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1. Introduction 
As the world faces the depletion of fossil fuel resources, the urgency for sustainable and 

renewable energy solutions has never been greater. Reliance on coal- and gas-fired power plants is 
increasingly seen as unsustainable, prompting a global shift toward cleaner and more efficient energy 
systems [1], [2]. Within this landscape, wind power has emerged as a cornerstone of the energy 
transition due to its cost-effectiveness and low carbon footprint. Substantial investments worldwide 
have been channeled into developing large-scale wind farms, making the Wind Energy Conversion 
System (WECS) a critical area of research [3]-[5]. 

Among the various renewable energy options, wind energy has emerged as a particularly 
promising source for distributed generation and is increasingly integrated into modern power systems 
[6], [7]. At the heart of this transition is the DFIG, widely recognized as one of the most efficient and 
versatile variable-speed generators for wind turbine applications. The DFIG’s flexibility brings 
several advantages, including variable-speed operation, independent control of active and reactive 
power, and high-power conversion efficiency [8], [9]. Some designs even support direct-drive 
operation, eliminating the need for a gearbox, which reduces maintenance requirements and enhances 
reliability. These characteristics make the DFIG an excellent choice for large-scale wind power plants 
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(WPPs), often exceeding one megawatt in capacity, while also meeting the increasing demand for 
advanced voltage and current control in both domestic and international energy markets [10], [11]. 

In DFIG-based wind energy conversion systems, the power converter is a key component that 
directly influences both energy capture and grid integration performance [12]. The widely adopted 
back-to-back converter topology consists of two main stages: the rotor-side converter (RSC) and the 
grid-side converter (GSC) [13]. The RSC governs the exchange of power between the rotor and the 
converter, enabling variable-speed operation and ensuring that the DFIG extracts maximum power 
under fluctuating wind conditions. Complementing this, the GSC manages the energy transfer 
between the DFIG and the electrical grid, maintaining voltage and frequency stability while enabling 
independent control of active and reactive power [14], [15]. By facilitating bidirectional power flow 
and precise control of electrical parameters, the combined operation of the RSC and GSC not only 
optimizes turbine efficiency but also enhances the ability of wind power plants to meet grid code 
requirements and contribute to overall system stability [16]. A fundamental advantage of the DFIG 
lies in its flexible control capabilities, which are achieved through coordinated operation of the RSC 
and GSC. The RSC is typically controlled to regulate rotor currents while the GSC ensures a stable 
DC-link voltage and adjusts reactive power exchange with the grid. 

Recent research on DFIG-based wind energy conversion systems has explored a variety of 
advanced control strategies aimed at improving dynamic performance, reducing power ripples, and 
enhancing robustness under varying operating conditions. In [17], an intelligent metaheuristics-based 
approach was proposed for tuning PI controllers in a direct power control scheme, employing the 
Thermal Exchange Optimization (TEO) algorithm to outperform other well-known metaheuristics in 
tracking and control accuracy. In [18], an improved active and reactive power extraction method for 
variable-speed dual-rotor wind power systems used a direct vector control scheme with fuzzy PWM 
and neural PI control. The work in [19] introduced a Modified Super Twisting (MST) algorithm based 
on second-order sliding mode control for grid-connected DFIGs. Similarly, [20] compared vector and 
linear control strategies for wind turbines connected to a DC collector grid, highlighting the trade-offs 
in performance under varying operating modes. An improved DPC method without a phase-locked 
loop (PLL) was presented in [21], simplifying implementation by transforming time-varying 
dynamics into constant coefficients for easier linear control. In addition, advanced control strategies 
have been proposed to improve the performance of WECS based on PMSG, in [22]-[24], a Higher 
Order Sliding Mode Controller combined with a Disturbance Observer and a Modified Super-
Twisting Integral Terminal Sliding Mode Control (MSTIFTSMC) approach was developed to ensure 
MPPT and enhance power quality under complex operating conditions. In [25], a direct power 
synergetic-sliding mode control was developed to maintain constant switching frequency and 
minimize ripples in reactive power, torque, and current, while [26] proposed a hybrid adaptive 
backstepping–sliding mode control to cancel chattering and improve power control precision. Further 
advancements include the integration of fractional calculus theory with the super-twisting algorithm 
(STA) for asynchronous generator systems [27], yielding substantial THD and ripple reduction, and 
the use of a fractional-order PI super-twisting sliding mode controller (FOPI-STSMC) [28] to reduce 
chattering and improve robustness compared to conventional sliding mode control. Finally, [29] 
proposed a neural direct power control method combining four-level neural space vector PWM (4L-
NSVPWM) with neural PI controllers. These advancements demonstrate substantial progress in 
enhancing DFIG control, yet they highlight trade-offs among robustness, complexity, parameter 
sensitivity, and power quality, suggesting opportunities for alternative approaches that better balance 
these objectives. Although these methods have significantly improved control performance, most 
suffer from inherent drawbacks such as high computational complexity, sensitivity to parameter 
variations, and the need for extensive tuning. In contrast, FLC offer a simpler but powerful alternative, 
capable of handling system nonlinearities and uncertainties without requiring a precise mathematical 
model. 

This work proposes an advanced control framework for wind energy conversion systems 
employing a DFIG (Fig. 1), with a particular emphasis on improving power quality and operational 
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stability. The approach combines a back-to-back converter with a fuzzy logic controller, where the 
converter ensures bidirectional power flow and high-quality waveforms, while the FLC provides 
robust and adaptive control under fluctuating wind conditions. To further enhance energy capture, a 
perturb and observe (P&O)-based MPPT strategy is integrated, allowing the DFIG-based wind turbine 
to extract maximum power across a wide range of wind speeds. The proposed system is modeled in 
the dq-reference frame to facilitate accurate analysis and control design. Its performance is thoroughly 
assessed through MATLAB/Simulink simulations under both step-change and random wind speed 
profiles, demonstrating that the strategy not only guarantees system stability but also significantly 
enhances power quality and overall efficiency compared to conventional approaches. 

In summary, this paper is organized into five main sections. We begin with an introduction 
(Section I) providing an overview of the study's objectives and significance. Following this, we delve 
into the mathematical model of DFIG-based WECS in Section II. Section III presents the control 
design of the studied system. In Section IV, we present the simulation results obtained from the 
proposed mathematical model and control design. Finally, Section V offers concluding remarks and 
avenues for future research. 

 
Fig. 1. Schematic representation of a DFIG-based wind energy conversion system 

2. Mathematical Model of WT-Based DFIG 
The wind turbine captures kinetic energy from the wind through its rotor blades and converts it 

into mechanical energy via the drive train. In the studied wind energy conversion system, this 
mechanical power is supplied to a DFIG generator, which is interfaced with the electrical grid through 
a back-to-back converter configuration. This arrangement enables bidirectional power flow, precise 
control of active and reactive power, and enhanced power quality. 

2.1. Wind Turbine Modeling 

The mechanical power extracted by the wind turbine can be calculated using the following 
relation [5], [30]: 

	 𝑃! =
1
2
𝜌𝐶"(𝛽, 𝜆)𝜋𝑅#𝑉$% (1) 

Where 𝜌 is the air density, 𝑅 is the rotor radius, 𝑉$ is the wind speed, and 𝐶"(𝛽, 𝜆), is the turbine’s 
power coefficient. The power coefficient depends on the blade pitch angle 𝛽 and the tip speed ratio 𝜆, 
given by: 

	 𝜆 =
𝑅Ω!
𝑉$

 (2) 

The mathematical expression of the power coefficient is defined as: 
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𝛽% + 1	

 (3) 

Here, 𝑐- (𝑖 = 1,… ,6) are empirical constants describing the turbine characteristics: 𝑐& = 0.517, 𝑐# =
166, 𝑐% = 0.4, 𝑐( = 5, 𝑐. = 0.0068, 𝑐, = 0.035. 

The aerodynamic torque generated by the wind turbine is obtained from the relationship between the 
captured power and the rotor’s angular velocity, expressed as: 

	 𝑇! =
𝑃!
Ω!

=
1
2Ω!

𝜌𝐶"(𝛽, 𝜆)𝜋𝑅#𝑉$% (4) 

The mechanical dynamics of the system can be described by: 

	 𝐽
𝑑Ω/
𝑑𝑡

= 𝑇0 − 𝑇1 − 𝑓Ω/ (5) 

Where 𝐽 represents the total moment of inertia and 𝑓 is the viscous friction coefficient. 

2.2. DFIG Modeling 

To maintain synchronization with the grid frequency regardless of wind speed variations, the 
doubly fed induction generator is modeled using the following set of equations in the rotating 𝑑𝑞-
reference frame [31]-[33]: 

	 𝑉23 = 𝑅3𝑖23 +
𝑑𝜙23
𝑑𝑡

	− 𝜔3𝜙43	; 	𝑉43 = 𝑅3𝑖43 +	
𝑑𝜙43
𝑑𝑡

+ 𝜔3𝜙23 (6a) 

	 𝑉25 = 𝑅5𝑖25 +
𝑑𝜙25
𝑑𝑡

− 𝜔5𝜙45 	; 	𝑉45 	= 𝑅5𝑖45 +
𝑑𝜙45
𝑑𝑡

+ 𝜔5𝜙25 	 (6b) 

In these expressions, 𝑉23 and 𝑉43 denote the stator voltages, while 𝑉25 and 𝑉45represent the rotor 
voltages. The variables M𝑖23, 𝑖43N and M𝑖25 , 𝑖45N are the stator and rotor currents in the 𝑑𝑞-frame, 
respectively. 𝑅5 and 𝑅3 are the stator and rotor resistances, and (𝜔5 , 𝜔3) and  correspond to the stator 
and rotor electrical angular frequencies. 

The flux linkages for the stator and rotor are given by: 

	 O
𝜙23 = 𝐿3𝑖23 +𝑀𝑖25
𝜙43 = 𝐿3𝑖43 +𝑀𝑖45

 (7a) 

	 O
𝜙25 = 𝐿5𝑖25 +𝑀𝑖23
𝜙45 = 𝐿5𝑖45 +𝑀𝑖43

	 (7b) 

Here, 𝐿3 and 𝐿5 are the self-inductances of the stator and rotor, respectively, and 𝑀 is the mutual 
inductance. 

The instantaneous active and reactive powers at the stator side are: 

	 O
𝑃3 = 𝑉23𝑖23 + 𝑉43𝑖43
𝑄3 = 𝑉43𝑖23 − 𝑉23𝑖43

 (8) 

When expressed in the synchronous dqdqdq-reference frame aligned with the stator flux, the ddd-axis 
coincides with the stator flux vector 𝜙3. Under steady-state conditions, 𝑉23 = 0  and V43 = 𝑉3, leading 
to: 
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⎩
⎪
⎨

⎪
⎧ 𝑃3 = −

𝑉3𝑀
𝐿3

	 𝑖45

𝑄3 = −
𝑉3𝑀
𝐿3

	 𝑖25 +
𝑉3#

𝐿3𝜔3

 (9) 

The dynamics of the rotor currents in the 𝑑𝑞-frame are then described by: 

	
𝑑𝑖25
𝑑𝑡

= −
𝑅5
𝛶
𝑖25 +𝜔5𝑖45 +

1
𝛶
𝑉25 (10) 

	
𝑑𝑖45
𝑑𝑡

= −
𝑅5
𝛶
𝑖45 −𝜔5𝑖25 −

𝑀𝜔5
𝛶𝐿3

𝜙23 +
1
𝛶
𝑉45 	 (11) 

with  𝛶 = 𝐿5(1 −
6#

7$7%
). 

3. Fuzzy Logic-Based Control (FLC) 
Fuzzy Logic Control is a strategy of control derived from fuzzy set theory, developed to handle 

systems that exhibit uncertainty, nonlinear behavior, and imprecision. In contrast to traditional 
controllers that depend heavily on accurate mathematical representations, FLC mimics human 
decision-making by analyzing approximate data conveyed via linguistic variables. This characteristic 
makes FLC especially advantageous for systems with time-varying parameters and dynamic operating 
environments, such as renewable energy and microgrid applications [34], [35]. The FLC was selected 
for its ability to handle the non-linear and uncertain behavior of DFIG-based WECS without relying 
on an exact model. A brief sensitivity analysis shows that moderate parameter variations have a limited 
impact on control performance, which confirms the robustness of the approach. 

One of the main strengths of FLC is its flexibility and adaptability. Since it does not require an 
exact system model, it can easily adjust to changes in dynamic’s system and external disturbances. 
This adaptability is highly valuable in power and energy systems, where fluctuations in load demand 
and generation are common [36], [37]. The general structure of a fuzzy logic controller is illustrated 
in Fig. 2, which consists of three sequential phases: fuzzification, inference, and defuzzification [38]. 
During the fuzzification process, precise numerical inputs are converted into fuzzy values represented 
by descriptive linguistic terms such as low, medium, or high. The inference system then utilizes a pre-
established rule set, typically formulated as a collection of IF-THEN rules, to define the relationship 
between input data and control responses. Lastly, in the defuzzification phase, the fuzzy result is 
transformed into a clear control signal suitable for execution by the physical system [39], [40]. 

Fig. 3 presents the fuzzy sets along with the triangular membership functions (MFs) assigned to 
each signal. In this work, five MFs are adopted for both the input and output variables, namely NB 
(negative big), NM (negative medium), NS (negative small), Z (zero), PS (positive small), PM 
(positive medium), and PB (positive big). The MFs are arranged symmetrically around the origin, 
providing balanced representation for both positive and negative regions. The controller takes the error 
(𝑒) and its rate of change (21

28
) as inputs, while the control increment (29

28
) serves as the output. 

The fuzzy rule base is constructed using a set of If–Then logical rules. In the rule matrix (Table 
1), the rows and columns correspond to the fuzzy sets of 𝑒 and 𝑑𝑒/𝑑𝑡, while the body of the matrix 
specifies the output fuzzy set for 𝑑𝑢. With five membership functions per variable, the controller 
operates on a total of 49 rules, ensuring effective mapping between input conditions and control 
actions. 

In the fuzzy logic framework, rule evaluation is performed using the fuzzy intervals of the 
variable µ, which yield corresponding output membership functions. These outputs are then translated 
into a crisp physical value of µ through the center of gravity (COG) defuzzification technique. This 
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approach determines the centroid of the fuzzy set by computing the weighted average of its area, as 
expressed in the following equation: 

	 𝐶𝑂𝐺 =
∑ 𝑢:M𝛿𝜇(𝑘)N ⋅ 𝜇(𝑘):

∑ 𝑢:M𝛿𝜇(𝑘)N:
 (12) 

 

 
Fig. 2. Architecture of a Fuzzy Logic Control System 

  
(a) (b) 

Fig. 3. Membership functions of the proposed fuzzy controller: (a) error 𝑒; (b) derivative of error !"
!#

  

Table 1.  Rule matrix for fuzzy logic controller 

𝒅𝒆/𝒅𝒕 𝒆 
NB NM NS Z PS PM PB 

NB NB NB NB NG NM NP Z 
NM NB NB NB NM NP Z PP 
NS NB NB NM NP Z PP PM 
Z NB NM NP Z PP PM PG 
PS NM NP Z PP PM PG PG 
PM NP NE PP PM PG PG PG 
PB Z PP PM PG PG PG PG 
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4. Application of FLC in DFIG-Based WECS 
4.1. MPPT algorithm  

The power captured by WECS is highly dependent on the rotor speed of the generator. To 
maximize energy extraction, the turbine must operate at its optimal power point, which corresponds 
to the rotor speed that achieves peak aerodynamic efficiency. This is accomplished through a MPPT 
control strategy, which dynamically adjusts the reference rotor speed, 𝜔;<=, to maintain optimal 
performance [41]-[43]. 

Among the various MPPT strategies, the Perturb and Observe (P&O) method is widely adopted 
due to its simplicity, robustness, and effectiveness. The P&O algorithm operates by introducing a 
small perturbation to the rotor speed and monitoring the resulting change in output power. If the power 
increases following the perturbation, the algorithm continues adjusting the speed in the same direction; 
otherwise, it reverses the perturbation. This iterative process allows the system to converge toward 
the maximum power point, even under fluctuating wind speeds [44], [45]. 

In this study, the P&O algorithm generates the optimal rotor speed reference, (𝜔;<=), which is 
tracked by the rotor-side converter within a back-to-back converter system. The flowchart of the 
algorithm is depicted in Fig. 4. At each sampling interval, the algorithm measures the current rotor 
speed and the corresponding output power, compares these values with their previous states, and 
determines whether to increment or decrement the reference speed by a predefined step size, (Δ𝜔). 
This adaptive approach ensures that the turbine operates close to the MPP, maximizing energy capture 
across a wide range of wind conditions. 

 
Fig. 4. Implementation of variable-step P&O MPPT strategy 
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4.2. RSC Control Method 

The Rotor-Side Converter (RSC) plays a critical role in the operation of a DFIG -based wind 
energy conversion system. The RSC is primarily responsible for regulating the rotor currents of the 
DFIG to achieve two key objectives: Maximum Power Point Tracking (MPPT) through precise rotor 
speed control and independent reactive power management. 

4.2.1. Speed control of DFIG using FLC 
Implementing a fuzzy logic controller for speed regulation is essential to achieving MPPT and 

ensuring efficient power generation in wind turbines. The developed controller dynamically adjusts 
the speed to follow the reference signal speed which can provided by an MPPT algorithm. The 
controller evaluates the error signal (𝑒(𝜔) = 𝜔51> −𝜔) where (𝜔51>) is the optimal speed provided 
by the P&O algorithm, and (𝜔) is the actual rotor speed. Based on the proposed controller structure 
in Fig. 2, the MSF are illustrated in Fig. 3. The range of values for the variables 𝑢(𝑒(𝜔)) and 
𝑢(𝛿𝑒(𝜔)), where (𝛿𝑒(𝜔) = ?1($)

!%
), and (𝑇3) is the sampling time, is defined by the operating ranges 

of the system’s inputs, in particular the error (𝑒(𝜔)). With this configuration, it is assured that the 
range encompasses all speed variations, enabling the FLC to maintain optimal performance and 
achieve effective MPPT across diverse wind speeds. 

4.2.2. Stator reactive power control using FLC 
In this part, the reactive power control is designed to regulate the reactive power exchanged 

between the GSC and the grid. As illustrated in Fig. 2, the controller applies a fuzzy logic approach 
to dynamically adjust the reactive power injected into the grid. The input variables to the controller 
are the reactive power error, defined as 𝑒(𝑄3) = 𝑄3 − 𝑄351>, which represents the deviation between 
the reference reactive power (𝑄351>) and the measured grid-side reactive power (𝑄3), and the rate of 
change of the error, expressed as 𝛿𝑒(𝑄3) =

?1(B%)
!%

, where 𝑇3 is the sampling period. 

The membership functions, presented in Fig. 3, cover the full range of expected reactive power 
variations. By processing these inputs through fuzzy inference rules, the controller generates 
appropriate control actions, thereby achieving accurate and adaptive regulation of reactive power. This 
capability ensures stable operation under varying grid conditions, while also providing critical voltage 
support and meeting regulatory demands. 

4.3. GSC Control Method 

The GSC regulates the DC-link voltage to ensure seamless operation of the back-to-back 
converter system and controls the flow of active power to the grid. Additionally, it manages reactive 
power exchange to achieve power factor correction (PFC). 

4.3.1. DC-link Voltage Control Using FLC 
The primary objective of the GSC is to ensure precise synchronization of the currents with the 

grid voltage, while maintaining the DC-link voltage (𝑉2*) at a predefined reference value (𝑉2*_51>). 
As shown in Fig. 2, the fuzzy logic controller employs membership functions that are detailed in Fig. 
3. The controller utilizes two input variables: the DC-link voltage error 𝑒(𝑉2*) = 	𝑉2* − 𝑉2*_51>, 
which represents the deviation between the reference and the actual DC-link voltage, and the rate of 
change of the error ( 𝛿𝑒(𝑉2*) =

?1(D&')
!%

	), where (𝑇3) represents the sampling-time. The discourse 
universe for these inputs is carefully determined to encompass the full operating range of the system. 
This guaranties that the MSF functions comprehensively cover DC-link voltage variations, enabling 
the fuzzy controller to deliver precise and effective responses. 

4.3.2. Power Factor Correction Using FLC 
The fuzzy logic controller for power factor correction is designed to regulate the reactive power 

exchange with the grid to meet specified reference values, ensuring compliance with grid codes and 
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supporting voltage stability. As depicted in Fig. 2, the controller employs a fuzzy logic approach to 
dynamically adjust the reactive power output. The controller receives as input variables the reactive 
power error 𝑒(𝑄E) = 𝑄E − 𝑄E51>, defined as the difference between the reference reactive power 

(𝑄51>) and the actual reactive power (𝑄), and the rate of change of the error (𝛿𝑒(𝑄E) =
?1FB(G
!%

 ), where 
(𝑇3) is the sampling time. The membership functions, detailed in Fig. 3 and configured depending on 
the boundaries of the system’s operation to ensure comprehensive coverage of reactive power 
variations. This enables the fuzzy controller to provide precise and adaptive control, maintaining 
optimal reactive power delivery and enhancing grid stability. 

5. Results and Discussions 
The fuzzy logic controller, designed in Section 4, was evaluated through simulation within the 

MATLAB/Simulink environment (Fig. 5). The simulated DFIG-based WECS considers the overall 
scheme described in Fig. 1, using the electromechanical parameters summarized in Table 2. The 
implemented control strategy includes the MPPT algorithm, and the fuzzy logic controllers, which are 
applied through the rotor-side and grid-side converters. The simulation setup conditions were defined 
by variations in wind speed profiles in order to evaluate the dynamic performance of the proposed 
FLC scheme. To this end, two types of wind speed profiles were considered: step variations and a 
random (realistic) profile.  

 
Fig. 5. Schematic representation of a grid-connected DFIG-based WECS 

5.1. Performance Under Step Wind Speed Variations 

In the first scenario, step changes in wind speed were applied to the system in order to assess the 
controller’s ability to track the maximum power point and regulate the system variables under abrupt 
operating conditions (Fig. 6). This test highlights the transient response, stability, and adaptability of 
the proposed fuzzy logic controller when subjected to sudden variations in wind speed. 

Fig. 7 illustrates the rotor speed of the DFIG and its reference provided by the MPPT algorithm. 
It is clear that the rotor speed effectively tracks its reference within a short time, demonstrating the 
responsiveness of the control system and ensuring optimal power extraction under varying conditions. 
The right-hand plot provides a zoomed-in view, highlighting the precise alignment between the actual 
rotor speed and the reference over a smaller time scale. 
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Table 2.  Parameters of the DFIG-Based WECS model 

Parameter Symbol Value Unit 
DFIG Parameters 

Stator resistance 𝑅) 0.35 Ω 
Rotor resistance 𝑅* 0.73 Ω 
Stator inductance 𝐿) 0.047 H 
Rotor inductance 𝐿* 0.061 H 
Mutual inductance M 0.067 H 
Pole pairs p 2 – 
Generator inertia 𝐽+ 0.3 kg·m² 
Generator friction 𝑓+ 6.12×10⁻³ N·m·s 

Wind Turbine Parameters 
Air density 𝜌 1.25 kg/m³ 
Blade radius R 5 M 
Gearbox ratio G 5 – 
Turbine inertia 𝐽, 0.037 kg·m² 
Turbine friction 𝑓, 0.029 N·m·s 

Grid Side Parameters 
Grid resistance 𝑅+ 0.02 Ω 
Grid inductance 𝐿+ 0.11 H 
Grid angular frequency 𝜔+ 314 rad/s 
Grid voltage 𝐸+ 230 V 

 

 
Fig. 6. Wind speed variation 

  
(a) Rotor speed (b) Zoom 

Fig. 7. Rotor speed of the DFIG and its reference 

Fig. 8-(a), the stator active power is depicted, showing a stable output that remains consistent 
over time. Fig. 8-(b) represents the stator reactive power, which is maintained at a near-zero level, 
reflecting the system's ability to minimize reactive power flow and enhance overall efficiency. Fig. 9 



2760 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 5, 2022, pp. 2750-2766 

 

 

Fatima-Ezzahra Blouh (Fuzzy Logic–Based Control with MPPT for Power Quality Enhancement in DFIG Wind 
Energy Systems) 

 

highlights the effectiveness of the proposed control strategy for the GSC. In Fig. 9-(a), the DC-link 
voltage Vdc is well-regulated and swiftly stabilizes following changes in operating conditions, such 
as variations in speed reference. Fig. 9-(b) verifies the unity power factor, showing that the grid voltage 
and current are in phase, ensuring high-quality current injection into the power grid. 

  
(a) Active power (b) Reactive power 

Fig. 8. The active and reactive power of stator 

 

  
(a) The DC-Link voltage (b) Verification of unity power factor 

Fig. 9. The performance of the proposed control for the GSC 

5.2. Performance Under Random Wind Speed Profile 

In the second scenario, a stochastic (random) wind speed profile was introduced to emulate 
realistic operating conditions of a wind turbine (Fig. 10). This test aims to demonstrate the robustness 
and reliability of the proposed fuzzy logic controller under practical wind fluctuations. The obtained 
results illustrate the effectiveness of the controller in maintaining stable operation, ensuring efficient 
power extraction, and regulating reactive power and DC-link voltage despite the intermittency of wind 
speed. 

Fig. 11 displays the rotor speed of the DFIG alongside its reference under random wind speed 
conditions. The rotor speed effectively follows its reference with notable responsiveness, as 
highlighted in the zoomed-in (Fig. 11-(b)), reflecting the control system's ability to adapt quickly to 
fluctuating wind inputs. In Fig. 12-(a), the active power exhibits dynamic fluctuations, aligning with 
the changing wind conditions. Fig. 12-(b) shows the reactive power remaining near zero, 
demonstrating the system's capability to minimize reactive power flow and enhance efficiency. 

In Fig. 13-(a), the DC-link voltage 𝑉2* is effectively maintained at its reference value 𝑉2*51> with 
rapid stabilization following initial adjustments. Fig. 13-(b) verifies the unity power factor, where the 
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grid voltage and current are in phase, as indicated by the highlighted zoom-in, confirming 
effectiveness of the proposed controller under random wind speed conditions. 

 
Fig. 10. Wind speed variation 

  
(a) Rotor speed (b) Zoom 

Fig. 11. Rotor speed of the DFIG and its reference 

  
(a) Active power (b) Reactive power 

Fig. 12. The active and reactive power of stator 
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(a) The DC-Link voltage (b) Verification of unity power factor 

Fig. 13. The performance of the proposed control for the GSC 

5.3. Comparative Performance Analysis 

To consolidate the validation of the control strategy, we conducted a rigorous comparative study 
pitting the proposed FLC against a conventional PI controller, subjecting them to the same wind speed 
variations. The analysis focused on essential performance criteria: settling time, overshoot, steady-
state error, and robustness to disturbances. Table 3 summarizes these results, unequivocally 
demonstrating that the FLC offers superior dynamics (faster response, lower overshoot, and increased 
accuracy in the steady state) compared to the PI controller. Finally, the FLC's ability to maintain stable 
operation despite rapid wind fluctuations confirms its robustness and relevance for operational 
integration into DFIG-based WECS. 

Table 3.  Comparative performance between the PI controller and the proposed FLC 

Performance Metric PI Controller Proposed FLC Observation 
Settling time of rotor speed ≈ 1 s ≈ 0.3 s 50% faster dynamic response 
Overshoot in rotor speed 5 % 2 % FLC reduces overshoot significantly 

Steady-state error 0.7 % 0 % Perfect tracking achieved 
Active power ripple ±5 % ±1.5 % Smoother power response 

Reactive power regulation Slight oscillations Stable (Q ≈ 0) Improved voltage/power factor control 
DC-link voltage variation ±20 V ±5 V Enhanced voltage stability 
Power factor at grid side 0.995 ≈ 1.000 Unity power factor maintained 

Robustness to wind variation 
(7–10 m/s) 

Moderate 
degradation 

Stable 
performance 

FLC adapts better to nonlinear 
conditions 

Computational complexity Low Moderate Slightly higher due to rule base but 
acceptable 

 
The complete implementation procedure of the proposed advanced control method, 

encompassing the integrated P&O MPPT strategy and the FLC design, is recapitulated in the 
structured flowchart shown in Fig. 14. 

6. Conclusion 
In conclusion, this paper has comprehensively investigated the control challenges associated with 

wind energy conversion systems utilizing doubly fed induction generators (DFIGs) driven by 
advanced converters, particularly the AC/DC/AC converter. This focus on the new generation of 
converters, with their ability of bidirectional power flow and enhances the waveform quality and 
ensuring efficient energy conversion. The paper analyzed the performance of a wind turbine integrated 
with a DFIG powered by a buck-to-buck converter employing MPPT techniques based on P&O 
algorithm. The evaluation, conducted in the 𝑑𝑞 reference frame, demonstrated the effectiveness of the 
proposed control scheme in optimizing power generation under varying wind conditions, The 
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proposed control strategy is evaluated under both step-change and random wind speed profiles to 
assess its effectiveness across diverse operating conditions. The successful implementation and 
validation of the control strategy through simulation results using MATLAB/Simulink reaffirm the 
viability and robustness of the proposed approach. 

For future research directions, it is important to acknowledge that implementing multiple FLCs 
in real-time may increase computational complexity and lead to a potential rule-base expansion, which 
can complicate the tuning and maintenance process in practical applications. Therefore, future work 
will focus on integrating Artificial Intelligence (AI)-based MPPT algorithms into the control design 
of WECS, as these techniques can intelligently manage the rule-base, reduce manual tuning effort, 
and ensure optimal power extraction under varying wind conditions. Experimental validation will also 
be pursued to further substantiate the feasibility and robustness of the proposed approach. 

 

 
Fig. 14. Comparative performance between the PI controller and the proposed FLC 
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