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I. INTRODUCTION

Energy is vital for infrastructure, economic growth, and global welfare. Rising fossil fuel use pushes engineers toward eco-
friendly renewable [1-3]. Traditional fuels emit harmful gases that damage health and cause global warming, leading to ice melt and
rising temperatures. These fuels are depleting, and import dependence creates global reliance. Thus, governments invest in affordable,
clean, simple, and readily available energy solutions without extra infrastructure. Natural sources like solar, wind, geothermal, and
hydro effectively tackle environmental challenges, reduce electricity costs, and lessen dependence on external supplies. Known as
renewable sources, they are widely used due to their availability year-round and ease of use, requiring no advanced technology [4].
WECS are among the most established green energy solutions, with total global capacity expected to reach nearly 1 terawatt of
additional installations by 2030. Wind turbines (WT) are key components of electrical power systems and remain the focus of research
dedicated to enhancing the quality and output of electricity generated from wind energy (WE) [5].

At present, the majority of WTs utilize doubly-fed induction generators (DFIG) owing to their benefits, which include variable
speed operation, independent control of active and reactive power (Ps and Qs), diminished mechanical stress and noise, enhanced power
quality, lower costs, and greater durability [6]. Conventional proportional-integral (PI) controllers are used to regulate DFIGs but often
suffer from errors and reduced accuracy under varying wind speeds(WS), nonlinear conditions, and internal factors like temperature and
magnetic saturation [7], [8]. Hence, a more robust control method is needed to optimize DFIG performance and improve power quality.
This can be achieved by modeling the nonlinear process with fuzzy logic, a methodology grounded in fuzzy set theory first proposed by
Lotfi Zadeh in 1965. Fuzzy logic excels at handling imprecise information and finds applications in expert systems, data classification,
signal processing, database management, modeling, and automatic control. Its first control application was Mamdani’s 1974 steam
engine project, followed by industrial use in controlling a cement kiln with linguistic if-then rules in Mamdani's fuzzy inference system.
[9], [10]. Researchers initially focused on type 1 fuzzy logic controllers (T1-FLC), which feature precisely defined two-dimensional
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membership functions (MFs). However, as new and more complex challenges arose, the focus shifted to type 2 fuzzy logic controllers
(T2-FLC), which use three-dimensional MFs. The additional dimension facilitates the representation of uncertainties inherent in
linguistic terms, especially when the shape or parameters of MFs are not specified. Thus, type 2 fuzzy sets provide an effective
mechanism for managing linguistic uncertainties through the use of type 2 MFs [11]. Although type 2 fuzzy sets are computationally
complex and more difficult to implement, their utilization is justified due to their efficacy in scenarios characterized by significant
uncertainty in MF determination, as well as their capability to mitigate uncertainty and non-linearity [11], [12]. To reduce the
computational burden, an interval type 2 fuzzy logic system (IT2-FLS) has been addressed. Therefore, IT2-FLS are widely preferred
over general type 2 fuzzy logic systems [11]. T2-FLS utilize the uncertainty footprint (FOU) to address these challenges with great
efficiency. Empirical evidence demonstrates that T2-FLS significantly outperforms T1-FLS in these areas [13], [14]. The fuzzy logic
controller (FLC) that is being discussed here is well-known for producing improved results for non-linear systems that have changing
parameters.

The DFIG is therefore a great choice for evaluating the efficiency of FLCs because of this. Many previous studies have applied
IT2-FLC dedicated to controlling DFIG-Based WECS in the literature, such as in [15], where the authors developed an IT2-FLC
algorithm to enhance the control of Ps and Qs. Simulation results demonstrated satisfactory control performance and improved power
conversion in wind systems. In [16], IT2-FLC-tuned PI controllers were employed to achieve optimal torque control for WTs driven by
DFIGs. This control strategy effectively regulates mechanical rotor speed error, enhancing overall system performance. In [17], an IT2-
FLC controller was designed for the nonlinear modeling of turbine blades and subsequently integrated into a comprehensive DFIG wind
turbine model, with an additional 1T2-FLC applied to regulate rotor frequency and voltage amplitude. The work in [18] introduced an
adaptive sliding mode type-2 neuro-fuzzy controller to manage DFIG power output, resulting in improved performance and heightened
system robustness. In [19], both T1-FLC and T2-FLC methods were investigated under direct and indirect control modes, with a
comprehensive evaluation of their performance. The study identified the most effective control method in terms of reference tracking
and robustness.

In [14], an 1T2-Fuzzy Sliding Mode Controller (IT2-FSMC) was proposed for DFIG management in WECS by integrating
sliding mode control with FL principles. Comparative analyses underscore that IT2- FSMC methods outperform T1- FSMC approaches,
delivering superior control effectiveness and enhanced outcomes. Unlike previous research, this paper proposes an innovative approach
that includes the IT2-FLC strategy for separate control of the Ps and Qs of the stator. This system consists of two control loops: an inner
loop for regulating the rotor current and an outer loop for controlling the stator power. The contribution of this research lies in the use of
the IT2-FLC strategy to control the power of grid-connected DFIGs to reduce ripples, improve power quality, and increase system
robustness. This paper also includes a comprehensive and detailed comparison with the T1-FLC methodology. The proposed techniques
were tested according to the following criteria: setpoint tracking under varying WS, sensitivity to parameter variations to assess
robustness, and harmonic analysis to determine the controller’s effectiveness in mitigating distortion. Overall, these evaluations
demonstrate the proposed scheme’s capability to improve DFIG dynamic behavior and power quality.

The following are the study's primary goals:

- Increase the robustness of IT2-FLC control.

- Reduce THD of current using IT2-FLC.

- Demonstrate that 1T2-FLC provides superior improvements in power quality compared to the T 1-FLC approach.
- Minimize overshoot and improve dynamic response.

Il. MATERIALS AND METHODS
11.1 MODELING THE CONVERSION SYSTEM

Figure 1 clearly shows the components and layout of the WECS.
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Figure 1: WT structure based on DFIG.
Source: [20].
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11.1.1 MODELING THE TURBINE

A WT converts the kinetic energy of wind moving at speed V across the surface area S of its three blades, each with length R;,
into mechanical energy. The power coefficient C, (4, 8) is the ratio of the WTs Kinetic energy that can be extracted and converted into
mechanical energy. This coefficient varies according to the turbine's design. WTs can be represented mathematically using the
following equations [21-23]:

P, = %an2v3 Cp (1)
_ QR

A== 2
C,(4,B) = (0.5 - 0.00167(8 — 2)) sin[ T(a+01) ] — 0.00184(A —3)(8 — 2) 3)

18.5-0.3(8-2)

Based on the power output of the WT and knowing the turbine's rotational speed, the mechanical torque is expressed as follows [22],
[23]:
Ppm 1
Tn="= aan%sz (4)

In order to improve the performance of the WT, the maximum power point tracking (MPPT) control system has to accurately
manage the rotational speed while simultaneously ensuring that the blade pitch angle (B) consistently remains at its minimum value.
This particular technique guarantees that the power coefficient (Cp) is maximized at the ideal tip speed ratio (Aopt), hence obtaining the
Cyp-max, as Stated in references [11, 13]. Additionally, the torque reference Tm.rer Was defined by [24], [25].

p Cp— R5

Tm—ref = E plgr::xn?tﬂznec (5)
The control device allows all blades to be rotated at an equal angle or independently. This independent adjustment provides

greater freedom for the control system. This special process reduces the stress on the blades. It monitors the energy generated by the

WT to achieve optimal performance at every WS [26].
11.1.2 MODELING OF THE DFIG

The control of DFIG presents considerable challenges due to their inherently complex, nonlinear dynamics. Effective
management of such machines necessitates the development of an accurate model that faithfully replicates their actual behavior. The
electrical equations governing the DFIG are provided and have been reformulated within the Park reference frame, as illustrated in
equations (6) and (7). [27,28].

d¢
I{Vsd = Rglgq + d;d - ws(:bsq

dgsq

V?q = Rs[sq + dt + (w5 — W) Psq ®)
d¢

{ Via =Ry Lg + d:d - wsd)rq
d¢

lqu = Rl + — 2+ (05 — 0)brg

) dt
With:

¢sq = Ls[sq + MIrq @
Pra = Lplpg + Mig,
¢rq = Lrqu + MIsq

{(psd = Lglsqg + ML

The following equation governs the mechanical equation:

aq.
I—;zm=[;*+cfﬂmec +]T% (8)

The electromagnetic torque is given by the following equation:

M
lem = pL_S(d)sdIrq - ¢sq1rd) (9)
The definitions pertaining to DFIG power are as follows:

{Ps i Vsalsa + Vsqlsq (10)
Qs - Vsqlsd - Vsdlsq

To regulate wind power generation effectively, one method involves decoupling the control of Ps and Qs by linking the
voltages generated by an inverter to the stator power. To enhance the control of the DFIG, independent control of Ps and Qs will be
implemented through the orientation of the stator flux. The goal is to align the stator flux within a rotating reference frame. For
medium-power machines utilized in WECS, the stator resistance Rs is considered negligible; thus, the electrical equations governing the
DFIG model are expressed as follows [29]:
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Dsi= (,bs et (l)sq =0 (11)
The flux equation (7) can be written as shown below:

Psqa = Lslsg + Mlpg
0= LSISq + MIrq

The stator voltage equations can also be expressed more simply as shown below.

(12)

Vsa =0, Vsq =V = wss (13)
Using equation (12), it is possible to establish a relationship between the stator and rotor currents.

M
Iyg = _erd + L_s
u (14)
;1
By replacing the terms Iy, and Iy, with their expressions from equation (14) and setting Vy, = 0, the Ps and Qs of the stator can

be written as follows:

Ig=—

M
k= V;Isq = _V;L_Irq
]y s (15)
Qs = Vslsq = _V;L_Slrd + VSL_S
We then establish the equations that relate the rotor voltages to the rotor currents.
M?\ dI, M?
j Vea = Rplpg + (Lr - Z) dtd — gWws (Lr - L_s) Irq
16)
M2\ dly, M? MV, (
IU/;q = errq + (Lr - L_s)d_tq + gws (LT' - L_s) Ird + gL_SS

11.2 FUZZY LOGIC CONTROL

Type 2 fuzzy logic is widely utilized, particularly in its control unit, which is esteemed for its robust disturbance management
and enhanced performance under conditions of random noise. The distinctions between Type 1 and Type 2 FL are as follows[30]:

-The MF is two-dimensional in Type 1, whereas it is three-dimensional in Type 2;
-The membership value is precise in Type 1 but exhibits fuzziness in Type 2;
-Additionally, Type 2 incorporates an uncertainty footprint that provides an extra degree of freedom, a feature absent in Type 1.

A T2-FLC fundamentally builds upon established concepts similar to those employed in a T1-FLC, including MFs, rule bases,
t-norm operations, fuzzification, inference, and defuzzification [31]. Nevertheless, the altered characteristics of MFs within a higher-
type framework necessitate modifications to the operational processes during inference. The core principles of FL remain invariant
regardless of MF structure and thus are preserved. Consequently, a T2FLS exhibits substantial methodological congruence with a
TIFLS. The principal distinction resides within the system’s third component, where output processing encompasses not only
defuzzification but also the type reduction stage. This addition is essential due to the inherent complexity introduced by the more
intricate MF representations, which require type reduction before defuzzification. The architecture of a T2FLS is depicted in Figure 2.
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Figure 2: IT2- FLS configuration.
Source: [32].
[1.2.1 CONTROL OF DFIG USING IT2-FLC

Figure 3 depicts a schematic of the system being considered, with the two control loops for power and current shown clearly
on each axis. Additionally, traditional T1-FLC and IT2-FLC controllers are both assessed.
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Figure 3: Control of the IT2-FLC.
Source: Authors, (2025).
11.2.2 STRUCTURE OF IT2-FLC

Figure 4 presents the block diagram of an IT2-FLC, which is developed based on a T1-FLC. The normalized variables, referred
to as norms, play a crucial role in adjusting the gains at both the controller’s input and output to achieve the desired system response. In
IT2-FLS that consists of a total of M rules, the specific rule identified as the i" rule is expressed or formulated in the following manner:

Ruifeis Fiand deis Fi then dIf*fisG' ;i=1,.,M 17)

Fi and F, denote the linguistic terms associated with the inputs (e, de), while G! signifies the linguistic term corresponding to

the output dIF®f. The output's linguistic terms are defined by their type-1 interval MF, represented as [ul ,ul]. These functions are
obtained by calculating the centroid of the T2-FS associated with the output.
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Gde

Figure 4: Structure of an IT2-FLC.
Source: Authors, (2025).

Figure 5 depicts the MFs associated with both the antecedent and consequent components. The domains for the input and output
variables are normalized and confined to the range [—1,1].
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Figure 5: Type 2 fuzzy MFs of the variation of: (a) e and de, (b) output.
Source: Authors, (2025).

The set of M rules described above may be expressed through an inference matrix. As illustrated in Table 1, the fuzzy rules that
govern the controller used in this research are presented in that format.
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Table 1: Table of rules for the T-2 FLC.

ede NB NM NS ZE PS PM PB
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

Source: Authors, (2025).
1. SIMULATION RESULTS

This simulation section uses a 10 kW generator that is connected to a 400 V, 50 Hz electrical grid. The system parameters are
provided in the Appendix. To evaluate the performance of the controllers, two controllers (T1-FLC and IT2-FLC) were compared using
two tests. The first tests assessed tracking, while the second tests involved a robust assessment of variations in machine parameters.

I11.1 FIRST TEST

The strategies that have been presented for regulating the performance of the generator under ideal circumstances are validated
in this part. This section assumes that there are no operational disruptions and that there are no adjustments to the machine parameters.
The wind profile illustrated in Figure 0.6 shows that the WT will experience an average speed of approximately 10 m/s. The derived
power is notably influenced by even a slight change in WS, as it is directly proportional to the cube of the WS. The diagram clearly
indicates that the Ps displayed a negative sign, which signifies that the DFIG produced and supplied energy to the grid. The reactive
power control function enables the adjustment of Qs to exhibit either negative values, indicating inductive behavior, or positive values,
indicating capacitive behavior. Setting the Qs response to zero within the time frame of 0 to 2 seconds facilitates operation at a unity
power factor, as demonstrated in Figure 07(b). The performance attained with the TLFLC and IT2FLC controls is commendable, as
evidenced by the trajectory tracking and the swift convergence of the measured variables to the target reference, as depicted in Figure
07. The application of this methodology enabled a precise decoupling of the two components of the stator power.
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Figure 6: WS profile.
Source: Authors, (2025).
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Figure 7: DFIG power (a) Ps; (b) Qs.
Source: Authors, (2025).

Figure 8 presents the d- and g-axis components of the rotor current, which relate respectively to the stator’s Ps and Qs. The rotor
currents tracked their reference profiles accurately, and no overshoot was observed.



Figure 9(a) illustrates the stator currents as sinusoidal signals at 50 Hz, with amplitudes that change according to WS. In
contrast, Figure 9(b) depicts the rotor-circuit currents also as sinusoidal waveforms whose frequency and amplitude vary in response to
slip or generator rotational speed. Figure 10 shows the pulse-modulated output voltages produced by the rotor-side converter. These
voltages change in form with variations in generator speed and with adjustments to the rotor voltage reference magnitude.
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Figure 11 presents the single-phase stator current harmonic spectrum of the DFIG, obtained via the Fast Fourier Transform
(FFT) technique for both control schemes. A comparison of the results reveals a clear reduction in total harmonic distortion when using
the proposed IT2-FLC: the THD drops from 1.83% under the T1-FLC to 1.35% with the IT2-FLC. This represents an approximate
26.22% improvement in harmonic performance, demonstrating that the IT2-FLC approach provides superior energy quality relative to
the conventional T1-FLC. Furthermore, the IT2-FLC produces a higher basic signal amplitude at 50 Hz than the T1-FLC, which

reinforces the conclusion that the proposed controller outperforms the traditional design in terms of both harmonic suppression and
fundamental amplitude.
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Source: Authors, (2025).
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Figure 11: (a) THD IT2-FLC; (b) THD T1-FLC.
Source: Authors, (2025).
111.2 ROBUSTNESS TEST

This section assesses the resilience and performance of the proposed controllers when subjected to unfavorable variations in
system parameters. Both graphical and quantitative results are presented and contrasted with those obtained using a traditional control
strategy. The robustness assessment entails deliberate alterations to the generator’s internal parameters to examine how well the
proposed unit withstands uncertainties and how rapidly it responds relative to the conventional controller. Specifically, the stator and
rotor resistances (Rs, Rr) are doubled, while the stator and rotor inductances (Ls, Lr) were reduced to 30% of their original magnitudes.
Additionally, the mutual inductance M was decreased to half of its initial value.
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Figure 12: DFIG power (a) Ps; (b) Qs.
Source: Authors, (2025).

The results presented in Figure 12 and Table 3 reveal distinct differences in controller behavior. The T1-FLC controller
exhibited brief instances of overshoot before settling to the reference trajectory, whereas the proposed I1T2-FLC maintained precise
tracking without any overshoot. This performance underscores the IT2-FLC’s resilience to disturbances, variations in internal
parameters, and rapid shifts in the reference input. Moreover, the 1T2-FLC approach produced lower fluctuations in both Ps and Qs, a
benefit illustrated in Figure 12. Table 2 reports performance metrics and reduction ratios for each controller under changes to machine
parameters, including rise time, ISE, IAE, ITSE, and ITAE. A comparison of these measures shows that the T2-FLC outperforms the
T1-FLC. However, when evaluated against the energy-related criteria, the IT2-FLC delivers the best overall efficiency, as reflected by
the values in Table 2. As such, the simulation results demonstrate that the IT2-FLC has superior robustness and energy performance. It
has reduced power ripple and improved tracking compared to the T1-FLC examined.

Table2: Numerical results from the robustness Test.

IAE ITAE ISE ITSE Rise Time (sec)
Ps (T1-FLC) 1501 3678 | 7.421e05 | 1.63e06 0.033
Ps (IT2-FLC) | 434.6 938.6 | 2.227e05 | 1.008e05 0.031
Ratio 71.05% | 74.48% | 69.99% | 93.08% 6.06%
Qs (T1-FLC) 1313 3221 | 6.843e05 | 1.563e06 0.053
Qs (IT2-FLC) | 625.7 1256 | 6.013e05 | 1.253e06 0.05
Ratio 52.35% | 61.01% | 12.12% | 19.83% 5.66%

Source: Authors, (2025).
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Source: Authors, (2025).

Figures 13(a) and (b) present the THD of the current under two distinct control strategies. Using the conventional T1-FLC, the
current THD measured 6.63%. By contrast, the 1T2-FLC reduced THD to 1.47%. This corresponds to a 77.82% decrease in current
ripple when employing the IT2-FLC compared with the T1-FLC (refer to Table 3), indicating a substantial enhancement in current
waveform quality.Moreover, the fundamental component (50 Hz) of the current exhibited a larger amplitude under the IT2-FLC: 28.74
A versus 24.18 A with the T1-FLC. This increase in fundamental amplitude, together with the marked THD reduction, underscores the
superior performance of the proposed IT2-FLC strategy. Overall, simulation outcomes indicate that the IT2-FLC offers more robust
operation in the presence of parameter variations and uncertain disturbances, making it the preferable control approach for maintaining
high current quality under challenging conditions.

Table 3: The current THD values between the two tests.

THD % (Test 1) THD % (Test 2)
T1-FLC 1.83 1.35
IT2-FLC 6.63 1.47
Ratio 26.22% 77.82%

Source: Authors, (2025).
IV.CONCLUSIONS

This research develops and assesses control strategies for converting WE into electrical power by independently regulating Ps
and Qs using T1-FLC and IT2-FLC. The focus is on a model of a 10 kW doubly fed induction generator (DFIG), performing
simulations under variable WS conditions, and implementing the IT2-FLC in MATLAB to enable a direct comparison with
conventional T1-FLC-based control. Two stress tests evaluate system robustness: one examines the response to very high WS, and the
other explores the effects of changing system parameters. Comparative results indicate that the IT2-FLC produces superior performance
across the examined metrics. Quantitative measures—such as reductions in error, lower overshoot, and diminished fluctuations in both
Ps and Qs confirm its advantage. Additionally, parameter variations influenced current waveform quality, reflected in changes to total
harmonic distortion (THD); however, the IT2-FLC approach mitigated these adverse effects more effectively than the conventional T1-
FLC. Overall, the findings demonstrate that IT2-FLC offers improved resilience and cleaner power delivery in WECS.

V APPENDIX
Table 4: Parameters of the DFIG and WT.
Parameters Value Parameters Value
Rs 0.455 Q P 2
Rr 019 Q ) 1.225Kg/ms3
Ls 0.07H Ry, (Blade radius) 3.45m
Lr 0.0213 H H., (Inertia constant) 28
M 0.034 H D (Damping coefficients) 0.01Nm.s/rad

Source: [14].
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