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1. INTRODUCTION

The increasing global demand for electricity, the depletion of fossil fuel resources, and the
escalating impacts of global warming have intensified the search for sustainable and renewable
energy solutions such as wind and solar power [1,2,3].

Among these, Wind Energy Conversion Systems (WECS) have gained significant attention due
to their ability to provide clean and efficient energy. However, the nonlinear and fluctuating
nature of wind speed presents a major challenge in maximizing energy extraction, necessitating
the implementation of advanced control strategies [4,5,6]. To enhance energy capture, this study
proposes an intelligent neural network-based Maximum Power Point Tracking (MPPT) control
method especially designed to optimize power extraction under varying wind conditions.
Unlike conventional MPPT techniques, which may struggle with dynamic wind variations, the
proposed method leverages artificial intelligence to improve response time, robustness, and
overall efficiency [7,8,9].

Doubly-Fed Induction Generators (DFIGs) are widely employed in WECS due to their robustness,
durability, and ability to independently control active and reactive power, even under variable
wind speeds [10,11].

However, achieving optimal performance requires efficient control strategies to regulate stator-
generated power while ensuring a unity power factor. Among nonlinear control techniques,
Sliding Mode Control (SMC) has proven to be a powerful approach for enhancing system
performance [12]. Despite its advantages, traditional SMC suffers from chattering, a major
drawback caused by discontinuous control action. To address this issue, this work introduces
an Integral Sliding Mode Control (ISMC) strategy, which significantly reduces chattering while
maintaining high dynamic performance and robustness. The main contributions of this paper
are summarized as follows:

o The development of an intelligent MPPT strategy based on neural networks, applied on a wind
turbine model described in figurel ensuring optimal power extraction from wind energy.

o The implementation of an enhanced ISMC approach for DFIG-based WECS, effectively
mitigating chattering effects and improving system stability.

« A comparative analysis between traditional SMC and the proposed ISMC, demonstrating the
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advantages of the improved control methodology through numerical simulations.

This paper is structured as follows: Section 2 presents the dynamic modeling of the wind energy
conversion system; Section 3 describes the configuration of the control strategies; Section
4 discusses the simulation results, providing a comparative analysis of the different control
approaches; and, finally, Section 5 sums up the research findings and highlights future research
prospects.

b o
MPPT-ANN

Figure 1. Diagrammatic Representation of the Studied System.

2. TURBINE MODEL
The wind turbine is characterized by the following expressions [2]:

P =2 prRVC, (2.5) (1)

In this work, the variations of Cp (A,) are modeled by the following equation.
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2.1. MPPT WITH SPEED CONTROL

Maximizing WECS output power and performance requires MPPT. Additionally, a speed
controller regulates rotor speed by imposing the necessary electromagnetic torque. The MPPT
method generates the reference torque, to maintain the angular speed near its setpoint.
Figure 2 illustrates the MPPT strategy.
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Figure 2. Integration of MPPT methodology.

2.2. ARTIFICIAL NEURAL NETWORKS (ANN)

The ANN model is inspired by the human brain, with interconnected neurons representing the
nervous system. Each connection has a weight, similar to synapses. The study (detailed in Figure
3) uses a static Multi-Layer Perceptron (MLP) network, composed of input, hidden, and output
layers arranged in a feed-forward style. The input layer processes sensor data, while hidden
neurons are placed between the input and output layers.

Figure 3. ANN Internal architecture.

3. DFIG MODEL

With respect to the dq Park reference frame, the DFIG’s dynamic equations including the voltage
equations, the flux equations, and the active and reactive powers” equations are defined by the
equations (3) and (4), respectively, as follows [2,6]:

) d
I/sd = Rslsd +E¢5d _wS¢Sq
. d
I/sq = Rslsq +z¢é“l + a)5¢5d
i (3)
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4. SUGGESTED ISMC TECHNIQUE

Sliding Mode Control is a robust strategy known for its high efficiency and reliability in both
transient and steady states, especially against system nonlinearities and disturbances [13,14]. It
uses a discontinuous signal to drive the system to the sliding surface. However, the chattering
phenomenon limits its use. This research develops an Integral Sliding Mode regulation technique
to reduce chattering and regulate powers of DFIG [15].

The state representation of the DFIG is given by the equations:
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5. RESULTS AND DISCUSSIONS

The simulation evaluation of this sub-section employs a 1.5 MW DFIG model-based wind
turbine. Figure 4 shows the simulated wind speed profile, which ranges from 7 to 9 m/s. Figures
5 and 6 show real-time variations of the power coefficient and TSR. At a 0° angle 3, the power
coefficient reaches its optimal value of 0.477, corresponding to the optimal TSR of Aopt =8.14.
Figure 7 shows that the ANN-MPPT controller keeps the DFIG’s rotor speed close to the critical
synchronous speed, following real-time data with no overshoot, demonstrating efficient and
effective control under hyper- and hypo-synchronous conditions.
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Figure 10. THD: (a) FOC_PI and (b) ISMC.

Figures 10(a) and 10(b) display the THD spectral analysis of the stator current for the @ phase,
comparing the FOC_PI and ISMC controllers. Using FFT for frequency domain analysis, the
FOC_PI shows a THD of 0.91%, while the ISMC significantly reduces it to 0.38%, demonstrating
that the ISMC effectively minimizes current harmonics.
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Table 1. Evaluation of FOC_PI vs adaptive ISMC.

Performance FOC used PI ISMC
Response time (s) 0.403 0.294
THD i_sa (%) 0.91 0.38
Rise time (s) 0.268 0.196
Set point tracking Good Very Good

Table 1 compares the ISMC and FOC_PI in terms of static error, response time, THD of Isa
current, and set-point tracking, showing significant improvements with the ISMC, including
reduced harmonics, minimal static errors, faster response, and better set-point accuracy. This
makes it suitable for the field of wind turbines [16].

6. CONCLUSION

This study introduces the DFIG and turbine model. It implements an MPPT strategy with an
ANN-based speed controller, which efficiently tracks peak power. ISMC and FOC_PI controllers
are applied to regulate the DFIG’s power flow components, with simulation results showing that
ISMC outperforms FOC_PI in accuracy, reduced current distortion, improved dynamics, and
better reference tracking. Using FFT for frequency domain analysis, the FOC_PI shows a THD of
0.91%, while the ISMC significantly reduces it to 0.38%, demonstrating that the ISMC eftectively
minimizes current harmonics. This makes it suitable for analyzing dynamic instabilities in wind
energy generation.
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