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Its Impact

subsynchronous resonance in power systems is a complex and fascinating
electrical phenomenon that has intrigued engineers and researchers for
decades. It occurs when the electrical network exchanges energy with a
turbine generator at a frequency below the synchronous frequency of the power
system. This interaction can lead to damaging mechanical vibrations and
stress in generator shafts, potentially causing catastrophic failures if not
properly managed. As power systems evolve with more integration of renewable
energy and advanced control devices, understanding subsynchronous resonance
(SSR) becomes even more critical for ensuring system stability and
reliability.

What is Subsynchronous Resonance in Power
Systems?

At its core, subsynchronous resonance refers to the condition where the
natural frequency of mechanical components in a power system aligns with an
electrical oscillation frequency that is less than the system’s fundamental
frequency (usually 50 or 60 Hz). This mismatch can cause resonant
oscillations that amplify mechanical stresses in turbine-generator shafts,
leading to fatigue and eventual failure.

In most power systems, generators operate synchronously with the grid
frequency. However, certain network conditions—such as the presence of series
capacitors in transmission lines or specific configurations of turbine-
generator shafts—can create the perfect environment for SSR to occur. When
this happens, the mechanical and electrical systems interact in a feedback
loop that sustains and amplifies subsynchronous oscillations.

How Does Subsynchronous Resonance Develop?

The genesis of SSR lies in the interaction between the electrical network’s
inductive and capacitive components and the mechanical dynamics of turbine-
generators. For example, series capacitors are often used in transmission
lines to improve voltage stability and power transfer capability. While
beneficial, these capacitors can lead to the formation of subsynchronous
frequencies on the line.

If the turbine-generator shaft system has natural torsional frequencies close



to these subsynchronous electrical frequencies, the two can become coupled.
This coupling causes energy to oscillate at these lower frequencies, which
are termed subsynchronous because they fall below the synchronous frequency
of the power grid.

Types of Subsynchronous Resonance

Understanding the different types of SSR helps in diagnosing and mitigating
the phenomenon effectively:

Induction Generator Effect (IGE): Occurs primarily when a turbine-
generator operates in induction mode during transient conditions.

Torsional Interaction (TI): Arises from the interaction between
electrical network frequencies and the natural torsional modes of the
shaft.

Subsynchronous Control Interaction (SSCI): A newer category related to
interactions between power electronic controllers (like STATCOMs or HVDC
converters) and turbine-generator shafts.

Each type involves different mechanisms but shares the potential for damaging
mechanical oscillations.

The Impact of Subsynchronous Resonance on Power
Systems

Subsynchronous resonance is not just a theoretical curiosity—it has real-
world consequences that can affect grid reliability and equipment safety.

Mechanical Damage and Shaft Failures

One of the most severe impacts of SSR is the mechanical damage it causes. The
repeated oscillations at subsynchronous frequencies induce torsional stresses
in turbine shafts that exceed design limits. Over time, this stress can lead
to fatigue cracks or even catastrophic shaft breakage, resulting in costly
repairs and extended downtime.



System Stability and Power Quality Issues

Beyond mechanical damage, subsynchronous resonance can compromise the overall
stability of the power grid. Oscillations can cause fluctuations in power
output, voltage instability, and even trigger protective relays that
disconnect generators, leading to power outages or reduced system resilience.

Economic Implications

The financial impact of SSR-related failures can be significant. Equipment
replacement costs, production losses, and emergency maintenance all
contribute to the economic burden on utilities and power producers. Moreover,
regulatory compliance and safety concerns necessitate investments in SSR
detection and mitigation technologies.

Detecting Subsynchronous Resonance in Power
Systems

Early detection of SSR is crucial to prevent severe damage. Modern power
systems employ a variety of methods to monitor and identify subsynchronous
conditions.

Monitoring Techniques

Phasor Measurement Units (PMUs): These devices provide real-time data on
voltage and current waveforms, helping to detect abnormal oscillations.

Torsional Vibration Monitors: Installed on generator shafts, these
sensors measure mechanical vibrations directly.

Frequency Response Analysis: Used during system commissioning and
maintenance to identify potential resonant frequencies.

Simulation and Modeling

Sophisticated computer models simulate the interaction between electrical and
mechanical systems to predict SSR risk. These simulations incorporate
detailed generator shaft models, transmission line parameters, and control
system dynamics to provide a comprehensive risk assessment.



Mitigating Subsynchronous Resonance Risks

Once potential SSR issues are identified, utilities and engineers can
implement various mitigation strategies to safeguard power systems.

Series Capacitor Compensation Design

Since series capacitors are often at the heart of SSR problems, modifying
their design or placement can reduce resonance risk. This might involve
installing damping devices or adjusting capacitor ratings to shift resonant
frequencies away from critical mechanical modes.

Use of Damping Controllers

Power electronic devices such as Static Var Compensators (SVCs) and Static
Synchronous Compensators (STATCOMs) can be equipped with control algorithms
designed to damp subsynchronous oscillations actively.

Torsional Vibration Dampers

Mechanical dampers attached to turbine-generator shafts absorb vibration
energy, preventing the build-up of damaging oscillations.

Protective Relaying and Tripping Schemes

Advanced protective relays can detect subsynchronous oscillations and
promptly isolate affected equipment before serious damage occurs. These
schemes are essential for rapid response in dynamic power environments.

The Future of Subsynchronous Resonance
Management

With the increasing integration of renewable energy sources and power
electronics into the grid, the landscape of subsynchronous resonance is
evolving. Wind turbines and solar inverters, connected through complex power
electronic interfaces, introduce new dynamic behaviors that can interact with
traditional generator shafts.

Researchers are actively exploring advanced control strategies and real-time
monitoring systems powered by machine learning to predict SSR events before



they cause harm. Additionally, the development of more robust generator
designs and flexible grid configurations aims to minimize susceptibility to
subsynchronous phenomena.

Understanding subsynchronous resonance in power systems remains a crucial
part of modern power engineering. By blending theoretical insights with
practical solutions, engineers can continue to build resilient and reliable
electric grids that safely harness diverse energy sources while mitigating
the risks posed by SSR.

Frequently Asked Questions

What is subsynchronous resonance (SSR) in power
systems?
Subsynchronous resonance (SSR) is an electrical phenomenon in power systems
where the electric network exchanges energy with a turbine-generator at a
frequency below the system's synchronous frequency, potentially causing
damaging oscillations in the shaft of the turbine-generator.

What causes subsynchronous resonance in power
systems?
SSR is primarily caused by the interaction between the generator's rotor and
the series capacitors in transmission lines, which create a resonant
condition at a frequency below the synchronous frequency, leading to
oscillations in the turbine shaft.

Why is subsynchronous resonance a concern for power
system stability?
SSR can induce mechanical stress and torsional oscillations in turbine-
generator shafts, potentially leading to fatigue damage or even catastrophic
failure, thus compromising the reliability and stability of power generation
equipment.

How can subsynchronous resonance be detected in
power systems?
SSR can be detected using monitoring equipment such as torsional vibration
sensors, power system oscillation monitors, and through analysis of
electrical measurements to identify characteristic frequency components
indicative of SSR.



What are common methods to mitigate subsynchronous
resonance?
Mitigation methods include installing SSR damping devices like filters or
tuned reactors, using flexible AC transmission system (FACTS) devices,
modifying system parameters, and designing turbine-generator shafts to
withstand SSR conditions.

How do series capacitors contribute to
subsynchronous resonance?
Series capacitors reduce the inductive reactance of transmission lines but
can create a resonant circuit with the generator's inductance at
subsynchronous frequencies, which may excite torsional oscillations, leading
to SSR.

What role do Flexible AC Transmission Systems
(FACTS) devices play in managing SSR?
FACTS devices, such as Static Var Compensators (SVCs) and STATCOMs, can
provide dynamic reactive power support and damping, thereby mitigating SSR by
altering system impedance and suppressing subsynchronous oscillations.

Additional Resources
Subsynchronous Resonance in Power Systems: An In-Depth Technical Review

Subsynchronous resonance in power systems represents a complex and critical
phenomenon that has garnered significant attention from engineers and
researchers alike. It involves the interaction between the electrical network
and the mechanical components of turbine-generators, leading to oscillations
at frequencies below the synchronous frequency of the power system. These
oscillations can, under certain conditions, cause severe mechanical stress,
equipment damage, and operational instability. Understanding the mechanisms,
detection methods, and mitigation strategies related to subsynchronous
resonance (SSR) is essential for maintaining the reliability and safety of
modern power grids, particularly those with series capacitor compensation or
renewable energy integration.

Understanding Subsynchronous Resonance in Power
Systems

At its core, subsynchronous resonance is an electromechanical interaction
phenomenon where the generator shaft system exchanges energy with the
electrical network at a frequency lower than the system’s fundamental



frequency, typically 60 Hz or 50 Hz depending on the region. This interaction
stems from the capacitive and inductive elements within the transmission
system, often exacerbated by series capacitors used for voltage support and
reactive power compensation.

When a generator is connected to a network containing series-compensated
transmission lines, the system’s electrical reactance can resonate at a
frequency that coincides with one of the natural frequencies of the turbine-
generator shaft system. This resonance condition triggers sustained torsional
oscillations, which can lead to fatigue failure of shafts, turbine blades,
and other rotating components.

Historical Context and Significance

The phenomenon of subsynchronous resonance was first identified in the 1970s
following turbine-generator failures in series-compensated networks. These
failures highlighted the vulnerability of power plants to SSR-induced damage
and prompted extensive research into the underlying mechanisms. Since then,
the industry has developed analytical models, testing procedures, and
protective devices aimed at reducing SSR risks.

Today, the relevance of SSR continues as power systems evolve with increased
integration of flexible AC transmission systems (FACTS), high-voltage direct
current (HVDC) links, and renewable energy sources, each introducing new
dynamic interactions within the grid.

Mechanisms and Types of Subsynchronous
Resonance

Subsynchronous resonance can manifest in several forms depending on the
nature of the interaction between the mechanical and electrical subsystems.
The three primary types are:

1. Induction Generator Effect (Type I SSR)

This is the classical form of SSR that occurs when series capacitors reduce
the line reactance, causing a resonance between the capacitive reactance of
the line and the inductive reactance of the generator. If the generator
operates below synchronous speed, it behaves like an induction generator,
feeding power back into the system at subsynchronous frequencies. This mode
can excite torsional oscillations in the shaft system.



2. Torsional Interaction (Type II SSR)

Type II SSR arises from the direct interaction between the generator’s
torsional system and the power system’s electrical network. This often occurs
in turbine-generators equipped with large steam turbines and long, flexible
shafts. The electrical network’s impedance characteristics can induce
oscillations in the turbine blades and shaft at subsynchronous frequencies,
leading to mechanical stress.

3. Doubly-Fed Induction Generator (DFIG) Related SSR
(Type III SSR)

With the growing penetration of wind turbines and other renewable energy
sources using DFIG technology, a third SSR type has emerged. This involves
interactions between the DFIG’s rotor-side converter controls and the
network’s subsynchronous frequencies, potentially causing instability and
mechanical oscillations within the generator.

Detection and Analysis Techniques

Identifying and analyzing subsynchronous resonance in power systems requires
sophisticated tools and methodologies. Due to its complex nature involving
both electrical and mechanical domains, multidisciplinary approaches are
essential.

Modal Analysis and Eigenvalue Techniques

Engineers use modal analysis to determine the natural frequencies and damping
ratios of the turbine-generator shaft system. By coupling these mechanical
modes with the electrical network models, eigenvalue analysis can predict
potential SSR conditions. This approach helps identify critical frequencies
where resonance could occur.

Time-Domain Simulations

Simulation platforms like PSCAD/EMTDC or MATLAB/Simulink enable transient
time-domain simulations that replicate the dynamic behavior of the power
system under various operating scenarios. These simulations provide insights
into the evolution of torsional oscillations following disturbances such as
switching operations or faults.



Field Testing and Monitoring

Practical detection involves real-time monitoring of torsional vibrations
using shaft strain gauges, accelerometers, and specialized SSR detection
relays. Continuous condition monitoring allows plant operators to detect
early signs of SSR and take preventive actions before damage occurs.

Mitigation Strategies and Protective Measures

Addressing subsynchronous resonance in power systems involves a combination
of design considerations, operational strategies, and protective equipment.

1. Series Capacitor Bypass and Detuning

One straightforward mitigation approach is incorporating series capacitor
bypass switches that can isolate the capacitor banks during abnormal
conditions, thus eliminating the resonant path. Alternatively, detuning the
series capacitor banks by adjusting capacitance values shifts the resonance
frequency away from the turbine’s natural frequencies.

2. SSR Protective Relays

Specialized relays detect subsynchronous currents and torsional oscillations,
issuing alarms or tripping generators when dangerous oscillations emerge.
These devices help prevent mechanical damage by initiating corrective actions
promptly.

3. Shaft Torsional Damping Devices

Mechanical damping devices, such as shaft dampers or tuned mass dampers, can
be installed to absorb oscillation energy and reduce the amplitude of
torsional vibrations, extending the life of turbine shafts.

4. Control System Modulation

For wind turbines using DFIGs, advanced control algorithms can be designed to
mitigate SSR by modulating the rotor-side converters, thus avoiding
excitation of subsynchronous frequencies.



Emerging Challenges and Future Perspectives

As power systems continue to incorporate distributed generation, renewable
energy, and power electronics-based devices, the dynamics of subsynchronous
resonance become more intricate. The proliferation of long transmission
lines, offshore wind farms with series compensation, and HVDC links increases
the complexity of potential SSR interactions.

Research is increasingly focused on developing adaptive protection schemes,
real-time SSR detection algorithms leveraging machine learning, and enhanced
modeling techniques that integrate mechanical, electrical, and control system
dynamics comprehensively.

Furthermore, international standards and grid codes are evolving to mandate
SSR risk assessments and mitigation strategies during the design and
commissioning phases of new power projects.

Technical Summary: Key Considerations in SSR
Management

System Configuration: Series compensation increases SSR risk; system
design should factor in resonance frequencies.

Generator Shaft Design: Shaft natural frequencies must be identified and
considered to avoid resonance overlap.

Monitoring & Protection: Continual monitoring and protective relays are
critical for early detection and mitigation.

Renewable Integration: DFIG-based wind turbines introduce new SSR modes
requiring tailored mitigation techniques.

Simulation & Testing: Comprehensive modeling and field testing underpin
effective SSR management strategies.

The evolving landscape of power systems demands that engineers remain
vigilant about subsynchronous resonance phenomena. Proactive identification,
monitoring, and mitigation of SSR not only protect valuable generation assets
but also enhance grid stability and operational reliability in an
increasingly complex electrical infrastructure.
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systems, and policy makers. The book also provides a solid background for researchers working with



VSC-HVDC technologies, power electronic devices, offshore wind farm integration, and DC grid
protection.
  subsynchronous resonance in power systems: Thyristor-Based FACTS Controllers for
Electrical Transmission Systems R. Mohan Mathur, Rajiv K. Varma, 2002-02-27 An important
new resource for the international utility market Over the past two decades, static reactive power
compensators have evolved into a mature technology and become an integral part of modern
electrical power systems. They are one of the key devices in flexible AC transmission systems
(FACTS). Coordination of static compensators with other controllable FACTS devices promises not
only tremendously enhanced power system controllability, but also the extension of power transfer
capability of existing transmission corridors to near their thermal capacities, thus delaying or even
curtailing the need to invest in new transmission facilities. Offering both an in-depth presentation of
theoretical concepts and practical applications pertaining to these power compensators,
Thyristor-Based FACTS Controllers for Electrical Transmission Systems fills the need for an
appropriate text on this emerging technology. Replete with examples and case studies on control
design and performance, the book provides an important resource for both students and engineers
working in the field.
  subsynchronous resonance in power systems: Oscillatory Stability of Converter-Dominated
Power Systems Xiaorong Xie, Jan Shair, 2024-02-19 This book provides modeling, analysis, and
control methods for wideband oscillations caused by control interactions in converter-dominated
power systems. The modern power system comprises power electronic devices in various forms,
including wind turbines, photovoltaics, flexible AC/DC transmission systems, battery energy storage
systems, and distributed generations, among others. Unstable oscillation modes can cause
equipment damage, sudden power reduction, noise in power transformers, and degradation of power
quality. Wideband oscillation seriously threatens the stable and reliable operation of wind power
systems. The interaction mechanism becomes more complex due to system-wide factors such as
network topology, grid strength, input resource intermittency, converter control parameters, and
the output levels of renewable generators. This complexity presents a significant challenge in
studying the intricate control interaction phenomena and deriving appropriate countermeasures.
The book is beneficial for industry professionals, engineers, and academic researchers working on
power systems in general, and specifically on power electronic converters.
  subsynchronous resonance in power systems: Dynamics and Control of Electric
Transmission and Microgrids K. R. Padiyar, Anil M. Kulkarni, 2019-02-04 A guide to the latest
developments in grid dynamics and control and highlights the role of transmission and distribution
grids Dynamics and Control of Electric Transmission and Microgrids offers a concise and
comprehensive review of the most recent developments and research in grid dynamics and control.
In addition, the authors present a new style of presentation that highlights the role of transmission
and distribution grids that ensure the reliability and quality of electric power supply. The authors —
noted experts in the field — offer an introduction to the topic and explore the basic characteristics
and operations of the grid. The text also reviews a wealth of vital topics such as FACTS and HVDC
Converter controllers, the stability and security issues of the bulk power system, loads which can be
viewed as negative generation, the power limits and energy availability when distributed storage is
used and much more. This important resource: Puts the focus on the role of transmission and
distribution grids that ensure the reliability and quality of electric power supply Includes modeling
and control of wind and solar energy generation for secure energy transfer Presents timely coverage
of on-line detection of loss of synchronism, wide area measurements and applications, wide-area
feedback control systems for power swing damping and microgrids-operation and control Written for
students of power system dynamics and control/electrical power industry professionals, Dynamics
and Control of Electric Transmission and Microgrids is a comprehensive guide to the recent
developments in grid dynamics and control and highlights the role of transmission and distribution
grids that ensure the reliability and quality of electric power supply.
  subsynchronous resonance in power systems: Simulated Annealing Marcos Sales Guerra



Tsuzuki, 2012-08-29 Simulated Annealing is a probabilistic meta-heuristic that is based on statistical
mechanics: while at high temperatures molecules in a liquid move freely, the slow reduction of
temperature decreases the thermal mobility of the molecules. The final state forms a pure crystal
which also corresponds to a state of minimum energy. We encourage readers to explore SA in their
work, mainly because it is simple and because it can yield very good results.
  subsynchronous resonance in power systems: Smart Solar PV Inverters with Advanced Grid
Support Functionalities Rajiv K. Varma, 2021-12-21 Learn the fundamentals of smart photovoltaic
(PV) inverter technology with this insightful one-stop resource Smart Solar PV Inverters with
Advanced Grid Support Functionalities presents a comprehensive coverage of smart PV inverter
technologies in alleviating grid integration challenges of solar PV systems and for additionally
enhancing grid reliability. Accomplished author Rajiv Varma systematically integrates information
from the wealth of knowledge on smart inverters available from EPRI, NREL, NERC, SIWG,
EU-PVSEC, CIGRE, IEEE publications; and utility experiences worldwide. The book further presents
a novel, author-developed and patented smart inverter technology for utilizing solar PV plants both
in the night and day as a Flexible AC Transmission System (FACTS) Controller STATCOM, named
PV-STATCOM. Replete with case studies, this book includes over 600 references and 280
illustrations. Smart Solar PV Inverters with Advanced Grid Support Functionalities’ features include:
Concepts of active and reactive power control; description of different smart inverter functions, and
modeling of smart PV inverter systems Distribution system applications of PV-STATCOM for dynamic
voltage control, enhancing connectivity of solar PV and wind farms, and stabilization of critical
motors Transmission system applications of PV-STATCOM for improving power transfer capacity,
power oscillation damping (POD), suppression of subsynchronous oscillations, mitigation of fault
induced delayed voltage recovery (FIDVR), and fast frequency response (FFR) with POD Hosting
capacity for solar PV systems, its enhancement through effective settings of different smart inverter
functions; and control coordination of smart PV inverters Emerging smart inverter grid support
functions and their pioneering field demonstrations worldwide, including Canada, USA, UK, Chile,
China, and India. Perfect for system planners and system operators, utility engineers, inverter
manufacturers and solar farm developers, this book will prove to be an important resource for
academics and graduate students involved in electrical power and renewable energy systems.
  subsynchronous resonance in power systems: Modeling and Analysis of Doubly Fed
Induction Generator Wind Energy Systems Lingling Fan, Zhixin Miao, 2015-04-16 Wind Energy
Systems: Modeling, Analysis and Control with DFIG provides key information on machine/converter
modelling strategies based on space vectors, complex vector, and further frequency-domain
variables. It includes applications that focus on wind energy grid integration, with analysis and
control explanations with examples. For those working in the field of wind energy integration
examining the potential risk of stability is key, this edition looks at how wind energy is modelled,
what kind of control systems are adopted, how it interacts with the grid, as well as suitable study
approaches. Not only giving principles behind the dynamics of wind energy grid integration system,
but also examining different strategies for analysis, such as frequency-domain-based and
state-space-based approaches. - Focuses on real and reactive power control - Supported by PSCAD
and Matlab/Simulink examples - Considers the difference in control objectives between ac drive
systems and grid integration systems
  subsynchronous resonance in power systems: Power System Operation Robert H. Miller,
James H. Malinowski, 1994-01-22 Long established as the standard reference for power system
operating professionals, this definitive guide provides full coverage of the essential principles and
methods of electric power system operation. This revised and expanded Third Edition fully explains
how power systems work, providing detailed information on power production, transmission
substations, and circuits and control systems for electric power facilities. Critical information is
included on power system control ... protection and stability of power systems ... economic operation
... telemetering ... supervisory control ... data acquisition ... and extra high voltage systems. The
Third Edition provides timely material on substation arrangements, new methods of power



production, reliability factors, and system protection. End-of-chapter questions and summaries
highlight key points - to further extend the guide's value in assuring safe, reliable, and economic
operation of power systems and equipment in any facility.
  subsynchronous resonance in power systems: Power System Protection Paul M. Anderson,
Charles F. Henville, Rasheek Rifaat, Brian Johnson, Sakis Meliopoulos, 2022-02-15 Ein aktualisierter
Leitfaden für den Schutz von Stromnetzen im 21. Jahrhundert Die zweite Ausgabe von Power System
Protection enthält aktuelle Informationen über die technologischen und wirtschaftlichen
Weiterentwicklungen beim Stromnetzschutz seit dem Erscheinen der letzten Ausgabe im Jahr 1998.
Insbesondere werden die Auswirkungen von Kurzschlüssen in folgenden Bereichen untersucht: *
Qualität der Stromversorgung * Mehrere Einstellgruppen * Distanzrelais mit vierseitigen
Eigenschaften * Belastbarkeit Darüber hinaus enthält das Werk umfassende Angaben zu den
Auswirkungen von Änderungen der Geschäftsmodelle, insbesondere in Bezug auf Deregulierung,
Disaggregation von Stromsystemen, Zuverlässigkeit und Sicherheitsfragen. Power System
Protection bietet die analytische Grundlage für die Auslegung, Anwendung und Einstellung von
Netzschutzgeräten für moderne Ingenieure. Aktuelle Informationen von Schutzingenieuren mit
unterschiedlichen Schwerpunkten runden das umfassende Werk ab, das somit sämtliche Aspekte des
Fachgebiets erfasst. Neue Vorschriften und neue Komponenten, die in modernen
Stromschutzsystemen enthalten sind, werden ausführlich dargestellt. Besonders gründlich wird der
computergestützte Schutz behandelt sowie die Frage, welche Folgen der Anschluss von Anlagen für
erneuerbare Energien an Verteilungs- und Übertragungssysteme hat.
  subsynchronous resonance in power systems: ELECTRICAL ENGINEERING – Volume III
Wong Kit Po , 2009-12-13 Electrical Engineering is the component of Encyclopedia of Physical
Sciences, Engineering and Technology Resources in the global Encyclopedia of Life Support Systems
(EOLSS), which is an integrated compendium of twenty one Encyclopedias. The Theme on Electrical
Engineering with contributions from distinguished experts in the field provides the essential aspects
and fundamentals of electrical engineering. These three volumes are aimed at the following five
major target audiences: University and College Students Educators, Professional Practitioners,
Research Personnel and Policy Analysts, Managers, and Decision Makers, NGOs and GOs.
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