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This paper focuses on the development of wind energy control 
technologies in hybrid energy systems, highlighting their crucial role in 
integrating renewable energy sources on a microgrid. It examines the 
wind turbine curve, a fundamental framework for wind turbine 
operation, and the challenges and possibilities of integrating wind 
power into renewable energy systems, various methods to improve the 
efficiency and stability of wind turbines, with wind turbine control 
methods as the cornerstone. The study also examines the qualities of 
advanced wind turbine controllers, highlighting their efficiency in using 
wind energy resources and investigates wind energy conversion 
systems (WECSs) electrical generators, highlighting current 
developments that promise increased energy production and system 
dependability. The aim is to contribute to the ongoing discussion on 
wind energy control technologies by utilizing various cutting-edge 
studies. The study aims to offer insights and perspectives guiding the 
energy industry towards sustainability and environmental friendliness 
through a comprehensive assessment of these crucial components. 
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1. Introduction 
As wind energy becomes increasingly central to global renewable energy strategies, the development of advanced 
control technologies is critical for addressing the power quality challenges in microgrid applications. Wind energy 
offers a sustainable alternative to conventional power sources, with significant potential for growth as it becomes 
more cost-competitive [1–3]. However, wind energy faces unique challenges, including intermittency, voltage 
fluctuations, and frequency instability, which can compromise power quality and reliability. Addressing these 
issues is essential for the seamless integration of wind energy into the microgrid. This will ensure stable operation 
and enhance reliability, standards for power quality, and sustainable energy systems [4-5]. 
 To meet these demands, modern wind energy systems require robust control systems designed to manage 
pitch control, generator speed, and overall turbine stability, particularly as the industry shifts toward larger 
turbines, particularly in offshore settings [6-7], as shown in Fig. 1. The deployment of larger wind turbines has 
been economically advantageous, yet presents engineering challenges related to high temperatures and efficiency 
across broader wind regimes [8-9]. Additionally, compliance with grid code requirements for frequency and 
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voltage stability is critical for wind energy control operators, who must adapt to evolving industry standards and 
competitive pressures [10-11]. 
 

 
Fig. 1 Evolution of standard rotor diameters [5] 

 
 Appropriate control systems are essential for large wind turbines to ensure machinery protection, human 
safety, and power quality [12]. These systems, which include pitch control, generator speed governing, and turbine 
control elements, play crucial roles in maintaining performance and structural integrity, enabling turbines to 
convert wind energy into mechanical and electrical power for grid supply [13-14]. Power control strategies, such 
as physical models, statistical methods, artificial intelligence, and hybrid techniques have been implemented in 
wind farms to support consistent and efficient energy delivery [15-16]. In addition, wind forecast systems help 
operators anticipate fluctuations in power generation. This will enable timely adjustments in the controls [17] of 
key design parameters, such as the angle of attack, turbine speed, and wind velocity, to stabilize and maximize 
power delivery [18-19]. 
 Simultaneously, the advancement of effective control systems in wind energy applications is crucial for 
enhancing the power quality [20]. The anticipated doubling of the wind energy capacity from 95 GW in 2020 to 
190 GW by 2030 is primarily driven by technological advancements, cost reductions, supportive policies, 
increased investment, and ambitious clean energy targets. Innovations in wind control technologies are pivotal 
for maximizing the energy output and enabling more efficient energy capture and utilization. Moreover, the 
expansion of offshore wind projects, enhanced grid integration, and implementation of energy storage solutions 
have addressed limitations that hinder growth. Fig. 2 illustrates the renewable production of wind energy, 
showing its projected increase from 95 GW in 2020 to 190 GW by 2030. 
 Control systems play a crucial role in enhancing operational stability, optimizing performance, and ensuring 
smooth grid integration [22]. Modern control techniques have been designed to optimize the performance and 
efficiency of wind turbines. 
 This review critically evaluates current wind energy control technologies, identifying key advancements and 
challenges in improving the power quality of microgrids. It also explores the integration of wind turbines with 
various control technologies to ensure an efficient power supply and assesses the effectiveness of diverse control 
mechanisms in optimizing energy capture to ensure safety by maintaining a stable power output, frequency, and 
facilitating grid integration. To achieve these objectives, a comprehensive literature review was conducted 
focusing on peer-reviewed articles, conference proceedings, and technical reports from the past decade. The 
selection criteria emphasize studies addressing wind turbine control systems, their integration with power grids, 
and their impact on energy efficiency. The selected studies were analyzed by comparing different control 
strategies, their applications, and outcomes across various wind energy scenarios. 
 Given the increasing deployment of wind energy owing to environmental concerns, this study underscores 
the need for effective control strategies to ensure reliable and efficient power generation. These findings will 
contribute to the ongoing efforts to enhance wind energy systems and their integration into the global energy 
landscape. Although existing studies have examined different types of control strategies for wind turbines, there 
remains a gap in research regarding the in-depth integration of hybrid control methods to optimize energy 
efficiency under varying environmental conditions. This study aims to address this gap by exploring these under-
researched techniques and their potential for enhancing the adaptability, reliability, and efficiency of different 
wind turbine controls 
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Fig. 2 Cumulative global installation of wind turbine [21] 

 

1.1 Description Wind Energy System  
A wind turbine is a mechanical structure that is used in the generation of electrical power from wind; hence, it 
comprises several interrelated subsystems [23-24]. The process begins with the aerodynamic rotor being used to 
trap the kinetic energy of the wind and mechanically transform it into useful energy [25]. Mechanical energy is 
then converted into electrical energy by the generator, which supplies electricity to the power grid. 
 Introduced as a critical feature of renewable energy solutions, contemporary wind power technologies 
encompass several features, whereby each component occupies its respective position in the functionality and 
regulation of the overall setup, as illustrated in Fig. 3. The components of the wind energy system are as follows: 

• Aerodynamic Rotors: The major role of aerodynamic rotors is to intercept wind energy and convert the 
intercepted energy into mechanical energy, which sets up the energy conversion process. Turbine 
characteristics and design, including horizontal- and vertical-axis rotors, play a major role in turbine 
efficiency [26]. 

• Gearbox Systems: A gearbox system is used to control the number of rotations of the rotor with the aim of 
increasing the efficiency of the generator. These systems can be different with choices, such as planetary 
and helical gearing, which influence the efficiency and durability of the vehicle. 

• Generators: While generators are also an important part of the invention, they convert the mechanical 
energy provided by the rotor to electrical energy to supply electricity to the power grid. 

• Power Electronic Interfaces: These interfaces control the amount of electricity transferred to or from the 
turbine and, in particular, regulate the power quality and compatibility of electricity with the standards set 
by the power grid. 

• Control Systems: These include pitch and yaw adjustments, both of which are essential for regulating 
turbine operations, thereby maximizing overall efficiency and operational stability. 

• Yaw Control: Yaw control mechanisms enable the turbine to rotate and align itself with the prevailing wind 
direction and optimize energy capture. 

• Brakes: The braking system is crucial for ensuring safety by halting turbine operations during emergencies 
or maintenance activities, thereby protecting both the equipment and personnel 

 
 The interplay between these components is essential for maintaining optimal performance and power 
quality [27]. Fig. 4 illustrates a block diagram of the wind turbine system, highlighting the interconnected 
subsystems: aerodynamic, mechanical, generator, and driving dynamics. These subsystems function in concert to 
control various aspects of the turbine operation, including pitch adjustment [28]. 
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Fig. 3 Description of a wind turbine system [26]   

 
 

 
Fig. 4 Block diagram of wind turbine system [28] 

 
 
 The conversion of wind energy to electrical power involves several critical factors that affect the control 
efficiency and stability of the system [29]. For example, the gearbox ratio plays a vital role in determining the 
perceived rotational speed and the division of the generator. In addition, the hub serves as a crucial link between 
the low-speed shaft and servos, facilitating the transfer of mechanical energy. By examining the interdependencies 
between these components and their collective impact on power quality improvement, we can gain a more 
comprehensive understanding of the complexities involved in wind-turbine control and operation. 

1.2 Power Curve and Control Technologies in Wind Turbine Operation 
Fig. 5 presents the power curve based on wind speed, illustrating the power properties of a wind turbine measured 
using the IEC61400-12 standard. The curve includes three critical wind-speed parameters: cut-in, rated, and cut-
out speeds [30].  
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Fig. 5 Wind turbine power curve 

 
 
• Cut-in Speed: This wind speed at which the turbine begins to generate power. 
• Rated Speed: At wind speed, the turbine operates at its highest efficiency, with power generation following 

a cubic function of wind speed. 
• Cut-out Speed: This maximum wind speed at which a turbine can operate safely. Beyond this threshold, 

the turbine was shut down to prevent further damage. 
 

 The need for variable-speed operation and control arises from different wind-speed ranges [31]. 
Aerodynamic power management strategies are employed to maintain the power output at the rated value as the 
wind speed increases. Specifically, control technologies dynamically adjust the pitch and yaw of turbine blades to 
optimize energy capture while ensuring safe operation. If the wind speed exceeds the cut-out threshold, the 
turbine is programmed to automatically shut off to mitigate risks [32-33]. 
 Building on the understanding of wind turbine operation and the significance of power curves, it is essential 
to delve into the importance of the power and efficiency of wind control systems. This exploration will illuminate 
how effective control strategies not only optimize energy capture but also enhance the overall performance and 
reliability of wind energy systems. 

1.3 Power and Efficiency of Wind Control System 
Power and efficiency are critical concepts in wind-energy generation. Power is defined as energy per unit time 
[34-35], whereas efficiency refers to the capacity and effectiveness of a system or its components. According to 
[36], efficiency is quantified as the ratio of useful output to required input. In the context of the power curve of an 
operational turbine, the regulation of the turbine performance in relation to the wind is primarily achieved by 
balancing its rotational speed against the wind velocity. The tip speed ratio (TSR) is essential for maintaining this 
balance, as expressed in Eq. 1: 
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 where f is the frequency of the blade rotation (Hz), l is the length of the blade (m), and v is the velocity (m/s2). 
The efficiency of a wind turbine is known as the power coefficient (CP as shown in Eq. 2. where ρ is the air density 
normally 1.29 kg/m3 and A is the area of the blade (in meters). 
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 Particular control technologies, such as pitch control systems and variable-speed drives, are essential for 
improving power efficiency and quality. Pitch control systems modify the blade angle to enhance energy capture 
throughout fluctuating wind speeds, thereby increasing the power coefficient and ensuring that the turbine 
functions efficiently within its design parameters. Variable-speed drives enable turbines to adjust to varying wind 
conditions, sustain an appropriate tip speed ratio, and diminish mechanical strain on turbine construction. 
Collectively, these technologies not only augment energy production but also substantially enhance the reliability 
and quality of the power sent to the grid. 
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2. Wind Integration in Renewable Energy System 
The integration of control technologies with wind turbine systems is essential for achieving safe and cost-effective 
electricity production from wind energy [37]. This involves establishing operational constraints on torque and 
power, reducing fatigue life degradation owing to changing wind directions, variable wind speeds, turbulence, 
frequent start-stop cycles, and optimizing energy output [38]. This study focused on pitch-controlled wind 
turbines operating at variable speeds, leveraging advanced sensors and real-time control mechanisms to manage 
structural loads and stabilize power generation [39]. Additional investigations of turbine configurations can 
reveal alternative control approaches with similar functional benefits to solve the energy crisis. 
 With problems such as the deepening global energy crisis and environmental degradation, the incorporation 
of wind energy into renewable systems is even more important. According to Blaabjerg et al. [40], electronic 
converters, such as voltage source converters, VSCs, and PWM systems, are ESVPs because of their responsibility 
to bolster renewable energy integration against common problems such as voltage, harmonics, and reactive 
power issues. These converters, typically assembled with the Flexibility of AC Transmission System (FACTS), show 
a better quality of power and control voltage and make the grid compatible. Gorel and Fadhil [41] and Zanib et al. 
[42] supported the above concern by pointing at skills in the utilization of these electronic converters in careers 
while maintaining a high standard of output. 
 It was found that the integration of wind and PV systems was effective in meeting the overall renewable 
energy generation objectives and minimizing CO₂ emissions. According to Ghadiali and Xydis [43], the integration 
of wind and PV sources is a better solution because the intermittency of one source can be balanced with the other.  
Other accessories, such as battery energy storage systems (BESS), are incorporated in these arrangements to 
control power volatility, whereby captured power during the energy production period is stored for use during 
low wind incidents to maintain stable power output and healthy grid performance. 
 Recent studies on the optimization of hybrid wind farm design systems have focused on the aspects of energy 
storage and control methodologies. Ali et al. [44] also studied small hybrid wind-solar systems in Iraq and 
established that such systems improve the reliability of the electricity supply and decrease the vulnerability to 
fossil fuels. Yousif et al. [45] simulated the supply and storage system for large-scale wind and solar energy 
integration with the main grid to determine how pumped hydro-storage and lithium-ion batteries can sustain 
energy flow. These storage devices and control technologies address wind energy fluctuations. 
 Several control technologies are crucial and utilized to control wind farms and their integration into the 
utility grid. For instance, the supervisory control and data acquisition (SCADA) reported by Balasubramanian et 
al. [46] facilitates ongoing surveillance of the operation of wind turbines, thereby allowing real-time control to 
avoid voltage fluctuations and other quality issues in power. SCADA systems act on changes in wind conditions 
that are necessary and crucial for stabilizing the output under different conditions. Another type of direct current 
(DC), referred to as high-voltage direct current (HVDC) transmission, is highly useful for long-distance 
transmission of wind energy from offshore wind farms owing to its minimal energy losses and stable grid 
connection, as noted by Jain et al. [47]. Second, other techniques in voltage regulation, as discussed by Olanite et 
al. [48], guarantee constant voltage given wind fluctuations, address compliance with the voltage grid, and 
improve stability. 
 These control and integration technologies play a critical role in addressing key issues related to power 
quality, wind variability, and grid reliability, enabling wind energy to serve as a dependable resource within 
renewable energy systems. Expanding beyond wind energy to other renewable sources, Al-Shahri et al. [49] 
examined optimization strategies for solar energy systems to enhance power quality, whereas Alhousni et al. [50] 
highlighted the potential of solar energy as a sustainable alternative in regions such as Dhofar and Oman, 
emphasizing the viability of renewable energy in diverse climates. Similarly, Ebrahimi et al. [51] demonstrated 
the benefits of hybrid renewable systems by integrating geothermal and photovoltaic power, achieving CO₂ 
emission, and improving power quality. Incorporating the flexibility of renewable energy supply, Almajali et al. 
[52] have further improved solar distillation, driving 83.5% thermal efficiency and 19Lm-2 per day. These 
improvements show the possibilities of using solar distillation to increase the quality and effectiveness of power 
and renewable energy. Combined, this signify that the renewable energy systems have great potential in 
enhancing quality of power in many applications in a way that enhances reliability, efficiency, and sustainable 
development within energy systems. 
Consequently, to understand the role of control technologies to improve the reliability and integration of wind 
energy, it is crucial to analyse procedures addressing operation of the wind turbine systems. These mechanisms 
regulate speed and power output of turbine and structural loading to manage generation quality and integrity. 
Further research efforts should be directed to improving these mechanisms with the help of modern technologies, 
such as machine learning and others. The subsequent section discusses crucial approaches including pitch control, 
yaw control, and generator speed control that enhance the turbines’ efficiency and uphold the requirements of 
the energy system. 
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3. Control Mechanisms Used in Wind Energy Systems 
Control mechanisms should be well adopted in wind energy systems to achieve higher performance and reliability, 
and play a significant role in enhancing the efficiency of the power system. These mechanisms respond to several 
more critical parameters: the effect of the controller on power generation [53], balancing the asymmetric load and 
fatigue, and the characteristics of the control system [54]. These control strategies, including pitch and yaw 
controls, have a significant positive influence on the wind turbine response to varying wind conditions from the 
bearing load cycles of the blade [55]. A strong control effort is required to reduce these stresses and avoid such 
failures [56-57]. However, this type of configuration may make the analysis of the dynamic properties of a control 
system less straightforward and requires systematic approaches to the analysis and design. Therefore, the 
application of grid standards is imperative for integrating these control mechanisms to enable efficient energy 
delivery and coordination with the wind energy generation and requirements from the grid. Fig. 6 illustrates the 
various types of control mechanisms employed in modern wind turbine controllers. 
 
 

 
 

Fig. 6 Different types of wind energy controllers [37] 
 

3.1 Pitch Control Mechanisms in Wind Turbines 
Pitch control is an essential mechanism in wind turbines that optimizes the blade angles and rotor speeds to 
achieve specific power outputs [58]. By adjusting the rotor blade angles relative to the wind, the pitch system 
controls the rotor speed to maximize the power capture and reduce the structural loads, which decreases the 
fatigue of the turbine components [59-60]. Pitch control systems are classified into Individual Pitch Control (IPC) 
and Collective Pitch Control (CPC). IPC independently adjusts each blade angle, enhances energy capture, and 
mitigates load imbalances caused by turbulence or non-uniform wind [61-62]. In contrast, CPC adjusts all blade 
angles simultaneously, ensuring coordinated operation across the rotor [63]. Both pitch control types are crucial 
for managing the torque in fixed-speed turbines and optimizing the energy conversion in variable-speed turbines. 
Additionally, taller turbine towers improve the wind capture. Overall, pitch control enhances safe operation, 
increases energy capture, and reduces mechanical stress, thereby extending turbine lifespan [64]. 
 Numerous studies have developed pitch control technologies to improve wind turbine performance, 
reliability, and stability. Almihat and Kahn enhanced pitch angle control stability through feedback, feed-forward, 
and sliding-mode control techniques [37]. Mousa et al. introduced a Simple Optimal Intelligent PID Controller 
(SOI-PID), which demonstrated faster response times and improved rise and settling times compared with 
traditional PID, Fuzzy Logic, and Fuzzy-Adaptive-PID controllers [65]. Venkaiah et al. proposed a sliding mode 
controller based on an exponential rate-reaching law with stability verified through Lyapunov analysis, which 
showed superior performance and stability [66]. Bouregba et al. integrated Maximum Power Point Tracking 
(MPPT) into pitch control and found that the PI-NFLC controller is highly effective for large turbines [67]. Kalpana 
and Ansari’s Fractional-Order Fuzzy PID controller, paired with a Superconducting Magnetic Energy Storage Unit 
(SMES), outperformed conventional controllers in a wind-diesel system [68]. Lüy and Metin utilized the Particle 
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Swarm Optimization (PSO) and Ziegler-Nichols methods to tune PID controllers, achieving reduced oscillation and 
improved energy conversion efficiency in renewable systems [39]. 
 Pitch control mechanisms significantly enhance power quality within microgrids, particularly through IPC 
systems that dynamically respond to the stochastic nature of wind, delivering a steadier output that is critical for 
microgrid stability. Advanced controllers such as SOI-PID and Fractional-Order Fuzzy PID reduce the settling time, 
increase robustness, and ensure a stable energy supply to the microgrid. These control strategies are instrumental 
in boosting the efficiency and reliability of microgrids that increasingly rely on renewable sources, thus supporting 
grid stability and integrity as the energy transition progresses. 

3.1.1 Individual Pitch Control (IPC) 
PC are vital for wind turbine control systems. It reduces unequal mechanical loads on turbine blades, extends their 
lifespan, and improves performance. While controlling the turbine speed and power output, the IPC compensates 
for the stresses and fatigue on the turbine structures. Brake and modify the rotor blade angle [69-70]. Wind 
turbine technology has advanced to allow variable-speed turbines to respond to wind conditions. The pitch 
control system in these turbines adjusts the rotor blade angle to between 0° and 90°, as shown in Fig. 7. The pitch 
was set to 0° when the wind speed was below the rated power and was steadily increased to 90° [41]. The turbine 
stopped electricity production by turning the blades 90° when the wind speed reached 28 m/s. 
 
 

 
 

Fig. 7 IPC individually adjusts the pitch of each rotor blade [5] 
 
 
 Wind turbine lifetimes are being improved through economic and technical advancements [71]. The IPC 
system, which consists of multiple controllers, sensors, and calculation units, optimizes the blade pitch angles 
based on mechanical load values, operation values, and weight factors, as shown in Fig. 8. This minimizes the loads 
and maximizes the energy output while limiting the power output of the turbine as the wind speed increases [72]. 
 Numerous studies have been conducted to augment the load mitigation efficiency and optimize the wind 
energy conversion efficiency via individual pitch control (IPC) techniques.  Aktan and Bottasso [70] concentrated 
on IPC utilizing a diminished actuator duty cycle, employing a nonlinear PI formulation, and numerical 
optimizations guided by a fatigue-oriented cost function. This study seeks to enhance load mitigation efficiency 
under realistic inflow conditions. Routray et al. [73] compared various IPC methodologies, including model 
predictive control (MPC), H-infinity (H∞), and PI-based IPC. H∞-based IPC proved to be the most efficacious in 
load reduction, especially when combined with collective pitch control. Yamada and Murakami [74] devised an 
IPC system for wind turbines that improved wind energy conversion efficiency. Their approach employs a pitching 
moment estimate and reaction force observer (RFOB) to regulate the individual pitch. This novel method enhances 
the efficiency of wind-energy conversion. Gambier [75] redefined IPC methodologies as transfer matrices to 
enhance systemic comprehension. They underscored the significance of proportional-resonant controllers in the 
dynamics of IPC and highlighted the necessity of reformulating IPC methodologies. 
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Fig. 8 Individual pitch controller in wind turbine [73] 
 

3.1.2 Collective Pitch Control (CPC) 
Collective Pitch Control (CPC) is a mechanism used in wind turbines to simultaneously adjust the pitch angle of all 
rotor blades, as shown in Fig. 9. It ensures coordinated blade movement, optimizes energy capture, and maintains 
safe operation [5]. CPC systems are simple, reliable, and cost-effective compared with Individual Pitch Control 
(IPC) systems.  CPC is rather simple, but ensures a high level of reliability and efficiency of energy capture for 
turbines with fixed-speed generators. In addition, owing to the complicated dynamics and uncertainty of the 
application of wind turbine pitch control, several control algorithms, such as AI and fuzzy logic controllers, exhibit 
characteristics of environmental flexibility [76]. Sliding mode controllers, proportional-integral controllers, and 
sliding-mode observers are a combination of control system techniques used to increase the conversion of power 
and provide stable output power in variable-speed wind turbines. Jáuregui et al. [77] indicated that it is vital to 
use particle swarm optimization and other types of evolutionary algorithms to enhance the control system 
parameters of a pitch angle controller. The CPC plays an important role in the enhancement of wind in turbines 
with reference to the unpredictability of wind conditions. This is an efficient and economical means of energy 
generation; however, it is ineffective for the variation and turbulence of micro-winds.  Artificial intelligence, fuzzy 
logic, particle swarm optimization, and control algorithm techniques enhance the capabilities of wind turbines. 
Kipchirchir and Söffker [70] developed an independent pitch-based robust disturbance-accommodating 
controller (IPC-RDAC) for wind turbines that offers an alternative to traditional collective pitch control (CPC) 
systems. The IPC-RDAC utilizes a proportional-integral controller derived from the ROSCO-GSP model to improve 
the load mitigation and speed regulation in wind energy systems. 
 In another study, Mohsin et al. [78] proposed torque control approaches with the use of collective pitch 
control (CPC) and individual pitch control (IPC) in order to achieve better results and decrease loads. They 
employed a non-linear CRAFTS simulator for the control design, implementation, and assessment. Effective 
methods of pitch control for horizontal-axis wind turbines were investigated by Goyal et al. [79], with special 
reference to collective pitch control and hybrid-related control schemes. Joshi et al. [80] proposed studies on 
enhanced pitch control using an AI controller and compared them with conventional PID controllers for set-point 
jobs and load frequency control based on Betz’s law. 
 

 
Fig. 9 Collective pitch controller in wind turbine [77] 
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3.1.3 Hydraulic Pitch Controller 
In the field of wind turbine technology, hydraulic pitch controllers are crucial for regulating the pitch angle of 
turbine blades to optimize power production and ensure safe operation as shown in Fig. 10. Substantial evidence 
has been acquired through literature analysis to develop and optimize such controllers with reference to their 
performance. One way to enhance hydraulic pitch control is to use digital hydraulics because of its high response 
rate, good power/weight ratio, and good durability. Another method for controlling the hydraulic cylinder velocity 
involves deriving the flow gain from the cylinder velocity, and then holding it to set the position of the cylinder as 
controlled by the pitch controller. The goals of these techniques are to improve the power control and minimize 
pitch control faults to improve the general functioning of the pitch control system [81]. Venkaiah and Sarkar [82] 
proposed a model-free fuzzy feed-forward PID controller for the pitch control of a wind turbine. This controller 
provides maximum power tracking and wind gust peaking protection. 
 Yin et al. [83] proposed an electro-hydraulic servo pitch system that helps precisely control the pitch angle 
while easing the variation in the power supply. Other hydraulic pitch control systems employed in wind turbines 
were discussed by Pelin et al. [84], including load shielding, enhanced aerodynamicity, and proper power capture. 
Various control methods have been described, including passive stall control and collective and individual blade 
control, which have issues such as slow feedback, rigidity leakage, and air-borne product transmission problems 
but are reliable in operation. 
 Recent studies have focused on dynamic analysis, effective control, and establishment of a model for 
hydraulic pitch controllers. These investigations have demonstrated that hydraulic pitch adjustments reduce 
torque fluctuations to a negligible level, thus retaining wind turbine output power. In addition, fault compensation 
solutions for solving problems, identifying faults, and fixing them in real time were presented in [37]. Alemu and 
Ayenew [85] investigated the optimal regulation of electrohydraulic actuators in wind turbines using genetic 
algorithm-based fractional-order proportional integral derivative (GA-FOPID) controllers. They outperformed 
conventional proportional-integral-derivative (PID) controllers and conducted performance evaluations at 
various wind velocities. Korkos et al. [86] investigated the utilization of deep-learning methodologies, specifically 
autoencoders, to detect issues in the hydraulic pitch systems of wind turbines. Compared to other dimensionality 
reduction algorithms, the deep autoencoder demonstrated the most impressive performance, achieving a 95.5% 
F1-score. 
 Lakshmi and Ramakrishnan [87] investigated the optimization of a digital hydraulic pitch actuator for large-
scale wind turbines using a model-based design. Their sophisticated controller overcame conventional 
controllers, thereby improving the efficiency of the power generation and pitch control systems. In [88], Roh 
introduced a pitch controller based on deep learning. The controller enhanced the average power generation by 
5% and reduced the pitch motion by 5% by employing a deep-learning approach to mitigate hydraulic actuator 
delays. Wang et al. [89] developed an H-robust control methodology for hydraulic variable pitch systems in wind 
turbines. Their approach employed mixed sensitivity optimization to reduce steady-state errors and improve the 
robustness of the system. 
 

 
 

Fig. 10 Hydraulic pitch controller in wind turbine system [80] 
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3.1.4 Electric Pitch Controller 
Electric pitch controllers are essential for wind turbines because they adjust the blade angles to adapt to changing 
wind conditions and to ensure safe operation. They play a crucial role in maximizing energy extraction from 
varying wind speeds and topographical conditions, ultimately improving the overall performance of wind 
turbines, as shown in Fig. 11 [90]. Conventional pitch control controllers, such as PID controllers, are used to 
address uncertainties and nonlinearities. However, there is growing interest in AI-based controllers, such as fuzzy 
logic controllers, which can enhance performance by adjusting blade positions in response to wind surges. Digital 
pitch controllers incorporating machine learning techniques have also demonstrated superior power control and 
pitch control tracking performance. 
 

 
 

Fig. 11 Electric pitch controller [80] 
 

3.1.5 Challenges of Pitch Control Method 
Wind variability is a fundamental characteristic of wind energy resources and affects wind power generation by 
changing temporal and spatial variations [91]. Turbulent airflow near the ground causes rapid fluctuations in the 
wind speed, impacting the turbine performance and structural loads. Wind shear, which is the vertical gradient of 
wind speed with height, affects the turbine efficiency. Wake effects, caused by the rotor-intercepting wind of one 
turbine, affect neighboring turbines [92]. Intermittent wind energy production requires energy storage systems 
or grid integration strategies to balance the supply and demand. Load reduction is crucial in wind turbine pitch 
control systems for addressing mechanical fatigue, optimal energy capture, fast response to turbulence, individual 
blade control, and structural integrity [93]. Rapid pitch adjustments are essential for avoiding overshooting or 
oscillations. Individual blade control is crucial for optimizing the load distribution in multiblade turbines. 
Advanced control algorithms and robust sensors are essential to address these challenges. 
 Actuator faults are other issues that affect reliability and robustness. Consequently, fault tolerance is a major 
concern in pitch control systems of wind turbines. They include fault-tolerant control, which aims to mitigate 
these faults and maintain overall system performance. To sustain and control the power generation at the global 
level, pitch system control is mandatory. These advanced techniques have been efficiently used to estimate the 
pitch system state, faults, and other uncertainties that aid in fault detection and subsequent compensation [94]. 
The topics related to fault tolerance are sophisticated and primarily involve fault control and diagnosis. Estimating 
the pitch angle in wind turbines is challenging and critical because of its association with aerodynamic torque and 
rotor overspeed. Good stability enables the singer to control the pitch and, hence, performs very well. The authors 
analyzed strain gauges and sensors for blade loads to determine pitch improvements and cutting-off cyclic loads. 
More recent developments include the use of a reaction force observer to estimate pitching moments and wind 
speeds. 
 Blade-load interaction is a considerable problem for pitch control systems, which modify the blade position 
to decrease wind turbine loads during turbulence. These loads were controlled using individual pitch control 
methods including a multiblade coordinate transform. Optimal ind. pitch control simulations have demonstrated 
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that incorporating azimuth offset can decrease blade FL for fear of actuator exertion [95]. Factors such as wind 
shear impose difficulties in wind energy utilization; they influence turbine characteristics and strength. Other 
control approaches are being studied, such as individual pitch control, to handle wind shear and simultaneously 
maximize the power coefficient while minimizing structural loads. Wind shear also presents a pitch control system 
with another problem because the pitch changes continuously owing to the varying wind conditions. There are 
also main ideas that are very important when designing and tuning the pitch control system: they must have high 
sensitivity to wind variations and be susceptible to rapid changes in the wind [96-97]. 

3.2 Maximum Power Point Tracking (MPPT) Controller 
Maximum power point tracking (MPPT) is an essential control strategy used in wind turbines, where wind speed, 
blade pitch angle, and generator speed are measured, as shown in Fig 12. It employs anemometers to measure 
wind velocity and direction, blade pitch to achieve maximum power capture, and synchronous generator speed to 
rotor speed [98]. MPPT controllers work in such a way that they permanently check the power rating and change 
the parameters of the turbines to benefit from optimal power generation, particularly in regions encountering 
fluctuating wind behavior. It is an electronic apparatus that converts direct current from wind turbines (WT) or 
solar panels and validates the power exchange with the battery bank or utility grid [99]. Some characteristics of 
MPPT controllers include voltage control, efficiency, operational flexibility, and battery charging control [100]. 
Conventional methods include IPC and DPC to manipulate the generator torque and boost power points. 
Intelligent types of MPPT include FOIM and FLC, which are less oscillatory than earlier types [101]. 
 

 
 

Fig. 12 Maximum Power Point Tracking (MPPT) Controller [102] 
 
 
 Wind-generated power systems require control methods that enable them to produce the maximum power 
while regulating the power system. In MPPT charge controllers, the current output is regulated to deliver the 
correct amount of current to the load and achieve maximum power voltage with only a small loss. Some advanced 
algorithms have been developed with a close focus on MPPT techniques: mechanical sensors have been developed, 
new tracking speed techniques have been developed, and dynamic and steady-state performances have been 
upgraded. Yousra and Tahar [103] developed a deep Q-network technique to control the MPPT of a PMSG 
connected to a wind turbine. Arianborna et al. [104] and Shuvo et al. [105] proposed an MPPT method for wind 
energy generation that employed deep reinforcement-learning-based adaptive speed management and a 
prediction model for turbine speed and output power optimization [106]. In summary, MPPT control techniques 
are essential for optimizing wind energy harvesting in wind turbine systems, as illustrated in Fig. 5. 

3.3 Conventional Algorithms 
Conventional algorithms are widely used and established techniques employed for various applications, including 
wind energy systems, based on proven mathematical principles and have been extensively studied, refined, and 
widely adopted in the industry. The MPPT controllers in wind energy systems are based on conventional 
algorithms such as Perturb and Observe (P&O) and incremental conductance) [107]. 
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3.3.1 Perturb and Observe (P&O) 
P&O is a widely used technique for extracting the maximum power from wind turbine generators with the goal of 
searching for and maintaining the optimum operating point [108] and functions through measurement, power 
calculation, observation, perturbation, and adjustment. The P&O algorithm is easy to implement, flexible, and 
robust against perturbations. But it also has some drawbacks like oscillations, slow tracking rate, and accurateness 
problems for overcoming these problems, some advanced techniques like FLC and IC have been introduced that 
makes the MPPT system much more efficient, with faster tracking rate, accuracy, and stable in wind energy 
applications [109]. 

3.3.2 Incremental Conductance 
Another MPPT algorithm is incremental conductance (IC), which is used in wind energy systems. In its operation, 
it is relatively similar to P&O, but has several differences from this company. It measures the voltage and current 
of the wind turbine generator, calculates its power output, conducts conductor calculations, compares it with an 
instantaneous conductor, and reconfigures the generator voltage or current to correspond to the comparison 
before continually tracking the MPP [110]. The benefits of implementing IC consist in the increase of the tracking 
accuracy, in the fact that the tracking action under the conditions of the fluctuations of the wind velocity is 
considerably faster, the capacity to track the MPP even in the case of partial shading or other disruptive change, 
and stable functioning without constant oscillation round the MPP [111]. 

3.3.3 Fractional Open-Circuit Voltage 
The FOCV is a basic algorithm for the MPPT widely implemented in WE systems, which is as follows: It works 
continuously by tuning power and voltage in the wind turbine Generator's open circuit to scale it, adjust it and 
control for Maximum Power Point [112]. The constant factor (k) varied from 0. 7 to 0. 8: This was arrived at, 
majoring in the fact that the MPP voltage in Wind Turbine Generators ranges from 70-80 percent of its open-
circuit voltage. The FOCV algorithm has several advantages, such as a low computational cost and the requirement 
of fewer sensors. The dynamic response of the FOCV algorithm to different system parameters, such as wind 
speed, may not be very appealing because it requires the system to perform several additional operational 
measurements [112]. 
 Moreover, the Fractional Short-Circuit Current (FSCC), which assumes the maximum power point current of 
the solar panel, is proportional to the short-circuit current of the panel. The controller periodically measures the 
short-circuit current and calculates the maximum power point current as a fraction of the short-circuit current. 
The FOCV method is widely employed for small-scale or low-cost wind energy systems, owing to its simplicity and 
low processing requirements. Advanced MPPT algorithms, such as P&O or IC, may be more suitable for complex 
or high-performance wind energy systems [113]. 

3.4 Indirect Power Control (IPC) 
One of these techniques can be employed in conjunction with MPPT controllers. The DC MPPT controllers control 
the voltage or current of the PV system to operate at the MPP. However, such direct control may suffer from certain 
challenges, particularly under fluctuating environmental conditions [114]. Among the advantages of their usage, 
the tracking accuracy is increased, stability is enhanced, and control algorithms are simplified. IPC can track the 
maximum power point with far greater precision and respond far more quickly to fluctuations in the panel’s 
output [115]. It can also be used when the load is resistive, inductive, or capacitive in nature or for almost any 
other type of load. When using MPC with MPPT controllers, PV systems can produce an overall higher 
performance, high energy-collection efficiency, and higher reliability under varying climate conditions. There may 
be slight differences in how IPC is integrated into an MPPT, depending on the MPPT controller, system design, 
type of power converter, and control algorithm [115]. 

3.5 Direct Power Control (DPC) 
Direct Power Control (DPC) is a method for controlling the power output of a photovoltaic (PV) system, unlike 
Maximum Power Point Tracking (MPPT). In MPPT, either the voltage or current generated by the PV system is 
varied to create a P-V curve [116]. However, DPC focuses directly on controlling the power output rather than just 
the voltage or current. DPC has several advantages over MPPT, including direct power control, voltage or current 
regulation, simpler control architecture, and improved accuracy and stability It such as controlling a switch 
connected between the PV panel and the load, enabling the power converter to switch on and off for a certain time. 
The DPC algorithm design is less challenging than MPPT because it does not require the establishment of voltage 
or current control loops [117]. It also provides better stability and precise control of power and provides stability 
at the maximum power point compared with direct voltage or current control. The decision on whether to use 
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DPC or MPPT largely depends on the PV system characteristics, available computing power and speed controls, 
tracking precision, and system stability requirements [118]. 

3.6 Intelligent MPPT Algorithms 
Advanced MPPT algorithms enhance the efficacy and capacity of Wind Energy Converters (WECs) by considering 
specific components and parameters. Key techniques include wind speed estimation, turbine characteristic 
modeling, adaptive control methods, fuzzy logic and neural networks, multi-objective optimization, and hybrid 
approaches [119]. Estimating wind speed allows for the prediction of available wind power and the adjustment 
of system settings accordingly. Turbine characteristic modeling, described mathematically or through machine 
learning, provides a precise understanding of the nonlinear power-to-rotational speed (P–ω) relationship. This 
enables computers to predict the Maximum Power Point (MPP) more accurately and adapt to changes in wind 
conditions [120]. 
 Appropriate self-tuning control methodologies tune the values in parallel synthesis to monitor tracking 
precision and eradicate further speed. FL and ANN demonstrated higher suitability in dealing with the complex 
nonlinear correlations among the turbine parameters than conventional methodologies, improving the adaptive 
MPPT proficiency. When the wind speed estimator is integrated with advanced control schemes or fuzzy logic 
with neural networks, MPPT efficiency is enhanced. There are different types of further subdivisions based on 
Intelligent MPPT algorithms, some of which are fractional order intelligent MPPT and Fuzzy Logic Controller (FLC) 
MPPT[121]. 

3.6.1 Fractional-Order Intelligent MPPT Algorithm 
The intelligent MPPT algorithm is an advanced control method that integrates fractional-order calculus with 
intelligent techniques to enhance MPPT performance in wind energy conversion systems. By extending integer-
order derivatives and integrals to the fractional-order, this approach provides greater flexibility and a faster 
transient response than traditional integer-order controls [122]. The algorithm uses fuzzy logic or neural 
networks to optimize key relationships among wind turbine factors, such as wind speed, rotor speed, and power 
output, enabling the system to adapt to changes in wind conditions and system characteristics. This adaptation 
ensures high-performance and efficient power generation across different scenarios. 
 This fractional-order intelligent MPPT algorithm presents an enhancement in the tracking precision, 
dynamic behavior, stability, flexibility, and multiple optima. Its main strength is that it can be balanced under 
different wind conditions and configurations in terms of control [123]. However, this algorithm cannot be 
implemented without complex processing power and specialized control equipment, which in turn adds 
complexity and cost. Nevertheless, it can substantially enhance the efficiency of wind energy systems 

3.6.2 Fuzzy Logic Controller (FLC) 
A Fuzzy Logic Controller (FLC) is a widely used approach to MPPT in wind energy systems and is applicable in this 
study. This technique addresses the imprecise and non-linear effects of various system factors in wind energy 
conversion systems [124]. In an FLC-based MPPT algorithm, the wind speed is represented in the fuzzy domain, 
whereas the output power is represented in the membership domain. The proposed SPC-IFA (Self-Proposed 
Controller with Intelligent Fuzzy Algorithm) includes a fuzzy rule base derived from either expert knowledge or 
empirical data on wind turbine performance and MPPT. This rule base allows adaptive input-to-action control. 
The FLC-based MPPT algorithm is flexible, capable of handling the nonlinearities typical in wind energy systems, 
integrates expert insights, and can accommodate multiobjective tasks [125-126]. 
 Fuzzy logic reduces uneven changes in characteristics, such as wind speed, rotor speed, and power generated 
by the turbine [127]. However, the use of the FLC-based MPPT algorithm is highly sensitive to membership 
functions, rule-based settings, and parameters controlling the fuzzification process. It is also important to 
understand that FLC-based MPPT may be characterized by higher computational complexities as compared to 
other types of MPPT systems, which can cause difficulties in cost-effective implementation. MPPT based on a fixed 
point is also typical in wind power systems because it can handle mathematical nonlinearity and system 
complexity to achieve multiple objectives [127]. 

3.7 User Interface Computer Controller 
In the design of a wind turbine system, a user interface computer controller [128] provides a means for users to 
monitor and control turbine operations. This interface includes a controller for routing the instructions and 
information to and from the main system controller. A built-in processor interprets the received commands and 
data and generates output signals in an appropriate format. To enhance the ease of use, the interface device 
includes a speech recognition feature that can convert spoken commands into signals processed by the processor 
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of the system. This feature may involve a microsensor to capture voice input and an output device with an intuitive 
display to relay the processed commands and data. 
 Furthermore, environmental changes have been effectively incorporated into systems using AI techniques 
[37]. FLCs are advantageous because of their adaptability and simplicity in improving the microgrid capabilities 
of wind energy systems. Other pitch angle controllers that are based on metaheuristics help lead to even more 
stable system outcomes during medium wind velocity, and Artificial Neural Networks (ANNs) assist with the 
control of mechanical nonlinearities of the wind turbine. 

3.8 Robust Controller 
Robust controllers play a crucial role in wind turbine systems by handling nonlinearity, interference, and 
disturbances, as illustrated in Fig. 13. These controllers reduce oscillations and fluctuations in speed and power 
output, thus enhancing system stability and performance. Common types include sliding mode, damping, and H∞ 
controllers. 
 In [129], researchers proposed a closed-loop control strategy to address the uncertainty characteristics of 
wind turbine systems, effectively regulating generator speed. The performance of this controller was compared 
with that of a model order reduction technique, showing promising results. Similarly, Ba et al. [130] introduced a 
robust damping controller for a double-fed induction generator (DFIG)-based wind turbine. This controller 
improved reliability by mitigating unpredictable operating conditions and system oscillations and reducing 
frequency deviations in both experimental and simulation studies. 
 

 
 

Fig. 12 Robust controller [129] 
 

3.9 Conventional Controller 
Small wind energy systems typically use conventional controllers, such as PID/PI controllers, to regulate rotor 
speed and power output, as shown in Fig. 14 [37]. While these controllers are widely researched and effective for 
small turbines, they often face challenges such as difficulties in accurate wind-speed measurements and slower 
response times. The primary factors influencing the system performance and reliability are rotor speed and 
generator power. Gain scheduling is one way by which nonlinear dynamics showing undesirable behaviour can 
be manipulated in order to conform to the desired standards. This approach minimizes the effect of the 
aerodynamic thrust to pitch angle by fine tuning the controller gain. The trade-off of the system sensitivity and 
gain yields designs with better robustness than the basic controllers that do not incorporate gain scheduling. 
 PID and PI controllers are prevalently employed to address the rotor speed and output power problems and 
are suitable for small-scale systems. Still, getting the scale right for the wind speed turns out to be most 
problematic. The approach of gain scheduling allows for these systems to be more robust against changes in 
aerodynamic torque, and therefore more credible. 

4. Conclusion 
The integration of wind energy into modern power systems offers significant opportunities, but also presents 
challenges that demand robust control technologies to ensure efficient, reliable, and sustainable energy 
generation. Wind turbines rely on interconnected components, such as aerodynamic rotors, gear systems, 
generators, power electronics, and advanced control systems that work together to optimize energy output and 
maintain power quality. 
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 Control mechanisms, such as pitch control of the blade and yaw control, are vital to ensure good performance 
of the turbine while operating under varying wind conditions. These technologies are becoming relevant in the 
face of mounting demand for renewable energy sources and the growing problems of voltage instability, harmonic 
distortions, and power quality deterioration. These studies indicate the need for further advancements in 
electronic converters and integration of the Wind-PV hybrid system into the grid. Furthermore, the deployment 
of new forms of control is necessary to increase RES integration, decrease the demand for fossil fuels, and 
overcome global problems, such as climate change. As we address the problems of wind variability, quality of 
power, and integration of wind energy, the future of wind energy is made secure. 
 

 
 

Fig. 12 Conventional controller in wind turbine system [45] 
 

5. Future Work All figures 
Potential future research areas include the application of machine learning, as well as the combination of hybrid 
control techniques that could be employed to improve the flexibility, dependability, and performance of wind 
turbine control systems. Scientific advancements in various types of energy storage and their interconnection 
with wind and photovoltaic systems can provide more reliable output and mitigate the fluctuation characteristics 
of renewable resources. 
 Research into the scalability and economic viability of these technologies is also crucial to ensure that 
developments in wind energy remain competitive and can be effectively implemented in diverse settings. 
Collaboration among academia, industry, and regulatory bodies is essential to drive these advancements, 
ultimately contributing to the enhancement of wind energy systems and their integration into the broader 
renewable energy framework. 

Acknowledgement 
We acknowledge the support of TETFUND and the management of Federal Polytechnic Ede, Osun State, Nigeria, 
for the finance, conducive environment, and time required to perform this research. 

Conflict of Interest 
Authors declare that there is no conflict of interests regarding the publication of the paper. 

Author Contribution 
The authors confirm contribution to the paper as follows: study conception and design: Titus O. Ajewole, Kabiru A. 
Hassan, Mutiu K. Agboola; data collection: Titus O. Ajewole, Kabiru A. Hassan, Mutiu K. Agboola; analysis and 
interpretation of results: Titus O. Ajewole, Kabiru A. Hassan, Mutiu K. Agboola, Olakunle Olukayode; draft 
manuscript preparation: Kabiru A. Hassan. All authors reviewed the results and approved the final version of the 
manuscript. 



38 Emerging Advances in Integrated Technology Vol. 5 No. 2 (2024) p. 22-44 

 

 

Funding 
This research is funded by TETFUND, Federal Polytechnic, Ede. Osun State, Nigeria. 

References 
[1] Pioro, I. L., Makarem, M. A., & Zvorykin, C. O. (2024). Wind-energy utilization and sustainability. In 

Reference Module in Earth Systems and Environmental Sciences. Elsevier. 
[2] Dvas, G. V., Pushkin Leningrad E. G., Nikiforov, R. R., Pushkin Leningrad State University, & Pushkin 

Leningrad State University. (2023). Wind energy as a factor in the sustainability of regional economic 
systems. Общество Политика Экономика Право, 6, 87–93. 

[3] Singh, B., & Kaunert, C. (2024). Wind and solar energy as renewable energy for sustainable global future: 
Projecting future multi-sector sustainable policies and innovation. In Promoting Multi-Sector 
Sustainability With Policy and Innovation (pp. 210–245). IGI Global.  

[4] Arefin, S. S., & Ishraque, M. F. (2023). Wind energy and future trends. In Reference Module in Earth 
Systems and Environmental Sciences. Elsevier. https://doi.org/10.1016/b978-0-323-93940-9.00090-6 

[5] El-Henaoui, S. (2012). Individual Pitch Control and Its Impact. Retrieved from 
windsystemsmag.com:https://www.windsystemsmag.com/media/pdfs/Articles/2012_July/0712_ 
MOOG.pdf. 

[6] M. A. M., & Alqahtani, M. M. (2024). Optimization of non-uniform onshore wind farm layout using 
Modified Electric Charged Particles Optimization algorithm considering different terrain characteristics. 
Sustainability, 16(7), 2611. https://doi.org/10.3390/su16072611 

[7] Talarek, K., Knitter-Piątkowska, A., & Garbowski, T. (2022). Wind parks in Poland—new challenges and 
perspectives. Energies, 15(19), 7004. https://doi.org/10.3390/en15197004 

[8] Kiel, E. S., & Kjølle, G. H. (2020). Reliability of supply and the impact of weather exposure and protection 
system failures. Applied Sciences (Basel, Switzerland), 11(1), 182. 
https://doi.org/10.3390/app11010182 

[9] Tan, J., Chen, H., Ye, X., & Lin, Y. (2022). A novel fault diagnosis approach for the manufacturing processes 
of permanent magnet actuators for renewable energy systems. Energies, 15(13), 4826. 
https://doi.org/10.3390/en15134826 

[10] Joubert, G. D., & Raji, A. K. (2023). Operating voltage and frequency regime validation of grid code 
requirements in South Africa. International Transactions on Electrical Energy Systems, 2023, 1–11. 
https://doi.org/10.1155/2023/5528961 

[11] Çelik, Ö., Yalman, Y., Tan, A., Bayındır, K. Ç., Çetinkaya, Ü., Akdeniz, M., Chaudhary, S. K., Høyer, M., & 
Guerrero, J. M. (2022). Grid code requirements – A case study on the assessment for integration of 
offshore wind power plants in Turkey. Sustainable Energy Technologies and Assessments, 52(102137), 
102137. https://doi.org/10.1016/j.seta.2022.102137 

[12] Chiriţă, A. P., Şefu, Ş., Baciu, I. M., Rădoi, R., & Popescu, A. M. (2022). Power control of a wind turbine using 
an electrohydraulically controlled active pitch control mechanism. IOP Conference Series: Materials 
Science and Engineering, 1262(1), 012078. https://doi.org/10.1088/1757-899X/1262/1/012078 

[13] Menezes, E. J. N., & Araújo, A. M. (2023). Wind turbine structural control using H-infinity methods. 
Engineering Structures, 286(116095), 116095. https://doi.org/10.1016/j.engstruct.2023.116095 

[14] Sierra-Garcia, J. E., & Santos, M. (2021). Improving wind turbine pitch control by effective wind neuro-
estimators. IEEE Access: Practical Innovations, Open Solutions, 9, 10413–10425. 
https://doi.org/10.1109/access.2021.3051063 

[15] Chouiekh, S., Zoubaa, Y., Bakri, A. E., & Boumhidi, I. (2024). Takagi-sugeno-based optimal control of wind 
turbine. 2024 4th International Conference on Innovative Research in Applied Science, Engineering and 
Technology (IRASET), 1–6. https://doi.org/10.1109/IRASET60544.2024.10548774 

[16] Fu, L., Deng, X., Liu, J., Zhang, H., Weng, Z., Cheng, S., Xu, F., & Ouyang, J. (2024). An optimal hybrid control 
strategy for supporting frequency regulation considering fatigue load mitigation of wind turbines. Journal 
of Renewable and Sustainable Energy, 16(2), 023311. https://doi.org/10.1063/5.0198405 

[17] Agüera-Pérez, A., Palomares-Salas, J. C., Rosa, J. J. G. de la, Sierra-Fernández, J. M., Florencias-Oliveros, O., & 
Espinosa-Gavira, M. J. (2024). Wind energy forecasting methods. In Large Scale Grid Integration of 
Renewable Energy Sources: Solutions and technologies (pp. 63–89). IET Digital Library. 
https://doi.org/10.1049/PBPO222E_ch3 

[18] Srivastava, P., Kansal, S., Talwalkar, A., & Harish, R. (2021). CFD analysis on the influence of angle of attack 
on vertical axis wind turbine aerodynamics. IOP Conference Series: Earth and Environmental Science, 
850(1), 012027. https://doi.org/10.1088/1755-1315/850/1/012027 

[19] Xiao, M., Dou, H.-S., & Wu, C. (2017). Critical rotating speed of rotor cup in an air suction open-end 
spinning machine. Textile Research Journal, 87(13), 1593–1603. 
https://doi.org/10.1177/0040517516657059 

https://doi.org/10.1177/0040517516657059


Emerging Advances in Integrated Technology Vol. 5 No. 2 (2024) p. 22-44 39 

 

 

[20] Ponkumar, G., Jayaprakash, S., & Kanagarathinam, K. (2023). Advanced machine learning techniques for 
accurate very-short-term wind power forecasting in wind energy systems using historical data analysis. 
Energies, 16(14), 5459. https://doi.org/10.3390/en16145459 

[21] GWEC's Global Wind Report 2023. (2023). Retrieved from globalwindreport2023: 
https://gwec.net/globalwindreport2023/ 

[22] Lai, H. T. T., Trung, H. D., Lai, K. L., & Nguyen, D.-T. (2024). Enhancing grid stability through predictive 
control and fuzzy neural networks in flywheel energy storage systems integration. International Journal 
of Modern Physics B, 2540020. https://doi.org/10.1142/S021797922540020X 

[23] Elkodama, A., Ismaiel, A., Abdellatif, A., Shaaban, S., Yoshida, S., & Rushdi, M. A. (2023). Control methods 
for horizontal axis wind turbines (Hawt): State-of-the-art review. Energies, 16(17), 6394. 
https://doi.org/10.3390/en16176394 

[24] Wu, Y.-K., Gau, D.-Y., & Tung, T.-D. (2023). Overview of various voltage control technologies for wind 
turbines and ac/dc connection systems. Energies, 16(10), 4128. https://doi.org/10.3390/en16104128 

[25] Zabar, Z. (2022). Fundamentals of distributed generation systems. AIP Publishing. 
https://doi.org/10.1063/9780735425392 

[26] Azizi, A., Nourisola, H., & Shoja-Majidabad, S. (2019). Fault tolerant control of wind turbines with an 
adaptive output feedback sliding mode controller. Renewable Energy, 135, 55–65. 
https://doi.org/10.1016/j.renene.2018.11.106 

[27] Kaushika, N. D., Reddy, K. S., & Kaushik, K. (2016). Wind energy conversion. In N. D. Kaushika, K. S. Reddy, 
& K. Kaushik, Sustainable Energy and the Environment: A Clean Technology Approach (pp. 139–152). 
Springer International Publishing. https://doi.org/10.1007/978-3-319-29446-9_10 

[28] Pourseif, T., & Afzalian, A. (2017). Pitch angle control of wind turbine systems in cold weather conditions 
using $μ$ μ robust controller. International Journal of Energy and Environmental Engineering, 8(3), 197–
207. https://doi.org/10.1007/s40095-017-0231-y 

[29] Kazemi, Y., & Rezaei, M. M. (2023). A grid forming control for wind energy conversion systems. Energy 
Reports, 9, 2016–2026. https://doi.org/10.1016/j.egyr.2023.01.037 

[30] Munguia, F. E., Robles, M., Garcia, H., & Rodríguez-Hernández, O. (2023). Improvement in output power 
assessment by wind turbine power curve modeling based on data mining. AIP Advances, 13(7), 075309. 
https://doi.org/10.1063/5.0146679 

[31] Sorandaru, C., Ancuti, M.-C., Musuroi, S., Svoboda, M., Muller, V., Erdodi, M. G., & Edu, E. R. (2022). 
Fundamental issue for wind power systems operating at variable wind speeds: The dependence of the 
optimal angular speed on the wind speed. 2022 International Conference and Exposition on Electrical And 
Power Engineering (EPE), 167–171. https://doi.org/10.1109/EPE56121.2022.9959751 

[32] Iori, J., McWilliam, M. K., & Stolpe, M. (2022). Including the power regulation strategy in aerodynamic 
optimization of wind turbines for increased design freedom. Wind Energy, 25(10), 1791–1811. 
https://doi.org/10.1002/we.2769 

[33] Atallah, M., Mezouar, A., Belgacem, K., Saidi, Y., & Benmahdjoub, M. A. (2022). Modeling and control 
strategy for a wind turbine by an ag-smc without wind speed sensor. Journal of Renewable Energies. 
https://doi.org/10.54966/jreen.v1i1.1034 

[34] Abdallah, M. N., Sarkar, T. K., & Salazar-Palma, M. (2016). Maximum power transfer versus efficiency. 
2016 IEEE International Symposium on Antennas and Propagation (APSURSI), 183–184. 
https://doi.org/10.1109/APS.2016.7695800 

[35] Kanoğlu, M., Çengel, Y. A., & Dinçer, İ. (2012). Energy and exergy efficiencies. In M. Kanoğlu, Y. A. Çengel, & 
İ. Dinçer (Eds.), Efficiency Evaluation of Energy Systems (pp. 27–53). Springer. 
https://doi.org/10.1007/978-1-4614-2242-6_3 

[36] Medarević, A., & Vuković, D. (2022). Productivity and efficiency in the health care system with special 
focus on hospital performance. Medicinski Podmladak, 73(3), 27–32. https://doi.org/10.5937/mp73-
37137 

[37] Almihat, M. G. M., & Kahn, M. T. (2022b). Wind turbines control trends and challenges: An overview. 
International Journal of Innovative Research and Scientific Studies, 5(4), 378–390. 
https://doi.org/10.53894/ijirss.v5i4.910 

[38] Li, W., Zhou, X., Meng, Y., & You, J. (2024). Grid control strategy of wind turbines based on LADRC voltage 
control. Journal of Physics: Conference Series, 2771(1), 012026. https://doi.org/10.1088/1742-
6596/2771/1/012026 

[39] Lüy, M., & Metin, N. A. (2022). Pid control medium size wind turbine control with integrated blade pitch 
angle. International Scientific and Vocational Studies Journal, 6(1), 22–31. 
https://doi.org/10.47897/bilmes.1091968 

[40] Blaabjerg, F., Yang, Y., Kim, K. A., & Rodriguez, J. (2023a). Power electronics technology for large-scale 
renewable energy generation. Proceedings of the IEEE, 111(4), 335–355. 
https://doi.org/10.1109/JPROC.2023.3253165 



40 Emerging Advances in Integrated Technology Vol. 5 No. 2 (2024) p. 22-44 

 

 

[41] Gorel, G., & Fadhil, I. (2023). Control technique for power quality improvement of isolated wind power 
generation system. Bulletin of Electrical Engineering and Informatics, 12(4), 1881–1892. 
https://doi.org/10.11591/eei.v12i4.5082 

[42] Zanib, N., Batool, M., Riaz, S., Afzal, F., Munawar, S., Daqqa, I., & Saleem, N. (2022). Analysis and power 
quality improvement in hybrid distributed generation system with utilization of unified power quality 
conditioner. Computer Modeling in Engineering & Sciences, 134(2), 1105–1136. 
https://doi.org/10.32604/cmes.2022.021676 

[43] Ghadiali, F., & Xydis, G. (2023). Grid integration of wind farms and the interconnection requirements for 
the U.S. grid. International Journal of Emerging Electric Power Systems. https://doi.org/10.1515/ijeeps-
2023-0037 

[44] Ali Abd, L. M., Al-Rufaee, F. M., Kuvshinov, V. V., Krit, B. L., Al-Antaki, A. M., & Morozova, N. V. (2020). Study 
of hybrid wind–solar systems for the iraq energy complex. Applied Solar Energy, 56(4), 284–290. 
https://doi.org/10.3103/S0003701X20040027 

[45] Yousif, M., Ai, Q., Wattoo, W. A., Jiang, Z., Hao, R., & Gao, Y. (2019). Least cost combinations of solar power, 
wind power, and energy storage system for powering large-scale grid. Journal of Power Sources, 412, 
710–716. https://doi.org/10.1016/j.jpowsour.2018.11.084 

[46] Balasubramanian, K., Thanikanti, S. B., Subramaniam, U., N., S., & Sichilalu, S. (2020). A novel review on 
optimization techniques used in wind farm modelling. Renewable Energy Focus, 35, 84–96. 
https://doi.org/10.1016/j.ref.2020.09.001 

[47] Jain, D., Kell, D., Jayawardana, I., & Atmuri, R. (2024). Advancing renewable integration: Feasibility study 
of hvdc-connected wind generation to the grid. 2024 IEEE/PES Transmission and Distribution Conference 
and Exposition (T&D), 1–5. https://doi.org/10.1109/TD47997.2024.10556033 

[48] Olanite, O. A., Tola, O. J., Nwohu, M. N., & Adegboye, B. A. (2023). Grid integration of wind power system 
for voltage stability enhancement. 2023 2nd International Conference on Multidisciplinary Engineering 
and Applied Science (ICMEAS), 1, 1–5. https://doi.org/10.1109/ICMEAS58693.2023.10379417 

[49] Al-Shahri, O. A., Ismail, F. B., Hannan, M. A., Lipu, M. S. H., Al-Shetwi, A. Q., Begum, R. A., Al-Muhsen, N. F. O., 
& Soujeri, E. (2020). Solar photovoltaic energy optimization methods, challenges and issues: A 
comprehensive review. Journal of Cleaner Production, 284, 125465. 
https://doi.org/10.1016/j.jclepro.2020.125465 

[50] Alhousni, F. K., Okonkwo, P. C., Al-Shahri, O. A., Okonkwo, B. O., Mohamed, H., & Ismail, F. B. (2022). A 
review of PV solar energy system operations and applications in Dhofar Oman. AIMS Energy, 10(4), 858–
884. https://doi.org/10.3934/energy.2022039 

[51] Ebrahimi, A., Ghorbani, B., & Taghavi, M. (2022). Novel integrated structure consisting of CO2 capture 
cycle, heat pump unit, Kalina power, and ejector refrigeration systems for liquid CO2 storage using 
renewable energies. Energy Science & Engineering, 10(8), 3167–3188. https://doi.org/10.1002/ese3.1211 

[52] Almajali, T. A. H., Ismail, F. B., Kazem, H. A., Gunnasegaran, P. A. L., Al Shurafa, S. M., & Al-Muhsen, N. F. O. 
(2024). Enhanced water production and improving solar water distillation efficiency of double-slope 
solar stills: Modeling and validation. Thermal Science and Engineering Progress, 53, 102712. 
https://doi.org/10.1016/j.tsep.2024.102712 

[53] Yessef, M., Bossoufi, B., Taoussi, M., Lagrioui, A., & Chojaa, H. (2022a). Overview of control strategies for 
wind turbines: ANNC, FLC, SMC, BSC, and PI controllers. Wind Engineering, 46(6), 1820–1837. 
https://doi.org/10.1177/0309524X221109512 

[54] Ayenew, E., Biru, G., Mulatu, A., & Hampannavar, S. (2021). Wind turbine control challenges-a 
comprehensive survey. In M. A. Delele, M. A. Bitew, A. A. Beyene, S. W. Fanta, & A. N. Ali (Eds.), Advances of 
Science and Technology (pp. 511–521). Springer International Publishing. https://doi.org/10.1007/978-
3-030-80618-7_35 

[55] Karthik, R., Hari, A. S., Pavan Kumar, Y. V., & Pradeep, D. J. (2020). Modelling and control design for 
variable speed wind turbine energy system. 2020 International Conference on Artificial Intelligence and 
Signal Processing (AISP), 1–6. https://doi.org/10.1109/AISP48273.2020.9073080 

[56] Simani, S., & Castaldi, P. (2017). Robust control applications to a wind turbine-simulated system. In 
Adaptive Robust Control Systems. IntechOpen. https://doi.org/10.5772/intechopen.71526 

[57] Abbes, M., & Allagui, M. (2016). Centralized control strategy for energy maximization of large array wind 
turbines. Sustainable Cities and Society, 25, 82–89. https://doi.org/10.1016/j.scs.2015.11.007 

[58] Huang, B., Zhou, L., Zhao, H., & Long, L. (2023). Pitch control strategy for wind turbine considering 
operation efficiency. In C. Hu & W. Cao (Eds.), Conference Proceedings of 2022 2nd International Joint 
Conference on Energy, Electrical and Power Engineering (pp. 1033–1045). Springer Nature. 
https://doi.org/10.1007/978-981-99-4334-0_123 

[59] Wang, X., Jiang, Z., Lu, H., Wang, X., Meng, Y., & Li, S. (2020). Independent pitch control strategy and 
simulation for reducing unbalanced load of wind turbine. 2020 Chinese Control and Decision Conference 
(CCDC), 5535–5539. https://doi.org/10.1109/CCDC49329.2020.9164293 

https://doi.org/10.1016/j.jclepro.2020.125465
https://doi.org/10.3934/energy.2022039
https://doi.org/10.1002/ese3.1211
https://doi.org/10.1016/j.tsep.2024.102712


Emerging Advances in Integrated Technology Vol. 5 No. 2 (2024) p. 22-44 41 

 

 

[60] Sierra-García, J. E., & Santos, M. (2021). Wind turbine pitch control with an rbf neural network. In Á. 
Herrero, C. Cambra, D. Urda, J. Sedano, H. Quintián, & E. Corchado (Eds.), 15th International Conference on 
Soft Computing Models in Industrial and Environmental Applications (SOCO 2020) (pp. 397–406). 
Springer International Publishing. https://doi.org/10.1007/978-3-030-57802-2_38 

[61] Wenzhong Gao, D., Wang, X., Wang, J., Gao, T., Stefanovic, M., & Li, X. (2019). Optimal pitch control design 
with disturbance rejection for the controls advanced research turbine. Journal of Solar Energy 
Engineering, 141(1), 011005. https://doi.org/10.1115/1.4041097 

[62] Genov, J. (2018). A synthesis of a blade pitch control for large wind turbines, taking into account the 
functional dependence of the torque generated in the blades from the azimuth angle. MATEC Web of 
Conferences, 234, 04007. https://doi.org/10.1051/matecconf/201823404007 

[63] Iqbal, A., Ying, D., Saleem, A., Hayat, M. A., Mateen, M., & Javed, M. S. (2019). Effectual proposed pitch 
controller of the wind turbine for maximal performance. 2019 13th International Conference on 
Mathematics, Actuarial Science, Computer Science and Statistics (MACS), 1–5. 
https://doi.org/10.1109/MACS48846.2019.9024770 

[64] Hosseini, E., & Shahgholian, G. (2017). Different types of pitch angle control strategies used in wind 
turbine system applications. Journal of Renewable Energy and Environment, 4(1), 20–35. 
https://doi.org/10.30501/jree.2017.70103 

[65] Mousa, N. M., El-Shaer, Y. I., & El-Sebah, M. I. A. (2023). A proposed controller for pitch angle of wind 
turbine. WSEAS TRANSACTIONS ON SYSTEMS AND CONTROL, 18, 527–539. 
https://doi.org/10.37394/23203.2023.18.55 

[66] Venkaiah, P., Sarkar, B. K., & Chaterjee, A. (2023). Pitch control of electrohydraulic semi-rotary-actuated 
wind turbine with actuator and valve fault using generalized power-based exponential rate reaching law 
sliding mode controller. Proceedings of the Institution of Mechanical Engineers, Part I: Journal of Systems 
and Control Engineering, 237(8), 1423–1439. https://doi.org/10.1177/09596518231154632 

[67] Bouregba, H., Hachemi, M., Bey, M., & Hamidat, A. (2022). Stability analysis of the pitch angle control of 
large wind turbines using different controller strategies. Advances in Mechanical Engineering, 14(11), 
168781322211399. https://doi.org/10.1177/16878132221139926 

[68] Kalpana, K., & Ansari, M. M. T. (2023). Pitch controller for isolated wind-diesel system with super 
conducting magnetic energy storage unit based on fractional-order fuzzy pid controller. In N. L. 
Narasimhan, M. Bourouis, & V. Raghavan (Eds.), Recent Advances in Energy Technologies (pp. 217–231). 
Springer Nature. https://doi.org/10.1007/978-981-19-3467-4_14 

[69] Kipchirchir, E., & Söffker, D. (2024). IPC‐based robust disturbance accommodating control for load 
mitigation and speed regulation of wind turbines. Wind Energy, 27(4), 382–402. 
https://doi.org/10.1002/we.2893 

[70] Aktan, H. D., & Bottasso, C. L. (2023). Individual pitch control with a reduced actuator duty cycle. 2023 
IEEE Conference on Control Technology and Applications (CCTA), 581–586. 
https://doi.org/10.1109/CCTA54093.2023.10252554 

[71] Woo, S. M., & Whale, J. (2022). A mini-review of end-of-life management of wind turbines: Current 
practices and closing the circular economy gap. Waste Management & Research: The Journal for a 
Sustainable Circular Economy, 40(12), 1730–1744. https://doi.org/10.1177/0734242X221105434 

[72] Petko, V. G., Rakhimzhanova, I. A., Ushakov, Yu. A., Fomin, M. B., Baikov, A. S., & Pushko, V. A. (2023). 
Improving the energy efficiency of wind turbines for charging batteries. Agricultural Science Euro-North-
East, 24(2), 317–326. https://doi.org/10.30766/2072-9081.2023.24.2.317-326 

[73] Routray, A., Sivakumar, N., Hur, S.-H., & Bang, D.-J. (2023). A comparative study of optimal individual pitch 
control methods. Sustainability, 15(14), 10933. https://doi.org/10.3390/su151410933 

[74] Yamada, M., & Murakami, T. (2023). Individual pitch control of wind turbine system by estimating wind 
speed using pitching moment. IEEJ Journal of Industry Applications, 12(5), 1008–1014. 
https://doi.org/10.1541/ieejjia.23000261 

[75] Gambier, A. (2022). Multivariable representation and analysis of controllers used for individual pitch 
control of large wind energy converters. 2022 22nd International Conference on Control, Automation and 
Systems (ICCAS), 403–408. https://doi.org/10.23919/ICCAS55662.2022.10003931 

[76] Yassine, L., Zahra, B. F., Ait El Kadi, Y., & Mohammed, B. (2024). The efficiency of fuzzy logic control on the 
power stabilization of wind turbine. In M. Bendaoud, A. El Fathi, F. I. Bakhsh, & S. Pierluigi (Eds.), 
Advances in Electrical Systems and Innovative Renewable Energy Techniques (pp. 139–145). Springer 
Nature Switzerland. https://doi.org/10.1007/978-3-031-49772-8_18 

[77] Jáuregui-Correa, J. C. Lara-Mendoza, O., , Chavero-Navarrete, E., & García-Martínez, J. R. (2022). 
Methodology for the pitch controller wind prediction system in small wind turbines. Volume 11: Wind 
Energy, V011T38A006. https://doi.org/10.1115/GT2022-81874 



42 Emerging Advances in Integrated Technology Vol. 5 No. 2 (2024) p. 22-44 

 

 

[78] Mohsin, K., Odeh, M., Ngo, T., & Das, T. (2023a). Load reduction of wind turbines using integrated torque, 
collective pitch, and individual pitch control actions*. 2023 American Control Conference (ACC), 1505–
1510. https://doi.org/10.23919/ACC55779.2023.10156361 

[79] Goyal, S., Deolia, V. K., & Agrawal, S. (2022). A critical study of pitch control techniques used for horizontal 
axis wind turbines. 2022 2nd International Conference on Power Electronics & IoT Applications in 
Renewable Energy and Its Control (PARC), 1–8. https://doi.org/10.1109/PARC52418.2022.9726639 

[80] Joshi, M. P., Mallikarjunaiah, S., Rao, S., Umarani, B., KarthiKumar, K., & Subramaniam, S. (2022). Advanced 
ai based controller for wind turbine pitch control. 2022 Sixth International Conference on I-SMAC (IoT in 
Social, Mobile, Analytics and Cloud) (I-SMAC), 951–955. https://doi.org/10.1109/I-
SMAC55078.2022.9987415 

[81] Narayanan, V. L., Ramakrishnan, R., & Rengaswamy, R. (2022). Real-Time testing of novel robust digital 
pitch controller for digital hydraulic pitch system in wind turbine. Energy Sources, Part A: Recovery, 
Utilization, and Environmental Effects, 44(2), 3477–3496. 
https://doi.org/10.1080/15567036.2022.2064944 

[82] Venkaiah, P., & Sarkar, B. K. (2020). Hydraulically actuated horizontal axis wind turbine pitch control by 
model free adaptive controller. Renewable Energy, 147, 55–68. 
https://doi.org/10.1016/j.renene.2019.08.127 

[83] Yin, X., Zhang, W., Jiang, Z., & Pan, L. (2019). Adaptive robust integral sliding mode pitch angle control of 
an electro-hydraulic servo pitch system for wind turbine. Mechanical Systems and Signal Processing, 133, 
105704. https://doi.org/10.1016/j.ymssp.2018.09.026 

[84] Pelin, R. I., Bârsănescu, P. D., & Tiţa, I. (2018). Hydraulic systems used for pitch control of wind turbines: A 
literature overview. IOP Conference Series: Materials Science and Engineering, 444, 042013. 
https://doi.org/10.1088/1757-899X/444/4/042013 

[85] Alemu, M., & Ayenew, E. (2024). Optimal control of the electro-hydraulic actuator for variable pitch 
variable speed wind turbine: Performance enrichment. Wind Engineering, 48(1), 65–81. 
https://doi.org/10.1177/0309524X231202765 

[86] Korkos, P., Kleemola, J., Linjama, M., & Lehtovaara, A. (2022). Representation learning for detecting the 
faults in a wind turbine hydraulic pitch system using deep learning. Energies, 15(24), 9279. 
https://doi.org/10.3390/en15249279 

[87] Lakshmi Narayanan, V., & Ramakrishnan, R. (2022). Model-based design optimisation of digital hydraulic 
pitch actuator for a large-scale wind turbine. International Journal of Ambient Energy, 43(1), 7617–7629. 
https://doi.org/10.1080/01430750.2022.2073266 

[88] Roh, C. (2022). Deep-learning-based pitch controller for floating offshore wind turbine systems with 
compensation for delay of hydraulic actuators. Energies, 15(9), 3136. 
https://doi.org/10.3390/en15093136 

[89] Wang, S., Wang, B., & Shen, W. (2021). Research on h∞ robust control strategy of wind turbine hydraulic 
variable pitch system. IOP Conference Series: Earth and Environmental Science, 696(1), 012053. 
https://doi.org/10.1088/1755-1315/696/1/012053 

[90] Zheng, Y., & Xue, X. (2020[52]). Simulation of three closed-loop dc electric pitch system of wind turbine 
generator. Proceedings of the 3rd International Conference on Information Technologies and Electrical 
Engineering, 291–296. https://doi.org/10.1145/3452940.3452996 

[91] Puech, A., & Read, J. (2023). Uncovering the spatial and temporal variability of wind resources in europe: 
A web-based data-mining tool (arXiv:2305.01343). arXiv. https://doi.org/10.48550/arXiv.2305.01343 

[92] Boumendil, P., Joulin, P.-A., Toumi, H. Z., Rodier, Q., & Masson, V. (2024). Role of rotational and divergence 
effects induced by wind turbines wakes on near-ground air warming. Journal of Physics: Conference 
Series, 2767(9), 092006. https://doi.org/10.1088/1742-6596/2767/9/092006 

[93] Dittmer, A., Osterwinter, B., & Ossmann, D. (2024). Combined individual pitch and flap control for load 
reduction of wind turbines. Journal of Physics: Conference Series, 2767(3), 032022. 
https://doi.org/10.1088/1742-6596/2767/3/032022 

[94] Liu, B., Li, X., Li, Z., & He, P. (2024). Construction of power load control and management terminal 
operation system based on machine learning technology. Intelligent Decision Technologies, 1–14. 
https://doi.org/10.3233/IDT-230239 

[95] Chen, D., Zhang, J., & Zhang, T. (2024). Sliding mode sensorless control of wind turbine pitch motor with 
ESO feedforward compensation in the offshore wind power system. Science and Technology for Energy 
Transition, 79, 20. https://doi.org/10.2516/stet/2024009 

[96] Sahu, S., & Behera, S. (2023). Self-tuning proportional-derivative pitch control for internal fault-tolerance 
in wind turbine benchmark. Australian Journal of Electrical and Electronics Engineering, 20(2), 190–204. 
https://doi.org/10.1080/1448837X.2022.2125974 



Emerging Advances in Integrated Technology Vol. 5 No. 2 (2024) p. 22-44 43 

 

 

[97] Yue, X., Cai, Z., Luo, Z., Li, X., Liu, R., & Zhu, F. (2023). A kind of variable pitch control of wind turbine based 
on fuzzy control under extreme wind conditions. 2023 3rd New Energy and Energy Storage System 
Control Summit Forum (NEESSC), 195–198. https://doi.org/10.1109/NEESSC59976.2023.10349312 

[98] Do, H. T., Dang, T. D., Truong, H. V. A., & Ahn, K. K.. (2018). Maximum Power Point Tracking and Output 
Power Control on Pressure Coupling Wind Energy Conversion System. 65(2). 
https://doi.org/10.1109/TIE.2017.2733424 

[99] Daryabi, S., & Sampth, P. S.. (2022). 250KW Solar Power with MPPT Hybrid Power Generation Station. 
10(12). https://doi.org/10.22214/ijraset.2022.47864 

[100] Zhu, X., Fu, Q., Yang, R., & Zhang, Y.. (2021). A High Power-Conversion-Efficiency Voltage Boost Converter 
with MPPT for Wireless Sensor Nodes. 21(16). https://doi.org/10.3390/S21165447 

[101] Potekhin, V. V., Pantyukhov, D. N., & Mikheev, D. V.. (2017). Intelligent Control Algorithms in Power 
Industry. 3(11). https://doi.org/10.4108/EAI.11-7-2017.152766 

[102] Yahiaoui, M., Afif, B., Brahmi, B., Horch, M., & Serraoui, M. (2023). Maximum power point tracking 
controller using Lyapunov theorem of wind turbine under varying wind conditions. International Journal 
of Electrical and Computer Engineering (IJECE), 13(2), 

[103] Yousra, I., & Tahar, B. (2023). Wind turbine mppt based on intelligent method. 2023 IEEE 3rd 
International Maghreb Meeting of the Conference on Sciences and Techniques of Automatic Control and 
Computer Engineering (MI-STA), 189–192. https://doi.org/10.1109/MI-STA57575.2023.10169165 

[104] Arianborna, M., Faiz, J., & Erfani-Nik, A. (2023). Mppt control of a pmsg connected to the wind turbine 
based on deep q-network. 2023 10th Iranian Conference on Renewable Energy & Distributed Generation 
(ICREDG), 1–5. https://doi.org/10.1109/ICREDG58341.2023.10092119 

[105] Shuvo, S. S., Islam, M. M., & Yilmaz, Y. (2022). Drop: Deep reinforcement learning based optimal 
perturbation for mppt in wind energy. 2022 North American Power Symposium (NAPS), 1–6. 
https://doi.org/10.1109/NAPS56150.2022.10012250 

[106] Zhou, L., Yin, M., Sun, X., & Song, D. (2023). Maximum power point tracking control of wind turbines based 
on equivalent sinusoidal wind. Electric Power Systems Research, 223, 109534. 
https://doi.org/10.1016/j.epsr.2023.109534 

[107] Kligfield, P., Badilini, F., Denjoy, I., Babaeizadeh, S., Clark, E. N., de Bie, J., Devine, B., Extramiana, F., 
Generali, G., Gregg, R. E., Helfenbein, E., Kors, J. A., Leber, R., Macfarlane, P. W., Maison-Blanche, P., 
Rowlandson, I., Schmid, R., Vaglio, M., van Herpen, G., … Green, C. L.. (2018). Comparison of automated 
interval measurements by widely used algorithms in digital electrocardiographs. 200. 
https://doi.org/10.1016/J.AHJ.2018.02.014 

[108] Huynh, P., Tungare, S., & Banerjee, A.. (2021). Maximum Power Point Tracking for Wind Turbine Using 
Integrated Generator–Rectifier Systems. 36(1). https://doi.org/10.1109/TPEL.2020.3002254 

[109] Chaicharoenaudomrung, K., Areerak, K., Areerak, K., & Thumthae, C.. (2018). Maximum Power Point 
Tracking Control Using P&O Method for Stand-Alone Real Wind Turbine System. 13(1). 
https://doi.org/10.15866/IREE.V13I1.14456 

[110] Wellawatta, T. R., & Choi, S.-J.. (2019). Regulated Incremental Conductance (r-INC) MPPT Algorithm for 
Photovoltaic Systems. 19(6). https://doi.org/10.6113/JPE.2019.19.6.1544 

[111] Kawde, R. P., & Muley, S.. (2021). Mppt incremental conductance technique for pv systems. 5(11). 
https://doi.org/10.33564/IJEAST.2021.V05I11.030 

[112] Hosin, A. (2021). Solar Maximum power point tracking (MPPT). 8(4). 
[113] Wibisono, G.. (2019). Model MPPT Metode Fractional Short Circuit Current Menggunakan JST - AG untuk 

Solar Panel. 1(01). https://doi.org/10.20895/JTECE.V1I01.37 
[114] Bagade, P. D.. (2021). Maximum Power Point Tracking Using Indirect Adaptive Control Algorithm and 

Comparison with Other MPPT Technique. 9(8). https://doi.org/10.22214/IJRASET.2021.37501 
[115] Bhatnagar, N. (2018). Maximum Power Point Tracking for PV System. 6(4). 

https://doi.org/10.22214/IJRASET.2018.4235 
[116] Ullah, K., Ishaq, M., Tchier, F., Ahmad, H., & Ahmad, Z.. (2023). Fuzzy-based maximum power point 

tracking (MPPT) control system for photovoltaic power generation system.  
[117] Yasunami, K., Yatsubo, O., & Washio, T.. (2019). A PV Power Output Estimation Method using Covariance 

between Sampled PV Power Output data and Power Flow. 139(2). 
https://doi.org/10.1541/IEEJEISS.139.161 

[118] Khan, A. N., Aqil, M. D., Malik, N., Ullah, F., & Khalid, A.. (2021). Comparative Analysis of MPPT Techniques 
for SEPIC Based PV System. 8(01). https://doi.org/10.34259/IJEW.21.8010107 

[119] Arul, I., Karthikeyan, M., Krishnan, N., & Anush, P.. (2013). MPPT using Pitch Angle with Various Control 
Algorithms in Wind Energy Conversion System. 74(7). https://doi.org/10.5120/12897-9805 

[120] Kirubadevi, S., & Sutha, S. (2022). PMSG Based Wind Energy Conversion System Using Intelligent MPPT 
with HGRSC Converter. 34(2). https://doi.org/10.32604/iasc.2022.025395 



44 Emerging Advances in Integrated Technology Vol. 5 No. 2 (2024) p. 22-44 

 

 

[121] Romadhon, B. (2022). Penerapan algoritma fuzzy logic pada solar mppt controller. 2(2). 
https://doi.org/10.36040/alinier.v2i2.4303 

[122] Maroufi, O., Choucha, A., & Chaib, L. (2019). Fractional Order PID Design for MPPT-Pitch Angle Control of 
Wind Turbine Using Bat Algorithm. 56. https://doi.org/10.18280/AMA_A.562-402 

[123] Kumar, V., & Reddy, M. S. (2020). A novel enhanced mppt method combining fractional-order and fuzzy 
logic control. 4(5). https://doi.org/10.46647/IJETMS.2020.V04I05.005 

[124] Asyadi, T. M., Sara, I. D., & Suriadi, S.. (2021). Metode Maximum Power Point Tracking (MPPT) dan Boost 
Converter Menggunakan Fuzzy Logic Controller (FLC) pada Modul Surya. 17(1). 
https://doi.org/10.17529/JRE.V17I1.17863 

[125] Lüy, M., Metin, N. A., & Civelek, Z.. (2023). Maximum Power Point Tracking with Incremental Conductance 
and Fuzzy Logic Controller in Solar Energy Systems. https://doi.org/10.31202/ecjse.1310705 

[126] Dahbi, A., Benmedjahed, M., Khelfaoui, A., Kadi, S., Benlahbib, B., Guentri, H., Aoun, N., Harrag, A., 
Hamouda, M., Bouraiou, A., Slimani, A., Necaibia, A., Chogueur, D., Tidjar, B., Oudran, A., Bouchouicha, K., 
Mouhadjer, S., Touahri, T., & Kadri, A.. (2022). MPPT Fuzzy Logic Control of a Variable Speed Wind 
Turbine. https://doi.org/10.54966/jreen.v1i1.1041 

[127] Guo, A. L., Xu, Y., & Suzuki, K.. (2022). A new MPPT design using ISFLA algorithm and FLC to tune the 
member functions under different environmental conditions. 27(3). https://doi.org/10.1007/s00500-
022-07452-7 

[128] Mulders, S. P., Zaaijer, M. B., Bos, R., & Van Wingerden, J. W. (2020). Wind turbine control: Open-source 
software for control education, standardization and compilation. Journal of Physics: Conference Series, 
1452(1), 012010. https://doi.org/10.1088/1742-6596/1452/1/012010 

[129] Behera, P. K., Mendi, B., Sarangi, S. K., & Pattnaik, M. (2021). Robust wind turbine emulator design using 
sliding mode controller. Renewable Energy Focus, 36, 79–88. https://doi.org/10.1016/j.ref.2020.12.004 

[130] Ba, L., Yao, W., & Jiang, L. (2019). Robust damping controller for dfig-based wind turbine with frequency 
response. 2019 IEEE Sustainable Power and Energy Conference (iSPEC), 2205–2210. 
https://doi.org/10.1109/iSPEC48194.2019.8975002 

[131] Akmal Nizam Mohammed & Farzad Ismail (2013) Study of an entropy-consistent Navier-Stokes flux, 
International Journal of Computational Fluid Dynamics, 27(1), 1-14, 
https://doi.org/10.1080/10618562.2012.752573 

 


