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Abstract

This paper explores the evolution of wind power plant (WPP) control strategies, from simple approaches aimed
at optimizing the operation of individual wind turbines to the development of more complex systems that manage
WPPs as single integrated entities. Particular attention is paid to the key requirements for WPP control systems and
the analysis of WPP structure, especially in the context of their integration into the overall power system. The main
objectives of WPP control systems have been studied. The paper presents a detailed review and analysis of the control
strategies that are being actively investigated. The control strategies that have successfully found commercial
application are identified, and directions for further research needed to optimize and improve these strategies are
outlined.
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1. Introduction

Electricity generated from wind is gaining increasing importance in the 21st century as a clean and sustainable
energy source. In various countries around the world, the share of electricity generation from wind installations can
reach up to 50%. For example, in Denmark, the share of wind-generated electricity accounts for about 50% of the
country's total generation, which is one of the highest rates in the world. In other countries, such as Germany and the
United Kingdom, this figure is within the range of 20-30% [1]. In Ukraine, as of 2021, the share of generation from
renewable energy sources was approximately 8.1%, of which 2.7% was provided by wind power plants [2]. The
further development of wind energy as a distributed source of electricity generation has become particularly
important in the context of Russia's military aggression. Indeed, the bombing of Ukraine's generation facilities
prompts a shift away from centralized sources of electricity, which can be vulnerable to attacks, to more decentralized
systems. Moreover, the use of renewable energy sources will help Ukraine reduce its dependence on imported fossil
fuels, which is critically important in the context of energy security and economic stability [3].

Thus, with the growing demand for renewable energy resources, wind power plants are becoming key in meeting
global energy needs. Control systems for these stations play an important role in optimizing electricity production and
ensuring their efficient operation. Recent scientific research emphasizes that the use of advanced wind power plant
(WPP) control strategies will enhance the productivity of WPPs, providing stable and reliable electricity supply at
costs comparable to traditional sources [4].

2. Evolution of wind power plant control systems

The evolution of wind power plant control systems reflects general trends in the energy sector aimed at
increasing efficiency, reliability, and the integration of renewable energy sources into the overall power system.
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Initially, control system developers focused on optimizing the operation of individual wind turbines using basic
strategies that ensured stable energy production [5]. With technological advancements and the scaling up of wind
power plants, control systems have become more complex and integrated. Modern systems focus on group control,
where coordination of the operation of many wind turbines allows maximizing overall energy production, minimizing
mutual impacts, and reducing the load on the turbine structures themselves. Within these goals, scientists are working
on innovative strategies aimed at overcoming the limitations of traditional control methods. This includes
independent control of wind turbine blades to reduce fatigue loads on wind turbine components, controlling vortex
flows, model-predictive control to maximize WPP power and reduce mechanical loads, and the application of LIDAR
systems for precise measurement of wind flow parameters. Some of these control strategies have found commercial
application, while others still require further refinement.

3. Wind power plant control system structure

Let's consider the hierarchical structure of the WPP control system shown in Figure 1. It consists of a main WPP
controller and individual controllers for each wind turbine (WT). The main WPP controller coordinates tasks related to
active and reactive power, set by the grid operator, distributing them among the individual wind turbine controllers,
which ensure the execution of these tasks. In some cases, such as when the WPP has a large number of turbines or is
divided into several groups with a common connection point to the grid, a cluster controller may be applied. The weather
station controller provides the main WPP controller with current meteorological data, and the grid monitoring system
controller is responsible for measuring the grid parameters at the connection point. This control structure is widely used
for monitoring and controlling wind power plants, making their control similar to that of traditional power plants [7].
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Fig. 1. Wind power plant control system structure.

Components such as the main WPP controller (or WPP cluster controller), weather and grid monitoring systems,
can function on different hardware or on a single device, depending on the WPP infrastructure and electrical grid. An
important requirement is that all components operate on a real-time platform, which ensures a quick and predictable
response of the system to disturbances or task changes. The advantage of such a hierarchical control system is its
scalability, allowing for effective control of large wind power plants with numerous wind turbines.

4. Integration into electrical grids

The primary task of the WPP control system is to ensure the technical compatibility of the generated electricity
with the power system. In countries such as Germany, the United Kingdom, Ireland, the USA, China, Denmark,
Spain, and others with a significant percentage of electricity generated from renewable sources, the integration of
wind power plants into the electrical supply system is carried out with mandatory adherence to specific technical
requirements, known as "grid codes" [8],[9]. Below is a list of the general requirements for WPP control systems for
connecting wind power plants to electrical grids:

Electric power quality: The electricity generated by WPPs must meet established electric power quality

standards, specifically IEC 61400-21 [10], an international standard applicable in many countries worldwide, and
IEEE Std 1547-2018 [11], predominantly used in the United States but whose principles can be applied globally.
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These standards cover frequency, voltage, and harmonics regulation, ensuring that the electrical parameters conform
to accepted norms. Given the potential instability of wind flows, which can negatively affect the parameters of
electrical networks, it is crucial for the WPP control system to be able to adequately respond to such disturbances and
ensure stable energy supply.

Operation during grid faults: WPPs must be capable of supporting the network during outages and avoid
immediate disconnection during grid interruptions. This functionality is critically important for preventing
widespread failures and enhancing the reliability of the power supply system. The implementation of Low Voltage
Ride Through (LVRT) technology, which ensures the ability of wind power plants to remain connected and continue
operating during brief voltage drops, is extremely important [12]. Particularly significant is the contribution of WPPs
to voltage stabilization by injecting capacitive reactive power, which helps to increase the voltage level in the network
during such drops. Wind power plants can also play an active role in regulating the network frequency, providing or
consuming additional power to stabilize the frequency in the power system [13].

Active power curtailment: This function is one of the main tasks in controlling a wind power plant. It is
important that WPPs be able to adapt the level of generated active power according to the current needs of the electric
grid, which ensures effective load balancing and maintaining grid stability (see Figure 2).
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Fig. 2. Active power curtailment.

Power gradient limitation: This function is crucial for regulating the rate of increase in active power at WPPs,
allowing it to adapt to the technical requirements of the electric grid operator (see Figure 3). Control over this rate is a
means of smoothing the impacts of wind gusts, which is particularly significant for WPPs with a considerable number
of wind turbines. Such limitation helps ensure a stable supply of electricity to the grid, minimizing the risks of
imbalance that can be caused by sudden increases in power generation.
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Fig. 3. Power gradient limitation.

Active power reserve: The function of reserving active power (see Figure 4) is important for controlling WPPs,
as it allows grid operators to ensure a stable reserve of active power relative to the maximum possible at any given
time. The calculation of maximum possible power is based on the power curves of each wind turbine and measured
wind speeds. Active Power Reserve can be used to support the power system in potentially critical situations,
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allowing the wind farm to quickly increase active power if needed. This is particularly relevant, for example, for
quick responses to frequency drops in the electric grid.
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Fig. 4. Active power reserve control.

Primary frequency regulation of the electric grid: To maintain a stable nominal frequency in the electric grid,
the generated power must be equal to the consumed power. If power generation exceeds consumption, the network
frequency will increase; if consumption is greater than generation, the frequency will drop. According to technical
requirements for WPPs, an immediate primary response to deviations in the grid frequency from nominal values is
required (see Figure 5).

WPPs can respond to deviations in the grid frequency from nominal values at the level of both the wind turbine
control system and the WPP controller. If the grid frequency exceeds a threshold, an automatic reduction in the output
power of the WPP according to a set gradient is required (see Figure 5). With the activated function of reserving
active power, the WPP control system can respond to a decrease in grid frequency by increasing the output active
power using the active power reserve.
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Fig. 5. High frequency response.

Reactive power regulation: Wind power plants must be able to regulate reactive power. This includes the
ability to generate and consume reactive power in cos(¢), reactive power, or voltage regulation modes at the
connection point to the electrical grid. This capability is important for the integration of wind power plants into the
overall energy system, as it helps ensure stability and reliability of the network, especially in conditions where large
volumes of wind energy require flexible energy flow control.
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Compliance verification of wind power plants to technical requirements: Before connecting to the grid,
WPPs must be certified for compliance with the aforementioned requirements, which includes verifying their ability
to maintain network stability, withstand faults, and other key safety and functionality parameters. This process
involves several stages, including the review of technical documentation, assessment of wind turbine capabilities, and
validation of WPP models. Verification may be conducted through practical tests and simulation of validated models.
These procedures are important to confirm the ability of wind power plants to effectively integrate into the network,
maintaining stability and reliability.

Thus, the main task of the automatic control system for wind power plants is their integration into the energy
system and compliance with the established technical requirements. This makes the process of controlling WPPs
similar to controlling traditional power generation systems, ensuring stable and reliable production.

5. Goals and control strategies for wind power plants

The Levelized Cost of Energy (LCOE) is used as a metric to compare the cost-effectiveness of different energy
generation sources, including WPPs. This measure represents the average cost per unit of electricity generated over
the entire lifespan of an energy project. LCOE accounts for costs including capital investments, operational and
maintenance expenses, fuel costs (if applicable), the expected lifetime of the project, and total energy production.
According to a study conducted in 2020 [4], the cost of wind energy is expected to decrease by 17-35% by 2035 and
up to 49% by 2050. The main factors contributing to this reduction include the design of larger and more efficient
wind turbines, reductions in capital and operational costs, and increased productivity through the implementation of
new efficient control systems. Thus, it can be summarized that the main goal of wind turbine and WPP control
systems is to reduce LCOE while complying with the technical requirements of the electrical grid operators.

In the context of reducing LCOE, wind power plant control systems typically address the following subtasks:

e Maximizing electricity production at the wind turbine level,
e Maximizing electricity production at the WPP level,

e Extending the lifespan of wind turbines;

e Integrating into the power system;

e Predictive maintenance.

Maximizing energy production is a key goal in controlling wind power plants, especially in the context of
optimizing the use of available wind resources. This goal is achieved by individually controlling each wind turbine,
including adjusting the angle of the blades, orienting the turbine to the wind, and controlling the torque on the rotor
shaft. Group control at the WPP level is also important, as it allows coordinating the operation of multiple wind
turbines to optimally utilize the wind potential of the area [6]. The process of maximizing electricity production
requires controlling and maintaining extreme loads and fatigue loads acting on the structure of wind turbines within
acceptable limits. Proper balancing between the above indicators should at least ensure the calculated lifespan of wind
turbines, reducing overall maintenance and repair costs.

Next, we will analyze the strategies and approaches to controlling wind power plants, which are the subject of
active research in the scientific literature. The review will reveal not only the theoretical foundations of these
approaches but also their practical effectiveness in real operating conditions.

5.1. Individual pitch control

Individual pitch control (IPC) is a technology used in wind turbines to optimize their performance and extend the
lifespan of the equipment. IPC systems adjust the pitch angle of each blade independently, allowing for precise
responses to instantaneous changes in wind loading [14]. Such control is crucial for minimizing asymmetric loads on
the blades, caused by uneven wind profiles and gusts. Simulation results show that IPC can reduce fatigue loads by
34% (compared to the method of collective blade pitch control), primarily on the blades and the rotor of the wind
turbine, leading to decreased frequency of maintenance and operational downtimes. Ultimately, this enhances the
overall efficiency and reliability of the wind turbine. Verification of the simulation results on a real wind turbine
showed outcomes comparable to those of the simulations [15].

Despite the high efficiency of IPC in reducing fatigue loads, mentions of its commercial implementation are rare
in open sources. This may be due to drawbacks associated with IPC: it can cause accelerated wear of mechanical
components due to the constant cyclic movements of wind turbine blades, and it can interfere with other wind turbine
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control systems. Incorrect calibration of such a system can, conversely, increase the fatigue loads on wind turbine
components. Given the significant potential of this method in reducing fatigue loads, active scientific research into
these systems, which began in the 2000s [15], continues to this day.

5.2. Control strategies for minimizing loads on wind turbines

Wake Control is aimed at redirecting turbulent flows created by upstream wind turbines to mitigate their impact
on downstream turbines. This process is typically implemented by precisely adjusting the yaw angle of the front
turbines relative to the wind direction. This control strategy is designed to reduce fatigue loads on components of
wind turbines located in the wake flow. Additionally, this method helps optimize the distribution of wind flows,
which can enhance the overall efficiency of capturing wind energy by the wind power plant [17],[18].

Experimental studies involving a pair of turbines have shown significant increases in electricity generation and
reductions in fatigue loads [19]. Practical experience in implementing such a control strategy suggests that the real
effect can be minimal compared to the complexity of its implementation and depends on the terrain's topology and the
relative positioning of the wind turbines. This is indirectly confirmed by the existence of only two commercial
products that implement this strategy: WakeAdapt by Siemens Gamesa [20] and Swarm™ by WindESCo [21], which
claim to increase annual electricity generation by up to 1%.

The main challenge for the commercial implementation of this control strategy is the development of accurate
models of wind power plants and wind flow, and their execution in real-time, which requires significant
computational resources. From the above, we conclude that this strategy has performed well in simulations and holds
considerable potential for further scientific research in the context of its application in commercial solutions.

5.3. Application of LiDAR technology in wind power plant control

LiDAR (Light Detection and Ranging) technology, which uses laser beams to measure wind speed and direction,
offers significant advantages over traditional anemometers and wind vanes typically mounted on the nacelle behind
the wind turbine. This advantage arises from the greater accuracy and speed of measurements conducted in the plane
in front of the wind turbine, which avoids measurement distortions caused by turbulence from the turbine blades.

Enhancing the accuracy of wind speed measurements allows the control system to optimally select the rotor
speed for maximum wind power extraction. Improving the accuracy of wind direction measurements enables more
effective operation of systems ensuring that the wind turbine is oriented perpendicularly to the wind direction. Just by
this improvement alone, the Annual Energy Production (AEP) can be increased by 2-4% [22]. When using the
LiDAR system for wind power plant control, sensors can be installed at key points on certain wind turbines, which
can provide sufficient data for effective control. Research has shown that the integration of LIDAR with Model
Predictive Control and Wake Control has proven effective [23],[24].

A significant number of commercial implementations confirm the effectiveness of LIiDAR systems [25]. They
are actively being installed by manufacturers like Vestas, Siemens Gamesa, and others. From the aforementioned, we
can conclude that LIDAR is an essential tool for implementing control strategies in wind turbines and wind power
plants, where accurate and fast wind direction and speed data are crucial.

5.4. Model predictive control

Model predictive control (MPC) utilizes mathematical models of WPPs and forecasts of meteorological
conditions to optimize control strategies over a given time horizon. The basis of the control strategy is solving
optimization problems, where action plans are continuously adjusted based on new data and measurements.

Research indicates that the application of MPC can effectively reduce fatigue loads on wind turbine components,
particularly by predicting wind speed fluctuations, which also helps minimize power fluctuations [26]. MPC can also
foresee potential malfunctions and adapt the control system to prevent emergency situations [27].

However, implementing MPC in wind energy systems faces certain challenges. A key aspect is the accuracy of
the predictive models: any inaccuracies can lead to suboptimal control decisions. The computational demands,
especially for large-scale models that include multiple turbines or entire stations, require significant resources and can
pose difficulties for real-time implementation. Current research is aimed at increasing the computational efficiency of
MPC algorithms and the accuracy of prediction models.
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With further development of computational technologies and forecasting methods, MPC is expected to play an
increasingly important role in the renewable energy industry, providing more effective and reliable control of wind
power plants.

5.5. Predictive maintenance

Predictive maintenance in WPPs involves the use of various data analysis technologies to predict potential
equipment failures with the aim of enhancing its operational efficiency and reducing maintenance costs. These
technologies enable the analysis of information from sensors monitoring various operational parameters of wind
turbines, such as vibration levels, temperature, and other critical indicators.

Thanks to machine learning and neural networks, predictive maintenance systems can not only detect current
issues but also forecast future failures, allowing for the scheduling of maintenance before emergency situations occur.
This reduces unplanned downtime and contributes to more efficient power plant operations [28]. In particular,
research [29] quantitatively estimates potential savings of up to 8% in direct operational and maintenance costs and
up to 11% in production losses, assuming that 25% of major faults in generators and gearboxes can be diagnosed and
repaired before they require major replacement.

Thus, predictive maintenance is a crucial tool in the control of modern WPPs, enabling not only reduced
operational costs but also greater stability and safety in the production of wind energy.

6. Conclusion

This paper covers the main tasks, objectives, and architecture of wind power plant control systems, analyzing
scientifically justified strategies for achieving these tasks. Various approaches to optimizing the operation of wind
turbines and WPPs are considered, including individual pitch control, wake control, model predictive control and the
application of LIiDAR technology. It has been established that some strategies, such as LIDAR and Wake Control,
have already been commercialized, while others still require further research for efficient commercial application.
The significance of predictive maintenance and anomaly detection systems, which play an important role in achieving
the objectives of WPP control systems, is also highlighted.
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CyuacHi cTpareriil KepyBaHHS BiTPOeJEKTPOCTAHIISIMM:
TEXHOJIOTII, BUKJIMKH TA MePCHEeKTUBH

Hazapiit Kypunko, Poman @enopuiun

Hayionanvuuii ynieepcumem «JIvgiecoka nonimexuixay, eyn. C. banoepu, 12, Jlvsie, 79013, Yrpaina

AHoTanis

VY miff craTTi JOCTIJHKEHO EBONIOLII0 cTpaTeriii kepyBaHHs BiTpoenekTpoctanuisiMu (BEC), nounHaroum 3
NPOCTHX CTpaTerii, CIpsIMOBaHMX Ha ONTHUMI3alil0 POOOTH OKPEMHX BITPOBHX TYpOiH, 10 PO3pOOKM CKIATHINIMX
cucrem, mo kepytoTs BEC sk equnumu minicHrMu 06'ektamu. OxpemMa yBara NpUIUIAEThCS KIIOYOBUM BHMOTaM 10
cucreM kepyBanHs BEC ta ananizy crpykrypu BEC y koHTekcTi iX iHTerpanii B 3arajipHy eHeprocucreMy. BusueHo
OCHOBHI 1t cucteM kepyBaHHA BEC, mpoBeneHo neTanbHMH OIJISL] Ta aHall3 cTpaTerii KepyBaHHs, Hajl SKUMH
AaKTHUBHO BeIyThCS HAYKOBi AOCHipkeHHsS. BusBieHo crparterii kepyBanHs BEC, siki ycmimHoO 3HaHIIIIM KOMeEpIiifHe
3aCTOCYBAHHSI, 1 OKPECJICHO HAIMPSIMKHU JUIS TOJANBINUX JOCHTIKeHb, HEOOXITHUX I ONTUMI3allii Ta MOKpaIIeHHS
IIUX CTpaTerii.

KuiouoBi cjaoBa: BITPOEIEKTPOCTAHINSI; BITpoBa TypOiHA, CHUCTeMa KepyBaHHS, €HEpTis BIiTPY; cTpaTeris
KepyBaHHS.
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