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This study develops and designs a Type 2 fuzzy controller technique for application in wind
turbines directly linked to the grid and incorporating variable-speed doubly fed induction
generators (DFIG).

Type 2 fuzzy theory is proposed with the aim of enhancing system performance. Unlike
Type 1 fuzzy systems, it accommodates a wide range of uncertainties and dynamic
nonlinearities that may constrain the system's operational efficiency.

Type 2 fuzzy logic provides an effective approach to managing linguistic uncertainty by
modeling the ambiguity and limited reliability of information, thereby reducing the overall
level of uncertainty within the system.

Both Type 1 Fuzzy Logic Control (T1FLC) and Type 2 Fuzzy Logic Control (T2FLC)
techniques were employed in direct and indirect modes. The two control methods were
developed, their performances were evaluated, and the most effective control method in
terms of reference tracking and robustness was identified. This comparative analysis is
derived from a series of tests performed under identical conditions during both transient and
steady-state operations of the system.

The simulation results demonstrate that the proposed method exhibits significant resilience
to parameter variations and unstructured uncertainties.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
T under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Over the past few decades, global interest in renewable
energy sources has grown considerably. At this stage, electricity
generation using wind turbines is among the most promising
sustainable energy alternatives [1].

Wind energy is a promising technology for electricity
generation due to its well-known environmental advantages over
conventional generation systems [2]. To effectively exploit the
potential of wind energy, Doubly Fed Induction Generators
(DFIGs) play a crucial role [3]. With their advanced technology
and design, DFIGs are specifically designed to convert wind
energy into electrical energy with remarkable efficiency [4]. They
achieve this by using a rotor or blade system that interacts with the
force of the wind, converting its kinetic energy into usable

electricity [5]. The electricity generated by DFIGs is intelligently
integrated into the existing grid.

Type-2 fuzzy sets have recently been included into Fuzzy
Logic Systems (FLS) across a range of application fields.

This study focuses on controlling the electrical power
produced by the DFIG using a Type-2 Fuzzy Logic Controller
(T2FLC). The control method aims to manage the active and
reactive power transfer between the stator and the grid, considering
variations in rotor resistance, inductance, tip speed ratio, and power
coefficient [6-8].

When handling external disturbances, uncertainties, and
nonlinearities in nonlinear systems like WEC Systems, robust
control is an essential component of renewable energy technology

[9].
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In recent years, various control methodologies based on
T2FLC theory for DFIG have been proposed. In this section,
several studies will be presented to show the different applications.

In [10], the authors offer an innovative control technique
that employs interval type-2 fuzzy sets for enhanced grid
synchronization of DFIG-based wind energy conversion systems.
The methodology's distinctive three-dimensional membership
function architecture provides parametric adaptability to
accommodate stochastic variations and measurement inaccuracies
inherent in distributed generation environments.

In [11], the authors presents an adaptive control architecture
for DFIG rotor-side converters, where interval type-2 fuzzy logic
dynamically optimizes proportional-integral (PI) controller
parameters. This methodology demonstrates enhanced robustness
against generator parameter variations and grid disturbances
compared to conventional Pl implementations.

Another method proposed in [12], where a neuro-fuzzy
controller for DFIG that uses adaptive sliding mode to regulate
power. To improve the efficiency of the suggested control
technique, the parameters of the type-2 fuzzy system membership
functions are trained online using sliding mode control (SMC)
theory.

In [13], the authors use a Type 2 adaptive fuzzy controller
approach to evaluate the efficiency of the system in maximizing
power generation from wind turbines with variable-speed doubly-
fed induction generators connected directly to the grid. The control
technique is employed to sustain the optimal value of the stator's
reactive power.

Another method for regulating a DFIG in hyposynchronous
mode has been discussed in [14]. The approach relies on maximum
power point tracking (MPPT). To regulate Ird and Irg, a novel class
of fuzzy logic known as adaptive type-2 fuzzy logic control has
been created as an alternative to standard proportional integral
derivative (PID) controllers. A three-level neutral point clamped
(NPC) converter was used to provide power to the rotor side
converter (RSC).

Another architecture combines type-2 fuzzy logic control
with sliding mode control (SMC) has been presented in [15]. It was
used to control effectively the active and reactive powers of the
DFIG. This technique reduces chattering and increase the system's
performance in speed monitoring and stator side power regulation.

In this work, we will propose a T2FLC strategy. The
structure of this paper is organized as follows: In Section II, we
present the mathematical model of the wind turbine system, which
comprises DFIG driven by a variable pitch turbine. This system is
regulated through rotor variables using two bidirectional Pulse
Width Modulation (PWM) converters, allowing for effective
management of power output and operational efficiency. In
Sections 111 and 1V, the control strategy and synthesis of the type 2
fuzzy logic control algorithm (direct and indirect modes) is
discussed. Section V presents and discusses the simulation results,
using Matlab/Simulink software, along with an evaluation of the
proposed controller's effectiveness. Finally, we conclude the
reported work.

I1. SYSTEM MODELLING

The wind energy conversion system examined in this study
utilizes a Doubly Fed Induction Generator (DFIG). From a system
perspective, the conversion chain consists of three key interacting
components, each modeled separately: the wind turbine, gearbox,
and DFIG topology. As illustrated in Figure 1, the rotor is linked
to the grid through a back-to-back AC-DC-AC PWM converter,
while the stator is directly connected to the grid.
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Figure 1. Wind energy conversion system.
Source: Authors :[16].

11.1 WIND TURBINE

The aerodynamic power generated by a wind turbine is
determined by several key factors, including wind speed, turbine
design, and its geometric characteristics. The relationship can be
mathematically described using the following equation[17],[18]:

1
Prer = EanZCp(/L ﬂ)US (1)
Then the aerodynamic torque is given by:

P
Toer = % 2

In this context, p denotes the air density, which has a value
of p=1.225 kg/m>. R refers the length of the blade in meters (m),
and V indicates the wind velocity in meters per second (m/s). The
power coefficient C;, (A, B), depends on two factors: the pitch angle
of the turbine (B, in degrees®) and the tip speed ratio (TSR),
represented as A.

The tip speed ratio () is expressed as:

=" 3)

where (), represents the angular shaft speed of the wind
turbine.

The power coefficient C,, and the tip speed ratio A are related
by the following function:

=21
116

C,(1,B) = 05176 (T —0.4f—5)e™ +0.0068 (&)

1 1 0.035
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®)

The turbine is connected to the generator shaft via a
gearbox, which has a gear ratio G selected to ensure that the
generator shaft operates within a specified speed range:

T
T — aer
g
o, _ (6)
t=7

Where Tythe driving torque of the generator and €, is the
generator shaft speed, respectively.
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1.2 DYNAMIC MODEL OF A DFIG

The electrical expressions in the (d, q) reference frame are
written as follows [19], [20]:

do

Vi =Rl + dtds -,
do,

s = Rolgs + at + o, Dy @)

do,,

V, =Rl , + dtd — (0, —0)®,,
do,,

Vo =R+ pm + (0, — ) D,

Where R, and R, stand for the phase resistances of the stator and
rotor, respectively.

® = Q p. is the electrical speed and p is the number of pair poles.
The expressions for the stator and rotor fluxes in the (d, q) reference
frame are:

Pys = Lslgs + Mgy

JCPqS = Lglgs + My, ®
Py = Lylgy + Mlgs

@ = Lylgy + Ml

Where L, and L, represent the stator and rotor self-
inductances, respectively, while M denotes the mutual inductance
between windings. Additionally, Iy , I4s.14y, and Ig.correspond to
the direct and quadrature components of the stator and rotor
currents, respectively.

The following expression expresses the electromagnetic torque of
the DFIG:

PM
Tem = —(Pyslar — Paslyr ©9)

The model of the DFIG can be represented using state
equations in the synchronous reference frame, with the d-axis
aligned with the orientation of the stator flux, as indicated in
the equation below:

Vgs =0
{vds =V, = wg® (10)
qr s s *ds

The stator's active and reactive powers, together with those that
are provided to the grid, are described as follows:
Py = Vys. Igs + Vgs- 1
{ S ~ ds-'ds qs-'gs (11)
Qs - Vqs- Ids - Vds- Iqs

Here are the formulas for rotor voltages as a function of
rotor currents:

dlgr

dt

dI M.V
Vgr = R Igr + 0. Lr.ﬁ + g wso. L. Ig +g LSS

Vgr = Rp.Igr + 0. L,

— 8 Ws.0. Ly Igr
(12)

where the DFIG's dispersion coefficient is denoted by

0= (1 N LA:I:)'

I11. CONTROL OF THE STUDIED SYSTEM

This section will discuss the utilization of a Type 2 Fuzzy
Logic controller (T2FLC )to manage the active and reactive power
DFIG.

111.1 DIRECT CONTROL OF THE DOUBLY FED
INDUCTION GENERATOR

Figure 2 illustrates the block design of the DFIG that
shows the direct control technique. By using separate regulators on
each axis and ignoring the coupling factors, this method allows the
active and reactive powers to be separately controlled.

Figure 2: Direct control of the DFIG.
Source: Authors, (2025).

111.2 INDIRECT CONTROL OF THE DOUBLY FED
INDUCTION GENERATOR

The indirect control strategy for the DFIG is depicted in
Figure. 3. This method focuses on addressing the coupling terms
and compensating for them by utilizing a dual-loop system
designed to regulate both power output and rotor currents. This
technique, referred to as the indirect method, facilitates the
management of rotor currents, which is crucial for safeguarding the
DFIG by limiting excessive currents and enhancing the operational
flexibility of the machine.
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Figure 3: Indirect control of the DFIG.
Source: Authors, (2025).

IV. TYPE-2 FUZZY LOGIC CONTROL SYNTHESIS

Artificial intelligence methods are widely recognized for
their significant potential in addressing industrial process
challenges, especially in areas such as control, parameter
estimation, and system identification [21]. Fuzzy logic, a notable
technique within artificial intelligence, is increasingly utilized for
controlling induction machines and adapting their vector control -
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[22]. The overarching goal of artificial intelligence is to develop
systems capable of emulating human reasoning behavior in various
cognitive tasks [23].

Type-2 fuzzy logic is an advancement of classical fuzzy
logic that expands upon type-1 fuzzy logic. This novel logic will
allow us to integrate uncertainties into the regulations, positively
influencing the system's output under examination [24]. Type-2
fuzzy logic is particularly efficacious in scenarios when
establishing precise membership functions for a fuzzy system
proves challenging.

A Type 2 fuzzy system is structured similarly to a Type 1
fuzzy system, consisting of a fuzzification block, a rule base, and
an inference mechanism. The primary difference lies in the output,
which introduces a reduction block before the defuzzification block
in Type 2 systems [25], [26].

Figure 4 shows the Type-2 fuzzy logic controller's structure:

T2FLC

; dv* U
1=

Figure 4: Schematic diagram of T2FLC.
Source: Authors, (2025).

The controller continuously analyzes the error signal and its
derivative within the active and reactive power control loops.
Based on this analysis, it adjusts the output U to ensure that the
active power Ps aligns with its desired reference value P;", while
also ensuring that the reactive power Qs matches its corresponding
reference value Q;. Each Type-2 fuzzy controller processes two
input signals: the error signal E and its derivative dE/dt. These
signals undergo normalization using their specific scaling
factors, K, for the error and K, for its derivative. The control
output signal Uis computed by multiplying the rate of
change du/dt by the output scale factor K,;, followed by
integration to produce the final command signal.

The primary goal of this control method is to enhance the
effectiveness of the results obtained through Type-1 fuzzy control.
By implementing this advanced approach, the system can achieve
significantly lower static errors, ensuring a more accurate response.
Additionally, it provides a robust and swift reaction to changes,
which is crucial for maintaining stability and efficiency in dynamic
operating conditions.

The defuzzification employs the center of gravity method,
and the controller block is founded on a Mamdani-type inference
system. A distinctive set of criteria was established to ascertain the
appropriate defuzzification procedure according to the quantity of
input/output parameters. We implemented this control utilizing the
Type-2 fuzzy control technique and integrated it into our system.
Three Gaussian fuzzy sets represent the error and its variance in the
membership functions of the fuzzification block. Our choice of
three Gaussian fuzzy sets aligns with the defuzzification block,
which determines the order variation.

Figure 5a illustrates the error, Figure 5b depicts the rate of
change of the error, and Figure 5c presents the corresponding
control action. Table 1 offers a comprehensive summary of the
inference rules employed to identify the control variable.

100 ) (1] 4 N 0 Zlo & 60 8 109
{b) Input variable (de) / (c) Gutput variable [u)

Figure 5: T2FLC membership functions.
Source: Authors : [25].

Table 1: Inference Rules for the T2FLC.

Control Error
N EZ | P
Rate of change of error N N N EZ
z N EZ |P
P Z P P

Source: Authors : [26].
V. SIMULATIONS AND RESULTS

We conduct comparative MATLAB/Simulink simulations
to evaluate the dynamic performance of Type-1 (T1FLC) and
Type-2 (T2FLC) fuzzy logic controllers in achieving decoupled
active/reactive power regulation for DFIG-based wind turbines.
The experimental framework utilizes the wind turbine
specifications and DFIG electrical parameters detailed in Appendix
A, with particular focus on transient response characteristics during
grid interconnection scenarios.

Case I: Setpoint Tracking Test

This evaluation investigates DFIG performance under controlled
rotational speed (1440 rpm) during bidirectional active/reactive
power transitions:

Att =3 sec: an active power step (Prf) changes from 1M W to
-1IMW.

At t=2 sec: a reactive power step (Qrer) changes from O var to
-5000 var

Concerning this initial test, Figures 6 and 7 illustrate the results of
the simulations for the two DFIG power control methods, the direct
and indirect techniques.

The results indicate that the DFIG effectively rejects disturbances
and maintains to the power set points for both active and reactive
power for both control methods.
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Figure 6: Direct control of the DFIG (setpoint tracking).
Source: Authors, (2025).

As shown in Figure 6, for both power control methods (T2FLC and
T1FLC), the reactive and active powers of the DFIG closely follow
their reference values. However, in the direct control approach

using the T1FLC controller, the coupling effect between the two
axes is evident. In contrast, the T2FLC controller effectively
ensures decoupling between them.
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Figure 7: Indirect control of the DFIG (setpoint tracking).
Source: Authors, (2025).
The simulation results show in Figure 7 demonstrate that TI1FLC T2FLC TI1FLC T2FLC
both controllers effectively achieve decoupling, power regulation, Rise time(s) | 1.4752e+3 | 0.4000e+3 | 77.8339 | 149.6292
and accurate tracking of the reference values. Consequently, the Overshoot | 5.8596e+3 | 2.4317e+3 | 4.1447e+3 | 3.7551e+3
suggested control technique for each converter, as well as the (%)
established simulation model, can be validated. Furthermore, a SettlingTime | 4.9998e+5 | 4.9998e+5 | 5.000e+5 | 4.9998e+5

comparison between the results of the T2FLC and T1FLC
controllers reveals a strong similarity in their dynamic behavior.

Table 2 provides a comprehensive summary of the
controllers' performance, highlighting factors such as decoupling,
response time, and power tracking ability.

Table 2: Step response of the controllers.

Active power
Performances Direct control Indirect control
T1FLC T2FLC T1FLC T2FLC
Rise time(s) 1.5758e+3 | 1.3501e+3 | 148.9657 271.6274
Overshoot 13.3101 13.0162 33.6529 13.8152
(%)
SettlingTime | 4.9956e+5 | 4.9990e+5 | 3.0140e+5 | 4.9413e+4
Reactive power
Performances | Direct control | Indirect control

Source: Authors, (2025).

The simulation results, under nominal conditions of
operation show that the designed T2FLC and T1FLC control
strategy can achieve satisfactory performance. It is possible to
individually regulate active and reactive power, with the power
responses closely following their reference values.

Case 11: Real wind profile

To assess the system's dynamic behavior, regulating the
DFIG with a realistic wind speed profile is crucial. This simulation
was conducted using the wind profile presented in Fig. 8, where the
mean wind velocity fluctuates between 7.5 m/s and 15 m/s. This
wind speed profile was rescaled and processed over 5 seconds, as
illustrated in Fig. 9 and 10, to align with the simulation and ensure
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the controllers operated at maximum efficiency. The T2FLC Figures 9 and 10 depict the simulation results obtained from
controller exhibited a faster response time and reduced undershoot  direct and indirect control implemented on the DFIG, utilizing the
compared to the T1FLC controller. MPPT control technique for the complete wind turbine system.
12
=
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=
=
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Figure 8: Wind Profile.
Source: Authors, (2025).
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Figure 9: Direct control of the DFIG (Real wind profile).
Source: Authors, (2025).

As illustrated in Fig. 9b, the reactive power waveforms for the  featuring lower overshoot, minimal undershoot, and better
evaluated control techniques maintain a reference value of Qs =0  damping characteristics compared to the T1FLC.
Var. The T2FLC demonstrated improved performance,
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Figure 10: Indirect control ofl the DFIG (Real wind profile).
Source: Authors, (2025).
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We assessed the decoupling of reference active and reactive
powers under varying wind speed conditions by obtaining suitable
dynamics.

To optimize wind turbine efficiency, the MPPT control
method enables the stator's active power to correspond with the
turbine's mechanical power, which fluctuates with wind variations.
The reactive power is null as we aim for operating at a unity power
factor.

The results clearly indicate that the T2FLC provides
enhanced performance regarding maximum power tracking and
system stability restoration.

Compared to the two controllers, the T2FLC demonstrates
exceptional performance in terms of rise time, overshoot, and
settling time. It is particularly notable for its low overshoot when
compared to the T1FLC controller. However, it does show a
noticeable undershoot.

Table 3 provides a summary of the dynamic and static
performances of the two controllers.

Table 3: Step response of the controllers.

Active power
Performances Direct control Indirect control
TI1FLC T2FLC T1FLC T2FLC
Rise time(s) | 1.7018e+5 | 7.0800e+4 | 1.7006e+5 | 1.7003e+5
Overshoot 14.7001 21.6464 15.1533 16.3602
(%0)
SettlingTime | 1.9997e+5 | 1.9990e+5 | 1.9997e+5 | 1.9995e+5
Reactive power
Performances Direct control Indirect control
TIFLC T2FLC T1FLC T2FLC
Rise time(s) 83.5158 951.5273 170.5732 77.8431
Overshoot 2.1221e+3 | 0.8012e+3 | 1.7387e+3 | 1.7233e+3
(%0)
SettlingTime | 2.0000e+5 | 2.0000e+5 | 2.0000e+5 | 2.0000e+5

Source: Authors, (2025).
VI. CONCLUSIONS

This study designs a Type-2 Fuzzy Logic Controller
(T2FLC) to independently regulate active and reactive power
exchange in a Doubly Fed Induction Generator (DFIG)-based
Wind Energy Conversion System (WECS). The research further
evaluates and contrasts the efficacy of Type-1 and Type-2 fuzzy
logic control strategies to identify optimal solutions for
maintaining reliability and adaptability amid parameter
fluctuations and shifting operational setpoints. Rigorous testing
was conducted under consistent operating conditions, analyzing
both steady-state and transient behaviors of the system. The
primary objective is to identify controllers that deliver consistent
stability and high performance across varying scenarios. Results
conclusively demonstrate that the T2FLC outperforms its Type-1
counterpart (T1FLC) in the examined WECS, exhibiting superior
dynamic response, robustness, and operational effectiveness under
diverse conditions.

VII. APPENDIX

Table 4: Wind power parameters.

Rr Rotor Resistance 0.62Q

los Stator leakage inductance 0.084 H

lor Rotor Leakage Inductance 0.081H

M Main inductance 0.078 H

j Inertial 0.3125 kgm?
f Viscous coefficient 6.73.10°N.m.s?
p Pole pairs number 2

Components Parameter Name Rated Value
P Nominal power 1.5 MW
U Nominal voltage 380/690 V
F Frequency 50 HZ
n Rotation speed 1440 tr/min
R Wind Radius 35.25m
G speed multiplier gain 90
Rs Stator Resistance 0.455 Q

Source: Authors : [19].
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