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The applications of photovoltaic energy are steadily increasing. However,
the output power of aphotovoltaic system is influenced by the
meteorological conditions (temperature and irradiation), which can affect the
production and efficiency of the photovoltaic panel energy. So to ensure that
the photovoltaic panel produces its maximum power possible at any time and
regardless of the external conditions, we use the equipment called MPPT
(maximum power point tracker). Sliding mode control is recognized by its
stability and robustness and widely used in non-linear systems but represents
a disadvantage because of the chattering phenomena. So in order to
overcome this problem and improve this control, we opted to add to it the
adaptive fuzzy control which will adapt the switching gain. This controller is
named AFSMC (adaptive fuzzy sliding mode control) and will be compared
the sliding mode controller SMC in order to see the difference and to the
P&O (perturb & observe) method to validate this controller. Our system

MPPT consists of a photovoltaic panel a DC-DC boost converter and a centrifugal
P&O pump with a DC motor. All simulations are carried out under
Photovoltaic PV MATLAB/SIMULINK and the extracted results show the efficiency of the
SMC AFSMC controller and confirm that the new methods have improved energy
Water pump efficiency and production.
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1. INTRODUCTION

The application and development of photovoltaic energy is increasing all over the world.
Photovoltaic pumping is one of the promising applications for the use of photovoltaic energy, particularly in
rural areas that have a substantial amount of insolation and have no access to an electric grid [1]. Then our
system consists of a photovoltaic panel that supplies energy to the water pump via a DC / DC converter and a
DC motor. Among the benefits of using a photovoltaic source is that it is free and sustainable fuel source;
there light-weight, although PV systems may expand over large areas; noise free operation due to the absence
of large rotating machinery; the possibility of application close to the point of use; ease of installation;
predictable availability in certain geographical regions; and systems require relatively little regular
maintenance.

In spite of all these advantages, PV system is known for the nonlinear current-voltage and power-
voltage characteristics which depends on the variations in temperature and solar irradiation, therefore the
photovoltaic system does not produce its maximum energy all the time which leads to low efficiency. There
is a unique point on the P-V (Power-Voltage) characteristic, known as the MPP (maximum power point)
where the photovoltaic cell produces its maximum power. Therefore, the PV systems require an equipment to
track the MPP at all time, regardless of the temperature and solar irradiation. A significant number of MPPT
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control systems have been developed for years, starting with simple techniques such as voltage or current and
Hill climbing, Incremental inductance and Perturb and Observe; those are the conventional control
techniques [2]. On the other hand, unconventional techniques such as fuzzy logic, artificial neural network
and sliding mode control, which can provide more stability and robustness, have been widely used and
developed.

The sliding mode controller is much known for its robustness and stability and is wildly used in non
linear systems and especially on aircraft control [3]. However this controller represents a disadvantage called
the chattering phenomena resulting from the high oscillations around the sliding surface. To overcome this
disadvantage we have tried to develop the sliding mode controller by replacing the switching gain by an
adaptive fuzzy gain. This method is called Adaptive Fuzzy Sliding Mode Control AFSMC.

In this paper, a photovoltaic water pumping system, was studied and the mathematical modelling of
its equipments is represented [4]. The different MPPT techniques used have also been studied and analyzed
and also compared. The system has been tested and assessed using MATLAB/Simulink.

2. PV WATER PUMPING SYSTEM DESIGN:
Our system consists of a photovoltaic panel a DC-DC boost converter and a centrifugal pump with a
DC motor. Figure 1 shows the equivalent circuit of the system in all.

J
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Figure 1. Equivalent circuit of the system
The system’s average model is given in the (1):
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Where u is the control input. L, RL and i, are the self-inductance, resistance and current. R, is the
resistance characterizing IGBT lost. C;and C, are the input and the output capacitance respectively. Vi is
the diode forward voltage. The state representation of the system is written as:
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The system can be represented as:
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3. MPPT METHODS
3.1. P&O

To validate our proposed MPPT controller we have chosen to compare it to the P&O method due to
the fact that it is well known and communly used in the industry.

The operating principle of this algorithm is shown in Figure 2, and can be explained as follows: the
voltage of the PV panel is disturbed then we calculate the power provided by the PV panel at time k, and then
it is compared to the previous one of the moment (k-1). If the difference is positive that is the power
increases, it means that we are approaching MPP and the variation of the duty cycle is maintained in the same
direction. On the other hand, if the difference is negative that is the power decreases, we are moving away
from the MPP. So, we have to reverse the direction of the change in the duty cycle.
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Figure 2. P&O flowchart

3.2. Sliding mode control

Sliding Mode Control is a nonlinear controller based on the variable structure control (VSC). The
advantages of the SMC are various: High precision, good stability, simplicity, invariance, robustness.

The design of the control is based on two important steps; first, the choice of the sliding surface s(x)
=0 which determines the trajectory that the control should follow, second, determine the control laws that
help maintain and stabilize this control on the sliding surface [5],[6]:

- The choice of the sliding surface:

The MPP is determined when :
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oP ®)

Therefore, the sliding surface is defined as:
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(6)

- The determination of the control law:

The control law consists of two parts: the first one called the equivalent control, it helps maintains
the operation point in the sliding surface, the second one is the switching control and provides the
stabilization of the controller [7], [8]:

u=u,+u, O

The equivalent control was first suggested by Slotine and Li [9] and is determined by the
following condition:

S:{G—S}Tx:{G—S}T(A.erb(x)Uer):O ®)
ox ox
We consider d=0, to simplify the calculations, the equivalent control becomes:

u _[%T(A-x) ©)
e

ox
The switching control can be a linear function of the sliding surface, it is given by:
u, = -k, sgn(s) (10)

ks is a positive constant determined by the constructer.
Thus the SMC controller is:

BST (Ax)
- X 11
u=—{ax—ks.sgn(s) an

e

Stabilization study:
We chose to use a function named Lyapunov given by:

v = Lg (12)

The derivative of this function is:
V=s§i<0Vs=0 (13)

3.3. Adaptive fuzzy sliding mode control

Despite the robustness of the sliding mode control, it causes drawbacks. The main disadvantage is
the chattering phenomenon caused by the high oscillations around the sliding surface. In addition, to achieve
a fast convergence and more stability, it is recommended to use high values of switching gain. However, the
higher the gain the more oscillations there are.
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Figure 3(a) represents the output power using the sliding mode controller for different solar
irradiation levels of 800, 1000 and 600 and a fixed temperature. We can see that the more we increase the
gain, the more there is oscillations, and the higher the power production.

On the other hand, if we consider Figure 3(b) which represents the output power for a one-day see
Figure 9, we can see that if we increase the gain the robustness of the controller increases as well as the
oscillations which makes the controller unstable. For a small gain of 0.5 despite its stability it is less robust
and produces less energy compared to other gain.
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Figure 3. Comparison of output power for different gain

So, to find a balance between the stability and the robustness we opted to use an adaptive gain, since
a constant-gain feedback controller is not able to properly track the MPP due to the constant change of the
weather. Figure 4 show the adaptive fuzzy control.

R Adaptation
d Law
Rule base k i
s o . o | swer) .
ds Fuzzification > | Defuzification [~ —
ﬂ_.' Fuzzy inference

Figure 4. the adaptive fuzzy control

This controller combines the sliding mode concept with fuzzy control strategy to design an adaptive
fuzzy sliding mode controller, the adaptive fuzzy will serve to generate adaptive switching gain. As we
established in (7), the control law consists of two controls an equivalent control that we are not changing, and
a switching control that contains the modified gain.

As shown on the Figure 5 the input signals of the fuzzy logic control are the sliding surface s and its
derivative ds/dt, the output of is the switching gain ks. The fuzzy rules are given in the following form [9]:

Rule j: IF s is A} and § is Aj; THEN ks is B}

A} and Bji are respectively the input and output fuzzy sets. By using the centre average
defuzzification method, the output value of the fuzzy system is as follow:

Int J Pow Elec & Dri Syst, Vol. 10, No. 1, March 2019 : 414 —422



Int J Pow Elec & Dri Syst ISSN: 2088-8694
n i
K = Z jyj(H i:l’UAJ)
S n i
z jH i=1IUAi

a 419

(14)
Where uA} the membership is function value of a linguistic variable and y; define a crisp value at
which the output membership function uB]-i achieves its maximum iji =1.

The (24) can be expressed as follow:

k,=y'¢

15)
. . . . . I, P-A}
Where y is an adjustable parameter vector, & is a fuzzy basis function vector, and § = AT
j Hi=1 B4
j=1,2,3.m
Applying an adaptive control we get the following equation:
~ AT
ke=y ¢ (16)
According to the universal approximation theorem [10], there exists an optimal parameter y
that satisfies:
ke=yTé+e

a7
Where § is the estimation of y*, and ¢ is the approximation error delimited by |¢| <E, E is a
positive constant.
Stabilization study:
The Lyapunov function is defined as following [10]:
T
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Where § = y* — § and vy is a positive constant.
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To ensure that the controller is stable the derivative of Lyapunov function must be lower than zero
-
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We apply to:
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Due to fact that ¢ is positive V is undeniably negative which proves the stability of the system.
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Figure 5. Input fuzzy memberships
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The fuzzy rules are summarized in the Table 1. And membership functions for the input S and S
are represented in Figure 6. For the output of the fuzzy system ks seven equidistantly placed singletons are
used, as shown in Figure 7. The membership functions are categorized by linguistic values Negative Big
(NB), Negative Medium (NM), Negative Small (NS), Zero (ZR), Positive Small (PS), Positive Medium (PM)
and Positive Big (PB).

Table 1. Fuzzy rules

s\s NB NM ZR PM PB
ZR PM PS ZR NS NM
PS PS ZR NS NM NB
PM ZR NS NS NM NB
PB ZR NS NM NB NB
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4. RESULTS

The PV water pumping system has been modelled and simulated using MATLAB/SIMULINK and
the proposed controlled AFSMC was compared to both the Sliding mode control and the P&O algorithm to
see its benefits in extracting the maximum power and also to validate the functionality of this controller.
Table 2 represents the parameters of the PV water pumping system:

Table 2. System parameters

PV panel TESO0CR Boost converter DC motor
Wmpp=55watts Ri=0.5Q R.=1.254 Q
Vmpp=17,50V L=6.8 10° H L.=28 10° H
Impp=3,10A Ci=6.210°F ki=0.1kg.m? rad/sec
Voc=21,7V C>=2.88 10°F k2=0.0114 kg.m%sec?
Isc=3,5A j=0.004 kg.m?
Ns=36 k=0.333 V.sec/rad

Firstly we made the comparison for a fixed temperature of 25°C and variable solar irradiations, as
shown in Figure 7,in order to see closely the deference and the advantage of adding the fuzzy adaptive to the
SMC, we have extracted the power for three different value of the solar irradiation, Figure 8 shows the
variation of the output panel power.
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Figure 7. Solar irradiation Figure 8. Power variation for fixed temperature and

variable irradiation

According to the Figure 8, we can see that the proposed method AFSMC is better than the other two
methods. Compared to the P&O the SMC and AFSMC are way better and produce more power. If we
compare the SMC and AFSMC, we note that the AFSMC is slightly higher than the SMC an there are fewer
oscillations and we can conclude that our proposed method is more efficient. Afterward, we made the
comparison of the three methods using the weather data for a one specific day, Figure 9 shows the data of
temperature and irradiation sequentially for this day.
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Figure 9. Solar irradiation data for a day
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We have extracted the variation of the output power for those solar irradiations and temperature
data, as it is shown in Figure 10. We also extracted the Motor DC speed see Figure 11. And we can see that
AFSMC has less oscillation and there is no deviation of the curve, like the one we can see on the SMC curve.
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Figure 10. PV power variation Figure 11. Motor DC speed variation

All those results show clearly the superiority and efficiency of the proposed controller AFSMC
compared to the SMC and the P&O. furthermore there are fewer oscillations on the proposed controller curve
which prove its stability and good performance.

5. CONCLUSION:

In this work we did the study of a photovoltaic water pumping system then we modelized and
simulated this system using MATLAB/SIMULINK simulator, next we have developed a new maximum
power point tracker called AFSMC adaptive fuzzy sliding mode controller, this controller is based on the
robust method sliding mode. We have added to this last the adaptive fuzzy method in order to ameliorate the
performance of the SMC and to overcome the chattering phenomena. We have compared this method to the
SMC and the P&O in order to validate this controller. The extracted results whether of the power shows the
robustness and efficiency of this method. In future work, we hope to be able to apply this method in reality
and confirm the efficiency of this controller.
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