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Abstract
This paper suggests a developed control technique using an interval type-2 fuzzy logic control (FLC) tuned PI for optimum 
torque adjustment for wind turbines operated by doubly fed induction generator (DFIG). The suggested control regulates 
the error of the mechanical rotor speed to enhance the performance of the torque and the output power results in the 
study system’s overall performance improving. The suggested control combines the advantages of the two techniques: 
fast response of conventional PI control and adaptively properties of interval type-2 FLC. The studied system is a wind 
farm of 9 MW composed of 6 wind turbines of 1.5 MW each. Wind speed functions of several types are studied such as 
step change, extreme change, and constant high speed. The results indicate how the power and optimal torque have 
fast response with interval type-2 FLC tuned PI compared to the type-1 fuzzy tuned PI and conventional PI control. The 
simulated results deduce that the suggested interval type-2 FLC can enhance the wind energy system’s stability and 
reliability in a better manner compared to the type-1 FLC and conventional PI.

 *  I. Hamdan, IbrahimHamdan86@eng.svu.edu.eg | 1Electrical Engineering Department, Faculty of Engineering, South Valley University, 
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Article Highlights

•	 This work has demonstrated the efficacy of an interval 
type-2 FLC adjusted PI in regulating wind turbine rotor 
speed.

•	 The suggested control combined the rapid perfor-
mance of the PI approach and intelligent control adap-
tive characteristics.

•	 The performance of optimum torque and output power 
is better with fuzzy type-2 than its type-1 and conven-
tional control.

Keywords  Fuzzy logic control · Bidirectional converter · Doubly-fed induction generator · Wind turbine · Type-2 fuzzy 
logic

1  Introduction

In the last three decades, the renewable-energy sources 
have garnered a lot of interest worldwide. Undoubtedly, 
one of the renewable energy sources with the highest 

global growth is wind energy, that’s because it has quali-
ties like being widely available, pure, and completely 
renewable [1, 2]. The doubly-fed induction generator 
(DFIG), because of its unique properties of low power 
electronic converter size (about 25% to 30% of nominal 
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power), good efficiency, and broad range of speed control, 
becomes one of the most electric approaches employed 
with wind turbine (WT) [3] so it is reliable for variable-
speed WT (VSWT) system technique. DFIG has a different 
and distinctive network connection as the stator is con-
nected to the system and the same connection is for the 
rotor. This subsequently enables full control over the active 
and reactive power exchange. To obtain the highest value 
of power at any wind speed, VSWT uses two control meth-
ods for regulating speed, they are indirect-speed control 
(ISC) and direct-speed control (DSC). Every time there is a 
change in wind speed, the DSC modifies the ideal turbine 
rotor speed and controls it to obtain the optimal amount 
of torque whereas ISC uses the dynamic-stable properties 
of VSWT to calculate the reference torque associated with 
the highest value in the power curve for each WT rotor 
speed [4]. The fields of optimal torque production and 
speed control include a lot of published material. Classic 
controllers like PI, PD, and PID control are employed in 
earlier studies for their simplicity. However, these typical 
controllers are unreliable for nonlinear complex systems 
because they only operate properly within a limited work-
ing range, and they are enormously sensitive to changes 
in system parameters. Sliding mode control techniques, 
passivity-based controllers, linear averaged controllers, 
feedback linearizing controllers, and other nonlinear con-
trollers have all been presented. The complexity of the sys-
tem, the difficulty of making precise assertions, and the 
difficulty of making broad generalizations about its behav-
ior pose the biggest obstacles for these methodologies [5].

On the other hand, to tackle the robust control of 
ambiguous, complicated, and dynamic systems, artifi-
cial intelligence approaches including fuzzy logic control 
(FLC) are now widely employed as the significant advan-
tage of these controllers is that they need no knowledge 
of the mathematical design model or be familiar with 
the system problems. The interval type-2 adaptive fuzzy 
approach, which is an expanded form of type-1 fuzzy 
logic, is created to represent a variety of dynamic uncer-
tainties and non-linearity that arise in tracking errors.

Previous studies in the topic of speed regulators pro-
vide many sorts of controllers, in [6], To create reference 
torque, the maximum power tracking method is used to 
modify an ideal rotor speed reference based on PI con-
troller. In order to regulate the speed of induction gen-
erators, the research in [7] examines the performance 
of two predictive control systems, one of these con-
trollers uses a finite control set-model approach, and 
the other uses a continuous control set-model strategy 
combined with space vector-pulse width modulation. 
In [8], the fuzzy technique with inputs of rotor speed 
and wind speed is used to suggest a speed controller 
for WT based on DFIG, and the algorithm that utilized 

to tune the controller settings is the particle swarm 
optimization (PSO). The study in [9] presents a reliable 
control method for the optimal torque determina-
tion for the WT based on the super-twisting technol-
ogy (STW) that tracks maximum power, which is pre-
ferred over the conventional sliding mode algorithm, 
the results are compared with PI controller to deduce 
the efficacy of the proposed control on improving the 
dynamic system performance. In [1], STW sliding mode 
controller with fractional order calculation is proposed 
to regulate speed to generate reference torque and 
the results of this robust, non-linear control are com-
pared with PI control. The authors, in [10], provide a 
neural network controller for speed adjustment with 
straightforward connection weight modification taking 
system parameter resilience into account. The fuzzy PI 
approach is implemented in [11] for speed regulation 
and the scheme results are with those of conventional 
PI control. A novel DSC prediction method using the 
double-cost function that has an adjusted duty ratio 
is presented in [12] to control permanent-magnet syn-
chronous machine. Authors in [13] present a fuzzy PI 
approach for speed control with a new switching func-
tion in a permanent-magnet synchronous machine to 
generate reference q-axis current corresponding to 
optimum torque. The optimum torque is adjusted in 
[14] by regulating the rotor speed which is estimated 
using a model reference adaptive system.

There are previous studies that implemented inter-
val type-2 FLC to control VSWT as in [15], the authors 
applied the interval type-2 FLC to control the rotor volt-
age of the DFIG to enhance active and reactive power 
performance. In [16], the authors applied the interval 
type-2 FLC in rotor current regulation to enhance active 
and reactive power performance. In [17], the authors 
also applied the interval type-2 FLC to control the rotor 
voltage of the DFIG to enhance active and reactive 
power performance. In [18], the authors used interval 
type-2 FLC power system stabilizer (PSS) to decrease 
uncertainties and increase the power system dynamic 
stability margin. In [19], the authors applied interval 
type-2 FLC for rotor voltage control. In [20], the authors 
applied interval type-2 FLC with maximum power point 
algorithm, the controlling technique is developed 
through the nonlinear systems. In [21], the authors 
applied interval type-2 FLC using the fractional sliding 
mode approach to substitute the sliding discontinuous 
signals. The control scheme is achieved from the stabil-
ity study of Lyapunov’s approach. In [22], the authors 
applied interval type-2 FLC to regulate the rotor and 
stator currents to control the rotor and stator voltages.

In contrast to the previous research, this paper 
suggests an adaptive interval type-2 FLC tuned PI 
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controller to regulate rotor speed to enhance the per-
formance of the torque and the output power causes 
the system under study to be improved overall. The 
interval type-2 FLC adaptive PI controller is a combi-
nation of conventional PI control that regulates the 
rotor speed and the intelligent control that is used for 
adjusting the PI settings in according to the state of 
the system, this hybrid control has the advantages of 
both techniques: rapid performance of the PI approach 
and the interval type-2 FLC’s adaptive characteristics. 
The main objectives of this study are adjusting the 
optimum torque and improving the performance of 
power, torque, and current using type-2 FLC tuned PI 
compared to other control methods (conventional PI, 
type-1 FLC PI).

This paper has the following structure: Introduction 
is presented in Sect. 1. Section 2 illustrates wind energy 
system modeling and configuration. Sections 3 and 4 
present overviews of fuzzy logic configuration of type-1 
and interval type-2 respectively. Section 5 shows the 
proposed design of interval adaptive type-2 fuzzy PI 
control. The model configuration studied in this paper 
and the simulated results are shown in Sect. 6. The final 
conclusion is set out in Sect. 7.

2 � Wind energy conversion system 
configuration and model

The DFIG-based variable speed WT (VSWT) architecture 
includes a unique electrical arrangement. A gearbox 
links the generator with the WT’s rotor and the stator-
winding of the generator is linked directly to the elec-
tric network whereas the rotor-winding is connected 
by two converters which are called back-to-back con-
verters that comprise of grid-side converter (GSC) and 
rotor-side converter (RSC). Constant DC bus voltage is 
attained using GSC control whereas the RSC’s function 
is to modify the generator’s torque and control the reac-
tive power transferred to the grid through the stator. 
Figure 1 provides an illustration of the DFIG-based WT’s 
electric setup.

2.1 � Wind turbine model

The following equation describes how wind speed (vw) 
relates to the recovered power by the turbine extracted 
from kinetic energy of the wind (Pm) [23]:

(1)Pm = 0.5��R2V3

w
Cp

where R is length of the WT blade and Cp is the power coef-
ficient as indicated by of the tip speed ratio λ, given by:

where Ωt is the angular turbine rotor speed. The maxi-
mum value of Cp theoretically equals 0.593. The turbine 
rotor torque is expressed by dividing the recovered power 
by the rotation speed of the turbine as follows [23]:

The rotor blades are controlled by the pitch control 
which checks the recovered power by the WT and turns 
the rotor blades in such a way to make the rotor blades 
be optimally angled and optimize power generation at all 
wind speeds.

2.2 � Shaft system model

The two-mass model having soft linkage between the 
two inertia parts represented by the damping and stiff-
ness coefficients (Dtm and Ktm) can be used to represent 
the drive train. The masses inertia on the turbine side is Jt 
whereas Jm is the generator side masses inertia. As follows 
is an expression for the dynamic equations [4]:

where the turbine driving torque and rotational speed 
are indicated in the fast shaft by the variables Tt_ar, Ωt_ar. 

(2)� =
RΩt

Vw

(3)Tt =
Pm

Ωt

=
��R3V2

w

2�
Cp

(4)Jt
dΩt_ar

dt
= Tt_ar − DtΩt_ar − Tem

(5)Jm
dΩm

dt
= Tem − DmΩm + Tem

(6)
dTem

dt
= Ktm(Ωt_ar − Ωm) + Dtm(

dΩt_ar

dt
−

dΩm

dt
)
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Fig. 1   DFIG electric arrangement
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The specifications for the WT and machine’s friction coef-
ficients are Dt and Dm. Tem is the generator driving torque.

2.3 � Generator model

Voltage and flux equations are rebuilt in direct and quad-
rature (d-q) rotating frames as follows to provide the DFIG 
mathematical dynamic model [6, 24]:

where φ, I, V, and L are magnetic fluxes, current, voltage, 
and inductance. While r and s subscript relate to rotor and 
stator, the mutual inductance is symbolized by Lm. ωs and 
ωr are voltage angular frequency of the stator windings 
and the rotor winding respectively. The torque (Tem) for-
mula. is as denoted by the following equation [4]:

where P is the number of pole pairs. When the wind 
speed is between the maximum and lowest speed lim-
its, the wind turbine operates at a variable speed, with 
the turbine control tracking the maximum power curve 
to adjust the ultimate power at each wind speed. The 
terms DSC and ISC refer to two separate categories of 
speed controllers. By establishing the ideal speed that 
corresponds to the highest power and then altering the 
optimum torque, DSC can monitor the maximum power 
curve more precisely with quicker dynamics as shown 
in Fig. 2.

(7)Vsd = Rsisd +
d�sd

dt
− �s�sq

(8)Vsq = Rsisq +
d�sq

dt
+ �s�sd

(9)Vrd = Rr ird +
d�rd

dt
− �r�rq

(10)Vrq = Rr irq +
d�rq

dt
+ �r�rd

(11)�sd = Lsisd + Lmird

(12)�sq = Lsisq + Lmirq

(13)�rd = Lr ird + Lmisd

(14)�rq = Lr irq + Lmisq

(15)Tem =
3

2
P
Lm

Ls
(�qsidr − �dsiqr)

3 � Overview of type‑1 fuzzy logic sets

Based on the system operator’s knowledge, the FLCs are 
regarded as non-linear intelligent controllers that are self-
adjusting and have very extreme accuracy and reliability. 
Instead of using sharp or numerical variables, FLC instead 
employs linguistic variables that allow any variable with a 
value between 0 and 1 to have a state, unlike Boolean logic 
that allows states 0 or 1. As the system measurements are 
nonfuzzy, so these must be converted to crisp values. The 
four main stages of the primary closed-loop fuzzy control 
setup shown in Fig. 3 are: fuzzification process, set of fuzzy 
rules, decision-making logic, defuzzification. The process 
of transforming crisp variables into linguistic variables is 
called fuzzification. The fuzzy control operation is inferred 
by decision-making logic from awareness of specifications 
of linguistic variable and the control set of rules. Defuzzi-
fication is required to transform the fuzzy control sets 
produced by the fuzzy algorithm into numerical variables.

A membership function (MF) symbolized as µA(x) with 
elements in the domain [0, 1] express the type-1 fuzzy set 
(FS) in the universe X. The following is the definition of an 
element’s membership degree in the set:

where µA(x) represents the membership degree of the ele-
ment x ϵ X to the set A. The centre of gravity, maximum 
membership principle, mean-max membership, centre 

(16)A = (x,�A(x))∀x ∈ X ,�A ∶ X → [0, 1]
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-

Fig. 2   Control scheme for optimum torque

Fig. 3   Type-1 fuzzy control configuration
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of sums, or weighted average approach can be used to 
execute the defuzzification procedure [5].

The Mamdani-Larsen FS, the Takagi–Sugeno–Kang 
(TSK) FS, the generalized FS (GFS), and others are exam-
ples of typical FS models, with TSK FSs being the most 
researched models thanks to their great efficacy. A major 
range of dynamic non-linear control issues may be solved 
using FLC based on the TSK approach, which has more 
and preferable solutions [25, 26]. The MFs produced by 
the Sugeno are linear or constant.

The TSK FS is a conventional FS system characterized by 
its excellent nonlinear modelling capabilities, has human-
like interpretation skills, and is very adaptable. This is how 
TSK FS, which uses the kth fuzzy rule as its rule base, is 
represented [27]:

where, Ai
k (1 < i < d) is a FS, the fuzzy rules number is 

denoted by K, The rule consequents’ parameter is defined 
by Pn

K (n = 0,1…,d), the number of features is d, the index 
of fuzzy rules is k, and yk is the fuzzy output. The output 
of the TSK FS f(x) with defuzzification process using the 
center of gravity method can be expressed as follows [25]:

where uk(x) and ũ k(x) define the fuzzy MF and the normal-
ized fuzzy membership related to FS, respectively.

4 � Basic concept of interval type‑2 fuzzy 
logic sets

Karnik and Mendel have presented the interval type-2 
fuzzy logic system (FLS) in [28], An interval type-2 FS is one 
in which membership values are type-1 FSs on the range 
[0,1]. One fuzziness depends on another fuzziness in interval 
type-2 FS, this dependency makes the interval type-2 FS a 
complex subject that simulates the uncertainty better than 
conventional FLSs. The product space of the primary and 
secondary variables contains fuzzy relationships for both 
the type-1 FSs and the inter0076al type-2 FS [29]. Contrast-
ingly, these variables are independent in type-1 FS, but the 
secondary variable in interval type-2 FS is inherently reliant 
on the primary variable. For high levels of uncertainties, 
interval type-2 FLC is more reliable compared to type-1 
FLC this is because that type-1 FS deals with the unknowns 
related to the FLS inputs and outputs by employing crisp 
MFs that have already been chosen, the reality that the real 

(17)
IF x1isA

k
1
and x2is A

k
2
.....and xdisA

k
d

THEN yk = f k(x) = pk
0
+ pk

1
x1 + .... + pk

d
xd , k = 1, .., K

(18)
f (x) =

�K

k=1

uk(x)

K
∑

k=1

uk(x)

f k(x) =
�K

k=1
ũk(x)f k(x)

membership degree is unknown, has ceased to exist. Interval 
type-2 FS, in contrast to type-1 FS, is defined by a fuzzy MF 
whose values are all FS in the range of [0,1]. So, the nature of 
the MFs is the sole distinction between interval type-2 FLC 
and type-1 FLC. The MFs of interval type-2 FS are 3-dimen-
sion and have a footprint of uncertainty (FOU) [30]. Thus, 
interval type-2 FS is more appropriate to deal with the lin-
guistic and numerical ambiguities and improves the perfor-
mance of the system for particular applications.

An interval type-2 FLS comprised of two MFs (primary 
and secondary). An interval type-2 FLC’s primary member-
ship degree is a regular FS in [0, 1], however, the secondary 
membership is a specific number in [0, 1] range. Following 
the fuzzification process, fuzzy inference, interval type-
reduction, and defuzzification, the crisp output of interval 
type-2 FLS is obtained. Interval type-2 MFs are used to 
transform crisp inputs to fuzzy inputs during the fuzzifica-
tion process. The interval type-2 FS output is converted to 
type-1 FS in an extra stage known as type reduction, which 
is then applied to the defuzzification process to provide a 
crisp output. Algorithms for type reduction can be used in a 
variety of ways, including height, centroid, center-of-set, and 
modified height [16]. The configuration of interval type-2 
FLS is shown in Fig. 4 [15].

A description of an interval type-2 FS (labeled Ã ) would 
be [31, 32]:

where x ∈ X, and u ∈ Jx ⊆ [0, 1] are the primary and sec-
ondary variables, respectively with an interval type-2 MF 
�Ã (x, u) where 0 ≤ �Ã (x, u) ≤ 1. Jx is called the primary mem-
bership of a type-2 FS of x. Alternative type-2 FSs were 
proposed to reduce the computational complexity of uni-
versal interval type-2 FLSs. The following is a description 
of an interval type-2 set Ã [31]:

(19)Ã = {((x, u),𝜇∼

A
(x, u))∀x ∈ X ,∀u ∈ Jx ⊆ [0, 1]}

(20)Ã = ∫x∈X ∫u∈Jx

1∕(x, u), Jx ⊆ [0, 1]

Fig. 4   Interval type-2 FLS configuration
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Ã : X → {[a, b]: 0 ≤ a ≤ b ≤ 1}. The grey area of Fig. 5 repre-
sents the FOU of Ã , which is the aggregate of all the pri-
mary memberships and represents the degree of uncer-
tainty around Ã [33].i.e.:

Two type-1 MFs, denoted by the letters �
_ Ã

(x) and �Ã(x) , 

surround the FOU ( ̃A ). These MFs are known as the lower 
MF and upper MF respectively [33].

whereas Jx is given by the following formula [32]:

An embedded FS Ã e for a continuous universe of dis-
course X and μ is defined as follows [17]:

The set Ãe is inserted in A so that the secondary MF is 
one for every value of x. Many different type-1 FSs are 
embedded to create the interval type-2 FS where each 
type-1 FS is combined to generate the FOU.

Type-2 FSs have the advantage of being able to han-
dle with higher modelling and uncertainty levels found 
in real-world applications, particularly control systems. 
Additionally, a fuzzy MF with values that are all FS in the 
range [0,1] defines the interval type-2 FS, in contrast to 
type-1 FS. Therefore, the only difference between interval 
type-2 FLC and type-1 FLC is the nature of the MFs. Interval 
type-2 FS MFs are three-dimensional and feature an uncer-
tainty footprint. The shortcomings of this control, however, 
are its inability to recognize artificial intelligence (AI) as 
neural system-type designs and its inconsistently precise 

(21)FOU(Ã) = ∪∀x∈X Jx = {(x, u) ∶ u ∈ Jx ⊆ [0, 1]}

(22)𝜇Ã(x) = FOU(Ã),∀x ∈ X

(23)𝜇
Ã
(x) = FOU(Ã),∀x ∈ X

(24)Jx = {(x, u) ∶ u ∈ [𝜇Ã(x), 𝜇Ã
(x)]}

(25)Ãe = ∫x∈X

[1∕u]∕x, u ∈ Jx

fuzzy reasoning. Therefore, the results are seen based on 
assumptions and could not be widely accepted.

5 � Proposed design of interval type‑2 fuzzy 
speed control

The speed control loop that establishes the reference 
torque is the primary component of the conventional con-
trol scheme of the direct speed control technique as illus-
trated in Fig. 6a, and this regulated control is done via a PI 
controller. The control responsible for the maximum power 
point tracking (MPPT) in this research uses the tracking 
curve method that determines the reference speed. 
By comparing the reference speed value to the actual 
observed speed value, the error signal is adjusted. The PI 
controller then receives the speed error as an input. The 
maximum power curve, which gives the optimal torque 
corresponding to the maximum output power from the 
WT for each wind speed, determines the reference speed 
by following the route of maximum value of power [34].

In order to enhance system stability during the distur-
bance, the interval type-2 FLC adaptive PI is suggested as 
an alternative for the PI speed controller. In order to get 
a preferred reaction in the dynamic and stable circum-
stances of the system, interval type-2 FLC adaptive PI com-
bines an interval type-2 fuzzy technique that is adaptable 
with a conventional PI controller that reacts rapidly. The 
fuzzy technique is in charge of adjusting the PI control-
ler’s parameter based on the state of the system. Therefore, 
interval type-2 FLC adaptive PI control combines the ben-
efits of conventional PI technology with intelligent control, 
which in turn enhances the PI controller’s performance 
and the system stability is further improved.

In this study, interval type-2 FLC adaptive PI is used to 
simulate the DFIG-based WT system model and is com-
pared to type-1 FLC adaptive PI in order to determine 
which is more successful in addressing system uncertainty. 
Figure 6b, c depict the recommended control approach 
using type-1 and type-2 FLC.

In this paper, the fuzzy controller of type-1 and type-2 
are with two input-signals and one output-signal. The error 
signals and the derivative of the error are the inputs and 
fuzzified using three triangular MFs. The FSs are classified 
as Negative (N), Zero (Z), Positive (P). Figures 7 and 8 dis-
play the planned MFs of error for type-1 and type-2 FLCs, 
respectively, and the same MFs are for the derivative of the 
error. The universe of discourse’s upper and lower limits for 
all inputs and outputs are set at + 1 to 1. The output is the 
change in the PI parameter, and the designed FSs of the 
output are Positive-Small (PS), Positive-Large (PL), Zero (Z), 
Negative-Small (NS), and Negative-Large (NL). The error 

Fig. 5   Triangular interval type-2 FS Ã
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(e) of rotor speed (Ωm) signal and the change of the error 
signals (Δe) derived as follows:

where Ωmref is the reference rotor speed, e(k) is the current 
speed error, and e(k-1) is the previous speed error.

The fuzzy logic controller is implemented using a Sug-
eno-type fuzzy inference system, and the fuzzy rules are 
designed as displayed in Table 1. The expressions describ-
ing the change in PI parameters are given by [35]:

where dkp and dki are the output of the fuzzy approach, 
Kp and Ki are the PI controller’s settings. The symbols k and 
k + 1 refer to the current and the next parameters.

(26)e = Ωmref − Ωm

(27)Δ e = e(k) − e(k − 1)

(28)Kp(k + 1) = Kp(k)[1 ± dkp]

(29)Ki(k + 1) = Ki(k)[1 ± dki]

Fig. 6   Control strategy of 
speed regulator. a conven-
tional PI, b interval type-1 FLC 
tuned PI, c interval type-2 FLC 
tuned PI
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6 � Model configuration and simulated 
results

The model under study in this paper consists of six 1.5 MW 
WTs each with 4.32 inertia constant linked to the utility 
grid through a step-up transformer, a transmission line 
measuring 10 km in length, and a step-down transformer, 
as illustrated in Fig. 9. The studied cases are three different 
wind speed functions: step change, extreme change, and 
constant wind speed with a high value that equals 18 m/
sec. In each case, output active power with interval type-2 
FLC tuned PI control is studied with comparison to type-1 
FLC PI control and conventional PI control.

6.1 � Step change wind speed

In this case, the step-change wind speed is changed 
from 15 m/sec to 12 m/sec occurred at 7 s as depicted 
in Fig. 10a. The performance of the suggested method 
is compared with type-1 FLC tuned PI and conventional 
PI control. The reference signals for torque and active 
power are set at 0.75 pu and 9 MW respectively at 15 m/
sec and set at 0.6 pu and 8.2 MW respectively at 12 m/sec. 
The reference torque reaches the steady-state value at 2 s 
for 15 m/sec wind speed and at 15.3 s for 12 m/sec with 
interval type-2 FLC tuned PI controller. Compared to other 
control methods, the interval type-2 FLC tuned PI system 
approaches to the reference value more adequately, as 
the overshoot and undershoot are much smaller in it as 
shown in Fig. 10b. The obtained active power is depicted 
in Fig.  10c with speed regulator using interval type-2 
FLC tuned PI controller and compared with using type-1 
FLC tuned PI control and conventional PI control. At the 
beginning with a speed of 15 m/sec, the power reaches 
the steady-state value that equals 9 MW at 2 s with interval 

type-2 FLC with no overshoot approximately, however 
with type-1 FLC and with conventional controller reaches 
9 MW at 3.7 s and 4.7 s, respectively with peak overshoot 
equals 9.78 and 9.98 MW respectively. When the wind 
changes to 12 m/sec, the power reaches the steady-state 
value that equals 8.2  MW at 10  s with interval type-2 
FLC more smoothly than other controllers. However, the 
power reaches the steady-state value at 12.8 s with type-1 
FLC and at 18 s with conventional controller. Figure 10d 
illustartes the results of the RMS output current, it is also 
faster and smoother with interval type-2 FLC tuned PI con-
troller compared to other ones and the overshoot is much 
smaller in it. The overshoot of the output current for 15 m/
sec wind speed equlas 0.65 pu for type-2 FLC however it 
equals 0.68 and 0.7 pu for type-1 FLC tuned PI and conven-
tional PI respectively. There is no overshoot of the output 
current for 12 m/sec wind speed with type-2 and type-1 
FLC tuned PI however it equals 0.43 pu for conventional PI.

6.2 � Extreme change wind speed

In this case, the wind speed changes extremely between 
15 m/sec, 12.4 m/sec, and 22 m/sec as shown in Fig. 11a. The 
reference torque reaches the steady-state that equals (0.75 
pu) at the beginning of the extreme wind speed faster and 
smoother with interval type-2 fuzzy tuned PI compared to 
other controllers with a little overshoot equals 0.76 pu. How-
ever, the overshoot equals 0.8 pu and 0.82 pu with type-1 
FLC tuned PI and conventional PI, respectively. With the PI 
controller, the torque is about to cross the limited value, so 
it is limited to 1 pu at wind speed of 22 m/sec as depicted 
in Fig. 11b. When the wind speed returned to 15 m/sec, 
the reference torque reaches the steady-state with interval 
type-2 FLC at 13 s, however, it reaches this value at 14.2 s 
and 17 s with type-1 FLC and conventional PI, respectively. 
In the beginning with a speed of 15 m/sec, the power with 
interval type-2 FLC has no overshoot approximately. How-
ever, the peak overshoot with type-1 FLC equals 9.78 and 
with conventional PI it equals 9.98 MW. When the wind 
speed changes from 12.4 to 22 to 12.4 m/sec, the power 
changes more smoothly with FLC interval type-2 PI than 
other controllers. When the wind speed returns to 15 m/sec, 
the time when the active power reaches steady-state value 
with interval type-2 FLC tuned PI equals 12.3 s. However, it 

Table 1   Fuzzy rules dkp, dki e

N Z P

Δe N NL NS Z
Z NS Z PS
p Z PS PL
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equals 13.7 s with type-1 FLC tuned PI and equals 15.5 s with 
conventional PI. The output power performance is depicted 
in Fig. 11c. The performance of the RMS output current is 
shown in Fig. 11d, it is also faster, smoother, and with lower 
overshoot with interval type-2 FLC tuned PI controller than 
type-1 fuzzy and PI control. At the beginning of the extreme 
wind speed, the overshoot of output current equals a little 

value of 0.65 pu with interval type-2 FLC. However, the cur-
rent overshoot equals 0.68 pu and 0.7 pu with type-1 FLC 
and conventional PI control, respectively. With interval 
type-2 FLC PI, the current varies more smoothly when the 
wind speed changes from 12.4 to 22 to 12.4 m/sec than with 
other controllers. When the wind speed returns to 15 m/sec, 
the time at which the current reaches steady-state value 
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Fig. 10   Step change a wind speed, b reference torque, c output 
active power, d output current
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with interval type-2 FLC tuned PI equals 12.3 s. However, it 
equals 13.7 s with type-1 FLC tuned PI and equals 15.5 s with 
conventional PI.

6.3 � Constant wind speed

In this case, the wind speed is fixed at a high value of 18 m/
sec as shown in Fig. 12a. The reference torque reaches the 
steady-state value that equals 0.75 pu with FLC interval 
type-2 tuned PI controller faster and smoother compared 
to other controllers as shown in Fig. 12b. The overshoot 
equals 0.83 pu with type-2 FLC system however it equals 
0.94 pu and 0.99 pu with type-1 FLC and conventional PI, 
respectively. Unlike the fuzzy type-1 and type-2, the PI 
controller takes a very long time that equals 16.5 s approxi-
mately to reach the steady-state. The peak overshoot of 
output power with FLC interval type-2 PI equals 10.3 MW, 
however, it equals 10.7 MW with FLC type-1 PI and con-
ventional PI as shown in Fig. 12c. There is a large distur-
bance in power at the beginning with the conventional PI 
control. The time taken to reache the steady-state value 
equals 9 s with conventional PI control and that is very 
long compared to fuzzy type-1 and type-2. RMS output 
current performance is illustrated in Fig. 12d, it has lower 
overshoot with FLC interval type-2 tuned PI controller than 
type-1 fuzzy and PI control. The overshoot equals 0.72 pu 
with type-2 FLC system however it equals 0.75 pu with 
type-1 FLC and conventional PI. The current reaches the 
steady-state faster with fuzzy type-1 and type-2 than the 
PI controller. The PI controller takes a very long time that 
equals 14 s approximately to reach the steady-state how-
ever it equals 6 s for type-1 and type-2 FLC approach.

It is obvious from the previously studied cases that the 
validation of the proposed approach appears in reducing 
overshoot and the time taken to reach steady state for 
power, torque, and output current compared to conven-
tional PI control and type-1 FLC tuned PI.

7 � Conclusion

In this paper, an approach to regulate the rotor speed of 
a WT based on DFIG is suggested to adjust the optimum 
torque that achieves the highest value of power. The sug-
gested control is an interval type-2 FLC tuned PI and com-
pared with other controllers such as type-1 FLC tuned PI 
and the conventional PI control. The studied model is a 
wind farm consisting of 6 WTs each of 1.5 MW with a total 
power of 9 MW. The first studied case is the step change 
wind speed from 15 m/sec to 12 m/sec at 7 s. At speed of 
15 m/sec, the power reaches the steady-state at 2 s with 
FLC type-2 with no overshoot, however with type-1 FLC 
and with conventional controller reaches at 3.7 s and 4.7 s, 

and peak overshoot equals 9.78 and 9.98 MW respectively. 
When the wind changes to 12 m/sec, the power reaches 
the steady-state at 10 s with type-2 FLC, at 12.8 s with 
type-1 FLC, and at 18 s with conventional controller. In 
the second case, the wind speed changes extremely 
between 15 m/sec, 12.4 m/sec, and 22 m/sec. With a speed 
of 15 m/sec, the power with type-2 FLC has no overshoot 
but equals 9.78 and 9.98 MW with FLC type-1 and con-
ventional PI respectively. Then, the power changes more 
smoothly and faster to reach steady-state with type-2 FLC 
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tuned PI than other controllers. In the last case, the wind 
speed is fixed at 18 m/sec. The peak overshoot of output 
power with type-2 FLC PI equals 10.3 MW, however equals 
10.7 MW with FLC type-1 PI and conventional PI. It is obvi-
ous from the studied cases that the validation of the pro-
posed approach appears in reducing overshoot and the 
time taken to reach steady state for power, torque, and 
output current compared to other control methods.
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