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Abstract: This article presents the results of analyzing emergency situations that lead to substantial economic
losses during recovery efforts. Various technical solutions are explored that can identify the onset and, in some
cases, the duration of natural or technical factors influencing the occurrence of such emergencies. The relevance
of developing a combined protection system for wind generators is substantiated. The system comprises a
three-tier structure. The first, lowest level, collects real-time data on monitored parameters. The second level
stores this data, calculates missing coordinates using observers, and generates warning messages for wind
generator operators about potential emergency situations. The third, highest level, includes the operator's
computer. This combined protection system plays a crucial role in reducing emergency occurrences and
enhancing the reliability and lifespan of wind generators.
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1. Introduction

Despite the inherent instability of electricity produced by alternative energy sources, there has
been a consistent increase in the amount of energy generated by these technologies. Currently,
renewable energy accounts for 18% of the electricity consumed in the European Union, 20% in the
USA, 28% in China, and 35.9% in Australia [1-5].

Alongside the deployment of new alternative energy sources, leading countries in this sector are
focusing on reducing the environmental impact, enhancing the reliability of innovative technical
solutions, and mitigating the influence of changing climatic conditions on these technologies [6-13].

Key factors affecting the development of wind energy include increasing the rated power of
wind turbines, specialization in component production, the move towards direct drive systems
(eliminating the need for gearboxes), improving competitiveness by reducing the cost of energy
produced, and the development of new materials and optimized electromechanical designs [14,15].

Reducing the cost of electricity produced by wind turbines can be achieved by minimizing
emergency situations and extending the service life of wind generators. One solution to these
challenges is to study emergency situations and develop technical solutions for a combined
protection system based on the findings.

The primary advantages of wind power compared to other electricity generation methods
include the absence of fuel resource needs, no ash disposal, and no carbon dioxide or sulfur
emissions. Unlike solar panels, wind turbines do not suffer from the degradation of semiconductor
elements that convert solar to electrical energy.

Wind generators with a horizontal axis of rotation are the most commonly used. This includes
turbines manufactured by companies like Siemens Gamesa (Germany) and Vestas Wind Systems A/S
(Denmark) [16,17].

These turbines have the highest conversion efficiency of wind to electrical energy. However,
they generate increased vibrations, which negatively impact the surrounding environment, both

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202409.1341.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2024 doi:10.20944/preprints202409.1341.v1

above and below ground. The power equipment of a wind power plant (Figure 1) with a horizontal
axis of rotation contains wind turbine 1 and a system for converting wind energy into electrical
energy in nacelle 2 [18-20].

Figure 1. Wind power plant with a horizontal axis of rotation.

For offshore wind generators, floating designs with vertical rotation axes, such as the SeaTwirl
S2 model (Norway), have gained popularity. These designs can efficiently operate at wind speeds of
up to 50 m/s, with plans to scale their capacity to 30 MW [8]. Offshore wind farms, with their unique
design features, offer a higher density of wind power plants across water surfaces [21].
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Figure 2. Offshore power plants fleet.

Wind generators can operate both in generation mode into the power supply network and in
autonomous mode when the wind generator is the only source of electrical energy for consumers.
The technical characteristics of sthe generated energy are controlled using power semiconductor
converters.
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2. Literature Review
Promising Trends in the Development of Wind Turbines

Several innovative technical solutions for wind turbines are currently undergoing research and
experimental trials:

1. Bladeless Wind Energy Converter

Specialists Weixing Lu and Allan Roberts have proposed a bladeless wind energy converter that
utilizes the piezoelectric effect. This technology incorporates advanced, highly efficient piezoelectric
crystals developed using nanotechnology. The device channels airflow through ducts, with the walls
formed by a multilayer structure consisting of two layers of polyvinylidene fluoride (PVDF),
separated by a thin brass layer. The piezoelectric polymer ducts generate no perceptible sound,
creating a bladeless wind generator that effectively eliminates sound propagation [22].

However, the drawbacks of this bladeless wind generator include low energy output and high
design complexity, which results in the cost of generated energy being significantly higher than that
produced by traditional horizontal-axis wind turbines.

2. Balloon-Type Wind Generator

To enhance the efficiency and stability of wind turbines, designers are exploring solutions to
elevate turbines as high as possible above ground level. One such innovation is the balloon-type wind
generator, developed by Altaeros (Massachusetts Institute of Technology). This "Buoyant Air
Turbine" can be raised to a height of up to 300 meters, where wind speeds are five times stronger
than those near the ground with conventional mast-mounted turbines [23].

Despite the advantages of this approach, a key limitation is the need for continuous monitoring
and stabilization of the gas pressure within the nacelle.

3. Ionic Wind Generator

Another promising solution to improve wind energy conversion efficiency is the ionic wind
generator. A team from Kyocera Corporation in Kyoto, led by Takashige Yagi, has developed a device
that can increase wind speed and modify wind direction. The ionic wind generator operates by
applying a constant high voltage to two closely spaced electrodes, generating a directed flow of ionic
wind [24].

This technology offers the ability to create an airflow pulse at a specific time and location with
minimal energy consumption, enhancing wind speed. However, the drawbacks include the need to
divert part of the generated energy to ionize the air, the complexity of the design, and the increased
risk of lightning strikes due to the placement of the air ionizer at the top of the wind turbine.

A team led by Yang Hao at the Key Laboratory of Modern Power System Simulation and Control
& Renewable Energy Technology at Northeast Electric Power University has also emphasized the
importance of analyzing emergency situations, both at the wind turbines themselves and within
power supply systems, in cases where they are interconnected [25].

Analyzing Disturbing Factors in Wind Turbine Operation

The various disturbing factors affecting wind turbine operations can be classified into two
groups:

- The first group consists of climatic factors.
- The second group includes factors related to the technical condition of the wind turbines’
structural elements and power supply systems.

The climatic factors that significantly impact wind turbine reliability include:

- Wind speeds that exceed the maximum permissible levels as regulated by the turbine's technical
specifications, along with variations in air flow acceleration and oscillation frequency.

- Lightning strikes, their frequency, and the spatial correlation between the areas of lightning
activity and wind turbine locations, as well as the energy characteristics of the strikes.

- Icing of wind turbine structural elements, including the intensity and duration of icing.

The technical factors that affect the electromechanical systems of wind turbines include:
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- Wear and tear on mechanical components such as bearings, gearboxes, and generators, as well
as mechanical braking systems.

- Deterioration in the insulating properties of electrical wiring and cable products in generator
windings.

- Declining efficiency of cooling systems in electromechanical components of wind turbines.

- Overheating of the windings in the electromechanical converters of wind turbines.

Specialists, including Nicholas T. Luchetti from the Department of Atmospheric and Oceanic
Sciences at the University of Colorado, and Arrieta-Prieto M. from the Wei Yiming Key Laboratory
of Atmospheric Environment and Extreme Meteorology, conducted studies on the characteristics of
air flows at the boundaries of thunderstorm fronts in both mountainous and flat areas [26-29].
Thunderstorm fronts can create localized loads on wind turbine structures that significantly exceed
maximum permissible values. Previous studies focused on the impact of thunderstorm fronts in flat
terrains [30].

In complex terrains, such as rocky mountains, experimental studies revealed that wind speed,
temperature, humidity, and turbulence at altitudes of at least 300 meters were slightly lower
compared to storms on flat terrain. However, the peak energy of turbulent wind kinetics reached
values of 4 m?-kg-s2. The rapid fluctuations in wind speed during a thunderstorm front reduce the
reliability of the mechanical components of wind turbines.

On flat terrain, the static wind speed, changes in direction, and acceleration are much higher
than in mountainous areas. In coastal regions, typhoons have a significant negative impact on wind
turbine design. Wind speeds in the center of a typhoon can reach 50 m/s, with gusts up to 70 m/s, and
the radius of storm winds can extend up to 170 km [31,32].

In countries such as the United States, Europe, and Australia, the likelihood of tornadoes is quite
high. In the center of a tornado, wind speeds can reach 130 m/s, with tornado diameters extending
up to 3 km. Additionally, as cyclone altitude increases, temperatures decrease. Tornadoes are often
accompanied by lightning strikes, further exacerbating the destructive impact [33,34].

Excessive wind speeds that surpass the maximum permissible limits for wind turbines can lead
to increased vibration amplitudes and the bending of the horizontal-axis wind turbine structure. This
dynamic load causes microcracks in the metal components and can sometimes result in complete
structural failure. By monitoring controlled parameters such as wind speed, air temperature,
vibration amplitude, and the tilt angle of the wind turbine structure, and adjusting the turbine's
operating modes accordingly, it is possible to mitigate the negative impacts on the turbine’s design.

Specialists such as Ren Yushu, Xu Weixin, and Fu Jiaolan from Sun Yat-Sen University & the
Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai, China) have studied the
density of lightning strikes and their relationship with climatic factors in China [35]. The likelihood
of a lightning strike on a rotating wind turbine is significantly higher than on a stationary one. To
reduce the risk of lightning strikes on wind turbines during a thunderstorm front, it is necessary to
stop the turbine’s rotation.

Previous experimental studies established a correlation between warming temperatures and an
increase in lightning strikes. The energy characteristics of lightning show that lightning typically lasts
no more than 2 seconds, with the current of the lightning leader ranging from 10 to 500 kA. The
average energy released by a single lightning strike can reach 500 MJ, and such energy entering the
structure of a wind turbine could ignite a fire [36].

A team of specialists from Pakistan, China, and the USA, led by Ain Noor Ul from the
Department of Electrical Engineering at the University of Engineering and Technology (Pakistan),
developed a software product for detecting lightning strikes using fuzzy logic. This system achieved
a prediction accuracy of 98% when tested against experimental data [37].

Currently, thunderstorm activity forecasting is performed indirectly using specialized software.
Key indicators include changes in air temperature, the temperature of the lower cloud layers, and the
speed of vertical airflows. The combination of the speed and acceleration of these changes helps
predict the formation of thunderclouds and subsequent lightning strikes.

A connection has been established between thunderstorm activity and solar activity. Solar flares
increase the electric field strength in thunderclouds by 60% within two days after the flare, leading
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to greater thunderstorm activity. This phenomenon results from increased atmospheric ionization
caused by the solar wind [38-41].

An important aspect in the development of wind turbine protection systems is the registration
and geolocation of lightning strikes. This is typically achieved using acoustic and electromagnetic
sensors, though acoustic sensors have longer response times compared to electromagnetic ones.
Studies at the New Mexico Institute of Mining and Technology have resulted in the development of
a combined lightning sensor that integrates panoramic light and acoustic sensors, enabling precise
geolocation and assessment of lightning energy characteristics [42—45].

By combining acoustic and light sensors, it is possible to estimate the distance to a lightning
strike based on the delay in acoustic sensor response compared to the light sensor. This technique
allows for real-time tracking of approaching thunderstorm fronts.

A lightning strike is essentially a conductive channel of cold plasma through which pulsed
current flows, with amplitude values reaching tens of thousands of amperes. The electromagnetic
field generated by lightning covers a wide spectrum with high intensity. Studies conducted at
Khaldoun University (Algeria) examined how this electromagnetic field affects the reliability of
electronic components in control systems [46].

Wind turbines are complex mechanical structures, with each component serving a specific
functional purpose. Climatic conditions, such as decreasing ambient temperatures, have a significant
negative impact on wind turbine performance. One such negative climatic factor is icing, which
causes an increase in both static and dynamic loads on the turbine’s mechanical structure.

3. Methodology

One of the key tasks in enhancing the technical reliability of wind turbines is the study and
development of a combined protection system for their electromechanical equipment [72]. The
combined protection systems proposed in [73,74] are multi-level systems.
¢ Level 1: The lowest level involves real-time monitoring of the technical condition parameters of

the wind turbine's electromechanical equipment. This level is implemented through

independent hardware devices, such as direct measurement sensors equipped with their own
controllers to process and store real-time data.

¢ Level 2: This level consists of observers responsible for continuously calculating missing
parameters that cannot be measured directly by sensors. These observers use indirect methods,
typically implemented through modular controllers, to compute the system's coordinates.

¢ Level 3: At this level, control signals are generated based on the input from the first and second
levels, which provide information on the technical condition of the electromechanical equipment
and their derivatives. The derivative value is used to estimate the rate of change in the monitored
parameters [73,74].

¢ Level 4: This level is responsible for generating a set of control signals. The software block for
this level is also implemented within the control controller.

The protection system proposed in [75] aims to reduce operational costs and extend the service
life of wind turbines, thereby lowering the overall cost of electricity generation.

Disturbing factors that reduce the reliability of the electromechanical components can be divided
into two main groups:

1. Natural Phenomena: These factors have a cause-and-effect relationship with environmental
conditions.

2. Technical Factors: These include the technical condition of the electromechanical equipment and
peripheral systems, as well as the electrical parameters of the power supply network, especially
in the case of grid-connected operations.

When developing a combined protection system, the most critical tasks include:
¢ (lassifying disturbing factors and identifying the controlled coordinates and corresponding

control actions for each factor.

*  Assessing the impact and potential economic damage caused by these disturbing factors.

*  (lassifying the control actions that can prevent the failure of components and assemblies in a
wind turbine system.
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Thus, enhancing technical reliability requires a comprehensive approach to the study and
development of combined protection systems for electromechanical equipment in wind power
plants [75].

Requirements for a Combined Protection System

Based on the analysis of existing technical solutions for wind turbine designs, as well as the cause-
and-effect relationships between natural phenomena and emergencies, operational
characteristic violations, and safety precautions during routine maintenance, a set of technical
requirements for a combined protection system has been developed.

The combined protection system for wind turbines must provide the following functionalities:

*  Real-time monitoring of the approach of thunderstorm fronts.

¢ Calculation and control of the probability of icing and its onset.

¢ Continuous monitoring of wind speed.

* Real-time monitoring of the temperature of the power transformer windings, gearbox,
mechanical brakes, and generator windings.

*  Monitoring of the wear and tear of bearings in wind turbines, generators, gearboxes, and
mechanical brakes.

¢  Calculation of the remaining lifespan of the wind turbine’s structural components.

*  Automatic generation of recommendations for the operator and control commands in pre- and
post-emergency situations.

*  Supervisory control and management with visualization of the technological processes.

The implementation of a combined protection system for wind turbines will ensure the
following:
¢ Areduced likelihood of fires in wind turbine installations.
¢  Prevention of emergency situations caused by icing of structural elements.

*  Reduced structural load when wind speeds exceed the maximum permissible limits.

*  Mitigation of the negative impact of lightning strikes on the mechanical parts of the wind turbine
and its monitoring and control systems.

¢ Fewer emergency situations due to wear on bearings, generators, gearboxes, and mechanical
brakes.

*  More efficient use of the resources of the controlled components in the mechanical structure of
the wind turbine.

Structural Flowchart of a Combined Protection System

To meet the technical requirements of a combined protection system, a three-level hardware
structure must be organized (Figure 3).

e  First Level (Lower Level): This level consists of a set of control and indicator sensors. It is
responsible for the real-time collection of data related to the wind turbine’s technical condition.
These sensors transmit information via communication channels to the second level, the
controller. Control and indicator sensors are divided into two groups based on the parameters
they monitor:

1. The first group monitors the mechanical components of the wind turbine, including the bearings
of the turbine, gearbox, generator, and mechanical brake.

2. The second group monitors environmental conditions that affect the turbine, such as icing, wind
speeds exceeding permissible limits, and the approach of thunderstorm fronts.

Data from humidity and air temperature sensors serve as input for an observer that estimates
the probability and duration of icing on the turbine's structural elements. Electromagnetic field
strength sensors and acoustic sensors detect the approach of a thunderstorm front, while the wind
speed sensor measures the current wind speed. All collected data is then transferred to the second
level.
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Figure 3. Functional diagram of a wind generator combined protection system.

*  Second Level: This level consists of the controller, which processes the incoming information
and calculates appropriate responses based on the monitored parameters.

¢ Logical Decision-Making Block: The decision-making block generates control commands aimed
at reducing the negative impact of environmental and operational factors on the wind turbine.

The real-time data from the three-axis accelerometer, along with the wear assessment of the
wind turbine bearings, generator bearings, gearbox bearings, and gears, form the basis for calculating
the current residual lifespan of these components.

At the second level, observer algorithms are used to estimate the numerical values of parameters
that cannot be directly measured by control and indicator sensors. These include calculating the
maximum permissible values for wind speed, as well as the temperature of the power transformer
windings, gearbox, mechanical braking system, and generator windings. If the calculated current
values exceed the specified permissible limits, information regarding the approach of a thunderstorm
front and the probability of icing onset is transmitted to the logical decision-making block.

The second level of the combined protection system is implemented via a programmable
controller. The primary functions of the controller include:
¢  Calculating control parameters using observer algorithms.

*  Generating control commands in emergency situations.
¢ Providing recommendations to the personnel servicing the wind turbine system, as outlined in
Table 1.

Table 1. List of main functions of the combined protection system in case of emergency situations.

No. Emergency situation A set of commands for a combined protection system

Reducing the calculated residual life of
wind turbine bearings, generator bearings, Generating an appropriate information message to the

! gearbox bearings and gears and mechanical wind power plant operator.
brakes.
1. Stopping the wind turbine.
2. De-energizing power and information devices.
2 Storm front approaching 3. Blocking the input circuits of information channels.
4. Generating an information message to the wind power

plant operator.

1. Stopping the wind turbine.
3 Icing onset 2. Generating an information message to the wind
power plant operator.
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1. Feathering of wind turbine blades.
4 Exceeding the maximum permissible wind 2. Stopping the wind turbine.
speed 3. Generating an information message to the wind power
plant operator.
1 Stopping the wind turbine.
Exceeding the permissible temperature of 2 Disconnecting power devices from then external
5 the power transforme windings, generator power source.
windings, gearbox, mechanical brake. 3 Generating an appropriate information message to the

wind power plant operator.

The third level of the combined protection system includes an operator’s computer equipped
with software for visualizing the technological processes (SCADA). This computer should display
real-time data, such as wind speed, the temperature of key components in the wind turbine structure,
the remaining lifespan of the turbine, gearbox, generator, and mechanical braking system, along with
recommendations for the operating personnel and commands from the logical decision-making
block.

Given the rapid changes in parameters —such as the approach of a thunderstorm front, the onset
of icing, wind speeds exceeding the maximum permissible limits, and temperatures surpassing safe
levels for the power transformer windings, generator windings, gearbox, and mechanical brake—
quick decision-making is crucial. The consequences of emergency situations are often linked to
significant economic losses, so it is essential to promptly implement actions to mitigate these impacts.

Controller Algorithm for the Combined Protection System

Based on the previously developed functional diagram (Figure 3) and the list of the main
functions of the controller (Table 1), the controller algorithm for the combined protection system has
been created (Figure 4). The primary purpose of the combined protection system is to alert the
operator about potential or ongoing emergency situations, initiate operations to stop the wind
turbine, provide recommendations for resolving emergencies, and issue commands to begin the
shutdown procedure.

The controller program algorithm begins with program initialization, position 1 (Figure 4). The
initialization command is triggered either by supplying power to the controller or via the operator’s
computer keyboard. The next step is to set the maximum permissible values for the monitored
parameters, position 2:

*  Rmin: The minimum allowable coefficient representing the resource capacity of the controlled
devices within the wind generator.

¢ Smin: The minimum allowable distance to the thunderstorm front.

*  Pmax: The maximum allowable probability of icing onset.

*  Kmax: A coefficient representing the maximum allowable wind speed and temperature for the
wind generator’s structural elements.
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These maximum permissible values can be adjusted after the program is stopped using the
"Stop" command, position 20. The next step in the algorithm is to test the functionality of the system
components, position 3. If all components are functional (condition N=1, position 4), the control and
indicator sensors are polled, position 6. If any element is found faulty, an error message is displayed
on the operator’s computer screen, position 5, followed by the standard wind turbine shutdown
procedure.

To process the current data and determine the rate of change in the monitored parameters, which
helps predict the remaining lifespan of the wind turbine’s structural elements, the current values of
the monitored parameters are saved, position 7.

Addressing issues related to routine maintenance of the wind turbine’s mechanical components
in a timely manner reduces accidents and increases operational profitability. The resource coefficient
(R) of the controlled elements is calculated in a subroutine, position 8. If the residual life coefficient
is lower than the minimum allowable value (R < Rmin, position 9), a message is generated, notifying
the need for routine maintenance or complete replacement of the affected component, position 10. If
the condition R < Rmin is not met, the wind turbine is in good condition, and the cycle operation
continues.

Operational disruptions due to the negative impacts of lightning and icing on the wind turbine
are stochastic in nature.

To reduce the likelihood of adverse effects from lightning strikes, the system monitors the
approach of thunderstorm fronts. A subroutine, position 11, calculates the current distance to the
thunderstorm front. If this distance becomes smaller than the minimum allowable value (Smin,
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position 12), indicating that the storm front is approaching the turbine, a "Stop" command is issued
(position 20), and the wind turbine shutdown procedure is initiated, position 21.

The wind turbine shutdown procedure includes the following steps: feathering the blades,
stopping the turbine’s rotation, activating the mechanical brake, disconnecting from the external
power supply, and blocking the information channels of the combined protection system.

The probability of the start time and duration of icing on the wind turbine structure is
determined in the subroutine, position 14. The most effective way to calculate the onset and duration
of icing is by developing an observer based on the information from the humidity, ambient
temperature, and wind speed sensors, particularly for wind blowing in the opposite direction [55]. If
the probability of icing exceeds the maximum permissible value, Pmax (position 15), the operator is
notified of the onset of icing (position 16), and the wind turbine shutdown procedure is initiated
(position 21).

Monitoring of the maximum permissible values for wind speed, power transformer winding
temperature, generator winding temperature, gearbox temperature, and mechanical brake
temperature is performed in the subroutine, position 17. If any of the current parameter values exceed
the corresponding maximum permissible threshold, K > Kmax (position 18), a notification is
generated for the operator, along with appropriate messages and recommendations displayed on the
computer (position 19). The next step is to initiate the wind turbine shutdown procedure (position
21).

The analysis of the causes leading to emergency situations in wind turbines, as well as the
technical solutions for implementing protection systems, revealed that emergency situations are
typically studied in isolation, with technical solutions developed to address individual incidents.
However, the combined protection system proposed in this work offers comprehensive protection
for wind turbine systems against all currently known major pre- and post-accident factors.

This combined protection system is based on a prioritized analysis of wind turbine emergency
situations, taking into account existing technical solutions for converting wind energy into electrical
power. It also addresses the specific challenges of wind turbines operating within electrical grids.

The developed algorithm, which enables parallel data processing, allows for independent real-
time protection for any controlled parameter. Given that maximum permissible values for controlled
parameters may vary across different regions where wind turbines are in use, the algorithm is
designed to allow for these values to be adjusted accordingly.

5. Conclusions

This paper highlights the importance of studying and developing a combined protection system
for wind turbines. The following key emergency factors and their consequences are identified:

*  Wind speeds exceeding the maximum permissible limits can lead to the destruction of structural
elements in the wind turbine system.

* Increased frequency of lightning strikes raises the likelihood of fires in the structural
components of the wind turbine.

¢ Icing of the wind turbine can increase the amplitude of vibrations, potentially causing structural
damage.

*  Uncontrolled wear of mechanical equipment significantly reduces the service life of the wind
turbine and may result in an emergency shutdown due to structural failure.

* Prolonged exposure to temperatures exceeding safe limits can lead to the destruction of
structural elements and, in some cases, fire.

The proposed protection system continuously monitors environmental parameters and tracks
the technical condition of the wind turbine’s structural elements. It provides protection against
excessive wind speeds, lightning strikes, and icing, while also managing the wear and temperature
of the turbine's components.

A future direction for the development of the combined protection system involves enhancing
the algorithms for predicting icing and the approach of thunderstorm fronts.
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