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Abstract

In this research, a Type 2 adaptive fuzzy controller approach is formulated and designed to be applied to variable speed
doubly fed induction generator-based wind turbines directly connected to the grid. It brings this study to evaluate the
whole operation of the system to capture the highest rate of power in the wind turbines. The controlling approach is
considered to keep the stator reactive power to the ideal value. In contrast to the other researches, here the controlling
technique is developed through the nonlinear systems. By the aim of making progress in system operation, in contrast
with the Type 1 adaptive fuzzy system, type two adaptive fuzzy theory is proposed to approximate a large number
of uncertainties and the dynamic nonlinearities, exists in tracking errors which may limit the system performance.
Feedback linearization control approach helps us to algebraically alter the system into a linearized plant. Thanks to
the Lyapunov theorem, the introduced type two adaptive fuzzy approach is proved to meet the uniformly ultimately
boundness (UUB) property. On the other hand, it results better tracking function. The simulation outputs represent
that the proposed technique is robust enough in presence of parameter variations and unstructured uncertainties.

Keywords: Adaptive, Type 2 fuzzy, DFIG, wind turbine, variable speed.

1 Introduction

The highest extracted power is held by various control schemes. One of these methods is the neural controller, the
flexibility of this controller may optimize the functioning of the plant, as a result, the reference voltages converge
to optimal values [26] , A real-time neural sliding mode field-oriented control idea, designed for a DFIG based wind
turbine to keep the power factor at nominal levels, and help the stator active and reactive powers to track the desired
values [18]. Taking into consideration that different types of SMCs like high order sliding mode can handle a wide
range of uncertainties and disturbances [19], it results in some aspects such as chattering-free behavior, finite reaching
time, and robustness [11] otherwise it can bring the plant to control or track the torque for achieving highest produced
power [6, 17]. Despite tuning the tip speed ratio based on the optimal values, the system cant capture elevated energy
values, so implementing a high order sliding mode method as a power regulator can gain fault tolerance to extract
the maximum power values [3]. The other solution for this problem is derived from an observer-based combination of
three controllers such as polynomial RST, LQG to follow the optimums [23]. The second-order sliding mode control
is employed for different aims. In a study, SOSM satisfies free chattering behavior, acquiring finite reaching time and
robustness in the presence of disturbances and unmodeled dynamics [4]. On the other application, A combination of
a SOSM and a super twisting algorithm adjusts the reactive power of the stator and it may increase the possibility
of finite-time stabilization [8]. The fuzzy controller is one of the methods which may optimize the performance of the
methodology. In a case, it is applied to encounter stator and internal dynamics to meet MPPT targets [29], Moreover,
to remove the chattering, caused by discontinuous control signals, a fuzzy control system can adequately resolve this
matter in the existence of a sliding mode control system [25]. The proportional and integral (PI) controller is one
of the methods to reject the uncertainties and disturbances, and tuning the related gains are met by utilizing swarm
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optimization, genetic algorithm, artificial intelligence, and gain scheduling methods. The PI technique can be replaced
with FIS in rotor speed, stator active and reactive power controls. For DC link voltage control, it is offered to apply a
fuzzy logic gain tuner to update the PI controller to yield a robust performance [27]. The combination of an adaptive
system and fuzzy control is analyzed for many cases. In PMSMs, for speed tracking, an adaptive fuzzy control provides
robustness in the system with structured and unstructured uncertainties [15], if the above approach being configurated
as an estimator of nonlinearities, the backstepping procedure helps to increase the possibility of optimal and robust
responses [13]. Furthermore, a robust adaptive control design is suggested to regulate a class of nonlinear system with
parametric uncertainties and unknown nonlinearities arise by modeling errors, disturbances, and time changes based on
triangular bounds assumption [24]. A controller based on SMC, Interval type 2 fuzzy logic system as an estimator and
adaptive control system in non-stationary condition, encounters all types uncertainties, and human expert knowledge
holds a crucial part of the design [20], Unless, all these methods may need to simplify the DFIG model, but a nonlinear
state feedback control can do the trick for both generator control and aero turbine control. This model will grow the
system efficiency, as the two separated controllers are designed for both generator and aero turbine control [5]. In
addition, to overcome the simplifying assumptions, designers can use a nonlinear state feedback controller, consisted
of both DFIG control and aero turbine predictive control on low speed region. The whole control approach leads to a
development in the trade-off between efficiency and complexity [2].

2 Wind turbine scheme

A simple structure of doubly fed induction generator-based wind turbine is shown in Figure 1 The wind turbine propeller
is connected to gearbox and then by a non-rigid shaft, it is assembled to the doubly fed induction generator. This system
comprises two parts: The rotor and the stator. As the gearbox is connected to the rotor winding of DFIG by means
of a non-rigid shaft which is supplied with a two directional converter, the stator winding is directly linked to the grid.
In this paper, the amplitude and the position of rotor voltage vector is considered to be tuned.

Figure 1: Simplified DFIG based wind turbine.

The aerodynamic power or so-called mechanical power extracted by the WT can be formulated as below [4, 7, 29]
and all parameters and variables can be found in Tables 1 and 2

Pp = 0.5PπR2Cp(λ, β)vr
3. (1)

For a wind turbine with fixed pitch angle, maximum theorical value of Cp(λ, β) according to the Betz limit, the
tip-speed ratio will reach to a unique peak point λpeak. In this study, to maximize the value of Cp, given by (2), the
power coefficient can be chosen as below [21, 30].

Cp (λ, β) = c1 (c2n− c3β − c4) e
−c5n + c6λ. (2)

n =
1

λ+ c7β
− c8
β3 + 1

.

c1 = 0.5176 , c2 = 116 , c3 = 0.4 , c4 = 5 , c5 = 21 , c6 = 0.0068 , c7 = 0.08 , c8 = 0.035.

The tip speed ratio (λ) plays a key role in formulating the aerodynamic torque Tar, based on the following formula,

λ =
RΩt

vr
=
RΩ

Gvr
. (3)
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In which, R, Ω and G determines in order, the rotor radius, the generator speed and transmission ratio in gear box.
Here, δ is named as the total coefficient of leakage flux.

Tar =
Pp

Ωtotal
=

1

λ3
PR5πCp(λ, β)Ω

2
t . (4)

δ = (1−
(
M2

LrLs

)
).

Table 1: Parameters used to calculate the aerodynamic torque

Parameter Value Name
Cp−max 0.48 Max power coefficient

P 1.221 Air density
β 2◦ Blade pitch angle

λpeak 8.1 Tip speed ratio

2-1) Doubly Fed induction generator and mechanical Dynamics representation:
This system contains some parameters as below:
R: resistance, L: inductance, M : Mutual inductance, V : Voltage, I: Current, Ψ : flux, θs : electrical angles of stator,
θr: electrical angles of rotor, θm: rotor mechanical position ωs = dθs

dt , ωr = dθr
dt , ω = dθm

dt : stator, rotor and shaft
electrical frequencies The equations of dynamic model for DFIG in a random rotating d-q frame is expressed as (The
indexed s and r indicate stator and rotor and also d-q is related to synchronous reference frame indices)

V̇sd = ψ̇sd − ωsψsq +RsIsd
V̇sq = ψ̇sq − ωsψsd +RsIsq
V̇rd = ψ̇rd − ωrψrq +RrIrd
V̇rq = ψ̇rq − ωrψrd +RrIrq

(5)

And the d-q stator/rotor fluxes are calculated through:
ψsd =MIrd + LsIsd
ψsq =MIrq + LsIsq
ψrd =MIsd + LrIrd
ψrq =MIsq + LrIrq

(6)

By use of the previous parameters, the active and reactive powers are reckoned through the following stated formulas:{
Ps = 1.5(VsdIsd + VsqIsq )

Qs = 1.5(VsqIsd − VsdIsq )
(7)

Inspiring form [7], the mechanical dynamics are illustrated by

HtΩ = Tar − Tel − Tfr. (8)

It must be mentioned that the generator total inertia in wind turbine, named as mathcalHt is propelled by aerody-
namic torque Tar and decelerated by electromagnetic torque Tel when it augments and, Tfr as friction torque is going
to be discussed and formulated in following sections. The electromagnetic torque is calculated by

Tel = PMLs(ψsqIrd − ψsdIrq ). (9)

P:Pair pole number in DFIG
According to [15], in complicated systems such as WTs, using a friction scheme, consists of friction terms such as

µcmb: Coulomb, µvis: viscous and µstc: static, provide in (10)

Tfr = sign (Ω) (µcmb + µstce
−( Ω

ηs
)
2

) + µvisΩ. (10)
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Remark 2.1. It is represented in Figure 2 that the above offered friction model depicts more accurate behavior of
DFIMs, in contrast it enters solid nonlinear terms to the system [15].

Figure 2: General behavior of friction model.

The main drawback in the general behavior of friction model is explained by the unspecified force values at zero-
speed which might be solved by some small changes in the friction torque function, the sign function substitute with
Tanh function [1].

Tfr = Tanh (Ω) (µcmb + µstce
−( Ω

ηs
)
2

) + µvisΩ. (11)

Having d-axis aligned with stator flux axis due to the Park transformation, we use Ψsq = 0 and Ψsd = Ψs [22],
regardless of the stator resistance in high power generators applied to wind turbines, the equations (5) will be changed
as following: {

Vsd = ψsd = ψs → Vsd = 0

Vsq = Ωsψsd → Vsq = Ωsψs

(12)

Assuming voltage amplitude in stator Vs and the frequency ωs as constant values (12), the stator reactive power
and the electromagnetic torque equations are modified as (13), (14):

Tel = −P Mψs

Ls
Irq . (13)

Qs =
1.5Vs
Ls

(Ψs −MIrd). (14)

Now we can define the states of the wind turbine system:


İrd = −gIrd + (ωs − ρΩ)Irq + αβψs + δ−1Vrd
İrq = −gIrq + (ωs − ρΩ)Ird + βψsρΩ− βVs + δ−1Vrq
Ω̇ = H−1

t (Tar − Tel − Tfr)
(15)

{
Sd(x) = −gIrd + (ωs − ρΩ)Irq + αβψs

Sq(x) = −gIrq + (ωs − ρΩ)Ird + βψsρΩ− βVs
(16)

Noting the terms α = Rs

Ls
, β = M

δLs
, g = (Rr

δ + αβM) and substituting (16) in (15), the state equations turn to
İrd = Sd(x) + δ−1Vrd
İrq = Sq(x) + δ−1Vrq
Ω̇ = H−1

t (Tar − Tel − Tfr)
(17)
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3 The control approach for the doubly fed induction generator-based
wind turbine

The operation of wind turbines is classified into three zones, this classification is conducted by the wind speed υ
and the extracted power P , as represented in Figure 3 [4]. A brief description is provided to express the behavior of the
system in each zone: Zone 1: In this region, the wind speed is not strong enough to make the wind turbine spin. Zone
2: As wind speed increases, it gradually initiates to spin to produce the maximum extracted power. here, the maximum
power can be obtained by applying a speed controlling technique to the plant. In this region, electromagnetic torque
control plays a key role in the fixed pitch angle setting.

Figure 3: Wind turbine working zones

To approach the maximum power extracted, in spite of the variations of wind speed, the rotor speed is monitored
to maintain the optimum value of the tip speed ratio λopt. On the other hand, CP has to stay at the maximum point
(Cpmax). So, the aerodynamic torque is calculated by

Tar−opt =
0.5

λ3opt
ρR5πCpmaxΩ

2
t . (18)

Having ϱ = 1
2λ3

opt
ρπR5Cpmax and Ωt =

Ω
G , the aerodynamic torque can be rewritten as,

Tar−opt = ϱΩ2
t .

For keeping the system on working in maximum extracted power range, the electromagnetic torque Tel has to follow
the optimal aerodynamic torque TarOpt. If we consider Qs = 0 , the unitary power factor requirement is met, therefore
we can select the following equation:

Irdidl =
Vs
ωsM

(19)

4 Type 2 adaptive fuzzy control approach

In Figure 4 the provided diagram, describes the structure of type 2 fuzzy logic system.

Figure 4: Basic type 2 fuzzy logic system
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A type 2 fuzzy logic system consists of n inputs, x1 ∈ X1, , xn ∈ Xn constituting a vector xT = [x1, x2, . . . , xn]

resulting in a singleton output f̂ ∈ F . (x̄, f̂ ∈ Rn). The fuzzy rule will be formed as

Rule(r) : IF x1 is B̃r
1 and . . . . and xn is B̃

r
n THEN f̂ is f̃r.

Br
1 , B

r
2 ., B

r
n are called fuzzy sets and this fuzzy rule depicts a type 2 fuzzy relationship between the input space

x1 ∗ x2 ∗ x3 ∗ . . . . ∗ Xr and the output space denoted F, then the membership functions of the above proposed type 2
system is selected as µB̃r

1
× . . . .×µB̃r

n
→ F̃ r

n(x, f̂). By the purpose of calculating the output of the system, the Nie-Tan

method returns

f̂(x) =

∑m
r=1

∏n
j=1 f

L
r µ

L
Bi

j
(xj) +

∑m
r=1

∏n
j=1 f

R
r µ

R
Br

j
(xj)∑m

r=1

∏n
j=1 µ

L
Br

j
(xj)+

∑m
r=1

∏n
j=1 µ

R
Br

j
(xj)

. (20)

The output is calculated by singleton fuzzier, product inference, and center-average defuzzifer, at which : The Output
of type 2 fuzzy logic system, µL,R

Bi
j

(xj): The degree of membership of xj to Bi
j ,m : the number of rules. The presented

equation (21), can be reformulated for determining fuzzy basis function

f̂(x) = θTψ (x) . (21)

In type 2 fuzzy logic system, the vector of adjustable parameter is considered for both Right and Left membership
functions θTR = [fR1 , f

R
2 , . . . , f

R
m], θTL = [fL1 , f

L
2 , . . . , f

L
m], θT = [θTR θTL ] then and the same happens to fuzzy basis

function as ψT
R = [ψ1R, ψ2R, . . . . , ψmR], ψ

T
L = [ψ1L, ψ2L, . . . . , ψmL]ψ

T (x) = [ψT
R ψT

L ] and this is a fuzzy basis function
set with

ψi(R,L) =

∏n
j=1 µ

(L,R)

Bi
j

(xj)∑m
r=1

∏n
j=1 µ

(L,R)
Br

j
(xj)+

∑m
r=1

∏n
j=1 µ

(L,R)
Br

j
(xj)

. (22)

On the next calculation in this study, based on [13], [12], it is supposed that for selected FBFs, at least one rule is active.

By applying the universal approximation theory [16, 28], the system f̂(x) approximates a smooth nonlinear function
f . In this study, the construction of fuzzy system and membership function is properly defined and the consequent
parameter denoted θ is determined by adaptation technique. The doubly fed induction generator-based wind turbines
are controlled by the purpose of extracting optimal amount of energy when the optimal aerodynamic torque tracks
d-axis rotor reference current via rotor windings voltages as the physical inputs of this system. Theorem: For the input
vectors X1 and X2, if the tracking errors defined by (23), (24) are employed in the state equations (18), and having the
feedback linearization control approach (29), (30) and providing the adaptive laws (34)− (39),

X1 = [Ird, Irq,Ω, Tar−opt]
T
, X2 = [Ird, Irq,Ω, Irdidl]

T
.

E1 = Tel − Tar−opt. (23)

E2 = Ird − Irdidl. (24)

After differentiating the above tracking errors in (25), (26), we get the following equations in accordance with the
prior calculations,

Ė1 = −PMψs

Ls
(−gIrq − (ωs − ρΩ)Ird + βΨsρΩ− β.Vs − δ−1Vrq)− Ṫar−opt. (25)

Ė2 = (−gIrd + (ωs − ρΩ)Irq + αβψs + δ−1Vrd)− İrdidl. (26)

Then we can rewrite these two equations:
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Ė1 = S1 (x1) +N1Vrq. (27)

Ė2 = S2 (x2) +N2Vrd. (28)

At which

S1 (x1) = −PMφs

Ls
(−gIrq − (ωs − ρΩ) Ird + βψsρΩ− β.Vs)− Ṫar−opt,

S2 (x2) = (−gIrd + (ωs − ρΩ) Irq + αβψs)− İrdidl,

N1 = −PMψs

Ls
δ−1 , N2 = δ−1.

Applying feedback linearization controlling (FLC) approach (29), (30), with known Si (xi) and Ni=1,2 and also state
vectors xi=1,2 lead us to choose control laws as

Vrq = N−1
1 (−S1 (x1)−FqE1 ) Fq > 0, (29)

Vrd = N−1
2 (−S2 (x2)−FqE2) Fd > 0, (30)

In these controllers, the nonlinear dynamics parameters must be precisely known. But this issue is not practically
possible in doubly fed induction generator-based wind turbine system. Unless this controller cant satisfy the preferred
control operation due to unstructured uncertain dynamics, external disturbances and variations in parameters. As a
solution adaptive fuzzy system meets the expectancies, by approximating the unknown nonlinear dynamics in tracking
error equations. To reach the ideal results, and for constant stator voltage amplitude, frequency constant and unknown
machine parameters, it is necessary to measure the speed, rotor currents and stator voltages. In this article, this referred
feature

0 < |Ei| − EiTanh(
Ei
ϵi
) ≤ ϵ̄i = ζϵi. (31)

will be used [7]. ϵ is a constant in respect with ζ = e−(1+ζ), for example 0.2785. For certain dynamics in doubly fed
induction generator-based wind turbine (17), the adaptive control fuzzy can be written as

Vrq = sgn(N1)(−F11E1 −F12Tanh

(
E1
ϵ1

)
− θT1 ψ1 (x1)). (32)

Vrd = sgn(N2)(−F21e1 −F22Tanh

(
E2
ϵ2

)
− θT2 ψ2 (x1)). (33)

As θi demonstrates fuzzy adjustable parameter vectors and ψi (xi) are fuzzy basis function vectors, proven by designer
and ϵi are strict positive constants and Fi1 are the constant parameters, the type 2 adaptive fuzzy term, θTi ψi (xi) will
approximate the unknown functions. For estimating the unknown vectors θ∗i and unknown parameters F∗

i2 and the
optional values for design constants gθi(r,l) , δθi(r,l) , gFi , δFi , the adaptation laws are obtained as

θ̇1l = −δθ1lgθ1lθ1l +
1

2
g
θ1l

E1ψ1l (x1) . (34)

θ̇1r = −δθ1rgθ1rθ1r +
1

2
gθ1rE1ψ1r (x1) . (35)

θ̇2l = −δθ2lgθ2lθ1l +
1

2
gθ2lE2ψ2l (x2) . (36)

θ̇2r = −δθ2rgθ2rθ2r +
1

2
gθ2rE2ψ2r (x2) . (37)
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Ḟ12 = −δF12gF12F12 + gF12E1tan
(
E1
ϵ1

)
. (38)

Ḟ22 = −δF22gF22F22 + gF22E2tan
(
E2
ϵ2

)
. (39)

The design parameters such as F11, F21,δF12 ,δF22 ,ϵ1,ϵ2,δθ1(r,l),δθ2(r,l), gθ1(r,l),gθ2(r,l),gF12 and gF22 are optionally se-
lected based on the Table 3.
In order to obtain the following aspects, the Lyapunov approach is formulated as (40)

a) Closed loop signal systems are bounded
b) Optimally tuning the design parameters exponentially converges the tracking errors E1 and E2 to a residual set which
makes them small.

V =
1

2 |N1|
E2
1 +

1

2 |N2|
E2
2 +

1

2gθ1l
θ̃T1lθ̃1l +

1

2gθ1r
θ̃T1r θ̃1r +

1

2gθ2l
θ̃T2lθ̃2l +

1

2gθ2r
θ̃T2r θ̃2r +

1

2gk1

F̃2
12 +

1

2gk2

F̃2
22. (40)

For ideal θ∗i and F∗
i2, θ̃i = θi − θ∗i , F̃i2 = Fi2 −F∗

i2 are assumed as approximation errors.
The time derivative of the Lyapunov candidate is shown

V̇ =
1

|N1|
E1Ė1 +

1

|N2|
E2Ė2 +

1

gθ1l
θ̃T1l

˙̃
θ1l +

1

gθ1r
θ̃T1r

˙̃
θ1r +

1

gθ2l
θ̃T2l

˙̃
θ2l +

1

gθ2r
θ̃T2r

˙̃
θ2r +

1

gk1

F̃12
˙̃F12 +

1

gk2

F̃22
˙̃F22. (41)

Substituting Ė1 and Ė2 with (27) and (28)

V̇ =
1

|N1|
E1 [S1 (x1) +N1Vrq] +

1

|N2|
E2 [S2 (x2) +N2Vrd] +

1

gθ1l
θ̃T1l

˙̃
θ1l +

1

gθ1r
θ̃T1r

˙̃
θ1r

+
1

gθ2l
θ̃T2l

˙̃
θ2l +

1

gθ2r
θ̃T2r

˙̃
θ2r +

1

gk1

F̃12
˙̃F12 +

1

gk2

F̃22
˙̃F22.

with S̄1 (x1) = |N1|−1
S1 (x1) and S̄2 (x2) = |N2|−1

S2 (x2) .

V̇ = E1[S̄1 (x1) + sgn(N1)Vrq] + E2[S̄2 (x2) + sgn(N2)Vrd] +
1

gθ1l
θ̃T1l

˙̃
θ1l +

1

gθ1r
θ̃T1r

˙̃
θ1r

+
1

gθ2l
θ̃T2l

˙̃
θ2l +

1

gθ2r
θ̃T2r

˙̃
θ2r +

1

gF1

F̃12
˙̃F12 +

1

gF2

F̃22
˙̃F22. (42)

If we approximate S̄1 (x1) andS̄2 (x2) with the type 2 adaptive fuzzy systems in (21), (22) and use the universal
approximation theorem [28] we reach to the following equations

S̄1 (x1) = 0.5[θ∗
T

r1 θ∗
T

l1
]t[
ψr1

ψl1
] + w̄1(x1), S̄2 (x2) = 0.5

[
θ∗

T

r2 θ∗
T

l2

] [ψr2

ψl2

]
+ w̄2(x2).

then

S̄1 (x1) = 0.5θ∗
T

r1 ψr1 + 0.5θ∗
T

l1 ψl1 + w̄1(x1), S̄2 (x2) = 0.5θ∗
T

r2 ψr2 + 0.5θ∗
T

l2 ψl2 + w̄2(x2).

thus

S̄1 (x1) = 0.5
(
−θ̃

T

1rψr1−θ̃
T

1lψl1

)
+ 0.5

(
θT1rψr1 + θT1lψl1

)
+ w̄1(x1)

S̄2 (x2) = 0.5
(
−θ̃

T

2rψr2−θ̃
T

2lψl2

)
+ 0.5

(
θT2rψr2 + θT2lψl2

)
+ w̄2(x2)

(43)
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w̄i(xi) is the approximation error that its bounds are adapted due to the adaptive laws in (38) ,(39) as w̄i(xi) ≤ F∗
i2,

[8, 9, 10, 28]. Now by combining (32)-(33) with (42), the result is demonstrated as

V̇ = −0.5E1θ̃T1rψr1 (x1)− 0.5E1θ̃T1lψl1 (x1)−F11E12 −F12E1Tanh
(
E1
ϵ1

)
+ E1w̄1 (x1)

−0.5E2θ̃T2rψr2 (x2)− 0.5E2θ̃T2lψl2 (x2) + E2w̄2 (x2)−F21E22 −F22E2Tanh
(
E2
ϵ2

)
+

1

gθ1l
θ̃T1l

˙̃
θ1l +

1

gθ1r
θ̃T1r

˙̃
θ1r +

1

gθ2l
θ̃T2l

˙̃
θ2l +

1

gθ2r
θ̃T2r

˙̃
θ2r +

1

gF1

F̃12
˙̃F12 +

1

gF2

F̃22
˙̃F22

(44)

Therefore by |Eiw̄i (xi)| ≤ |Ei| F∗
i2

≤ −F11E12 −F21E22 − 0.5E1θ̃T1rψr1 (x1)− 0.5E1θ̃T1lψl1 (x1)− 0.5E2θ̃T2rψr2 (x2)− 0.5E2θ̃T2lψl2 (x2)

+F∗
12 |E1| − F12E1Tanh

(
E1
ϵ1

)
+ F∗

22 |E2| − F22E2Tanh
(
E2
ϵ2

)
+

1

gθ1l
θ̃T1l

˙̃
θ1l

+
1

gθ1r
θ̃T1r

˙̃
θ1r +

1

gθ2l
θ̃T2l

˙̃
θ2l +

1

gθ2r
θ̃T2r

˙̃
θ2r +

1

gF1

F̃12
˙̃F12 +

1

gF2

F̃22
˙̃F22

(45)

Extending the equation (45) by considering the inequality in (31):

V̇ ≤ −F11E12 −F21E22 − 0.5E1θ̃T1rψr1 (x1)− 0.5E1θ̃T1lψl1 (x1)− 0.5E2θ̃T2rψr2 (x2)− 0.5E2θ̃T2lψl2 (x2)

−F12E1Tanh
(
E1
ϵ1

)
+ F∗

22 |E2| − F22E2Tanh
(
E2
ϵ2

)
+

1

gθ1l
θ̃T1l

˙̃
θ1l +

1

gθ1r
θ̃T1r

˙̃
θ1r

+
1

gθ2l
θ̃T2l

˙̃
θ2l +

1

gθ2r
θ̃T2r

˙̃
θ2r +

1

gF1

F̃12
˙̃F12 +

1

g2F2

F̃22
˙̃F22 + F∗

12ϵ̄1 + F∗
22ϵ̄2

(46)

≤ −F11E12 −F21E22 +
1

2gθ1r
θ̃T1r

(
2
˙̃
θ1r − gθ1rE1ψr1 (x1)

)
+

1

2gθ1l
θ̃T1l

(
2
˙̃
θ1l − gθ1lE1ψl1 (x1)

)
+

1

gF12

F̃12

(
Ḟ12 − gk12E1Tanh

(
E1
ϵ1

))
+

1

2gθ2r
θ̃T2r

(
2
˙̃
θ2r − gθ2rE2ψr2 (x2)

)
+

1

2gθ2l
θ̃T2l

(
2
˙̃
θ2l

−gθ2lE2ψl2 (x2) +
1

gF22

F̃22

(
Ḟ22 − gk22

E2Tanh
(
E2
ϵ2

))
+ F∗

12ϵ̄1 + F∗
22ϵ̄2

(47)

Employing the adaptation laws in (34)-(39), turns (48) to

V̇ ≤ −F11E12 −F21E22 − δθ1l θ̃
T
1lθ̃1l − δθ1r θ̃

T
1r θ̃1r − δθ2l θ̃

T
2lθ̃2l

−δθ2r θ̃T2r θ̃2r − δk1
F̃12F12 − δk2

F̃22F22 + F∗
12ϵ̄1 + F∗

22ϵ̄2
(48)

Defining the following concept{
−δθ(r,l)i θ̃T(r,l)iθ(r,l)i ≤ −0.5δθ(r,l)i∥θ̃(r,l)i∥2 + 0.5δθ(r,l)i∥θ∗(r,l)i∥

2

−δFi2F̃i2Fi2 ≤ −0.5δFi2F̃2
i2 + 0.5δFi2F̃∗2

i2 i = 1, 2

The resulted equation (48), changes to

V̇ ≤ −F11E12 −F21E22 − 0.5δθl1∥θ̃l1∥2 − 0.5δθr1∥θ̃r1∥2 − 0.5δθl2∥θ̃l2∥2 − 0.5δθr2∥θ̃r2∥2 + 0.5δF12F̃2
12

+ 0.5δF22F̃2
22 + F∗

12ϵ̄1 + F∗
22ϵ̄2 + 0.5δθl1∥θ∗l1∥2 + 0.5δθr1∥θ∗r1∥2 + 0.5δθl2∥θ∗l2∥2

+ 0.5δθr2∥θ∗r2∥2 + 0.5δF12F̃∗2
12 + 0.5δF22F̃∗2

22.

(49)

Considering
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Z = F∗
12ϵ̄1 + F∗

22ϵ̄2 + 0.5δθl1∥θ∗l1∥2 + 0.5δθr1∥θ∗r1∥2 + 0.5δθl2∥θ∗l2∥2 + 0.5δθr2∥θ∗r2∥2 + 0.5δF12F̃∗2
12 + 0.5δF22F̃∗2

22.
(50)

Simplifying (49), we reach

V̇ ≤ −J V + ZifJ = min{2 |N1| F11, 2 |N2| F21, δθl1gθl1 , δθr1gθr1 , δθl2gθl2 , δθr2gθr2 , δF12gkF12 , δF22gF22}. (51)

Then we can rewrite (51) as below

d

dt
(eJ V ) ≤ ZeJ t. (52)

By merging (52) into [0, t], the result will be

0 ≤ V (t) ≤ Z
J

+ (V (0)− Z
J
)e−J t. (53)

�

It can be seen, the parameter J strictly depends on the given design parameter values in Table.3. Based on (51), J
as calculated to be 10−6. Generally, for the smaller values of J , the Lyapunov will converge to zero more quickly.
Since, the Z

J will get high values, therefore 0 ≤ V (t) ≤ Z
J obviously proves that the Lyapunov candidate is uniformly

ultimately bounded. Due to selecting an arbitrary value for g and knowing the dependence of J on design parameters,
the tracking errors will stand in arbitrary small bounds. It must be cited that the boundness of θ1, θ2,F12 and F22 is
determined by θ̃1, θ̃2, F̃12, F̃22. Ultimately, the requirements of uniformly ultimately boundness stabilization for tracking
errors E1 , E2 and also the parameter approximation errors θ̃1, θ̃2, F̃12, F̃22 are met [10].

5 Simulation results

Simulating the above described system results in the presented outputs, it is required to consider the following values
for the parameters of wind turbine and doubly fed induction generator system according to the proposed technique in
[14]:

Table 2: Parameters of DFIG and WT [14]

Parameters Value
No of blades 3
Turbine radius 3 m
Gearbox (G) 8

Max value to CP (CPmax) 0.48
Rated Power (Prated) 7.5 KW
Sync Speed (ωsn) 2π50 Hz

Rotor resistance (Rr) 0.620 Ω
Stator resistance (Rs) 0.455 Ω
Stator inductance (Ls) 0.084 H
Rotor inductance (Lr) 0.081 H
Mutual inductance (M) 0.078 H

Pole pairs (P ) 2
Total inertia (Ht) 0.3125 kgm2

Viscous friction coefficient (µfr) 0.014 Nm.s/rad
Coulomb friction coefficient (µstc) 0.07 Nm
Static friction coefficient (µcmb) 0.1 Nm

Static friction decreasing rate (ηs) 0.02 rad/s

Considering x1 and x2 as system inputs, for each input variables we dedicate three trapezoidal membership functions
distributed on specified intervals. These intervals are different for each variable as following: [−25, 25] for ird and irq,
[0, 100] for Tar and [0, 200] for Ω. The design parameters are optionally chosen, as below;
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Table 3: Chosen design parameter values

Parameters Value
F11 = 1200 F21 = 1500
ϵ1 = 0.1 ϵ2 = 1

δθ1(r,l) = 10−3 δθ2(r,l) = 10−3

δF12
= 10−5 δF22

= 10−5

gθ1(r,l) = 100 gθ2(r,l) = 100
gF11 = 0.1 gF22 = 0.1

Figure 5: Wind speed variation profile

The operation of the system as shown in Figures 6-11. Also, a brief comparison is conducted between type 1 adaptive
fuzzy control (T1AFC) and type 2 adaptive fuzzy systems (T2AFC). This comparison is made by Mean Square Error
(MSE) which can be calculated by (54).

Mean Square Error(MSE) =
1

n

∑
(y − ŷ)

2

. (54)

The electromagnetic torque and aerodynamic torque are clearly indicated in Figure 6. Obviously declared, the type
two adaptive fuzzy system approaches to the reference value more adequately, as the undershoot is much smaller in
it, compared with the type one adaptive control system. Based on (54), the MSE for the error proposed in (23) is
2.11× 10−55, in contrast, the MSE for T1AFC gets the value of 2.48× 10−27. This comparison shows the functionality
of T2AFC is more acceptable rather than T1AFC. Moreover, the adaptation time is less in T2AFC (8× 10−5 s) than
T1AFC (1.9× 10−4 s).

(a) (b)

Figure 6: Torque tracking error (a) T1AFC (MSE = 2.48× 10−27), (b) T2AFC (MSE = 2.11× 10−55)

Unlike the T2AFC, it can be seen in Figure 7, the d-reference rotor side current over passes the reference current value
in T1AFC and I cant converge to the reference value. Completely different from T1AFC with MSE = 4.49× 10−2,
the calculated MSE for T2AFC equals to 2.73 × 10−6. Ignoring the malfunction of T1AFC to track the optimal
values, a new comparison is conducted between these two methods. Shown in Figure 7, the ird will be adapted faster
in T2AFC (≈ 1.25× 10−5 s) rather than T1AFC (≈ 2× 10−5 s).
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(a) (b)

Figure 7: d-axis rotor current tracking error (a) T1AFC (MSE = 4.49× 10−2) , (b) T2AFC(MSE = 2.73× 10−6)

Illustrated in Figure 8, the generated power is compared for two proposed control techniques. It can be seen that the
wind turbine produces higher power value by T2AFC in contrast with T1AFC.

(a) (b)

Figure 8: Generated aerodynamic power (a) T1AFC, (b) T2AFC

In theorical bases, it was described that the stator reactive power must be zero. Presented in Figure 9, the application
of T2AFC helps to keep the stator reactive power at zero. Based on (2), the power coefficient is shown in Figure 10.

Figure 9: Stator reactive power (T2AFC)

Figure 10: Power coefficient (T2AFC)

Different factors such as parameter variations, existing dynamics may affect the system operation, but the proposed
control approaches (T2AFCandT1AFC) show a chattering free behavior as indicated in Figure 11.
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(a) (b)

Figure 11: Rotor control inputs (a) T1AFC, (b) T2AFC

6 Conclusion

In presence of wind speed variations, an efficient wind turbine system is the one that is capable to transform the
majority of mechanical energy into the current values by the application of a doubly fed induction generator. In this
paper, the possibility of implementing the type 2 adaptive fuzzy control approach to a grid-connected variable speed
DFIG-based wind turbine is assessed in detail. This assessment is conducted by given models and parameters. The
control objectives are described as: Extracting the maximum power from the wind, derived from the aerodynamics
and electromagnetic torques adaptation, and based on the grid needs, and the power factor must be fixed to an
optimal value. Thanks to the proposed control approach, the extracted current and the calculated electromagnetic
torque track the optimal aerodynamic torque value (Maximum Power Point Tracking Algorithm). The type two
fuzzy system adequately approximates the nonlinearities, appeared in the tracking errors, and the uncertainties such
as speed variations influencing the system behavior. All these issues are performed by considering the parameter
variations and frictional influences. Furthermore, the Lyapunov stability analysis technique is used to produce the best
adaptation laws for the controlling methods to adapt the adjustable fuzzy parameters. This system is robust enough to
operate in presence of model uncertainties such as unknown parameters (structured uncertainties) and/or disturbances
(unstructured uncertainties). Achieved from the simulations, and the comparison made between T2AFC and T1AFC,
the presented approach operates better than T1AFC. It also proved that parameter approximation and tracking errors
meet UUB stability. Also, it is tried to maintain the stator side reactive power at zero to satisfy the power unity factor.
Consequently, this novel type 2 adaptive fuzzy control technique guarantees the robustness and stability of the system.
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  بر مبتنی DFIG بادی  ایهتوربین برای 2 نوع فازی کنترل رویکرد

 MPPT یتم الگور با متغیر سرعت

 

  بر   مبتنی  بادی  هایتوربین  برای  2  نوع  تطبیقی  فازی  کننده   کنترل  رویکرد  یک  تحقیق،  این  در  چکیده.

 مطالعه   این.  شودهستند، طراحی می  متصل  شبکه   به   مستقیماً  که   شده   تغذیه  متغیر  سرعت  با   القایی  ژنراتور

  می  انجام   بادی   های توربین   در  توان   میزان   بالاترین  به  دستیابی   برای   سیستم  عملکرد  کل  یارزیاب  منظور  به 

 خلاف   بر.  داردمی  نگه   آل ایده   مقدار  در   را   استاتور   راکتیو   توان   کنترلی در نظر گرفته شده   روش .  شود

  مقایسه با   در.  است  یافته  توسعه  خطیغیر  های سیستم  طریق  از  کنترل  روش  این مقاله  در  تحقیقات،  سایر

 و   هاقطعیت  عدم  از  زیادی  تعداد  تقریب   با  دو  نوع  تطبیقی  فازی  یهنظر  ،1  نوع  تطبیقی  فازی  سیستم

-  محدود  را  سیستم  عملکرد  است  ممکن   و  دارد  وجود  خطاهای ردیابی  ها که درخطیهای غیردینامیک

 شود.سیستم می کند، منجر به بهبود عملکرد

 یک  صورت  به   ریبج  صورت  به   را  سیستم  تا  کندمی  کمک   ما  به  فیدبک  سازیخطی   کنترلی  رویکرد

از.  دهیم  تغییر  خطی  سیستم استفاده  رویکردمی  ثابت  لیاپانوف،  قضیه   با  که   دو   نوع  تطبیقی  فازی  شود 

خاصیت   معرفی دارای  طور  شده  از(  UUB)   محدودیت   یکنواخت   به  و   عملکرد  دیگر،   سوی   است 

  حضور   در  پیشنهادی  یکتکن  که  دهند می  نشان  سازیشبیه  یهاخروجی.  اردد   دنبال  به  را  بهتری  ردیابی

 . است مقاوم کافی اندازه   به ساختار بدون هایقطعیت عدم و  پارامترها تغییرات


