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ABSTRACT This paper presents a new fractional-order control algorithm for a doubly fed induction
generator-based wind energy conversion system. Nonlinearities resulting from wind turbine dynamics,
parametric uncertainties due to generator modeling, and stochastic wind disturbances can seriously affect
control performances and consequently decrease wind power extraction. The suggested approach combines
interval type 3 adaptive fuzzy systems with a backstepping control technique to improve the quality of the
closed-loop response and the robustness of the system. Besides approximating nonlinear functions, interval
type 3 fuzzy systems are used to handle a higher level of uncertainty compared to type 1 or type 2 fuzzy logic
approaches. The stability analysis is proved according to the Lyapunov method extended to fractional order.
Several simulation results are presented accompanied by a comparative study with some other well-known
fuzzy backstepping methods.

INDEX TERMS Interval type 3 fuzzy logic system, general type 2 fuzzy logic system, interval type 2 fuzzy
logic system, backstepping, fractional-order, DFIG, Lyapunov.

I. INTRODUCTION

In response to climate change and inclusive transition
towards carbon neutrality, social and industrial demands
for renewable energy have significantly increased in recent
decades. This has led to continued advancements in wind
turbine technology, known as one of the most efficient, cost-
effective, and environmentally friendly of electrical energy
sources [1].

Central to this technology is the electric generator, which
embedded within the wind turbine, performs the critical
function to convert turbine’s mechanical energy into electrical
power. The Doubly Fed Induction Generator (DFIG) has a
long tradition in wind power stations due to their robustness,
cost-effectiveness, and ability to generate reactive power to
support the grid [1], [2].

The associate editor coordinating the review of this manuscript and

approving it for publication was Norbert Herencsar

However, the design of control algorithms for the DFIG
based wind turbines is concorded as a challenging task.
The control performance can be impacted by various factors
such as nonlinear phenomena from dynamic behavior of
wind turbines, electrical faults, thermal issues, uncertainties
in generator modeling, and external environmental factors.
These factors can change the expected system behavior and
drastically decrease the extraction of wind energy.

Several studies have been proposed in the literature for
an effective control of the DFIG connected to the grid.
Among these studies, we can cite the conventional control
methods which, in their cascaded control loops, involve
simple Proportional-Integral (PI) controllers [3], PI-neural
network [4], or Pl-neural fuzzy systems [5]. A major
drawback of this category of controllers is that they are
designed using a linear approach which involves some
approximations and simplifying assumptions. This results in
a limited control performance due to the highly nonlinear
characteristics of the wind turbine.
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In this regard, various advanced methods address this
problem, such as sliding mode control and its various
improvements [6], [7], fuzzy logic control techniques [8], [9],
[10], [11], [12], the backstepping approach [13], [14], [15],
[16], etc.

Backstepping control approach is a systematic design
technique that breaks down a complex nonlinear system into
simpler recursive subsets. However, a perfect machine param-
eters knowledge is crucial in conventional backstepping
control design. To overcome this weakness, fuzzy systems
have been proposed to approximate the model nonlinear
functions and manage uncertainties and/or imprecisions [17],
[18]. Based on Lyapunov’s stability theory, the resulting
control laws aim to ensure stabilization, regulation, and
control of nonlinear dynamic systems. Furthermore, the
backstepping design method can easily be combined with
adaptive fuzzy control techniques [19], [20], [21], [22].

To improve the approximation capability of the fuzzy
systems, some aspects of the General Type 2 Fuzzy Logic
System (GT2-FLS) have been studied. Unlike the Interval
Type 2 Fuzzy Logic System (IT2-FLS), where the secondary
membership is a fixed number, in GT2-FLS, it is obtained
from a Type 1 fuzzy set. This results in better performance
and more ability to cope with uncertainties compared to IT2-
FLS [17], [18]. In order to handle more level of uncertainties,
the IT3-FLS has been introduced, where the secondary
membership set is an interval Type 2 fuzzy one. Various
engineering applications demonstrate the effectiveness of
IT3-FLS [23], [24], [25]. However, it remains rarely studied
in generator control.

Otherwise, several traditional control methods have been
extended to fractional-order operators to enhance the con-
trol performance from different aspects [26], [27], [28].
Furthermore, fractional order calculus remains the more
suitable technique to model DFIG since its inductance has
a fractional order characteristic, and the electrical state
variables have different orders from those of the rotor motion
state variables [29].

In this article, a new fractional order adaptive robust
control method is designed for a DFIG based variable
speed wind turbine. Applied to the converter side generator,
the objective of this strategy is to improve robustness
performance and closed-loop response.

The contributions of this paper are summarized as follows:

1) A fractional order adaptive interval Type 3 fuzzy
backstepping control is presented and compared with
the other backstepping approaches using GT2, IT2 and
T1 adaptive fuzzy systems.

2) Fractional calculus is used in DFIG modeling, fuzzy
systems and backstepping control scheme.

3) The adaptation laws are obtained on-line from the
stability analysis of the extended fractional Lyapunov
theorem.

Combining backstepping control and new generation of

fuzzy systems in this works, is motivated by: (i) backstepping
control is the more suitable to obtain good performance for
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TABLE 1. Abbreviations and their definitions.

Abbreviations  Definitions

DFIG Doubly Fed Induction Generator

PI Proportional Integral

MF Membership function

T1-FLS Type 1 Fuzzy Logic System

IT2-FLS Interval Type 2 Fuzzy Logic System

GT2-FLS General Type 2 Fuzzy Logic System

IT3-FLS Interval Type 3 Fuzzy Logic System

FT1-FLS Fractional Type 1 Fuzzy Logic System
FIT2-FLS Fractional Interval Type 2 Fuzzy Logic System
FGT2-FLS Fractional General Type 2 Fuzzy Logic System
FIT3-FLS Fractional Interval Type 3 Fuzzy Logic System
ITAE Integral Time Absolute Error

ISE Integral Square Error

DFIG control [30]. (ii) according to [31], moving from IT2-
FLS to IT3-FLs allows to increase the capability of the fuzzy
system to manage uncertainties and hence to improve the
modeling precision.

Simulation results demonstrate the superiority of the
proposed control approach compared to some other fuzzy
backstepping methods. The paper is organized as follows.
In Section II, fractional order concepts and system modeling
are described. The control algorithm and stability analysis
are illustrated in Section III. The simulations and results are
provided in Section IV, and finally the conclusion in
Section V. The main abbreviations used in this paper are
summarized in Table 1.

Il. MATHEMATICAL PRELIMINARIES AND DFIG
MODELING

A. FRACTIONAL DEFINITIONS

This section briefly describes the definitions concerning the
fractional order calculus used in this paper [32]. Considering
the following fractional order differential-integral operator
oD

am
i 1 R(m) = 0
fODf = t (1)

/(dt)_m NR(@m) <0

where:

m € C is a complex number that denotes the fractional
order and N(m) is the real part of m. The mathematical
expressions of the Riemann-Liouville derivative and integral

are given as follows:
o Expression of the derivative

1

t

RL ym _ d_n/ _ \n—m—1

OO = s | =0 e
fo

@
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o Expression of the integral
1 t
WO =5 / - " f@dr G
0]

where: ~
F(x)= [y~ leYdy

0
x<O0and(n—1)<m<nneZ

B. SYSTEM DESCRIPTION
Fig. 1 shows the selected configuration of the DFIG control
system, which includes the aerodynamic subsystem, drive-
train part, and back-to-back converter. The rotor windings
are connected to the back-to-back converter via slip rings,
while the stator is directly connected to the grid through
an electrical transformer. In this paper, the control scheme
is mainly focused on the generator side converter. The
power electronic interface allows, through control loops of
torque/rotational-speed and rotor currents (in d-q framework
with stator flux orientation), to obtain a maximum extracted
energy for various wind speeds.

The mathematical expressions of the DFIG power equa-
tions are given as follows:

Vs = Relgs + D" g5 — WsPys
Var = Relgr + D" gy — WrPqr
Vqs = Rslq(s,r) + Dm@qs + ws@ds
Var = Relys.ry + D" ¢gr + 0r@ar
@ds = Lslas + Lilar

@dar = Lylar + Linlas

@gs = Lslgs + Linlyr

Pgr = Lrlqr + Lmlqs

“

Vs, Var, Vys, and V. are the stator/rotor voltages
in d-q framework

Lys, Lar, 145, and I,,-: are the stator/rotor currents
in d-q framework

R, R,: are the stator/rotor resistance

Ly, Ly, and L,,: are the stator/rotor and mutual
inductances

@ds> Pdr» Pqs> and g, are the stator/rotor fluxes

wy, wy: are the stator/rotor electric pulsations

where:

The expressions of mechanical equations are given as:

3L
JD"Q+ Q= g — PEL_m(Idr(pqs - Iqr§0ds) ©)
5

", is the generator torque
J: is the generator inertia

where: f: is the viscous friction coefficient
: is the angular mechanic velocity
P: is the number of pairs poles
QL=D"0,w=D"6,and 6, =P 6
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FIGURE 1. DFIG based wind energy’s conversion system.

The mathematical expressions for the generated active (Py)
and reactive (Qs) powers are given as follows:

3
Py = ~(Vaslas + qulqs)
Q)
Os = E(Vqslds - Vdslqs)

Based on the direct field-oriented control and after some
mathematical manipulations, the DFIG dynamic representa-
tion can be rewritten as follows:

7 L
D Idr = —Kldr =+ C()rlqr + as—@gs + Q1
Lso,
Dmlq, = —«ly — wrlyr + - wYds + 02
sOr
m RS
D"pas = 7~ (=¢as + Lular) + Vas
)
1 3L
D"w = —(—PZ——m (Idr(qu - Iqr‘pds) + (Prg _fw))
J 2 L
(N
with:
Wy = w5 — ®
2
. — ]ﬁ RL;
or LZo,
Ly 1
01 = — Vas+\ — ) Var
Lo, Or
95447
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_ Ly (L),
02 = LsUr qs o, qr
The fractional order model of the generator can be written
in a compact form as follows:

D"X\ =F1+X>+ A4
[ (®)

D"X, =F,+ U+ A
where:
X =[w <pds]T: denotes the system inputs
U=|[Vg Vd,]T: denotes the system outputs

T . o
Xy = [l lar] : denotes the intermediate inputs

A1 and Aj: represent disturbances
Expressions of elements of the above mathematical

equations are given by:

Fro=(1=57") "X+ 07
Ar=[An Apl"
=b7's
VN e ©)
Fy = (1—b2 )D X2+ by'f
Ar=[Ay Axpl!
=b2_182
with:
[ R, 1"
fi= i 7 Lsfﬂdx
h=0p B
I —R,Lgl;
B = _Idrzl +Iqr(0)s — ) + Qs m
- i
= 1,0 -1 — -
B2 _qr 1 dr(ws — W) + wegs <L§+RS):|
—L?2—R
El — s 22
LL2 (1 - ergs)
bi=[B Bl .bo=1[Bs Pel"
I P2L,, R,L,,
= O N = 0
B3 ] @ds JLX} Ba [ Ls ]
[ L2¢, L2¢,
= 0|,B6=10 s
Ps L2 +R, } P [ L2 +R,
_P T
4 = 7Fg Vds:|
5 = -_VdsLmLszl _VqsLmLsel T
S ) L2 +R,

Ill. FRACTIONAL-ORDER ADAPTIVE FUZZY
BACKSTEPPING CONTROLLER

In this section, the synthesis of fractional adaptive fuzzy
Backstepping control methods is detailed step-by-step. The
idea is to design an appropriate control input U allowing to
achieve the tracking objectives (i.e.: the alignment of X on
its reference signal Y,y = [a)ref (psref]T).

B First, we define the tracking error as:
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FIGURE 2. The interval type 2 gaussian membership function.

€1 = Iyef - X1 (10)
Its fractional time derivative is given by:
D"e; =Deref—F1—X2—A1 (11

Using the following Lyapunov function:

1
V)= zelTel (12)

‘We therefore have [33]:

D"V, < el D™
l 1 =€ el (13)

< el (D"Yr — F1 — Xa — A))

B To satisfy the stability requirement D"V < 0, we define
a second error e> between X5 and its desired value X4
(namely intermediate or virtual control law) as follows:

=X —X
ez 2d 2 . (14)
Xoa = Xo4,, + c1e1 + kisign(er)

where Xod,, = D"Y,or — F1 and ¢y is a positive constant.
Based on the fact that the function F; is considered
unknown, the next step is to estimate X»4,, by a fuzzy system.

A. FRACTIONAL ADAPTIVE IT2-FLS BACKSTEPPING
METHOD

As shown in Fig. 2, the secondary membership function (MF)
in the IT2MF is constant [17], [18].
The output of the IT-2 fuzzy system can be written as:

1 T T
=~ (&0 + &0 ) 15
ety o) = 2 (é“a)L L+ &nrfmr (15)
with:

VOLUME 13, 2025
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{(1y,» §1),: left and right adjustable parameter vectors
01y, » 0(1),: TEETESSIVE Vectors

00y x = O — O)er

Q(f)L, Qf'f)R: optimal parameter vectors

01y, » O(1)g: estimation errors

The tracking error equation 11 can be rewritten as:

D"e; = —cie1 —fo1 + €2 —f( ) +wi; (16)

g(Tl)L_R ’ é(l)L.R
where:

Jer = kisign (e1) + Ay

w] = Xz*d — Xp4: 1s the minimal approximation error.

At this step, the control stability is guaranteed with the
following new Lyapunov function:

Vi= Lo +1(1§Té +
1=zee1+ -\ — 1
21 2 )/(1)L (I)L()L

01,00 ) (17)
Yk (Mg DR
where y(1), and y(1), are the learning rates.

Using equation 16, the fractional time derivative is:

D"V =ely + h( (18)

YL R > 9<1>L,R)

where:
Y = (—cre1 —fer +e2 +wi
- ; )
(g(Tl)L,R ’ GU)L,R)
| Qe ~ 1 - ~
h - = —0[, D01, + —0[xD"01x
(V(l)L.R ’ 9(1>L,R) YIL 1 VIR 1R
According to the previous assumptions, the second track-
ing error is given by:

D"y = D"Xoq — (F2 + U + Ay) (19)

The stability function that includes the two control errors
is:
Vy = lelTel + legez (20)
2 2
The control law expression that allows to have D"V, <
0 can be considered as follows:

U =D"Xyqs — F2+ e1 + crez + kasign (e2) (21)

where: Upy = D" Xpq — F>
Using the same approach to approximate U, the second
error equation can be rewritten as:

D"ey = —crer —for —e1 — w2 —f( (22)

Z(2)L,R ’ é(Z)L,R)
where:

Je2 = kasign (e2) + Az

wy = U%ey — Uey: is the minimal approximation of the
second error.

The global convergence function is given as below:

L Y e
VZ = V] + 562 ey + E Z92L92L + EGZRGZR (23)
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FIGURE 3. The general type 2 gaussian membership function.

Its fractional time derivative is:

D"y =D"V| + el D"y + 1 - 24
2 rraliatho o o) (24)
_ 1 AT pymj 1 AT pymj
where h(y(z)L,R’é(z)L,R) = o 0,; D0, + o 0,r D" O2R.
Using the following adaptation law:
1
D"0a)x = 5Y1ré@ure2 (25)
Equation 24 becomes:

D"V, < —616{81 - czegeg (26)

This result proves that the proposed approach guarantees
stability in the Lyapunov sense.

Remark 1: A1 and A; are bounded by two positive scalars
ki and k2 (J|A1]l < ki1, [|A2]l < k2), c1 and c; are strictly
positive constants such that the stability of the closed loop
system is guaranteed.

B. FRACTIONAL ADAPTIVE GT2-FLS BACKSTEPPING
METHOD
As illustrated in Fig.3, the secondary MF of the General
Type 2 fuzzy logic is a Type 1 MF [17], [18].

The mathematical expression of the output GT2 FLS is:

N lekélak + Gr];xkgrak
= Zkzl Koy 2

27)

f(C(Z)L.R ’9(‘”L1R)

with: ) )
L)y s S(a)p - designate the left and right
adjustable parameter vectors

O, » () - are the regressive vectors
Q(Z)L,R = Q(a)L,R - H(Ot)L,R
* * . .
9( W)L 9( )y are the optimal parameter vectors

B@);.» O are the estimation errors
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Its tracking error is:

D"ey = —cie1 — fer + €2 —f< ) +wr (28)

g—lT(ot)L,R’gl(o‘)L.R
where: )
Jer = kisign (e1) + Ay
wy = X;‘  — Xoa: is minimal approximation error
The new Lyapunov function V] is given as:

1
Vi=—el
1 26’1 €l
N 1 =
—f §
XZk:‘ 2iLag, T e
N |
X — 6, 6 29
Zk:l LS (29)

Where: ¥1rw > Y1Rayy» V1Lay > Y1Ray, are the learning rates.
It’s time derivate is:

D"Vi<ely+h - 30
1=y (Mern - Frne) (30)
with:
Y = —ciel — fer +e2+wi
_f(CIT(‘Y)L,R O (“>L»R)
h = L cprg,
(y](a)L,R’el("‘)L.R) k=1 ylLOth 1Lay to™'t O
Nl o e
+ Z —elRak toD;nelRak

k=1 leOka

As presented previously, the new global convergence
function is:

1 T
Vo=V + 56262

N 1 ~ ~
+ Z —92TLak 2Ly

k=1 2y2Loth
N 1 ~ ~
E —fL, 0 31
+ P 2V2Rakx 2Ry 72Ra ( )

Its time derivative is:

D"V, <D"Vi+ejD"er + h ) 32
2 < 1+eyD7e; (V@)L,R ’ 9(2>L.R) (32)
with:
N 1 - »
h - — _QT CDmQ
(Vz(a)L,R, 92("‘)L,R) Zk=1 VoLay, 2Laxtg™t V2Loyg
N 1 - 5
+ ——— O3y, 13 D)2
Zk:l Y2Ray 2Ray to™t o)
Considering the following adaptation laws:
Cpmp 1
D010y = = ViLay €, DKoy ELa (5)
gD;”é]Rak = —leakxe(x, t)KDtksRotk (s) o)
gD;néZLak = _VZLakxe(xa t)Kc{k ELotk (S)
gD?léZRak = §V2Rakx€(x, DKo, ERay (5)
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FIGURE 4. The interval type 3 gaussian membership function.

Therefore:
D"V, < —clelTel - czegez (34)

with ¢1 and c¢; are strictly positive constants.
Finally, we can conclude that the proposed control
approach guarantees the global stability.

C. FRACTIONAL ADAPTIVE IT3-FLS BACKSTEPPING
METHOD

As shown in Fig.4, the secondary MF of the interval Type 3
is an IT2 MF. The concept of the IT3-FLS is shown in Fig.5,
its output is obtained as follows:

1) The inputs of IT3-FLS are: x; . ..... Xn

2) Consider five membership functions (MFs) for each
inputA},j: 1,...,M_ )

3) Get rule firing degrees fg, fu, ]:& and ]:a

4) Compute the output of the proposed fuzzy system

The X344 should be approximated by an IT3 FLS
approach:

f ZN K elgkglgk + GrTgkg:rgk
(f(i)L,R s g(a)L,R) N k=1 e 2

T _ T _
+Ka, [Ql&kélak + Ora i D (35)

2

where:
L), » Sy designate the left and right

adjustable parameter vectors
O@); » O(),: designate the regressive vectors

?‘(TX)L_R ~= Q(G)L.R - e(a)L,R

O); » O(a)g: are the estimation error
In the next step, the control stability is guaranteed by:

1
Vi==el
1 26161
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FIGURE 5. IT3 FLS approach.

N 1 ~T =
+Zk— 570110, 1La,

=1 2V1Lgkx
N 1 ~T  ~
—0 0
+ Zkzl 2V1Rey =1Ra =1Ray
N 1 ~T =~
—0 %
+Zk=1 2V1Lu7k Z1Loy=1Lay
N 1 ~T =
+ ke, Yira (36)
Zk:1 2Y1Ray g =1Rat
where:
Q~1Lgk = QTLQ,( - Qng,j@lLak = QTL&k —Oia,
Qlek = QTng - Qle,j O 1ra, = QTR&k — Oiray
with:
* * * * . 1
Qngk, Qlek’ lek, QlR&k. are the optimal vectors

values OfglLQk’QlRﬂk’ lek, andQlR&k
Y1Lay x> YIRay x» YiLay > VRe, - are the learning
rates.

Its time derivative is:

D"V <ely+n . (37)
(Vl(ot)L'R ; 91(a)L'R)
where:
Y = —crer — fe1 + ez +wi
(ng(“)L,R ’ é'("‘)L-R)
N 1 .7
h i = —0,, SDMO
(yl(a)L,R s el(oc)LyR) Zk:l VlL _lLak t =1Lay
,..T m
—1Rak toD 91Ra

k= 1)/m

9 Dmé
Z1Lay 1 Z1La
k=1 )/lL Gay k to k

>,
>,
Zk 1 ViR, 91Rak toDmelRotk
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Based on the previous assumptions, the global convergence
function is:

1 T
Vo=V + 56262

N 1 ~T  ~
+ ——0,,., 0
Zk:l Zyngkx—ngk Z2Lay

N 1 ~T  ~
——0re, 0
+ Zkzl 2),2@“—2@—2@

N 1 ~T  ~
+ E ——0O5;5 057 5
k=1 2V2L&kx_2Lak_2Lak

N 1 ~T ~
55— %2k O2ra 38
+ Zk:[ 2y2R&kx_2Rak_2Rak ( )

The fractional derivative is:

D"V, < D"Vi 4 el D™ey + h ] (39)
(V(2>L.R . 9(2>L_R)
with:
T
5 D 0
(VZ(O‘)L.R s 92(“)L,R> zk 1 VZL —2Lak 1o 2Ly,

N 1 ;T C ym

+ Zk:l V2Ray Q2Rak D 92R(x
N 1 T C ym

+ Zk:l YL QZLC(k l‘()Dl QZLOlk
N 1 .

+ Zk:l VaRa —2Rak toD 92Ro¢k

Based on the following adaptation laws:

WDl QlLa l)/ngkxelngSL%
tCoD;nélek = S ViRe; 1Ko SRy
WDl Q~2La VoL €2Ko, §La,
tng”Qzng = 5 V2Re; €2Kay ERa, 40)
oD/0115, = =ViLa 1 KakLy,
CD0\pg, = = ViRa c1Ka kg
gD;nQZL&k = ~VoLa 2Kz ELay
oD!'Ora, = EVZR&kxezK&kER&k

Remark 2: The learning rates (yngkx, Y1Ray ¥ 1Lay xo
IRy x-V2Lay o+ V2Ray +V2Lay > a0d V2Ra ) of the adaptation
laws can be tuned by trial and error or obtained by using one
of optimization algorithms presented in the literature.

Finally, the global stability of the closed loop system is
proved by the following expression:

T T
D"Vy < —ciej el — 265 €2 41)
with ¢1 and c; are strictly positive constants.
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TABLE 2. DFIG parameters.

Parameters Values  Units

Stator resistance (Ry) 2.25 [Q]
Rotor resistance (R,) 0.7 [€2]

Stator inductance (Lg)  0.1232 [H]
Rotor inductance (L,)  0.1122 [H]
Nr. of pole pairs (P) 2 -

TABLE 3. Nomenclature.

Case Approach

Case 01  Classical Backstepping Control
Case 02  FT-1 Backstepping Control
Case 03  FT-2 Backstepping Control
Case 04  FGT-2 Backstepping Control
Case 05  proposed approach

FIGURE 6. Used membership functions.

IV. SIMULATIONS AND RESULTS

In this section, the proposed approach’s performance is
analyzed in two steps: In the first step, we compare the control
system response of our approach with those of the other
backstopping based approaches under parameter variations
and external disturbances. The second step, a comparative
study is done with other approaches published in the
literature. Noted that simulations have been carried out
using MATLAB with a 1.5 kW DFIG whose parameters are
presented in Table 2. For the fuzzy logic part, five fuzzy
sets (shown in Fig. 6), were used for each input of the fuzzy
system. Triangular fuzzy membership functions were chosen
because of their simple formulas and reduced computation
time. In the following, we use the nomenclature given by
Table 3.

Remark 3: In this paper, the particle swarm optimization
(PSO) computational method [34] (with the specifications
presented in Table 4) is used to tune the parameters of the
proposed nonlinear controller. The convergence of the PSO
optimization algorithm in terms of the objective function
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TABLE 4. PSO parameters.

parameters Values
Number of particles (n) 50
Maximum number of iteration (Nm) 100
Inertia factor (w) 0.7
Positive constant used to update 2
the particle velocity (C)
-3
278 - ' ' ' " _-ITAE-PSO
E B
CT74R 1
o |
ERRE
E 2R 1
S T
[o) 7 1 1 1 1
O o 20 40 60 80 100
[teration
11010 59— 002— 21
10:~: sl ': 0.019" o »
olt l 0.018¢ .
P 57 0017 9
X5 *‘NSG © oot ONws'
7 0015 I
6 % 0014 [
5 54 0013 161

100 0 50 100 0 50 100

50 50 100
Iteration Iteration Iteration Iteration

FIGURE 7. Objective function convergence/parameters tuning.

t
(where the Integral Time Absolute Error ITAE = f (tle()])dt
0

is used to evaluate system responses) with the number of
iterations is shown in Fig.7.

A. DFIG UNDER EXTERNAL DISTURBANCES
Simulation results for DFIG in the presence of external
disturbances using the approaches cited in Table 3 are given
by Figs 8 to 12. The obtained results show the superiority
of the proposed controller, which benefits from new interval
type 3 fuzzy logic compared to the other backstepping
approaches (case 01 to 04). These results show the following
improvements:
« Response time of both flux and velocity tracking is
enhanced (Figs 8 and 9)
« Both oscillation and transition phase of power responses
are reduced (Fig.10)
o Both oscillation and transition phase of the volt-
age/current signals applied to the rotor are also reduced
(Fig.11)

B. DFIG UNDER PARAMETRIC VARIATIONS
The second test considered is related to the effect of
temporary variations of the mutual inductance (L,,) on the
system performances using the approaches of Table 3. These
variations are introduced respectively at t = 6.25 sec (from
0to 40%) then at t = 18.75 sec (from 0 to 45%). It should be
noted that this simulation test does not involve any external
disturbances.

Simulation results (tracking errors Figs. 13 and 14, transi-
tion phases of the control signals Fig. 15, and output signal
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FIGURE 8. Generator torque and flux.
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FIGURE 10. Stator power.

waveforms Fig. 16) reveal the effectiveness and superiority of
the proposed approach where FT-3 systems provide a better
approximation capability compared to the other studied fuzzy
systems. Indeed, during the ;m variation step, the proposed
method (case 05) demonstrates a minimum fluctuation of the
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FIGURE 13. Mechanical speed during L, varying.

DFIG signal response and leads to a minimum level of voltage
transitory phases. These observations are also confirmed by
the values of the error evaluation criteria (given in Table 5),
which highlight a significant improvement in the average
error; around 88% compared to the FT'1 fuzzy approach, 72%
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TABLE 5. ISE, ITAE Performance indices values under L, varying.

ISE
Approaches Q, © Average
Backstepping 2.2491 2.3951e4+05  1.1976e+05
FT1-FLS Backstepping 0.0010295 509.94 254.97
FIT2-FLS Backstepping 0.00033353  216.05 108.02
FGT2-FLS Backstepping ~ 0.00059903  141.56 70.782
FIT3-FLS Backstepping 0.00017439  58.027 29.013
ITAE
Approaches Q, ) Average
Backstepping 85.344 26283 13184
FT1-FLS Backstepping 0.016748 18.797 9.407
FIT2-FLS Backstepping 0.023005 15.734 7.8784
FGT2-FLS Backstepping  0.016233 9.0549 4.5356
FIT3-FLS Backstepping 0.013762 7.8404 3.9271
0.18 4
0.16 4
014 -
_o0d2f 4
< 01k .
E
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0041 4
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FIGURE 17. Computation times.

TABLE 6. Comparison with other approaches.
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FIGURE 16. Stator voltages and currents during L, varying.

compared to the FIT2-FLS and finally 59% compared to the
FGT2 fuzzy technique.

The computational cost is related to the complexity
and design parameters of the control methods. However,
it should be noted that the proposed approach (FIT3-FLS
backstepping) remains bearable considering the advantages
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Publication ~ Technical Response Error (%)
paper methods time(s)

[35] Fuzzy field 1 -
oriented control

[36] Double Integral SMC ~ 0.003 0.006

[37] Sliding-Backstepping ~ 0.03 0.09
mode control
PI 0.030 1.25

(381 Rsr 0.028 0.06

[39] Observer Sliding 0.015 0.15
Mode Control

[40] Hybrid SMC 0.069 0.2
Backstepping

Proposed FIT3 Backstepping 0.005 0.0013
technique

of the control methods and the nature of the applications
(Fig. 17).

C. COMPARISON WITH OTHER APPROACHES
Finally, to demonstrate the efficiency and advantages of the
proposed method, simulation results are compared with other
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works published in the literature. The comparison results,
which are reported in Table 6, demonstrate the superiority
of the proposed approach in terms of response time and
accuracy for output power. Nevertheless, it should be noted
that it is difficult to find in the literature works proposing
control techniques carried out under the same conditions.
Therefore, the comparison focuses only on some aspects of
DFIG control.

V. CONCLUSION

In this article, a novel fractional backstepping control method
based on interval type 3 adaptive fuzzy logic systems (IT3-
FLSs) is designed for a doubly fed induction generator.
The resulting control laws aim to improve the tracking
performance and increase the system’s robustness especially
in the presence of external disturbances and variations in
generator parameters. A fractional Lyapunov analysis is used
to prove the stability of the system. Simulations demonstrate
the effectiveness of the proposed control approach compared
to other adaptive fuzzy backstepping methods (GT2 FLS,
IT2 FLS, and T1 FLS). In the near future, this method
constitutes a promising control approach to be implemented.
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