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Abstract

Abstract:

This PhD thesis addresses the challenges posed by the instantaneous fluctuations in wind and
the non-linearity of wind turbines, which hinder the full exploitation of wind power with high
efficiency and reliability. The primary objective of this research is to propose innovative control
strategies for Wind Energy Conversion Systems (WECS) that balance the maximization of energy
efficiency with the minimization of mechanical stress through the reduction of electromagnetic torque
ripple. These strategies are grounded in the principle of frequency separation, which distinguishes
between the short-term and long-term variations in wind dynamics. This separation enables the
development of a dual-loop control architecture, optimizing both the high-frequency and low-
frequency dynamics inherent in the system. In the high-frequency loop, various controllers, including
Linear Quadratic Regulator (LQR) and Hoo controllers, are implemented to manage the dynamics
induced by turbulent wind speed. In the low-frequency loop, fractional-order proportional-integral
(FOPI) controllers are employed, with an advanced approach incorporating a filtered fractional-order
proportional-integral (FOPIF) controller optimized using the Particle Swarm Optimization (PSO)
algorithm. These controllers aim to mitigate electromagnetic torque ripple, also known as the
chattering problem, and ensure efficient Maximum Power Point Tracking (MPPT), thereby enhancing
system performance under variable wind conditions. The proposed control strategies not only
maximize the energy production of wind turbines but also reduce electromagnetic torque ripple,
thereby minimizing mechanical stress, extending the operational lifespan, and lowering maintenance
costs. By improving the dynamic behavior and reliability of the WECS, this research contributes
significantly to advancing control technologies in wind energy systems, promoting the growth of
efficient, scalable, and resilient renewable energy solutions. The findings of this work support the
global transition toward sustainable energy, offering valuable insights into optimizing wind energy

systems under challenging environmental conditions.

Keywords:

Wind Energy Conversion System (WECS), Frequency Separation Principle, Maximum Power
Point Tracking (MPPT), Electromagnetic Torque Ripple, Advanced Control Strategies, Metaheuristic
Algorithms, Hoo Control, LQR Control, Fractional-Order Proportional-Integral (FOPI) Controller,
Filtered Fractional-Order Proportional-Integral (FOPIF) Controller, Induction Generator.
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Résumé

Résumé:

Cette thése de Doctorat aborde les défis posés par les fluctuations instantanées du vent et la
non-linéarit¢ des éoliennes, qui entravent l'exploitation optimale de I'énergie éolienne avec une
efficacité et une fiabilité €levées. L'objectif principal de cette recherche est de proposer des stratégies
de commande innovantes pour les systémes de conversion d'énergie ¢olienne (SCEE), équilibrant la
maximisation de 1'efficacité énergétique et la réduction du stress mécanique grace a la diminution des
ondulations du couple électromagnétique. Ces stratégies s'appuient sur le principe de séparation
fréquentielle, qui distingue les variations dynamiques du vent a court terme et a long terme. Cette
séparation permet le développement d'une architecture de contréle a double boucle, optimisant a la fois
les dynamiques haute fréquence et basse fréquence inhérentes au systéme. Dans la boucle haute
fréquence, divers controleurs, notamment le contrdleur linéaire quadratique Regulator (LQR) et le
contréleur Hoo, sont mis en ceuvre pour gérer les dynamiques induites par les turbulences de la vitesse
du vent. Dans la boucle basse fréquence, des controleurs proportionnels-intégrateurs d'ordre
fractionnaire (FOPI) sont utilisé€s, avec une approche avancée incorporant un contrdleur proportionnel-
intégrateur filtré d'ordre fractionnaire (FOPIF) optimisé a l'aide de l'algorithme d'optimisation par
essaims particulaires (PSO). Ces controleurs visent a atténuer les ondulations du couple
¢lectromagnétique, également connues sous le nom de (probléme de chattering), et & garantir un suivi
efficace du point de puissance maximale (MPPT), améliorant ainsi les performances du systéme dans
des conditions de vent variables. Les stratégies de commande proposées maximisent non seulement la
production d'énergie des éoliennes, mais réduisent ¢également les ondulations du couple
¢lectromagnétique, minimisant ainsi le stress mécanique, prolongeant la durée de vie opérationnelle et
réduisant les colits de maintenance. En améliorant le comportement dynamique et la fiabilité¢ des
WECS, cette recherche contribue de manicre significative a l'avancement des technologies de
commande dans les systemes ¢€oliens, favorisant le développement de solutions énergétiques
renouvelables efficaces, évolutives et résilientes. Les résultats de ce travail soutiennent la transition
mondiale vers une énergie durable, offrant des perspectives précieuses pour l'optimisation des
systemes ¢€oliens dans des conditions environnementales complexes.

Mots-clés:

Systéme de conversion d'énergie éolienne (SCEE), principe de séparation de fréquence, suivi
du point de puissance maximale (MPPT), ondulation de couple électromagnétique, stratégies de
controle avancées, algorithmes métaheuristiques, contréle Hoo, controle LQR, controleur
proportionnel-intégral d'ordre fractionnaire (FOPI), controleur proportionnel-intégral d'ordre

fractionnaire filtré (FOPIF), générateur a induction.
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1. General Introduction

The context of the ongoing technological and industrial renaissance, the insatiable human
appetite for energy has reached unprecedented levels. This surge in energy consumption is driven by
individual needs and the broader requirements of societies and nations. Consequently, renewable
energy sources have emerged as a crucial and unavoidable reality, representing an urgent necessity for
global sustainability. This imperative transcends national boundaries, emphasizing the need for
alternative energy sources to mitigate reliance on fossil fuels, which are not only depleting but also
contributing significantly to environmental challenges. The environmental impact of fossil fuel
consumption, characterized by greenhouse gas emissions, has become a pressing concern as it

exacerbates climate change [1-136].

The significance of renewable energy lies in its cleaner and less polluting nature compared to
traditional methods of energy production. Renewable energy sources, particularly wind energy, offer a
promising alternative that avoids the detrimental consequences associated with fossil fuel
consumption, such as heightened global warming and the environmental hazards posed by nuclear
reactor waste. Wind energy, characterized by the horizontal movement of air masses across the
atmosphere, is driven by variations in atmospheric pressure between different regions. This results in a
consistent flow of wind from areas of high pressure to those with lower pressure [1,137]. Historically,
wind power was harnessed to perform mechanical tasks, such as grinding grains through windmills.
However, recent advancements have enabled the transformation of wind energy into electrical energy,

marking a significant evolution spurred by human innovation.

The integration of wind energy into contemporary energy portfolios signifies a pivotal shift
towards sustainability. However, this transition comes with new challenges, particularly in terms of
environmental impact and technological efficiency. The last few decades have witnessed remarkable
advancements in wind energy harvesting, driven by technological innovations that have significantly
enhanced its feasibility and cost-effectiveness. Modern wind turbines, engineering marvels in their
own right, have grown substantially in size and capacity, allowing for more efficient capture of the
kinetic energy of the wind. This progress is further supported by improvements in energy storage
solutions, which are crucial for managing the intermittent nature of wind power and ensuring a

consistent energy supply.

The global capacity for installed wind power has seen impressive growth, from 748.6 GW in
2018 to 1201.7 GW in 2024, according to The World Wind Energy Association (WWEA) [2].
Forecasts from the Global Wind Energy Council (GWEC) predict a potential increase in wind energy
production to 2,750 GW by 2030 [3], underscoring the sector's vast potential and its integral role in the
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broader landscape of sustainable energy. The efficiency of wind turbines is predominantly contingent
upon the performance of the electrical generators embedded within them, the efficacy of the control
systems employed, and the integration of power electronics for grid connection. Various generator
types are utilized in wind energy systems [45,73], including the doubly-fed induction generator
(DFIG), the permanent magnet synchronous generator (PMSG), and the squirrel cage induction
generator (SCIG). Among these, squirrel cage induction generators are increasingly favored due to

their straightforward modeling, high reliability, and ability to optimize power output [4].

2. Problematic and Related Works

Wind turbine control has garnered extensive research attention, particularly in the domain of
electromagnetic torque control within wind energy conversion systems. Among the commonly
explored approaches, the Standard On-Off controller has been widely studied [5,80]. However, its
reliance on a sign function introduces significant challenges, most notably the chattering phenomenon.
Chattering induces high-frequency oscillations that jeopardize system stability, degrade performance,
and accelerate wear, thereby increasing maintenance demands. To mitigate these issues, various
studies have proposed enhancements to the Standard On-Off controller. A notable solution, introduced
in [6], incorporates a first-order filter into the controller's discontinuous segment, effectively reducing
chattering, though not eradicating it entirely. Building on this, the researchers in [7] have leveraged
Metaheuristic algorithms, such as particle swarm optimization (PSO), to fine-tune the parameters of
the improved On-Off controller. This optimization further mitigates electromagnetic torque ripple and
enhances overall performance. While the PSO-optimized controller significantly alleviated chattering,
it revealed a critical trade-off: a substantial reduction in the power coefficient (CP), leading to
decreased electrical power generation. Further advancements in controller design focused on
modifying the internal structure of the improved On-Off controller by replacing the sign function with
a hysteresis function [6]. This adjustment notably reduced electromagnetic torque ripple but at the cost
of imperfect maximum power point tracking, which hindered the turbine's ability to generate peak
power. To address these limitations, researchers in [8] explored the COOT optimization algorithm
(COA) to enhance the Improved On-Off controller based on hysteresis function. This approach aimed
to optimize controller parameters for superior power tracking and electrical output. Although the
proposed controller successfully tracked the maximum power point, it failed to maintain a low torque
ripple. These findings underscore a persistent inverse relationship between minimizing
electromagnetic torque ripple and maximizing power generation. This trade-off presents a significant
challenge for wind power producers. While reducing torque ripple enhances system durability and
lowers maintenance costs, it often compromises power output. Conversely, maximizing electrical

power generation tends to amplify torque ripple, complicating control strategies. In response to these
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complexities, researchers have turned to advanced control frameworks. One promising approach
employs the frequency separation principle to establish a dual-loop control architecture for variable-
speed wind turbines [9,53]. This method seeks to balance power maximization with mechanical stress
reduction. The proposed architecture integrates two distinct controllers: a Linear Quadratic Gaussian
(LQG) controller to attenuate torque ripple and a classical Proportional-Integral (PI) controller to
optimize power conversion [10,12,53]. Preliminary evaluations demonstrate significant improvements
in turbine performance, including higher power output and reduced mechanical stress. Despite these
advances, there remains considerable scope for refinement. By further enhancing the frequency
separation-based framework and integrating supplementary control strategies, future developments
may achieve an optimal balance between power generation and torque ripple mitigation, advancing the

efficiency and reliability of wind energy systems.

3. Thesis Objectives

Wind energy systems have been emerging as a highly significant solution to the problem of
limited traditional energy sources. In this thesis, control methodologies adapted to wind energy
systems are topically modelised, reviewed and analysed. The proposed research addresses the
challenges posed by instantaneous wind fluctuations and the non-linearity of wind turbines, which
prevent the full exploitation of wind energy with high efficiency and reliability. More specifically, the
main objective of this work is to suggest a new optimal control structure for the wind Energy
conversion system (WECS), which guarantees a compromise between maximizing energy efficiency

and minimizing input control effort.

To achieve this, first, we explored and improved various controllers using metaheuristic
algorithms for single and multi-objective optimization, based on fuzzy logic and sliding-mode
controllers. The obtained results from the various experiments showed that while significant
performance gains have been achieved, persistent problems such as continuous chattering and sub-
optimal maximum power point tracking (MPPT) remain unsolved challenges. Next, to improve
conversion chain performance, we proposed and analyzed a control structure based on the principle of
frequency separation, which enables WECS dynamics to be analyzed on two distinct time scales. In
this approach, WECS dynamics are divided into low-frequency dynamics caused by slower wind speed
components and high-frequency dynamics resulting from turbulent wind speed variations. This dual
dynamic framework provides a more nuanced understanding of system behavior, allowing more
precise control strategies that respond to varying operational conditions. The proposed control
structure aims to enhance wind power point tracking while while simultaneously reducing mechanical

loads, thus facilitating operation of the conversion system at its optimum point. By adopting this
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innovative control strategy, the research seeks to address the inherent trade-offs between maximizing
energy output and minimizing maintenance costs associated with wind turbines. This is particularly
important given the non-linear characteristics of wind turbines, which can complicate the control
strategies employed. The complexity of the turbine dynamics necessitates advanced control techniques

that can adapt to real-time changes in wind conditions while ensuring optimal performance.

4. Innovations and Contributions

The innovative approach outlined in this thesis extends to the development of advanced control
algorithms, including Hoo control [11] and Fractional-Order Proportional-Integral (FOPI) control and
Filtred Fractional-Order Proportional-Integral (FOPIF) control tuned by PSO [12]. The Hoo control
method offers robust performance in the presence of uncertainties and disturbances, making it suitable
for managing the variable nature of wind energy. The FOPI controller, on the other hand, leverages the
advantages of fractional calculus to enhance system responsiveness and improve tracking accuracy,
addressing some of the limitations associated with traditional integer-order controllers. These
advancements are particularly significant in the context of the electromagnetic torque ripple,
commonly referred to as the chattering problem, which can negatively impact turbine performance and

longevity.

The challenges associated with wind energy conversion systems are multifaceted. One of the
primary issues is the inherent variability of wind. Wind speeds are subject to fluctuations due to
meteorological conditions, leading to inconsistent energy production. Traditional control systems often
struggle to keep pace with these rapid changes, resulting in suboptimal performance. The proposed
control strategies in this research aim to counteract these challenges by utilizing advanced algorithms
that can adapt to real-time wind conditions, ensuring that the system operates efficiently despite the
variable nature of wind resources. This adaptability is crucial for maximizing the power coefficient of

the turbines, which is a key indicator of the efficiency of wind energy conversion.

Moreover, the advancement of power electronics has played a pivotal role in the evolution of
wind energy systems. The integration of sophisticated power converters enables better control of the
output power, facilitating grid connection and improving the overall efficiency of the system. These
converters allow for the optimization of the power extracted from the wind, reducing losses associated
with the conversion process. As a result, they significantly contribute to the effectiveness of the
proposed control strategies by ensuring that the generated energy is transmitted to the grid with

minimal losses.
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The research presented in this thesis is underpinned by a thorough literature review that
highlights the evolution of wind energy technologies and the associated control strategies. This review
encompasses various methodologies that have been employed over the years, including classical
control approaches and modern optimization techniques. The literature indicates a clear trend towards
the adoption of Metaheuristic algorithms for optimizing control parameters in wind energy systems.
Techniques such as Particle Swarm Optimization (PSO) [13] and COOT Optimization Algorithm
(COA) [14,15] have garnered attention for their effectiveness in fine-tuning control parameters to
enhance performance. By building upon this existing body of knowledge, this research aims to
introduce innovative control strategies that leverage these optimization techniques to improve the

overall performance of wind energy conversion systems.

5. Thesis Structure

In light of these advancements, the thesis is structured into several chapters, each designed to
systematically explore the intricacies of WECS and the proposed control strategies. The first chapter
begins with an exploration of the modeling and simulation of wind energy conversion systems,
providing a foundational understanding of wind turbine design, aerodynamics, and the dynamics of
squirrel cage induction generators. It concludes with an overview of the linearization of WECS, laying
the groundwork for the subsequent chapters. This initial chapter is critical as it establishes the baseline
upon which the rest of the research is built, ensuring that the subsequent discussions are grounded in a

solid understanding of the underlying principles governing wind energy systems.

The second chapter shifts focus to various maximum power point tracking (MPPT) control
strategies employed in wind energy conversion systems. This chapter includes a literature review of
existing control methodologies, detailing the design and simulation results of traditional and improved
controllers, such as Standard On-Off, Improved On-Off, Enhanced Fuzzy On-Off and Sliding Mode
controllers, highlighting their strengths and limitations. The discussion delves into the mechanisms by
which these controllers operate, examining how they respond to changes in wind conditions and the
challenges they face in maintaining optimal performance. The literature review also underscores the
importance of real-time data acquisition and monitoring systems that can facilitate responsive control

strategies.

The third chapter delves into the application of Metaheuristic algorithms in optimizing the
control of WECS. It covers a range of techniques, including Particle Swarm Optimization (PSO),
Whale Optimization Algorithm (WOA) [16], COOT Optimization Algorithm (COA) and other
contemporary algorithms aimed at minimizing electromagnetic torque ripple while maximizing power

output. By employing these algorithms, the research aims to enhance the performance of the improved
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On-Off controller, addressing the inherent trade-offs between energy efficiency and mechanical stress.
The integration of Metaheuristic optimization methods is particularly valuable as it allows for a more
systematic exploration of the parameter space, leading to the identification of optimal control settings

that enhance overall system performance.

The fourth chapter presents an advanced control structure grounded in the frequency separation
principle for wind energy conversion systems (WECS). This chapter introduces novel approaches,
including the integration of Linear Quadratic Regulator (LQR) and Heo control strategies within the
proposed dual-loop control architecture, showcasing their efficacy in improving system performance
under diverse operational scenarios. The dual-loop control design effectively addresses high-frequency
fluctuations caused by turbulent wind conditions and low-frequency dynamics resulting from gradual
wind speed variations. This strategic separation of dynamics is pivotal for achieving optimal maximum
power point tracking (MPPT) while simultaneously minimizing mechanical stress on turbine

components.

The thesis concludes with a comprehensive synthesis of the findings and offers
recommendations for future research, underscoring the potential benefits of the proposed control
strategies for wind energy producers. The contributions of this research are multifaceted, aiming to
make a significant impact on the field of wind energy conversion systems. By proposing an innovative
control architecture founded on the frequency separation principle, the study tackles critical challenges
related to the integration of renewable energy into existing energy infrastructures. Furthermore, it
establishes a robust framework for optimizing energy output and reducing maintenance costs, both of

which are essential for the long-term sustainability of wind energy as a viable power source.

Ultimately, this research endeavors to enrich the growing body of knowledge on wind energy
conversion systems and their control strategies. By addressing the complexities inherent in these
systems, it aspires to contribute meaningfully to the global transition toward a more sustainable and

resilient energy future.
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Chapter 1 Modeling And Simulation Of Wind Energy Conversion System

I. 1 Introduction

This chapter explores the intricate processes and advanced technologies integral to converting
wind energy into electrical power, which is central to modern sustainable energy systems. Wind
Energy Conversion Systems (WECS) are crucial in harnessing the kinetic energy of the wind. These
systems convert wind energy first into mechanical energy using rotor blades, and subsequently into
electrical energy via generators. Effective design and operation of WECS require a deep understanding
of both fundamental principles and the sophisticated technologies that ensure efficient and reliable
energy conversion. The chapter begins with a comprehensive overview of WECS, setting the stage for
a detailed exploration of the technologies driving wind turbines. It includes a comparative analysis of
horizontal and vertical axis turbines, highlighting their unique characteristics and applications. The
discussion also emphasizes the critical role of modeling and simulation in optimizing turbine
performance and reliability. Central to the wind energy conversion process is the role of wind speed,
which significantly influences power output. This chapter examines the relationships between wind
speed and power capture, providing insights into how power can be adjusted through pitch angle
modifications or generator torque and speed control. Such power control methods are essential for
maximizing energy output over a range of wind speeds while ensuring the system’s reliability and
protecting against damage from strong gusts. By integrating fundamental principles with advanced
technological insights, this chapter contributes to a deeper understanding of WECS, advancing
knowledge and supporting the ongoing development and integration of wind energy systems into

broader energy infrastructures.

I. 2 Related Works

Extensive research has been conducted on wind turbine design, delving into various techniques,
components, and critical aspects of wind power generation. These studies aim to address the
engineering challenges inherent in wind energy conversion systems. Quarton [17] examines the
evolution of analytical methods for wind turbine design over the past two decades. The field has
transitioned from relying on basic calculations informed by engineering intuition to the widespread use
of sophisticated computer-based analyses. This progression reflects a shift towards more rigorous and
accurate methodologies. The work also explores the factors driving this transformation, evaluates the
current state of the art, identifies unresolved uncertainties, and predicts future developments in wind
turbine calculation techniques. Similarly, Tong [18] provides a comprehensive resource on wind
turbine design, incorporating recent developments and practical approaches for engineers and

researchers in the wind energy sector. Covering fundamental principles, design techniques, primary
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component development, and critical issues in wind power generation, the text serves as a foundational
reference. It integrates insights from leading manufacturers, national laboratories, and academic

institutions, offering an invaluable resource for both practitioners and students.

A critical aspect of understanding wind energy conversion systems lies in modeling and
simulating wind behavior. Accurate wind models are necessary for realistic experimental simulations.
Nichita et al. [19] propose methodologies for simulating wind speed applicable to wind turbine
simulators in both standalone and hybrid systems. Their approach decomposes wind speed into
medium- and long-term components defined by site-specific power spectra and a turbulence
component influenced by the larger-scale wind speed evolution. The turbulence component, treated as
a nonstationary process, is simulated using rational and nonrational filters. These models,
characterized by parameters derived experimentally or estimated a priori, address practical

implementation considerations, providing a robust framework for wind speed simulation.

The drive train is a pivotal component in wind energy conversion systems, serving as the
primary link between the turbine and the generator. Its performance significantly influences the overall
efficiency and reliability of the system. Numerous studies have focused on optimizing the drive train to
enhance system performance. Struggl, Berbyuk, and Johansson [20] review investigations into drive
train systems for wind turbines, highlighting the critical role of gearboxes in system maintenance.
Issues such as gear tooth damage and bearing faults are identified as leading causes of downtime.
Their research emphasizes the need for detailed models that capture complex phenomena, including
backlash and gear transmission errors, while avoiding oversimplifications. These models are essential
for designing lightweight, durable components capable of faultless operation over a 20-year lifespan.
Peeters [21] contributes further by developing a consistent modeling approach to describe the dynamic
behavior of wind turbine drive trains, focusing particularly on gearboxes. This work addresses
limitations in traditional design codes that treat drive train components quasi-statically, providing
insufficient insight into load variations and stress distribution. The research introduces three multibody
system modeling approaches. The first examines torsional vibrations, while the second offers a
detailed representation of bearings and gears, applicable to various configurations, including helical
and spur gears in parallel and planetary gear stages. The third approach extends this analysis to
incorporate elastic deformations in drive train components, alongside their rigid-body motion. These
methodologies are applied to analyze individual gear stages, complete gearboxes, and entire drive
trains, considering interactions with the rotor, tower, and generator. By focusing on low- and mid-
frequency ranges, the research identifies potential resonances within the drive train. Validation is
achieved through comparison with data from a measurement campaign conducted on a modern multi-

megawatt wind turbine, underscoring the practical relevance of the proposed models. This body of
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work collectively advances the understanding and design of wind energy systems, addressing key

challenges and contributing to the optimization of turbine components and system performance.

I. 3 Wind Turbine Design

Wind turbine design is a multidisciplinary field that integrates principles from aerodynamics,
mechanical engineering, electrical engineering, and environmental science to create efficient systems
for converting wind energy into electrical power. The two main types of wind turbines, as shown in
Figure 1.1, are Horizontal Axis Wind Turbines (HAWTs)—the most common type, with components
illustrated in Figure 1.2—and Vertical Axis Wind Turbines (VAWTSs), which are less common but
capable of capturing wind from any direction [1,22]. The aerodynamics of wind turbines are crucial,
with the blades designed to maximize lift and minimize drag as they interact with the wind. These
blades, typically shaped like an airfoil, are engineered to optimize the lift-to-drag ratio, improving the
turbine’s efficiency [23]. The rotor, which includes the blades and hub, converts the wind’s kinetic
energy into rotational energy. Mechanical design elements such as the gearbox, yaw mechanism, and
tower are also vital. The gearbox adjusts the rotor speed to match the generator’s optimal speed, while
the yaw mechanism ensures the rotor is always aligned with the wind. The tower’s height is essential,
as wind speed increases with altitude, and the materials used in construction, like fiberglass-reinforced
plastic for blades and steel for towers, are chosen for their strength and durability [22, 24]. On the
electrical side, the generator converts the rotational energy into electrical energy. Power electronics,
including converters and inverters, regulate the electrical output to ensure compatibility with the grid.
Advanced control systems, like pitch, yaw, and torque controls, optimize turbine performance and
protect the system under various conditions [25, 26]. Structural integrity and material selection are
vital for withstanding the stresses and fatigue from environmental conditions over the turbine's
lifespan. Composite materials are used for blades, and towers are usually constructed from steel [22,
28]. Environmental and site considerations include wind resource assessment, where locations with
optimal wind speeds are identified, and environmental impact assessments, which consider noise,
visual impact, wildlife, and land use [3,24]. Finally, wind turbine design must comply with
international standards, such as those provided by the International Electrotechnical Commission
(IEC), and meet specific grid connection requirements to ensure power quality and safety [24]. In
summary, wind turbine design integrates complex principles across several fields to create systems
capable of efficiently harnessing wind energy while considering environmental impacts, economic

viability, and regulatory compliance.
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Figure I. 2 Components of a Horizontal Axis Wind Turbine.

I. 4 Wind Turbine Aerodynamics

The aerodynamic design of wind turbine blades is a critical factor in optimizing the efficiency
of energy capture from wind resources. The design process must incorporate strategies to regulate
power output and limit the rotational speed of the turbine rotor under wind conditions that exceed the
rated or nominal wind speed. This is necessary to prevent excessive mechanical loads and to ensure
that the generator operates within its specified power limits, thereby maintaining the structural
integrity and longevity of the system. For large-scale wind turbines, these considerations are
particularly imperative due to their inherently narrower safety margins, which are constrained by
economic and size-related factors. Consequently, advanced aerodynamic design techniques, including
blade pitch control and active load management, must be employed to mitigate the risks associated

with high wind speeds and to optimize the overall performance and reliability of the turbine system.
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I. 4.1 Wind Modeling

Wind is a complex and highly variable natural phenomenon, shaped by numerous factors,
including geographic location, altitude, temperature, and atmospheric pressure. As one of the most
rapidly expanding renewable energy sources globally, the effective utilization of wind energy
necessitates precise wind modeling, which is critical for the analysis, design, and optimization of Wind
Energy Conversion Systems (WECS). Accurate wind models are essential for predicting the behavior
of wind turbines across a range of environmental conditions, thereby enhancing the performance,
reliability, and efficiency of these systems. The ability to model wind accurately is crucial for
capturing its inherent variability over both time and space, a key requirement in the design of effective
WECS. This modeling process facilitates the prediction of wind turbine power output, enabling
engineers to optimize energy generation based on anticipated wind conditions. Moreover, it supports
the development of control strategies aimed at maximizing turbine performance through the
application of advanced control mechanisms. Wind modeling also allows for the simulation of various
wind scenarios, which is vital for stress testing turbines to assess their resilience under different
conditions. Furthermore, understanding the impact of wind on turbine loads and structural dynamics is
integral to ensuring the durability and longevity of these systems. Thus, wind modeling is
indispensable in advancing the technology and reliability of wind energy systems. At the simplest
level, wind can be modeled as a constant speed over time. This approach is often used for preliminary
analysis and basic design calculations. However, constant speed models do not capture the inherent
variability of wind, limiting their usefulness for dynamic simulations. A more refined approach is the
steady wind model, which assumes a constant mean wind speed but can incorporate gradual changes
over time. While still an oversimplification, it provides a better foundation for understanding wind

behavior over longer periods.

To capture the statistical nature of wind, distribution models are employed. These models

describe how wind speed varies over time at a given location.

e Weibull Distribution: The Weibull distribution was promoted by the Swedish physicist
Weibull [27]. The Weibull distribution is the most commonly used model in wind energy
studies. It is defined by two parameters: the shape parameter (k) and the scale parameter(c)
. The shape parameter indicates how peaked the distribution is, while the scale parameter
reflects the wind speed. A higher k -value suggests less variability in wind speeds, while a
lower value indicates more variability. The Weibull probability density function for wind

model is given by [28]:

f (v) =kc™* .vk’lei[gjk (L)
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Where the probability density f (v) is the frequency distribution of the measured speeds, v

is the wind speed.
The two Weibull parameters k and ¢ are used to calculate the mean wind speed v . We use

the following expression [28]:
1
v=cl|l+— 1.2
v=c ( k] 12)

Where ['is the gamma function.

e Hybrid Weibull distribution: The Hybrid Weibull distribution [29] is particularly
significant in wind energy studies, where real wind speed data often display complexities
that a single Weibull distribution may not adequately capture. Factors such as varying wind
regimes, turbulence, and seasonal changes contribute to these complexities. To address
these challenges, the Hybrid Weibull distribution integrates the Weibull distribution with
another probability distribution, enabling a more accurate representation of wind speed
data. This hybrid approach is more effective in modeling the diverse wind conditions
observed across different periods or locations, as it better captures tail behavior, multiple
peaks, and variations in wind speed [29,30]. The hybrid Weibull distribution is used when
the quiet frequency is greater than or equal to 15% [54]. In general, this proportion cannot
be neglected and must be taken into account when characterizing the site in terms of wind.
This distribution is as follows [54]:

FO)=(1- 1, ).(9.(3]“ REl For v>0  (13)

c

f(v) = ff, For v<0 (1.4)
Where ff, is the quiet frequency, which is determined from the wind data [30].

e Rayleigh Distribution: This is a special case of the Weibull distribution with a shape
parameter (k) of 2 [54]. It is commonly employed in situations where detailed wind speed
data is not available, and only the mean wind speed is known. Due to its simplicity and
reasonable accuracy, the Rayleigh distribution is often considered suitable for various wind

energy applications. The probability density function for this distribution is given by:

f(v) = 2.1.8_[EJ (L5)

Compared to the Weibull distribution, the Rayleigh distribution contains only one

parameter, making it more convenient to use and its parameters easier to estimate.
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However, the Rayleigh distribution is based on the assumption that the long-term mean

wind vector is zero.

Wind dynamics arise from the interplay between meteorological conditions and the

specific attributes of a particular wind site. Consequently, wind speed is represented in the

literature as a non-stationary random process, formed by the superposition of two

components [19,31,32].

v(t) =v(t)+Av(t) (L.6)

In this context, V() represents the low-frequency component, which accounts for long-term,
low-frequency variations, while Av(?) corresponds to the turbulence component, associated
with rapid, high-frequency variations. These two components are also recognized in the Van
der Hoven wideband model (Figure 1.3). The spectral pause around 0.5 MHz permits the
turbulence component to be modeled as a zero-mean random process. The low-frequency
component reflects very gradual changes in wind speed and provides an energetic
characterization of the wind site. This component can be described using a Rayleigh
distribution (Equation L.5). Although this component influences the amplitude of turbulence,

its progression is not critical for the short- and medium-term dynamic behavior of the
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Figure I. 3 Van der Hoven Wind Model.

e Nichita Model for Wind Speed

Modeling wind turbines necessitates an understanding of how wind speed varies over time.
However, wind speed remains an unpredictable and challenging variable to replicate at a specific site.
One model, among many others, was introduced by C. Nichita in [19]. This method involves

generating the temporal profile of wind from white noise, to which a transfer function of the non-
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rational Von Karman filter is applied. The parameters of this function are determined by the site's
characteristics and the nature of the wind [33]. The transfer function is approximated by:

(mlTFs+1)

e (8) =K s ) s o) &)

Here, (m,,m,) represents Nichita parameters. The mathematical parameters TF and KF are

calculated according to the following expressions:

L

TF :7]: (18)

T
K. = 1.9
F =\ Tas. (1.9)

Where, L, is the wind turbulence length scale (This value depends on the characteristics of the

site, and varies from 100 at sea to 500 in turbulent areas), V is the average wind speed, which varies

based on the wind's intensity (weak, medium, or strong), 7, is the sampling period, Acw =0.002rad /s

S

(mT, Ma))2+1
T, Mw) +1}[(m2TFMa))2+1:|

(1.10)

and = i[

The expression v, (t) of the wind speed at a fixed point can be represented by the following

equation [34]:
v (1) =V +v,(¢) (L11)

The component representing turbulence, v, (t) , 1s defined by the scale length L, and the

standard deviation o, of the turbulence, which is dependent on the mean wind speed V' according to

the relation 1.12:

o =KV (1.12)

v o

Where x is the turbulence intensity. The value of this coefficient varies from 0.1 at sea to 0.25

in a turbulent zone.

Thus, the wind speed is constructed according to the block diagram of Figure 1.4.
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Figure I. 4 Block Diagram Of Wind Speed Construction Based On Nichita Model [19].

In our work, using the model from Figure 1.4 in Matlab Simulink with the parameters listed in

Appendix A, the following curves are obtained (See Figure 1.5 and Figure 1.6).
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Figure I. 5 Low turbulence stochastic wind speed.
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I. 4.2 Conversion of Wind Kinetic Energy
The aerodynamic behavior of wind turbines is essential for understanding their performance
and efficiency. An effective approach to this analysis involves the use of the actuator disk model,

which simplifies the wind turbine to an idealized disk through which the wind flows [22]. This model
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enables the examination of how wind kinetic energy is converted into mechanical energy by the

turbine.

In this model, an actuator disk is positioned within a uniform wind flow, as depicted in Figure

I.7. The disk interacts with the wind in three distinct regions: upstream (x) , at the disk (0), and
downstream (w) . The conditions in these regions are characterized by their respective velocities and
pressures [1]. The momentum theory serves as a fundamental framework for analyzing the forces and
power generated by the wind turbine. The momentum H imparted to the disk by the air mass

flowing through the disk area A can be expressed as
H=m(vu—vm) (L.13)

Where v, represents the upstream wind velocity and v, denotes the downstream wind

velocity. The momentum H imparted to the disk by the air mass »: passing through the area A

generates a force, which can be expressed as:

_AH Am(vu —vw) B pAvOAt(vu —vw)

T =pAv,(v,—v )=Alp, — p, I.14
At At At p ()( u m) (pO pO) ( )

With p being the air density [35].
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Figure I. 7 Model of actuator disk interaction with wind [54].

Applying Bernoulli's equation [54], the pressure difference is

pa—pozép(vj—vi) (L15)
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Substituting equation (I.15) into equation (1.14), we get
TzlpA(vf—vi) (I.16)
2
From equations (I.14) and (1.16), we obtain

vo=%(vu+vm):>vu—vw=2(vu—vo) (1.17)

The mass flow rate m is given by
m=pAv, (1.18)
By substituting 7 into the momentum equation, the expression for momentum becomes
H = pAv, (v, —v,) (1.19)

The primary goal of a wind turbine is to convert the kinetic energy of the wind into mechanical

energy. The kinetic energy per unit mass of the wind before and after passing through the disk is given
1 1
by E, = Evj for the upstream flow and E, = Evf) for the downstream flow. The kinetic energy of

an air mass moving at speed v is given by:

E, = Emv2 (1.20)

The power P extracted by the turbine is determined by the difference in kinetic energy flux

between the upstream and downstream flows. This can be computed as
lenﬁ(vf—vi) (1.21)
2
Substituting 7 into this equation yields
P= lpAvu (vj - vf)) (1.22)
2

The efficiency of the wind turbine is characterized by the power coefficient Cp , which

represents the fraction of the wind's kinetic energy converted into mechanical energy. The theoretical
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maximum value of Cp is known as the Betz limit [36, 37], which is approximately 0.593. This limit is

derived from the principles of mass and momentum conservation. The force F exerted on the actuator

disk is given by
F=pAv, (vu —vw) (L.23)
Consequently, the power extracted by the turbine is

P=Fv, =pAv, (vu -V, )vm (L.24)

Using the continuity equation Av, = Av, + A4 (vu - vw) , the power coefficient C, is expressed as

¢, =~ P (1.25)
— pAV;
2
Substituting the power P into this equation, we get
Av (v. —v v 2(v —v_)v
Cp—p ul(u m)m: (u 203)03 (126)
2
By maximizing C , with respect to v, the Betz limit is obtained as
LN 0.593 (1.27)
p.max 27 . .

In practical applications, the performance of wind turbines is influenced by various factors,
including the design of the blades, operational conditions, and control strategies employed. While the
Betz limit provides an upper bound on efficiency, real-world turbines achieve efficiencies close to this
limit but rarely exceed it. Ongoing advancements in control techniques and aerodynamic optimizations

continue to enhance turbine performance and efficiency.

I. 5 Drive Train

The drive train in wind energy conversion systems (WECS) plays a crucial role in the overall
efficiency and functionality of the system. It acts as the mechanical connection between the wind
turbine's rotor and the generator, enabling the conversion of wind's kinetic energy into electrical
power. A thorough understanding of the drive train's components, design factors, and associated

challenges is key to enhancing the performance and reliability of wind turbines.
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The drive train typically comprises several key components: the main shaft, gearbox, coupling,
and generator. The main shaft connects directly to the rotor, transmitting the rotational motion induced
by wind forces. Depending on the turbine design, this shaft may be a low-speed or high-speed shaft. In
most conventional wind turbines, the low-speed main shaft is coupled to a gearbox, which steps up the
rotational speed to match the operational requirements of the generator. The gearbox is a critical
component, as it must withstand significant mechanical stresses while efficiently converting the slow

rotational speed of the rotor into the higher speed needed for electricity generation [38].

The gearbox design is influenced by the need to balance efficiency, durability, and weight [21].
It usually consists of multiple stages, with each stage employing different gear ratios to incrementally
increase the rotational speed. However, gearboxes are also one of the most failure-prone components
in wind turbines, primarily due to the variable and harsh operating conditions they endure. Failures can
arise from factors such as misalignment, improper lubrication, material fatigue, and excessive loads
caused by gusty winds or grid disturbances [39]. These challenges necessitate robust design practices,
including the use of high-quality materials, advanced manufacturing techniques, and comprehensive
testing. To mitigate some of the challenges associated with gearboxes, some modern wind turbines
employ direct-drive systems. In these systems, the rotor is directly coupled to the generator,
eliminating the need for a gearbox. This design reduces mechanical complexity, enhances reliability,
and lowers maintenance requirements [40]. However, direct-drive systems require large, low-speed
generators, which can be more expensive and heavier than traditional generator designs. Despite these
trade-offs, direct-drive turbines are gaining popularity, particularly in offshore wind farms where
maintenance access is more difficult. Another critical aspect of the drive train is the coupling
mechanism, which connects the gearbox (or rotor in direct-drive systems) to the generator. The
coupling must accommodate misalignments, vibrations, and thermal expansions while transmitting
torque effectively. Various types of couplings are used, including rigid, flexible, and fluid couplings,

each offering different advantages depending on the specific application and operating conditions [41].

The generator, as the final component in the drive train, converts the mechanical energy from
the rotating shaft into electrical energy. The choice of generator type—typically synchronous or
asynchronous—depends on factors such as cost, efficiency, and grid connection requirements.
Synchronous generators are often preferred for their ability to operate at a constant speed, which
simplifies grid integration. Asynchronous (induction) generators, on the other hand, are more robust
and can tolerate variable speeds, making them suitable for turbines that operate in fluctuating wind

conditions [42].
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The overall performance of the drive train is influenced by various factors, including the
aerodynamic efficiency of the rotor, the mechanical efficiency of the gearbox, and the electrical
efficiency of the generator. Therefore, optimizing the drive train requires a holistic approach,
considering the interactions between all components and their impact on the system's energy

conversion efficiency.

The dynamics of a drive train in wind energy conversion systems (WECS) can be modeled
using different levels of complexity, commonly referred to as the one-mass, two-mass, and three-mass
models. These models help capture the behavior of the drive train, including the interaction between
the rotor, gearbox, generator, and sometimes other components. The choice of model depends on the

level of detail required for the analysis.

I. 5.1 One-Mass Model

The one-mass model is the simplest representation of the drive train, as depicted in Figure L.8.
In this model, the entire drive train is considered as a single rigid mass. This approach assumes that the
rotor, gearbox, and generator are all rigidly connected without any flexibility or compliance between
them. The one-mass model is typically used for basic analysis where the detailed dynamics of the drive
train are not critical, such as in steady-state or basic dynamic studies [1,25]. This model is governed by
a single equation of motion that relates the total inertia of the drive train to the applied torque and

rotational speed.

ol X

Jeq

Figure I. 8 One-Mass Drive Train Model

In this model, the equation of motion is:

w gy T (1.28)
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Where:

. Jeq represents the equivalent inertia of the entire drive train, encompassing the rotor,

gearbox, and generator.
e o, is the angular velocity of the rotor (and the entire drive train, since they are treated as
one mass).

e T isthe mechanical torque generated by the wind turbine blades due to wind energy.

o T ¢ 18 the electromagnetic torque exerted by the generator as it converts mechanical energy

into electrical energy.

This model assumes that the components are perfectly rigidly connected, meaning there is no
flexibility or compliance in the drive train. The one-mass model is sufficient for scenarios where a
broad overview of system performance is needed, such as initial design considerations or in control

strategies where high-frequency dynamics are not critical.

I. 5.2 Two-Mass Model

The two-mass model adds more complexity by considering the rotor and generator as separate
masses connected by a flexible shaft, usually representing the gearbox. This model accounts for the
torsional flexibility of the shaft, which introduces the possibility of torsional oscillations between the
rotor and generator. The two-mass model is governed by two coupled differential equations—one for
the rotor and one for the generator [25,44]. The flexibility between the two masses allows for a more
accurate representation of the drive train dynamics, especially when considering transient responses,

such as those caused by wind gusts or changes in load [43].

The dynamics are described by two coupled differential equations:

d
J Zf =T,-K.(6,-6,)-D, (o, -o,) (129)
J, ng - K,(6,-6,)+D,(w,~w,)-T, (130)

Where:

e J, is the inertia of the rotor, and J, is the inertia of the generator.
* o, and , are the angular velocities of the rotor and generator, respectively.

e O and (9g are the angular displacements of the rotor and generator, respectively.
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e K represents the stiffness of the shaft connecting the rotor and generator, and D, represents
the damping effect of the shaft.

e T and T, . remain the mechanical and electromagnetic torques, respectively.

The inclusion of shaft stiffness and damping introduces the possibility of oscillations and
resonance phenomena between the rotor and generator, which are essential to consider for accurate
dynamic analysis and for designing effective control systems. This model is widely used in the
analysis of wind turbine drive trains, especially in the context of control strategy development and load

analysis.

I. 5.3 Three-Mass Model

The three-mass model further increases the complexity by introducing an additional mass,
typically representing the gearbox or other intermediate components in the drive train. In this model,
the rotor, gearbox, and generator are each considered as separate masses, connected by flexible shafts.
This model captures even more detailed dynamics, including the interaction between different
components and the potential for complex oscillatory behavior [1,47]. The three-mass model is
governed by three coupled differential equations, making it the most detailed and accurate
representation of the drive train dynamics. This model is particularly useful for analyzing the effects of

control strategies, mechanical resonances, and other dynamic phenomena in the drive train [45,48].

The equations governing the three-mass model are:

J d;;f =T,-K,(6,-0,)-D,(0,-,) (131)
1y K (0,-0,)+ D (0,-0,) K (0,0) Doy =0,) 3
J, dzg K, (0,-0,)+ Dy (0, —0,)-T, (133)
Where:
o J,, is the inertia of the gearbox.

® @, is the angular velocity of the gearbox.

e 0

. 18 the angular displacement of the gearbox.
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e K, and K, are the shaft stiffnesses between the rotor-gearbox and gearbox-generator,

respectively.

e D, and D, are the corresponding damping coefficients.

These equations form the basis for analyzing the dynamics of wind turbine drive trains. The
three-mass model is particularly useful for advanced control design, where precise modeling of the

system dynamics is required to ensure stability and performance under various operating conditions.

In summary, the choice between a one-mass, two-mass, or three-mass model depends on the
required accuracy and the specific aspects of the drive train dynamics that are of interest. The one-
mass model offers simplicity, while the two-mass and three-mass models provide increasingly detailed

insights into the dynamic behavior of the drive train [25,43,45].

I. 6 Modeling of Squirrel Cage Induction Generator

The Squirrel Cage Induction Generator (SCIG) is widely used in wind energy conversion
systems due to its robustness, simplicity, and cost-effectiveness [54]. Modeling the SCIG is essential
for analyzing its dynamic behavior and designing control strategies. The state-space model of the
SCIG provides a mathematical representation that captures its dynamics under different operating
conditions. This model is based on the d-q axis theory, which simplifies the analysis by transforming

three-phase quantities into two-phase quantities.

1.6.1 Basic Principles of SCIG

The SCIG operates on the same principle as an induction motor but functions as a generator
when the rotor is driven above the synchronous speed. In this mode, it converts mechanical energy into
electrical energy. The Squirrel Cage rotor consists of short-circuited bars, which makes the machine
robust but also means that it lacks the ability to control rotor currents directly, unlike wound rotor

machines.

1.6.2 d-q Axis Modeling of SCIG
The d-q axis modeling is a standard approach for representing the SCIG in a reference frame
that rotates synchronously with the stator magnetic field. This approach leads to the following set of

differential equations that describe the electrical and mechanical dynamics of the SCIG.

1.5.2.1 Stator and Rotor Voltage Equations
The stator and rotor voltage equations in the d-q reference frame are derived from Faraday's

Law and are given by:
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Where:

I,,I

«- 1, are the d-axis and g-axis stator
s qs

R, is the stator resistance.

o, 1s the rotor angular velocity.

R_ is the rotor resistance.

1.6.2.2 Flux Linkage Equations

do
V.=RI, +—%—od
ds s—ds dt qs
do,,
I/qs = Rqus + + a)(Dds
(1.34)
do
0=R1, +—*—(0-0,),
do,,
0=RI, + - +(w-,)0,

V.., V,, are the d-axis and g-axis stator voltages.

currents.

@, , @  are the d-axis and g-axis stator flux linkages.

w is the synchronous angular velocity.

@, , P are the d-axis and g-axis rotor flux linkages.

The flux linkages are related to the currents by the following equations, considering the mutual

inductance between the stator and rotor:

q)ds =
CDqS =
(Ddr =
®, =

Where:

e L is the stator inductance.

e L is the rotor inductance.

LsIds + LmIdr
LI, +L,I,

LmIds + LrIdr
LI, +L1,

(L35)

L, is the mutual inductance between the stator and rotor.
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1.6.2.3 Mechanical Equation
The mechanical dynamics of the SCIG are governed by the following equation, which

represents the balance of torques on the rotor:

aw,
dt

JZL =T —T -FW, (136)

Where:

e J is the moment of inertia of the rotor.

e T isthe mechanical torque applied to the rotor.
e T is the electromagnetic torque generated by the machine.

e F isthe damping coefficient representing friction and windage losses.

The Electromagnetic torque 7, is given by:

3
T =5P(<I) 1,-®,1,) (137)

e ds™ gs

Where P is the number of pole pairs.

1.6.3 State-Space Representation of SCIG
To derive the state-space model of the SCIG [54], the equations are rearranged to express the
time derivatives of the state variables (currents and rotor speed) as a function of the state variables

themselves and the inputs (voltages and mechanical torque).

Let the state vector x be defined as:

I
I

x=|1, (1.38)
I

The state-space model can be expressed in the form:

dx

E A(a))x+Bu (L.39)

Where:
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e 4 isthe system matrix that encapsulates the dynamics of the SCIG.
e B isthe input matrix.

Vds
* u=|V, | isthe input vector.

T

m

1.6.4 System Matrix A and Input Matrix B

The matrices A and B are derived from the stator and rotor voltage equations, flux linkage

equations, and the mechanical equation.

The matrix A is given by:

__ R o 0 -L, 0 ]
LS Rs _Lm LS
- L, L, 0 0
—-L R
0 m _ r _ ) O
A= L L (©-o,) (140)
-L
=0 - (a) -o, ) _R 0
L L,
0 0 0 0 1
L J
The matrix B is given by:
L 0 O
LS
B=| 0 L 0 (L41)
L, '
0O 0 0
0 0 0
10 0 -1}
The Nonlinear state-space model of the SCIG is given by [54]:
{ x=AQy).x+B.u
3pLm 1.42
Yy=Tem = _pz (x2x3 — X1%4) (142)

The state-space model of the SCIG provides a comprehensive mathematical framework for

analyzing and controlling the generator's behavior. This model is essential for the design of advanced
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control strategies in applications like wind energy conversion systems, where the ability to manage the

dynamic response of the generator directly impacts the efficiency and stability of the overall system.

1.7 Dynamic Modeling of Wind Energy Conversion Systems (WECS)

The rotation of the turbine blades is caused by the wind. In Figure 1.9, the high speed shaft is
connected to the gearbox. The gearbox then converts the turbine's slow, high-torque rotation into a
more suitable rotation speed for the generator. The generator's rotor is linked to the gearbox through a

second shaft called the high speed shaft. This arrangement produces aerodynamic power known as P, .
Equation (1.42) describes this power, where C, represents the power coefficient that corresponds to

the maximum kinetic energy extractable from the wind. According to Betz' theory, this extraction is

limited to 59.3% [49]. Additionally, p denotes the air density, R stands for the radius of the wind

turbine blades, and v represents the wind speed.

2.3
P, =05p7RV'C,(4,[) (1.43)
G SCIG AC/DC DC/AC
—_— ear
2 dE[=
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Figure I. 9 Schematic Diagram Of The WECS Based SCIG.

The power coefficient is defined by [6,8]

C,(M)=Cr(M)*r (1.44)

The torque coefficient C-(A) can be described by a polynomial function of the Tip-Speed
Ratio A [6,54]
Cr (V) = a A’ +ah’ +a M +a)’ + a,\* +ah+a, (1.45)

The tip-speed ratio is defined by
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_O,R

v

A

(1.46)

Where R is the blade radius and o, is the Turbine Speed. The expression of the aecrodynamic

torque as a function of the wind speed v is defined by [50]:
r,, =0.5p7RV'C.(4, ) (L47)

The dynamics of the WECS can be expressed rendered as the high-speed shaft (HSS):

dQ, n
J h—_T -T 1.48
h dt G wt em ( )

Where I' , is the aerodynamic torque, parameterized by the wind speed.

I' . is the electromagnetic torque . J, is inertia rendered in the high-speed shaft (HSS) [51].

The expression of electromagnetic torque as a function of the electromagnetic torque reference:

dp _ Law v (149)
dt T, T,

With u=T_ " and 7, =0.02 is the electromagnetic torque subsystem time constant.

m

1.8 Linearization of WECS (Wind Energy Conversion Systems)

Dynamic linearization of nonlinear systems is a very common practice. It consists in linearizing
the nonlinear state model locally around a nominal operating point, in order to obtain a locally valid

linear model under the assumptions of small deviations around the operating point [52].

Wind Energy Conversion Systems (WECS) are inherently nonlinear due to the complex
interactions between their various components, including the wind turbine, gearbox, and generator.
These nonlinearities predominantly stem from aerodynamic forces acting on the turbine blades, the
variable power coefficient, and the fluctuations in wind speed. For the application of linear control
techniques, it is essential to linearize the WECS around a specified operating point to simplify the

analysis and design process [52].

This subsection is dedicated to presenting the linearized models of various WECS
configurations. These models are derived by integrating the primary components: aerodynamics,
drivetrain, and electrical generator. The linearization process involves approximating the nonlinear
system dynamics by a linear model around a particular equilibrium point, which facilitates the

application of linear control methods. In the context of grid-connected WECS, the critical inputs
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include the wind speed, stator voltages, and, depending on the generator type and control strategy,
rotor voltages. These inputs are crucial for the regulation of power output and maintaining
synchronization with the electrical grid. The control strategies for grid-connected systems often
involve advanced techniques such as Maximum Power Point Tracking (MPPT) to ensure optimal
performance and grid stability. Conversely, stand-alone WECS, which operate independently of the
grid, rely on the load as a primary input. The load affects the system’s power balance and stability,
requiring precise management to maintain efficient operation. In these systems, control strategies may
focus on load matching and storage solutions to stabilize the energy output and ensure continuous

operation.

By analyzing the linearized models of these different configurations, we gain a deeper
understanding of the dynamic behavior and performance characteristics of WECS. This insight is
crucial for developing and implementing effective control strategies tailored to various operational

scenarios, such as optimizing power output and managing standalone system performance.

The intended method strives to stabilize a fixed operational state aligned with the peak power
coefficient while concurrently optimizing a performance metric amid variations around this point.
Consequently, it is imperative to derive the linearized model of the system centered on this specific

operational point. It's essential to note that 4, represents the tip speed value at which the maximum

energy conversion efficiency is achieved. Subsequently, in the context of a variable x within the

model, the subsequent notations are employed:

szx—)?;A_xz

(L50)

_ Ax
X =x —_
x

optimal operating point )

The linear model of the turbine is derived from the nonlinear characteristics (1.46) using Taylor
Series Expansion Method, as described in [52]. Simplified linear approximations of the power (1.42)
and torque (1.46) functions are crucial in the analysis of the basic process performance and in

controller synthesis. The aerodynamic torque can be expressed in terms of the C,(4) function [52]:

_ RV (1)

C, (4 L51
" @) »(4) (L51)

Using the definition (1.45) of 4, we can determine the partial derivative with respect to turbine

speed at the operating point (OP) as follows:

1.52
2 W5y Yy w7, (1.52)

or,|  mpR[C,(A)R C,(%)
0w,

0.p.
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o1, PRV,
awTL,,. 2af, GO =C,A) (153)
e )= d%rjﬂ(ﬁ) (1.54)

o.p.
The partial derivative with respect to wind speed is derived in the same manner, it equals

or
omw|, »

7sz2

2o T—2(3C, ()~ C, (A A) (L55)

Normalizing the variables with respect to the operating point, denoted by the bars on top,

simplifies the linearized torque model to:
AT, (1) = yAw, (1) + (2= 7)Av(?) (156)

Where AT =AT

wt

/th , =Av/v and y depends on the chosen operating point:

() A —C, ()
C, ()

(1.57)

With C,(4)=dC,(4)/dA (inour case, A=

opt )

The parameter y is contingent on the operating point's C,(4) function and is known as the

torque parameter. The aerodynamic power, represented as P, =T, ,.@, , is derived from this:

wt

AP, (1) = AT, (t)+ Ao, (1) = 1+ PAw, (1) + (2~ 1)AW(?) (158)

wt

These equations are valid for all points where the power coefficient C,(1) is defined and

differentiable. In the stall region, y is positive, leading to an unstable system. Determining the torque
parameter can be numerically challenging at low tip speed ratios, as it requires dividing small C, (1)
values.

It has been proposed that the turbulence in wind speed arises from filtering a white noise signal,
denoted as e(t) , through a low-pass filter. This conceptualization yields the wind model as follows:

A7) = —Ti Av(t)+ Ti e(t) = Ti (e -2v(0) (1.59)

w w w

Where T, =L/ v , 1s the time constant of a first-order shaping filter , computed as [31-53].

With L being the turbulence length, which depends of the site roughness.
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Chapter 1
Linearizing the equation that describes the dynamics of the interaction between the

Electromechanical subsystem and the turbine rotation through the drive train given by

do_r 1 (1.60)
dt

wt

, we can derive the following equation:
J,Aw=AT,,-AT,, (L61)

Where Jo=wJ T, (1.62)

represents the mechanical time constant. Equation (1.55), when differentiated with respect to time and

combined with equations (1.58) and (1.60), gives

—~

ATm(z)—Jl( W (O=AT,, () + 2T_ y)(e(r)—A_v(z)) (L63)

This, along with equation (1.60), forms the state-space matrix equation:

x(t) = Ax(t) + Bu(t) + Le(r) (1.64)
Where x(t) = [Aa)(t) AT (t)] is the state vector, u(¢) = AT, is the control input and
0 JL _JL 0
A= T oLB=| T L=|(2-7v) (1.65)
ror_ 1 v 7
T J, T, J, w

The output (measurement) variable is characterized as the normalized change in the tip speed

ratio: AA(¢) = A4/ A . Therefore, the output equation is
y(t) = C.x(t) (1.66)

2 1
Where C:l:(z_y) _(2—y)} (1.67)

Equations (I1.64) and (1.66) depict the linearized model of the wind power system.

1.9 CONCLUSION

This chapter has presented a comprehensive modeling of the wind energy conversion chain

We began with an overview of wind turbine designs, detailing the components and their respective
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roles. This was followed by an exploration of wind turbine aerodynamics, including the modeling of
wind itself, which serves as the foundation for simulating the control methods discussed in subsequent
chapters. Next, we examined how the kinetic energy of the wind is converted into electrical energy
within wind energy conversion systems. We also provided a detailed analysis of the drive train,
modeling all its variants. The squirrel cage induction generator was then selected, defined, and
modeled, as it forms the basis of the wind energy conversion system studied in this thesis. Finally,
recognizing the need to apply linear control techniques, we linearized the wind energy conversion
system around a specific operating point to facilitate the analysis and design process. In the next
chapter, we will analyze the dynamic behavior of the wind energy conversion system, aiming to
maximize captured energy through the implementation of five different controllers: the standard On-
Off controller, the improved On-Off controller, the improved fuzzy On-Off controller, and the sliding

mode controller.
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II. 1 Introduction

The pursuit of renewable energy sources has intensified in recent years, driven by the
imperative to address the challenges of climate change and the need for sustainable energy solutions.
Among these sources, wind energy has emerged as a prominent contender due to its abundance and
low environmental impact. To harness this energy efficiently, wind energy conversion systems
(WECS) have been developed, with a critical focus on optimizing their performance through various
control strategies. One of the most effective methods employed is the Maximum Power Point Tracking
(MPPT) control strategy, which plays a pivotal role in maximizing the energy output from wind
turbines under varying operational conditions. MPPT control strategies are designed to extract the
maximum available power from wind by dynamically adjusting the operational parameters of the
turbine in response to fluctuations in wind speed. This chapter delves into the principles and
methodologies underlying MPPT control strategies in WECS, examining their significance in
enhancing energy capture and overall system efficiency. It begins by exploring the theoretical
foundations of MPPT. The discussion will highlight the advantages and limitations of each approach,
emphasizing the necessity of selecting an appropriate MPPT strategy based on specific environmental
conditions and system configurations. Furthermore, this chapter will analyze recent advancements in
MPPT technologies, integrating insights from both simulation studies and practical implementations.
By evaluating the effectiveness of these strategies, we aim to contribute to the ongoing discourse on
optimizing wind energy conversion, ultimately fostering the transition towards more efficient and

sustainable energy systems.

II. 2 Literature Review and Related Works

II. 2.1 Related Works

In recent years, there has been significant progress in the development of Maximum Power
Point Tracking (MPPT) techniques for wind energy conversion systems (WECS). These techniques are
crucial for optimizing energy capture under varying wind conditions and improving the overall
efficiency of wind turbines. Among various optimization algorithms, particle swarm optimization
(PSO) has gained prominence due to its effectiveness in addressing multiple objectives, including
maximizing power output and minimizing mechanical stress. A notable contribution in this field is the
work by Coello et al. [75], who proposed a PSO variant that integrates Pareto dominance alongside a
secondary particle repository and a specialized mutation operator to enhance the exploration
capabilities of the algorithm. In a similar vein, Sierra and Coello [76] developed a multi-objective PSO
approach that employs Pareto dominance combined with a crowding factor for leader selection. These

advancements aim to refine control strategies in WECS, specifically targeting the reduction of torque
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ripple—a common issue that can lead to performance degradation. Chen and Chen [77] introduced a
modified power control strategy that employs current control methods to effectively reduce shaft
torque ripple, with experimental validation conducted on a 1.2 kW WECS. Additionally, Erfort et al.
[78] optimized a vertical axis wind turbine model utilizing genetic and gradient-based methods to
minimize torque ripple, finding that sinusoidal blade pitching plays a critical role in diminishing torque
variations. In their research, Brahmi et al. [7] proposed an Improved On-Off control strategy based on
a hysteresis function, optimized through PSO to effectively track the maximum power point while
simultaneously minimizing chattering and mechanical stress in WECS. Kahla et al. [79] introduced a
fuzzy sliding mode controller optimized with multi-objective grey wolf optimization (MOGWO),
focusing on enhancing power capture and reducing load stress. Furthermore, Hannachi et al. [80]
compared the performance of Artificial Bee Colony (ABC) and Ant Colony Optimization (ACO)
algorithms in tuning an On-Off controller, demonstrating that ABC outperformed ACO in maximizing
power output and minimizing performance metrics such as Integral Absolute Error (IAE). Hannachi et
al. [81] also optimized a permanent magnet synchronous generator (PMSG) within WECS using PSO
for effective MPPT, achieving efficient operation across varying wind speeds. A comparative study
investigated four MPPT techniques—Perturbation and Observation (P&O), Optimal Torque (OT), On-
Off control, and Tip Speed Ratio (TSR)—highlighting the OT technique as particularly effective in
maximizing power extraction. Additionally, an innovative Advanced Torque Ripple Unit (ATRU) was
introduced by Gupta et al. [82], along with a modified power control strategy, with experimental
results confirming its effectiveness in mitigating torque ripple. Emerging techniques, such as the
variable-step perturb and observe (VS-PO) method proposed by Youssef et al. [83], have shown
promise in enhancing MPPT efficiency. This approach segments the operating region into sectors and
dynamically adjusts step sizes, validated on large-scale grid-tied WECS. Moreover, Al-based methods,
including Artificial Intelligence based Adaptive P&O (AIAPO), have reported substantial
improvements in MPPT efficiency, achieving a power output increase of 37.93% compared to
conventional methods [84]. Other innovative strategies, such as the integration of the trapezoidal rule
with the P&O algorithm, have also been proposed, demonstrating superior results in voltage stability
and overall power output [85]. The continuous advancement of MPPT techniques and optimization
algorithms, encompassing PSO, fuzzy logic, and Al-based approaches, is essential for enhancing
power extraction and minimizing torque ripple in WECS, thereby driving forward the evolution of

wind energy technology.

II. 2.2 Different MPPT Methods
Maximum Power Point Tracking (MPPT) is crucial for optimizing the efficiency of Wind

Energy Conversion Systems (WECS) by ensuring operation at the optimal point to extract maximum
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power under varying wind conditions. WECS operate in distinct regions based on power generation

capabilities, as illustrated in Figure IL1. The cut-in wind speed (V,,_,, ) represents the minimum

velocity required to initiate power generation, while the rated wind speed (¥, ) defines the point at

which the turbine reaches its nominal power capacity. MPPT algorithms primarily operate in the

and V

rated

intermediate region between V.

tin where power extraction is maximized, as shown in
Figure I1.2 . Various control strategies are implemented in this region to optimize performance by

adjusting turbine speed, voltage, and duty cycle.
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MPPT techniques can be categorized based on their dependency on wind speed sensors, as
categorized in Figure II.3. Speed sensor-based methods rely on direct wind speed measurements,
typically using anemometers, to optimize turbine performance. Examples include Tip Speed Ratio
(TSR) control [59], which maintains an optimal ratio between blade tip speed and wind speed, and
Power Signal Feedback (PSF) control [60], which adjusts turbine parameters based on predefined
power curves. Sensorless methods eliminate the need for wind speed sensors, reducing system
complexity and cost. These include Perturb and Observe (P&O) [61], which iteratively perturbs
operating points and observes power output changes, Incremental Conductance (INC), which adjusts
turbine operation based on real-time power variations, and Optimal Relation-Based (ORB) control,

which utilizes predefined power-speed relationships to track the optimal point.

Hybrid approaches combine multiple techniques to enhance robustness and adaptability,
overcoming the limitations of conventional MPPT methods. Intelligent control strategies such as
Fuzzy Logic Control (FLC) [63] and Neural Networks (NN) provide adaptive decision-making and
predictive capabilities. Additionally, Metaheuristic optimization techniques, including Genetic
Algorithm (GA) [64] and Particle Swarm Optimization (PSO) [13], further improve tracking efficiency

by optimizing the search for the maximum power point.

MPPT algorithms can also be classified into Direct Power Control (DPC) and Indirect Power

Control (IPC) approaches. DPC methods directly regulate electrical power output (sze) by

continuously adjusting turbine parameters, with examples such as P&O, INC, and ORB. IPC methods

rely on precomputed wind speed-power curves to optimize mechanical power (P ), incorporating

wind

strategies like TSR and PSF control.

Recent research has introduced modifications to conventional MPPT methods, such as adaptive
step-size P&O, which enhances tracking speed and stability. Hybrid techniques that integrate heuristic
optimization with conventional MPPT methods demonstrate improved performance under dynamic
wind conditions. Smart MPPT controllers, including FLC and NN-based approaches, offer superior
adaptability by learning from historical data and real-time environmental variations. Comprehensive
studies have highlighted the continuous evolution of MPPT strategies, underscoring their critical role
in maximizing energy extraction from WECS. As renewable energy systems advance, the integration
of intelligent and hybrid MPPT techniques is expected to drive further improvements in wind energy

harvesting.
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MPPT Algorithms for WECS
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Figure Il. 3 Classification of MPPT Algorithms for WECS.

I1. 2.2.1 Indirect Power Control (IPC) Based MPPT Algorithms
Indirect Power Control (IPC)-based Maximum Power Point Tracking (MPPT) algorithms are

widely employed in renewable energy systems, particularly in wind energy conversion systems, to
maximize power extraction. Unlike conventional MPPT methods that directly regulate the system’s
power output, IPC-based approaches adjust specific system parameters that indirectly influence power
generation. This strategy enhances the efficiency of maximum power point tracking. A comparison of

various IPC-based techniques is provided in Table II.1.

Features of the MPPT Algorithm TSR PSF oTC
Efficiency High efficiency = Moderate efficiency  High efficiency
Complexity Less Less Less
Convergence Speed Higher Higher Higher
Oscillations at MPP No No No

Prior knowledge Not needed Needed Needed
Memory requirement No Yes No
Sensors for wind speed measurement Yes Yes No
Parameter Sensitivity Yes Yes Yes

Cost Very High Moderate Moderate
Online Updating No No No
Performance under fluctuating wind speed  Moderately Fair Moderately Fair Moderately Fair

Table Il. 1 Comparison of IPC based MPPT Algorithms for WECS [91].

II. 2.2.1.1 Tip Speed Ratio (TSR) Control
Tip Speed Ratio (TSR) control [65] is a fundamental strategy in the operation of wind energy

conversion systems (WECS). The TSR is defined as the ratio between the tangential speed of the wind

turbine blade tips and the wind speed. Mathematically, it is expressed as:
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ok

TSR = (IL1)

1%

where ©, is the rotational speed of the turbine, R is the radius of the rotor, and v is the wind
speed. Maintaining an optimal TSR is crucial for maximizing the aerodynamic efficiency of the wind

turbine, as it ensures that the turbine operates at its maximum power coefﬁcient(Cpmax), thereby

extracting the maximum possible energy from the wind [1,66].

In practice, TSR control involves adjusting the rotational speed of the turbine to match the
variations in wind speed. This is typically achieved by controlling the generator torque, blade pitch
angle, or both [22]. When the wind speed increases, the rotational speed must be increased
proportionally to maintain the optimal TSR, and vice versa. TSR control is especially important in
variable speed wind turbines, where it allows the system to adapt to changing wind conditions, thereby
optimizing energy capture and reducing mechanical stresses on the turbine [1,67]. However, the
implementation of TSR control requires precise measurements of wind speed and turbine rotational
speed, as well as an accurate model of the turbine's aerodynamic characteristics [68]. Advanced control
algorithms, such as those based on optimization techniques, are often employed to fine-tune the TSR

control strategy, improving the overall performance and reliability of the WECS [67].

Figure 11.4 illustrates the schematic diagram of the Wind Energy Conversion System (WECS)
utilizing the Tip-Speed Ratio (TSR) method.
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Figure Il. 4 The Schematic Diagram of The WECS Utilizing The TSR Method.
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II. 2.2.1.2 Power Signal Feedback (PSF) Control
Power Signal Feedback (PSF) Control is a method used in wind energy conversion systems to

optimize energy extraction by maintaining the wind turbine’s rotor speed near its optimal value,
regardless of fluctuating wind conditions. The approach centers on a pre-determined reference power
curve, which indicates the ideal power output of the turbine at various wind speeds. This curve,

derived from the turbine's characteristics, serves as a benchmark for desired performance.

PSF control operates through a feedback loop that continuously monitors the actual power
output and compares it with the reference power. When a discrepancy is detected, the control system
adjusts the rotor speed through mechanisms such as pitch control or generator torque modification,
thus bringing the turbine back to its optimal operating condition. A crucial element of PSF control is
the accurate estimation of wind speed. Since direct measurement at the rotor plane is difficult, various
techniques, including sensor fusion and indirect measurements, are employed to estimate wind speed
effectively. This estimation informs the control system's adjustments, ensuring alignment with the
reference power curve. The control strategy in PSF involves dynamically modulating control inputs
based on the deviation between actual and reference power. This allows the system to maintain optimal
performance across varying wind conditions, maximizing efficiency and energy capture [69]. PSF
control is particularly advantageous in its simplicity and effectiveness, making it a popular choice in
wind energy systems. It can also be integrated with other control strategies, such as Maximum Power
Point Tracking (MPPT), to further improve performance [70]. By maintaining the power coefficient at
its peak value, PSF ensures that the turbine operates efficiently, maximizing the energy extracted from
the wind and enhancing overall system performance. Figure I1.5 illustrates the schematic diagram of

the Wind Energy Conversion System (WECS) utilizing the Power Signal Feedback (PSF) method.
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Figure Il. 5 The Schematic Diagram of The WECS Utilizing The PSF Method.
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II. 2.2.1.3 Optimal torque control - OTC
Optimal Torque Control (OTC) is a sophisticated control strategy employed in variable-speed

Wind Energy Conversion Systems (WECS) to optimize the amount of energy extracted from the wind.

The core objective of OTC is to ensure that the wind turbine operates at its optimal tip-speed ratio

(Aopt ), thereby maximizing the aerodynamic efficiency of the turbine, which is represented by the
power coefficient (Cp). By adjusting the generator torque (Tg) in relation to the rotor speed (oor),

OTC ensures that the turbine operates at the maximum power point (MPP) under varying wind

conditions [73].
The amount of power extracted from the wind can be expressed by the equation:

1
P, =3 AC, (A)v° (I1.2)

Where P, denotes the mechanical power extracted from the wind, p is the air density, 4 is the
swept area of the turbine blades, C, (/1) represents the power coefficient, and V is the wind speed. The

swept area A can be calculated as 7R, with R being the rotor radius. The power coefficient C ,isa

function of the tip-speed ratio (/1) , which needs to be optimized to maximize the extracted power.

The tip-speed ratio (/1) is defined as:

J=—x (IL3)

Where o, = o, is the rotor speed and v is the wind speed. For the turbine to operate at its most

efficient point, the rotor speed must be adjusted to maintain the optimal tip-speed ratio, /101,, ,which

corresponds to the maximum value of C ,» [74]. This relationship ensures that the turbine extracts the

maximum amount of energy from the wind.

The mechanical power produced by the wind turbine is related to the generator torque (Tg) and

the rotor speed ((Dr) by the equation:

P =T, o (IL4)
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Substituting the expression for the mechanical power extracted from the wind into this

equation, we get:

1
T, o, =3 AC, ()7’ (IL5)

At the optimal tip-speed ratio (/1

opt ), the power coefficient C, (/1 )is maximized. To derive

opt
the optimal control law for generator torque, we first express the wind speed v in terms of rotor speed

and tip-speed ratio:

y=—t (IL6)

3
1 o, R
B, =5 pAC, (Ao )(TJ (IL7)

This simplifies to:
1 R
P, =EpACp(/1 )Tw (1L.8)

Since B, is also given by T,.0,, we can solve for the generator torque 7, :

1 R
T, = pAC, (Zupe )Tw (IL9)
opt

The constant &, which encapsulates the turbine's physical characteristics, is defined as:

3 C,(4,
k=lpAcp(zopt) R . =% ”( ft)anS (1.10)
2 iopt opt
Thus, the optimal torque control law can be written as:
T,=T =k’ (IL11)

g em r

In the absence of wind speed measurements, the goal of maximizing conversion efficiency can

be attained by generating an optimal torque reference through equation (I1.12), which depends solely
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on a limited set of turbine parameters and basic measurements of generator speed €2, , as illustrated in

Figure I1.6.
]jg* = T:m - Nopt "gghiopt2 (1112)
With
C Q
ot = l pgopt ( h )3 TERS (II 13)
2 )“0 t (‘Qh)G
v.A
Oy opt = (IL14)
o, = = 2 (IL.15)
r T T T A .
G
Where G is the Multiplier ratio.
Also, the mechanical power law can be written as:
P =P =ko’ (IL.16)

In practice, the OTC strategy requires real-time adjustments based on rotor speed
measurements. The control system continuously monitors the rotor speed and calculates the
corresponding generator torque to ensure the turbine operates at the optimal tip-speed ratio. The
generator torque is modulated via power electronic converters, which adjust the current supplied to the
generator to achieve the desired torque. These converters are crucial for precise control, particularly in
variable-speed systems using generators like squirrel cage induction generators, doubly-fed induction
generators (DFIG) or permanent magnet synchronous generators (PMSG). Advanced control
techniques may also be integrated with OTC to handle system dynamics and time delays, ensuring
stable and efficient operation of the wind turbine. By maintaining the optimal torque-speed
relationship, OTC maximizes energy capture, improves system efficiency, and reduces mechanical

stress on the turbine components [73,74].
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Figure Il. 6 The Schematic Diagram Of The WECS Utilizing The OTC Method.

I1. 2.2.2 Direct Power Control (DPC) Based MPPT Algorithm
Direct Power Control (DPC)-based MPPT strategies are widely used in Wind Energy

Conversion Systems (WECS) for their ability to regulate power directly without relying on complex
wind speed measurements. These strategies primarily include Incremental Conductance (INC), Perturb
and Observe (P&0O), and Optimal Rotor Blade (ORB) MPPT algorithms. Unlike traditional methods
that track voltage or current, DPC adjusts the switching states of the power converter to control active
and reactive power. This approach enhances dynamic response and maximizes power extraction
efficiency from the wind turbine. A comparison of the DPC-based techniques is presented in Table

I1.2.

Features of the MPPT Algorithm P&O INC ORB
Efficiency Low Low Moderate
Complexity Simple Simple Simple
Convergence Speed Slow Slow Medium
Oscillations at MPP Yes Yes No
Prior knowledge Not needed Not Needed Not Needed
Memory requirement No No Yes
Need of Sensors for measuring wind speed Not Needed Not Needed No Needed
Parameter Sensitivity No No Yes
Cost Moderate Moderate High
Online Updating Yes Yes No
Performance under fluctuating wind speed  Moderately Fair Moderately Fair Moderately Fair

Table Il. 2 Comparison of DPC based MPPT Algorithms for WECS [91].

II. 2.2.2.1 Perturb and Observe (P& 0O) Control
The Perturb and Observe (P&O) control [61,71] method is commonly employed in wind energy

conversion systems (WECS) to achieve maximum power point tracking (MPPT). This method
operates by iteratively perturbing the system variables, such as rotor speed or duty cycle, and

observing the resulting changes in the output power. If the power increases after a perturbation, the
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control system continues adjusting the variable in the same direction; otherwise, it reverses the
direction of perturbation [71,72]. In the context of wind energy, the P&O algorithm attempts to
maximize the power extracted from the wind by adjusting the rotor speed toward the optimal tip speed
ratio (TSR), which corresponds to the point at which the wind turbine achieves maximum aerodynamic
efficiency. This iterative process allows the turbine to continually adjust to varying wind speeds and

maintain optimal energy capture.

While P&O is straightforward to implement and computationally efficient, it has some
limitations, particularly under rapidly changing wind conditions. The algorithm can cause oscillations
around the maximum power point (MPP) because of the continuous perturbations, which may reduce
system efficiency. Moreover, in cases of large wind speed fluctuations, the algorithm can become slow
in tracking the new MPP, thus affecting the overall performance of the wind turbine [71,72]. To
mitigate these drawbacks, more sophisticated variants of P&QO, or alternative control strategies such as
Incremental Conductance (INC) or optimization-based methods, may be employed to enhance tracking

precision and reduce power losses associated with oscillations.

I1. 2.2.2.2 Hill Climb Search (HCS)
In wind energy conversion systems (WECS), Hill Climb Search (HCS) [62] shares similarities

with the Perturb and Observe (P&QO) method , particularly in their use of iterative search processes to
optimize performance. P&O is commonly used in Maximum Power Point Tracking (MPPT)
algorithms for both photovoltaic systems and wind energy systems, where it iteratively perturbs the
operating point (such as rotor speed or generator torque) and observes the resulting change in power
output [72]. In the context of WECS, P&O works by slightly adjusting the control parameters, such as
the generator's speed, and measuring the change in power. If an increase in power is observed, the
perturbation continues in the same direction. If the power decreases, the direction of the perturbation is
reversed. This process continues until the maximum power point is reached, analogous to the goal of

Hill Climb Search.

The Hill Climb Search algorithm operates in a similar fashion but focuses on broader control
variable adjustments. It evaluates neighboring solutions to find the best local performance, whether in
terms of maximizing power or minimizing torque ripple. However, like P&O, HCS can suffer from the
issue of getting trapped in local optima, especially in nonlinear systems like WECS, where the power
curve may have multiple peaks. To enhance the performance of both P&O and HCS, hybrid
approaches are often explored. These may involve combining HCS with global optimization

techniques like Particle Swarm Optimization (PSO) or Multi-Objective Particle Swarm Optimization
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(MOPSO) to overcome the limitations of local search and find better solutions in complex and

dynamic wind energy systems.

I1. 2.2.2.3 Incremental Conductance (INC) Algorithm
The Incremental Conductance (INC) algorithm is an effective Maximum Power Point Tracking

(MPPT) technique for wind energy conversion systems (WECS) [86], ensuring optimal power
extraction by dynamically adjusting the system’s operating point in response to variations in wind
speed. The core principle of the INC algorithm is based on the derivative of power with respect to
voltage, which determines whether the system operates at, below, or above the Maximum Power Point
(MPP). At the MPP, the power derivative is zero, meaning that no further adjustment is needed.

Mathematically, this condition is expressed as

L 0 (IL.17)
dv
Where P represents the power generated, and V denotes the terminal voltage of the generator.

By applying the chain rule, this derivative expands to

P dl

—=I1+V— (IL18)
dv dv

Where I is the current. Based on this equation, the algorithm evaluates the power variation and

determines the appropriate control action.

I . . .
It a >—1/V, the system operates below the MPP, requiring an increase in the duty cycle of

. dl . o I
the power converter. Conversely, if j—v <—1/V, the operating point is beyond the MPP, necessitating

. I . .
a decrease in the duty cycle. When(f—V:—I/V, the MPP is reached, and the control action is
maintained.

The implementation of the INC algorithm in a wind energy system involves continuous
monitoring of voltage and current, computing incremental conductance, and dynamically adjusting the
power converter’s duty cycle. This process ensures that the system adapts efficiently to variations in
wind speed, maintaining operation at the optimal power point. The real-time decision-making
capability of the INC method allows it to respond effectively to rapid wind fluctuations, enhancing

energy capture and overall system efficiency. Additionally, by accurately determining the slope of the
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power curve, the algorithm minimizes unnecessary oscillations around the MPP, leading to stable and

efficient operation.

One of the key advantages of the INC algorithm is its ability to improve power extraction under
variable wind conditions. Since wind speed changes frequently, the system must continuously track the
optimal operating point to ensure maximum efficiency. The INC method achieves this by evaluating
small variations in voltage and current and making precise adjustments accordingly. This results in
enhanced energy yield and improved performance of the wind turbine-generator system. Furthermore,
the method reduces steady-state oscillations around the MPP, contributing to the stability and

reliability of the overall system.

Despite its benefits, the INC algorithm presents certain challenges that must be addressed for
optimal implementation. The computational complexity of the method is higher compared to simpler
MPPT techniques, as it requires differentiation operations and real-time calculations. This necessitates
the use of a fast and efficient microcontroller capable of handling the processing requirements.
Additionally, the accuracy of the algorithm is highly dependent on the precision of voltage and current
measurements. Small sensor inaccuracies or noise in the measurements can lead to incorrect decisions,
affecting the overall tracking efficiency. To mitigate these issues, advanced filtering techniques and

proper calibration of sensors are essential.

In practical applications, the INC algorithm demonstrates strong adaptability to dynamic wind
conditions, making it a suitable choice for modern wind energy conversion systems. By continuously
optimizing power extraction, it enhances the efficiency of wind turbines and contributes to improved
energy generation. Its ability to quickly detect and adjust the operating point ensures reliable
performance even in fluctuating environmental conditions. Proper tuning of the control parameters
further enhances the responsiveness of the system, allowing for smooth and efficient operation. The
Incremental Conductance algorithm remains a valuable MPPT technique, ensuring optimal utilization
of wind energy resources while maintaining stability and efficiency in wind energy conversion

systems.

I1. 2.2.2.4 Optimal Relation-Based (ORB) control
The Optimal Relation-Based (ORB) control is a mature MPPT strategy in which wind speed

measurement is not required and the response to wind speed change is fast [8§7]. ORB control ensures
MPPT using a precalculated look-up table which is structured with the aid of knowledge of optimum
relationships among various system parameters [88]; for instance, the power versus shaft speed , the
power versus torque, the power versus rectified dc-link voltage and the dc-link voltage and dc-side

current. The ORB control is simple to implement, has good dynamic response, requires no wind speed
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sensor, can produce smoother output power when compared with the other strategies and is widely
used in commercial WECSs [89]. The main drawback of ORB control is that system pre-knowledge is
a requisite, which varies from one system to the other and may even change with the system aging

[87]. Furthermore, ORB control may require lots of memory space [90].

II. 2.2.3 Smart MPPT Algorithms
Intelligent controllers such as neural networks (NN) and fuzzy logic controllers (FLC), along

with various soft computing-based algorithms [91], have been widely explored in the literature. These
approaches are particularly attractive for wind energy conversion system (WECS) applications, as they
do not require detailed mathematical modeling of the system. However, their accuracy in optimizing
control variables remains somewhat limited. Additionally, numerous adaptive algorithms, which
operate without mechanical sensors, have been developed to handle system uncertainties under optimal
conditions. This section provides a brief overview of FLC, NN, and sensorless MPPT algorithms. A

comparative analysis of smart MPPT algorithms for WECS is presented in Table II.3.

Features of the MPPT Algorithm FLC NN Sensorless
Efficiency Higher Higher Moderate
Complexity Higher Higher Higher
Speed of Convergence Medium Medium Medium
Oscillations at MPP Do not occur Do not occur Depends
Prior knowledge Needed Needed Not Needed
Memory Required Required Required
Need of Sensors for wind speed measurement Depends Depends Not Needed
Parameter Sensitivity Depends Depends Not found
Cost Higher Higher Lower
Online Updating Required Required Depends
Performance under fluctuating wind speed Higher Higher Higher

Table II. 3 Comparison of Smart MPPT Algorithms for WECS [91].

II. 2.2.3.1 Fuzzy Logic Controller (FLC) Based MPPT Algorithm
A Fuzzy Logic Controller (FLC)-Based MPPT Algorithm [91] is an intelligent control strategy

used to optimize the performance of Wind Energy Conversion Systems (WECS). Unlike traditional
MPPT (Maximum Power Point Tracking) methods such as Perturb and Observe (P&O) or Incremental
Conductance (INC), which rely on fixed algorithms, FLC provides a more adaptive and robust

approach by effectively handling nonlinearities and uncertainties in the system.

Fuzzy Logic Control (FLC) operates based on linguistic rules rather than precise mathematical
models, making it particularly suitable for dynamic and unpredictable environments like wind energy
systems. The FLC structure used in MPPT consists of three main stages. The first stage is
fuzzification, where numerical inputs are converted into fuzzy linguistic variables. These variables

nn

represent qualitative states such as "low," "medium," or "high," which help define the system’s

Advanced control structure based on the Frequency Separation Principle of a Wind Energy Conversion System (WECS)



Chapter 11 MPPT Control Strategy Of Wind Energy Conversion System

behavior under different conditions. The second stage is the inference engine, which applies a
predefined set of fuzzy rules in the form of IF-THEN statements to determine the appropriate control
action. These rules are formulated based on expert knowledge of the system’s response to wind
variations. The final stage is defuzzification, where the fuzzy output is converted into a crisp numerical

control signal that can be used to adjust the system’s operating point toward the maximum power point

(MPP). The input variables of the fuzzy controller are typically the error (E ) and the change in error

(AE ) The output of the FLC is a control variable that adjusts the generator speed or the

electomagnetic torque or duty cycle of the power converter to track the MPP efficiently. By
continuously adjusting the control action based on these input variables, FLC ensures that the wind

turbine operates at the optimal power coefficient, even under varying wind speeds.

The effectiveness of the FLC-based MPPT algorithm depends on the fuzzy rule base, which
defines the system’s response to different conditions. The rule base typically consists of a matrix
where each combination of error and change in error values corresponds to a specific control action.
For example, if both the error and change in error are negative, the controller may increase the duty
cycle significantly to extract more power. Conversely, if both values are positive, the system reduces
the duty cycle to avoid overshooting the MPP. A well-optimized rule base ensures that the system
moves toward the maximum power point smoothly without excessive oscillations. One of the main
advantages of the FLC-based MPPT algorithm is its adaptability to varying wind conditions. Unlike
conventional MPPT techniques that rely on fixed-step perturbations, FLC dynamically adjusts its
control strategy based on real-time conditions. This makes it highly effective in dealing with the
nonlinear characteristics of wind turbines and power converters. Another significant benefit is that
FLC does not require an explicit mathematical model of the wind energy system, making it easier to
implement in systems where modeling is complex or impractical. Furthermore, FLC offers robust
performance in the presence of system noise and parameter variations, making it a reliable choice for

real-world applications.

Despite its advantages, FLC-based MPPT also presents some challenges. One of the primary
difficulties is the computational complexity associated with real-time processing. Since FLC involves
multiple fuzzy rules and inference calculations, it requires a microcontroller or digital signal processor
(DSP) with sufficient processing power. Additionally, designing an efficient fuzzy rule base requires
expertise and experimentation to ensure optimal performance across different operating conditions.
Another limitation is the defuzzification process, which can introduce computational overhead,

especially if a large number of fuzzy sets and rules are used.
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The FLC-based MPPT algorithm provides a powerful and flexible approach for maximizing
wind power extraction in WECS. Its ability to handle nonlinearities and uncertain conditions makes it
a promising alternative to conventional MPPT methods. However, its successful implementation
requires careful tuning of fuzzy rules, appropriate selection of membership functions, and adequate
computational resources to handle real-time processing demands. When designed and optimized
correctly, an FLC-based MPPT controller can significantly improve the efficiency and reliability of

wind energy systems, making it a valuable tool for modern renewable energy applications.

I1. 2.2.3.2 Neural Network (NN) Based MPPT Algorithm
Neural networks have emerged as a powerful tool for optimizing the performance of wind

energy conversion systems [135], particularly in the field of maximum power point tracking (MPPT).
Traditional MPPT algorithms, such as perturb and observe (P&O) or incremental conductance (INC),
rely on iterative searching methods that introduce oscillations and slow convergence when tracking the
optimal power point. In contrast, neural network (NN)-based MPPT algorithms provide a fast and
accurate approach by leveraging machine learning to model the nonlinear relationship between wind

speed, rotor speed, and power output.

The neural network-based MPPT algorithm is designed to estimate the optimal control
parameters for the wind energy system based on input variables such as wind speed, rotor speed,
generator voltage, and output power. The neural network consists of three main layers: the input layer,
hidden layers, and output layer. The input layer receives real-time sensor data from the wind turbine
system, while the hidden layers process this information through activation functions such as ReLU,
Sigmoid, or Tanh. These hidden layers extract complex relationships between the input variables and
enable accurate predictions of the optimal operating conditions. Finally, the output layer generates the
control signal, which may correspond to the optimal power coefficient, the duty cycle of the converter,
or the reference torque setpoint. To develop a robust NN-based MPPT algorithm, the neural network
undergoes a training process using historical or simulated wind turbine data. This training phase
involves collecting data that maps different wind conditions to corresponding MPPT setpoints. The
network is trained using optimization techniques such as backpropagation and gradient descent,
minimizing the error between predicted and actual power output. Once trained, the neural network is
validated through testing under various wind speed scenarios to ensure its accuracy and generalization
capability. After successful validation, the trained model is deployed in real-time control, where it

continuously updates MPPT control signals based on real-world operating conditions.

One of the key advantages of NN-based MPPT algorithms is their ability to achieve fast

convergence without the oscillations observed in traditional MPPT methods. Since the neural network
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predicts the optimal setpoint directly rather than iteratively searching for it, the system responds
rapidly to changes in wind speed, thereby improving the overall efficiency of power extraction.
Additionally, neural networks provide adaptive control by learning from variations in the wind profile,
generator characteristics, and environmental factors. Unlike conventional methods, which may
struggle with abrupt wind speed changes, NN-based MPPT can dynamically adjust to varying

conditions, ensuring continuous operation at the maximum power point.

Despite their advantages, neural network-based MPPT algorithms come with certain
challenges. The quality of training data is a crucial factor influencing the network's performance. Poor
or insufficient data can lead to inaccurate predictions, reducing the effectiveness of the MPPT control.
Furthermore, implementing neural networks in real-time control requires computational resources, as
the inference process can be more complex compared to traditional MPPT techniques. Advanced
microcontrollers, field-programmable gate arrays (FPGAs), or digital signal processors (DSPs) may be
needed to handle the real-time execution of the NN-based MPPT algorithm. Additionally, ensuring the
generalization of the trained model across different wind turbines and environmental conditions
remains an ongoing research challenge. Compared to conventional MPPT techniques, neural network-
based MPPT offers superior performance in terms of tracking speed, accuracy, and adaptability. While
perturb and observe (P&O) and incremental conductance (IC) methods rely on step-based searching,
which results in power fluctuations, NN-based MPPT provides a smoother and more precise control
strategy. Fuzzy logic-based MPPT techniques offer similar adaptability but require extensive rule-
based tuning, whereas neural networks can automatically learn the optimal control strategy through
data-driven training. Due to these advantages, NN-based MPPT is increasingly being adopted in
advanced wind energy systems, particularly in smart wind farms where artificial intelligence-driven

control is essential for maximizing energy yield.

The application of neural network-based MPPT extends beyond standalone wind turbines to
hybrid renewable energy systems, where optimizing power extraction is crucial for ensuring system
stability. Offshore and remote wind farms, where maintenance is challenging, also benefit from NN-
based MPPT, as it reduces mechanical stress on turbine components by minimizing unnecessary
fluctuations in generator torque. As machine learning and artificial intelligence continue to advance,
NN-based MPPT algorithms are expected to evolve further, incorporating deep learning techniques
and reinforcement learning to enhance their adaptability and efficiency. Future developments may also
include the integration of neural networks with predictive maintenance strategies, allowing wind
energy systems to not only maximize power output but also extend the lifespan of turbine components

through intelligent control.
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II. 2.2.3.3 Smart Sensorless MPPT Algorithms
Smart sensorless Maximum Power Point Tracking (MPPT) algorithms for Wind Energy

Conversion Systems (WECS) have garnered significant attention due to their ability to optimize power
extraction without relying on mechanical sensors [91]. Traditional MPPT methods depend on wind
speed sensors, anemometers, or rotary encoders to determine the optimal operating point of the wind
turbine. However, these sensors increase costs, require frequent maintenance, and are prone to
reliability issues in harsh environmental conditions. Sensorless MPPT techniques overcome these
challenges by leveraging electrical measurements, such as voltage and current, to estimate critical

system parameters, ensuring efficient and robust power optimization.

These algorithms utilize estimation techniques and advanced control strategies to track the
optimal power point without direct mechanical measurements. Among them, Artificial Intelligence
(Al)-based sensorless MPPT techniques have emerged as promising solutions for WECS.
Reinforcement Learning (RL) algorithms, in particular, continuously learn and refine MPPT strategies
through real-time interaction with the system, enhancing adaptability and performance in highly

variable wind conditions.

Sliding Mode Observers (SMO) are widely used in sensorless MPPT implementations due to
their robustness against system uncertainties. By analyzing electrical signals, SMO-based MPPT
techniques estimate rotor and wind speeds with high accuracy and noise resistance, making them
particularly suitable for environments where sensor failures could compromise performance. Another
advanced approach, Model Predictive Control (MPC), predicts future system behavior based on past
and present measurements. By dynamically adjusting control parameters, MPC ensures maximum
power extraction while accounting for system constraints and disturbances, achieving fast and efficient

optimization without mechanical sensors.

Additionally, smart sensorless MPPT algorithms employ Extended Kalman Filters (EKF) and
adaptive observers to estimate unmeasured states such as wind speed, rotor position, and torque. These
advanced filtering techniques process electrical measurements in real time, compensating for modeling
inaccuracies and measurement noise. The resulting improved state estimation enhances MPPT

precision and stability, particularly in fluctuating wind conditions.

The advantages of smart sensorless MPPT algorithms in WECS are substantial. By eliminating
mechanical sensors, they reduce system complexity, maintenance costs, and failure risks while
improving reliability through robust state estimation and control strategies. Furthermore, these
techniques enable real-time adaptation to rapidly changing wind conditions, enhancing power tracking

efficiency. As technology advances, the integration of Al, machine learning, and predictive control in
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sensorless MPPT algorithms is expected to further enhance the efficiency and resilience of wind

energy systems, making them increasingly viable for large-scale renewable energy deployment.

I1. 3 Problem Statement

For a low-power horizontal-axis WECS operating in the partial load region [54], the control
problem focuses on maximizing the energy extracted from the wind. Let's assume that the
aerodynamic and drive train models are not fully available, and only a limited set of constructive
parameters is known. Additionally, only the high-speed shaft variables, generator variables, and wind
speed can be measured. The problem of maximizing captured energy can be addressed using linear
methods to determine the control law. However, their real-world performance depends heavily on the
accuracy of the system parameters used in control, as well as on intrinsic nonlinearities and parametric
variations. As a result, nonlinear methods are often preferred. These approaches typically employ
simple and robust control laws that minimize the sensitivity of the controlled system to WECS
parameters and unmodeled dynamics. Given that key WECS parameters, such as the optimal specific
speed and maximum aerodynamic efficiency, are unknown, MPPT algorithms generally aim to

maintain the optimal operating point by ensuring that AP, / Aw, equals zero, where P, represents the
aerodynamic power and wj, is the angular velocity of the low-speed shaft. The control input, which

defines the wind turbine's speed reference, is therefore dependent on the position of the operating point
and its directional shift, as indicated by the sign of AP, /Aw, (refer to Figure 11.7 and Table 11.4).
Since the rotor power cannot be directly measured, an estimated value, derived from the measurement

of active power, is used to identify the operating point, resulting in a static approach. Furthermore, the

generator speed 1s measured to estimate the angular velocity of the low-speed shaft.

dF,
dt
<0 >0
dw,
dt
<0 Wy - Case | Wy N - Case 11
>0 Wy \ - Case 111 Wi 7 - Case IV

Table Il. 4 MPPT Control Logic.

In this approach, the rotational speed is controlled according to the position of the operating

point on the power curve, steering it towards the maximum available power. However, the search for
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maximum power, influenced by wind speed fluctuations and the high inertia of the turbine, presents
several drawbacks. The most notable are significant estimation errors and the occurrence of high-

frequency power variations, which negatively impact the system's overall reliability.

To address the first drawback, heuristic methods have been employed, which estimate wind
speed and identify the characteristics of the power coefficient [55,56]. For the second issue, certain
extensions of MPPT algorithms, developed through fuzzy control techniques [57,58], have proven
effective. These lead to more advanced and flexible controllers. The rule base is designed to maintain

the operating point at a low value of AP, / Aw,, , representing an extension of the control logic outlined
in Table I1.4. The variation in rotational speed, Aw,, occurs in steps and is adjusted based on the

distance from the optimal operating point, as well as its direction of movement and speed.
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Figure Il. 7 Decision Case For MPPT Control On The Static Power Curve Of A WECS.

I1. 4 Standard On-Off Controller

Standard On-Off control is a robust technique used in wind energy conversion systems
(WECS) with a squirrel cage induction generator (SCIG) connected to the grid [5]. Its primary
function is to maximize the power extracted from wind energy by controlling the system's operation
near its optimal point. This method achieves efficiency by dynamically adjusting the generator's
electromagnetic torque in response to varying wind conditions. Through continuous monitoring, it
ensures the torque closely aligns with the optimal value, promoting effective power capture. The
approach minimizes energy losses, enhancing system reliability and performance under fluctuating

wind speeds.
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I1. 4.1 Controller Design

This method operates on the premise that the WECS is capable of promptly adapting to low-
frequency fluctuations in wind speed, which is particularly true for systems with lower power ratings.
Therefore, to optimize energy conversion, it suffices to apply the torque control value corresponding to

the system's steady-state operating point. For this purpose, a framework utilizing the Standard On-Off
controller can be implemented to eliminate the error e(t) = 4, —jl(t) , Where E(t) is derived from the

low-frequency component of the wind speed v, .

LR (IL.19)

Vs

The structure illustrated in Figure I1.8 is chosen for its robustness in managing the parametric

uncertainties characteristic of any WECS [92,93]. The control law associated with this diagram

generates the steady-state torque reference T;n , which is composed of two components:

r, =u+u" (IL.20)

Where the equivalent command, ©#“/ is a component corresponding to the optimal operating

point (at iopt ), and proportionally depends on the squared low-frequency wind speed, vsz :

u® =0.5mp.R> V2. €, () _ D (@) (I1.21)

G.\opt G

As the control loop is imposed to operate in self-oscillations, u” is a high-frequency alternating

component, which switches between two values, +4 and - with 8 >0.

u" = B.sign(c) (I1.22)

(Figure I1.8) shows a schematic diagram of the standard On-Off controller.
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Figure Il. 8 Block Diagram Of The Standard On-Off Controller.

The component u*/ is designed to guide the system toward the optimal operating point, while
u" plays a crucial role in stabilizing the system's behavior once it reaches that point. The control input

in this scenario spans a broad frequency range, which means that the time constant 7;; of the

electromagnetic subsystem (EMS) can no longer be overlooked. To address this, a zero-order hold
(ZOH) was introduced to constrain the switching frequency of the control loop. When this frequency
becomes excessively high, the EMS dynamics accelerate beyond the loop's ability to control it
effectively. Additionally, the introduction of ZOH increases the system's order, enabling stabilization

through the phenomenon of self-oscillation [92].

II. 4.2 Simulation Results

The evaluation of the On-Off Control's effectiveness was carried out by simulating the wind
energy conversion system and applying the proposed control strategy within the MATLAB/Simulink
framework. The parameters governing the WECS, provided in Table B.1 of Appendix B., were used to
configure the system. The simulation spanned a duration of 80 seconds, during which the wind profile
had an average velocity of approximately 11 m/s. Furthermore, the analysis considered two distinct
levels of turbulence intensity—low and high—both generated in accordance with the von Karman

turbulence model, as prescribed by the standards of the International Electrotechnical Commission

(IEC).
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11.4.2.1 Low Turbulence Stochastic Wind Speed

To obtain a more accurate evaluation of the on-off controller's performance, a low-turbulence

stochastic wind model was employed. Specifically, the wind model proposed by C. Nichita [19] was

used for simulation purposes, with detailed modeling provided in Chapter I, Section 3.1. This model

generates a time-varying wind profile derived from white noise, which is then processed through the

transfer function of the von Karman irrational filter. The parameters of this filter depend on the

characteristics of the site and the inherent properties of the wind, as shown in Figure I1.9.
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By analyzing the performance of the standard On-Off controller using the low-turbulence

stochastic wind speed model (Figure I1.9), it became apparent that the inclusion of the sign function in
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the control law generated a pronounced chattering effect, which was clearly reflected in the
electromagnetic torque curve (Figure I1.10). This chattering resulted in considerable vibrations and
fluctuations in the generator's mechanical speed curve (Figure II.11). Moreover, although the standard
On-Off controller succeeded in tracking the optimal power coefficient (CP), it did so inconsistently,
struggling to maintain stable and continuous tracking of the maximum power point (Figure 11.12). The
corresponding electrical power curve (Figure I1.13) indicates that the controller reached a peak power
output of 10.9 kW under optimal wind conditions, particularly when the wind speed attained its

highest value.

11.4.2.2 High Turbulence Stochastic Wind Speed

To evaluate the resilience of the On-Off controller, it was crucial to analyze its performance
under various operational conditions. Thus, simulations were performed utilizing a high-turbulence
wind model to investigate the controller's behavior in challenging environments. Figure II.14 illustrates

the highly turbulent stochastic wind model employed in the simulations.
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By analyzing the performance of the standard on-off controller under different conditions using

a high-turbulence stochastic wind speed model (Figure II.14), it became clear that the inclusion of the

sign function in the control law introduces a pronounced chattering effect, which is clearly visible in
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the electromagnetic torque curve (Figure I1.15). This chattering results in large oscillations and
fluctuations in the mechanical speed curve of the generator as well as its decreasing due to the effect of
high-turbulence wind speed (Figure II.16). Furthermore, although the standard on-off controller
successfully tracked the optimum power coefficient (CP), it did so inconsistently and with poor
performance under high-turbulence wind conditions, where it struggled to maintain a stable and
continuous tracking of the maximum power point (Figure II.17). The corresponding electrical power
curve (Figure I1.18) indicates that the controller, due to the high turbulence winds that slowed the
generator speed, significantly decreased the electrical power output, reaching a peak power output of

9.8 kW under optimum wind conditions, especially when the wind speed reached its highest value.

I1. 5 Improved On-Off Controller

Following the analysis of the results of the on-off controller discussed in the previous section,
several drawbacks have surfaced, primarily due to the presence of the sign function in the control law.
The most critical of these is the chattering phenomenon, which can excite high-frequency oscillations,
potentially leading to system damage. To address this issue, numerous methods have been proposed in
the literature. In this section, we propose an improved on-off controller as a solution to the chattering

problem by integrating a first-order filter into the discontinuous part of the control.

II. 5.1 Controller Design

To mitigate the torque fluctuations caused by the control input, a modified control law, derived
from Equation (I1.22) [93], is proposed. This revised controller not only offers robustness against
parametric uncertainties but also helps to reduce torque variations resulting from the switched control

component. The block diagram of this improved controller is illustrated in Figure I1.19.
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mod

The modified control law, ™, contains an additional low frequency component, denoted ",

obtained by filtering the alternate component, »" (Figure 11.19):

umod :ueq +1/ln _|_u”f (1123)
Where:
. K
unf :un' S (1124)
Tfs+1

The filtering time constant Ty, results in imposing a maximum allowable ripple for u™;
regarding the gain K¢ , a sufficient value may be Ky = Au®1™?*, o, T/B, where Au®d™@* represents

the maximum expected value of the difference Au®land w, represents the cutoff frequency.

II. 5.2 Simulation Results

To guarantee a fair comparison between the Standard On-Off control and the Improved On-Off
control, the same low-turbulence and high-turbulence stochastic wind models from the previous
section were employed. This comparative study involved simulating a wind energy conversion system
and applying the corresponding control strategies within the MATLAB/Simulink environment. The
control parameters for the WECS, as specified in Table B.1 of Appendix B., were utilized to set up the
system. The simulation was conducted over a period of 80 seconds, during which the average wind

speed was approximately 11 m/s.
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I1.5.2.1 Low Turbulence Stochastic Wind Speed

As mentioned earlier and as in the previous chapter which studies the Standard on-off
controller in detail, to obtain a more accurate evaluation of the performance of the improved on-off
controller, a low-turbulence stochastic wind model was used. Figure 11.9 shows the wind model used in

the simulation.
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By comparing the performance of the Improved On-Off controller with that of the Standard
On-Off controller using a low-turbulence stochastic wind speed model (Figure I1.9), we found that the
standard controller was more effective in reducing the chattering issue, albeit not completely. In
contrast, the improved On-Off controller resulted in a notable increase in electromagnetic torque ripple
(Figure 11.20), which escalated due to the lower generator speed compared to the standard controller
(Figure I1.21). However, the improved On-Off controller demonstrated superior tracking of the optimal
power coefficient (CP) relative to its standard counterpart (Figure 11.22). This capability explains the
significant increase in electrical power produced by the improved controller compared to the standard
one (Figure I1.23). The electrical power curve (Figure 11.23) shows that the improved On-Off
controller achieved a peak output of 12.2 kW under optimal wind conditions, particularly at the highest

wind speeds.
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I1.5.2.2 High Turbulence Stochastic Wind Speed

As mentioned earlier, evaluating the adaptability of the Improved On-Off controller required a

thorough analysis of its performance across diverse operating conditions, alongside a comparison with

a Standard On-Off controller under the same scenarios. To achieve this, simulations were performed

using a high-turbulence wind model to investigate the controller's behavior in challenging

environments. Figure II.14 presents the high-turbulence random wind model utilized in these

simulations.
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By comparing the performance of the improved ON-OFF controller with that of the standard
ON-OFF controller using a high-turbulence stochastic wind speed model (Figure I1.14), it becomes
evident that the improved ON-OFF controller excels in enhancing power output by more effectively
tracking the maximum power point. The results derived from testing under various operating
conditions using this high-turbulence wind model confirm the effectiveness of the improved ON-OFF
controller in significantly increasing electrical power production compared to the standard controller.
While the standard controller offers better mitigation of vibration issues, it does not completely resolve
them. In contrast, the improved ON-OFF controller, despite achieving superior power tracking,
introduces a noticeable increase in electromagnetic torque ripple (Figure 11.24), partly due to the higher
reduction in generator speed caused by vibrations compared to the standard controller (Figure I1.25).
Nevertheless, the improved controller demonstrates significantly better tracking of the optimal power
coefficient (CP), as illustrated in Figure I1.26. This capability accounts for the substantial increase in

electrical power output observed with the improved controller, as reflected in (Figure 11.27). The
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electrical power curve further reveals that the improved ON-OFF controller reaches a peak output of

11.8 kW under optimal wind conditions, particularly at higher wind speeds.

I1. 6 Enhanced Fuzzy On-Off Controller

As outlined in the previous sections, the standard on-off controller for electromagnetic torque
regulation suffers from a significant drawback—chattering—which adversely impacts the operational
lifespan of wind turbines. To address this issue, various methods have been explored in the literature.
In a prior study [50,54], a Fuzzy On—Off Synthesis Controller was introduced to enhance energy
extraction and eliminate chattering induced by mechanical stress. While this approach effectively
reduced chattering, it exhibited limitations in tracking the maximum power point. The primary goal of
this section is to design and evaluate an Enhanced Fuzzy On-Off Controller aimed at optimizing
energy harvesting. This improvement is realized by integrating a first-order filter into the
discontinuous portion of the control. To validate the effectiveness of the Enhanced Fuzzy On-Off
Controller in maximizing wind energy production and improving maximum power point tracking, its

simulation results are compared with those obtained from the Fuzzy On—Off Synthesis Controller.
I1. 6.1 Fuzzy On-Off Controller

As previously discussed in this chapter, it is important to recall that the control component

ensures the system operates at its optimal point, while the component u” plays a critical role in
stabilizing the system's dynamic response once this point is reached. The chattering phenomenon,

which emerges due to the term sign(c) in Equation (I1.22), can be mitigated by substituting the high-

frequency component u” with the fuzzy control law »/ . This adjustment significantly reduces
chattering, thereby resolving the issue and yielding the following new control law for the fuzzy on-off

controller [50,54]:
U, =u=u"+u’ (I1.25)

The equation below denotes the fuzzy control law u” .

Z;‘: (ei'uf’i'ufﬂ)
Zj: (ﬂm‘ﬂ(‘n‘ )

In this context, 8’ denotes the singular control in the i, rule, whereas p, and u, represent

u' =p7" =p. (I1.26)

the membership functions of ¢ and o in the i,, rule.

Figure 11.28 shows a schematic diagram of the Fuzzy On-Off controller.
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II. 6.2 Enhanced Fuzzy On-Off Controller Design

While the Fuzzy On-Off controller proves effective in mitigating the chattering issue that could
otherwise shorten wind turbine lifespan, as compared to the standard On-Off controller [5], additional
improvements are required to achieve optimal tracking of the maximum power point, thus maximizing
wind energy production. To this end, we propose an enhancement to the Fuzzy On-Off controller by
incorporating a first-order filter into its internal structure. This modification is intended to enhance the
controller's capability to more accurately track the maximum power point. The updated control law for

the Enhanced Fuzzy On-Off Controller is presented in Equation I1.27.

u =u+u’ +u” (I1.27)

new

u"” Represents a new component in the internal structure of the Fuzzy On-Off controller, as

depicted in Equation I1.28.

u" =y’ —L (11.28)
Ts+1
By incorporating a first-order filter, the detailed overall equation that results in the Enhanced

fuzzy on-off controller becomes as follows:

u,, = ln’R3 C, (jvopt) +ﬁ.2j91(9iﬂaiﬂdi) ! K,

2 G 3 (Htts) Ts+1

(11.29)

Figure I1.29 depicts a schematic diagram of the Fuzzy On-Off controller.
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In Table 1.5, the fuzzy sets used are as follows: NB for negative big, NM for negative

medium, NS for negative small, ZR for zero, PS for positive small, PM for positive medium, and

PB for positive big. The fuzzy rules for the output variable Z/ are detailed in Table IL5, aiming to
maintain system stability around the operating point by selecting a control law that keeps ¢ = 0 .
Enhanced Fuzzy On-Off Control utilizes fuzzy logic to address system uncertainty and minimize
chattering effects. The process of formulating fuzzy rules is similar to applying a saturation function,

with the control gain adjusting continuously along the on-off surface. For instance, to avoid chattering,

when o is PB and ¢ is PB, the control permits the PB value of Z’. The required fuzzy control law

is defined by equation II.26.

zf o

NB NM NS ZR PS PM PB

NB NB NB NB NB NM NS ZR

NM NB NB NB NM NS ZR PS

o NS NB NB NM NS ZR PS PM
ZR NB NM NS ZR PS PM PB

PS NM NS ZR PS PM PB PB

PM NS ZR PS PM PB PB PB

PB ZR PS PM PB PB PB PB

Table Il. 5 Fuzzy Rules.
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Figure II. 29 Block Diagram of The Enhanced Fuzzy On-Off Controller.

Figure I1.30 visually presents the linguistic values for o ,o and Z/ . We establish seven

triangular membership functions spread across the interval [—1, 1]. These functions are employed to

formulate 49 rules, as outlined in Table I1.5 , and are utilized in the simulation.
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II. 6.3 Simulation Results

To evaluate the effectiveness of the Enhanced Fuzzy On-Off control, the Wind Energy
Conversion System (WECS) and its control strategy were modeled and implemented in a
MATLAB/Simulink environment, with the results compared against those of the standard Fuzzy On-
Off control. The simulations used the WECS parameters provided in Table B.1 of Appendix B and
were conducted across two turbulence categories: low and high turbulence intensity, to assess
performance under diverse operating conditions. The simulations ran for 80 seconds, with an average

wind speed of around 11 m/s.

11.6.3.1 Low Turbulence Stochastic Wind Speed
Initially, the low-turbulence stochastic wind model depicted in Figure I1.9 was employed to
compare the performance of the Enhanced Fuzzy On-Off Controller with that of the Fuzzy On-Off

Controller.
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Upon reviewing the simulation results with low-turbulence stochastic wind speeds, several

critical observations emerge. First, the comparison of the results in Figure I1.31 reveals that, under

low-turbulence wind conditions (Figure IL1.9), the Fuzzy On-Off controller is more effective in
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reducing electromagnetic torque than the Enhanced Fuzzy On-Off controller. This reduction plays a
key role in extending the operational lifespan of wind turbines. However, when it comes to tracking
the maximum power point by following the optimal power coefficient (CP), the Enhanced Fuzzy On-
Off controller exhibits superior performance over the Fuzzy On-Off controller, as demonstrated in
Figure I1.33. Consequently, the Enhanced Fuzzy On-Off controller offers a distinct advantage in

maximizing power production, as shown in Figure 11.34.

11.6.3.2 High Turbulence Stochastic Wind Speed
To validate the efficiency and robustness of the proposed controller, the high-turbulence
stochastic wind model depicted in Figure II.14 was employed to compare the performance of the

Enhanced Fuzzy On-Off Controller against that of the standard Fuzzy On-Off Controller.
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When comparing the plots in (Figure 11.37) and (Figure I1.38), and in simulations with highly
turbulent wind speeds (Figure 11.14), the Enhanced Fuzzy On-Off controller demonstrates superior
performance over the Fuzzy On-Off controller in tracking the maximum power point, as depicted in
(Fig 11.37). This highlights its effectiveness in maximizing power output, as demonstrated in (Figure
I1.38). Conversely, it is important to note that in scenarios with highly turbulent wind speeds (Figure
I1.14), the Fuzzy On-Off controller exhibits better performance in reducing electromagnetic torque
ripple compared to the Enhanced Fuzzy On-Off controller, as shown in (Figure 11.35). However, it is

worth mentioning that both controllers exhibit noticeable chattering issues under these conditions.

I1. 7 Sliding Mode Controller

Sliding Mode Control (SMC) [94,95,96] is a robust variable-structure control technique widely
used in wind energy conversion systems due to its capacity to manage system uncertainties,

nonlinearities, and external disturbances, such as fluctuating wind conditions. This method operates by
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driving the system's state trajectory toward a defined surface, known as the sliding or switching
surface, and ensuring the system evolves along this surface until reaching equilibrium. The dynamics
of the system in this ideal sliding regime are fully governed by the parameters that define the surface,
resulting in a reduction of system order and rendering the system insensitive to disturbances in the
same direction as the inputs. SMC's robustness is crucial for maintaining performance despite
parameter variations or model mismatches, making it well-suited for dynamic environments like wind
energy systems. The ability of SMC to reject disturbances effectively ensures high tracking accuracy
and system stability, even in unpredictable and constantly changing wind conditions. However, a
common challenge associated with SMC is the chattering effect, characterized by high-frequency
oscillations near the sliding surface due to the control law's switching nature. In wind energy
applications, this can cause mechanical wear or noise, particularly affecting components such as the
generator and drivetrain. Despite this drawback, the primary objective of SMC in wind energy systems

is to optimize the capture of wind power while minimizing mechanical stress and energy losses.

I1. 7.1 Controller Design

Les Variable Structure Control (VSC) through Sliding Mode Control (SMC) was initially
proposed and developed in the Soviet Union during the early 1950s by Emelyanov, along with
researchers such as Utkin and Itkis [97]. Over recent decades, VSC and SMC have attracted
considerable attention from the System Control and Automation research community. SMC has been
employed not only for nonlinear systems but also for multi-input multi-output (MIMO) systems,
discrete-time models, large-scale and infinite-dimensional systems, and stochastic systems. Its most
notable characteristic is its complete robustness against parametric uncertainties and external
disturbances during sliding mode operation [98]. At its core, variable structure control utilizes a high-
frequency switching control law to direct the system's state trajectory toward a predefined surface in

the state space, referred to as the sliding or switching surface [99].

SMC presents two key advantages: the system's dynamic behavior can be precisely shaped
through the appropriate selection of the switching function, and the closed-loop system becomes
entirely insensitive to a specific class of uncertainties. Additionally, the ability to define performance

parameters directly enhances the appeal of SMC from a design standpoint.

Designing SMC involves two critical steps. The first step is to define a sliding surface such that
the system, once restricted to this surface, exhibits the desired behavior. This entails constraining the
state variables to satisfy a set of equations that define the switching surface. The second step involves
constructing a state feedback gain capable of driving the system's state trajectory onto this sliding

surface. These structures are grounded in the generalized Lyapunov stability theory [100].
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The sliding mode approach can also be used for tracking the energy optimum of a variable-
speed Wind Energy Conversion System (WECS). The sliding surface is systematically derived by
imposing a desired reduced-order dynamic, thus allowing the wind turbine to operate more or less
along the Maximum Power Point Tracking (MPPT) trajectory, depending on a trade-off imposed
between torque ripple (control input) and optimal path tracking. In this way, by controlling the

generator torque, a multi-functional optimization (energy-reliability) is effectively achieved.

The modeling is done under the assumption of a single-mass model and within the limited
frequency range of wind speed [101]. The power coefficient curve is considered to be known, and the
structural dynamics are negligible. The electric generator is ideal, meaning it has constant parameters.
Power losses result in constant efficiency for the wind speed range. From the equation of motion of the

high-speed shaft, the system equations are written as follows:

Qh (l‘) _ Tt (G.Qh,V) B Tem
iG'Jf) Te (I1.30)
em u
Tem (t) =- TG +E

Given that J, represents the inertia of the high-speed shaft (expressed as J, =J,, / G?, where

J,,, 1s the rotor inertia), and » denotes the reference for the electromagnetic torque, u = T;n , the goal

wt
is to design a sliding surface that enables the Wind Energy Conversion System (WECS) to operate

near the Maximum Power Point Tracking (MPPT) trajectory. For this to occur, the desired surface

must be wind speed-dependent, ensuring that its projection in the (ml,Pe) plane intersects the MPPT

trajectory at each wind speed.

The state equations (Equation I1..31) can thus be reformulated as:

x:f(x,t)+B(x,t).u (I1.31)
Where:
T; __Tem
f (%)= (JeG) (I1.32)
Lo
e
0
B(x,t): 1 (I1.33)
T
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The state equation is already presented in regular form [102]. As a result, the reduced-order

dynamic is represented by the following first equation:

T T

__em 0
‘ J,.G) J
- (:G) Il (IL34)
] | Te |7

e

0
Let G(x,u,t) represent the sliding surface. Equation (I1.34) and the condition 8—0.B(x,t) #0,
X

which ensures the existence of the equivalent control [96,103], impose that o # 0. For simplicity,

em

this is denoted as

c . . o
=a, # 0. Therefore, a preliminary expression for the switching surface can be

em

formulated as:
o(€.T,,) = 6,(8) +a3.T,,, (IL.35)
The equation o(€,,7,,)=0 implies that c,(€),)+a;.7,, =0, which simplifies to:
c,(Q)=-a,T, (IL36)

This equation shows that the function c,(€2,), related to the high-speed shaft angular velocity,
is directly proportional to the negative of the electromagnetic torque 7,,, with a, acting as the

em >

proportionality constant.

The behavior of the system on the sliding mode (i.e., on the sliding surface) can be represented

as equivalent to specific dynamics. By using relation (I1.34), we can derive:
oo
Q==——=[a a0, T, |’ (1137)
h

Where a, and a, represent the first-order dynamics on the sliding surface. From equation

(I1.37), it follows that:

1 T
T =——|“+t—a.J,. 11.38
em 1+3.2.Jh (G a; thj ( )

For simplification, let a, =1+a,.J, . Combining relations (I1.36) and (IL.38) with equation

(II.35) provides the expression for the sliding surface:
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a, = —TL (I1.39)
a,.0
a, = —— T (IL.40)
Temopt

Here, J, denotes the equivalent inertia assigned to the high speed shaft, and 7,, represents a
time constant. The parameter a, characterizes the time constant of the sliding mode dynamics. Steady-
state conditions are achieved by adjustinga,, thus defining the equilibrium on the sliding surface. In

this scenario, where energy optimization is crucial, the equilibrium point is set to the optimum (i.e., on
the Optimal operating characteristic). Consequently, the switching surface depends on the derivative of

a state variable (the rotational speed), which presents a challenge for real-time implementation. To

address this, a first-order high-pass filter with the transfer function , where T, =0.1s, can be

Trs+1
employed to approximate this derivative.
To determine the equivalent control, the following relation is used:

w_ [0 gl [eo o0
u [Gx.B} .{at+ax.f(x,t)} (IL41)

Next, the relevant expressions are calculated as follows:

06 p |00 G0 || |_L 0o (IL42)
Ox o, oI,
The partial derivatives of the sliding surface with respect to the electromagnetic torque and the

rotor speed are expressed as follows:

oo
E = 1+32.Jh (1143)
0o 1 oI,

— —a,J,——. 11.44
20, apJy, G oQ, ( )

According to equation (1.46), the partial derivative of the wind torque with respect to the rotor

speed is expressed as:

2 : J—
o, =0.5p.tR>V? oCr) _ KvR| Cp () . Cp (%) (IL.45)
oQ, oQ, G A
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With K =0.5p7R>, where CP(/I) represents the derivative of the power coefficient with

respect to 4, equation (I1.39) can be reformulated as follows:

0
—=a,J, —A(A,v 11.46
oo, (A, v) (I1.46)

Cp (M)A —Cp(h
A\, v)=KR>.v. e 3& o () (IL47)
Thus, the expression for the equivalent control u“ is given by:
e TG

u =T, ——%—(a,.J,Q, +a,J,.T,, )(a, - A(L,V)) (11.48)

em
1+a,J,

The parameter a, in equation (I1.40) can be dynamically adjusted using the following

expression:

ot (11.49)

With £>0 .

The fluctuations of the operating point around the optimal operating point can be minimized.
Expression (I1.49) is only valid near the optimal operating point (OOP); otherwise, the parameter a,
may increase significantly, causing the system to exit the normal operating regime. In the following
section, we demonstrate that as the value of & increases, the system more effectively achieves the

optimal equilibrium state (Qhameemapf) , resulting in improved tracking accuracy of the optimal regime

characteristic (ORC). Consequently, the system more precisely adheres to the control objective, which
is energy optimization. However, this also leads to greater control variations, which can impact system
reliability. This parameter regulates the control effort and can be used to balance the trade-off between
energy optimization and reliability. The on-off component of the sliding control law " is derived by
selecting the square of the sliding surface as the Lyapunov (energy) function. Therefore, we can

conclude:
u" =—Pp.sign, (o) (I1.50)

Where sign, () represents a hysteretic sign function with a width 7 .
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The overall sliding mode control law is the combination of the equivalent control component

and the on-off control component, given by:
u=u+u" (IL.51)

I1. 7.2 Simulation Results

To rigorously evaluate the effectiveness of Sliding Mode Control, the Wind Energy Conversion
System (WECS) and its associated control strategy were thoroughly modeled and simulated within a
MATLAB/Simulink environment. The WECS parameters, detailed in Table B.1 of Appendix B,
served as the foundation for the simulations, which were conducted under two distinct turbulence
intensities: low and high. This approach aimed to examine the controller's performance across a range
of operational conditions. Each simulation was executed over a duration of 80 seconds, with the wind

speed averaging around 11 m/s.

I1.7.2.1 Low Turbulence Stochastic Wind Speed

As with the earlier controller experiments detailed in the previous sections of this chapter, the
analysis of the Sliding Mode Controller (SMC) performance initially employed the low-turbulence
stochastic wind model depicted in Figure I1.9.
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Figure Il. 39 Electromagnetic Torque.
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The results obtained from using the sliding mode controller (SMC) to regulate the wind energy

conversion system, based on the low-turbulence stochastic wind speed model (Figure I1.9), reveal a

significant ripple in the electromagnetic torque (Figure I1.39). This ripple introduces considerable
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mechanical stress, which accelerates wear and reduces the lifespan of the wind turbine due to the
chattering phenomenon. The chattering induced large vibrations and fluctuations in the generator's
mechanical speed (Figure 11.40). Despite this limitation, the SMC demonstrated its effectiveness in
tracking the maximum power point by consistently maintaining a stable and continuous tracking of the
optimal power coefficient (Figure I1.41). This performance resulted in the generation of desirable
electrical power, as shown in (Figure 11.42), where the SMC achieved peak electrical power output of

13 kW under optimal wind conditions, particularly when the wind speed reached its highest value.

I1.7.2.2 High Turbulence Stochastic Wind Speed

Consistent with the previous control experiments outlined in earlier sections of this chapter,
validating the robustness of the Sliding Mode Controller (SMC) performance necessitated testing
under varying conditions; thus, the high-turbulence stochastic wind model presented in Figure II.14
was utilized.
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The results obtained from using the sliding mode controller (SMC) to regulate the wind energy
conversion system (WECS), based on the high-turbulence stochastic wind speed model (Fig. 11.14),
reveal an increase in the electromagnetic torque ripple due to high disturbances in the applied wind
speed (Fig. 11.43). This ripple introduces greater mechanical stress, which accelerates wear and reduces
the lifespan of the wind turbine due to the chattering phenomenon. Chattering causes large vibrations
and fluctuations in the mechanical speed of the generator, which are reduced by high disturbances in
the wind speed (Fig. 11.44). Despite this limitation, the sliding mode controller has proven its
robustness under varying operational conditions in tracking the maximum power point by consistently
maintaining a stable and continuous tracking of the optimum power coefficient (CP) (Fig. 11.45). This
performance resulted in good electrical power generation as shown in (Figure 11.46), although the
value of the generated electrical power decreased, SMC reached a peak electrical power output of 12.3

kW under optimal wind conditions, especially when the wind speed reached its highest value.
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I1.8§ CONCLUSION

In this chapter, we explored various control strategies for tracking the maximum power point
(MPPT) of wind energy conversion systems. After addressing the problem statement, we provided a
detailed explanation of different MPPT methods. A literature review followed, focusing on various
strategies for tracking the maximum power point. The standard on-off controller was introduced, but
its performance was hindered by a slight chattering issue due to the use of the sign function in the
control law. Additionally, it failed to consistently track the maximum power point, which necessitated
further improvements. To address this, an improved on-off controller was proposed by adding a first-
order filter to its internal structure. This enhancement led to more accurate MPPT tracking, improving
electrical power generation, but it also caused a notable increase in electromagnetic torque ripple,
which creates high oscillations that negatively impact the longevity of wind turbines. To address the
chattering issue, the literature proposed a fuzzy on-off controller, replacing the sign function with a
fuzzy logic controller. This approach proved effective in reducing torque ripple but introduced
instability in tracking the maximum power point, leading to incomplete MPPT tracking. Motivated by
these findings, an enhanced fuzzy on-off controller was proposed, with the addition of a first-order
filter to its internal structure. This solution improved tracking of the power coefficient (CP) and power
generation, although stability in tracking the maximum power point still required improvement.
Additionally, the comparison revealed that the fuzzy on-off controller outperformed in mitigating the
chattering problem. Analyzing the results of the previous controllers, it became evident that there
exists an inverse relationship between reducing electromagnetic torque ripple and maximizing power
production. Efforts to enhance power output resulted in increased chattering, which negatively affects
the turbine's lifespan. Conversely, reducing chattering to preserve the turbine's lifespan and minimize
maintenance costs led to a decrease in MPPT accuracy and, consequently, reduced energy production.
In the final section, a sliding mode controller (SMC) was explored, which demonstrated strong
performance in tracking the maximum power point and maximizing electrical energy production.
However, it too suffered from an undesirable level of chattering, further affecting wind turbine
durability. Through an analysis of all the controllers discussed, it was concluded that producers must
navigate a trade-off: either reduce maintenance costs and extend turbine lifespan by choosing a
controller that minimizes the chattering problem or prioritize maximum energy production while
accepting the associated maintenance costs. This chapter sets the foundation for addressing this
challenge, and in the next chapter, we will investigate metaheuristic methods to improve controllers
performance, aiming to simultaneously reduce electromagnetic torque ripple and maximize energy

production.
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I1I. 1 Introduction

Building on the previous chapter's discussion of the improved on-off controller, it is evident
that while performance enhancements have been achieved, the persistent chattering issue and
suboptimal tracking of the maximum power point (MPPT) remain unresolved challenges. This chapter
aims to address these issues by investigating various approaches to enhancing the performance of wind
energy conversion systems, particularly in terms of MPPT accuracy and the reduction of
electromagnetic torque ripple. A central focus of this chapter is the application of Metaheuristic
algorithms to optimize the parameters of the improved on-off controller. In the subsequent section, an
in-depth review of the evolution and application of metaheuristic algorithms is provided. Following
this, the third section examines the application of the single-objective particle swarm optimization
(PSO) algorithm, a well-established and reliable method, to refine the improved on-off controller with
the goal of reducing electromagnetic torque ripple. The fourth section introduces a more
contemporary approach, employing the whale optimization algorithm to fine-tune the parameters of
the improved on-off controller, with the aim of mitigating the chattering and vibration issues. As the
chapter progresses, the fifth section addresses the shortcomings identified in the previous sections,
which necessitated a revision of the controller’s internal structure. To ensure optimal energy
efficiency, the COOT algorithm is employed to identify the most effective parameters for this newly
proposed controller. In the sixth section, a multi-objective particle swarm optimization (MOPSO)
algorithm is applied to simultaneously enhance MPPT accuracy and minimize electromagnetic torque
ripple, providing a comprehensive solution to the challenges identified. The chapter concludes with a
synthesis of the findings, summarizing the outcomes and insights gained from the various

methodologies and experiments discussed throughout.

III. 2 Literature Review

I1I. 2.1 Hybrid MPPT Algorithms
This approach combines different conventional MPPT techniques or integrates smart-based

algorithms into the MPPT method to enhance the tracking of the maximum power point in a WECS.
Accordingly, hybrid MPPT methods can be classified as combinations of conventional algorithms,
conventional algorithms augmented with smart techniques, or conventional algorithms enhanced with
optimization methods. The following sections discuss various hybrid MPPT algorithms developed in

recent years to improve the performance of conventional MPPT techniques.
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III. 2.1.1 Combination of Conventional Algorithms
The combination of conventional algorithms, also known as hybrid conventional MPPT

algorithms, integrates multiple traditional MPPT techniques to enhance maximum power point
tracking. This approach offers greater robustness compared to standalone algorithms and contributes to
improved overall system performance. Table III.1 presents a summary of hybrid MPPT algorithms

based on Conventional techniques that have been explored and applied in WECS.

Type Of.MPP T Remarks Reference
Algorithms : i . - :
P&O + PSF Improvement in powetrheef}fli;éer?;}ﬁg;:};lng was achieved with [129]
onrs0 e
P&O+OTC the perturbation st size ofthe PO algorth t reach Py, 1131

Table lll. 1 Summary of Hybrid-Conventional MPPT Algorithms for WECS.

I1I. 2.1.2 Conventional + Smart Algorithms
Due to their intelligent capability in solving complex problems, smart-based algorithms have

been developed and integrated with conventional MPPT methods, as shown in Table III.2. This
integration enhances the robustness of the technique while reducing its dependence on the machine’s
characteristics. According to the literature, these combinations effectively overcome the limitations of
traditional methods, improving reliability and efficiency. Additionally, they enhance tracking speed

and increase accuracy.

Hybrid MPPT Description Algorithm Performance

Name Evaluation Reference

Fuzzy logic controller (FLC) has | The proposed controller yielded a
been integrated into the adaptive | power increase of 37.93% compared
P&O MPPT method which to the P&O method and 17.65%
increased the computational compared to the FLC controller.
speed of the MPPT controller. Additionally, 110 W more power
P&O + FL.C Furtherly, the new hybrid method was generated with the proposed [132-133-

successfully eliminated the controller than with the P&O 134]
drawbacks of both the standalone method and 60 W more than the
conventional adaptive P&O FLC controller [45]. Moreover,
MPPT and the FLC. 36.38% of energy yield was
recorded with the new controller in
[46].
By integrating ANN into the The new approach effectively
traditional P&O algorithm, an monitored the power coefficient at
P&O +ANN increase in accuracy was the optimal level of 0.35 and the [133]
achieved. nominal power generation of 3 MW.

Table lll. 2 Summary of hybrid methods (conventional MPPT and Smart Algorithms) for WECS.
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I1I. 2.1.3 Conventional + Optimization Algorithms
A hybrid approach that combines conventional Maximum Power Point Tracking (MPPT)

algorithms with metaheuristic optimization techniques, such as Particle Swarm Optimization (PSO),
has been proposed to overcome the limitations inherent in traditional MPPT methods. Metaheuristic
optimization techniques, known for their problem-independent nature, have gained significant traction
in addressing complex engineering challenges. This popularity can be attributed to their simplicity,
flexibility, and ability to efficiently solve intricate problems. These techniques, grounded in the
principles of randomness, seek optimal solutions through two key processes: diversification, which
explores the entire search space, and intensification, which refines the search within a specific area of
the space [43]. Drawing inspiration from various natural phenomena—such as the human body, the
laws of physics, and animal behavior—metaheuristic optimization methods enable the development of
robust mathematical models that accurately replicate nature-based occurrences, thereby providing
optimal solutions to engineering problems [44]. An example of such a hybrid approach is the
integration of the ORB algorithm with PSO, as presented in [153]. This methodology follows a two-
phase process: initially, PSO is employed to determine the optimal coefficient, and subsequently, the
ORB MPPT algorithm is applied. This combination enhances system efficiency while eliminating the
need for sensors or prior knowledge of system parameters. In the following sections, we will explore
various control strategies that leverage this hybrid approach, illustrating its potential for improving the
performance of MPPT systems. Metaheuristic optimization techniques can typically be classified into
four main categories, as illustrated in Figure III.1. While this classification is not exhaustive, it covers
most of the currently implemented techniques. The adaptability and efficiency of these methods make
them a powerful tool in the optimization of MPPT systems and other complex engineering

applications.
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Figure lIl. 1 Flow Chart Indicating Classification Of Metaheuristic Optimization Techniques.

III. 2.1.3.1 History of Metaheuristic Algorithms
Metaheuristic algorithms, also known as Optimization algorithms, have become essential tools

for solving complex optimization problems, particularly those that are non-linear, non-convex, and
high-dimensional, where traditional deterministic methods often fail. The development of these
algorithms stems from the need to efficiently find near-optimal solutions to real-world problems across
various fields, such as engineering, economics, logistics, and artificial intelligence. The evolution of
metaheuristics is characterized by a blend of natural inspiration, interdisciplinary approaches, and

continuous innovation.
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The conceptual foundation of Metaheuristics can be traced back to the 1950s with the
development of the Monte Carlo method. This method [104], named after the Monte Carlo Casino in
Monaco due to its reliance on randomness and statistical sampling, was one of the earliest approaches
to tackle complex mathematical problems using stochastic processes. While not a metaheuristic in the
strictest sense, the Monte Carlo method introduced key principles that would later be central to
metaheuristics, such as the use of randomization to explore the solution space and approximate
solutions for intractable problems. The 1960s saw the emergence of other significant developments
that laid the groundwork for metaheuristics, including random search methods explored as a means of
solving optimization problems where the search space is too large or complex to be handled by
exhaustive methods. These early techniques highlighted the potential of using randomness and

iterative improvement in finding solutions to difficult optimization problems.

The 1980s marked the true beginning of metaheuristics as a distinct class of optimization
algorithms, with Simulated Annealing (SA) being one of the earliest and most influential examples.
Introduced by Scott Kirkpatrick, C. Daniel Gelatt, and Mario P. Vecchi in 1982 [105], SA was
inspired by the physical process of annealing in metallurgy, where a material is heated to a high
temperature and then slowly cooled to reduce defects and achieve a more stable structure. In
optimization, SA mimics this process by allowing the algorithm to explore the solution space in a
manner that can occasionally accept worse solutions early on (analogous to the high-temperature
phase), helping the algorithm avoid becoming trapped in local minima. As the algorithm progresses,
the probability of accepting worse solutions decreases, effectively "cooling" the search and guiding it
toward a global optimum. Simulated Annealing quickly became popular due to its simplicity and
effectiveness in solving a wide range of optimization problems, including the Traveling Salesman
Problem (TSP), scheduling, and network design. Simultaneously, another groundbreaking
metaheuristic was being developed: Genetic Algorithms (GAs), pioneered by John Holland in the
1970s and further refined in the 1980s by Holland and his students, including David E. Goldberg
[106,107]. GAs are based on the principles of natural selection and genetics as described by Charles
Darwin. GAs work by evolving a population of candidate solutions (often represented as binary strings
or chromosomes) over several generations. The process begins with an initial population of randomly
generated solutions, each evaluated using a fitness function that measures its quality or closeness to the
optimal solution. The fittest solutions are selected for reproduction, where genetic operators such as
crossover (recombination of parts of two solutions) and mutation (random alteration of parts of a
solution) are applied to create new solutions. Over time, the population evolves, with successive

generations converging toward better solutions. GAs were initially applied to problems in biology and
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engineering, but their versatility and robustness quickly made them popular in fields ranging from

economics to artificial intelligence.

The 1990s saw the rapid expansion of metaheuristics, particularly those that employ
population-based approaches. These algorithms leverage the collective behavior of a population of
agents (solutions) to explore the search space more effectively than single-solution approaches like
Simulated Annealing. One of the most influential population-based algorithms introduced during this
time was Particle Swarm Optimization (PSO) [13], developed by James Kennedy and Russell
Eberhart in 1995. PSO is inspired by the social behavior of birds flocking or fish schooling. In PSO, a
population of candidate solutions, known as particles, moves through the search space, adjusting their
positions based on their own experience and the experience of neighboring particles, following simple
rules inspired by social interactions. The movement of the particles is influenced by two main
components: the cognitive component, which pulls the particle toward its own best-known position,
and the social component, which pulls it toward the best-known position of the entire swarm. This dual
influence allows the swarm to effectively balance exploration (searching new areas) and exploitation
(refining known good areas), leading to robust and efficient optimization. Another significant
contribution to the field during the 1990s was Ant Colony Optimization (ACO), introduced by Marco
Dorigo and his collaborators [108]. ACO is inspired by the foraging behavior of ants, particularly how
they find the shortest path between their colony and food sources. In nature, ants communicate via
pheromones, leaving chemical trails that guide other ants. The more ants follow a particular path, the
more pheromones are deposited, reinforcing that path and making it more attractive to other ants. In
ACO, artificial ants construct solutions to combinatorial optimization problems by simulating this
behavior. Solutions that yield better results leave stronger pheromone trails, encouraging the algorithm
to explore those paths further. ACO has been particularly successful in solving combinatorial problems

like the Traveling Salesman Problem, vehicle routing, and network optimization.

As the 1990s drew to a close, new metaheuristics continued to emerge, each bringing unique
strategies and applications to the optimization landscape. Differential Evolution (DE), introduced by
Rainer Storn and Kenneth Price in 1997 [109], is an evolutionary algorithm that emphasizes
simplicity and effectiveness in handling continuous optimization problems. DE operates on a
population of candidate solutions, similar to Genetic Algorithms, but uses the differences between
randomly selected pairs of solutions to generate new candidate solutions. This process, known as
differential mutation, is followed by a selection step where the new candidate solution competes with
the existing one, and the better of the two is retained for the next generation. DE has proven
particularly effective in optimization problems with complex, multi-modal landscapes. Another

innovative metaheuristic from this period is the Harmony Search (HS) algorithm, proposed by Zong
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Woo Geem, Joong Hoon Kim, and G.V. Loganathan in 2001 [110]. HS is inspired by the process of
musical improvisation, where musicians aim to find a harmonious state by adjusting the pitch of their
instruments. In HS, a population of candidate solutions, analogous to musical notes, is adjusted
iteratively to find an optimal harmony. Each solution is generated by considering whether to pick a
value from the current solution (exploitation), introduce a new random value (exploration), or make a
slight adjustment to an existing value (mutation). HS is particularly well-suited for continuous
optimization problems and has been successfully applied in various fields, including structural design,

water resource management, and machine learning.

The 21st century has seen a proliferation of new metaheuristics, many of which are bio-
inspired, drawing on increasingly diverse aspects of nature for inspiration. These algorithms often
blend the principles of earlier metaheuristics with new ideas derived from the study of biological
systems, animal behavior, and other natural phenomena. The Firefly Algorithm (FA) [111], introduced
by Xin-She Yang in 2009, is one such bio-inspired algorithm. FA is based on the flashing behavior of
fireflies, where the attractiveness of a firefly is determined by its brightness, which in turn is associated
with the quality of the solution it represents. The algorithm assumes that all fireflies are unisex and can
attract each other regardless of gender. The attractiveness between two fireflies decreases as the
distance between them increases, which encourages fireflies to move toward brighter (better) solutions.
This movement helps the algorithm to explore the search space more effectively. FA has been applied
successfully in a wide range of optimization problems, including engineering design, image
processing, and feature selection. Another notable bio-inspired metaheuristic is the Bat Algorithm
(BA) [112], also proposed by Xin-She Yang in 2010. BA is inspired by the echolocation behavior of
bats, which use sound waves and their echoes to navigate and locate prey. In the algorithm, bats are
represented as agents that fly through the search space, adjusting their velocity and position based on
the intensity of the echoes they receive. The loudness and pulse emission rate of each bat are adjusted
dynamically as the search progresses, balancing exploration and exploitation. BA has been particularly
effective in solving both continuous and discrete optimization problems, including engineering design
and signal processing. Whale Optimization Algorithm (WOA) [16], developed by Seyedali Mirjalili
and his team in 2016, is another bio-inspired metaheuristic that has gained attention for its
effectiveness in handling complex optimization problems. WOA is inspired by the bubble-net hunting
strategy of humpback whales, where whales create a spiral-shaped bubble net to encircle prey. The
algorithm simulates this behavior by having agents (whales) search the solution space in a spiral
pattern, encircling and converging toward the best-known solution. WOA has demonstrated strong
performance in a variety of optimization tasks, including feature selection, clustering, and engineering

design.
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As metaheuristics have matured, researchers have increasingly explored hybrid approaches that
combine the strengths of multiple algorithms to create more powerful and versatile optimization tools.
Hybrid metaheuristics often integrate different strategies, such as combining the global search
capabilities of Genetic Algorithms with the local search strengths of Simulated Annealing, or merging
swarm-based algorithms like PSO with evolutionary techniques like Differential Evolution. These
hybrid approaches aim to overcome the limitations of individual algorithms, such as premature
convergence or slow convergence speed, and have been applied successfully in areas such as multi-
objective optimization, machine learning, and complex system design. Looking to the future,
metaheuristics are expected to play an even more significant role in tackling the optimization
challenges posed by emerging technologies, such as big data, artificial intelligence, and autonomous
systems. Advances in computational power, coupled with the growing availability of large datasets, are
likely to drive the development of new metaheuristic algorithms that can efficiently handle high-
dimensional, dynamic, and uncertain optimization problems. Moreover, the integration of machine
learning techniques into metaheuristics, allowing algorithms to learn and adapt their strategies based
on past experiences, is an exciting area of ongoing research. Overall, the history of metaheuristic
algorithms is a testament to the power of interdisciplinary thinking and the potential of nature-inspired
approaches in solving some of the most challenging optimization problems. From their early
beginnings in randomized search methods to the sophisticated bio-inspired algorithms of today,
metaheuristics have continually evolved, offering robust and flexible solutions that have transformed
the way we approach optimization in science, engineering, and beyond. As the field continues to grow,
it is poised to make even greater contributions to the advancement of technology and our

understanding of complex systems.

Table III.3 summarizes some of metaheuristic optimization techniques, providing an overview
of their inspiration, working mechanisms, and common applications. It also highlights each

technique’s advantages and limitations.

Algorithm Inspiration | Mechanism Key Applications Merits Demerits
Features
Particles
move T
. through the Simplicity, Continuous Fast Sensitive to
Particle ease of . convergence
Flock of search . optimization, . parameter
Swarm . implementa . . , simple to .
e birds, fish | space based . machine learning, | . settings, may
Optimization tion, . . implement, .
schools on personal . engineering get stuck in
(PSO) requires . good global .
and global . design. local optima.
tuning. search.
best
positions.
Ant Colony Ants Simulated Good for Traveling Effective Slower
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Optimization | foraging for ants lay combinatori | salesman problem for convergence,
(ACO) food pheromones al (TSP), routing, | combinatori high
to find problems, network design. | al problems, | computational
optimal adaptable. good cost, sensitive
paths. memory of | to pheromone
Pheromone solutions. decay.
strength
guides
others.
B h i
ces searc Balance . Slmple, May suffer
for food between Continuous efficient, from slow
Artificial Bee | Honeybee | (solutions) . optimization, and robust
. exploration . . convergence,
Colony foraging and share machine learning, for i
} . : and : ! . sensitive to
(ABC) behavior information o engineering continuous
. exploitation o parameter
with the problems. optimization .
tuning.
colony.
Cuckoos lay Random Fast
. and greedy
eggs 1n convergence | May get stuck
o search, . . )
other birds Engineering , good in local
. balance . .
Cuckoo Cuckoo bird nests; design, balance optima,
.. . between ) .
Search (CS) | parasitism solutions exploration continuous between | requires proper
are replaced p and optimization. exploration parameter
with better o and tuning.
exploitation o
ones. exploitation.
Light
Fireflies intensity )
. Simple,
move guides . Can get
. . efficient, .
. towards search, Continuous/discre trapped in
Firefly . . oo good for .
. Flashing of brighter balance te optimization, local optima,
Algorithm . . . both .
fireflies ones, between | image processing, . may require
(FA) . . . exploration
representing | exploration | feature selection. and parameter fine-
better and o tuning.
. o exploitation.
solutions. | exploitation
Bats search
fi
orprey Balance . Good for .
using Function . Requires
. between N continuous :
Bat . | echolocatio . optimization, o tuning of
. Echolocatio . exploration | . . optimization
Algorithm n and adjust signal processing, . parameters,
n of bats o and . , high
(BA) their flight e image - may converge
exploitation . solution
based on reconstruction. . slowly.
: quality.
solution
quality.
Agents are Focus on
o attracted to . Continuous Computational
Gravitational o cooperation o Good .
Gravitationa more optimization, . ly expensive,
Search . . and . . exploration,
. | attraction massive e engineering slow
Algorithm . gravitationa . easy to .
in space ones based design, control ) convergence in
(GSA) 1 implement.
on . . systems. some cases.
o Interaction.
gravitationa
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1 forces.
Seagulls
explore the Hybrid
Seagull Hunting and solution exploration . Efficient May require
R . space, - Continuous and balance of parameter
Optimization searching . o . . . .
. . balancing | exploitation combinatorial exploration | tuning, can get
Algorithm behavior of . D i
exploration | , adaptable optimization. and stuck in local
(SOA) seagulls . o .
and to various exploitation. optima.
exploitation tasks.
Wolves
cooperate to
ﬁr\fitrl)lrzy’ Cooperativ gffe(lj(t)ll;/ael May require a
Wolf Pack Wolf pack p Continuous & large number
. . leader- e search, ... search, : )
Algorithm hunting . optimization, of iterations,
. following leader- . . robust to o
(WPA) strategies . . machine learning. sensitivity to
mechanism | following. local
. parameters.
for optima.
optimizatio
n.
Mimics
bubble-net
feeding
behavior of Exploits Engineerin Good
Whale Humpback whales. P gineeting exploration | May be slow
. . both global | problems, image
Optimization whale Whales . and to converge,
. . search and segmentation, o .
Algorithm hunting search for . exploitation, sensitive to
. local function
(WOA) strategies prey and D easy to parameters.
. . refinement. optimization. .
adjust their implement.
movements
to improve
solutions.
A variant of
PSO th . .
SO that Multi- Requires
handles objective Handles advanced
. Flock of multiple jective Multi-objective multiple .
Multi- . . iy optimizatio N o techniques for
C . birds, with | conflicting optimization in objectives .
Objective . n, handles : . . balancing
focus on objectives. engineering, efficiently, "
PSO multiple It uses trade-offs schedulin ood for objectives,
(MOPSO) UIp between & g sensitive to
objectives Pareto - problems. complex
. conflicting parameter
dominance oals problems. settines
to guide the goals. £s-
search.
Table Ill. 3 Summary of Reviewed Swarm-Based Metaheuristic Optimization Techniques.

I1I. 3 Improved On-Off Control Based On PSO

Despite the efficiency of the improved On-Off controller, after experiments, it was noticed that
the problem of chattering did not disappear completely, and therefore the performance must be

improved more by modifying some of the parameters of the controller to get better performance.
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To improve the performance of the improved on-off control, we use the particle swarm

optimization algorithm (PSO) to obtain the best values of # & (equation I1.24) by searching for the best

value for the filtering time constant 7, , the gain K, and B (Figure I11.2).

Figure lll. 2 PSO layout diagram block for adjustment of improved controller parameters.

I1I. 3.1 Particle Swarm Optimization (PSO)
Particle Swarm Optimization (PSO) is an evolutionary computation technique developed by

Kennedy and Eberhart in 1995 [13]. It draws inspiration from the collective behavior observed in
nature, such as bird flocking, fish schooling, and the swarming behavior of insects. PSO belongs to the
category of population-based stochastic optimization techniques, where a population of potential
solutions, referred to as particles, explores the search space simultaneously in pursuit of an optimal or
near-optimal solution. There is a perception that members of a group seem to be sharing information

among themselves, thereby increasing the effectiveness of the group.

An individual in a swarm comes close to the optimum by his current velocity, previous
experience, and the experience of his neighbors. The iteration is defined by the following two

equations in this review :

Vs =k (Vs (P~ X )+ eum (8- X)) )
Xy =P+ X,

Where, 1 =1, ..., n and N s the size of the swarm, D is dimension of the problem space, C, and

C, are positive constants, k is the momentum or inertia, 7, and 7, are random numbers which are
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uniformly distributed in [0, 1], t determines the iteration number, p, represents the best previous

position (the position giving the best fitness value) of the ith particle, and g represents the best particle

among all the particles in the swarm.

I1I. 3.2 Electromagnetic Torque Ripple Attenuation of WECS Using An Improved On-Off
Control Based On PSO
To determine the optimal values, previous experiments and studies were consulted to establish

the most effective ranges for 7, , K, and B . The PSO algorithm then randomly selects initial values
from within these intervals. To obtain a more accurate solution within minimal computation time, the

best solution is identified by minimizing a specific criterion, the Mean Integrated Squared Error

(MISE), which is calculated using the following equation:

MISE = Fit = j (et Jar (111.2)
IBmm S ﬂ S ﬂmax

Subject to K <K, <K, . (ITL.3)
T, <T, <T.

Where:e(¢) =T, —T,, is the difference between value of the electromagnetic torque reference

and the value of the electromagnetic torque under Improved On-Off control.

As shown in Figure II1.3, after setting the initial values such as swarm size and the initial
velocity of particles, PSO calculates the parameters of the improved On-Off controller for each particle
and records the corresponding MISE. Based on the MISE, the best position of each particle is
identified, and the optimal particle among the entire population is selected. This process is repeated
until the number of iterations reaches the maximum iteration count, at which point the best particle is
selected. The best particle represents the optimal parameters for the improved On-Off controller,
corresponding to the minimum value of the objective function, MISE. The PSO parameters utilized to

determine the optimal values for the improved On-Off Controller are listed in Table I11.4.

Parameters Values
Number of Particles 10
Number of variables 3
Max Iteration 40
Inertia Weight Factor (W) 0.9
Confidence Coefficient C,=0.12 and C, =12

Table lll. 4 PSO Parameters.
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Generate the initial population of Tf ,Kfand B

y

Run the Simulink Model

y

Calculate Parameters of The Improved On-Off

Controller

I

Calculate the MISE Function

:

Calculate the Best Position Of each Particle and

Best Particle among all the particles in population

:

Update the Velocity , Position, Best Particle and Best

Position of the Particles

criterion satisfied

Figure Ill. 3 Flowchart of the PSO approach for optimizing the Improved On-Off controller.

I1I. 3.3 Simulation Results
To assess the performance of the Improved On-Off Control based on PSO, the wind energy

conversion system and the proposed control strategy were implemented in the MATLAB/Simulink
environment, with WECS parameters detailed in Table B.1 of Appendix B. Simulations were

conducted for 80 seconds using a wind sequence with an average speed of approximately 11 m/s. The
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study included two classes of turbulence intensity—low and high—derived using the von Karman

spectrum as specified in the International Electrotechnical Commission (IEC) standard.

I11. 3.3.1 Low Turbulence Stochastic Wind Speed
To achieve a more realistic comparison between the results from the Improved On-Off

Controller and the PSO-Improved On-Off Controller, a wind model proposed by C. Nichita is utilized
for simulation [19]. Detailed modeling information is provided in Chapter I, Section 3.1. This model
generates the temporal wind profile from white noise, which is then processed through a Von Karman
non-rational filter transfer function. The parameters of this filter are dependent on site characteristics

and wind nature, as illustrated in Figure 111.4.

The parameters T, , K, and P of the improved On-Off Controller using low turbulence

stochastic wind speed are presented in Table IIL.5.

Values
Parameters PSO Improved ON-OFF Control Improved ON-OFF Control

K, 1 20

T, 2.68 5

B 0.1 0.75

Table lll. 5 Parameters of The Improved ON-OFF Control Using Low Turbulence Stochastic Wind Speed.

14 Wind Speed
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Figure lll. 4 Low Turbulence Stochastic Speed.
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Figure Ill. 7 Power coefficient (CP).
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Figure lll. 9 Electrical power.

When analyzing the results obtained using a low turbulence stochastic wind profile, it becomes
apparent that the chattering issue observed in the electromagnetic torque with the improved On-Off
control, as tuned by PSO, has been entirely mitigated (refer to Figures III.5 and III.6). Nevertheless,
the resolution of the chattering problem has given rise to a new challenge: the tracking of the
maximum power point has been adversely affected, leading to a decrease in energy production (see
Figures II1.7 and II1.9). This is despite an observed increase in generator speed, attributable to the

reduction in mechanical loads following the elimination of the chattering issue (as illustrated in Figure
II1.8).

I1I. 3.3.2 High Turbulence Stochastic Wind Speed
To assess the robustness of the proposed controller, it was essential to evaluate its performance

under varying conditions. Consequently, we simulated the controller using a high turbulence wind

model.
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The parameters 7, , K, and B of the improved On-Off Controller using high turbulence

stochastic wind speed are presented in Table I11L.6.

Values
Parameters | PSO Improved ON-OFF Control Improved ON-OFF Control
K, 1 20
T, 4.29 5
B 0.1 0.75
Table I1l. 6 Parameters of The Improved ON-OFF Control Using High Turbulence Stochastic Wind Speed.
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Figure lll. 10 High turbulence stochastic wind speed.
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Comparing the curves shown in Figure III.11 and Figure III.12, it is clear that the results
obtained with the improved On- Off controller optimized by PSO are clearly better, especially from the
point of view of an alleviate the chattering problem in the electromagnetic torque input, at the same
time, we can observe the good tracking of the improved On-Off controller (Figure I1I.13) and the good
energy production (Figure III.15). Figure IIl.14 show the generator speed obtained by using two
different control methods. These results confirm that the disturbance of the wind speed variation is
strongly deflecting the generator speed to its optimal trajectory. This deviation has obvious
consequences for the capture of wind energy; counter to the improved On-Off control based PSO,

which manages to assure the optimal speed tracking.

I11. 4 Enhanced On-Off Control Based On WOA
Despite the demonstrated efficiency of the improved On-Off controller [6], experimental
findings have shown that the chattering issue persists to some degree. Therefore, further refinements

are necessary to enhance the controller's performance [113]. To achieve this, the Whale Optimization

Algorithm (WOA) is employed to identify the optimal values of u"” (as defined in Equation 11.24).

The focus of the algorithm is on optimizing the filtering time constant 7, gain K ,, and parameter £,

as illustrated in Figure II1.16. By fine-tuning these parameters, the controller's performance is expected

to be significantly improved.
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I11. 4.1 Whale Optimization Algorithm (WOA)
WOA, introduced in 2016 (Mirjalili & Lewis, 2016) [16], is a population-based algorithm that

draws inspiration from the social behavior of humpback whales. Like other population-based
algorithms, WOA operates with a group of random candidate solutions known as the population. The
algorithm employs three rules to update and enhance the position of candidate solutions in each
iteration. These rules are encircling prey, spiral updating position, and search for prey. Let's delve into

each of these rules:

1. Encircling Prey: This rule mimics the behavior of humpback whales encircling their prey. It

involves adjusting the positions of candidate solutions towards a selected target solution.

If (p<0.5and |A|<1)

The position of the candidate solution, X(t + 1) , 1s updated according to eqations (I11.4) and

(IIL5):

D= ‘C.X* —X(t)‘ (IL.4)

(11L.5)

-

Where p €[0.1] and X' is the best candidate solution in current generation. A and C are
calculated as equations (II1.6) and (II1.7):

A=|ii-a (IIL6)
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C=2F (111.7)
Where G is linearly decreased from 2 to 0 and 7 is randomly vector in [0,1].
2. Search for Prey: This rule involves exploration and exploitation of the search space. It

enables the candidate solutions to search for better positions by moving randomly.
If (p <0.5 and |A|< 1)

Searching for prey is very similar to encircling prey, but in contrast to it, in searching for

prey instead of using X', a randomly candidate solution, X is selected. Eqautions

rand

(IT1.8) and (II1.9) describe the process.

D =[CX 0~ X (1) (IIL8)
X (t+1)=[X a (t)-AD| (I11.9)

Searching for prey is used during the exploration phase and enables WOA to perform
global search.

3. Spiral Updating Position: In this rule, the candidate solutions update their positions by
following a spiral pattern. This behavior is analogous to the spiraling motion of humpback
whales as they approach their prey.

If p>0.5
The spiral updating position method involves altering the positions of individuals according

to Equation (II1.10):

X(t+1)= D" " cos(2nl)+ X (t) (II.10)
Where D = ‘f (t)—f((t)‘ which is the distance between ith candidate solution and the best

solution in the current generation. b is a constant and 1e[-1,1].

By employing these rules, WOA aims to optimize the candidate solutions and improve the

overall performance of the algorithm.

I1I. 4.2 Enhanced On-Off Control For Wind Energy Conversion System Electromagnetic

Torque Ripple Minimization Based On Whale Optimization Algorithm

To identify the optimal values forK,,7, and S, the Whale Optimization Algorithm (WOA)
selects random initial values within predetermined intervals, as defined by Equation III.3. These
intervals are established based on previous experiments and studies to facilitate an efficient search for

the best values. To achieve an improved solution with minimal computation time and high precision,
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the Mean Integrated Squared Error (MISE) is used as the objective function, calculated according to
Equation II1.2.

(Figure II1.17) illustrates the process of utilizing the whale optimization algorithm (WOA) to

enhance the performance of the improved on-off controller [113].

END
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Start

Set the number of \

search agents and I -‘ I

max iteration

Update the position of Update the position of Update the position of
current search agent by currentsearch by prey current search by
Y spiral position equation encircling prey equation
Randomize parameters

(B.Ksand T 4 for the Yes
Improved On-Off controller

hd

Obtain initial best search
agent by calculating fitness
of each agent (MISE)

Figure Ill. 17 Flowchart Of The WOA Approach For Optimizing The Improved On-Off Controller.

I1I. 4.3 Simulation Results
To rigorously assess the effectiveness of the proposed control methodology, the wind energy

conversion system, along with the corresponding control strategy, was implemented within the
MATLAB/Simulink environment. The WECS parameters, as specified in Table B.1 of Appendix B,
were employed in the simulations. These simulations were conducted over a duration of 80 seconds,
utilizing the wind sequence outlined in Chapter I, Section 3.1. The analysis encompassed two distinct
turbulence intensity categories—Ilow and high—generated in accordance with the von Karman

spectrum, as prescribed by the International Electrotechnical Commission (IEC) standard.
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Numerous experiments were conducted to optimize the performance of the whale optimization
algorithm. These experiments involved testing different maximum iteration values and subsequently
comparing the results to determine the most suitable value for the simulation, ensuring optimal
performance. After analyzing the results, it was observed that the optimal maximum iteration value for
our experiments is 30. This value will be utilized to evaluate the performance of the WOA Enhanced

ON-OFF Controller.

Table II1.7 displays the WOA parameters utilized for determining the optimal values of the

Enhanced On-Off Controller parameters.

Parameters Values
Number of Search Agents 10
Max Iterations 30
a [2,0]
o’ [2, 1]
b 1

Table lll. 7 WOA Parameters.

I11. 4.3.1 Low Turbulence Stochastic Wind Speed
To facilitate a realistic comparison between the results produced by the improved ON-OFF

controller and the WOA-enhanced ON-OFF controller, a low-turbulence stochastic wind model is
employed in the initial stage, as depicted in Figure III.3 of Section 3.3.1 of this chapter. Notably, this
wind model, proposed by C. Nichita for simulation purposes [19], is comprehensively detailed in

Chapter I, Section 3.1.

For the Enhanced ON-OFF Controller, the parameters K ,,7, and f are tuned using the WOA

algorithm with the aid of low turbulence stochastic wind speed. The specific values of these

parameters for the WOA Enhanced on-off controller are provided in Table IIL.8.

Values
Parameters | Improved ON-OFF Control | WOA Enhanced ON-OFF Control
K¢ 20 10
Ty 5 400
B 0.75 0.1

Table I1l. 8 Parameters of The Enhanced ON-OFF Control Using Low Turbulence Stochastic Wind Speed.
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Upon a thorough comparison of the simulation results derived from a low turbulence stochastic

wind speed, several critical insights can be drawn. Firstly, the chattering phenomenon previously

observed in the electromagnetic torque with the improved ON-OFF control has been completely

Advanced control structure based on the Frequency Separation Principle of a Wind Energy Conversion System (WECS)



Chapter 111 MPPT Control Strategy Of Wind Energy Conversion System Using Metaheuristic Algorithms

eradicated when employing the WOA-enhanced ON-OFF control, as illustrated in Figures I11.18 and
II1.19. Additionally, a notable decrease in the magnitude of the electromagnetic torque is observed, as
depicted in Figure III.18. Nevertheless, while the resolution of the chattering issue represents a
significant improvement, a new challenge has emerged regarding the accurate tracking of the
maximum power point, as demonstrated in Figure II1.20. This issue directly impacts the overall

efficiency of energy production.

I1I. 4.3.2 High Turbulence Stochastic Wind Speed
To assess the robustness of the proposed controller, it was crucial to test its performance under

various conditions. As a result, we conducted simulations using a high turbulence wind model (Figure

IIL.10). In these simulations, the parameters K, ,7, and f of the Enhanced On-Off Controller were

tuned using the WOA algorithm with the assistance of a high turbulence stochastic wind speed. The

specific values of these parameters for the Enhanced controller can be found in Table II1.9.

Values
Parameters Improved ON-OFF Control | WOA Enhanced ON-OFF Control
K¢ 20 10
T¢ 5 400
B 0.75 0.1

Table lll. 9 Parameters of The Improved ON-OFF Control Using High Turbulence Stochastic Wind Speed.
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Figure lll. 23 Power coefficient (CP).

Upon examining the curves presented in Figures I11.21 and II1.22, it is evident that the results
obtained with the WOA Enhanced ON-OFF controller demonstrate substantial improvements.
Notably, there is a significant reduction in the chattering problem related to the electromagnetic torque,
which underscores the effectiveness of the WOA Enhanced ON-OFF controller in addressing this
issue. This improvement not only enhances the longevity of the wind turbine but also reduces
maintenance requirements. Conversely, in terms of tracking the maximum power point to optimize
energy production, the improved ON-OFF controller exhibits superior performance, as illustrated in

Figure I11.23.

I11. 5§ COOT Enhanced On-Off Control Based On Hysteresis Function
The comparative analysis of the previous controllers, namely the "Improved On-Off Control
Based on PSO" and the "Enhanced On-Off Control Based on WAO," revealed a critical trade-off.

Specifically, while aiming to reduce torque ripple through metaheuristic approaches, the controllers
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tend to deviate from the ideal trajectory necessary for maximum power point tracking (MPPT),
resulting in suboptimal power generation. To address this issue, we propose the utilization of the

COOT Optimization Algorithm (COA). This algorithm will be employed to optimize the gain K, ,the
filter time constant 7, and f. The objective is to enhance the performance of the improved on-off

controller, ensuring more precise MPPT, as illustrated in Figure I11.24.

Moreover, to further mitigate the chattering effect often encountered in on-off control systems,

we suggest a modification to the internal structure of the controller. Specifically, we propose replacing
the conventional sign function "sign (G) " with a hysteresis function. This modification is expected to

significantly enhance the robustness and efficiency of the controller, as depicted in the following

formulation.
u" =P.Hyst(o(t)) (IIL.11)
With:
do du '’ du) .
—= — | - — 0,T
Hyst(o)={ di *' (M’G)(dtj £2 (”’G)(dzj n [0.1] (IIL.12)
6(0)=¢"

Here g, and g, are prescribed nonnegative functions, and are assumed to be so regular that the

Cauchy problem (I11.12) has one and only one solution [114].
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Figure Ill. 24 COOT Optimization Algorithm layout diagram block for adjustment of improved controller Based on Hysteresis Function
parameters.

I11. 5.1 COOT optimization Algorithm (COA)
The COOT Optimization Algorithm (COA), a recently developed meta-heuristic approach by

Naruei and Keynia (2021) [14] and Mostafa et al. (2022) [15], is inspired by the movement behaviors
of American coot birds in aquatic environments like lakes and seas. These birds utilize four distinct
movement strategies: random walk, forming chains, moving toward the positions of group leaders, or
taking the lead in guiding the group. The algorithm begins by randomly generating the initial
population, as defined by Equations (I11.12) and (II1.13).

CootPos(i) =rand(1,d)*(ub—1b)+1Ib (I11.12)
b =[lb,Ib,.....Ib,],ub = [ub,, ub,....,ub, ] (IL13)

Here, CootPos represents the position of the i-th coot, and d refers to the dimension number.
The variables ub and Ib denote the upper and lower boundaries, respectively, while 'rand' represents a
random vector within the range of [0, 1]. When coots move randomly, they transition towards a

randomly selected position Q , which is calculated using Equation (I11.14).
Q= rand(l,d).*(ub—lb)-l—lb (I11.14)

To avoid getting trapped in local optimal regions, coots will apply Equation (III.15) if they

become stuck in a local region.
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CootPos (i) = CootPos (i) + Ax R2x (Q —CootPos (1)) (IIL.15)

WhereR2 e [0, 1] and A can be calculated using Equation (II1.16)

A=1—L>{i) (111.16)

ter

Where L is current iteration, /,,, is maximum iteration.
Equation (III.17) is used to mathematically represent the movement during the chain phase.

CootPos(i)=0.5x (CootPos (i-1)+CootPos (1)) (111.17)

When a coot's movement aims to align its position with that of the leader, Equation (III.18) is

employed.

k=1+(iMODNL) (1IL.18)

Hi"

During the update process, Equation (II1.19) is used, where "i" represents the total number of

coots, "NL" denotes the number of leaders, and "k" refers to a specific leader.
CootPos (i) = LeaderPos (k)+2x RI x Cos(2Rx ) x ( LeaderPos k)~ CootPos (l)) (I11.19)
In the final stage, leaders will use Equation (II1.20) to update their positions.

BxR3x Cos(2Rn)x (gBest —LeaderPos(i)) +gBest  if R4<0.5

_ _ (I11.20)
BxR3xCos (2Rn) X (gBest — LeaderPos (l)) —gBest  if R4>0.5

LeaderPos (i ) = {

Where gBest is the best position, Re[—l, 1] , both R3&R4e[0, 1] , B can be calculated

using Equation (II1.21).

1
B—2—LX[I—J (II1.21)

ter

I1I. 5.2 COOT Enhanced On-Off Control Based On Hysteresis Function for MPPT and
Electromagnetic Torque Ripple Minimization of WECS
In Figure IIL.25, an illustrative diagram is presented that demonstrates how the COOT

optimization algorithm enhances the performance of the improved ON-OFF controller based on the

Hysteresis function. The primary objective is to maximize power generation by accurately tracking the
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maximum power point, a process achieved through the use of the MISE objective function, as defined

in Equation I11.2.

The COOT Optimization Algorithm begins with an initialization phase, where an initial
population of candidate solutions is generated randomly within the search space. During this phase,
algorithm parameters—such as population size, number of iterations, and other specific COOT-related
parameters—are established. Following initialization, the algorithm proceeds to the fitness evaluation
step, where the fitness of each candidate solution is assessed using a predefined fitness function. This
function is pivotal as it measures how well a candidate solution aligns with the optimization objectives,
including maximizing power point tracking and minimizing energy loss. Once the fitness values are
determined, the candidate solutions are ranked from best to worst based on their fitness scores,
facilitating the identification of the most promising solutions to guide the subsequent search process.
The algorithm then generates a new population by employing both exploration and exploitation
strategies. During the exploration phase, new candidate solutions are created by broadly searching the
space, which may involve random mutations or perturbations of existing solutions. In contrast, the
exploitation phase focuses on generating new solutions by combining or crossing over the best
solutions identified earlier, thereby intensifying the search in promising areas. After the new
population is generated, it replaces the old one, and the algorithm checks for convergence to determine
if the stopping criteria have been met—such as reaching the maximum number of iterations or
observing convergence in fitness values. If the criteria are met, the algorithm terminates and outputs
the best solution; otherwise, the process repeats from the fitness evaluation step. The output of the
COOT Optimization Algorithm is the best candidate solution identified during the optimization

process, representing the optimized K, ,7,and f# parameters for the Improved ON-OFF controller.

Several critical aspects of this approach warrant attention. The initialization phase is crucial, as
the selection of an appropriate initial population and parameters sets a strong foundation for the
optimization process. The fitness function must accurately capture the objectives of the optimization
problem to effectively guide the search. A balanced interplay between exploration and exploitation is
vital for the algorithm's success, ensuring that the search space is thoroughly explored while focusing
on the most promising solutions. Lastly, well-defined stopping criteria are essential to prevent
unnecessary computations and ensure the timely conclusion of the algorithm. This structured
methodology allows the COOT Optimization Algorithm to iteratively refine candidate solutions,

steering the search towards an optimal solution for the Improved ON-OFF controller.
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Table II1.10 details the parameters used in the COOT Optimization Algorithm to determine the

optimal settings for the Improved ON-OFF Controller, aimed at maximizing the Power Coefficient.

Parameters Values
Population Number ¥, 10
Leaders Number N, 1
COOT Number N, 9
Max Iteration 40

Table lll. 10 COOT Parameters.
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Initialize COOT parameters, population Number N, leaders number N,, coots number N, maximum
number of iterations
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Figure Ill. 25 Flowchart of the COOT Optimization Algorithm approach for optimizing the Improved On-Off controller.
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I1I. 5.3 Simulation Results
To evaluate the effectiveness of this work, the wind energy conversion system and the

proposed control method were implemented in the MATLAB/Simulink environment, utilizing the
WECS parameters provided in Table B.1 of Appendix B. Simulated tests were conducted using two

different wind profiles.

II1. 5.3.1 Low Turbulence Stochastic Wind Speed
In the initial stage, a low-turbulence stochastic wind model is utilized, as illustrated in Figure

III.4. This model is employed for simulation to facilitate a more precise comparison between the
results of the Improved On-Off controller and the COOT Improved On-Off Controller based on the
Hysteresis Function for maximizing the power coefficient. Notably, this wind model, introduced by C.

Nichita for simulation purposes [19], is thoroughly explained in Chapter I, Section 3.1.

The parameters 7,,K, and g of the improved On-Off controller based Sign function and the

COQOT improved On—Off control based on Hysteresis function using low turbulence stochastic wind

speed are presented in Table I11.11.

Values
Parameters Improved ON-OFF Control | COOT Improved On—Off Controller Based
based sign function on Hysteresis Function for Power Coefficient
Maximization
K¢ 20 150
T¢ 5 3
B 0.75 0.4

Table Il. 11 Parameters of the Different Controllers using low turbulence stochastic wind speed.
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Figure lll. 26 Power Coefficient (CP).

Advanced control structure based on the Frequency Separation Principle of a Wind Energy Conversion System (WECS)



Chapter 111 MPPT Control Strategy Of Wind Energy Conversion System Using Metaheuristic Algorithms

Electrical Power
T

14000

F T

w \ - -
12000
10000
8000
6000

4000

Electrical Power(W)

2000

0n —ON-OFF Standard B
—Improved ON-OFF
-2000 —COOT Improved ON-OFF | |

| 1 1 1 1 | 1

0 10 20 30 40 50 60 70 80
Time [s]

Figure Ill. 27 Electrical Power.
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Figure lll. 28 Electromagnetic Torque.
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Figure Ill. 29 Electromagnetic Torque Zoom [67s-74s].
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Figure Ill. 30 Mechanical Speed of Generator (), .

The MPPT performance of the two controllers is presented in Figures II1.26 through II1.30.
Figures I11.26 and II1.27 clearly demonstrate that the COOT Improved On-Off control based on the
Hysteresis function is capable of extracting optimal wind energy, as it maintains the power coefficient
closest to its optimum value (Cp=0.475), along with a steady and rapid mechanical rotational speed

when compared to the improved On-Off controller (Figure I11.30).

Regarding control forces, as depicted in Figures II1.28 and II1.29, the maximum
electromagnetic torque reaches 50 N.m for both techniques, while the minimum value is
approximately 24 N.m for the optimized Improved On-Off control based on the Hysteresis function. In
Figure I11.28, the torque ripple, caused by variations in the alternate control component, is significantly

reduced when using the Hysteresis function, thereby lessening mechanical constraints.

These findings indicate that the proposed controller has successfully met certain performance
criteria, particularly in its ability to efficiently track and generate maximum power output, fulfilling the

requirements of producers.

I1I. 5.3.2 High Turbulence Stochastic Wind Speed
In this case, a high turbulent wind model is proposed to simulate the suggested controller in

order to assess its resilience under various conditions (Figure II1.10).

The parameters 7, ,K, and S of the improved On-Off controller based Sign function, and the

COOT improved On—Off control based on Hysteresis function using high turbulence stochastic wind

speed are presented in Table 111.12.

Advanced control structure based on the Frequency Separation Principle of a Wind Energy Conversion System (WECS)



Chapter 111 MPPT Control Strategy Of Wind Energy Conversion System Using Metaheuristic Algorithms

Values
Parameters Improved ON-OFF Control | COOT Improved On—Off Controller Based
based Sign Function on Hysteresis Function for Power Coefficient
Maximization
K¢ 20 150
Tr 5 3
B 0.75 0.4

Table I1l. 12 Parameters Of The Different Controllers Using High Turbulence Stochastic Wind.
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Figure lll. 31 Power Coefficient (CP).
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Figure Ill. 32 Electrical Power.
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Figure Ill. 33 Electromagnetic Torque.
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Figure lll. 34 Electromagnetic Torque Zoom [47s-56s].
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Figure Ill. 35 Mechanical Speed of Generator (), .

Analyzing the results depicted in Figures II1.31 and II1.32 reveals that the outcomes achieved
by the enhanced On-Off controller, which utilizes the Hysteresis function fine-tuned by the COOT
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optimization algorithm, outperform those obtained with the improved On-Off controller based on the

sign function, particularly in terms of maximum power point tracking efficiency.

The implementation of the improved On-Off controller, leveraging the Hysteresis function
optimized by the COOT algorithm, effectively addresses the issue of chattering. Although the
electromagnetic torque is higher compared to the improved On-Off controller based on the sign
function (as shown in Figures II1.33 and II1.34), the proposed controller leads to a reduction in

mechanical speed (as seen in Figure I11.35).

These findings underscore the proposed controller's capability to deliver satisfactory

performance across various wind speed conditions.

I1I. 6 Improved On-Off Control Based On Multi Objective PSO
Despite the effectiveness of the improved On-Off controller [6], testing revealed that the issue
of chattering persisted. Consequently, it was determined that further performance enhancements were

necessary, which could be achieved by adjusting certain controller parameters.

To address this, we employed the particle swarm optimization (PSO) algorithm to identify

optimal values for the filtering time constant 7', the gain K, and f, with the goal of minimizing

chattering and enhancing the performance of the improved On-Off control. Upon analyzing the results
aimed at reducing the electromagnetic torque ripple (Figure II1.35), we found that the chattering issue
was completely resolved. However, this led to a significant shortfall in the required electric power,

attributed to the power coefficient (CP) being lower than the optimal value needed [7].

Given the critical importance of increasing the electric power output, we decided to refocus our
efforts on improving the power coefficient using the particle swarm optimization algorithm for the On-

Off controller. This involved seeking the optimal values for the filtering time constant 7', gain K,

and S . By examining the results (Figure II1.37), we observed a significant improvement in electric
power output, with maximum power coefficient values achieved compared to the optimal power
coefficient. However, despite the controller's effectiveness in maximizing power, an increase in

electromagnetic torque ripple (i.e., the chattering problem) was also noted.

From previous experiments, we observed that targeting the maximization of the power
coefficient (CP) alone had the unintended consequence of increasing electromagnetic torque ripple.
Conversely, when focusing solely on reducing electromagnetic torque ripple, there was an undesirable

reduction in the power coefficient.
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To simultaneously optimize the power coefficient and reduce electromagnetic torque ripple, we
decided to conduct a multi-objective experiment for this section of the chapter. To execute this
experiment, we proposed a novel controller: the multi-objective particle swarm optimization (MOPSO)

for the Improved On-Off controller.

Electromagnetic Torque CP and CP optima
T T

T 05

—— Electromagnetic Tomue
- - - Eledromagnetic Tomue Reference

® 2 8 &

i i v v
—_—
.,—-—’)

Ele ctromag netic Torque [N.m]
= =
T

‘ ; ‘ ; , ‘ . ‘ . .

[ ] L]
Timefs] Time[s]

(a) (b)

Figure lll. 36 WECS responses (PSO Improved On-Off Controller for Electromagnetic Torque Ripple Minimization): (a) Electromagnetic Torque,
(b) Power coefficient (CP).
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Figure lll. 37 WECS responses (PSO Improved On-Off Controller for Power Coefficient Maximization): (a) Electromagnetic Torque, (b) Power
coefficient (CP).

To address multiple targets using particle swarm algorithms, researchers employ various
mathematical methods across different scientific fields to solve their problems [75,76]. One common
approach involves combining multi-objective functions into a single objective. Consequently, multi-
objective PSO results can be derived by applying a single-objective PSO using the following
established mathematical equation [115,116,117]:

Num
Ii‘rr = Z (ll F:z(rlr)) (11122)
i=1
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Where Num is the number of the individual errors; F ¥ is the value of the individual error

corresponding to the objective i; and /, is the weight factor with Zli =1. Finally, the set of parameters

with the minimum error value can be selected as the optimal set.

In our controller we have two errors represented by F ") and F? where we aim to maximize

err err

(1)

err

the power Coefficient value through and also we aim to minimize the electromagnetic torque

ripple through F, e),

err

The maximization fitness function can be converted into a minimization fitness function by
multiplying it by —1. Then both objectives can be minimized. When we have the Pareto front, we just

have to transform the objective back so that it maximizes.

For multi-objective problems, the final error can be expressed as follows:

F, =1 FY 4+ F? (I1.23)

err err

The multi-objective particle swarm optimization algorithm is used to search for the best

parameters 7,, K, and S of the Improved on-off controller as shown in (Figure IIL.38).

Electromagnetic Torque Error

power Coefficient Error

Figure lll. 38 Multi Objective PSO Layout Diagram Block For Adjustment of Improved Controller Parameters.
To find a better solution in a minimum calculation time and precision, we calculate the best
solution for each single objective, based on the minimization of a certain criterion (objective function)

is the Mean integrated squared error calculated by the following equation:
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MISE = Fit = [(e(t)" )t (IT1.24)
ﬁmin < ﬂ < ﬂmax

Subject to K <K, <K, (1I1.25)
T,<T,<T,,

Where: ¢, (t) =CP

optimal

—CP is the difference between the optimal Power Coefficient value and

(1)

the output Power Coefficient value under improved On-Off control in £, , which aims to maximize

the Electric Power. And e, (t)=F " —TI, is the difference between the electromagnetic torque

reference value and the electromagnetic torque value under improved On-Off control in £ ®) Which

err

aims to minimize the electromagnetic torque ripple.
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Figure lll. 39 Flowchart of The MOPSO Approach For Optimizing The Improved On-Off Controller.

The MOPSO parameters used to find the optimum values of the improved On-Off Controller

parameters are presented in Table I11.13.
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Parameters Values
Number of Particles 10
Max Iteration 40
Weight Factor (ll.) of MOPSO [;=05 and [,=0.5
Inertia Weight Factor (W) of PSO 0.9
Confidence Coefficient C,=0.12 and C, =12

Table lll. 13 MOPSO Parameters.

I11. 6.1 Simulation Results
As with the previous experiments involving the proposed controllers, the wind energy

conversion system and the suggested control strategy were implemented in the MATLAB/Simulink
environment using the WECS parameters outlined in Table B.1 of Appendix B to evaluate this work.

The simulations were conducted using two different wind profiles.

I11. 6.1.1 Low Turbulence Stochastic Wind Speed
In the initial stage, and consistent with previous experiments, a low-turbulence stochastic wind

model is employed, as shown in Figure II1.4. This model is utilized for simulation to enable a more
precise comparison of the results between the PSO Improved On-Off Controller for Electromagnetic
Torque Ripple Minimization, the PSO Improved On-Off Controller for Power Coefficient
Maximization, and the Multi-Objective PSO (MOPSO) Improved On-Off Controller for both
Electromagnetic Torque Ripple Minimization and Power Coefficient Maximization. As discussed in
earlier chapters, this wind model, introduced by C. Nichita for simulation purposes [19], is thoroughly

detailed in Chapter 1, Section 3.1. The parameters 7, , K, and p of the PSO Improved On-Off

Controller for Electromagnetic Torque Ripple Minimization, the PSO Improved On-Off Controller for
Power Coefficient Maximization, and the MOPSO Improved On—Off Control for Electromagnetic
Torque Ripple Minimization and Power Coefficient Maximization using low turbulence stochastic

wind speed are presented in Table III.14.

Values
Parameters PSO Improved On-Off PSO Improved On-Off Multi Objective PSO
Controller for Power Controller for Electromagnetic | Improved ON-OFF Controller
Coefficient Maximization Torque Ripple Minimization
K, 300 1 510.0811
T, 18.3489 2.6814 560.6600
ﬁ 1 0.100 0.1321

Table lll. 14 Parameters of The Different Controllers Using Low Turbulence Stochastic Wind Speed.
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When analyzing the results derived from a low-turbulence stochastic wind profile, it becomes
apparent that the Improved On-Off Controller optimized through MOPSO achieves a remarkable
reduction in electromagnetic torque ripple—exceeding 95%—compared to its counterpart tuned by
PSO for maximizing the power coefficient (CP). However, this reduction is marginally less effective
than the performance achieved by the Improved On-Off Controller tuned by PSO for minimizing
electromagnetic torque ripple (refer to Figures I11.40 and II1.41). The significant decrease in torque
ripple with the MOPSO-tuned controller explains the enhanced mechanical stability and the smoother,
vibration-free rotational speed observed, in contrast to the PSO-tuned controller aimed at CP
maximization. This stability stems from the alleviation of mechanical loads on the drive shaft,
primarily due to the elimination of the chattering phenomenon. Nonetheless, the optimal performance
in this domain is attributed to the PSO-tuned controller designed specifically to minimize torque ripple

(Figure I11.43).
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In terms of power coefficient (CP) and electrical power generation, the MOPSO-tuned
controller demonstrates commendable performance, surpassing the PSO-tuned controller optimized for
torque ripple minimization. However, the amount of power produced and the speed of attainment
remain suboptimal when compared to the outcomes achieved by the PSO-tuned controller for CP

maximization (Figures I11.42 and I11.44).

These findings highlight that the Improved On-Off Controller tuned via MOPSO offers a
critical advantage by effectively mitigating the chattering phenomenon. This not only enhances the
operational lifespan of the wind turbine but also facilitates the generation of substantial electrical

energy.

I1I. 6.1.2 High Turbulence Stochastic Wind Speed
To assess the robustness of the proposed controller under varying conditions, it was crucial to

evaluate its performance using a high-turbulence wind model, as depicted in Figure I1I.10.

The parameters 7,,K, and f of PSO Improved On-Off Controller for Electromagnetic Torque

Ripple Minimization, the PSO Improved On-Off Controller for Power Coefficient Maximization, and
the MOPSO Improved On—Off Control for Electromagnetic Torque Ripple Minimization and Power

Coefficient Maximization using High turbulence stochastic wind speed are presented in Table III.15.

Values
Parameters PSO Improved On-Off PSO Improved On-Off Multi Objective PSO
Controller for Power Controller for Improved On—Off Controller
Coefficient Maximization Electromagnetic Torque
Ripple Minimization
K, 300 1 366.1590
T, 35.9187 4.2987 466.7850
ﬁ 1 0.100 0.1488

Table lll. 15 Parameters of The Different Controllers Using High Turbulence Stochastic Wind.
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Figure Ill. 49 Electrical power.

A comparison of the curves in Figures I11.45, 111.46, and I11.48 reveals that the Improved On-
Off Controller tuned by MOPSO outperforms the one tuned by PSO for maximizing CP, particularly in
addressing the chattering phenomenon. Nevertheless, its performance remains slightly inferior to that

of the Improved On-Off Controller tuned by PSO for minimizing electromagnetic torque ripple.

Similarly, an examination of the curves in Figures I11.47 and II.49 demonstrates that the
MOPSO-tuned controller achieves better results than the PSO-tuned controller optimized for
minimizing electromagnetic torque ripple, specifically in terms of maximizing electrical power output.
However, these results still do not match the superior performance of the PSO-tuned controller for CP

maximization.

Overall, these findings highlight the proposed controller's capability to deliver reliable and

satisfactory performance under various wind speed conditions.
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I11.7 CONCLUSION
In conclusion, this chapter has explored various optimization strategies for enhancing the
performance of an improved On-Off controller in a wind energy conversion system (WECS) equipped
with a squirrel-cage induction generator (SCIG). Across the different methods applied—PSO, WOA,
COOT, and MOPSO—the primary objectives were to reduce electromagnetic torque ripple, minimize

chattering effects, and maximize power output.

The PSO-based approach demonstrated significant effectiveness in reducing chattering and
extending the wind turbine's lifespan by limiting mechanical loads on the drive shaft. However, it
introduced a new challenge by compromising the maximum power point tracking (MPPT) function,
resulting in reduced power production. Similarly, the WOA-tuned controller showed favorable
performance in reducing chattering and improving turbine longevity, but it also failed to fully maintain

MPPT, leading to a decline in power generation.

The COOT optimization algorithm introduced an innovative improvement by incorporating a
hysteresis function into the controller’s internal structure, which not only enhanced MPPT accuracy
but also significantly mitigated the impact of chattering. The results indicated successful energy
extraction and regulation, with reduced mechanical stress and power output fluctuations, pointing to

the potential for real-world application.

Finally, the MOPSO-based controller achieved commendable results by optimizing the power
coefficient, thereby maximizing electrical power production while also reducing chattering. Although
the MOPSO approach reduced electromagnetic torque ripple by more than 95%, it did not eliminate it
entirely, and a slight time delay and instability in maintaining maximum power output were observed.
Despite these minor drawbacks, the improved On-Off controller tuned by MOPSO remains a
promising solution, meeting the needs of producers with its ease of implementation and satisfactory

performance.

Next chapter will focus on further refining these control strategies, particularly by leveraging
the Frequency Separation Principle to fully address the identified issues and improve the overall

efficiency and practical viability of wind energy conversion systems
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IV. 1 Introduction

Building on the analysis in the preceding chapter, which explored various enhanced controllers
utilizing Metaheuristic algorithms for both single and multi-objective optimization, fuzzy logic-based
enhancements, and sliding mode controllers, it becomes evident that while notable performance gains
have been realized, persistent issues such as continuous chattering and suboptimal maximum power
point tracking (MPPT) remain unresolved challenges. In [10], researchers proposed a novel dual-loop
control framework grounded in the frequency separation principle applied to wind turbine dynamics.
This framework is specifically tailored for variable-speed wind turbines, with the primary aim of
maximizing power generation while minimizing control efforts to alleviate mechanical stress on the
drive train. The dual-loop architecture comprises two distinct control loops, each employing a
specialized controller to address targeted challenges. The linear-quadratic Gaussian (LQG) controller
[118,119] is deployed to mitigate the electromagnetic torque ripple, whereas a classical proportional-
integral (PI) controller is utilized to enhance power conversion efficiency. The evaluation of this
architecture demonstrated substantial improvements in wind turbine performance, characterized by
enhanced power generation efficiency and reduced mechanical stress. These outcomes underscore the
efficacy of control strategies based on the frequency separation principle. Nonetheless, further
advancements remain achievable by refining the frequency separation methodology and evolving the
control framework to attain even higher operational efficiency and reliability for wind turbines. Such
progress promises transformative benefits for wind energy producers, addressing pivotal challenges in
the renewable energy domain. This chapter introduces three innovative control strategies for wind
turbines, all predicated on the frequency separation principle. This principle distinguishes between
high-frequency and low-frequency components of wind dynamics, enabling the development of a
sophisticated dual-loop control architecture. In the proposed framework, the high-frequency loop
integrates various controllers: an LQR controller in the first approach and Hoo controllers in the second
and third approaches. The low-frequency loop incorporates a fractional-order proportional-integral
(FOPI) controller in the first and second approaches, while the third approach employs a filtered
fractional-order proportional-integral (FOPIF) controller [12] optimized using the particle swarm
optimization (PSO) algorithm (PSO-FOPIF). The overarching objective of these strategies is to
mitigate electromagnetic torque ripple, commonly referred to as the vibration issue, while ensuring
precise and efficient MPPT. By achieving these dual objectives, the proposed methodologies enhance
the operational lifespan of wind turbines, reduce maintenance costs, and maximize energy yield. These
advancements are anticipated to fulfill the expectations of both producers and investors within the
renewable energy sector, presenting a significant leap toward addressing critical challenges in wind

energy generation and utilization.
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IV. 2 Control Problem Formulation

The proposed methodology is rooted in the frequency separation principle, which recognizes
that the dynamics of wind energy conversion systems are governed by two distinct spectral ranges
associated with wind speed components (I.6). The seasonal component, v , defines the average

operational point of the wind turbine, representing slow, low-frequency dynamics. In contrast, the
turbulence component, AV(Z‘ ) , introduces high-frequency variations around this point. This principle

advocates for the independent compensation of these two dynamics to enhance system performance.
To implement this approach, advanced control strategies have been developed and rigorously
evaluated. A Fractional-Order Proportional-Integral (FOPI) controller and a Filtered Fractional-Order
Proportional-Integral Tuned by PSO (PSO-FOPIF) controller are designed to leverage the seasonal
component. These controllers effectively drive and maintain the system at an operational point aligned
with the Optimal Regime Characteristic (ORC). Concurrently, high-performance controllers, such as
Hoo and Linear Quadratic Regulator (LQR), are tailored to the turbulence component, optimizing the

system's behavior in the vicinity of the linearized operational point.

In summary, the outlined design process encompasses the following key steps:

Step 1. Acquire the wind speed, v, from the anemometer's output signal.

Step 2. Derive the seasonal wind speed, denoted as v , by applying low-pass filtering to the
signal v.

Step 3. Determine the turbulence component of the wind speed asAv=v—v .

Step 4. Send Vv to the low-frequency loop, detailed in Section IV.3.1, resulting in the steady-

state control input, T, .

> em

Step 5. Send Av to the high-frequency loop, detailed in Section IV.3.2, generating the dynamic
control input, ATem .

Step 6. Obtain the total control input (electromagnetic torque), T,, by summing the steady-state

component and the dynamic component 7, =T, +AT,,

em

Hence, the wind speed's two components need to operate independently within the two loops

depicted in the proposed control structure, as illustrated in Figure IV.1.
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Figure IV. 1 Frequency Separation Principle.

IV. 2.1 Steady-state optimization: tracking the optimal point
An approach focused solely on maximizing energetic efficiency necessitates operating a wind

turbine at variable speeds, ensuring that its operating point remains within the optimal regimes

characteristic (ORC). This involves maintaining the Power Coefﬁcient(cp) , dependent on the tip

speed ratio (l) , at its maximum value, corresponding to the optimal value ( 4

o a8 1llustrated in Fig.

IV.2). Referred to as steady-state optimization, this is achieved by tracking the rotational speed

corresponding to 4, ,

derived from equation (IV.1).

Vo
Q= 2 (IV.1)

Notably, the seasonal component of the wind speed, denoted as V', plays a role in this relation,

as it governs the slow variation of the operating point.
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Figure IV. 2 The correlation between the power coefficient and the tip speed.

IV. 3 Optimal Control Structure Design Based on the Frequency Separation Principle
The design of the control structure is elaborated, beginning with its primary representation in

Figure IV.1.

IV. 3.1 Crafting the design for the low-frequency loop
The optimization of the steady-state, also known as optimal operating point tracking, is

accomplished through a low-frequency loop. This loop is influenced by the seasonal component V(t ),
which sets the operating point. Figure IV.3 illustrates the detailed scheme of this loop, which is further

discussed below. The seasonal component, represented as V(t ), is derived from the wind speed signal,

V(t ) , through the application of a low-pass filter. It is essential that the cutoff frequency of this filter

does not surpass the bandwidth of the wind turbine. In [10], the authors used the filter output in
relation (IV.1) to calculate the reference of a classical Proportional-Integral (PI) controller. This
controller is responsible for generating the constant component of the electromagnetic torque, ensuring
the attainment of the optimal "fixed" operating point on the Cp characteristic. Consequently, the
parameter 7y , which exhibits the highest variance, remains constant, thereby keeping the linear system
(I.63) constant with respect to this parameter. In this study, a Fractional-Order Proportional-Integral
(FOPI) controller and the Filtered Fractional-Order Proportional-Integral tuned by the Particle Swarm
Optimization algorithm (PSO-FOPIF) controller are employed to achieve precise and efficient tracking
of the optimal operating point along the CP characteristic. The FOPI controller is used in the first and

second proposed approaches, where it is determined using a pole placement procedure that relies on a
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linearized model of the system to address the nonlinearities around a typical operating point.
Additionally, the parameters of the PSO-FOPIF controller are tuned using the Particle Swarm
Optimization (PSO) algorithm and are applied in the third proposed approach. Empirical methods,
such as the Ziegler-Nichols method [120,121], can also be utilized. By leveraging the system's
seasonal components, both controllers ensure the system operates consistently within the framework of

the Optimal Regime Characteristic (ORC).
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Figure IV. 3 Low-Frequency loop based on FOPI/PSO-FOPIF Controller.

Figure 1V 4 illustrates the block diagram of the FOPI and FOPIF controllers, along with their
respective transfer functions (IV.2 and IV.3).

> >

U (s) K, U (s) K, NN
GFOPI (S): :KP +S_;“ (IV2) GFOPI (S): E(S) :KP +S—)m (IV3)
Figure IV. 4 Block Diagram of the Controllers and Their Transfer Functions.
a: FOPI, b: FOPIF.

To optimize the performance of the FOPIF controller, the Particle Swarm Optimization (PSO)

algorithm [13] is employed to determine the optimal values for the controller parameters

(K 2K\ A, NN) . Figure V.5 illustrates the block diagram of the PSO-FOPIF controller.
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U(s)

Figure IV. 5 Block Diagram of the PSO-FOPIF Controller.

IV. 3.2 The High-Frequency Loop Design
The high-frequency perturbation component operates within an optimal control loop (see

Figure 1V.6). In [10], researchers implemented a linear quadratic Gaussian (LQG) controller within

this framework. This control loop generates the dynamic component of the electromagnetic torque,

ATem (t). In our study, we enhance the performance of this control loop [10] by replacing the LQG

controller with an Hoo controller in the second and third proposed approaches, while retaining the LQR
controller in the first approach. Our focus is on optimizing the design of the high-frequency loop,
presenting the corresponding experimental results. The Hoo control method [11] is a robust control
design approach aimed at developing controllers that maintain consistent performance in the presence
of uncertainties and disturbances within the system. This methodology prioritizes robustness, ensuring
stability and performance despite system uncertainties. Unlike some control design techniques that rely
on time-domain analysis, Hoo control is rooted in the frequency domain. Designing an Hoo controller
involves addressing a complex optimization problem to identify the controller that minimizes the Hoo
norm for the closed-loop system. This task is typically achieved using numerical optimization

techniques.
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Figure IV. 6 The Optimal High-Frequency Loop.

IV. 3.2.1 The High-Frequency Loop Design based on the LQR Controller Approach
Most control strategies discussed in the literature, including those reviewed in previous

chapters, focus exclusively on maximizing energy efficiency, often overlooking the adverse effects on
system reliability caused by excessive control input effort. Despite its critical significance, the
reliability aspect has only recently gained attention in the context of wind energy conversion system
(WECS) control. Mechanical fatigue in the transmission system can be mitigated by minimizing the
torque variation of the generator, A7, (t),as highlighted by [122] and further elaborated by [52].
Leveraging the linear behavior of the system model near the optimal operating point, [52] formulated a

joint optimization criterion to balance the competing objectives of maximizing energy conversion and

minimizing torque fluctuations.

I=E{a(A(t) = Ay) | +E{4rZ, (1)} (IV.4)

L I,

Here, E{} represents the statistical expectation operator. Consequently, the optimization
problem is classified as a Linear Quadratic (LQ) formulation, as described by [96]. Operating around
the optimal regime is achieved by minimizing only the first term of Equation (IV.4),1,, which

prioritizes energy efficiency. However, this approach comes at the cost of significant torque variations,

represented byI,. To balance these conflicting requirements, a positive weighting coefficient, a, is

introduced, enabling adjustment of the trade-off between energy efficiency and system reliability.
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1V. 3.2.1.1 Dynamic optimization—associated LQ problem
Due to the turbine's high inertia compared to wind speed variations, a control strategy solely

based on steady-state optimization can lead to significant torque fluctuations at the generator shaft,
potentially causing damage to mechanical subsystems, such as the gearbox. To address this issue,
reliability considerations necessitate incorporating an optimization criterion represented by Equation
(IV.4), where the second term emphasizes minimizing torque control variations. This approach, known
as dynamic optimization, is formulated as a Linear Quadratic (LQ) optimization problem, as detailed
below. As indicated by the performance index in Equation (IV.4), and considering the defined state
model, the optimization problem involves balancing the reduction of variations in both the output and

control input variables. The first term is expressed as a quadratic function of the state variable:

[ = E{()LA_X2 (t)} — min < [
(Iv.s)
I, = E{xT (t)CzCax(t)} — min,

Where C_ = JoC.

The reliability constraint is solved by the control input variations’ minimization (maximization

of energy with minimization of control input—MEmci). The second component is defined as
I, :E{ATemz(t)} =E{u" (t)Nu(t)} - min, (Iv.6)

Where N = 1 (the vector notation for u(t) is used for formal conformity). Therefore, the global
index is

[=E{x"(1)(CIC,)x(t)+u" (t)Nu(t)} > min (IV.7)

o

1V. 3.2.1.2 LOR design
The high-frequency turbulence component operates within an optimal control loop, as

illustrated in Figure IV.6, governed by the performance criterion outlined in Equation (IV.7). This

control loop generates the dynamic component of the electromagnetic torque, denoted as AT, (t).

This section focuses on the optimal design of the high-frequency control loop and its corresponding
experimental validation. The optimization criterion expressed in Equation (IV.7) represents a Linear
Quadratic (LQ) invariant stochastic optimization problem. The existence and uniqueness of the
solution are ensured by a well-established set of conditions, which rely on specific structural properties
of the controlled system [96]. In this context, these conditions are satisfied; however, their detailed

justifications are omitted here for brevity. The unique optimal control input that minimizes the
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criterion defined in Equation (IV.7) for the dynamic system described by Equations (I1.63) and (1.65) is

a full-state feedback control law of the form u(t)=-Kx(t), where the feedback matrix K is

determined as follows:
K =N"B'S (IV.8)

Where S is the unique, symmetric, and positive semi-defined matrix satisfying the Riccati

algebraic matrix equation:
SA+A"S+ClC,—SBN'B'S=0 (Iv.9)

The asymptotic stability of the closed-loop system—whose structure is presented in Figure
IV.6 —described by

x(t)=(A-BK)x(t) (IV.10)
, 1S guaranteed.

Equation (IV.11) presents the values of matrices A and B.

3 0 1.775568181818182 | —1,77556818181818
| —0,0466666044445274 —1,82223478626271 | | 1,77556818181818

} (IV.11)

As shown in Equation (IV.12), the values of the controller matrix K are:

K= [0, 00400516179779231 0, 736055969366667] (IV.12)

IV. 3.2.2 The High-Frequency Loop Design based on the Ho Controller Approach
To address the challenges posed by the high inertia of wind turbines relative to wind speed

variations, solely relying on steady-state optimization can lead to substantial torque fluctuations at the
generator shaft, risking damage to mechanical subsystems, such as the gearbox. To enhance reliability,
a dynamic optimization strategy becomes essential, one that simultaneously minimizes torque
oscillations and ensures robust performance under disturbances. This requirement leads to the

formulation of an Hoo control problem.

The control objective is formalized using an Hoo performance index, which aims to minimize
the worst-case impact of disturbances on system performance. For a given state-space representation of

the wind energy conversion system,
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x(1)=Ax(t)+Bu(t)+Ew(?)

(IvV.13)
z(t) = Cx(t)+Du(t)

Where
x(t) represents the state vector,
u(t) is the control input,
w(r) is the external disturbance,
z(t) is the regulated output,
A,B,E,C and D are system matrices.
The Hoo control problem involves designing a control law:

u(t)=—Kx(z) (IV.14)
such that the closed-loop system satisfies the performance criterion:

|7, ()], < (IV.15)

Where T, ,_(s)is the transfer function from the disturbance w(¢) to the regulated output z(¢),

w—z

and 7y is the performance bound. The Hoo norm of the transfer function is given by:
I7,. (s)], =supo,.. (T,.. (j)) (IV.16)

Where o, denotes the maximum singular value, and jo represents the frequency domain

variable.

The optimization criterion is often expressed in a quadratic form. For example, the performance

index J can be written as:
J=[(x(e) Qx(e)+u(r) Ru(o))dr (IV.17)

Where O and R are weighting matrices that penalize state deviations and control efforts,

respectively. The inclusion of the Hoo norm constraint ensures robustness by minimizing the system's

sensitivity to disturbances while balancing performance and control effort.
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The resulting control gain K is obtained by solving a set of algebraic Riccati equations (AREs)
derived from the system dynamics and the Hoo norm constraint. These equations ensure the stability

and robustness of the closed-loop system:
A"P+PA-(PB+C"R'C)P+Q=0 (IV.18)

By applying the Hoo controller, the wind energy conversion system achieves a robust trade-off
between maximizing energy capture, reducing mechanical stresses, and ensuring reliable operation

under uncertain and varying environmental conditions.
1V. 3.2.2.1 Ho design
The first step in controller design is to augment the system into a generalized plant P(s) , which

combines the dynamics of the physical system, disturbances, weighting functions, and control

objectives. This plant has inputs [w;u](disturbances and control) and outputs [z;y](regulated outputs

and measured outputs):

x(1)=Ax(t)+Bw(t)+Byu(r)
z(t)=Cx(t)+Dyw(t)+Du(t) (IV.19)
y(t) = sz(t)+D21w(t)+D22u (t)

Where y(t)is the measured output used for feedback.

The wind turbine control system must mitigate excessive mechanical loads to preserve the

durability and longevity of its components.

The general configuration for Hoo controller design is depicted in Figure IV.7 [123, 124], where

P(s) represents the augmented process and K (s) denotes the controller.
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Figure IV. 7 General control configuration.

In the synthesis of robust controllers, weighting functions are applied to specific quantities that

characterize the control system's behavior, namely the error e, the control input u, and the system

output y . These weighting functions are typically associated with the sensitivity functions S(s), R(s)

,and T(s) [123,124].

The cost function, which characterizes the transfer from inputs w to outputs z, is represented

as a linear fractional transformation 7, (P,K):
T,..=F(P.K)=R + PK(I-P,K) P, (IV.20)

The augmented process can also be expressed through input-state-output equations as presented

in (IV.17).

If the nominal system H (s) is defined by equations (1.63) and (1.65), the augmented process

can be represented through a partitioned structure:

4 B B
P(S)=|:P11(S) Plz(S):|: C, D, D, (IV.21)
Py(s) Py(s) C. D. D
2 21 22

The synthesis problem for the Hoo controller is addressed by determining a controller,

represented by the transfer matrix K (s), that satisfies the control law outlined in equation (IV.14),

given the augmented process. such that the Hoo norm of the cost function is minimized min HT . (S)H .

o0

The Hoo norm of a system H (s)is defined based on the singular values o, (H (jw)) , where

i=12,....n:
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[#]., =sup,.. (H (jeo)) (IV.22)
The performances of a closed-loop system can be specified by the following equations:

‘S(ja))‘Zel,Va)Sa)b;

S(jo)<M,, Vo>, (IV.23)
Where w, is the bandwidth frequency and M is the peak limit of the sensitivity function.

The weighting function W, (s) is defined as:

W, (s)= M (Iv.24)

In case of MIMO (Multiple Input Multiple Output) systems, the performance specifications are
described by:

0,(S(j0)) <0, (S (jo)) < (joo) (IV.25)
For Monovariable SISO (Single Input Single Output) systems, the previous equation becomes:

b

S (joo)| <" (o)

W (jo)S(jo)|, <1 (IV.26)

Robust stability conditions can be expressed in the frequency range using the weighting

functions W, (s),W, () and the sensitivity matrices R (i), and T(s):

0 e (R(j00)) <y (j0)|30,0, (T (Jeo) ) <[5 ()| (IV.27)

In case of additive disturbances W, (jw) acts as a filter on R (jw) and penalizes the command

u . In case of multiplicative disturbances W, (jow) weights the complementary sensitivity T( jw), thus

penalizing the output of the system.

The weighting functions W, (s) and W, (s) are defined by:

S-I-A/;O S+M‘0
W, (s) = —— s (5) = —— L (IV.28)
&,5+m,, &S+,
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With w,, the controller bandwidth, w,, the closed-loop bandwidth, M, is the peak of R( jw),

M is the peak of T'(jw), and &,,¢, small values.

The Hoo controller can be obtained by using the Riccati equation approach or the LMIs (linear
matrix inequalities) approach [123]. The optimal control problem is to check if a solution exists from

the Riccati approach given in [125].

The process control system H, (s) weighted by the transfer function W, (s),W, (s),W,(s) is

considered. The Hoo problem can be obtained by the Ainfsyn method [126], using the following
MATLAB commands:

P=augw(Hy,, W, Wy, W)

(IV.29)
[K, CL, GAM INFO]z hinﬁ?yn(P, nmeas, nu)
The sensitivity matrices satisfy the relations:
0 (8 (J)) <70, (W (J))
B (IV.30)
O-max (T(]CO)) S O-max (VV_’a (]CO))
Equation (IV.31) presents the plant matrices used in the proposed controllers:
A B B,
A By
P= =C, D, D, (Iv.31)
I
2 DZI D22
With:
10 0,443892045454545 0,0828597380051971 0,5 0
P, =P = 0 —1,82223478626271 -0,331438952020791|, R,=F,=| 0 2|,
0 0,250 0 0 0
[0,461538461538461 0,0682910839160839 0,0127476520007996
P, =P = 0 0 0 ,
i 0 0,887784090909091  0,165719476010394
0,0769230769230769 0
P,=PF = 0 1|
1 0

The controller, represented by the transfer matrix K(s) in Equation (IV.32), is designed to

satisfy the control law given in Equation (IV.14).
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(—5.309.105) s? —(9.675.105)s ~4.399.10*
s? +(3.143.105)s2 +(3.157.106)s +1.466.10°

K(s) = (IV.32)

IV. 4 Results and Discussion

As in the experiments detailed in previous chapters, simulations were conducted to assess the
efficacy of control methods grounded in the frequency separation principle. These simulations were
implemented in the MATLAB/Simulink environment, utilizing the wind energy conversion system
along with the proposed control approach. For reference, the system parameters are summarized in
Table B.1 of Appendix B. The evaluation employed two distinct wind profiles—representing low and
high turbulence—generated based on the von Karman spectrum in compliance with International
Electrotechnical Commission (IEC) standards. Additionally, the findings were validated using a real
wind model captured with an anemometer in a controlled laboratory setup. To further examine the
robustness of the proposed controllers, their performance was analyzed under varying internal system
parameters, specifically by altering the total inertia of the high-speed shaft within the time interval [45s
- 50s]. This investigation aimed to identify potential deviations from the results obtained under

constant high-speed shaft inertia conditions.

IV. 4.1 Low turbulence stochastic wind speed
To enable a precise comparative analysis of the performance of FOPI and Heo controllers based

on the frequency separation principle, as well as FOPIF and Hoo controllers, FOPI and LQR controllers
employing the same principle, and the Standard On-Off control method, a low-turbulence stochastic
wind model is utilized. This wind model, depicted in Figure IV.8, was proposed by C. Nichita [19]. It
generates a temporal wind profile by initially subjecting white noise to a transfer function derived from
the Von Karman non-rational filter. The parameters of this filter are specifically calibrated to reflect
the unique characteristics of the site and the associated wind dynamics, as illustrated in Figure IV.8.
Notably, this model, introduced by C. Nichita for simulation purposes, is comprehensively explained

in Chapter I, Section 3.1.
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Figure IV. 8 Low turbulence stochastic wind speed.
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Figure IV. 10 Power Coefficient (CP) Zoom [0s-8s].
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Figure IV. 13 Electromagnetic Torque Zoom [70s-75s].
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A comparative analysis of the results obtained using a low-turbulence stochastic wind speed
model (Figure IV.8) underscores the superior performance of the proposed control structures based on
the frequency separation principle when compared to the standard on-off controller. These advanced
structures, designed with various controllers, demonstrated consistent and reliable maximum power
point tracking (MPPT) throughout the operational period. In contrast, the standard on-off controller
struggled to maintain stable MPPT tracking. The evaluation of the power coefficient curve (Figure
IV.9 and Figure IV.10) further validate these findings. Notably, the proposed control structure
integrating Hoo and PSO-FOPIF controllers achieved slightly better performance than the
configurations utilizing Hoo and FOPI controllers or LQR and FOPI controllers, as illustrated in Figure
IV.8. This marginal yet critical improvement highlights the efficiency of the Ho + PSO-FOPIF
combination in optimizing energy capture. Figure IV.11 corroborates this by confirming the ability of
the proposed controllers to generate maximum electrical power more effectively than the standard On-
Off controller. Further insights from Figures V.12, IV.13, and IV.14 reveal the robustness of the
proposed control structures in addressing significant operational challenges. These controllers
successfully mitigated electromagnetic torque ripple issues (Figures IV.12 and 1V.13) and maintained
generator speed stability within the designated range (Figure 1V.14). By minimizing oscillations that
could otherwise degrade the lifespan of wind energy conversion systems, the proposed controllers
contribute to enhanced system durability. Conversely, the Standard On-Off controller failed to
eliminate electromagnetic torque ripples (Figure IV.13) and was unable to stabilize the generator's
mechanical speed (Figure IV.14). The results obtained from the low-turbulence stochastic wind model
unequivocally demonstrate that the proposed control strategies not only achieve and sustain maximum
power output but also extend the operational life of wind turbines. This dual advantage underscores the
superiority of the proposed control structures, particularly under variable wind speed conditions, and

solidifies their potential as a more effective alternative to conventional approaches.
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To identify the most efficient control strategies under low-turbulence wind conditions, a

comparative analysis has been conducted and summarized in Table IV.1. For enhanced visualization,

the values illustrate key performance metrics, including the maximum electromagnetic torque (T )

€M max

, the standard deviation of the electromagnetic torque (Std), the maximum power coefficient (CP,,,, ),

max

and energy efficiency n, (%).

It is worth noting that energy efficiency #», is expressed by the equation (IV.33):

i 2.3
P [ ,0.57R* (1)CP(4)dt V33
T R [0k () CP (4, )dr |
opt 0o opt
Criteria .
T Std ( T, ) CP, Energy Eiﬁclency
Method ng (%)
Standard On-Off controller 40.0252 8.1894 0.4763 85.01
LQR + FOPI 57.7315 8.0814 0.4763 98.33
Hwo + FOPI 55.4998 7.6123 0.4763 98.19
Hoo + PSO-FOPIF 55.5040 7.6354 0.4763 98.16

Table IV. 1 Comparison of Different Control Strategies Under Low-Turbulence Wind Conditions.

The standard on-off controller exhibits the lowest maximum electromagnetic torque (T )

(40.0252), indicating reduced torque stress on the system. In contrast, LQR + FOPI generates the
highest maximum electromagnetic torque (57.7315), followed by Hoo + FOPI (55.4998) and Hoo +
PSO-FOPIF (55.5040). All proposed controllers achieve a lower standard deviation of electromagnetic
torque (Std) compared to the standard on-off controller (8.1894), with Hoo + FOPI achieving the
lowest torque ripple (7.6123), indicating superior torque smoothness. These results demonstrate that
the proposed controllers enhance dynamic stability and ensure smoother torque variations—key factors
in reducing mechanical wear and extending system lifespan. Despite variations in electromagnetic

torque and its standard deviation, all controllers achieve the same maximum power coefficient

(CP )of 0.4763, This indicates that all controllers successfully tracked the maximum power value at

max
a given moment in this particular scenario. Furthermore, an analysis of energy efficiency #, (%)

reveals that the proposed controllers achieve power extraction efficiencies exceeding 98%,
significantly outperforming the standard on-off controller, which attains only 85%. These findings
underscore the advantages of the proposed controllers in improving both energy efficiency and torque

smoothness over the standard on-off approach.
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IV. 4.2 High turbulence stochastic wind speed
We employed a high-turbulence wind model to simulate the proposed controllers, evaluating its

robustness under different conditions (Figure IV.15).
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Figure IV. 15 High turbulence stochastic wind speed.
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Figure IV. 16 Power Coefficient (CP).
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The comparative analysis, based on results obtained using a high-turbulence stochastic wind
speed model (Figure IV.15), highlights the superior performance of advanced control structures built
on the frequency separation principle compared to the standard on-off controller. The proposed
controllers demonstrated reliable and stable maximum power point tracking (MPPT), unlike the On-
Off controller, which failed to sustain MPPT under similar conditions. The Power Coefficient curve
(Figure IV.16) confirm the efficiency of these controllers. Among them, the configuration combining
the frequency separation principle with Hoo and PSO-FOPIF controllers slightly outperformed others,
including Hoo with FOPI and LQR with FOPI controllers, as shown in Figure IV.17. This underscores
the effectiveness of the Hoo +PSO-FOPIF combination in maximizing energy capture. Furthermore,
Figure IV.18 demonstrates that the proposed controllers consistently produced higher electrical power
compared to the Standard On-Off controller. Figures 1V.19, 1V.20, and IV.21 further illustrate the
advantages of the proposed control structures. They effectively mitigated electromagnetic torque ripple

(Figures IV.19 and IV.20) and maintained generator speed stability within a defined range (Figure

Advanced control structure based on the Frequency Separation Principle of a Wind Energy Conversion System (WECS)



Chapter IV Advanced control structure based on the Principle of Frequency Separation of a Wind Energy Conversion System

IV.21). These improvements reduced operational oscillations that can compromise the lifespan of wind
turbines. Conversely, the Standard On-Off controller failed to eliminate torque ripple (Figure IV.20)
and could not stabilize the generator's speed within acceptable limits (Figure IV.21). This analysis
unequivocally demonstrates the ability of the proposed controllers to achieve and sustain maximum
power output while extending turbine service life. Tested under both low- and high-turbulence
conditions, the controllers exhibited robustness and efficiency across variable wind profiles, as

evidenced by the results, reaffirming their superiority over conventional methods.

To determine the most efficient control strategies under high-turbulence wind conditions, a

comparative analysis has been conducted and summarized in Table IV.2. For better visualization, the

Values depict key performance metrics, including the maximum electromagnetic torque(TemmaX ) , the

standard deviation of the electromagnetic torque (Std), the maximum power coefficient (CP,,, ) , and

energy efficiency n, (%).

Criteria - std (T,,,) P, Energy Efficiency
Method " ng (%)
Standard On-Off controller 38.0120 7.7163 0.4763 85.88
LQR + FOPI 51.3290 6.5899 0.4763 98.18
Hoo + FOPI 51.3300 6.6492 0.4763 98.12
Hoo + PSO-FOPIF 51.3356 6.6503 0.4763 98.12

Table IV. 2 Comparison of Different Control Strategies Under High-Turbulence Wind Conditions.

The proposed controllers demonstrate a significant improvement in both energy efficiency and

torque smoothness compared to the standard on-off controller. While all controllers achieve the same

maximum power coefficient (CP )of 0.4763—confirming their ability to track the optimal power

max
extraction point under the given conditions—their impact on electromagnetic torque and energy

efficiency varies. In terms of torque performance, the standard on-off controller exhibits the lowest

maximum electromagnetic torque (Temmax )(38.0120), indicating reduced torque stress on the system.

However, it also has the highest standard deviation of electromagnetic torque (Std) (7.7163), leading
to increased torque ripple. Conversely, the proposed controllers yield higher maximum
electromagnetic torque values, with Hoo + PSO-FOPIF reaching the highest (51.3356), followed by
Hoo + FOPI (51.3300) and LQR + FOPI (51.3290). Despite these higher torque peaks, all proposed
controllers achieve smoother torque variations, with LQR + FOPI exhibiting the lowest torque ripple

(6.5899). This enhancement in torque smoothness contributes to greater dynamic stability, reduced
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mechanical wear, and an extended system lifespan. Furthermore, an analysis of energy efficiency

reveals that the proposed controllers significantly outperform the standard on-off approach. While the

standard controller achieves an efficiency #, (%) of only 85.88%, the proposed controllers surpass

98%, ensuring superior power extraction. These results underscore the advantages of the proposed
control strategies in optimizing both energy efficiency and system durability over conventional

methods.

IV. 4.3 Real Wind Model (Natural Wind Intensity Curve)
To validate the performance of the proposed controllers in a practical setting, a real wind model

(Figure IV.23) was employed, measured using an anemometer in a controlled laboratory environment.
(Figure 1V.22) illustrates a segment of our laboratory experiment, where an anemometer is positioned
opposite a suitable laboratory antenna outlet. The recorded data allowed us to derive the natural wind
intensity curve, which was utilized in our current investigation. It's important to mention that the
experiment to measure natural wind intensity was conducted at the Renewable Energy Laboratory

within the College of Engineering at the University of Sharjah in the United Arab Emirates.

PCE-000

Figure IV. 22 Extracting the natural wind intensity curve using an anemometer [The Renewable Energy Laboratory at the College of Engineering
at the University of Sharjah].
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Figure IV. 23 Real Wind Model (Natural Wind Intensity Curve).
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Figure IV. 25 Power coefficient (CP) Zoom [0s-8s].
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Figure IV. 29 Mechanical Speed of Generator wy, .

A comparative analysis of the results obtained using a real wind model measured via an
anemometer in a controlled laboratory environment highlights the exceptional performance of the
proposed control structures based on the frequency separation principle. These structures, designed
with various controllers, demonstrated reliable maximum power point tracking (MPPT), even under
low wind speed conditions. Unlike the Standard On-Off controller, which consistently failed to
maintain MPPT when the wind speed dropped to low levels (e.g., 5.5 m/s), the proposed controllers
retained their MPPT capability. Furthermore, despite subsequent increases in wind speed, the Standard
On-Off controller could not recover its MPPT functionality, as illustrated in Figure IV.24. An
evaluation of the power coefficient curve (Figure IV.24), reveals that the proposed controller utilizing
the frequency separation principle with LQR and FOPI controllers achieved slightly superior
performance compared to its counterparts based on Hoo and FOPI controllers or Ho and PSO-FOPIF
controllers, as shown in Figure IV.25. This nuanced advantage underscores the effectiveness of the
LQR + FOPI combination in maximizing power efficiency. Further analysis of Figures IV.27, IV.28,
and V.29 demonstrates that all proposed control structures successfully addressed key operational
challenges. They effectively mitigated the issue of electromagnetic torque ripple (Figures IV.27 and
IV.28) and maintained generator speed stability within a defined range (Figure IV.29). This robust
performance significantly reduces oscillations that adversely impact the lifespan of wind energy
conversion systems, thereby enhancing their longevity. In stark contrast, the Standard On-Off
controller failed to eliminate electromagnetic torque ripples (Figures IV.27 and 1V.28) and could not
stabilize the generator's mechanical speed (Figure IV.29). These findings, derived from both real and
natural wind models, unequivocally establish the efficacy of the proposed controllers in achieving and
maintaining maximum power output while simultaneously extending the operational life of wind
turbines. This dual benefit underscores the superiority of the proposed control structures over

conventional methods, particularly under variable wind speed conditions.
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To determine the most effective control strategies under a real wind model, a comparative analysis was

conducted and summarized in Table IV.3. For clearer visualization, the table presents key performance

metrics, including the maximum electromagnetic torque (T ), the standard deviation of the

emmax

electromagnetic torque (Std), the maximum power coefficient (CP,,, ), and energy efficiency n, (%)

max

Criteria . std (7,,,) P, Energy Efficiency
Method ng (%)
Standard On-Off controller 21.6302 5.8456 0.4763 -17.90
LQR + FOPI 28.8951 6.8701 0.4763 98.99
Hoo + FOPI 28.8949 6.9168 0.4763 98.92
Heo + PSO-FOPIF 28.8984 6.9211 0.4763 98.91

Table IV. 3 Comparison of Different Control Strategies Under Real Wind Model.
Energy efficiency n, (%) analysis reveals a significant advantage of the proposed controllers,

which achieve an energy extraction efficiency exceeding 98%, whereas the standard on-off controller
suffers a substantial energy deficit of -17.9%. This highlights the superior energy harvesting capability
of the proposed methods compared to the conventional approach. Regarding electromagnetic torque

performance, the standard on-off controller exhibits the lowest maximum electromagnetic torque

T 21.6302), indicating minimal torque stress on the system. In contrast, the Hoo + PSO-FOPIF
( emmax g q y

controller generates the highest maximum electromagnetic torque (28.8984), followed by the LQR +
FOPI controller (28.8951) and the Hoo + FOPI controller (28.8949). Despite these differences, all
controllers achieve a similar electromagnetic torque standard deviation (Std). Notably, the standard
on-off controller achieves the lowest torque ripple (5.8456), reflecting superior torque smoothness.

Additionally, all controllers successfully track the maximum power point in this wind scenario,

achieving the same peak power coefficient (CPmaX) (0.4763). However, while the standard on-off

controller excels in reducing torque ripple, its poor energy extraction performance renders it
ineffective in a real wind environment. In contrast, the proposed controllers balance both energy

efficiency and torque smoothness, confirming their superiority over the standard on-off approach.

IV. 4.4 Robustness Test
After demonstrating the efficacy of the frequency separation-based control method through

various proposed controllers—namely, Frequency Separation (LQR + FOPI), Frequency Separation
(Hoo + FOPI), and Frequency Separation (Hoo + PSO-FOPIF)—under different wind conditions, this
section delves into evaluating their robustness. The investigation focuses on assessing the controllers'

performance under varying internal system parameters, specifically by altering the total inertia of the
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high-speed shaft within the time interval [45s—50s]. This analysis aims to highlight potential deviations
in results compared to scenarios where the total inertia of the high-speed shaft remains constant. The

mathematical representation of the total inertia is provided in Equation (IV.34) [127-128].
J,, +J
=t 4+J V.34
TG+, F ( )
Where: J, ho J ; are inertias rendered respectively in HSS (the High Speed Shaft) and LSS (the

Low Speed Shaft). J

wt?

J, Are respectively the inertias of the Turbine Rotor and the Electric

Generator. The values of the inertias parameters are displayed in Table IV .4.

Parameters Values
High Speed Shaft Inertia J, =0.005
Low Speed Shaft Inertia J,=0.02
Turbine Rotor Inertia J, =3
Electric Generator Inertia J, =0.01

Table IV. 4 The Values of The Inertias Parameters.
Figure IV.30 depicts the variations applied to the total inertia of the high-speed shaft during the

testing interval.
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The analysis of the results demonstrates that the proposed controllers—Frequency Separation
(LQR + FOPI), Frequency Separation (Hoo + FOPI), and Frequency Separation (Ho + PSO-FOPIF)—
exhibited remarkable robustness, even under substantial variations in the total inertia of the high-speed
shaft. This is particularly evident in the curves presented in (Figure IV.33) and (Figure IV.34), which
illustrate the controllers' consistent ability to suppress electromagnetic torque ripples, even when the
total inertia was tripled from its nominal value during the interval between 45 and 50 seconds.
Additionally, the comparative analysis of the curves in (Figure IV.31) and (Figure IV.32) underscores
the controllers' superior performance in tracking the maximum power point, further affirming their

robustness and adaptability under demanding operational conditions.

To determine the most effective control strategies Under Varying Internal System Parameters, a

comparative analysis was conducted and summarized in Table IV.5. For clearer visualization, the table

presents key performance metrics, including the maximum electromagnetic torque (T ), the

emmax

standard deviation of the electromagnetic torque (Std), the maximum power coefficient (CP ), and

max

energy efficiency n, (%).

Criteria " Std ( T, ) P, Energy Efficiency
Method ' 1 (%)
LQR + FOPI 51.3290 6.6174 0.4763 98.35
Hoo + FOPI 51.3300 6.6766 0.4763 98.28
Heo + PSO-FOPIF 51.3344 6.6665 0.4763 98.30

Table IV. 5 Comparison of Different Control Strategies Under Varying Internal System Parameters.

After analyzing the simulation results of the proposed controllers under various internal system

parameters, the energy efficiency analysis reveals a significant advantage for the proposed methods,
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with energy extraction efficiencies # (%) exceeding 98%. This highlights the superior energy
harvesting capabilities of the proposed controllers. In terms of electromagnetic torque performance, the

Hoo + PSO-FOPIF controller generates the highest maximum electromagnetic torque (T )

(51.3344), followed by the Hoo + FOPI controller (51.3300) and the LQR + FOPI controller (51.3290).
Despite these variations in maximum torque, all controllers exhibit similar electromagnetic torque
standard deviation (Std). Notably, the LQR + FOPI controller stands out by achieving the lowest

torque ripple (6.6174), reflecting its superior torque smoothness. Furthermore, all controllers

successfully track the maximum power point, achieving the same peak power coefficient (CP,,, ) of

max
0.4763. Despite variations in internal system parameters, the proposed controllers demonstrate a
balanced performance, maintaining both high energy efficiency and smooth torque, confirming their

robustness across different conditions.

IV.5 CONCLUSION

This chapter has presented a comprehensive evaluation of control strategies grounded in the
frequency separation principle, demonstrating their efficacy through extensive simulations and real-
world scenarios. By integrating advanced controller configurations—LQR + FOPI, Hoo + FOPI, and
Hoo + PSO-FOPIF—these strategies have consistently showcased robust and efficient performance in
addressing the critical challenges inherent to wind energy conversion systems. Under varying
turbulence levels and realistic wind conditions, the proposed controllers achieved precise maximum
power point tracking, effectively mitigated electromagnetic torque ripples, and ensured stable
generator speed operation. These outcomes are instrumental not only in optimizing energy capture but
also in significantly extending the operational lifespan of wind turbines, thereby reducing maintenance
costs and enhancing overall economic feasibility. The comparative analyses further illuminated the
unique strengths of each configuration. The Hoo + PSO-FOPIF controller demonstrated exceptional
adaptability under fluctuating wind speed conditions, while the LQR + FOPI approach excelled in
scenarios involving real wind profiles, highlighting the tailored advantages of these strategies. These
findings emphasize the versatility and robustness of the proposed dual-loop control architectures
across diverse operational environments, outperforming the standard on-off controller, which exhibited
considerable limitations in maintaining performance consistency under similar conditions.
Additionally, the capacity of these control strategies to suppress electromagnetic torque ripples, even
amidst significant variations in system parameters such as high-speed shaft inertia, underscores their
resilience and adaptability. This robustness ensures sustained performance in dynamic and

unpredictable environments, further establishing the proposed methodologies as a reliable and
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advanced alternative to conventional control approaches. In conclusion, the proposed frequency
separation-based control strategies mark a significant advancement in wind energy technology. By
addressing critical operational challenges, these strategies not only enhance energy efficiency and
system durability but also align with the evolving technical and economic demands of renewable
energy systems. By meeting the expectations of stakeholders, these innovative solutions contribute to a
more sustainable and economically viable future for wind energy conversion systems, paving the way

for further advancements in the field.
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1. General Conclusions

The profound and multifaceted contributions of this PhD thesis to the field of wind energy
conversion systems (WECS) underscore the importance of advancing control strategies to meet the
escalating global demand for renewable energy. This research embarked on addressing critical
challenges in harnessing wind energy, focusing on maximizing energy efficiency, reducing mechanical
stress, and improving the economic feasibility of wind energy technologies. By systematically tackling
the intricacies of modeling, control, and optimization in WECS, this work has laid a robust foundation
for the development of innovative solutions tailored to the dynamic and non-linear nature of wind

energy systems.

The thesis began with a comprehensive modeling of the wind energy conversion chain,
establishing a rigorous analytical framework that detailed the aerodynamics of wind turbines, the drive
train dynamics, and the operational characteristics of squirrel cage induction generators. This
groundwork facilitated a deeper understanding of the non-linear behavior inherent in WECS and
provided a basis for employing linearization techniques to enable advanced control designs. These
initial efforts set the stage for exploring a diverse range of control strategies aimed at tracking the

maximum power point (MPPT) and optimizing energy extraction from variable wind resources.

The exploration of MPPT strategies revealed the inherent trade-offs in WECS control:
achieving maximum energy production often comes at the cost of increased mechanical wear and
reduced turbine lifespan, while mitigating these effects can lead to diminished energy efficiency.
Through a systematic analysis of traditional and enhanced controllers, including standard on-off, and
fuzzy logic-based variants, the research identified key limitations, such as chattering and
electromagnetic torque ripple, that necessitated further refinement. By incorporating advanced
concepts such as sliding mode control and metaheuristic optimization algorithms—specifically PSO,
WOA, COOT, and MOPSO—this thesis demonstrated significant improvements in controller
performance, addressing the dual objectives of energy maximization and mechanical stress

minimization.

A pivotal innovation in this research lies in the development and application of the frequency
separation principle. By distinguishing between the high-frequency dynamics induced by turbulent
wind and the low-frequency dynamics stemming from gradual wind variations, the proposed dual-loop
control architectures enabled precise and adaptive responses to fluctuating operational conditions. The
integration of advanced control configurations, including Hoo and Fractional-Order Proportional-

Integral (FOPI) controllers, further enhanced the robustness and reliability of WECS. Particularly
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noteworthy is the Ho + PSO-FOPIF controller, which exhibited exceptional adaptability and
performance under diverse wind conditions, addressing both energy capture efficiency and the

mitigation of electromagnetic torque ripple.

The findings of this research underscore the critical role of optimization and advanced control
techniques in advancing the sustainability of wind energy. By enhancing the operational durability of
wind turbines and reducing maintenance costs, the proposed methodologies align with the economic
and technical imperatives of renewable energy systems. Moreover, the contributions of this thesis
extend beyond immediate technical advancements, offering a scalable and adaptable framework that

can accommodate future innovations in wind energy technologies.

In conclusion, the proposed control strategies in this thesis, represent a significant step forward
in the quest for efficient, reliable, and economically viable wind energy conversion systems. By
addressing the dual challenges of energy efficiency and system resilience, this work not only
contributes to the ongoing evolution of wind energy technologies but also supports the broader
transition toward a sustainable and renewable energy future. The proposed solutions and insights
provide a valuable foundation for further research and development, paving the way for the continued

advancement of wind energy systems to meet the growing demands of a greener global economy.

2. Futures Works

The results presented in our work have demonstrated the effectiveness and robustness of the
proposed approaches. Nonetheless, the work as a whole can be pursued mainly through perspectives
that can contribute to better industrial and economic performance. Among the possible avenues of

work we consider:

e All the control strategies developed in this work presuppose knowledge of wind speed.
However, we know that wind speed is difficult to measure. So, for future work, we can
consider implementing a robust and optimal wind speed estimator that will be generalized
from conventional estimators, which assume that the wind turbine is operating at optimal
power for a given wind speed.

e In the future, we propose to incorporate other heuristic algorithms into the control strategy
based on frequency separation. We intend to work on more complex multi-objective
problems to further improve the limits of our methods. Implementing these control
approaches on real-world wind turbine installations is one of the most challenging future

developments of this work.
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e (Consequently, in future work, we suggest to focus on the network part of the power
conversion system by proposing approaches and solutions for the machine-side converter
controller, dividing it into low-frequency and high-frequency loops.

e For low-power Wind Energy Conversion Systems (WECS), performance requirements are
often minimal, focusing on power limitation at rated levels and energy optimization,
perhaps establishing an energy-reliability optimization criterion. A multitude of wind
facilities are integrated into hybrid renewable energy conversion systems, presenting
distinct control challenges. To achieve effective solutions regarding the structure and
control strategy of these systems, experimental examination under reproducible settings is
essential. The creation of laboratory test rigs utilizing electromechanical WECS simulators

is evidently significant in this perspective.

Implementing these control strategies in actual wind turbine installations is a last target to be considered for the
future development of this work.
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Appendices

Appendix A

The parameters for the low-turbulence stochastic wind speed model used in the simulation
are outlined in Table A.1.

Parameters Values
m, 0.4
m, 0.25
L, 195
V (m / s) 11
7,(s) !
K, 0.14

Table A. 1 Parameters of The Low Turbulence Stochastic Wind Speed

The simulation parameters for the high-turbulence stochastic wind speed model are detailed
in Table A.2.

Parameters Values
m, 0.4
m, 0.25
L, 500
Y (m / s) 11
7.(s) !
K, 0.25

Table A. 2 Parameters of The High Turbulence Stochastic Wind Speed.

Here, (ml,mz )represents Nichita parameters, Lf is the wind turbulence length scale, V" is the

average wind speed, which varies based on the wind's intensity (weak, medium, or strong), T is the

sampling period, and x_ is the turbulence intensity.
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Appendices

Appendix B

Table B.1 presents the parameters of the wind energy conversion system used consistently
across all simulation sections of this thesis, conducted within the MATLAB/Simulink environment.

Turbine rotor Drive train SCIG
p=2
Rs =1.265Q
Rr=1.43Q

Multiplier ratio:
AN Lm=0.1397H
Blade length:
R=25m J, =3.6 kgm® Ls=0.1452H
Efficiency : Lr=0.1452H -
n=0.95

o, =157 rad | s
remmax = 50 Nm
Vs=2201

Table B. 1 Parameters of The Low-Power Rigid-Drive-Train SCIG-Based WECS.
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