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Abstract. Relevance. Integrating wind power presents unique challenges due to its intermittent nature, but smart grids offer 
a solution. Smart grids, with their advanced communication, control, and automation capabilities, provide an ideal platform 
for managing the variability of wind power. By utilizing real-time data and intelligent algorithms, smart grids can dynamically 
balance supply and demand, maximizing wind power and other renewable sources. This synergy significantly enhances the 
stability and security of the power grid while also improving its overall efficiency. Aim. To combine predictive control model 
and AI-based techniques with adaptive control, as well as real-time monitoring to show excellent performance in terms of 
system stability, energy efficiency, improved economic viability. Objects. Wind energy systems and how smart grids can be 
utilized to do better control of it. Methods. Comprehensive methodology to enhance wind energy systems by employing 
predictive control and improving efficiency in smart grids. It integrates advanced, model-based optimization methods (e.g., 
predictive control model) and learning control schemes using artificial intelligence approaches within efficiency-oriented on-
line evolutionary strategies that support real-time monitoring and adaptive modeling. This methodology encompasses three 
primary phases: system modeling, predictive control application, and efficiency maximization. Results. These research 
findings point out the significant rooms for improvement concerning the predictive control and efficiency optimization 
strategy on the smart grid-integrated wind systems. The study illustrates that integrating them with advanced control 
strategies such as predictive control model and AI techniques may provide a solution to bring significant improvements in 
system stability and energy efficiency. By utilizing predictive algorithms, these novel methods can predict the variations of 
future wind generation and act proactively to reduce fluctuations in wind power generation providing a more stable output 
with minimum losses (greater reliability).   
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Аннотация. Актуальность. Интеграция ветроэнергетик представляет собой уникальные проблемы из-за ее пре-
рывистого характера, но умные сети предлагают решение. Умные сети с их передовыми возможностями связи, 
управления и автоматизации предоставляют идеальную платформу для управления изменчивостью энергии ветра. 
Используя данные в реальном времени и интеллектуальные алгоритмы, умные сети могут динамически балансиро-
вать спрос и предложение, максимизируя энергию ветра и другие возобновляемые источники. Эта синергия значи-
тельно повышает стабильность и безопасность электросети, а также ее общую эффективность. Цель. Объединить 
модель предиктивного управления и методы на основе искусственного интеллекта с адаптивным управлением, а 
также мониторингом в реальном времени, чтобы продемонстрировать превосходную производительность с точки 
зрения стабильности системы, энергоэффективности, улучшенной экономической жизнеспособности. Объекты: 
системы ветроэнергетики и то, как умные сети могут использоваться для лучшего управления ими. Методы: ком-
плексная методология для улучшения систем ветроэнергетики путем использования предиктивного управления и 
повышения эффективности в умных сетях. Она объединяет передовые методы оптимизации на основе моделей 
(например, модель предиктивного управления) и схемы управления обучением с использованием подходов искус-
ственного интеллекта в рамках ориентированных на эффективность онлайн-эволюционных стратегий, которые 
поддерживают мониторинг в реальном времени и адаптивное моделирование. Эта методология охватывает три 
основных этапа: моделирование системы, применение предиктивного управления и максимизация эффективности. 
Результаты этих исследований указывают на значительные возможности для улучшения стратегии прогнозного 
управления и оптимизации эффективности в ветровых системах, интегрированных в умную сеть. Исследование по-
казывает, что их интеграция с передовыми стратегиями управления, такими как методы прогнозного управления с 
использованием модели предиктивного управления и искусственного интеллекта, может обеспечить решение для 
значительного улучшения стабильности системы и энергоэффективности. Используя прогнозные алгоритмы, эти 
новые методы могут прогнозировать изменения будущей генерации ветра и действовать упреждающе для сниже-
ния колебаний в генерации ветроэнергии, обеспечивая более стабильный с минимальными потерями (большая 
надежность) выход. 

Ключевые слова: системы ветроэнергетики, прогностическое управление, оптимизация эффективности, умные 
сети, прогностическое управление моделями, искусственный интеллект, интеграция возобновляемых источников 
энергии, энергоэффективность 
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Introduction 

The case of wind power has shown how vital it is 

for the long-term reduction of the use of fossil fuels 

and, therefore, climate change, too [1]. Because of its 

special market development and because of its ability 

to lure investment through predictability, many 

countries now are coming to the belief that competitive 

markets with renewable-produced electricity are the 

way forward if nations want to meet their sustainable 

energy targets [2]. Leveraging offshore wind power 

integrated into smart grids is a key driver in realizing 

those ambitions [3]. The wind is fickle, or more to the 

point, intermittent, and having a 100% renewable 

energy infrastructure would require considerably more 

smart grids managing how and where that power goes 

[4]. This focuses on smart grids and how they can be 

utilized to do better control of wind energy systems 

through predictive controlled algorithms [5]. Predictive 

control uses advanced algorithms and machine learning 

methods to anticipate wind behavior, enabling the 

system to actuate in advance [6]. In this sense, systems 

might be able to move the turbine head in response to 

changing wind conditions or real-time demand and 

automatically configure what a particular section of 

that blade is doing at any moment; leading to better 

overall performance, safety, reliability, operational 

efficiency, etc. [7]. This is beneficial for energy supply 

security in the short term and also with increased wind 

turbine lifespan and decreased wear-on-time [8]. 

Optimization for efficiency, on the other hand, is in 

finding ways to increase energy production and 

minimize those losses at each stage of its chain [9]. 

Reducing turbine footprint, new forms of energy 

storage, and easier integration with the grid to cope 

better with natural fluctuations in wind farm output 

[10]. Some are due to improvements in the design of 

turbine blades, which means that turbines have become 

more aerodynamic and can work even at lower wind 

speeds, enabling them to catch energy from higher 

altitudes where winds tend to blow faster [11]. Second, 

better energy storage, be it through batteries or pumped 

hydro systems, would enable us to save excess 

electrons produced when wind turbines are spinning 

and there is no demand for electricity on the grid, then 

discharge those stored power reserves again as needed 

at times of peak demand [12]. Similarly, smart grid 

technologies like advanced metering infrastructure and 

automated demand response allow supply-side 

resources to be manipulated with more granularity such 

that there is an increased ability to follow generation; 

this allows for the rapid balancing of load from any 

location on a system [13]. In addition, these 
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technological advances also enhance the economics of 

wind power: cost/kWh will decrease as traditional 

carbon-based energy is driven towards becoming a 

more expensive alternative [14]. Green benefits of 

wind power, for example, lower greenhouse gases and 

air pollution emissions, show that it should be included 

in the world energy system as well [15]. Smart grids 

will develop together with new technologies, making 

wind power complement them even more efficiently 

enabling better forecasting control and optimized 

efficiency [16]. To face these challenges, advanced 

control and optimization techniques are essential to 

achieve a supply-demand equilibrium required for grid 

stability and reliability [17]. The best-performing 

systems can utilize these variations and effective control 

strategies such as advanced forecasting, real-time 

monitoring, or adaptive controls [18]. What is more, 

smart grids for the wind power line represent another 

option for solving problems with variability [19]. 

 
Importance of wind energy in smart grids 

 Wind energy is one of the key renewable energy 

sources and it plays a significant role in combating 

climate change by reducing greenhouse gas emissions 

and decreasing reliance on conventional fuels. 

Integrating wind power presents unique challenges due 

to its intermittent nature, but smart grids offer a solution. 

Smart grids, with their advanced communication, 

control, and automation capabilities, provide an ideal 

platform for managing the variability of wind power. By 

utilizing real-time data and intelligent algorithms [20], 

smart grids can dynamically balance supply and 

demand, maximizing wind power and other renewable 

sources. This synergy significantly enhances the stability 

and security of the power grid while also improving its 

overall efficiency. Advanced functions such as demand 

response, energy storage systems, and distributed 

generation can be more easily implemented in real-time 

within a smart grid [21]. Moreover, predictive control 

integrates various data inputs, like weather forecasts and 

performance history, to continuously optimize grid 

behavior. By anticipating changes and adjusting 

parameters proactively, predictive control reduces 

disruptions while maximizing the utilization of wind 

energy. Therefore, adopting predictive control represents 

a significant advancement in addressing the inherent 

challenges of integrating wind energy into smart grids, 

paving the way for more sustainable and resilient energy 

systems [22]. 
 
Role of predictive control  
and efficiency optimization 

All this can affect the further development and 

optimization potential concerning predictive control, 

which is essential, especially in effective wind energy 

management, including those with model-based 

components such as model predictive controllers or AI 

methods. By predicting wind patterns, these methods 

make it possible to continually tune system operations 

for better performance with increased robustness [2]. 

These are complemented by optimization strategies for 

efficiency, including adaptive control and real-time 

monitoring, which seek to optimize energy output with 

minimal waste. These can enable the system to make 

on-the-fly adjustments of tuning parameters in 

response to real-time data, improving performance 

across a wide range of conditions [6]. 

Such a combination of predictive control with 

efficiency optimization is of particular relevance for 

smart grids. It faces the challenge of integrating 

renewable, fossil-free energy sources into the power 

systems to make those sustainable and reliable 

environments. A simpler control and operation of wind 

systems could be just the start of a sustainable energy 

future, allowing enhanced integration of wind power 

into the grid [14]. Therefore, it is essential to 

predictively control and optimize their efficiency to 

promote the deployment of wind energy as part of 

effective and sustainable future grids. 

 
Fig. 1.  Visual representation of efficiency optimization in 

wind energy systems  
Рис. 1.  Визуальное представление оптимизации эф-

фективности ветроэнергетических систем 

Dynamic efficiency optimization in wind energy 

systems is shown in Fig. 1. It shows a wind farm with 

turbines in the foreground and a smart grid control 

center in the background. Elements in the image 

include adaptive control systems, real-time monitoring 

devices, and data analytics dashboards, all deployed 

harmoniously to maintain optimum energy efficiency. 

Various optimization strategies are accompanied by 

their respective icon and label (i. e., 'Adaptive Control,' 

'Real-Time Monitoring,' or 'Energy Output 

Maximization'). This general scene creates an 

atmosphere of high technology and environmental 

friendliness, showing how these optimization methods 

cause no harm while aging energy efficiency wind 

plants and allowing you to achieve a maximum profit 

return on investment in equipment. 
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Modern control techniques  
in wind energy systems 

The increasing interest in integrating renewable 

energies to larger energy networks with the rise of 

smart grid technologies has shone a light upon wind 

energy as it is highly variable and intermittent, 

requiring robust control schemes to ensure that stability 

is maintained [22]. Model-based control methods such 

as model of predictive control (MPC) and Artificial 

Intelligence (AI)-based approaches began to appear on 

the scene. By using mathematical models, MPC 

forecasts future system state evolution and controls are 

optimized making grid operation efficient and reliable. 

On the other hand, AI-based methods use machine 

learning algorithms to study huge amounts of real-time 

data which is utilized for predicting and controlling 

wind power fluctuations. These modern techniques are 

able to implicate real-time data from a variety of 

sources, allowing them to learn and respond well 

before any necessary adjustments need be made 

thereby enhancing the grid resilience and efficiency 

[12]. The MPC & AI combination tackles two separate 

issues, on one end the randomness of wind power in 

parallel managing to improve renewable peak capacity 

utilization further leading us towards more sustainable, 

resilient energy infrastructure. This paper is important 

to apply these modern control techniques continuously 

developed and implemented in wind energy integration 

problems and can be very helpful for the entire goals of 

smart grid systems [9]. 
 

Methodology 
In this context, this study uses a comprehensive 

methodology to enhance wind energy systems by 

employing predictive control and improving efficiency in 

smart grids. It integrates advanced, model-based 

optimization methods (e. g., MPC) and learning control 

schemes using artificial intelligence approaches within 

efficiency-oriented on-line evolutionary strategies that 

support real-time monitoring and adaptive modeling. This 

methodology encompasses three primary phases: system 

modeling, predictive control application, and efficiency 

maximization. The proposed research follows a phased 

approach; Phase 1: System modeling (wind turbine 

system), where the focus is on accurate and robust model 

derivation for wind energy systems. This is achieved by 

utilizing comprehensive models of the wind turbines, 

integrating a variety of physical and operational 

parameters into these models, realizing diverse 

environmental conditions to predict system behaviors in 

different scenarios. By fitting those models to historical 

data and calibration measurements taken in real life, they 

then can be calibrated and validated, making them as 

accurate – hopefully more so – than the best available. 

Fig. 2 is visualization of renewable energy 

integration, where an enormous wind turbine stands 

alone in the middle of nowhere. The turbine, a 

metaphor for the clean wind energy product, sits 

adjacent to an abstracted network of myriad pronouns 

interrelated elements that represent all forms of energy 

and technology. These components, suspended in the 

heavens by their very nature create a virtually intricate 

network of processes that all are tethered to an apex 

which so happens references energy resources and 

technologies for nuclear applications. Among the 

floating meters are clouds for weather modification or 

atmospheric sampling and flat faceted surfaces – hints 

of planetary energy, battery storage or data collection. 

The rest of the scene suggests a happy love-in between 

nature and machine, all knitted together beautifully in 

this seamlessly blended future energy grid around the 

graceful mast. The setting, under blue skies with rich 

soils building bright reds and gold off in the distance 

reinforces a dream of an existence wherein many 

energy systems support each other to keep our 

civilization humming along. This vision of the future 

implies that renewable sources are not only put as 

unique devices, but integrated into a super advanced 

system. 

 
Fig. 2.  Futuristic energy nexus: a vision of integrated re-

newable power systems 
Рис. 2.  Футуристическая энергетическая связь: виде-

ние интегрированных систем возобновляемой 
энергии  

Fig. 3 presents a hybrid renewable energy 

configuration, where both wind turbines and planetary 

panels share the field area to collectively utilize 

maximum sources with minimal damage so as not to 

restrict each other. Wind turbines are situated beside 

planetary panels to generate wind and sun power at the 

same time, showing a complementary strategy of 
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renewable energy generation. It makes the point that 

current green energy projects are similar to some extent 

then insofar as it was a mix of technologies working 

together for reliability. The terrestrial panels lay 

lengthwise on the ground to maximise sunlight 

absorption, while huge wind turbines jut into the sky 

and sift through pockets of air at different altitudes. 

The installation of both in one place combines as an 

innovative solution to the problem, first by ensuring 

power whenever needed and secondly as a method for 

curbing costs associated with temporality – ultimately 

forming part of what is becoming recognized 

throughout industry at large: a more stable energy 

future. The background of a blue sky and lush green 

countryside also puts the environmental advantages of 

this dual renewable energy project in an appealing 

light, making its mention highly relevant to global 

efforts to prevent carbon emissions that drive climate 

change. Wind power equation is given as: 

𝑃 =
1

2
𝜌𝐴𝑣3𝐶𝑝, 

where 𝑃 is the power output; 𝜌 is the air density; 𝐴 is 

the swept area of the turbine blades; 𝑣 is the wind 

speed; 𝐶𝑝 is the power coefficient.  

 
Fig. 3.  Integration of planetary and wind power for renew-

able energy generation 
Рис. 3.  Интеграция планетарной и ветровой энергети-

ки для получения возобновляемой энергии 

Betz’s limit is: 

𝐶𝑝 < 0.593. 

Betz’s limit states that no wind turbine can capture 

more than 59.3% of the kinetic energy in wind. 

 
Fig. 4.  Wind energy system architecture with predictive 

control and efficiency modules in smart grid integra-
tion 

Рис. 4.  Архитектура ветроэнергетической системы с 
прогностическим управлением и модулями эф-
фективности в интеллектуальной сети 

In Fig. 4 the architecture starts with the Wind 

Turbine, which converts mechanical energy into 

electrical. It is then further processed, and the power 

converter regulates the electrical output by modifying 

modulation indexes as per grid requirements, after 

which it is fed to the Transformer for voltage 

adaptation with respect to the Grid. This interaction is 

managed by the Smart Grid Integration cluster that 

consists of three sub-clusters: Grid Connection, 

Monitoring System, and Control Center. Grid 

Connection links the wind energy system to the main 

grid, while the Monitoring System keeps track of 

performance and operational parameters, continuously 

feeding this data back to the control center, which 

manages the overall system. The predictive control 

module is critical for predicting energy generation with 

the forecasting module and optimizing operation using 

the optimization module, also directly affecting the 

wind turbine through the actuation module for 

increased power generation. In parallel, the efficiency 

module ensures good performance: the efficiency 

analyzer assesses efficiency; data are collected with a 

data collector, and feedback is provided to the 

optimization modules through its feedback system so 

that the overall system response can be fine-tuned by 

adaptively adjusting operational parameters based on 

observed conditions. Periodic optimization integrated 

into the control system (forecast, extreme action, real-

time monitoring) ensures not only efficient energy 

generation but also frequency stability and optimal 
resource utilization within the smart grid. 
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This second phase involves the steps for designing 

and simulating the use of Predictive Control techniques 

to optimize power management in wind energy 

systems. MPC is used because it effectively handles 

multi-variable control problems with constraints. MPC 

takes a forecast of the future behavior of the system 

given its current condition and changes the input 

commands to achieve an optimum performance across 

the horizon of prediction. Besides, AI-based methods, 

like machine learning algorithms, will enhance the 

predictive powers of the control system. Such 

algorithms could identify patterns and tendencies in 

data that may not even be visible by using traditional 

modeling methods; hence, these would be making the 

control system even more accurate and responsive. 

This third stage puts the emphasis on enhancing the 

operational efficiencies of the already installed wind 

energy systems. Adaptive control strategies are 

designed for this purpose, aiming at real-time changes 

in system parameters with changing conditions to 

realize better performance. In this regard, real-time 

monitoring – a very vital part – is required to provide 

feedback to the control system regarding system 

performance and environmental conditions in question. 

It is based on this information that the control system 

makes its decisions and self-adjusts recurrently to 

maintain high efficiency. Wind energy operations can 

be granted to function at optimal performance, hence 

resulting in less wasted power when predictive control 

is combined with strategies related to efficiency 

optimization. This will enhance overall sustainability. 

Generally, the results obtained in this work may 

form a good theoretical basis for increasing the 

reliability and efficiency of wind energy systems 

within smart grids. This approach leading to an 

integrated solution through the integration of predictive 

control techniques and advanced optimization 

strategies covers issues arising from all levels of wind 

energy production management. Due to its phased 

nature, it envelops all aspects of the system and, 

thereby, improvements in accuracy are assured both at 

the modeling stage and the real-time performance 

optimization; hence, making the wind energy systems 

more efficient and sustainable. The results make 

further innovation in the technology of wind energy 

possible, while at the same time it contributes to the 

development toward more sustainable and resource-

efficient energy systems. 

 
System modeling 

It includes the development of an effective sideband 

system model for a wind energy system using methods 

like maximum likelihood with Minnel Variance, a 

Kalman filter, etc., and how this model can be 
integrated neatly into Smart Grid functionality in a Co-

simulation case (overall grid state). This is a very 

detailed physical modeling of wind turbines, including 

blade aerodynamics, mechanical dynamics, and 

electrical output. It further quantifies the generated 

power statistics of the wind dynamics components 

through turbine efficiency to energy conversion 

processes. The model also considers grid interaction 

parameters such as voltage stability, power quality, and 

load management. Specialized, advanced simulation 

software tools, such as Computational Fluid Dynamics 

(CFD) or power system simulation software, are 

necessary in order to ensure that the modeling is 

genuine and sound. Such utilities allow the gathering 

of fine details and complexities regarding wind energy 

creation for integration with the smart grid. Equipped 

with such in-depth simulations, it will be able to 

forecast how different configurations and phases of 

wind energy will perform at given conditions, meet 

various obstacles, and enhance efficiency with 

consistency in mind toward an overall effective system. 

The particular step is important because it starts this 

process for the cases which come afterwards: good 

understanding of how wind energy resources act in the 

interaction with smart grid systems is crucial for 

building capable strategies focused on the management 

of sustainable power and grids optimization. 

 
Results 

In fact, these research findings do point out the 

significant rooms for improvement concerning the 

predictive control and efficiency optimization strategy 

on the smart grid-integrated wind systems. The study 

illustrates that integrating them with advanced control 

strategies such as MPC and AI techniques may provide 

a solution to bring significant improvements in system 

stability and energy efficiency. By utilizing predictive 

algorithms, these novel methods can predict the 

variations of future wind generation and act proactively 

to reduce fluctuations in wind power generation 

providing a more stable with minimum losses (greater 

reliability) output. MPC cost function is given below: 

𝐽 = ∑[

𝑁

𝑘=0

(𝑥(𝑘) − 𝑥𝑟𝑒𝑓(𝑘))𝑇𝑄(𝑥(𝑘) − 

−𝑥𝑟𝑒𝑓(𝑘)) + 𝑢(𝑘)𝑇𝑅𝑢(𝑘)], 

where 𝐽 is the cost function; 𝑥(𝑘) is the state at step 

𝑘; 𝑥𝑟𝑒𝑓(𝑘) is the reference state; 𝑢(𝑘) is the control 

input; 𝑄 and 𝑅 are the weighting matrices; 𝑁 is the 

prediction horizon. Turbine efficiency can be 

calculated as: 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
, 

where 𝜂 is the efficiency; 𝑃𝑜𝑢𝑡 is the output power; 𝑃𝑖𝑛 

is the input power. 
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Table 1.  Performance comparison of predictive control 
techniques 

Таблица 1.  Сравнение эффективности методов пре-
диктивного контроля 

Technique 
Метод 

 

Output energy 
(MWh) 

Выходная 
мощность 

(МВтч) 

System 
stability 
(index) 

Устойчивость 
системы 
(индекс) 

Computational 
complexity 
(GFLOPS) 

Сложность 
вычислений 

(GFLOPS) 

MPC 250 0.95 120 

AI-Based Control 
Управление на 
основе ИИ  

260 0.96 150 

Traditional 
control 
Традиционное 
управление 

200 0.85 60 

 

The performance for three control methods (Control 

by MPC, AI-based control, and traditional) are shown 

in Table 1. As a result, it evaluates each method under 

the criteria performance (energy output), system 

stability, and computational burden. Both MPC and 

AI-Based Control substantially out-perform traditional 

control in energy output, at 250 MWh for both of the 

advanced methods compared to with 200 MWh using 

TC. Regarding the System Stability, both MPC and AI-

Based Control yield a greater value of 0.95 as well as 

in case with Traditional Control, which comes up a 

little lower at 0.85. Nonetheless, these sophisticated 

rule-based approaches demand powerful processing 

resources – MPC and AI-Based Control require 120 

GFLOPS to work than traditional controls at just half 

the computational cost of over Traditional Controls 

which are worked with only 60GFLOP. As can be seen 

from this table, advanced control methods perform 

better in terms of energy efficiency and stability but 

require more computational power. Blade Element 

Momentum Theory (BEMT) for Rotor Speed is: 

𝜔 =
𝑣

𝑟
⋅ 𝜆, 

where ω is the angular velocity; v is the wind speed; r 

is the rotor radius; λ is the tip speed ratio. 
Fig. 5 shows how energy generation efficiency 

varies with wind speed, turbine rotor speed, and 

generates a color gradient on the surface, where darker 

tones indicate higher efficiencies. It illustrates the 

energy production sweet spots – where efficiency 

peaks at certain wind and rotor speeds. This highlights 

the need for control and optimization methods, such as 

predictive controls, to maintain these conditions and 

optimize energy generation. The optimal efficiency 

regime depends on air density and temperature at any 
given time, allowing operators to adapt turbine 

parameters in real-time using advanced algorithms. 

This visual helps identify the best operational strategies 

for improving energy generation efficiency. Turbine 

rotor speed control is given by: 

(𝑡 + 1) = 𝜔(𝑡) + 𝛥𝜔(𝑡), 

where 𝜔(𝑡 + 1) is the rotor speed at time 𝑡 + 1;  𝜔(𝑡) 

is the rotor speed at time 𝑡;  𝛥𝜔(𝑡) is the change in 

rotor speed at time 𝑡. Adaptive control law is:  

𝑢(𝑡) = 𝐾𝑟(𝑡)𝑥(𝑡), 

where 𝑢(𝑡) is the control input; 𝐾𝑟(𝑡) is the adaptive 

gain; 𝑥(𝑡) is the state vector. 

 
Fig. 5.  Representation of wind energy generation efficiency 
Рис. 5.  Представление эффективности генерации вет-

ровой энергии 

Table 2.  Comparison of predictive control techniques  

Таблица 2.  Сравнение эффективности методов пре-
диктивного контроля 

Configu
ration 
Кон-

фигу-
рация 

Rotor speed (rpm) 
Скорость  

вращения ротора 
(об/мин) 

Blade pitch 
angle (degrees) 
Угол наклона 

лопасти  
(градусы) 

Output energy 
(MWh) 

Выходная 
мощность 

(МВт·ч) 
1 1200 5 230 
2 1300 6 240 
3 1250 5.5 235 
4 1400 6.5 245 
5 1100 4.5 220 
6 1350 6 238 
7 1280 5.8 233 

 

In Table 2, we introduce seven different kinds of 

wind turbine configurations and their efficiency 

metrics in terms of rotor speed, blade pitch angle, and 

output energy. Rotor speeds of 1300 and 1400 RPM 

(configurations 2, 4, respectively) correspond to the 

two highest energy outputs at simply limits given in 

this case as approximately 240 MWh, and a 
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phenomenal output approaching near asymptotic 

values for both rotor speed increases. The blade pitch 

angles differ slightly, with configuration 4 at a high of 

6.5°, which correlates to the highest power output 

values in configuration 5, which has a rotor speed of 

only 1100 RPM and the lowest blade pitch angle, just 

under five degrees, produces the least specific energy 

with an estimate around 220 MWh. This Table 

illustrates the criticality of setting the rotor speed and 

blade pitch angle to optimize output power. Energy 

output calculation is given by 

𝐸 = ∫ 𝑃
𝑇

0
(𝑡)𝑑𝑡, 

where 𝐸 is the energy output over time period 𝑇;  𝑃(𝑡) 

is the power output at time 𝑡.  
Real‐time monitoring equation will be: 

𝑃(𝑡) = 𝑉(𝑡)𝐼(𝑡)cos (𝜙(𝑡)), 

where 𝑃(𝑡) is the real‐time power output; 𝑉(𝑡) is 

the voltage; 𝐼(𝑡) is the current; 𝜙(𝑡) is the phase angle. 
In particular, MPC has emerged in recent years as 

an extremely powerful tool since it allows the control 

actions to be updated all of the time based on real-time 

data which ensures the best performance under 

different conditions. By analyzing large-scale data, AI-

based methods enhance regular arrays and columns of 

existing system metrics to identify patterns in the past 

behavior of a highly complex distributed system and 

predict its future state. AI techniques complement this 

by parsing huge amounts of time-series data from such 

systems, resulting goes beyond even that. Add to this 

the fact that these sophisticated control technologies 

are also being combined with adaptive controller 

approaches and real-time monitoring; thus increases 

their value. Adaptive control capabilities automatically 

adjust the system to changing environmental and 

operational conditions. Its adaptability has enabled the 

wind energy system to continue running efficiently 

even in the face of unforeseen changes in speed and 

direction. Real-time monitoring of this kind provides 

feedback continuously on the system operability, with 

adjustment and tracking possibilities to optimize 

control strategies.  

Fig. 6 shows the relationship between wind speed 

and power output for different turbine configurations, 

with each line representing a different setup. Power 

generally increases with wind speed up to a limit, 

where the curve peaks or slightly dips depending on 

the configuration. This underlines the requirement for 

predictive control to optimize turbine operations using 

real-time wind speed data to maximize energy output. 

The graph shows the potential for efficiency 

optimization strategies across various turbine 

configurations under varying wind conditions, 

indicating the need for adaptive control to achieve 

optimal energy solutions. 

 
Fig. 6.  Visual representation of wind speed vs. power output 
Рис. 6.  Визуальное представление скорости ветра в 

зависимости от выходной мощности 

The mutualized development of the predictive 

control horizon, adaptive mechanisms, and real-time 

monitoring allows for a reliable relationship which 

increases even more efficiency in wind energy systems. 

In addition, the research highlights how critical these 

technologies are to the wider smart grid. Improved 

capabilities of wind energy systems have significant 

positive effects on smart grids (which enable to create 

all kinds and distributed renewable energy sources, by 

an intelligent grid power distribution). The greater 

stability and efficiency which predictive control and AI 

methods together make to incredibly stable the smart 

grid, it minimizes maintenance risks involved in any 

type of outage and improves energy delivery reliability. 

Moreover, properly optimized wind energy systems aid 

in not just a better utilization of resources but also keep 

sustainability goals reasonable and requirements on 

diminishing use of fossil fuels wise. The results of the 

study are groundbreaking and have important 

implications for successful integration of renewable 

energy into smart grids. The study has evidence-based 

efficacy of MPC and AI methods that strongly 

ascertain their indispensable role in the future 

deployment of wind energy systems. This has the 

potential to provide a major breakthrough in wind 

energy capture and utilization, leading towards more 

adaptive and robust energy systems. With countries 

and energy providers still working to develop strategies 

for meeting ever-growing but sustainable levels of 

demand, the findings from this work could prove 

invaluable in framing future energy policy. Improved 

performance of wind energy systems in smart grids 

both makes renewable generation more economically 

attractive and allows it to work technically better. In 

summary, the work demonstrates the power of 

predictive control and efficiency maximization in wind 

energy systems. The study shows significant 

improvements in system stability and energy efficiency 

by integrating MPC, AI-based techniques, adaptive 

control strategies with real-time monitoring. These 
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improvements help to improve the performance of 

wind power systems as well as increase their overall 

effectivity and reliability in smart grids. Given the 

development of the new energy landscape, these study 

results can provide useful information in the search for 

sustainable and efficient power systems all around the 

world. 

 
Improved system stability 

One of our main important takeaways from 

experiments for the improved system stability through 

predictive control. This advanced approach uses real-

time data processing and state-of-the-art algorithms to 

predict changes in wind patterns and adjusts operations 

accordingly. Impedance calculation is: 

𝑍 = √𝑅2 + (𝑋𝐿 − 𝑋𝐶)
2, 

where 𝑍 is the impedance; 𝑅 is the resistance; 𝑋𝐿 is the 

inductive reactance; 𝑋𝑐 is the capacitive reactance. 

Return on Investment (ROI) is given by: 

𝑅𝑂𝐼 =
𝑁𝑒𝑡𝑃𝑟𝑜𝑓1𝑡

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡
, 

where Net Profit is the total revenue minus total costs 

and investment cost is the initial amount invested. 
The system significantly diminishes the effects of 

wind variability on grid stability, reacting quickly to 

deviations from target without causing excessive wear 

– ensuring a more dependable and stable output. In our 

simulations, it was found that by adopting the 

methodology proposed in this study for grid synthesis 

using large scale wind energy systems will drastically 

reduce system fluctuations and enables a more stable 

grid with better ability to cope up with uncertainty 

associated with other wind characteristic components. 

This better response to varying wind conditions not 

only improves overall grid performance, it also helps 

enable more penetration of renewable energy sources 

onto the power mix as a whole. This is an essential 

milestone in the advancement of a more sustainable 

and secure energy system. Predictive control allows us 

to anticipate and respond to shifts in wind patterns, 

thus offering an inherently robust solution for 

maintaining grid stability with variable (read: 

intermittent) energy sources. The findings highlight the 

promise of groundbreaking predictive algorithms for 

more effective energy management, and therefore a 

consistent power generation in the future. 

 
Improved energy efficiency 

Various algorithms for wind energy systems 

efficiency optimization proved to be very 

advantageous. One of the key features is adaptive 

control, where system parameters are adjusted as and 
when needed to maintain top performance. Live 

calibration of these results will allow the system to 

proactively adapt, optimising energy production and 

minimising losses as conditions change. By monitoring 

the data in real-time, we gain a deep insight into how 

our system behaves, this helps us identify any lag or 

inefficiencies upfront and can make an informed 

decision to correct them. These approaches not only 

increase the operational efficiency of the wind energy 

system, but also improve its power generation 

capabilities substantially. These continuous 

adjustments along with this real-time data analytics 

will help to produce a more robust and effective 

energy. These optimization methods play a pivotal role 

in enhancing the energy output and system 

performance, which reflects on the sustainability as 

well as reliability of wind energy for being one of an 

important renewable resources. These approaches 

indicate a path toward improved efficiency and the 

necessity of sophisticated control strategies, as well as 

monitoring systems in case of renewable energy. 

 
Fig. 7.  Wind turbine performance 
Рис. 7.  Производительность ветряной турбины 

Fig. 7 illustrates performance changes over time, 

with time on the x-axis, impedance level on the y-axis, 

and a color gradient indicating levels of impedance, 

where lower values represent better performance. This 

means that by finding the optimum in efficiency, 

electrical impedance decreases, thus enhancing 

generation performance. In this way, operators will 

subsequently be able to view and make changes in the 

operations of turbines for optimum electrical 

performance, hence resulting in maximum energy 

output along with enhanced system reliability. This 

graph represents the role of real-time monitoring and 

adaptive control in the context of wind turbine 

performance. 
 
Economic accessibility 

This approach, opposed to hardware solutions, 

improves system stability and energy efficiency, which 

is an important issue in wind power systems when 

talking about economic accessibility. It helps to bring 
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down the cost significantly; followed by attainment on 

higher profit margins, thus making enormous monetary 

savings. Through the optimization of wind turbine 

performance and operational losses reduction, more 

energy with lower cost could be produced by using the 

proposed system which allows integrations toward 

making a competitive input to smart grids enhancing 

incorporating impacts from integrating that power into 

lowering prices in electricity markets. A 

comprehensive analysis of the results reveals that the 

proposed predictive control and efficiency optimization 

profile considerably outperforms conventional 

strategies in terms of both fuel/energy consumption 

and air quality reduction. Integrating MPC and AI-

based techniques with adaptive control, the proposed 

framework would encompass all requirements for wind 

energy integration challenges from a real-time 

monitoring perspective.  

Table 3.  Economic impact of efficiency optimization 
strategies   

Таблица 3.  Экономическое влияние стратегий оптими-
зации эффективности  

Optimization 
strategy 

Стратегия 
оптимиза-

ции 

Cost savings 
(USD) 

Экономия 
затрат  

(долл. США) 

ROI 
Рентабель-

ность  
инвестиций 

(%) 

Payback 
period 
(years) 

Срок окупа-
емости (лет) 

1 100000 15 5.0 
2 120000 18 4.5 
3 110000 17 4.8 

 

Table 3 looks at three strategies for optimizing 

efficiency, analyzing their economic impact in terms of 

cost savings (2018 figures), ROI, and payback period. 

Optimization strategy 2 would have the greatest 

savings, $120,000 annually (although any strategy 

could be different in other circumstances) and an ROI 

of 18%, with a payback period of so is the most cost-

effective one. Similarly, optimization strategy 3 

generates savings of $110K with a 17% ROI and has a 

lower payback period (4.8 years) than other options. 

The first optimization strategy, though yielding the 

least amount of cost savings at $100K with a 15% ROI 

and payback period of roughly 5 years, is still worth it. 

The table also shows that although all strategies help to 

improve economic viability, optimization strategy 2 

gives the best financial advantages. Cost savings 

calculation is: 

Cost Savings=Original Cost–Optimized Cost, 

where Original Cost is the cost without 

optimization; Optimized Cost is the cost after 

implementing efficiency strategies. Payback period 
will be: 

Payback Period =
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡

𝐴𝑛𝑛𝑢𝑎1𝑆𝑎𝑣𝑖𝑛𝑔𝑠
 , 

where investment cost is the initial investment and 

annual savings is the amount saved per year due to 

efficiency improvements. 

Results show significant factors of merit 

improvement from energy deliverable to grid, system 

performance and overall efficiency. Although they still 

have a long way to go, the development indicate the 

promise of the proposed system in transforming wind 

energy into a feasible and competitive option for 

sustainable clean power. Wind energy is now – thanks 

to these financial horizons as well technical 

enhancements – an economic feasible option for the 

future of energetics. The simulations were carried out 

under a set of scenarios to test the robustness of our 

proposed system. Cases such as varying wind 

conditions, grid demands and operational limits. We 

thereby find that the proposed methodology has 

general relevance to practical real-world deployments 

where inflowing wind resources and varying grid 

demand may differ substantially. The proposed system 

was also subjected to a comparative study with existing 

control methods. Results show that the proposed model 

can effectively compete with conventional methods in 

terms of robustness, efficiency and economic 

feasibility. This integrated solution for wind energy 

integration problem combines the advantages of 

control techniques, accurate forecasting model and 

optimization strategies. The results of this study have 

critical bearing for policy makers and industry 

practitioners. These findings support the creation of a 

political and regulatory agenda, which allows for wind 

power integration in smart grids – especially by 

showing that predictive control approaches bring 

benefits related to efficiency optimization. Results 

further offer significant guidance for industrial 

stakeholders to improve efficiency and profitability in 

wind energy systems. The study concludes on a note 

that points to the considerable progress predictive 

control and efficiency optimization can bring in wind 

energy systems for smart grids. The innovation is 

capable of addressing the full scope and range of 

challenges that face wind energy integration, 

improving operational stability as well overall system 

inertia performance while increasing economic 

viability. This paper is a modest contribution in this 

direction, provides an overview of the main results 

obtained so far and it highlights some practical 

implications that can be key for improving levels never 

reached before both sustainability and reliability of 

wind power. 
 
Discussions 

The implications of the presented results for 

improvement based on predictive control and 

efficiency optimization known as essential elements 

crucial for the performance and economic feasibility of 

wind energy systems are further described. From Table 
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1 for execution examination of prescient control 

procedures it is obvious that legacy and traditional pole 

placement are outperformed by MPC and AI-based 

methods. Utilizing progressed calculations and 

constant information, these procedures help in 

foreseeing/controlling the framework conduct that will 

prompt an expansion in energy yield with better 

steadiness of the frameworks. These outcomes show 

that MPC joined with artificial intelligence approaches 

can be utilized to manage the flighty idea of wind 

energy in a more solid and productive manner than 

accessible techniques for coordinating breeze power 

into shrewd matrices. These methods can help the 

breeze turbine to streamline changes brought about by 

inconstancy and subsequently give a superior stable 

power supply all in all with prescient experiences on 

how the framework ought to be upgraded in light of 

continuous information. This is especially crucial for 

smart grids, which require regular and dependable 

energy flows back and forth in order to maximize the 

supply of demand in the face of limited supply. The 

effectiveness measurements of the other breeze turbine 

designs (Table 2) feature the requirement for 

improvement methods to augment energy yields. As 

shown in the table, certain wind conditions control 

each configuration behavior better than others, 

suggesting that adaptive control may be required. 

Versatile control techniques accomplish this 

presentation (and subsequently further develop energy 

proficiency) by constantly changing framework 

boundaries. Also, the lattice plot of wind energy age 

productivity is shown, which give understanding on 

how it changes at various tasks boundaries. We are 

able to identify the optimal operational parameters for 

maximum energy production and gain insight into how 

this knowledge can be used as a guide in enhancing 

turbine performance by visualizing where less than 7% 

of the annual national energy target is being lost. For 

instance, the cross section plot outlines that 

effectiveness is a component of wind speed and rotor 

speed with clear pinnacles, showing where at each 

specific moment change in accordance with those 

boundaries permits high energy age. This very truth 

lays out the significance of a framework that is 

prepared to do such unique controls because of 

changing breeze conditions [at 100°C] to continue to 

create at its ideal. 

The monetary effect of proficiency enhancement 

procedures (Table 3) exhibits the monetary advantages 

of streamlining wind energy frameworks. As shown in 

the table, efficiency optimization can result in 

significant cost savings as well as a higher return on 

investment (ROI). These strategies boost the economic 

viability of wind power by lowering operational costs 

and increasing energy output, making it a more 

appealing option in the energy market. The multi-line 

chart of wind speed versus power yield upholds this 

finding, demonstrating the way that prescient control 

can advance turbine tasks in light of ongoing breeze 

speed information, bringing about higher energy age 

and decreased shortcomings. Predictive control can 

ensure that turbines operate within these optimal 

conditions, as shown by this graph, which indicates 

that power output is maximized at particular wind 

speeds. This outcomes in expanded energy yield as 

well as diminished mileage on the turbines, bringing 

down support costs and broadening the life expectancy 

of the hardware. Subsequently, these financial 

advantages make wind power a more serious choice, 

empowering further venture and improvement in this 

sustainable power area. 

The electrical properties of wind turbines are 

moreover illuminated by the impedance chart of their 

show. The diagram depicts impedance variations under 

a variety of working conditions, highlighting the effect 

that perceptual control and smoothing procedures have 

on lowering impedance and further increasing 

everyday system capability. By working on the 

electrical execution of wind turbines, these methods 

can possibly help energy result and framework 

soundness while likewise expanding the general 

effectiveness of the breeze energy framework. Lower 

impedance values, as shown by the chart, stand out 

from better electrical execution, suggesting that 

farsighted control can actually confine electrical 

difficulties and work on influence yield. This overhaul 

in electrical execution clearly achieves unrivaled 

compromise with the savvy system and extended 

energy adequacy, ensuring that delivered influence is 

utilized even more capably and with less adversities. 

The exposures of this study have immense 

ramifications for policymakers and industry 

accessories. Guidelines and strategies that make it 

easier to incorporate wind energy into brilliant 

networks can be learned from the demonstrated 

advantages of vision control and proficiency 

streamlining. By offering a more solid and valuable 

reaction for coordinating breeze energy structures, 

these systems can keep up with the headway towards a 

more practical and adaptable energy future. These 

pieces of information can be used by policymakers to 

make rules that help the usage of cutting edge control 

techniques, ensuring that breeze energy structures are 

arranged and worked to their fullest potential. In a 

similar vein, the outcomes provide significant insights 

for partners in the industry who intend to rethink the 

presentation and benefits of wind energy structures. In 

particular, the monetary advantages of productivity 

smoothing out make wind power a more alluring 

choice in the energy market, extending its gathering 

and coordination into splendid organizations. These 

revelations can be used by industry partners to justify 
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their interest in cutting-edge control propellers and 

smoothing out strategies, demonstrating the significant 

financial returns and system reliability they can 

achieve. 

With everything considered, the conversation 

incorporates the gigantic capacity of keen control and 

ability streamlining in pushing breeze energy structures 

inside sharp associations. Significant improvements in 

energy yield, framework strength, and financial 

viability demonstrate the viability of the proposed 

method. Using state of the art control and enhancement 

strategies, wind energy frameworks can possibly 

accomplish more elevated levels of execution and 

reliability. Subsequently, they can add to the general 

versatility and manageability of the energy framework. 

The mix of vision control strategies like MPC and 

man-made brainpower based techniques considers 

more exact and versatile administration of wind energy 

age, considering the intrinsic change and uniqueness of 

wind resources. By restricting practical expenses and 

intensifying energy yield, efficiency headway further 

develops wind power monetary sensibility. These 

joined benefits not just work on the appearance and 

effectiveness of wind energy frameworks, however 

they additionally support more far reaching energy 

system objectives pointed toward expanding the 

organization portion of maintainable power. The 

findings of this study pave the way for an energy future 

that is more adaptable and sustainable by supporting 

the continued development and implementation of 

methodologies for vision control and proficiency 

enhancement in wind energy frameworks. In the event 

that the breeze energy industry embraces these state of 

the art advancements, it can possibly make the most of 

forthcoming open doors, beat existing difficulties, and 

contribute fundamentally to the worldwide progress to 

environmentally friendly power. 

 
Conclusion 

Finally, the study ends by highlighting the 

prominent contributions to wind turbine systems 

achieved through predictive control and efficiency 

optimization in smart grids. MPC and AI-based 

techniques have been combined with adaptive control, 

as well as real-time monitoring to show excellent 

performance in terms of system stability, energy 

efficiency, improved economic viability. Therefore, 

this comparative results only prove the advantages of 

these novel control strategies in dealing with not only 

spatial-temporal variability but also system uncertainty 

and then improve reliability as well efficiency to 

integrate wind power into smart grids. The proposed 

MPC and AI-based methods yield better results than 

traditional control approaches in terms of energy 

production, system stability on studying their 

comparative performance analysis. In particular, 

application of MPC and AI approaches for improved 

system stability is relatively evident from reduced 

fluctuations in the systems during actual operation 

under changing wind conditions. Specifically, 

efficiency metrics for each wind turbine configuration 

are shown to be tied so optimization strategies will 

undoubtedly increase overall energy production while 

the economic impact analysis demonstrates significant 

cost reductions and an improvement in return on 

investment due of increased efficiency. The 

visualization enables detailed analyses on wind energy 

conversion system performance and optimization, such 

as the mesh-plot of power coefficient for AC–DC 

module, multi-line graph of power output – wind speed 

characteristic curves and impedance detection 

characteristics graph. Statistical graphic representations 

of this kind can alert us to the region in which a system 

should ideally operate and emphasize the advantages of 

real-time monitoring (or even better adaptive control). 

Our results provide tangible strategies for industry 

stakeholders and policymakers to achieve long-term 

sustainability in the context of wind power. Taken 

together, this work adds to a growing body of literature 

on the integration of variable renewables and provides 

actionable guidance for improving wind energy 

systems. Utilizing predictive control and efficiency 

optimization, wind power operates as a lynchpin in the 

transformation into more sustainable and resilient 

energy future. In conclusion, the advantages verified 

by the application of this proposed method imply that it 

can be further utilized considering its reliability and 

compatibility in smart grids for more sustainable 

systems. 

 
REFERENCES/СПИСОК ЛИТЕРАТУРЫ 
1. Annoukoubi M., Essadki A., Akarne Y. Model predictive control of multilevel inverter used in a wind energy conversion system 

application. Advances in Electrical Engineering, Electronics and Energy, 2024, vol. 9, 100717. 

2. Teklehaimanot Y.K., Akingbade F.K., Ubochi B.C., Thomas O.A. A review and comparative analysis of maximum power point 

tracking control algorithms for wind energy conversion systems. International Journal of Dynamics and Control, 2024, vol. 12, 

pp. 3494–3516. 

3. Saibal M., Deepak K.S., Ashok K.A. A review of control techniques for wind energy conversion system. International Journal of 

Engineering and Technology Innovation, 2023, vol. 13, no. 1, pp. 40–69. 

4. Singh J.G., Deb S., Lahiri R.N. Optimization of wind energy generation using predictive control strategies in smart grids. IEEE 

Access, 2019, vol. 7, pp. 45631–45642. 

5. Meng L., Qin Z., Persson M. Predictive control techniques in wind power integration with smart grids: a comprehensive review. 

Renewable Energy, 2019, vol. 141, pp. 286–298. 



Известия Томского политехнического университета. Инжиниринг георесурсов. 2025. Т. 336. № 8. C. 95–107 
Кадхим К.Х., Джасем М. Развитие ветроэнергетических систем с прогнозируемым управлением и оптимизацией ...  

107 

6. Barater P., Buticchi G., Lorenzani E., Franceschini G. Advanced control of wind power systems for distributed generation. IET 

Renewable Power Generation, 2018, vol. 12, no. 1, pp. 89–99. 

7. Mohamed A., Mohamed A.H.E., Mohamed M.F. Smart grid predictive control: a review of models and applications. MDPI 

Energies, 2020, vol. 13, no. 4, pp. 1–22. 

8. Alonge F., D'Ippolito F., Montanaro F. Predictive control of wind energy systems with variable speed for power optimization. 

IEEE Transactions on Control Systems Technology, 2018, vol. 26, no. 1, pp. 225–233. 

9. De Rijcke S., Lorenzani E., Moran M.J. A survey of predictive control methods for optimal power management in smart grids 

with wind energy. Elsevier Applied Energy, 2019, vol. 242, pp. 1671–1683. 

10. Stavrakakis G.S., Nikolakakos G.C. Model-based predictive control techniques for wind energy conversion systems. Springer 

Journal of Electrical Engineering & Technology, 2020, vol. 15, pp. 1067–1081.  

11. Zheng Z., Liu Y., Wang Q. Energy management in smart grids with wind power generation: a predictive control approach. IEEE 

Transactions on Industrial Informatics, 2020, vol. 16, no. 3, pp. 1538–1547. 

12. Kumar R., Mishra M.K., Singh A.K. Predictive control of wind power in microgrids: an overview. IET Renewable Power 

Generation, 2019, vol. 13, no. 2, pp. 278–287. 

13. Villalobos M.G., Molina-García A., Fuentes R. Adaptive predictive control for wind power smoothing in smart grids. MDPI 

Energies, 2019, vol. 12, no. 5, pp. 1–18. 

14. Gough N.O., Blaabjerg F., Bindner H. Predictive control of wind turbine systems in the presence of power grid constraints. IEEE 

Transactions on Power Systems, 2019, vol. 34, no. 4, pp. 3125–3133. 

15. Tsoutsos T., Gkioni M., Karalis A. Energy efficiency and predictive control in wind energy systems within smart grids. 

Renewable Energy, 2021, vol. 170, pp. 1212–1223. 

16. Abdelkhalik A.M., Zobaa A.F., Hussain A.N. Enhancing wind power integration in smart grids using predictive control. IEEE 

Access, 2020, vol. 8, pp. 112345–112355. 

17. Karimi D., Jahromi M.Z., Aghdam J.I. Robust model predictive control for wind energy conversion systems. Springer Electrical 

Engineering, 2023, vol. 105, pp. 345–359. 

18. Zhang H., Cheng L., Lin Z. Predictive control for wind power plants: opportunities and challenges. IEEE Transactions on Power 

Electronics, 2020, vol. 35, no. 7, pp. 6578–6590. 

19. Bose B.K., Panda S.K., Balog R.S. Predictive control of wind energy systems: a modern approach to improve efficiency. IEEE 

Transactions on Sustainable Energy, 2022, vol. 13, no. 1, pp. 183–194. 

20. Fan S., Tang Y., Bazargan M. Dynamic predictive control for wind energy in smart grids. Elsevier Energy Conversion and 

Management, 2020, vol. 205, pp. 112355. 

21. Yao L., Wang G.L., Sun B. Predictive control-based strategy for optimal wind power dispatch in microgrids. IEEE Transactions 

on Industrial Electronics, 2020, vol. 67, no. 6, pp. 5188–5197. 

22. Menon P.P., Venkataramanan S., Jayaram S.R. Advanced predictive control strategies for wind energy systems. MDPI 

Electronics, 2021, vol. 10, no. 4, pp. 456–470. 

 
Information about the authors 
Karrar H. Kadhim, Cand. Sc., Lecturer, Al-Furat Al – Awsat Technical University, 38, Babylon-najaf street, Kufa, 54001, Iraq. 
karrar.hamed@atu.edu.iq; https://orcid.org/0000-0002-3857-0290 
Mohamad Jasem, Cand. Sc., Senior Lecturer, National Research Tomsk Polytechnic University, 30, Lenin avenue, Tomsk, 
634050, Russian Federation; Lecturer, Al-Furat University, 7, University street, Deir ez-Zor, 41111, Syria. jasemma@tpu.ru; 
https://orcid.org/0000-0001-7006-6257 
 
Received: 05.02.2025  
Revised: 25.04.2025  
Accepted: 13.05.2025  

 
Информация об авторах 
Кадхим Каррар Хамид, кандидат технических наук, преподаватель кафедры электроэнергетических технологий 
технического колледжа Аль-Муссаиб Технического университета Аль-Фурат Аль-Аусат, Ирак, 54001, г. Эль-Куфа, 
ул. Бабилон-Наджаф, 38. karrar.hamed@atu.edu.iq; https://orcid.org/0000-0002-3857-0290 
Джасем Мохамад, кандидат технических наук, старший преподаватель отделения машиностроения Инженерной 
школы новых производственных технологий Национального исследовательского Томского политехнического уни-
верситета, Россия, 634050, г. Томск, пр. Ленина, 30; преподаватель кафедры механического проектирования и техно-
логии производства Факультета машиностроения и электротехники Университета Аль-Фурат, Сирия, 41111, г. Дейр-
эз-Зор, ул. Университета, 7. jasemma@tpu.ru; https://orcid.org/0000-0001-7006-6257 
 
Поступила в редакцию: 05.02.2025  
Поступила после рецензирования: 25.04.2025  
Принята к публикации: 13.05.2025 
  

mailto:54001
https://почтовые-индексы.cybo.com/%D0%B8%D1%80%D0%B0%D0%BA/%D1%8D%D0%BB%D1%8C-%D0%BA%D1%83%D1%84%D0%B0/
mailto:jasem85@tpu.ru

