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Abstract— Wind energy features prominently as a
supplementary energy booster does not pollute and is
inexhaustible. However, its high cost is a major constraint,
especially on the less windy sites. The purpose of
wind energy systems is to maximize energy efficiency
and to extract maximum power from the wind speed. In
this case,the MPPT control becomes important. To realize
this control, strategy conventional Proportional and
Integral (Pl) controller is usually used. However, this
strategy cannot achieve better performance. This paper
proposes other control methods of a turbine, which
optimize its production, such as fuzzy logic, sliding mode
control. These methods improve the quality and
energy efficiency. The proposed Sliding Mode Control
(SMC) strategy and the fuzzy controllers have presented
attractive features, such as robustness to parametric
uncertainties of the turbine, simplicity of its design and
good performances. The simulation result under
Matlab\Simulink has validated the performance of the
proposed MPPT strategies.
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I. INTRODUCTION

In recent years, the strong industrialization and
the increase in household appliances led to huge
power needs. To face this growing demand and to
avoid pollution fossil fuels (oil, gas), several
countries were interested in renewables energies. In
this context, wind energy occupies an important
place as a supplementary energy booster. It does
not pollute and it is inexhaustible. For this, improved
control strategies to obtain maximum performance
and longevity of its life become increasingly
necessary. [1]

Several researches on wind control were
conducted. The latest generation of wind turbines
operates at variable speed, which offers a higher
yield of energy compared to fixed-speed turbines
[2%]. The rotational speed of turbine varies with
changing wind speed to maintain the operating point
of maximum efficiency in order to get the coefficient

of maximum power and the maximum power point
tracking. In this case, the MPPT control becomes
important [3]. The purpose of wind energy systems is
to maximize energy efficiency and extract maximum
power from the wind speed; this can be achieved
through different methods. Optimum power/torque
tracking is the most popular control strategy. To
realize  this control  strategy, conventional
Proportional and Integral controller is usually used
[4]. However, this strategy cannot achieve better
performance. To solve this problem, there are other
control methods such as fuzzy logic and sliding
mode control.

The sliding mode control is a variable structure
control , that it's a non-linear control [5]. Proposed in
the early 1950s, its success has been proven in
control problems, since it is able to tackle system
uncertainties and external disturbances with good
robustness. This control is characterized by some
advantages such as: high precision, rapid dynamic
response, stability, simplicity of its design and its
implementation. Its major drawback is the presence
of chattering. [6]

The fuzzy controllers have  presented
encouraging performance in the treatment of non-
linear systems because they do not require a well-
known system. The fuzzy controller is has interesting
features, such as simplicity, good performance, and
automation [7]. However, its major drawback lies in
the hardware and software implementation due to
the high computational load. [8]

The main objective of this paper is to propose a
robust control to achieve better performance. This
paper is organized as follows: Section Il describes
Wind Energy Conversion System (WECS); Section
lIl develops control strategies. Sliding mode control
and fuzzy logic control are designed. In section 1V,
simulation results show the performance of the
proposed approach. Conclusion is presented in
section V. The proposed strategy is compared with
conventional Pl controllers and confirmed superiorly
in MATLAB / Simulink environment.
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Il. WECS SYSTEM MODELING
The Wind Energy Conversion System (WECS) is
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shown in Figl. It consists of a turbine, a rectifier, a
PMSG and an inverter connected to the grid.
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Fig. 1. The structure of wind system based on permanent magnet
synchronous machine

Wind turbines are designed to produce electrical
energy as cheaply as possible and give maximum
power at any speed of the wind. All wind turbines are
therefore designed with some sort of power control.
This standard control law keeps the turbine
operating at the peak of its Cp curve [9]. However,
this control has an important problem since wind
speed fluctuations force the turbine to operate off the
peak of its Cp curve most of the time, resulting in
less energy capture [9]. Therefore, our work will be
based on the mechanical part of the chain (turbine),
in order to propose a robust control to achieve better
performance.

A. Modeling of wind turbine

The mathematical relation for the mechanical
turbine power can be expressed as follows [10]:

P, = C, (LB, = C, (1B &7 &
Where Pw is the extracted power from the wind; p is
the air density [kg/m3]; V,, is the wind speed; A is the
area swept by the rotor blades of the wind turbine
and C, s the power coefficient which is a function of
both blade pitch angle B and tip speed ratio A.

Tip speed ratio as given in the following equation
[11]:

— Buom
A= - )

Where w,, is the angular speed of the turbine
rotor and R is the radius of the turbine blades.

The power coefficient Cp can be expressed as
[12]:

C, (B = €, (€3 - CB—Cy)exp™F + . (3)

Where

1 1 0.035

% A+008p (Ea +1

C1=0.5176, C2=116, C3=0.4, C4=5, C5=21 and
C6=0.0068.Q

Fig 2 indicates the relation between C, and A for
different pitch angles.
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Fig. 2. Characteristics of the power coefficient as function of A
and B

It can be noticed that when pitch-angle are fixed
at a value of 0, we get the nominal value of C, about
0.48 for A of 8.1. So the maximum power can be
obtained from the wind.

The torque of the wind turbine can be expressed

as:
pdvE

T=C,0.p% (4)
The mechanical equation is given by:
d o
fd_:lzT_Ts_me (5)

. MAXIMUM POWER POINT TRACKING
CONTROL
The MPPT control is divided into three parts:

e The first part concerns the realization of the
classical MPPT; this strategy can be realized using
conventional Proportional and Integral (PI) controller,
such as in Fig 3.

eIn the second part, we wil replace
conventional Proportional and Integral (PI) controller
by sliding mode control, such as in Fig 4.

¢ In the third part, conventional Proportional
and Integral (P1) controller is replaced by fuzzy logic
controller.

A. Maximum Power Point Tracking (MPPT) Principle

To extract the maximum power, we proceed to
control the speed of the wind turbine. The wind
speed measured using an anemometer is used as
the reference for the speed control loop. The
Maximum Power Point Tacking (MPPT) algorithm
gives the reference torque applied to the turbine, so
that extracted power is maximum at any wind
velocity below the maximum value [13], as shown in
Fig 3.
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Fig. 3. Bloc diagram of torque control scheme

To ensure maximum efficiency of the turbine, it
necessary that power coefficient remains optimum.
The use of the linearization approach is common in
addressing the control problem of wind turbines.
However, due to the inevitable uncertainties inherent
in the system, this strategy cannot achieve better
performance. To solve this problem, we will use
sliding mode control, which takes into account these
control problems. [9]

B. Sliding control

The sliding mode is a special mode of operation
of the variable structure system. It was a great
success in recent years; this is due to the simplicity
of its implementation and robustness, compared with
the uncertainties of system and external
disturbances, vitiating the process. [5]

Control by sliding mode is divided into three
parts. The first step is to select a sliding surface,
which models the desired closed-loop performance
in the state variable space. Then, we impose the
condition of convergence, and then the command
must be designed so that the system state
trajectories are directed towards the sliding surface
and stay on it. [14]

1) Choice of the sliding surface

A non-linear system is presented by the following
form:
X=f (X,0)+ g(X,t) u (X9 (6)

Where f (X,),
functions

Taking JJ Slotine equation, to determine the
sliding surface, which is given by [14]:

S(X)=(C+A"e (7)

g(X,t) are both non-linear

e=X"-X (8)

e: error on the controlled variable;

-A: positive coefficient;

-n: order of the system;

-X: desired size;

-X: state of the controlled variable size.
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So that the surface is attractive and invariant,
regulator sliding mode should be chosen to satisfy
the Lyapunov stability criterion.

2) Convergence condition

The convergence condition is defined by the
following equation:
SX)S(X)=0 9

3) Control

The control structure is defined by the following
equation:
U= Ueg*+U, (10)

With Ug,-the component of the equivalent control,
U, -component of discontinuous control

Un= Unmax SgN(S (X)) (11)

Where:
-sgn(S (X)): sign function,
- Umax: positive gain.

4) Speed control

To control the speed, the degree of the sliding
surface is taken equal to 1; the sliding surface S (w)
is:

S (W) = wm ref — wm (12)

By deriving equation (12), we obtain:

S (W) =W W (13)

By replacing the expression of speed, we get:

S W) Wi —2= + Z iy (14)
J I

During the sliding mode surface S (w) = S (w) =0.

Wi % + fw =0 (15)

Then we obtain
{an =T —;w,,sf — Fw

U, = U,,..son(S(w)) (10)

The proposed control scheme is shown in Fig 4

Fig. 4. The proposed strategy scheme
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C. Fuzzy Logic Control

Fuzzy logic controllers are similar to how human
beings make decisions. The fuzzy control is used
where the nonlinearities are significant, as in the
case of wind. The fuzzy control did not need to know
dynamics of the system [15].

A fuzzy controller generally consists of four
subsystems, in which two parts have duty of
transformation [16]:

Fuzzifier (first transformation),

Fuzzy rule base,

Inference engine,

And defuzzifier (second transformation).

In a control system, the fuzzy system operates in
real time to find the values optimal or near of
optimum. The use of fuzzy rules base ensures that
the operating the device remains within the desired
range of operation [17].

1) Fuzzy logic controller

Fig. 5 shows the general structure of the control
system fuzzy logic used in our work. Control output u
is deduced from the error (e) and change of error
(Ae). Control rules are designed to assign to a fuzzy
set of the control output u for each combination of
fuzzy sets of e and (Ae).

Fig. 5. Structure of a fuzzy control system
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The rules of Kp and Ki are presented in the Table
1 and Table 2. Error is represented by the lines and
error change Ae, by columns. Each interaction of e
and Ae determines the level of output corresponding
to u. [18]

Table 1 . Rule base of Kp

Ae
NB NS ZR PS PB
NB VB VB VB VB VB
NS B B B BM VB
e ZR ZR ZR NM S S
PS B B B BM VB
PB VB VB VB VB VB

June 2015 - ISSN 2356-8569
Table 2. Rule base of Ki

Ae
! NB NS ZR PS PB
NB
NS S S S S S
e ZR NM NM ZR NM NM
PS S S S S S
PB M M M M M

The abbreviations of Table 1 are defined as
follows: VB is very big; NB is Negative Big; NM is
Negative Medium; NS is Negative Small; ZR is Zero;
PS is Positive Small; BM is Positive Medium; PB is
Positive Big; M is medium; B is Big and S is small.
These abbreviations are labels of fuzzy sets and
their corresponding membership functions are
depicted in Figures 6-8.

B NM NS ES Ps M P
1k
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o

Fig. 6. Membership function for input e
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Fig. 8. Membership function of output
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In this paper, the triangular membership function,

the max—min reasoning method, and the center of oaon P el
gravity defuzzification method are used. The ——Cpwith FLC
parameters of the Pl speed controller are adjusted g °% 7 7
by using two fuzzy logic controllers to define Kp and 2 047 / \ / \/
Ki. § 0.478
IV. SIMULATION RESULT S 0.477 \ /

A global simulation of the system under < 0.476 / U
Matlab/Simulink is realized. Table 1 illustrates o475
system’s parameters. Fig 9 shows the wind speed.

0.474
[e]

Table 3. Simulation parameters ° ¥ Timle5 (s) x 25 *
Wind Turbine Parameters Fig.10. Power coefficient
R=3m p=1.22 J=0.042 Kg.m2
9 T T
Cpo=0.48 | Aopt=8.1 B=0.017 Nms- e win e
1 8.6 tip ratio with FLC
sl
10 % 8.2
§ 8
° \ & 7.8
- 8 =76
£l )| o
8 7.2
E \ / :
.-E \ \ / [0} 5 10 Timles(s) 20 25 30
= s \
4 \/ Fig. 11. Variation of tip speed ratio
30 5 10 15 20 25 30
Time (S) A ;Power \;vith Pl
Fig. 9. Variation of wind speed (m/s) :ZZZ / \ T powerwith SME
The power coefficient variations are shown in 000 \ A /
Fig 10. It can be clearly seen that the Sliding Mode s A \ A \ /
Controller provides better than the Pl and Fuzzy T 4000 /’ \ / \ \ \{J
Logic controllers. The uses of the sliding mode & 3000 T
greatly reduces the fluctuation, which ensures 2000 sl B~ SN
optimization of the extracted power. 1000 /\ N\
Figure 11 shows the efficiency of the Sliding /A —
Mode Control to maintain the speed ratio at its % 5 10 15 20 25 30
optimum value under varying wind conditions. The Time ()
Pl and Fuzzy Logic controllers stay oscillating ) )
around optimal value. Fig. 12. Turbine Power
The average output power as a function of
wind speed is shown in Fig 12; this power is the 150 ) e
maximum extracted power from available wind 140 /\\ et e
power, keeping the value of the power coefficient at g o A —wwith FLC
its optimum value. One notices the sliding mode £ 120 AW/ RN A ]
controller and fuzzy controller show better 3 110/ Vv VA [
performances than Pl controller in optimizing the = 1 \ A |
power conversion performance. £ % \ taaf
The speed curves of Fig 13 illustrate the high g » \ /1 =
performance of the three developed controllers, and & v \
allow having high dynamic responses in tracking the ZZ R ——
desired speed reference, especially with the use of ° 5 Y rmee 25 30
the sliding mode control.
Fig.13. Speed of turbine
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This paper adresses the problem of controlling
power generation in variable speed wind turbines. A
torque controller has been developed to follow a
speed trajectory that allows the wind turbine to
operate with maximum power extraction in below
rated wind speed.

For this purpose, three control strategies have
been proposed. The first uses a conventional
proportional and integral (PI) controller, the second
uses the sliding mode control, whereas the third
uses Fuzzy logic controller.

Interesting features, such as high precision, rapid
dynamic response, stability, simplicity of its design
and its implementation, characterize sliding mode
control and fuzzy controllers.

The simulation result shows that Sliding Mode
Controller has better performances than a
conventional Proportional and Integral controller,
since the coefficient is maintained at its optimum
value, thereby ensuring the optimization of the
extracted power.
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