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Abstract- This paper deals with the design, the analysis and the implementation of an integral terminal sliding mode 
controller. Such a controller is developed to track the peak power of a photovoltaic (PV) system. The selected nonlinear sliding 
surface is based on the derivative of the PV power with respect to the PV voltage. In addition, the development of the control 
law does not require the knowledge of the PV voltage or current reference which makes implement action simple. 
Experimental tests are carried out to demonstrate the efficiency of the proposed scheme. The main advantages of the proposed 
method can be summarized as: high accuracy or equivalently low steady state tracking error, fast response, simple control law, 
low complexity and implementation cost. Also, the obtained results show that the designed sliding mode controller is robust to 
environmental changes. 
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1. Introduction 

Energy demand is continuously increasing as a result of 
the development of industry, transport and demographic 
growth throughout the world. According to the majority of 
forecasters, commercial primary energy consumption is 
expected to double by 2030 and then triple by 2050. Thus, 
the production of energy is a central issue in our society with 
repercussions at all levels (economic, environmental, social 
...). 

Today, global energy production is based on more than 
85% of fissile energies (oil, coal, natural gas, uranium...). 
However, these are available in limited quantities and their 
depletion times are estimated to be few decades. In addition, 
the burning of fossil fuels causes an increase in greenhouse 
gas emissions that confronts the planet to global warming.  

The use of renewable energies for the production of 
electric power is an adequate solution to overcome the 
aforementioned disadvantages. Especially, photovoltaic 
energy, based on the direct conversion of light energy from 
the sun into electricity, is distinguished from other renewable 
energies by its significant energy potential. Furthermore, 

photovoltaic systems require little maintenance, are reliable, 
adjustable, non-polluting and silent. This energy is 
increasingly applied in various fields such as irrigation, 
public lighting and industrial or commercial facilities. 

To be used in a wide range of applications and to meet 
the economic constraints, the conversion chain of these 
energies must be robust and reliable, but also must have a 
high efficiency at a low cost. For this, we must extract a 
maximum power from the renewable source. This is possible 
if the renewable source works at its maximal power all the 
time. However, the maximum power point (MPP) varies 
according to several parameters such as the solar irradiation, 
the temperature and the nature of the load for the PV system. 

Various studies have addressed the problem of searching 
the operating point to get the maximum energy from the PV 
modules using different methods to ensure the tracking of the 
maximum power point. However, the nonlinearity of the PV 
modules current-voltage characteristic and their dependency 
on temperature and irradiation make the implementation of 
these methods very complex. If the transfer of power 
between the renewable energy sources and the load is not 
optimal, the overall system efficiency  will be greatly 
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affected. The literature on maximum power point tracking 
(MPPT) shows a variety of approaches. Several reviews [1-
15] on MPPT algorithms for PV system are available 
including both uniform and partial shading irradiation. These 
algorithms are analyzed and compared according to the 
tracking ability under environmental changes, the design and 
implementation difficulty, the precision, cost and the 
convergence speed. However, MPPT methods can be 
categorized as two-stages control methods (Fig.1) and one-
stage control methods (Fig.2). For the two stages methods, a 
first step is used to determine the reference voltage or current 
of the PV array using, for example, adaptive extremum 
seeking algorithm [16], incremental conductance method 
[17], incremental resistance method [18] and  artificial neural 
network method [19]. The second step is to regulate the 
output PV array voltage or current to the obtained reference 
point by means of a suitable control law [17; 20; 21]. The 
main disadvantage of this category is that the interaction 
between the two stages should be treated properly. For the 
one stage methods [22; 23], the development of the 
controller does not require knowledge of reference voltage or 
current. Consequently, their complexity of design and 
implementation is relatively low compared to the two stages 
control methods. Recently, several authors [24-27] have 
proposed different MPPT approaches based on the sliding 
mode theory. The selection of the sliding surface is based on 
the relationship 0PV PVdP dV = or 0PV PVdP dI = . In [20], a 
new strategy is proposed which reduces the requirement of 
voltage sensors. A new sliding mode controller for grid-
connected PV systems is proposed in [26]. This control 
system is based on the one-loop method. However, its 
chattering problem increases the voltage ripple of the PV 
module. Although these approaches are robust to 
environment changes and load variations, these controllers 
are not robust to system uncertainties. The results obtained 
by [26] suggest that the system state reaches the surface and 
produces a maximum power output persistently.  

This paper presents a one-stage integral terminal sliding 
mode controller for maximum power point tracking. The 
development of such a controller is performed by selecting a 
nonlinear sliding surface based on the equation. The 
organization of the paper is as follows. Section 2 provides 
the structure and the mathematical model of the studied PV 
system. The design and the analysis of the integral terminal 
sliding mode controller are the aims of section 3. Experiment 
results are given in section 4. Finally, conclusions end the 
paper. 

 

 

 

 

 

 

 
Fig. 1. Two-stages control method. 

 

 
 
 
 
 

 

 

Fig. 2. One-stage control method. 

2. System Description and Modeling 

Figure 3 shows the structure of the PV system studied in 
this work. This dispositive is composed of a PV generator, a 
DC/DC boost converter and a resistive load. 

 

 

 

 

 

 

 

 

Fig. 3. Photovoltaic system diagram. 

2.1. Photovoltaic generator model 

A PV module converts light energy into electrical 
energy. Its mathematical model is based on that of a solar 
cell since it is composed by a set of cells associated in series 
and/or parallel. The simplified nonlinear current-voltage 
characteristic of a PV module is governed by the following  
equations (1)-(3) [24]. 
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Where PVI  and PVV are the PV module output current 

and voltage, respectively. sN and 
pN are the numbers of the 

series and parallel cells, respectively. phI and 0I denote the 

light generated current and the reverse saturation current, 
respectively. q= 1.60217*10-19C is the electron charge, A is 
the ideality factor, K0=1.38*10-23J/K represents the 
Boltzmann's constant, T denotes the temperature of the 
photovoltaic module, scI  is the short-circuit cell current 
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temperature coefficient, G is the solar irradiance, 0rI
denotes the saturation current at reference temperature refT
and Eg=1.1 ev represents the semiconductor band-gap 
energy. In this work, the multicrystalline photovoltaic 
module BP Solar MSX 60 is adopted. Its technical 
specifications are grouped in table 1. The module is made of 
36 multicrystalline silicon solar cells configured as two 18 
cell series strings. 

Table 1. BP Solar MSX 60 specifications. 

Parameter  Value  

Maximum power mppP  
60[W] 

Short circuit current scI  3.8[A] 

Open circuit voltage ocV  21.1[V] 

Maximum voltage mppV  
17.1[V] 

Maximum current mppI  
3.5[A] 

Temperature coefficient  
of short circuit current iK  

6.5[mA/°C] 

P-N junction characteristic 

 factor A  

1.8 

 

2.2. DC/DC boost converter 
 

The structure of the adopted DC/DC converter (Figure 
3) is made up of an inductor L, two capacitors (C1, C2) and 
two switches (S, D). According to the state of S, two distinct 
operating phases of the converter can be distinguished. When 
the switch S is closed (ON) and the switch D is open (OFF), 
the current flowing through the inductance will increase 
linearly and an energy is stored in L. The capacitor C2 
supplies energy to the load. When the switch S is open (OFF) 
and the switch D is closed (ON), the energy stored in the 
inductance is transmitted to the capacitor and to the load. 
Applying Kirchoff's laws to the two above mentioned 
operating phases and using time average method, the 
dynamic behavior of the DC/DC boost converter is written as 
[20]: 

 

 

( )

( ) ( ) ( )

( ) ( ) ( )

1

1 1

2
2 2

1pv
pv L

L

C

dV
I I

dt C

dI
f x g x u t

dt
dV

f x g x u t
dt

= −

= +

= +

                                          (4) 

Where:

                              ( )1

2

1

1
1

pv c
L

c

c D
C

c

V R
f x I

RL L
R

R V
V

L R R L

= −

+

+ − −
+

⎛ ⎞
⎜ ⎟
⎝ ⎠

⎛ ⎞
⎜ ⎟
⎝ ⎠

                                  (5)

         

( )1 2

1
1

1

c c D
L C

c c

R R V
g x I V

R L R R LL
R

= − − +
+

+

⎛ ⎞
⎜ ⎟⎛ ⎞ ⎝ ⎠⎜ ⎟

⎝ ⎠

       (6)

                          

( )
( )2 2

2
2

1 1

1
L C

c c

f x I V
R C R RC
R

= +
+

+⎛ ⎞
⎜ ⎟
⎝ ⎠                    

(7)                                                                                       

( )2

2

1

1
L

c

g x I
R

C
R

= −

+⎛ ⎞
⎜ ⎟
⎝ ⎠

                                               (8) 

In the next section, an integral terminal sliding mode 
controller is presented to track the maximum power point of 
a photovoltaic system. 

 

3. Integral Terminal Sliding Mode Control 

Sliding mode control is robust to uncertainties and 
parametric variations. It is also simple to implement. The 
design of such a controller has two stages. In the first step, a 
sliding surface is chosen based on the control aims. In the 
second step, a control law is developed to fulfill some 
conditions. The sliding surface is adopted based on the 
equation (9) 
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Equation (9) can be written in another way as follows:
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For the integral terminal sliding mode controller, the 
following sliding surface σ is adopted: 
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Since, ( )0 1PVAV
PV phI I I e= − − , the following 

equations are obtained: 
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Where: 0
PVAVAI eϒ = −  

Insertion of Eq.(13), Eq.(14) and Eq.(15) into Eq.(12) 
yields: 
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 The formulation of a sliding mode controller must 
accomplish three conditions to ensure stability and sufficient 
performances which are transversality, equivalent control 
and reachability [25].  

 
3.1. Transversality condition 

The transversality evaluates the controllability of the 
system. To guarantee the capability of the controller to 
modify the system dynamics, the transversality condition 
Eq.(19) has to be ensured. 
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When deriving Eq.(16) with respect to u, we obtain: 
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Subsequently, the transversality condition is 
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It follows from Eq.(21) that the condition 
0PV PVI V+ ϒ ≠  can be hold for PV MPPV V≠ . From this, we 

can deduce that the sliding mode controller is able to bring 
the photovoltaic system to its MPP. 

3.2. Equivalent control condition 

Equivalent control condition analyzes the capacity of the 
system to stay inside the sliding surface σ . Its requires that 
the smooth feedback equ  of the discontinuous controller u is 
constrained within the operational limits. For a DC/DC 
converter, operational limits are 0 and 1. Therefore, the 
equivalent control condition is given by:
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Since the studied PV system includes a DC/DC boost 
converter, the condition in Eq.(26) is persistent. As a result, 
the equivalent control condition is accomplished. 

3.3. Reachability conditions 

The reachability conditions analyzes the capability of the 
system to achieve the sliding surface 0σ = , which must be 
fulfilled by appropriate switchings. According to [26], the 
sign of the transversality condition imposes the value of u for 
each reachability condition. 

As shown in Fig.4, tow cases can be distinguished: 

• If PV MPPV V< , then 0PV

PV

dP

dV
> and the transversality 

expression Eq.(20) is negative. Thus, the following 
reachability conditions must be fulfilled 
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Fig. 4. Sign of dPPV/dVPV at different positions. 

3.4. Stability analysis 

In order to drive the system to 0σ = , the control law u 
is chosen as follows: 

( )
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Where 0K >  and ( ) 0G x ≠ . 

Considering the lyapunov function 21
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derivative of Vσ is as follows: 
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By substituting  Eq.(29) in Eq.(30), we obtain: 

 

dV
K

dt
σ σ< −                                                                  (31) 

Therefore, σ  converges to zero at a finite time. As a 
result, the MPP voltage is reached. 

4. Simulation Results 

The PV and the associated boost converter together with the 
integral terminal sliding mode controller have been simulated 
in MATLAB/Simulink software. The specific solar panel 
utilized in this research is BP Solar MSX60 PV module. The 
parameters required to model the PV array were gathered 
from its manufacturer’s data sheet, and are listed in Table 1. 
The DC/DC boost converter is made up of an inductor 

5L mH= , an input capacitor 1 500C Fµ= , an output 

capacitor 2 2200C Fµ= and a resistive load 20R = Ω . 
The synthesis parameters of the integral terminal sliding 
mode controller are selected to be 13p = , 15q =  and 

2α = . 

The proposed method is compared with conventional 
methods: perturb and observe method (P&O) and 
incremental conductance (INC) method.  

Figures 5 and 6 show the performance comparison of the 
proposed Integral terminal sliding mode (ITSMC) MPPT 
with conventional methods (P&O and INC) under a constant 
cell temperature of 25°C, with solar irradiation (W/m²) 
changed from 800→1000→800 every 0.2 s. It can be seen 
from this comparison that the P&O and INC methods are still 
slower and have larger oscillation compared to the sliding 
mode control based method. 

 
Fig.5. PV module output voltage with ITSMC, P&O and 

INC methods. 
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Fig.6. PV module output power with ITSMC, P&O and INC 

methods. 

 

5. Experiment Results 

In order to implement the developed controller, an 
experimental test bench was designed as shown in Figure 7. 
The constructed prototype consists of a programmable DC 
voltage supply (CHROMA 6200H), a DC / DC Boost 
converter controlled by a Dspace DS1104 real-time card and 
a resistive load. The programmable DC source operates as a 
PV emulator instead of solar panels. The DS1104 acquisition 
card communicates between the system and a computer by 
using the Matlab / Simulink and Control Desk software tools.  

 

Also, some accessories have been used for measuring 
and visualization: A LEM PR30 current sensor was used for 
measuring the output current at the output of the PV 
emulator; An ST 1000 2-way differential sensor was used to 
measure the input and output voltages of the converter. The 
MPPT algorithms was implemented in the DS1104 board to 
generate the MLI signal which actuates the trigger of the 
Boost IGBT. A Tektronix oscilloscope is used to visualize 
the various system variables. 

Figure 8 illustrates a synoptic scheme of the 
experimental prototype. From this figure it can be seen that 
the sensors measure the current and the voltage at the 
terminals of the PV source and the voltage of the load. These 
measurements are used by the MPPT algorithm to generate 
an MLI signal to control the converter. The developed 
maximum power point algorithm is performed 
experimentally. The DC/DC boost converter is made up of 
an inductor 5L mH= , an input capacitor 1 500C Fµ= , 

an output capacitor 2 2200C Fµ= and a resistive load 

20R = Ω . The synthesis parameters of the integral terminal 
sliding mode controller are selected to be 13p = , 15q =  
and 2α = . The converter switching frequency is chosen to 
be 5 kHz. The photovoltaic system is tested under constant 
and varying solar irradiation. 

 

 
 
 
 

 

Fig. 7. Experimental test bench diagram. 
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Fig.8. Synoptic scheme of the experimental prototype. 

First test: Constant solar irradiation 

The test is carried out under standard conditions (
21000 /G W m= and 25T C= ° ). Figures 9 to 13 depict the 

real results of the output photovoltaic module voltage, 
current and power. From these curves, we can see that the 
proposed algorithm achieves the maximum power point 
after 0.3 sec. moreover, The steady state is characterized 
by an accurate and less oscillating behavior. As shown in 
Fig.12, the duty cycle has a adequate behavior without 
overshoot. Figure 13 outlines the evolution of the sliding 
surface which converges to zero when the maximum 
power is reached. 

 
Fig. 9. PV module output voltage under constant radiance. 

 
Fig.10. PV module output current under constant radiance. 

 
Fig.11. PV module output power under constant radiance. 
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Fig. 12. Duty cycle. 

 
Fig. 13. Sliding surface 

Second test: Varying solar irradiation 

In the second test, the designed control law is tested 
under solar irradiation changes. Indeed, the irradiance G 
changes from 800W/m2  to 1000W/m2 and then dropped to 
800W/m2. Figures 14 to 18 illustrate the results relative to 
the application of the developed approach to the designed 
photovoltaic system. By examinating the different curves, 
we can confirm the ability of the control law to track the 
maximum power. Indeed, the PV power reaches the 
maximum power point with an accurate transient phase, 
and a low power tracking error is also illustrated. 
Moreover, the steady state operation is characterized by 
slight fluctuations. 

 

Fig. 14. PV module output voltage under varying radiance. 

 
Fig. 15. PV module output current under varying radiance. 

 
Fig.16. PV module output power under varying radiance. 

 
Fig.17. Duty cycle. 

 
Fig. 18. Sliding Surface. 
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6. Conclusions 

This work illustrates a control approach, based on the 
variable structure theory, in order to track the maximum 
power point of a photovoltaic system. The sliding surface 
was chosen based on the equation 0PV PVdP dV =  . 
Furthermore, the synthesis of the controller does not need 
the knowledge of the photovoltaic module voltage or 
current reference. Besides, a comprehensive analysis of the 
controller is presented. The developed algorithm was 
validated on an experimental test bench which includes a 
PV emulator, a DC/DC boost converter, a resistive load, 
voltage and current sensors and a Dspace DS1104 ensuring 
the communication between the control and the power 
parts of the system. The effectiveness of the controller was 
demonstrated under constant and varying solar irradiation 
levels. The obtained results confirm that the proposed 
approach ensures a fast and an accurate tracking of the 
maximum power point  under constant or variable 
irradiance conditions. 
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