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Abstract: The efficiency of a wind turbine depends primarily on the power of the wind, the power curve of the turbine
and the ability of the generator to respond to fluctuations in the wind. This article then proposes a robust control
strategy of the doubly-fed induction generator applied in the wind energy conversion system, the active and reactive
powers, which are generated by the DFIG will be decoupled by the orientation of the stator flux. The proposed control
is combined between sliding mode control and type-2 fuzzy logic, this technique is robust to the modeling uncertainties
of the generator and the wind generator, and which makes it possible to optimize energy production (efficiency).
Finally, the performance of the system was tested and compared by simulation in terms of follow-up of instructions
and the robustness with respect to the parameter variations of the DFIG. The results obtained show the interest of such
a control in this system.
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1. Introduction

Electric power is a crucial element of any socio-
economic development. It has become in the daily
life of populations, especially in developed countries,
a necessity that cannot be done without.

In recent years, there has been an evolution in
electricity generation based on wind power. This
source of energy has developed especially given the
diversity of exploitable areas and the relatively
attractive cost [1].

Most of the wind turbines installed today are
equipped with a doubly-fed induction machine
(DFIM), this is due to several advantages: variable
speed generation (£ 30% around the speed of
synchronism), decoupled control active and reactive
powers, reduction of mechanical stresses and
acoustic noise, improvement of power quality and
low cost [2, 3]. This allows it to operate over a wide
range of wind speeds, and to get the maximum
possible power from it at each of its speeds. Its stator
circuit is connected directly to the power grid, while
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its rotor circuit is connected to the grid through power
converters. Since the power exchanged between the
rotor and the grid is low, the cost of converters is
reduced compared to that of a variable speed wind
turbine powered by the stator. This is the main reason
why this generator is found in the production of high
powers. A second reason is the possibility of
adjusting the voltage of the generator at the
connection point [4].

But the DFIG is subject to many constraints, such
as the effects of parametric uncertainties (due to
heating, saturation, ...) and the disturbance of the
speed variation. These constraints could therefore
divert the system from its optimal functioning [1, 5].
Therefore control should be concerned with
robustness and performance. The control of this
machine is a delicate operation because of this motor
characterized by multi-variable, nonlinear dynamics,
with parameters varying over time and with a strong
coupling between the magnetic behavior and the
mechanical part. Various control approaches have
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Figure. 1 Block diagram of the wind energy conversion
system and its control

been exploited, we can non-exhaustively distinguish
vector control, input-output linearization technique,
sliding mode control, etc. [6, 7, 8].

The sliding mode control is part of the family of
controllers with variable structure, i.e. controls
switching between several different control laws. The
importance of sliding mode controllers lies in: high
precision, fast dynamic response, stability, simplicity
of design and layout, and robustness to varying
internal or external parameters. The principle of
control by sliding modes is to force the trajectories of
the system to reach a given surface, a sliding surface,
in order to then stay there [9].

The SMC achieves robust control by adding a
discontinuous control signal across the sliding
surface, satisfying the sliding condition. Nevertheless,
this type of control has an essential disadvantage,
which is the chattering phenomenon caused by the
discontinuous control action. Among the solutions
proposed in the literature to remedy this drawback,
there is the boundary layer method which consists in
replacing the sign function by a continuous
approximation in the vicinity of the sliding surface
(saturation function or sigmoid function). Another
method is to use higher order sliding modes, the
principle of which is to reject discontinuities at the
level of the upper derivatives of the input of the
system. In order to reduce chattering, other methods
can be applied, such as neural sliding control and
sliding-fuzzy control [10-13].

La fuzzy logic theory forms an interface of the
linguistic and digital worlds. She is able to describe
complex systems by introducing vague information
and by mimicking the approximate reasoning
mechanism used in humans. A fuzzy controller can
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be seen as a particular expert system having for
objective to replace an operator qualified in his
observation and his judgment, it then allows the
treatment of often uncertain human ideas. There is a
lot of interest in the fuzzy controller in controlling
complex, nonlinear processes [14].

In the light of this observation, the main objective
of this work is to develop optimal control method to
improve the efficiency and productivity of the
electric energy. This article is structured as follows:
First, a dynamic model of the Wind energy
conversion system was proposed. Then, a sliding
mode control strategy of the doubly fed induction
generator which allows independent control of the
active and reactive power. In the fourth section, we
synthesize a new control sliding mode with Interval
type-2 fuzzy logic of DFIG. Finally, robustness tests
of the proposed control will be carried out and
comparative study with other controls.

2. Wind energy conversion system

For our system, the energy conversion chain
consists of two converters on the rotor side.

The turbine transforms the kinetic power of the
wind into mechanical power, but handiest part of the
available power can be captured with the useful
resource of the usage of the wind turbine [1]:

1
P =1pCpS3 (1)

For wind turbines, the C,, which relies upon on
each the wind speed and the rotational speed of the
turbine is normally described withinside the variety
0.35-0.59 [15].

Thus, DFIG transforms mechanical energy into
electric energy. As for the converter, it transfers the
most energy brought with the aid of using the wind
turbine to the community as a characteristic of the
wind speed.

2.1 Modeling and control of the turbine

The turbine is made up of three-bladed rotor and
a hub. Through the turbine, wind energy is
transformed into mechanical energy that rotates the
main shaft of the generator. The aerodynamic
(mechanical) power B, extracted by the wind turbine
is given by [13]:

P, = %p.n.R% V3.C,(A, B) )

Where: p is the air density, Ry is the wind turbine
rotor length and V' is the wind speed.
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The power coefficient C,, (4, B) represents the turbine
efficiency to convert the kinetic energy of the wind
into mechanical energy. This coefficient is a function
of the blade pitch angle g and the tip speed ratio A,
which is defined as:

A=T 3)
Where: Q. is the shaft speed in (rad/s).
As a matter of example, the expression of the
power coefficient of a wind turbine of 4Kw is
approximated using the following equation:
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C,(,B)= (05-0,0167.(8 —
; m.(1+0,1)

(1-3).(8-2) (4)

Ideal characteristics of a wind turbine at variable
speed are enumerated below [4]:

— Zone 1: corresponds to the low speed where wind
is insufficient to actuate the wind system. The
objective in this zone is to extract the maximum
power of the wind by applying techniques called
extraction of maximum power.

— Zone 2: In this zone, the speed of the wind is
constant.

— Zone 3: corresponds to the very high speed of the
wind. The objective in this zone is to limit the
output power to the nominal power of the wind
system to avoid overloads. This is done by action
on the pitch angle of the blades.

In this zone of operation, the control has as main
objective to maximize the captured energy of the
wind and to minimize the efforts undergone by the
driving mechanism. To maximize the capture of wind
energy, there are two variables which are controlled
in order to be maintained at their optimal values
namely: Aope, Bope- B IS maintained by fixing the
pitch angle at its optimal value j,,,, and A by fixing
the specific speed to its optimal value. The
corresponding characteristic to this relation is given
in zone 1, Fig. 3.

Optimization technique of the mechanical power
used in this zone is the maximum power point
tracking control (MPPT). In the present work, the
maximum power coefficient is taken as: Cp pax =
0.48 by achieving for a tip speed ratio of 4,,; = 9.2
and B =2 deg. This choice has been dictated
according to Fig. 2.

1 Cp(Ao
Cropt = 5 p.n.R%.Vz—pg pe) Kopt Q%

opt
o _ arar )
Aopt
With:
_1 5 Cp(Aopt) . Cr _n-
kopt—g.p.T[.RT.%,?— g_fﬂg—o,

SR~ f.0y— Cg=0;0y =G.Qr;

ko
Coopt = o5~ — f.Qy.

The block diagram given by Fig. 4 shows the
implementation of the indirect control of the turbine.
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2.2 Mathematical modelling of DFIG

The dynamic model of DFIG in (d, q) reference,
which includes both the electrical and mechanical
dynamics, can be described by the matrix form as
follows [9, 16]:

X =AX +BU (6)
Where:
X = [@sd gosq Ird Irq]T X U=
[Vsd Vsq Vrd V;‘q]T
-1 M
T @ i 0]
- -1 0 Mo
[A] =| ~%s T, A
a —Bw ) (ws — )|
Bw a —(wg — w) = J
1 0 0 0 1
0 1 0 0 |
[B] = |-~ 0 — 0
oLgLy oL,
o -2 o0 =
L oLgLy oLy
2
with: 0 =1-2 ;Tr—L—T ;TS—LS Ca=
LyLg Ry R
M ., M

'6—1(1+ M2)
" oLyLs ' o \T, LgTsL,

The mechanical and electromagnetic equations
are given as follows:

oL LsTg '

an

]Ezcem_cr_fﬂ (7)
M
Com = PL_S (‘psqlrd - (psdqu) (8)
With:

f coefficient of friction, J moment of inertia and P
the number of pole pairs of the DFIG.

In order on the way to effortlessly control the
power production of the wind turbine, an unbiased
control of the energetic and reactive powers is
finished with the aid of using setting up the equations
which hyperlink the values of the rotor voltages to the
energetic and reactive stator powers [2, 14].

By deciding on a (d, q) body of reference related
to the rotating stator area and with the aid of using
aligning the stator flux vector with the d axis, this
effectin: ¢4 = @, and g = zero.

If one supposes that the electric community is
stable, that ends in ¢ constant. In addition, the stator
resistance may be neglected. Based on those
considerations, we achieve: Vi, = zero, Vg = Vg

and Vgq = Vs/ ws.
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Adapting the above equations to the simplifying
assumptions gives:

s M
Isd - L_s - L_s rd
M ©)
Isq = L_squ
VeM
Py=— "l
vE VsM (10)
Qs wsLs - L Ird
M? VoM
Pra = (Lr _L_)Ird +w 3
S sH~s (11)

Prq = (Lr - I\L/I_SZ) Irq

In this case the control voltages will be as follows:

M?\ .
Via = Rylrg + <Lr - _> Irq — gws

Ls
MZ
(Lr - L_s) Irq (12)
2 .
qu = RTITq + LT — L_> ITq + gwg
S
M? VsM
(Lr - L_s) lra +87- (13)

With:
(VZ—M) the coupling term between the two axes;
S

2
g(AZ—) represents an electromotive force dependent
on the speed of rotation.

The approach utilized in electrical control is to
overlook the coupling phrases and installation an
unbiased regulator on every axis, a good way to
control the energetic electricity and the reactive
electricity independently. This approach is known as
the direct approach due to the fact electricity
regulators at once control rotor voltages [1].

2.3 Modeling and control of the grid side
converter

The grid side converter is used to provide bi-
directed power flow from the rotor - side converter
allowing the stabilization of the DC-link voltage and
achieving unity power factor.

The AC source model and the rectifier model are
given by the state space representation:
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In addition, the rectified current is given by:
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I
I, =1[S1 S2 S3] [12] (16)
I3
The output voltage is governed by:
ave _
{ == (I Ch) (17)
Uec = RCh-ICh

The objective of the grid side converter is to
regulate the DC link voltage and to set at unity power
factor.

The equations allowing the expression of the
input AC voltage V},(d, q) to the rectifier inthe (d, q)
frame as a function of the voltages at the common
connection point (CCP), V(d, q) are given by the
following equations:

Vog =Vy—RI;— LEL 4 Lol
p dt q (18)
dal
Vog = Vg = RIg = L—L — Lwlg
The real and reactive powers are expressed by:
3
P = —-. led + V I
2 [ q CI] (19)

Q= % [Vila — Valy]

Which can be rewritten in grouped form as follows:
ol =5l ]l
Ql 271V —Valllg
Eqg. (21) allows processing the reference currents

(13,13) knowing the active and reactive powers
references (P*, Q™).

(20)

) = (21)

I; =3(v—+vq>[5§ —Vd] [Qi]

The reference of the real power P* is calculated
from the DC bus control loop responsible of
maintaining constant DC capacitor voltage. Its value
is given by the following expression:

{P* = U,
Q=0

The rotor side converter is used to control the
active and reactive powers injected by the stator of
the doubly fed induction generator to the grid. The

(22)
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used converter is a simple two level, three-phase
inverter (Fig. 7).

The mathematical model of the rotor side
converter is given by:

Va |2 —1 -1 S1
VB = g ) [—1 2 —1] [52] (23)
Ve -1 -1 2118

3. Sliding mode control

The primary concept of SMC is first to attract the
states of the machine right into a certainly decided on
the region, after which to lay out a control regulation
with a view to usually hold the machine in that region
[9, 17]. In summary, a SMC is split into 3 parts:

3.1 Choice of switching surface

For a non-linear system presented in the
following form:

x=f(xt)+g(xt).ulxt)
x ERMu€ER (24)

Where: f(x,t), g(x,t) are continuous and unsure
nonlinear functions, meant limited.

We take the shape of trendy equation given with
the aid of using J. J. Slotine [18] to decide the sliding
surface given with the aid of using:

s(x) = (% + /'l)n_1 e (25)

e=xd—x

Where: A : positive coefficient; e : error on the signal
to be adjusted; n : system order.
3.2 Convergence condition

The convergence situation is described with the
aid of using the equation Lyapunov [19], it makes the
region appealing and invariant.

s()s(x) <0 (26)

3.2.1. Control calculation

The control set of rules is described with the aid
of using the relation:

u=u®l+u" 27)

Where:

u®l : is the equal control vector, may be acquired
with the aid of using thinking about the situation for
the sliding regime;
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u™ : is the switching part of the control (the correction
factor).

In order to relieve the unwanted chattering
phenomenon, J.J. Slotine proposed a method to
lessen it, with the aid of using the "sign™ function of
the switching surface [18]. The switching a part of the
control u™ is described with the aid of using:

u =k sign(s(x)) (28)

With:
k is the controller gain.

3.2.2. Active power control

To control the active power, we take n = 1. The
expression of the sliding surface becomes:

s(P) = (i —Ig) (29)

Its derivative is:
s(P)= (I[¢ ~Iry) (30)
By replacing the derivatives of the currents by

their expressions given in Egs. (10) and (13), we
obtain:

. Ly 5

MV
gws Lrolrg — 87 )) (31)

The control voltage V;, is defined by: V., =
V! + V4. During the slip mode and in steady state,
we have: s(P) =0, s(P) =0 and V;z = 0. Where
we get from:

L.L.o .
red — _15\/1—12 Bl + Rylyy + gwsL,olrg
MV,
+8 (32)

During the convergence mode, the condition
s(P)s(P) < 0 must be verified with:

Vi = Lraklsign(s(P)) (33)
Where: k; > 0.

3.2.3. Reactive power control

In the same way as before, to control the reactive
power we take n = 1. The expression of the sliding
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surface becomes:

s@ = (I = Ia) (34)
Its derivative is:

5@ = (Il —1Iwa) (35)

By replacing I"¢" and I, by their expressions
given by Egs. (10) and (12), we obtain:

Lg 'ref)_ 1
VsM S Lo

5 = ((QZ—SM—

1
—(=RyLqg + gweraqu)> (36)

rd —

Lo

The control voltage V,, is defined by: V.4 =
V.ol + V. During the slip mode and in steady state,
we have: s(Q) =0, $(Q) =0 and V), = 0. Where
we get from:

V. Ly o
Vi = Lo (52 = 05 ) + Relra —

gwsL,ol., (37)

During the convergence mode, the condition
s(@)s(Q) < 0 must be verified with:

A Lrakzsign(s(Q)) (38)
Where: k, positive constant.

4. Sliding mode control with interval type-2
FLC

4.1 Background of type-2 fuzzy logic

Type-2 FLCs give better results than their type-1
counterparts above all in environments full of
uncertainties. The main characteristic of type-2 fuzzy
sets is just their ability to handle uncertainties more
efficiently than type-1 FLCs. This is possible because
a larger number of parameters and more freedom
degrees are available with type-2 fuzzy sets.

General structure of IT2FLCs is illustrated in Fig.
8. As it is clear, the structure is almost similar to the
structure of T1FLCs. The main difference is that at
least one of the FLCs in the rule base is an IT2FLC.
Therefore, the outputs of the inference engine are
IT2FLCs and a type reducer is needed in order to
convert them into a T1FLC. Then, the T1FLCs is
defuzzified into a crisp number as the output of the
IT2FLC [20, 21].
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4.1.1. Fuzzifier

The fuzzifier maps the crisp input vector
(x4, X5, ..., x,)T 10 @ type-2 fuzzy system 4, very
similar to the procedure performed in a type-1 fuzzy
logic system.

4.1.2. Rules

Consider a type-2 fuzzy logic system having
inputs x; € X;, x, € X,, x,, € X,;, and one output
y €Y. Let us suppose that it has M rules where the
it" rule has the form:

RU: If x; is F} and x, is Ff and ... x,, is B}, than:
y =G i=1,.,M (39)

Where: F"j" represent the type-2 fuzzy system of the
input state j of the it" rule, x,x,,...,x, are the
inputs, G* is the output of type-2 fuzzy system for the
rule i, and M is the number of rules. As can be seen,
the rule structure of type-2 fuzzy logic system is
similar to type-1 fuzzy logic system except that type-
1 membership functions are replaced with their type-
2 counterparts.

4.1.3. Inference engine

In fuzzy system interval type-2 using the
minimum or product t-norms operations, the it"
activated rule F(xq, x5, ..., x,,) gives us the interval
that is determined by two extremes fi(x;, x5, ..., X;,)

and f1(xy, x5, ..., x,) [22]:

Fi(xy, . Xy) =

[f(xl,...,xn),fi(xl,...,xn)] = [f,fi] (40)

With: % and f* are given as:

fi= ﬁFli(xl) X ... X 'HFril(xn)

4.1.4. Type reducer

After the rules are fired and inference is executed,
the obtained type-2 fuzzy system, resulting in type-1
fuzzy system is computed. In this part, the available
methods to compute the centroid of type-2 fuzzy
system using the extension principle [23] are
discussed. The centroid of type-1 fuzzy system A is
given by:

C, = Z=aZVi (42)

n .
i=1 Wi
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Where: n represents the number of discretized
domain of 4, z; € R and w; € [0, 1].

If each z; and w; are replaced with a type-1 fuzzy
system, Z; and W;, with associated membership
functions of u,(Z;) and wy,, (W;) respectively, by
using the extension principle, the generalized
centroid for type-2 fuzzy system A is given by:

GC; = leez "'onEZn fwlewl
f T2 uz(ZHXTE i (W) (43)
WnEWn ZL 1ZiWi
Tz Wi

Where: T is a t-norm and GCjz is a type-1 fuzzy
system. For an interval type-2 fuzzy system:

GCz = [y, (x), yr(x)]

- fyle[ﬁ,y%] fyMe[ylM,y#”] ffle[zlfl] "
1

ffME[fo ]ZM flyl
L S

4.1.5. Deffuzzifier

To get a crisp output from a type-1 fuzzy logic
system, the type-reduced set must be defuzzied. The
most common method to do this is to find the centroid
of the type-reduced set.

If the type-reduced set Y is discretized to n points,
then the following expression gives the centroid of
the type-reduced set as:

International Journal of Intelligent Engineering and Systems, Vol.15, No.1, 2022

Revised: December 8, 2021.

556

o viueh
M ouh

Y(x) = (45)

We can compute the output using the iterative
Karnik Mendel Algorithms [24]. Therefore, the
defuzzified output of an interval type-2 FLC is:

Y(x) — YI(x)::Yr(x) (46)
With:
— i, fivt
i (x) ZﬁN_CIi | (47)
y (x) — Z?iﬂcrl}’#
r LS

The structure of a fuzzy system Type-2 is shown
in the Fig. 8.

4.2 Sliding mode control -
a DFIG

This section presents the design of a new
nonlinear drive for the doubly fed induction generator.
The proposed control is designed from the sliding
mode control technique supplemented by a type-2
fuzzy controller to improve its robustness.

The control algorithms based on sliding mode
techniques suffers from a main disadvantage that is
chattering effect, which is the high frequency
oscillation of the controller output. To overcome this
problem and in order to reduce the chattering
phenomenon, an interval type-2 fuzzy system is used
to approximate the hitting control term. The
configuration of the proposed type-2 fuzzy sliding
mode control scheme is shown in Fig. 9; it contains
an equivalent control part and single input single
output interval type-2 fuzzy logic.

interval type 2 FLC of

4.2.1. Development of a fuzzy controller of a DFIG

The equivalent control u,,, is calculated in such
a way as to have s = 0. Then the discontinuous

control is computed by:
U = kpug (48)
Where:
ur = IT2FLC(s) (49)
With:
ks is the normalization factor of the output variable,
and uy is the output of the IT2FLC, which is obtained
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Table.1. Fuzzy rules for type-2 FLCs

Rulel | Rule2 | Rule3 | Rule4 | Rule5
s PB PM ZE NM NB
Uy NB NM ZE PM PB

by the normalized s.

The hybrid control sliding mode control-type 2
fuzzy controller (IT2FSMC) developed in this work
given the following equations:

Vg = oLy (kpiuy)
and
Vz(li = aLr(kfzuf)

4.2.2. Interval type-2 fuzzy logic control

The fuzzy type-2 membership functions of the
input sliding surface (s) and the output
discontinuous control (u,) sets are presented in Fig.
10.

In order to attenuate the chattering effect and
handle the uncertainty of the modeling of the DFIM,
a type-2 fuzzy controller has been used with single
input and single output for each subsystem. Then, the
input of the controller is the sliding surface and the
output is the discontinuous control us . All the
membership functions of the fuzzy input variable are
chosen to be triangular and trapezoidal for all upper
and lower membership functions. The used labels of
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the fuzzy variable (surface) are: {negative medium
(NM), negative big (NB), zero (ZE), positive medium
(NM), positive big (PB)}.

The corrective control is decomposed into five
levels represented by a set of linguistic variables:
negative big (NB), negative medium (NM), zero (ZE),
positive medium (PM) and positive big (PB). Table.1
presents the rules base which contains five rules:

The membership functions of the input (sliding
surface) and output (u) has been normalized in the
interval [—1, 1], therefore: |u| < 1.

ur given in Eqg. (49) satisfies the following
condition:

ur = —k*|s| (52)

Where:

k* > 0 is positive constant determined by a fuzzy
type-2 inference system.

Proof:

The discontinuous control laws are computed by
type-2 fuzzy logic inference using Eqgs (46) and (47)
and the iterative Karnik Mendel Algorithms
presented in [25, 26, 27]. Where a; = [@jow, ®iup|
fori = [1,...,5] are the membership interval of rules
1 to 5 presented in Table 1. Moreover, uy can be
further analyzed as the following six conditions given
thereafter. Only one of six conditions will occur for
any value of the error e according to Fig. 9.
Condition 1:

Only rule 1 is activated (s > 0.5,a; = [0.8,1],a; =

[0,0]) for j = 2,3,4,5.

-0.8—-1 _
— =

s = IT2FLC(s) = —0.9 (53)
Condition 2:

Rule 1 and 2 are activated (0.25 < s < 0.5,a; =
[allow' alup]'az = [a210w'a2up]'aj = [0, O]) for
j =345

0 < a11ows X210w < 0.8aNd 0 < @qyp, Azyp < 1

us = IT2FLC(s) = %(—0-8 Triow=03 Tup

Ay1owtAoup
—01yp—0.5 azlow) 4
Ayupt+aziow (5 )
Rule 2 and 3 are activated (0 <s < 0.25,a, =
[a210wr aZup]ra3 = [a3lowr a3up]:aj = [0, 0]) for
j=145.
0 < azi0w) X310w < 0.8aNd 0 < gy, a3y < 1
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Figure. 11 Block diagram of the interval type-2 fuzzy
sliding mode control of a DFIG

1
w; = IT2FLC(s) = 5(

—0.3 az1ow+0.1 et3yp

Q210w A3up

—0.5 azyp ) (55)

AouptA3iow
Condition 4:
Rule 3 and 4 are activated (—0.25 <s < 0,a3 =
[310w) @3up|, s = [Xa10w» Aanp], @; = [0,0])  for

j=125.
0 < azjows Xatow < 0.8aNd 0 < a3y, ayyp < 1

1
w; = IT2FLC(s) = 5(

0.1 a3jow+0.5 Agyp

310wt Agup

0.3 2410w ) (56)

A3uptAsiow

Condition 5:

Rule 4 and 5 are activated (—0.5 < s < —0.25,a, =
[a4low: a4up]: as = [‘XSlow: aSup]r aj = [0, 0]) for j=
1,2,3.

0 < Ayiow» Asiow < 0.8and 0 < Agup) Asup < 1

0.5 @41owt Asup

1
= IT2FLC == (
i (S) 2 Aalow T Asup

0.3 Qgyp+0.8 aszow> (57)
A guptAsiow

Condition 6:
Only rule 5 is activated (s<—0.5as=
[0.8,1],a; = [0,0]) for j = 1,2,3,4.

1408 _

up = IT2FLC(s) = =22 = 0.9 (58)

According to six possible conditions shown in
Egs. (53-58) we conclude:

ur = IT2FLC(s) = —k*|s| (59)
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With:
(0.9
s 1 -1
if s>-&s<—
2 2
1 (‘0-8 A11o0w—0.3 Qoyp | —A1yp—0.5 azlow)
2 A1low T A2up AruptA2iow
. 1 1
if -<s<-
f 4 2
1 (—0.3 210w+0.1 A3yp —0.5 azyp )
2 A2low T A3up AouptAzlow
k+ = . 1
\ lf O0<s< 7
1 (0.1 310w +0.5 Aguip 0.3 Aalow )
2 a31ow T Agup A3up+Asiow
. -1
lf e <s<0
1 (0-5 Aglowt Asyp | 0.3 Agyp+0.8 aslow>|
2\ QglowtQsup Aguptasiow
. -1 -1
l —<s<—
if 3 2

(60)

The block diagram of the interval type-2 fuzzy
sliding mode control (IT2FSMC) is presented in Fig.
11. The first step of the control is to generate the
currents of Irrf;f and I/, representing the dummy
control. The error between these references and the
real quantities of the currents results from new errors.
Finally, we adapt the control law V5, and v,/ from

the Egs. (50) and (51) to ensure the stability of the
machine.

5. Simulation results

In order to show the performances and the
robustness of the proposed IT2FSMC, we made a
series of tests.

A. Follow-up of instructions

The first test consists in carrying out steps of
active and reactive power.
For the reference active power:

e t € [0,1]: power step equals 0.

e t € [1,3]: power step equals -3000.

e t € [3,5]: power step equals 0.

For the reference reactive power:
e t € [0,2]: power step equals 0.
e t € [2,4]: power step equals 1000.
e t € [4,5]: power step equals 0.

B. Performances

This test allows us to verify the extent to which
the active and reactive powers follow their
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Figure. 13 Simulation result of reactive power Q,

instructions when the rotational speed of the machine
suddenly varies at the instant t = 4.5 and goes from
1440 rpm to 1600 rpm. We notice: Active power
equals with zoom -8 W and reactive power equals
with zoom 0.2 VAR.

From the simulation results shown in Figs. 12-15
we can observe that the proposed control technique
allows a perfect decoupling between the two
components of the P, and Q stator power, it appears
clearly that the new control present positive
performances compared to the traditional controls
(vector control and sliding mode) and new controls as
found in reference [9] and [17], namely: the tracking
errors are low with acceptable overshoots, the
response times which characterize the transient
regime are low.

In general, the simulation results obtained during
the application of the IT2FSMC show good tracking
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Figure. 15 Simulation result of Q¢ with a change in
machine speed

of the powers generated at the corresponding
reference values.

6. Performance comparison

In the present study includes four criteria of static
error e (speed and flux). These criteria are integrated
squared error (ISE), integral absolute error (IAE),
integral time-weighted squared error (ITSE) and
integral time-weighted absolute error (ITAE), are
utilized to judge the performance of the controllers.
The index ISE, IAE, ITSE and ITAE is expressed as
follows:

ISE = [ e?(t)dt (61)
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Table 2. ISE, IAE, ITSE and ITAE performance indexes 8. Appendix
ontrol Fuzz Neural IT2FSMC
Index sliding)EQ] sliding [17] | Proposed Parameters of the DFIG:
ISE Ps 2,5446x105 4,7534X105 2,0936x105 Parameters Value
ST awts | oroes [seme | [omind pover By =4 KW
s : : : _
IAE 70 1 93,6977 | 106,4587 | 87,1864 ;f:g:\‘/’;’:::see ZS" = 3?25
ITSE P, | 5,3007x10% | 3,2221x10* | 4,7193x103 Nom T”_
Qs | 25447x10° | 3,8491x10° | 2,0857x10° ominal current b = 15/86 4
P, 84,0344 97,3149 88,4425 Nominal mechanical speed Q, = 1440 rpm
ITAE Q, 20,6390 23,4804 18,3652 Nominal stator & rotor frequencies | wg, = 50Hz
Pole pair number P=2
IAE = fOTle(t)ldt (62) Stator resistance R,=12Q
Rotor resistance R, =18Q
ITSE = fOT t.e?(t)dt (63) Stator self inductance Ly =0.1554 H
Rotor self inductance L. =0.1568 H
ITAE = fOTtle(t)ldt (64) Mutual inductance M=015H
Moment of inertia ] =0.2Kg.m?
The objective of this part is to compare the Friction coefficient f=0.0011S
different control laws synthesized, the fuzzy sliding
mode control proposed in [9], neural sliding mode Nomenclature:
control proposed in [17] and the proposed controller. s, T Stator and rotor subscripts
Table 2 shows the ISE, IAE, ITSE and ITAE d,q Direct and quadrate Park subscripts
values of tht_e s_lmulatlon re_sults. Actually, these V.1 Voltage/ Current/ Flux variables
performance indices are obtained at the end of the Stator Totor resistance
simulation time (T = 5sec) with a sampling period Rs Ry ' .
h=10"*. From the comparison, it can be seen that the Ly Ly Stator, rotor inductance
performance is improved when using the proposed Ty Ty Statoric and rotoric time-constant
controller as compared to the anther methods. 05, 6; Statoric and rotoric flux position
The results presented in the table above clearly o Leakage factor
show that the proposed control (IT2FSMC) is the ws Electrical stator frequency
most efficient from the point of view of minimizing » Mechanical rotor frequency
the energy criterion ISE, IAE, ITSE and ITAE. Q Mechanical speed
) Com Electromagnetic torque
7. Conclusion C, External load torque
In this article, it was presented the control of a P Air density
wind power conversion system equipped with a dual Ry Radius of turbine
power asynchronous generator. G Powver cefficient
After modeling the system, we developed two A Speed ratio
controllers one for active power and the other for B Pitch angle
reactive power, using interval type-2 fuzzy controller Py, Qs Active and reactive stator power
with sliding mode control. PWM Pulse width modulation
With an appropriate choice of controller IT2FSMC | interval type-2 fuzzy sliding mode control
parameters, the results we have obtained are DFIG doubly fed induction generator
interesting for the application of wind energy to
ensure the robustness and quality of the energy References

produced.

In addition, this control has a simple and robust
control algorithm which has the advantage of being
easily implantable in a computer.
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