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Abstract

This paper proposes a control strategy of a maximum power
point of a stand-alone PV system using the sliding mode
control technique. This control technique has proved to be
very robust with respect to system parameter variations and
external disturbances, and provide a simple control law
design. The structure selected of the control law is a
configuration using the principle of the equivalent and non
linear control. The efficiency of the proposed control
approach is verified and compared with the traditional P&O
technique, through have

simulations, shown good

performances of the system.
1. Introduction

Recently, the PV system attracted a special interest as a clean
energy resource. However, the output density of the PV is low
and the power delivered depends highly on the irradiance,
temperature, and shadowing conditions. The PV panel has a
nonlinear characteristic, and the power has several local
maximum power points (MPP) in the I-P characteristic under
non-uniform insolation; thereby M PP tracking should be used to
track its changes.

Many MPP tracking techniques have been reported in the
literature for tracking the optimal operating point, in order to
extract the maximum energy from the PV modules. The reference
[1] grouped these methods on three classes: the indirect control,
the direct control and the artificial intelligence methods. Some of
these, with their advantages and disadvantages, are recapitulated
in[1,2].

In this paper, a developed sliding mode control strategy is
applied to maximize the power extracted from the PV module.
This control technique has proved to be very robust with
respect to system parameter variations and external
disturbances. Other recent example of sliding mode utilized for
PV control applications can be found in [3-5].

This paper is organized as follows: the first section describe
the PV characteristic. The second one gives the non linear model
of the system. Then, the sliding mode control approach is given
in the third section. Finally, simulations results are used to

illustrate the validity of the proposed approach.
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2. PV Characteristic

The solar panel used in this work is one of a ten panels
installed on the roof of the laboratory research unit (RME) at
INSAT. It has a rated power of 50W.

The electrical behaviour of the photovoltaic cell may be
simply modelled by a nonlinear current source connected in
series with the intrinsic cell series resistance. The characteristic
equation for the current and voltage of a PV array conducts as a
function of solar irradiance and cell temperature is described as
follows [6, 7]
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In which i,, is the PV array output current, v, is the PV
array output voltage,n, represents the number of parallel

modules, each one is constituted by » D cells connected in series,

q is the electronic charge, K is Boltzmann’s constant, 7 is the
cell temperature in Kelvin, £ is the insolation in mW/cm? and
A is the ideal p—n junction factor. The cell reverse saturation

current [, and the photocurrent /,,, are given by the following

expressions:
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Where [, is the reverse saturation current at the reference

temperature 7., E,, is the

band-gap energy of the

semiconductor, /. is the short-circuit cell current at reference
temperature and insolation, and K; is the short-circuit current

temperature coefficient.
The PV cell temperature is given by the following equation

[8]:
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Where T, is the
nominal operating cell temperature, T, yocr
temperature at which the NOCT is defined (20°C), Gy yocr 18

the solar radiation at which the NOCT is defined (0.8 kW/m2),
t is the solar transmittance of any cover over the PV array (%),

is the ambient temperature, T, yocr

is the ambient

o is the solar absorptance of the PV array (%), the product of
the solar absorptance and the solar transmittance is 0.9 or 90%,
and M, src is the MPP efficiency under standard test

conditions, it is given by:

L (5)

nmp,STC =
AvaT,STC

Where 4,, is the surface area of the PV module (m2 )
Gy src s the incident radiation at standard test conditions (1
kW/m?) and Y,, is the rated capacity of the PV panel (kW).

Figure 1 shows the dependence of a typical current versus
voltage characteristic on solar irradiation and temperature.
For radiation varying between 40mW/cm? and 80mW/cm?, we

obtain experimental characteristics iy, = f (va) for a

temperature between 15°C and 16°C (black curve) and for a
temperature between 31°C and 33°C (blue curve in dotted
line), Figure 1. These characteristics have been reported in
December 2009 and on July 2010.

We note that the solar irradiance has preeminent influence on
the short-circuit current unlike the open circuit voltage remains
virtually constant.

The temperature increase has a negative influence on the
energy supplied by the panel. The open-circuit voltage decreases
with increasing temperature. This voltage reduction causes
consequently a decrease of power.
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Fig. 1. PV characteristic under different irradiance levels and
under different temperature

3. System modeling

The stand-alone PV power system adopted in this study is
shown in Figure 2. It’s constituted by a PV module, a DC/DC
buck converter and a battery bank. The DC/DC converter is used
to increase the efficiency of the system by controlling,
indirectly, the operation point of the PV module. Through
adjusting the duty cycle of the converter, we can thus regulate
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the PV module output voltage to the MPP and, therefore, affects
the output power of the PV array module.
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Buck converter

PV panel Battery bank

Fig. 2. Structure of the stand-alone PV system

The stand-alone PV system dynamic equation can be
expressed as follows:

Iy, i
PV )
Vyy =————U
meoc oC
) (6)
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Where i, and v, are the current and voltage at the output

terminals of the buck converter, u is the duty ratio.
Modeling the battery bank as a voltage source Ej connected

in series with a resistance R;, and a capacitor C, [9]. The
voltage on the dc bus terminals is given by:
Vp = Eb + Ve + Rbio (7)

v, is the voltage on Cj, .

c
A complete nonlinear dynamical model of the stand-alone PV

system may be written as:

)'c=F(x,t)+G(x,t)u(t) )
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The stand-alone PV system has a nonlinear characteristic, and
the power has a MPP at a certain working point. The control
law adopted in this study to track the maximum power from the
PV panel is based on the sliding mode control approach.

4. Sliding mode control approach

The sliding mode control consists in bringing the trajectory of
state of the considered system towards a sliding surface. When
the state is maintained on this surface, the system is in sliding
mode, its dynamics is then insensitive to some classes of external
disturbances and parameter variations as long as the conditions
of the sliding mode are assured.

The implementation of this method of control requires mainly
three steps:

o selecting the sliding surface s(x,£)=0 (where x is the
system’s state vector).

e guarantying the condition of convergence towards the
sliding surface which called reaching condition. It’s given by:

$(x)3(x) <0 ©)

e designing the control law
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Before beginning the design of the sliding mode control law,
we will synthesize the sliding surface. As the principal goal is to
track the MPP of the PV panel, the condition of the MPP is
given by:

% _ 5(ipv (VPV)VPV) 6ipv

= =——v,  +i,, =0 10
avpv 6va avpv pv pv ( )
The sliding surface must be:
Oi
s(x): 2y +i,, (11)
OV per

Based on the observation of duty cycle versus PV power and
sliding surface as depicted in Figure 3, the sliding surface is
negative for higher duty cycle and positive for lower duty cycle.

Fig. 3. Evolution of sliding surface versus duty cycle

The control law selected is a configuration using the principle

of the equivalent u,, and non linear control u, :

u(t) =y, +u, (12)

The equivalent component is calculated by assuming that the
behavior of the system during the sliding mode is described by:

$(x)=0 (13)
The equivalent control can be given by [10]:
-1
Os Os
ueq(l)=Ha}G(x,l)} aF(x,t) (14)

The dynamics of the system during the sliding mode are given
as follows:

x= [1 - G(x,t)(% G(x,t))_l(%)}F(x,t) (15)

The non linear component u, is given to guarantee the
reaching condition. It is given by [11]:
u, = —k|s|o— sign(s)
Where: 0<o <land k>0
After development,

(16)

the expression of the equivalent
component is given by:

-1
i
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Since the range of duty cycle is between 0 and 1, the final

(17

control law is given by:
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1 Uey —k‘s‘asign(s)zl
U=l — k‘s‘a sign(s) for 0<u,, — k[s[asign(s) <1 (18)

0 Upy —k‘s‘asign(s)SO
The proposed control law is composed by Uey and u,,

where u,,

and u, can be considered as the effort to track the MPP. To

is the required effort to remain on the sliding surface

guarantee the existence of the MPP state s=0 using the
proposed control law, the reaching condition defined by equation
(9) must be verified:

e For 1<u<0
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Based on the result of (21) and (22):
S8 =sﬂ ~llk‘s‘csign(s)-<0 (23)
ovy,, C
Therefore, s-5 <0 for 1<u<0.
e Foru=0
i
V= Al=L2 0 (24)

pv C
By (21) and (24), s <0
We can see from Figure 3, the sliding surface is positive for
lower duty cycle.
Therefore, s-5 <0 for u=0.

e Foru=1

L
vpV:Al+Blz%—%-<0 (25)

By (21) and (25), s >0

We can see from Figure 3, the sliding surface is negative for
higher duty cycle.

Therefore, s-5<0 for u=1.

Finally, the reaching condition towards the sliding surface is
verified and the existence of the MPP state s=0 using the
proposed control law is guaranteed.

5. Simulation results

In order to verify the efficiency of the proposed sliding mode
controller and compare it with one of the most commonly used
algorithm, P&O technique, computer
conducted using the parameters shown in Table 1.

simulations were
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Table 1. Parameters for simulation

n, 1
ng 36

T. 301.18 K
E,, 1.1V

K 1.38 102 Nm/K
A 1.6

I, 2.6993 100° A
E, 12V

q 1.602 10" C
R, 0.018 Q

C 0.00001 F

L 0.006 H

k 0.4

o 0.89

P&O technique is an iterative method of searching MPP. It
measures the PV panel characteristics (current, voltage and
power) at every moment, and then perturbs the operating point
of PV panel while adjusting directly on the duty cycle of the
DC-DC converter. After that, one observes his effect on the
power delivered by PV panel: If a given perturbation leads to an
increase (decrease) in the PV power, the following perturbation
is made in the same (opposite) direction.

Figure 4 and 5 shows the evolution of irradiation and the PV
cell temperature used in the simulation. It’s varying respectively
between 40 and 100 mW/cm2, and 15 and 32°C.
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Fig. 4. Insolation profile

Figure 6 and 7 presents respectively the current and voltage
delivered by the PV panel using the sliding mode control and the
P&O technique.
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Fig. 5. PV panel temperature

0 0.5 2.5

Figures 9 and 10 respectively show the evolution of the duty
cycle and power delivered by the PV panel with the sliding mode
(black curve) and the P&O technique (blue curve). It is observed
that the PV current decreases linearly with decrease in irradiation
value.
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Fig. 7. PV panel output voltage with:
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Fig. 8. PV panel output power

The temperature increase has a negative influence on the
power delivered by the panel. Indeed, at t=0.5s, an increase of
temperature for a constant irradiation equal to 100mW/cm2
caused a remarkable decrease of voltage unlike the PV current
remains virtually constant.

With  the P&O  technique, it
power oscillates around the
though the irradiation and temperature are constant; causing a
power loss, figure 8. Furthermore, when a sudden
decrease in insulation, the traditional P&O get confused, as it
cannot interpret correctly the change in power caused by the

that the PV
maximum  power

is clear
point even

irradiation. It reacts in a wrong direction moving it away from
the optimal point until he returns oscillates around the maximum
power point, a time after the stability of the irradiation.

In against part, the sliding mode control is
rapidly changing climatic conditions and its response time
is fast.

robust to

The sliding surface is practically equal to zero, Figure 10,
which implies the effectiveness and the robustness of the sliding
control law to track the maximum power operation point in spite
of the rapid changes in the atmospheric condition.

D": T T
045800 0.5001 ' :
o R | |
1 : : i :

0 (3 1 1.3 2 23

Time {5}
Fig. 10. Evolution of the sliding surface

6. CONCLUSION

A sliding mode control approach of a maximum power
operation point of a stand-alone photovoltaic system has been
developed in this paper. The proposed control law is a
configuration using the principle of the equivalent and non linear
control. The sliding surface selected is based on the conductance
incremental method by differentiating the PV power with
respect to voltage and setting the result to zero.

The proposed control approach has been compared with the
P&O technique to prove its efficiency and robustness against the

variations of the atmospheric conditions.
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Fig. 9. Duty cycle control signal
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