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ABSTRACT

The cost of the solar photovoltaic energy production is quite
high and its efficiency is very low, hence the need to optimize
the conversion process. This paper presents the synthesis of a
robust control law for regulation of the photovoltaic voltage
which is added to a MPPT algorithm to maximize power
generated. The simulation results under Simulink confirm the
efficiency and robustness of the proposed control.

General Terms
Photovoltaic systems, Maximum Power Point Tracking,
Nonlinear control, Robust control.

Keywords
Photovoltaic systems, Robust control, Sliding mode control,
Photovoltaic power, Perturb and observe MPPT algorithm.

1. INTRODUCTION

Photovoltaic solar energy is one of the most dynamic markets
of the renewable energy sector. It represents an alternative to
traditional methods of producing electrical energy, which emit
combustion wastes and pollutants harmful to the ecosystem.

Solar energy can be converted into electricity using solar
panels which are made of photovoltaic (PV) cells. However,
the conversion efficiency is low and the panels manufacturing
cost is relatively high. For this reason, the photovoltaic energy
conversion must be optimized to the maximum.

The power characteristic of a panel or PV generator (PVG) is
nonlinear. It is characterized by a particular point at which the
power supplied by the PVG is maximum. This point is usually
noted MPP for Maximum Power Point. The MPPT
(Maximum Power Point Tracker) is an electronic device
which aims to maintain the system operating point as close to
the MPP. In the literature, there are several MPPT control
algorithms, the most used is the Perturb and Observe
algorithm (P&O).

The purpose of this article is the synthesis of a robust and
optimal control law for the photovoltaic voltage regulation. It
comes to the sliding mode control. This control law is added
to the MPPT algorithm to optimize energy conversion
minimizing power loss.

This paper is organized as follows: the photovoltaic generator
is described in Part 2. The matching stage between PVG and a
load is presented in Part 3. The MPPT converter together with
the P&O MPPT algorithm is outlined in part 4. The synthesis
of a robust control for regulating the PV voltage and the
simulation results are detailed in Section 5, followed by a
conclusion in the last section.

2. PHOTOVOLTAIC GENERATOR

The PV cell is the basic element of a PV system. A plurality
of electrically interconnected cells forms a PV module,
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several modules form a panel and several panels form a PV
array. The term PV generator (PVG) is used in this article to
designate a module or a PV panel.

2.1 Modeling of the PVG

Figure 1. PV module (PVG)

A PV panel is formed by properly connecting several PV
cells. The mathematical model of the PVG is given by :
[1,2,3,4,5,6,7,12,17] :

- .{Hp[vxvmﬂ 0
sVth

2.2 Current/Voltage (1/V) Characteristic of
the PVG

Figure 2 shows the 1I/V characteristics of a PVG and a
resistive load R. The characteristic of R is a line of slope 1/R.
The operating point is located at the intersection of the two
curves. In the AB region of the curve the PVG behaves as a
current generator and in the CD region it behaves like a
voltage source. In the intermediate zone BC, the characteristic
of the PVG is nonlinear, it is in this area that we find the MPP
(Maximum Power Point) for which the PVG provide its full
power for certain atmospheric conditions. The resistance
value corresponding to this point is denoted R, [5].
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Figure 2. 1/V Characteristics of the PVG and a resistive
load

In practice, in the case of a direct coupling of a PVG and a
load, the OP rarely coincides with the MPP. For this reason, a
matching stage, to transfer maximum power from the source
to the load is necessary.

3. MATCHING STAGE BETWEEN A
PVG AND A LOAD

The commonly used adapter in PV systems is a static DC/DC
power converter. It ensures, through a control action, the
transfer of the maximum of electrical power to the load. The
structure of the converter is determined according to the
nature of the supplied load. In this article we focus on the
step-down DC/DC converter (Buck converter).

3.1 DC/DC Buck converter

Figure 3 shows the representation of a DC / DC converter,
which can be used as an interface between PVG and the load

[1,8,9,10,11].
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Figure 3. DC/DC converter between PVG and a load

A Buck converter (figure 4) is a switching power supply
which converts a DC voltage into another DC voltage of
lower value. This type of converter is used as an adapter
between the source and the load, when the OP is to the left of
the MPP in direct coupling.
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Figure 4. Electrical circuit of a Buck converter

In this case, the voltage across the load in continuous
conduction mode is given by:
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Where D =t,,/T :isthe dutycycle (0 <D < 1)
T = ton + topy - is the switching period

4., THE MPPT CONVERTER

The power delivered by a PVG depends greatly on the level of
sunshine, temperature and also the nature of the load supplied.
It is therefore highly unpredictable. The power characteristic
(figure 5) presents a maximum at the point Pyax
corresponding to the MPP.

P
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Figure 5. Power Characteristic of the GPV

The MPP position, depending on the various factors is never
constant over time. The role of the DC/DC converter is to
maintain the OP as close to the MPP for any operating
conditions. An appropriate command will achieve this goal.
Then we obtain a MPPT converter (Maximum Power Point
Tracker). The MPPT converter is a power conversion system
with a control algorithm for extracting the maximum power
from the PVG [1,8,9,10,11]. It regulates the input voltage V.
The reference voltage is then imposed by the control
algorithm.

41 The Perturb and Observe MPPT
algorithm (P&O)

The P&O method is generally the most used because of its
simplicity and ease of implementation [2,4,14,15,16]. As its
name indicates, this method works by perturbing the system
and observing the impact on output power of PVG. In figure
6, one sees that if the operating voltage is perturbed in a given
direction and that the power increases (dP/dV > 0), then it
is clear that the perturbation has moved the operating point
toward the MPP. The P&O algorithm will continue to perturb
the tension in the same direction. By cons, if the power drops
(dP/dV < 0) then the perturbation has moved the operating
point away from the MPP. The algorithm will reverse the
direction of the next perturbation.
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Figure 6. Sign of dP/dV at different positions of the power
characteristic curve

The process is periodically repeated until the MPP is reached.
The system oscillates then around the MPP, which causes
power loss. The oscillation can be minimized by decreasing
the size of the perturbation. However, a too small perturbation
slows considerably tracking the MPP. Then there is a
compromise between accuracy and speed [16].

5. SYNTHESIS OF A ROBUST
CONTROL FOR PHOTOVOLTAIC
VOLTAGE REGULATION

The switching power converters represent a particular class of
variable structure systems (VSS). The latter are by definition
nonlinear discrete systems that change structure or appear as
various continuous nonlinear systems according to the state of
the system [18]. Therefore, these converters can take
advantage of nonlinear control techniques developed for this
class of systems. Indeed, the power converters being endowed
with a switching device, it is easy to design a discontinuous
control law. The Sliding Mode Control (SMC) appeared in the
Soviet Union in the 60s, which comes from the theory of VSS,
allows accomplishing this task. This command leads to
stability even in the presence of large variations in the supply
or load, to good dynamic response and a simple
implementation [19,20,21].

The system used for our study consists of the Sharp SH-80 PV
panel whose characteristics are given in Table 1, of a buck
converter as an interface of adaptation and a lead acid battery
with a voltage of 12 V as a load.

5.1 Modelling of DC/DC buck converter

The average model of the buck converter is given by the
expression (3), withx = [x¥1 %2]T = [l Vpy ]7 [9,11].

dx;, D Vpat

ar LTl

dx, 1 D ®
dt  RyC 2 ¢t

with 0 =——: equivalent load connected to PVG.
Vpae * battery voltage.

The expression (3) can be written in the form of a nonlinear
time varying system.

x=fx)+gk)d+H

X2
0 L
Where : f(x) = . ,g(x) = )
1
vacl - C_l
_ Vbat
L
H =
0

5.2 System Simulation
To perform the system simulation, one used the component
library for standalone photovoltaic systems (Photovoltaic
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Systems  Toolbox) that have been developed in
Matlab/Simulink of Mathworks [17].

The PVG chosen for the simulation is a 36 polycrystalline
silicon cells module with a maximum power of 80W. lIts
parameters are given in Table 1.

TABLE I.
Number of cells 36 in series

Open circuit voltage (Vo) 21.6V
Lo 5.16A

Short circuit current (ls)
MPP voltage (Vmee) 17.3v
MPP Current (Ivep) 4.63A
Maximum Power (Pweep) 80W

Regarding the parameters of Buck converter, their values are:
L=120uH, C;=660uF, C,=100uF.
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Figure 7. Piecewise linear approximation of the PVG I/V
characteristic

To simplify the analysis, one used a piecewise linear
approximation of the PVG 1/V characteristic (Figure 7). The
I/V curve is divided into four regions: current source region,
power region I, power region Il and voltage source region. In
general, the normal operation of the MPPT converter starts
from the voltage source region before moving to power
regions | and Il and remain there in steady state.

The simulation results using the linearized model are shown
below. The figures illustrate the transient step response (open-
loop) in the power regions for a 2% change in the duty cycle.
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Figure 8. System response in the power region 11
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Figure 9. System response in the power region |

One sees that in the power region Il, the answer is averagely
damped, while in power region I, it is slightly damped. The
settling time is thereby affected. However, the settling time is
an important parameter for the MPPT algorithm. In addition,
the observed oscillations generate a loss of the power
generated by the PVG, which is not desirable.

The time response of the system can be improved by using an
appropriate control law.

5.3 Synthesis of sliding mode control

The figure below illustrates the overall control loop which
includes the MPPT algorithm and the control law which will
be synthetized in this section. The algorithm provides the
reference voltage which is a tracking of the MPP. The control
merely ensures voltage regulation according to specifications.
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Figure 10. Overall control loop

The switching function that we have chosen is the following:

a(x) = Xp — Vref 4)

In our case, the reference voltage V.. is provided by the P&O
MPPT algorithm.

The control law used in this case is described by:

1 g=>0
D= Q)
0 <0

Indeed, if ¢ > 0 then the OP is on the right of the voltage
Vyer, the command must move it to the left. This is only
possible if D = 1. By cons, if ¢ < 0 then the OP is on the left
of the voltage V;.., the control must move it to the right. This
is possible only if D = 0.

5.3.1 Existence of sliding mode
Let us use the following quadratic Lyapunov function
candidate:

V(x) = écr(x)2 >0 (positive definite)

The condition of attractiveness is given by:

V(x) = o(x)o(x) <0 Vo) #0 (6)
5 = i =21 ™)

For (x) > 0 : In this case, the OP is to the right of the voltage
Vrer and the control D = 1. This leads the OP towards the left
implying decrease in the voltage V,,:

%<0=>a’(x)<o (8)
Whence: g(x)d(x) <0 C)

For (x) < 0 : In this case, the OP is to the left of the voltage
Vrer and the control D = 0. This leads the OP towards the
right implying increase in the voltage },,,:

AVyy

>0 = d(x) >0 (10)

Whence: a(x)d(x) <0

One concludes that the system is asymptotically stable.
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The expression of the equivalent control d,, proposed by
Filippov is obtained from the condition:

) =0= %, =0

X2 Ipv
— = = —
deq Rpors I avecl, #0 (11)

5.3.2 Simulation Results

Figure 11 shows the simulation results for a sudden change in
the radiation from 500 W/m2 to 750 W/m? and then to 650
W/m2. In this case, one used the improved P&O algorithm that
we have established in [22] with a MPPT frequency of 1 kHz
and a perturbation step of 0.4V. The controller regulates the
photovoltaic voltage efficiently and optimally thereby
avoiding the loss of power caused by the oscillation due to the
MPPT algorithm. This indicates the robustness of the
synthesized control.
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Figure 11. Simulation result of the SMC using a MPPT
algorithm for a sudden change in the radiation

The simulation result for a progressive change in radiation is
shown above. One sees that the control succeeds to a better
regulation of the PV voltage. One also distinguishes the
oscillation around the MPP which characterize the MPPT
algorithm used.
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Figure 12. Simulation result of the SMC using a MPPT
algorithm for a progressif change in the radiation
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6. CONCLUSION

In this article, a robust regulation of the photovoltaic voltage
using the sliding mode control in the context of a MPPT
algorithm has bheen presented. The component library
"Photovoltaic Systems Toolbox" was used to perform the
simulation. The simulation results in Simulink showed the
effectiveness of the proposed control law.
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