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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’smechanical 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 PI-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

TABLE 1. Abbreviations and their definitions.

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.

II. 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
t0D

m
t :

t0Dmt =



dm

dtm
ℜ(m) > 0

1 ℜ(m) = 0
t∫

t0

(dt)−m ℜ(m) < 0

(1)

where:
m ∈ C is a complex number that denotes the fractional

order and ℜ(m) is the real part of m. The mathematical
expressions of the Riemann-Liouville derivative and integral
are given as follows:

• Expression of the derivative

RL
t0 D

m
t f (t) =

1
0(n− m)

dn

dtn

t∫
t0

(t − τ )n−m−1f (τ )dτ

(2)
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• Expression of the integral

RL
t0 I

m
t f (t) =

1
0(m)

t∫
t0

(t − τ )m−1f (τ )dτ (3)

where:

0(x) =

∞∫
0
yx−1e−ydy

x < 0 and (n− 1) < m < n, n ∈ Z

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:

Vds = RsIds + Dmϕds − ωsϕqs

Vdr = Rr Idr + Dmϕdr − ωrϕqr

Vqs = RsIq(s,r) + Dmϕqs + ωsϕds

Vqr = Rr Iq(s,r) + Dmϕqr + ωrϕdr

ϕds = LsIds + LmIdr
ϕdr = Lr Idr + LmIds
ϕqs = LsIqs + LmIqr
ϕqr = Lr Iqr + LmIqs

(4)

where:

Vds,Vdr ,Vqs, and Vqr : are the stator/rotor voltages
in d-q framework

Ids, Idr , Iqs, and Iqr : are the stator/rotor currents
in d-q framework

Rs,Rr : are the stator/rotor resistance
Ls,Lr , and Lm: are the stator/rotor and mutual

inductances
ϕds, ϕdr , ϕqs, andϕqr : are the stator/rotor fluxes
ωs, ωr : are the stator/rotor electric pulsations

The expressions of mechanical equations are given as:

JDm�+ f� = 0g − P
3
2
Lm
Ls

(Idrϕqs − Iqrϕds) (5)

where:

0g: is the generator torque
J : is the generator inertia
f : is the viscous friction coefficient
�: is the angular mechanic velocity
P: is the number of pairs poles
� = Dmθ , ω = Dmθe and θe = P θ

FIGURE 1. DFIG based wind energy’s conversion system.

The mathematical expressions for the generated active (Ps)
and reactive (Qs) powers are given as follows:

Ps =
3
2
(VdsIds + VqsIqs)

Qs =
3
2
(VqsIds − VdsIqs)

(6)

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

DmIdr = −κIdr + ωr Iqr + αs
Lm
Lsσr

ϕds + ϱ1

DmIqr = −κIqr − ωr Idr +
Lm
Lsσr

ωϕds + ϱ2

Dmϕds =
Rs
Ls

(−ϕds + LmIdr ) + Vds

Dmω =
1
J
(−P2

3
2
Lm
Ls

(
Idrϕqs − Iqrϕds

)
+
(
P0g − f ω

)
)

(7)

with:

ωr = ωs − ω

κ =
Rr
σr

+
RsL2m
L2s σr

ϱ1 = −
Lm
Lsσr

Vds +

(
1
σr

)
Vdr
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ϱ2 = −
Lm
Lsσr

Vqs +

(
1
σr

)
Vqr

The fractional order model of the generator can be written
in a compact form as follows:{

DmX1 = F1 + X2 +11

DmX2 = F2 + U +12
(8)

where:
X1 = [ω ϕds]T : denotes the system inputs
U =

[
Vqr Vdr

]T : denotes the system outputs
X2 =

[
Iqr Idr

]T : denotes the intermediate inputs
11 and 12: represent disturbances
Expressions of elements of the above mathematical

equations are given by:

F1 =

(
1 − b−1

1

)
DmX1 + b−1

1 f1

11 = [111 112]T

= b−1
1 δ1

F2 =

(
1 − b−1

2

)
DmX2 + b−1

2 f2

12 = [121 122]T

= b−1
2 δ2

(9)

with:

f1 =

[
−
f
J
ω −

Rs
Ls
ϕds

]T
f2 = [β1 β2]T

β1 =

[
Idrℓ1 + Iqr (ωs − ω) + ϕds

(
−RsLsℓ1
Ls2 + Rs

)]
β2 =

[
Iqrℓ1 − Idr (ωs − ω) + ωϕds

(
−ℓ1

L2s + Rs

)]
ℓ1 =

−L2s − Rs

LrL2s
(
1 −

L2m
LrLs

)
b1 = [β3 β4]T , b2 = [β5 β6]T

β3 =

[
0 ϕds

P2Lm
JLs

]
, β4 =

[
RsLm
LS

0
]

β5 =

[
L2s ℓ1

L2s + Rs
0
]
, β6 =

[
0

L2s ℓ1
L2s + Rs

]
δ1 =

[
P
J
0g Vds

]T
δ2 =

[
−VdsLmLsℓ1
L2s + Rs

−VqsLmLsℓ1
L2s + Rs

]T
III. 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 X1 on
its reference signal Yref =

[
ωref ϕsref

]T ).
■ First, we define the tracking error as:

FIGURE 2. The interval type 2 gaussian membership function.

e1 = Yref − X1 (10)

Its fractional time derivative is given by:

Dme1 = DmYref − F1 − X2 −11 (11)

Using the following Lyapunov function:

V1 =
1
2
eT1 e1 (12)

We therefore have [33]:{
DmV1 ≤ eT1D

me1
≤ eT1 (D

mYref − F1 − X2 −11)
(13)

■ To satisfy the stability requirementDmV1 < 0, we define
a second error e2 between X2 and its desired value X2d
(namely intermediate or virtual control law) as follows:{

e2 = X2d − X2
X2d = X2deq + c1e1 + k1sign(e1)

(14)

where X2deq = DmYref − F1 and c1 is a positive constant.
Based on the fact that the function F1 is considered

unknown, the next step is to estimate X2deq 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:

f(
ζT
(1)L,R

, θ(1)L,R

) =
1
2

(
ζ T(1)Lθ(1)L + ζ T(1)Rθ(1)R

)
(15)

with:
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ζ(1)L , ζ(1)R : left and right adjustable parameter vectors
θ(1)L , θ(1)R : regressive vectors
θ∗

(1)L,R
= θ(1)L,R − θ̃(1)L,R

θ∗

(·)L
, θ∗

(·)R
: optimal parameter vectors

θ̃(1)L , θ̃(1)R : estimation errors

The tracking error equation 11 can be rewritten as:

Dme1 = −c1e1 − fe1 + e2 − f(
ζT
(1)L,R

, θ̃(1)L,R

) + w1 (16)

where:
fe1 = k1sign (e1)+11
w1 = X∗

2d − X2d : is the minimal approximation error.
At this step, the control stability is guaranteed with the

following new Lyapunov function:

V1 =
1
2
eT1 e1 +

1
2

(
1
γ(1)L

θ̃T(1)L θ̃(1)L +
1
γ(1)R

θ̃T(1)R θ̃(1)R

)
(17)

where γ(1)L and γ(1)R are the learning rates.
Using equation 16, the fractional time derivative is:

DmV1 = eT1ψ + h(
γ(1)L,R , θ̃(1)L,R

) (18)

where:

ψ = (−c1e1 − fe1 + e2 + w1

− f(
ζT
(1)L,R

, θ̃(1)L,R

) )
h(
γ(1)L,R , θ̃(1)L,R

) =
1
γ1L

θ̃T1LD
mθ̃1L +

1
γ1R

θ̃T1RD
mθ̃1R

According to the previous assumptions, the second track-
ing error is given by:

Dme2 = DmX2d − (F2 + U +12) (19)

The stability function that includes the two control errors
is:

V2 =
1
2
eT1 e1 +

1
2
eT2 e2 (20)

The control law expression that allows to have DmV2 <
0 can be considered as follows:

U = DmX2d − F2 + e1 + c2e2 + k2sign (e2) (21)

where: Ueq = DmX2d − F2
Using the same approach to approximate Ueq, the second

error equation can be rewritten as:

Dme2 = −c2e2 − fe2 − e1 − w2 − f(
ζT
(2)L,R , θ̃(2)L,R

) (22)

where:
fe2 = k2sign (e2)+12
w2 = U∗

eq − Ueq: is the minimal approximation of the
second error.

The global convergence function is given as below:

V2 = V1 +
1
2
eT2 e2 +

1
2

(
1
γ2L
θ̃T
2L
θ̃2L +

1
γ2R
θ̃T
2R
θ̃2R

)
(23)

FIGURE 3. The general type 2 gaussian membership function.

Its fractional time derivative is:

DmV2 = DmV1 + eT2D
me2 + h(

γ(2)L,R , θ̃(2)L,R

) (24)

where h(
γ(2)L,R , θ̃(2)L,R

) =
1
γ2L
θ̃T2LD

mθ̃2L +
1
γ2R
θ̃T2RD

mθ̃2R.

Using the following adaptation law:

Dmθ(2)L,R =
1
2
γ(2)L,Rζ(2)L,Re2 (25)

Equation 24 becomes:

DmV2 < −c1eT1 e1 − c2eT2 e2 (26)

This result proves that the proposed approach guarantees
stability in the Lyapunov sense.
Remark 1:11 and12 are bounded by two positive scalars

k1 and k2 (∥11∥ < k1, ∥12∥ < k2), c1 and c2 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:

f(
ζT(α)L,R

,θ(α)L,R

) =

∑N

k=1

(
Kαk

[
θTlαk ξlαk + θTrαk ξrαk

2

])
(27)

with:
ζ(α)L , ζ(α)R : designate the left and right

adjustable parameter vectors
θ(α)L , θ(α)R : are the regressive vectors
θ∗

(α)L,R
= θ(α)L,R − θ̃(α)L,R

θ∗

(α)L
, θ∗

(α)R
: are the optimal parameter vectors

θ̃(α)L , θ̃(α)R : are the estimation errors

VOLUME 13, 2025 95449
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Its tracking error is:

Dme1 = −c1e1 − fe1 + e2 − f(
ζT1(α)L,R

,θ̃1(α)L,R

) + w1 (28)

where:
fe1 = k1sign (e1)+11
w1 = X∗

2d − X2d : is minimal approximation error
The new Lyapunov function V1 is given as:

V1 =
1
2
eT1 e1

×

∑N

k=1

1
2γ1Lαk x

θ̃T1Lαk θ̃1Lαk

×

∑N

k=1

1
2γ1Rαk x

θ̃T1Rαk θ̃1Rαk (29)

where: γ1Lαk x , γ1Rαk x , γ1Lαk x , γ1Rαk x are the learning rates.
It’s time derivate is:

DmV1 ≤ eT1ψ + h(
γ1(α)L,R , θ̃1(α)L,R

) (30)

with:

ψ = −c1e1 − fe1 + e2 + w1

− f(
ζT1(α)L,R

, θ̃1(α)L,R

)
h(
γ1(α)L,R , θ̃1(α)L,R

) =

∑N

k=1

1
γ1Lαk x

θ̃T1Lαk
C
t0D

m
t θ̃1Lαk

+

∑N

k=1

1
γ1Rαk x

θ̃T1Rαk
C
t0D

m
t θ̃1Rαk

As presented previously, the new global convergence
function is:

V2 = V1 +
1
2
eT2 e2

+

∑N

k=1

1
2γ2Lαk x

θ̃T2Lαk θ̃2Lαk

+

∑N

k=1

1
2γ2Rαk x

θ̃T2Rαk θ̃2Rαk (31)

Its time derivative is:

DmV2 ≤ DmV1 + eT2D
me2 + h(

γ(2)L,R , θ̃(2)L,R

) (32)

with:

h(
γ2(α)L,R , θ̃2(α)L,R

) =

∑N

k=1

1
γ2Lαk x

θ̃T2Lαk
C
t0D

m
t θ̃2Lαk

+

∑N

k=1

1
γ2Rαk x

θ̃T2Rαk
C
t0D

m
t θ̃2Rαk

Considering the following adaptation laws:

C
t0D

m
t θ̃1Lαk =

1
2
γ1Lαk xe(x, t)Kαk ξLαk (s)

C
t0D

m
t θ̃1Rαk =

1
2
γ1Rαk xe(x, t)Kαk ξRαk (s)

C
t0D

m
t θ̃2Lαk =

1
2
γ2Lαk xe(x, t)Kαk ξLαk (s)

C
t0D

m
t θ̃2Rαk =

1
2
γ2Rαk xe(x, t)Kαk ξRαk (s)

(33)

FIGURE 4. The interval type 3 gaussian membership function.

Therefore:

DmV2 < −c1eT1 e1 − c2eT2 e2 (34)

with c1 and c2 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: x1 . . . . . . xn
2) Consider five membership functions (MFs) for each

input Ãij, j = 1, . . . ,M
3) Get rule firing degrees f̄ᾱ , f̄α , f ᾱ and f

α

4) Compute the output of the proposed fuzzy system

The X2d,eq should be approximated by an IT3 FLS
approach:

f(
ζT(α)L,R

, θ(α)L,R

) =

∑N

k=1

(
Kαk

[
θTlαk

ξlαk + θTrαk
ξrαk

2

]

+Kᾱk

[
θTlᾱk ξlᾱk + θTrᾱk ξrᾱk

2

])
(35)

where:
ζ(α)L , ζ(α)R : designate the left and right

adjustable parameter vectors
θ(α)L , θ(α)R : designate the regressive vectors
θ∗

(α)L,R
= θ(α)L,R − θ̃(α)L,R

θ̃(α)L , θ̃(α)R : are the estimation error
In the next step, the control stability is guaranteed by:

V1 =
1
2
eT1 e1
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FIGURE 5. IT3 FLS approach.

+

∑N

k=1

1
2γ1Lαk x

θ̃
T
1Lαk

θ̃1Lαk

+

∑N

k=1

1
2γ1Rαk x

θ̃
T
1Rαk

θ̃1Rαk

+

∑N

k=1

1
2γ1Lᾱk x

θ̃
T
1Lᾱk θ̃1Lᾱk

+

∑N

k=1

1
2γ1Rᾱk x

θ̃
T
1Rᾱk θ̃1Rᾱk (36)

where:
θ̃1Lαk

= θ∗

1Lαk
− θ1Lαk

; θ̃1Lᾱk = θ∗

1Lᾱk
− θ1Lᾱk

θ̃1Rαk
= θ∗

1Rαk
− θ1Rαk

; θ̃1Rᾱk = θ∗

1Rᾱk
− θ1Rᾱk

with:
θ∗

1Lαk
, θ∗

1Rαk
, θ∗

1Lᾱk
, θ∗

1Rᾱk
: are the optimal vectors

values of θ1Lαk , θ1Rαk , θ1Lᾱk , and θ1Rᾱk
γ1Lᾱk x , γ1Rᾱk x , γ1Lαk x , γ1Rαk x : are the learning
rates.
Its time derivative is:

DmV1 ≤ eT1ψ + h(
γ1(α)L,R , θ̃1(α)L,R

) (37)

where:

ψ = −c1e1 − fe1 + e2 + w1

− f(
ζT1(α)L,R

, θ̃1(α)L,R

)
h(
γ1(α)L,R , θ̃1(α)L,R

) =

∑N

k=1

1
γ1Lαk x

θ̃
T
1Lαk

C
t0D

m
t θ̃1Lαk

+

∑N

k=1

1
γ1Rαk x

θ̃
T
1Rαk

C
t0D

m
t θ̃1Rαk

+

∑N

k=1

1
γ1Lᾱk x

θ̃
T
1Lᾱk

C
t0D

m
t θ̃1Lᾱk

+

∑N

k=1

1
γ1Rᾱk x

θ̃
T
1Rᾱk

C
t0D

m
t θ̃1Rᾱk

Based on the previous assumptions, the global convergence
function is:

V2 = V1 +
1
2
eT2 e2

+

∑N

k=1

1
2γ2Lαk x

θ̃
T
2Lαk

θ̃2Lαk

+

∑N

k=1

1
2γ2Rαk x

θ̃
T
2Rαk

θ̃2Rαk

+

∑N

k=1

1
2γ2Lᾱk x

θ̃
T
2Lᾱk θ̃2Lᾱk

+

∑N

k=1

1
2γ2Rᾱk x

θ̃
T
2Rᾱk θ̃2Rᾱk (38)

The fractional derivative is:

DmV2 ≤ DmV1 + eT2D
me2 + h(

γ(2)L,R , θ̃(2)L,R

) (39)

with:

h(
γ2(α)L,R , θ̃2(α)L,R

) =

∑N

k=1

1
γ2Lαk x

θ̃
T
2Lαk

C
t0D

m
t θ̃2Lαk

+

∑N

k=1

1
γ2Rαk x

θ̃
T
2Rαk

C
t0D

m
t θ̃2Rαk

+

∑N

k=1

1
γ2Lᾱk x

θ̃
T
2Lᾱk

C
t0D

m
t θ̃2Lᾱk

+

∑N

k=1

1
γ2Rᾱk x

θ̃
T
2Rᾱk

C
t0D

m
t θ̃2Rᾱk

Based on the following adaptation laws:

C
t0D

m
t θ̃1Lαk

=
1
2
γ1Lαk xe1Kαk ξLαk

C
t0D

m
t θ̃1Rαk

=
1
2
γ1Rαk xe1Kαk ξRαk

C
t0D

m
t θ̃2Lαk

=
1
2
γ2Lαk xe2Kαk ξLαk

C
t0D

m
t θ̃2Rαk

=
1
2
γ2Rαk xe2Kαk ξRαk

C
t0D

m
t θ̃1Lᾱk =

1
2
γ1Lᾱk xe1Kᾱk ξLᾱk

C
t0D

m
t θ̃1Rᾱk =

1
2
γ1Rᾱk xe1Kᾱk ξRᾱk

C
t0D

m
t θ̃2Lᾱk =

1
2
γ2Lᾱk xe2Kᾱk ξLᾱk

C
t0D

m
t θ̃2Rᾱk =

1
2
γ2Rᾱk xe2Kᾱk ξRᾱk

(40)

Remark 2: The learning rates (γ1Lαk x , γ1Rαk x ,γ1Lᾱk x ,
γ1Rᾱk x ,γ2Lαk x , γ2Rαk x ,γ2Lᾱk x , and γ2Rᾱk x) 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:

DmV2 < −c1eT1 e1 − c2eT2 e2 (41)

with c1 and c2 are strictly positive constants.
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TABLE 2. DFIG parameters.

TABLE 3. Nomenclature.

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

TABLE 4. PSO parameters.

FIGURE 7. Objective function convergence/parameters tuning.

(where the Integral TimeAbsolute Error ITAE =

t∫
0
(t|e(t)|)dt

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)

• 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 (Lm) on the
system performances using the approaches of Table 3. These
variations are introduced respectively at t = 6.25 sec (from
0 to 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.

FIGURE 9. Mechanical speed.

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 Lm variation step, the proposed
method (case 05) demonstrates a minimum fluctuation of the

FIGURE 11. Rotor voltages and currents.

FIGURE 12. Stator voltages and currents.

FIGURE 13. Mechanical speed during Lm varying.

DFIG signal response and leads to aminimum 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 FT1 fuzzy approach, 72%
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FIGURE 14. Stator power during Lm varying.

FIGURE 15. Rotor voltages and currents during Lm varying.

FIGURE 16. Stator voltages and currents during Lm 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

TABLE 5. ISE, ITAE Performance indices values under Lm varying.

FIGURE 17. Computation times.

TABLE 6. Comparison with other approaches.

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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