Nijat Mammadov
CAUSES OF ELECTROMECHANICAL RESONANCE IN WIND RT&A, No2 (84)
TURBINES AND METHODS FOR ITS ELIMINATION Volume 20, June 2025

CAUSES OF ELECTROMECHANICAL RESONANCE IN
WIND TURBINES AND METHODS FOR ITS
ELIMINATION

N.S. Mammadov

Azerbaijan State Oil and Industry University, Baku, Azerbaijan
nicat. memmedov.sa@asoiu.edu.az

Abstract

Electromechanical resonance in wind turbines is a complex and multifaceted phenomenon that
significantly affects the performance, service life, and reliability of wind turbines. This problem is
especially relevant for modern high-power wind turbines operating under variable loads and high
air turbulence. The article provides a detailed analysis of the mechanisms of electromechanical
resonance, including the influence of design parameters, aerodynamic loads, electromagnetic
interactions, and operating conditions. The physical foundations of resonance phenomena and their
impact on the dynamic behavior of wind turbines are considered, which allows for a deeper
understanding of the mechanisms of their occurrence and the development of methods for their
prevention. Particular attention is paid to modern methods of diagnostics and prediction of
resonance effects. The existing technologies for suppressing resonance oscillations are analyzed,
such as the use of damping elements, active vibration dampers, adaptive control systems, and
digital twins, which allow for real-time prediction and correction of generator behavior. In addition,
the article proposes innovative engineering solutions aimed at increasing the stability of wind
turbines to resonance phenomena. These solutions include optimizing design parameters, selecting
new high-strength and damping materials, and improving automated control systems. Research
into this problem and developing effective measures to eliminate it are key aspects of further
development of wind energy, allowing for an increase in the service life of equipment, its reliability,
and a reduction in operating costs.

Keywords: wind turbine, electromechanical resonance, aerodynamic loads,
damping elements, reliability.

I. Introduction

Modern wind power plays a crucial role in the global transition toward renewable energy
sources. It offers a sustainable, environmentally friendly, and cost-effective means of electricity
generation, reducing dependence on fossil fuels and lowering greenhouse gas emissions.
However, the increasing scale and complexity of wind turbines introduce numerous engineering
challenges that must be addressed to ensure their efficiency, reliability, and longevity. Among
these challenges, electromechanical resonance stands out as a critical issue that can significantly
impact the stability and operational performance of wind energy systems. Electromechanical
resonance is a phenomenon characterized by the interaction of mechanical and electrical
oscillations within a system. This complex interplay can lead to excessive vibrations, component
overheating, and accelerated wear and tear, ultimately threatening the integrity of wind turbine
structures. If not properly managed, electromechanical resonance can cause severe mechanical
failures and substantial financial losses due to maintenance, repairs, and operational downtime.
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Electromechanical resonance occurs when the natural frequencies of a turbine’s mechanical
components coincide with the characteristic frequencies of the electrical system. The mechanical
elements of a wind turbine—such as the rotor, blades, bearings, and tower—exhibit specific
vibrational modes that can be excited under certain operating conditions. Similarly, the electrical
system, which includes generators, converters, and power electronics, possesses inherent
resonance frequencies associated with circuit dynamics and electromagnetic interactions.

When these mechanical and electrical frequencies align, resonance amplifies oscillatory
motion, leading to increased vibrations. This excessive movement exerts additional mechanical
stress on the turbine structure, accelerating fatigue and leading to critical component failures. Key
components that are particularly vulnerable to resonance-induced damage include:

- Rotor and Blades: Excessive vibrations can cause cracks, deformation, and eventual
structural failure.

- Bearings: Increased mechanical load results in premature wear, overheating, and reduced
operational lifespan.

- Supporting Structures: Towers and nacelles may experience structural fatigue, leading to
stability issues.

- Generators and Power Electronics: Resonance can cause thermal stress, insulation
breakdown, and component degradation [1-3].

External Factors Contributing to Resonance. While the fundamental causes of electromechanical
resonance lie in the interaction of mechanical and electrical dynamics, external environmental
conditions further exacerbate the issue. Wind turbines, especially high-capacity models operating
in turbulent atmospheric conditions, are particularly susceptible to fluctuations in operating loads.
Some of the key external factors that can amplify resonance effects include:

1.Sudden Wind Gusts: Rapid changes in wind speed generate abrupt variations in
aerodynamic forces, triggering structural oscillations.

2. Temperature Fluctuations: Thermal expansion and contraction alter material properties,
shifting natural frequencies and resonance characteristics.

3. Voltage Instability in the Grid: Variations in electrical load and grid conditions can induce
frequency mismatches in the power system, contributing to resonance effects.

Given these external influences, mitigating electromechanical resonance is one of the top
priorities for wind turbine developers, engineers, and maintenance specialists.

The study of electromechanical resonance in wind power systems dates back to the mid-20th
century, when the wind energy industry was in its infancy. Early wind turbine designs, though
relatively simple, faced operational instabilities due to unanticipated resonance effects. As turbine
technology advanced and power ratings increased, the impact of resonance phenomena became
more pronounced.

Today, with the widespread deployment of multi-megawatt wind turbines —some exceeding
10 MW in capacity —the challenge of electromechanical resonance has grown significantly. Modern
turbine designs incorporate advanced power electronics, variable-speed generators, and
sophisticated control algorithms, making the dynamics of resonance even more complex.
According to industry statistics, approximately 30% of wind turbine failures are linked to excessive
vibrations caused by resonance effects. This underscores the urgency of developing new mitigation
strategies to improve the resilience and reliability of wind power systems [4-6].

Electromechanical resonance is inherently a multidisciplinary issue, arising at the
intersection of mechanical engineering, electrodynamics, materials science, and automated control
systems. This multifaceted nature makes its detection and elimination particularly challenging.
Some of the main difficulties include: complex system interactions, variable operating conditions,
scaling issues. To effectively address these challenges, researchers and engineers have developed a
combination of advanced diagnostic tools, predictive modeling techniques, and control strategies.
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II. Formulation of the problem

Relevance of the Problem. The significance of electromechanical resonance has increased with
the advancement of modern wind energy technologies. High-power wind turbines, which operate
under variable aerodynamic and electromagnetic loads, are particularly susceptible to resonance
phenomena. The continuous changes in wind speed, direction, and turbulence, combined with the
influence of electrical grid fluctuations, create a dynamic environment where resonance conditions
can arise unexpectedly. These effects not only reduce the efficiency of energy conversion but also
accelerate wear and tear on the system, leading to increased maintenance costs and reduced
service life.

Fundamental Causes of Electromechanical Resonance. The emergence of electromechanical
resonance in wind turbines is influenced by several key factors:

1.Structural and Design Parameters: The mass distribution, stiffness, and damping
characteristics of turbine components play a crucial role in determining the natural frequencies of
the system. Poorly optimized designs may result in frequency coincidences, leading to resonance.

2. Aerodynamic Loads: Wind turbulence, gusts, and rapid changes in airflow exert
fluctuating forces on the rotor blades, contributing to mechanical oscillations that can align with
the system’s resonance frequencies.

3.Electromagnetic Interactions: The generator and power electronics introduce electrical
oscillations that can couple with mechanical vibrations. Harmonic distortions and grid instabilities
further amplify these interactions, increasing the risk of resonance.

4.Operating Conditions: Variations in temperature, wind shear, and grid voltage
fluctuations affect material properties and electrical system stability, potentially triggering
resonance phenomena under specific conditions.

Consequences of Electromechanical Resonance. The impact of resonance in wind turbines can be
severe, affecting both performance and reliability:

e Increased Vibrations: Excessive oscillations accelerate material fatigue, leading to cracks,
wear, and eventual failure of critical components.

e Structural Damage: Bearings, gearbox components, and rotor blades are particularly
vulnerable to long-term resonance exposure.

e Efficiency Reduction: Energy losses due to uncontrolled oscillations result in suboptimal
power generation.

e Operational Downtime: Frequent failures require costly repairs and increase turbine
downtime, reducing overall energy output and financial viability [7-9].

Challenges in  Mitigation. ~Addressing electromechanical resonance requires a
multidisciplinary approach, combining mechanical engineering, aerodynamics, electromagnetics,
and control systems. The complexity of wind turbine dynamics makes it difficult to predict and
eliminate resonance effects entirely. Existing mitigation methods include:

- Passive Damping Systems: Integration of structural damping materials and mechanical
absorbers to reduce vibration amplitude.

- Active Vibration Control: Implementation of real-time adaptive control strategies using
sensors and actuators to counteract resonance effects.

- Digital Twin Technology: Advanced simulation and predictive maintenance approaches
that model turbine behavior under different operating conditions to anticipate and prevent
resonance occurrences.

Research and Future Directions. The development of innovative solutions for resonance
suppression is essential for the continued advancement of wind energy. Future research should
focus on:

e Optimization of Structural Design: Tailoring turbine geometries to minimize resonance
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risks through computational modeling.

e Development of High-Strength Materials: Exploration of new composite materials with
enhanced damping properties to improve structural resilience.

e Intelligent Control Algorithms: Implementation of Al-driven predictive maintenance and
adaptive control strategies for real-time resonance mitigation.

By addressing electromechanical resonance through advanced engineering approaches,
wind turbine manufacturers and operators can improve the reliability, efficiency, and longevity of
their systems, ultimately contributing to the sustainable growth of renewable energy [10-11].

II1. Problem solution

Electromechanical resonance can lead to fatigue damage, power loss and failure of key
components such as blades, drives and generator sets. To cope with this challenge, it is necessary
to implement an integrated approach that includes both engineering solutions and innovative
diagnostic and control methods.

One of the most effective ways to combat electromechanical resonance is to optimize the
design characteristics of the turbine. In particular, the blade design is a critical element. Incorrectly
selected blade geometry or angle of attack can lead to significant vibrations and increased
resonance effects. Therefore, it is important to carefully design and test blades taking into account
aerodynamic characteristics, as well as their dynamic behavior in different wind conditions.
Modern approaches include the use of blades with variable geometry, which allows their
characteristics to be adapted depending on the wind speed and reduce the likelihood of resonance.

Another important aspect is the design of the turbine tower. The tower vibration frequencies
must be designed in such a way that they do not coincide with the frequencies of external
influences, such as blade vibrations or wind flows. Optimization of the tower rigidity and mass, as
well as the use of materials that can reduce the amplitude of vibrations, helps reduce mechanical
loads and prevent damage [12-15].
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Figure 1: Dependence of natural frequency on mass distribution and stifness
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Figure 1 shows the dependence of the natural frequency of the structure on the parameters
of the mass distribution and rigidity of the elements. A clear shift in resonant frequencies is visible
with an increase in the rigidity of the tower and the use of reinforced materials in the blades. In
addition, an important aspect is the selection of materials that can increase the system's resistance
to resonance effects. Modern materials, such as carbon composites or aluminum alloys, provide
high strength with less weight, which helps reduce resonant vibrations and improve the overall
dynamics of the turbine. The use of materials with improved damping properties is also of great
importance. Materials such as special silicate coatings or rubber-like inserts absorb vibration
energy and reduce its transmission to other components of the system. For example, composite
materials with an integrated damping layer can significantly reduce vibration levels at critical
frequencies, as shown in Figure 2.
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Figure 2: Effect of damping materials on vibration reduction

Aerodynamic stabilization is one of the most important factors in the process of suppressing
resonance in wind turbines. Wind turbines, due to their design and operation, are exposed to
turbulent air flows, which plays a key role in exciting mechanical vibrations that can lead to the
occurrence of resonance phenomena. Wind turbulence, especially under conditions of variable
wind speed and direction, can significantly amplify vibrations if turbine components, such as
blades or a tower, are not properly adjusted [16-20]. This process can lead to unwanted vibrations
that increase the load on the structure and reduce operating efficiency. In order to minimize the
likelihood of resonance, modern technologies offer advanced blade designs that are able to operate
effectively in various aerodynamic conditions. The design process for such blades involves not
only selecting the optimal geometry and material, but also implementing mechanisms that allow
the blades to dynamically change their angle of attack depending on the wind speed and direction.
These real-time angle of attack control mechanisms allow for more precise control of wind flow
effects, which reduces the load on the turbine structure and prevents resonant oscillations. Thus,
aerodynamic stabilization helps reduce the impact of wind turbulence, increasing the operational
stability and durability of turbines. Figure 3 shows the effect of active angle of attack control on the
amplitude of blade vibrations. It can be seen that, when optimally configured, the system
effectively dampens oscillations even with sharp changes in wind speed.
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Figure 3: Effect of active pitch control on blade oscillations

An important addition to this process is the use of electromechanical control systems, which
significantly enhance the turbine’s resistance to resonance phenomena. Smart power electronics
integrated with grid stabilization systems allow for effective control of electrical loads, preventing
unwanted oscillations between the mechanical and electrical components of the system. Ideally,
such systems can actively regulate the flow of energy in the grid, maintaining turbine stability
even when external conditions change. In addition, modern turbines widely use real-time feedback
mechanisms, which play a crucial role in adapting turbine operation to changes in external
conditions. Intelligent controllers integrated with a monitoring system are capable of continuously
monitoring changes during operation, such as an increase or decrease in wind load, and adjusting
turbine operating parameters accordingly. These control systems allow the turbine to adapt to
changes in resonance conditions and prevent its occurrence by adjusting factors such as the pitch
of the blades or their rotation speed. As a result, these high-tech solutions not only prevent
possible component failures and degradation, but also significantly improve the overall efficiency
of turbines, especially under variable wind loads [21-24].

Aerodynamic stabilization and electromechanical control systems work closely together,
ensuring a synchronized response of the turbine to changing environmental conditions and
reducing the risks associated with resonant oscillations. Innovative approaches to design and
control have significantly improved the performance of turbines, ensuring their reliable operation
over a long period of time in different weather conditions.

One of the significant achievements in the field of resonance suppression in wind turbines
has been the introduction of digital twin technology. This approach involves creating a virtual
copy of a physical object, in this case a wind turbine, which functions as an active model of the real
device. The digital twin receives a continuous stream of data on the actual operation of the turbine,
including information on its vibrations, temperature, pressure and other parameters. This data is
used to simulate various operating and external conditions that can affect the behavior of the
turbine. Thus, a digital twin not only reflects the current state of the turbine, but also allows you to
predict possible problems and scenarios that the device may face in the future. One of the key
aspects of using digital twins is predictive maintenance. Using virtual models, you can analyze the
behavior of the turbine in various situations, which helps to identify potential anomalies
associated with resonance before they become a threat to the system. This makes it possible to take
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measures in advance to prevent catastrophic breakdowns and extend the service life of the device.
By predicting possible failures and problems, you can optimize maintenance schedules and
minimize turbine downtime, which is important for the efficient operation of wind turbines. In
addition to digital twins, monitoring and diagnostic systems that are implemented in the designs
of modern wind turbines play an important role in suppressing resonant oscillations. These
systems are equipped with a wide range of sensors that continuously collect data on vibrations,
temperature, rotation speed and other indicators of the turbine's operation. Sensor networks
provide round-the-clock monitoring of the device's condition, which allows you to quickly
respond to any changes in its operation. Machine learning and artificial intelligence algorithms
process the collected information and analyze it to detect characteristic patterns that may indicate
the presence of resonance. This enables the system to diagnose anomalies at an early stage of their
occurrence, before they lead to serious damage. Thus, the integration of digital twins and modern
sensor technologies creates a powerful platform for predicting, monitoring and eliminating
resonance-related problems. The use of these technologies can significantly improve the reliability
and safety of wind turbines, reducing the risk of their breakdowns and optimizing maintenance
and repair costs [25-28].

IV. Conclusions

Electromechanical resonance remains a critical issue in modern wind power, particularly
with the increasing capacity of wind turbines exceeding 10 MW. Recent advancements in turbine
design, including adaptive blade geometries, high-damping composite materials, and optimized
tower structures, have significantly improved resistance to resonance-induced failures.

A key innovation in this field is the integration of digital twin technology, which enables
real-time predictive analysis of turbine behavior under varying conditions. By continuously
processing operational data, digital twins help preemptively identify resonance risks, allowing for
proactive adjustments before structural damage occurs. Additionally, Al-driven control systems
and active vibration damping mechanisms have introduced new levels of adaptability, ensuring
optimal turbine performance even in turbulent wind conditions.

The combination of advanced structural engineering, real-time monitoring, and intelligent
control algorithms marks a new era in wind turbine reliability. These innovations not only extend
the lifespan of critical components but also enhance energy output efficiency, reinforcing wind
power as a cornerstone of the global renewable energy transition.
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