x2+157

Vpv
L
− ẋ1ref + κζ ) in Eq. (13), is expressed by the following equation:158

−(1− u)

L
x2 +

Vpv
L
− ẋ1ref + κζ = −k1ε1 (14)

Where k1is positive scalar. Therefore, V̇1 becomes:159

V̇1 = −K1ε
2
1 (15)

Rewriting Eq. (14) as:160

x2 =
L

(1− u)

(
Vpv
L
− ẋ1ref + κζ +K1ε1

)
(16)

Whereas Eq.(16) is chosen as the reference voltage of the capacitor voltage , and is rewritten in161

the following form:162

λ =
L

(1− u)

(
Vpv
L
− ẋ1ref + κζ +K1ε1

)
(17)

In order to guarantee the convergence of the actual value of the capacitor voltage (x2) to its163

reference MPPT value (λ), a capacitor voltage error ε2 is defined as follows:164

ε2 = x2 − λ (18)

Rewriting Eq. (17) as follow:165

x2 = λ+ ε2 (19)

By Laying Eq. (7) in Eq. (19), we obtain:166

ε̇1 = −(1− u)

L
(ε2 + λ) +

Vpv
L
− ẋ1ref (20)

The Replacement of λ from Eq. (17) in Eq. (20) gives:167

ε̇1 = −(1− u)

L
ε2 − κζ − k1ε1 (21)
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So, Eq. (11) can be rewritten as follow:168

V̇1 = ε1ε̇1 + κζζ̇ = −k1ε21 −
ε2ε1 (1− u)

L
(22)

The first term in Eq. (22) has always a negative definite form. However, we don’t have any169

information about the second term form. By using the time derivative of Eqs. (17) and (18), we170

obtain respectively the following expressions:171

ε̇2 = ẋ2 − λ̇ (23)

λ̇ =
L

(1− U)

(
V̇pv
L
− ẍ1ref + κζ̇ + k1ε̇1

)
− u̇

(1− u)2
L

(
Vpv
L
− ẋ1ref + κζ +K1ε1

)
(24)

By using Eqs. (6), (9), (17), (21) for simplifying λ̇ , we get:172

λ̇ =
L

(1− U)

(
k1

(
−(1− u)

L
ε2 − κζ −K1ε1

)
+
V̇pv
L
− ẍ1ref + κε1

)
− u̇

(1− u)
λ (25)

Putting λ̇ from Eq. (30) in Eq. (28), ε̇2 becomes:173

ε̇2 = ẋ2 −
L

(1− U)

(
k1

(
−(1− u)

L
ε2 − κζ −K1ε1

)
+
V̇pv
L
− ẍ1ref + κε1

)
− u̇

(1− u)
λ (26)

In order to ensure convergence of both ε2 and ε1 to 0, a new composite Lyapunov function174

V2 is defined, whose time derivative must be always negative in order to permit to the system to175

achieve the MPPT with a global stability guaranteed.176

V2 = V1 +
1

2
ε22 (27)

Taking the derivative of Eq.(27) and using Eq.(22) we obtain:177

V̇2 = V̇1 + ε2ε̇2 = −k1ε21 −
ε2ε1 (1− u)

L
+ ε2ε̇2 (28)

V̇2 = V̇1 + ε2ε̇2 = −k1ε21 + ε2

(
ε̇2 −

ε1 (1− u)

L

)
(29)

To guarantee that V̇2 has a negative form, we pose:178

ε̇2 −
ε1 (1− u)

L
= −k2ε1 (30)
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With K2 is a positive scalar, so V̇2 becomes:179

V̇2 = −k1ε21 − k2ε22 (31)

Putting Eqs. (4) and (26) in (30), we obtain :180

1
L
x1 (1− u)− x2

RC
+ k1ε1 + k1κζ

L
(1−u) + k21ε1

L
(1−u) −

V̇pv
(1−u) + (ẍ1ref − ε1) L

(1−u) + u̇
(1−u)λ− ε1

(1−u)
L

= −k2ε2
(32)

From Eq. (32), one can write:181

u̇ = (1−u)
λ

(
ε1

(1−u)
L

)
+ (1−u)

λ

(
−Lk1κζ

(1−u) −
k21ε1L

(1−u) + ε1
L

(1−u) −
L

(1−u) ẍ1ref

)
+ (1−u)

λ

(
V̇pv
L

+ ε1
(1−u)
L

)
+ (1−u)

λ

(
−k2ε2 − 1

L
x1 (1− u) + x2

RC
− k1ε2

)
(33)

Where λ 6= 0 and u ∈ [0, 1] .182

The integration of this last equation gives the required MPPT duty cycle value (u) (equivalent183

IBS command in Eq (5)). Since the boost duty cycle command (Eq(??)) is calculated based on184

Lyapunov criteria, the global system stability is always ensured.185

3.4. Discontinuous Sliding mode control186

In this section, the discontinuous sliding mode term (udis) in Eq(5) is determined. The surface187

of sliding is considered as follow:188

S = e1 = ε1 + ζ (34)

The main objective of using the discontinuous controller is to reduce the chattering ripples, in189

the case of considering the external disturbances. The discontinuous sliding mode control law can190

be written as follows[29]:191

udis = −k3
S

|S|+ δ
(35)

Where k3 is a large constant value which is chosen to ensure the system stability condition and δ192

is a small positive number which is designed using results of simulation and experiments, in order193

to reduce the chattering phenomena effect. Finally by adding Eq. (35) to the integration of the194

Eq. (??, the proposed integral backstepping sliding mode control output is given by:195

uIBSMC = u+ udis (36)
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4. Classical sliding mode196

In order to compare the performances of the proposed IBSMC and the classical sliding mode197

in terms of state error minimization and chattering phenomena reduction, this section is dedicated198

to describing briefly the structure a classical sliding mode controller. In this work, we have chosen199

to use a sliding mode strategy developed in [20]. Authors have proposed a simple sliding mode200

approach to achieve the maximum power point for the PV array. The different principal equations201

of this approach are given as follows:202

S1 = ε1 = x1 − x1ref (37)

u1 =
1

2
(1 + Sign(S1)) (38)

u1 =

 1 if S1 > 0

0 if S1 < 0

 (39)

Where S1 is the sliding surface and u is the signal control of the boost converter. The stability of203

this controller is analyzed based on the Lyapunov criteria in[20].204

5. Simulation results and discussions205

In order to prove the performances of the proposed controller, Matlab / SIMULINK is used206

to perform the system dynamic responses. Our main objective is to analyze and compare the207

performances of two nonlinear controllers (IBSMC and classical SMC) in order to track the208

MPP of PV panel under the same conditions of the weather. The studied system consists of209

a boost converter circuit feeding a resistor load. A PV panel that contains commercial PV mod-210

ules ”BISOLPVMonocrystalline/BMO300Wc”whose parameters panel are mentioned in Ta-211

ble.1.Moreover, Table.2 summarized the IBSMC controller parameters and the boost converter212

design. In order to compare the performances of the two controllers for MPP searching, two cases213

of the irradiation are considered (1000W/m2and 728W/m2) with a fixed temperature value of 25C0
214

(see Table 2). This simulation tests have been preformed to evaluate the ability and robustness of215

the proposed controller under fast irradiation condition changing.216
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Table 1: Parameters of PV module

Module Parameters Value

Power at MPP Pmpp(W ) 300

short circuit current Icc(A) 9.75

voltage at MPP Vmpp(V ) 31.9

current at MPP Impp(V ) 9.40

open circuit voltage Vco(A) 39.8

module yield ηM [%] 18,4

Table 2: Parameters of boost converter and controller

parameter value

k1 700

k2 8240.65

k3 0.01

k 1207

δ 0.5

Inductor,L 1 mH

Capacitor, C1 200 µF

capacitor , C2 2200 µF

load resistor,R 12 Ω

Fig.6 shows the I − V and P − V characteristics of the PV module with a fixed temperature217

and the two considered irradiation values.218
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Figure 6: a) PV module characteristics, b) Irradiation (W/m2).

In order to perform a comparison between IBSMC and SMC performances, the PV-current,219

PV-voltages, PV-power and load-power responses are considered. State error and chattering rip-220

ples are taken as a key factor to judge the goodness of the proposed controller. The obtained221

simulation results are shown in Fig.(7 and 8 ). From these figures, one can remark clearly that222

IBSMC has better dynamic performances comparatively to those of SMC. Moreover, from the223

zoomed figure of the PV-power (Fig.7(c)), the chattering phenomena and the state error have224

been reduced considerably in the case of using IBSMC. Practically, these improved performances225

are due essentially to the integral action and the discontinuous sliding mode controller integrated226

into the IBSMC structure. Indeed, the discontinuous sliding mode law affects clearly the chattering227

ripples that improve clearly the power quality and by the way ensure the stability of the overall228

system. The integral action has enhanced state error.229
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Figure 7: Different responses of the PV module in the case of IBSMC and SMC: a) PV- current (A), b) PV-voltage

(V), c) PV-power (W).
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(d)

Figure 8: Load-power(W) of the PV module in the case of IBSMC

6. Experimental results and discussions230

The experimental results are carried out on the basis of test bench existing in our laboratory.As231

shown in Fig.9. The list of material used in the experience is given hereafter:232

• dSPACE (Dsp1 and Dsp 2);233

• Variable resistive loads (load1 and load 2);234

• Voltage and current sensors;235

• DC-DC Boost converters (boost 1 and boost 2);236

• Two PV modules (PV1 and PV2) (see Fig.9);237

• Graphical User Interface (GUI1 and GUI2);238

• Device for PV module characteristics measurement (see Figs.10).239
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Figure 9: Different required devices used for practical experience.

Figure 10: Device for PV module characteristics measurement.
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6.1. Experimental measurement of the PV module characteristics240

6.2. Case of constant weather conditions241

The device, shown in 10, is used for the PV module characteristics measurement for irradiation242

of about 728W/m2 generated by an irradiation sensor available in the laboratory (see Fig.11). The243

obtained experimental PV characteristics (I − V and P − V ) for irradiation of (728W/m2) and a244

temperature of about 26C0 are presented in Fig 12. From these results, the practical maximum245

PV power which can be produced for the actual irradiation value (728W/m2) is about equal to246

215.4(W ) for a PV voltage and current equal to 29.89V and 7.2A respectively (see Fig.11).247

Vmax=29.89

Imax=7.2

Pmax=215.2

Vmax=29.89

Figure 11: Experimental PV characteristics (I − V and P − V ) at an irradiation of 728w/m2.
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In addition, the experimental irradiation curve given by the sensor is presented in Fig.12.248

Irr
ad

iat
ion

 (w
/m

²)

Figure 12: Experimental irradiation curve (W/m2).

6.3. Experimental results using the controllers249

The controller’s strategies developed previously are applied practically to the PV system. The250

IBSMC and SMC are tuned at the same time to control the PV current to follow its MPPT value251

and achieve consequently the maximum produced power. The different experimental PV responses252

are shown in Fig.13. The experimental results show that all different PV responses (PV −voltage,253

PV − current and PV − power) are following practically their MPPT values by applying the two254

controllers with the same weather practical conditions (irradiation and temperature).However, in255

the case of the IBSMC, the state error and the chattering phenomena are reduced considerably256

(see Fig.13 (b and c)). As a result, a smooth PV power form (very small chattering level) is257

achieved by the use of the IBSMC (see Fig.13(c) ). Elsewhere, the experimental load responses258

are depicted in Fig.14. From these results, one can remark that all load responses (load− current259

,load − voltage , load − power) follow their MPPT required values. In the case of using SMC,260

all the practical responses contain the chattering phenomena with a non nil state error, but these261

drawbacks are significantly reduced in the case of IBSMC (see Fig.14 (b and c)). In fact, a smooth262

load voltage and power are guaranteed for feeding the load. So, by using the IBSMC the power263

quality is suitably enhanced . Finally, comparing the curves of the PV- power(see Fig.13(c)) and264
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the load − power(see Fig.14(c)) , one can observe a little difference which is due to the system265

losses.266

(a)

(b)

SMC
IBSMC

(c)

Figure 13: Different experimental responses of the PV module in the case of IBSMC and SMC: a) PV-voltage (V),

b) PV-current (A), c) PV-power (W).
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(a)

(b)

(c)

Figure 14: Different experimental responses of the load in the case of IBSMC and SMC: a) Load-voltage (V), b)

Load-current (V), c) Load-power (W).

Finally, to show clearly the performances of the proposed controller, the obtained load power267

is measured through an oscilloscope and presented in Fig.16. The use of the IBSMC leads to an268
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improved power quality (smooth power curve).(see Fig.16)269

100W

SMC

IBSMC

Figure 15: Load power measurement of the load power in the case of the IBSMC and the SMC.

6.4. Case of variable weather conditions270

As a second test, the experiments were carried out by considering a large change in weather271

conditions (Duration of 4 hours) in a very cloudy day. To evaluate the performances of the proposed272

controller (IBSMC) in term of robustness, global stability and tracking the reference value. A273

comparison between SMC and IBSMC has been made in real-time under the same irradiation and274

temperature. The obtained experimental results for both controllers are shown in Fig 16. It can275

be seen that the use the proposed IBSMC controller allow, a great improvement of the load power276

quality, a high reduction of the chattering phenomenon and minimize the steady state-error.277
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Figure 16: Experimental load (Boost-power (W)).responses in the case of IBSMC and SMC under large variable

weather conditions.

7. Conclusion278

Nonlinear controllers are the most suitable for PV systems control. In this paper, a nonlinear279

Integral Backstepping Sliding Mode Controller (IBSMC) to achieve the PV MPP using DC-DC280

boost converter had been proposed. The current reference value at the MPP has been generated281

using a classical method (P&O) and the global stability of the system has been improved using282

Lyapunov stability criteria. The IBSMC controller is based on a combination of a discontinuous283

sliding mode and an integral backstepping to reduce simultaneously the chattering phenomena and284

minimize the steady-state error. The performances of the proposed controller have been applied285

and tested through simulations and experimental validation using a test bench. Furthermore, its286

performances have been compared experimentally with a nonlinear classical Sliding mode controller287

under the same weather conditions. The obtained experimental results demonstrate an improved288

steady-state error and chattering phenomena minimization, using the proposed controller. So, the289

MPP tracking is accurately achieved and the system power quality is suitably enhanced.290

Future work can be focused on the test experimentally the IBSMC performances under partial291

shading conditions and improving the system response time by optimizing the IBSMC controller292

parameters using optimization technique .293
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