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Abstract

This manuscript presents a new approach MPPT (Maximum Power Point
Tracking) for improving and optimizing the performance of a Wind Energy
Conversion System (WECS) operating for small variations in wind speed by
combining sliding mode control and fuzzy logic control. The proposed me-
thod consists of optimizing the sliding mode controller by the fuzzy control-
ler. The main purpose of the Sliding Mode control-Fuzzy Logic controller
(SM-FL) is to ensure the robustness (by eliminating certain disadvantages of
the sliding mode control such as the phenomenon of chattering) and the sta-
bility of the control system in the case of small variations in conditions at-
mospheric (here variation of the wind). Our system consists of a wind tur-
bine, a Permanent Magnet Synchronous Generator (PMSG) and a DC-DC
boost converter connected to a continuous load. The performances of the method
suggested are compared with those of fuzzy logic and fuzzy-Proportional
Integral (FL-PI) in term speed of convergence, of tracking time and tracking
efficiency. The results of numerical simulation of our system confirmed the
best performance of this method.

Keywords

MPPT, Sliding Mode-Fuzzy Logic Controller, Wind Energy Conversion
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1. Introduction

Recently, the production of electrical energy by sources of renewable energy like
the wind power increased because of the ecological problems and the increase in
the cost of traditional energies and the limitation of their resources [1] [2] [3].

The power which a wind turbine can provide depends mainly on the atmos-
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pheric conditions; this is why it is necessary to carry out a system able to develop
the maximum power for these various operating conditions [2]. As a result, we
can have areas where we have a low variation in wind speed during a given pe-
riod, which is why it is necessary to design an MPPT controller to perform in
this kind of case.

Various MPPT controllers have been used for Wind Conversion Systems in
previous publications such as Sliding Mode controller, thus the performances
are reduce by the presence of the phenomenon of chattering [4] [5] [6]; Tip
Speed Ratio controller, the first disadvantage of the ordering of the TSR is the
measurement of wind speed, which is added to the cost of the system and
present difficulties in the practical achievements, the second disadvantage is the
need for obtaining the optimal value of TSR, which is different from one system
to another [7]; Optimal Torque controller [8]; Power Signal Feedback controller,
requires the knowledge of the curve of the maximum power of the wind turbine,
requires of the manufacturer of the wind turbine of the tests of characterization
(outside, blower) or of simulations of the profile of blades [9]; the algorithm Hill
Climbing Search [10], the Increment Conductance method [11], the Perturb and
Observe method [12] [13] because of the great non-linearity the wind speed,
these techniques do not manage to follow the maximum power point and thus
introduced strong fluctuations which involve a low power of exit; the Fuzzy
Logic controller, can follow the non-linearity of the system and provides the best
performance for the wind available, but with it only there is sometimes lack of
adaptation and flexibility [2] [14] [15] and of many evolutionary algorithms [16]
[17] [18] [19] [20]. These techniques differ in several aspects such as simplicity,
speed, cost and effectiveness of convergence. More the share of these controllers
MPPT are not performed for weak variations in wind speed and are unable to
follow the maximum power point [17].

The objective of this manuscript is to realize a controller combining sliding
mode and fuzzy logic in order to improve the maximum operation of a wind
generator in areas where wind speeds are low.

The paper is organized as follows: the second section of the manuscript will be
dedicated to the description of our study system. A third section is reserved for
the SM-FL control strategy. The different simulations performed as well as the
discussion of the results found will be the subject of the fourth section. In the

fifth section, a conclusion is presented.

2. System Modelling

In this section, we present wind turbine model, Permanent Magnet Synchronous
Generator and boost converter, which makes up the entire Wind Energy Con-

version System, will be explained (Figure 1).

2.1. Wind Turbine Modelling

The aerodynamic power collected by a wind turbine is written in the following
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Figure 1. Structure of the study system.
form [15]:

1
Py =5C, (2.8) PSP’ (1)
With:

p: Represents the air density (kg/m’);

V: wind speed (m/s);

S the useful surface crossed by the wind given by S =nR>;

R: the radius of the blades;

C, (4,B): Power coefficient.

The power coefficient C,(A,f) indicates aerodynamic efficiency of wind
turbine. It is a function of the speed A and the blade pitch angle g. It is different
from one turbine to another due to its dependence on the characteristic of each.
During this work, this coefficient will be modeled by the following analytical ex-

pression [19]:

Cp(ﬂ,ﬂ):0.5(%—0.4ﬂ—5]exp(—16//1i) 2)
11 oo -
A A+0.088 p+1
Ro,
2== (4)

The aerodynamic torque appearing at the level of the turbine is therefore a

function of this power:

P 1
r,,,=—“*=—=0C (4, RV’ 5
aero C()m 2a)m P ( ﬁ)pﬂ: ( )

where: @, is the rotor speed of a wind turbine. Table 1 presents the parame-
ters of the wind turbine.
For each wind speed, it exists a maximum power of the wind turbine obtained

according to the rotor speed (Figure 2).

2.2. Permanent Magnet Synchronous Generator Modelling

For applications autonomous of wind energy transformation, the PMSG are used

the most considering their reliabilities and robustness. We used the referential d-q
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Table 1. Wind turbine parameters.

Nominal mechanical output power 1500 W
Pitch angle 0
Air density 0.6125 kg/m*
Blade radius 1.125m
Wind speed 6.5m/s

5 Optimal line
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Figure 2. Maximum power of the wind turbine according to the rotor speed for different

wind speed.

transform of park for modeling. The voltage of axis d and ¢ is obtained by the
system of Equation (6) [15].

di
v, =Ri, +L, dds -Lwi
2 s p

qrtgs
6
o, ©
Ves = Rxqu + Lq ?+ Loi, +o'Y,
The Equation (7) gives the electromagnetic torque of PMSG.
v =1Sp[(Ly =L, )iyt =¥ iy =¥, | )

with: i, and i the currents of the axis dand ¢ v, and v, the voltages
of the axis dand ¢;

o, the angular frequency of generator;

L,,and L, are the inductances of the generator;

Y the permanent flux;

R, the stator resistance and p is the pole pairs.

Table 2 recapitulates the parameters of the PMSG used for the numerical si-

mulations.

2.3. Modeling of Boost Converter

Static converters are very significant for the wind energy transformation at vari-

able speed. In this document, a boost converter is used here (Figure 3). During
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Table 2. PMSG parameters.

Rated power 1500 W
Stator phase resistance 0.425 Q
Machine inertia 0.085 kg-m?
Armature inductance 0.225H
Friction factor 0.00673 N-m/s
Pole pairs 5

operation of the chopper, the switch is closed with a closing time equal to (D.7),
and it is opened in an opening time ((1 — D).7), with: Tis the switching period
and Dthe duty cycle of the switch (D €[0,1] ).

Vi
Vs =170 (8)
where:
V .1 Output voltage;
V,,: input voltage;
D duty cycle;

The boost converter parameters are summarized in Table 3.

3. Controller Methods MPPT

In this part, we initially will introduce the sliding mode (SM) controller, in con-
tinuation the fuzzy logic (FL) controller, and finally the combination of the two
controllers (SM-FL).

3.1. Sliding Mode Control (SM)

The sliding mode control is one of the nonlinear controls effective. The design of
this controller is carried out in three essential points: the establishment of the
conditions of existence, choice of the sliding surfaces (x), and the determination
of the control law [6].
The maximum power point (MPP) condition is given by [21]:
df,

@ = 9

with P,, V,, 1, is respectively the power, the voltage, and the current of the wind

generator. The switching surface can be chosen as follows [20]:

s(x,t):ﬂ:IW+VW& (10)

dav, dav,
Let u be the switching control law defined according to the sign of the sliding
surface adopted to increase and decrease the voltage V), according to the posi-

tion of the operating point with respect to the PPM [6]:

{0 for s(x)>0
u=

! for s(x) -0 Which can be written too: u = %(1 —sign(S)) (11)
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E

Figure 3. Boost converter.

Table 3. Boost converter parameters.

Load 200 Q
Inductor 3.635 mH
Capacitor 3.36 mF

Equation (11) depends on the sign function. The use of this function in the
control law makes it possible to force the error to converge asymptotically to-
wards zero. However, this discontinuous function causes the reluctance prob-
lem. To remedy this problem in the literature either one applies the boundary
layer solution where the sign function is approximated by the hyperbolic tangent
function [22] [23], or one uses the higher order sliding mode command as a so-
lution [24]. In our case we are going to add a fuzzy controller to the sliding
mode exit; who, thanks to his membership functions, will be able to remedy this

situation in another way.

3.2. Fuzzy Logic Control (FL)

The operation of this controller is done in three blocks: fuzzification, inference
and defuzzification (Figure 4).

This controller is doing in three blocks: fuzzification, inference and defuzzifi-
cation (Figure 4). Fuzzification converts the physical input variables into fuzzy

sets. In our case, we have the error £and the variation of the error CE as inputs:

_ P(k)-P(k-1)

I(k)-1(k-1) (12)
CE=E(k)-E(k-1)

Linguistic variables are assigned to these quantities: NB (Negative Big), NM
(Negative Medium), NS (Negative Small), Z (Zero), PS (Positive Small), PM
(Positive Medium) and PB (Positive Big).

In the inference stage, we make decisions (Figure 5). Indeed, we establish
logical relationships between the inputs and the output while defining the mem-
bership rules. Next, we draw up the table of inference rules (Table 4).

Finally, in defuzzification, we convert the fuzzy output subsets into a numeric

value.
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Figure 4. The sub-assemblies used (a), (b) and (c).

¥ Rule Editor: sept

File Edit Wiew Options

If (E iz MB} and (CE = NB) then (D is NB) (1)
If (E is NB) and (CE s NM) then (D is NB) (1}
If (E is NB} and (CE ks NS) then (D is N8} (1)
If (E s MNB} and (CE = Z) then (D =5 NG (1)

If (E is NB) and (CE & PS) than (DS MM (1

if (E is NB) and (CE s Pid) then (D is NS (1]
LI (E is NB) and (CE = PB) then (D s Z) (1)

B. If (E is NM) and (CE ks NB) then (D is NB} (1}
S If (E is MM} and (CE ks MM} then (D is NS) (1)
10, If {E is NM} and (CE s NS} then (D is NM) {1}
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Figure 5. Rules inference according to Table 4.
Table 4. Table of inference rules.
E CE NB NM NS VA PS PM PB
NB NB NB NB NM NM NS Z
NM NB NB NM NM NS Z PS
NS NB NM NM NS Z PS PM
Z NM NM NS Z PS PM PM
PS NM NS Z PS PM PM PB
PM NS Z PS PM PM PB PB
PB Z PS PM PM PB PB PB
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After having realized our two controllers we can now combine them.

3.3. Sliding Mode-Fuzzy Logic Control

In this part, a SM-FL controller is designed in order to overcome the shortcom-
ings of the SM. The SM controller is designed simply on the basis of Equation
(10) and in order to have an SM-FL we add to the output of the SM a fuzzy con-
troller and we obtain our structure which is given in Figure 6. The FL is recog-
nized for its robustness against non-linear systems which reduce the chattering
of the sliding mode and the SM is recognized for its rapid convergence which
will readjust the dynamics of fuzzy rules. So the combination of these two SM-FL
controllers makes it possible to have a controller that converges quickly and is

robust.

4. Results and Discussion

After the text edit has been completed, the paper is ready for the template. Dup-
licate the In order to test the performance of the SM-FL MPPT controller, we
have carried out several cases of simulations following two wind speed profiles
of the wind turbine. To verify the theoretical study on the behavior of the MPPT
controller, a series of simulations was carried out with the Matlab/Simulink
software and a comparison was made with the controllers, fuzzy logic (FL) and
fuzzy logic-PI (FL-PI). The gains of the PI controller used are: Kp = 1.852 and Ki =
1.338.

Figure 7 and Figure 8 show the results obtained using our SM-FL approach
and compared with FL and FL-PI. For the two profiles of wind (for example of

1.3 with 2.2s) our approach converges at the Maximum Point of Power with a

—>|+ = QQQ L
Duty

FL

SM

Figure 6. Design process of the hybrid method of MPPT developed.
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Figure 7. The powers obtained with the two wind profiles and their zoom.

fast response time, higher execution compared with both others during the
changing of wind speed. For more details, the tracking efficiency is given in the
table below. From these curves, we can see that the SM-FL controller contri-
buted in a more efficient way to extract the maximum power for each wind
speed by comparing to the MPPT strategies based on the FL and FL-PI ap-
proach. Because it is robust, it converges quickly compared to the compared ap-
proaches and it is very simple to achieve. Therefore, we can say that for low to

medium wind ranges our controller is performing well.
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Figure 8. Zoom of powers.
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Algorithms
Parameters
SM-FL FL-PI FL
Wind Maximum power from the wind turbine (W) 1500 1500 1500
speed Wind output power obtained (W) 1496 1470 1438
6.5 m/s Tracking efficiency (%) 99.7 98 96

5. Conclusion

With the aim of improving the efficiency of wind systems, especially their energy
production in areas with low wind speeds; we have developed a smart and sim-
ple strategy, based on sliding mode and fuzzy logic. This strategy makes it possi-
ble to optimize the power delivered by the wind turbine for both wind speed
profiles at all times. So we started with the presentation of the system used. Then
we presented the SM and FL controllers. Then, we designed a sliding mode (SM)
and fuzzy logic (FL) based controller, the SM-FL controller. The simulation re-
sults clearly demonstrate the effectiveness of the strategy adopted. Indeed, the
MPPT SM-FL allowed on the one hand the pursuit of the maximum power point
according to the weak variations of wind and on the other hand its performance
compared to the FL and FL-PI approaches with its rapid convergence and its

robustness.
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