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Summary

Grid operators have increasingly focused on sub-synchronous resonance (SSR) due to its heightened risk with
the growing deployment of series compensation in long transmission lines, and large-scale wind farms.
According to IEEE SSR Working Group, SSR is defined as an electric power system condition where the electric
network exchanges energy with a turbine generator at one or more of the natural frequencies of the combined
system below the synchronous frequency of the system. Under SSR conditions, the shaft of a turbine generator
oscillates at a torsional frequency. If unmitigated, the torsional oscillations can cause severe mechanical
damage to the generator shaft, leading to operation interruptions and compromising power system reliability.

There are various SSR mitigation techniques, such as the use of flexible AC transmission system (FACTS) devices
with advanced control strategies, the installation of torsional filters, and the integration of torsional relays to
disconnect generation units with SSR sources. These methods are typically effective at the local level of
generation units. With the deployment of wide area monitoring systems (WAMS) empowered by widespread
installations of phasor measurement units (PMU), there is a growing need for system-wide SSR assessment.
This enables grid operators to optimally re-dispatch generation sources and enhance overall system reliability.
Traditional offline SSR studies, which evaluate SSR under pre-defined operating conditions, become insufficient
to ensure system reliability in today’s highly dynamic power grids. To address this challenge, online SSR
assessment methods provide continuous monitoring of SSR risks under actual grid conditions, supporting
proactive decision-making for grid stability.

This paper presents an online SSR assessment approach integrated into grid control centers, enabling system-
wide estimation of SSR risks. By leveraging real-time system state data and topology updates from the state
estimator, SSR studies are performed on a power system simulation model under various contingencies to
identify potential SSR conditions and any at-risk turbine generators. The SSR assessment is based on the
frequency scanning method, which evaluates the electrical damping torque and the mechanical damping
torque across the full range of torsional frequencies and generator loading levels. If SSR risks are identified, the
correlation between electrical and mechanical damping torque allows grid operators to determine safe loading
levels of generators. This online SSR assessment method allows operators to proactively adjust dispatching of
generation sources, meeting grid code requirements while ensuring both economic efficiency and stable power
system operation. The validation results of SSR assessment with the 240-bus WECC system are presented. In
addition, this paper shares best practices for integrating online SSR assessment into existing SCADA/EMS/
WAMS infrastructure at a load dispatch center of a power grid, covering system integration architecture and
data flow architecture.
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1. Introduction

Sub-synchronous resonance (SSR) is a phenomenon in power systems where the electric network
exchanges energy with a turbine generator at frequencies below the system’s synchronous frequency
[1]. Under SSR conditions, the shaft of a turbine generator oscillates at a torsional frequency, causing
severe mechanical damage to the generator shaft if unmitigated. SSR is associated with turbine
generators when connected to series capacitor compensated transmission lines, resulting in lightly
damped, undamped, or even negatively damped oscillations at sub-synchronous frequencies. Series
capacitor compensation has been a technically and economically effective solution to increase power
transfer capability of long transmission lines. However, the combination of line inductance and series
capacitance introduces a natural electrical oscillatory frequency below the nominal synchronous
frequency. If this sub-synchronous electrical frequency is close to or aligns with a natural mode of a
turbine generator, an exchange of energy can occur between the network and the generator, leading
to the SSR phenomenon. According to a technical brochure of CIGRE, SSR phenomena can be purely
electrical resonance or manifestation of both electrical and torsional dynamics, and can be categorized
into distinct types, as illustrated in Figure 1 [2].
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Figure 1. Classification of SSR [2]

SSR can be categorized into two main groups, reflecting the two dominant energy exchange paths.
Electrical-type SSR is purely electrical, leaving torsional modes of generators’ turbines unaffected. In
the Induction Generator Effect (IGE), the electrical system of a rotating machine and series-
compensation capacitors form an LC circuit with effective negative resistance, drawing energy from
the generator and sustaining subsynchronous currents. A comparable negative resistance arises in
Type-3 wind farms using doubly fed induction generators (DFIG), where the rotor-side converter
triggers subsynchronous control interaction (SSCI) with the grid.

Torsional SSR occurs when a natural resonance frequency of a turbine generator’s shaft aligns with
subsynchronous resonances from the grid or converter-induced oscillations, leading to mechanical
stability. Torque amplification SSR is a large-disturbance phenomenon where short-duration events
(e.g., faults or breaker operations) excite nearby torsional modes, causing transient torque overshoots
that may exceed design limits. Torsional interaction against network (TI-N) SSR is a sustained
electromechanical resonance that occurs when the natural frequency of a series-compensated
transmission line aligns with a turbine generator shaft mode. If the net damping at that frequency
becomes negative, the oscillation persists and can lead to progressive fatigue. Lastly, torsional
interactions against devices (TI-D) SSR is the instability triggered not by series capacitors but by power
electronic devices such as high-voltage direct current (HVDC) converters, static var compensators
(SVC), and thyristor-controlled series capacitors (TCSCs) whose control loops present an interaction
with the nearby turbine generator. This paper mainly focuses on the TI-N type of SSR.

Several high-profile SSR incidents have been reported over the past decades, revealing the practical
relevance of the phenomenon and its risk to cause severe mechanical stress or damage to turbine-
generator shafts. The TI-N SSR event occurred in 1970 at Mohave coal-fired thermal power plant,
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gradually growing vibration that eventually fractured a shaft section [3], [4]. The second SSR failure at
Mohave happened in 1971, and the problem was addressed by reducing series compensation and
installing a torsional relay. In November 2015, the shaft of generator 1 in Vung Ang thermal power
plant, Vietnam suffered severe cracks, as shown in Figure 2, caused by excessive torsional vibrations
as a result of SSR by the series capacitors on the 500 kV transmission grid [5]. A comprehensive root-
cause analysis was performed for the SSR incident of Vung Ang power plant by assessing the
relationship between mechanical and electrical damping torques under various operating and
contingency conditions. The results shown in Figure 3 indicate that the plant was under high risks of
SSR at a frequency of 26.25 Hz [6]. It took more than one year to fix the shaft and bring the generator
back to normal operation. Some SSR mitigating solutions were implemented such as installation of a
torsional relay, bypassing some series capacitors on transmission grid, and operating generators at
high loading levels.

AR EEAXT

No.7 bearing center

Figure 2. Cracks on the shaft of generator 1 in Vung Ang thermal power plant [5]
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Figure 3. SSR assessment under various contingency conditions [6]

Given the critical impact of SSR events, various methods have been proposed to assess SSR risk.
Frequency scanning remains a widely used and effective approach. In [7], the authors utilized the
impedance profile derived from frequency scans to compute electrical and mechanical damping
torques for stability evaluation. Other studies presented in [8] and [9] employed electrical and
mechanical complex torque coefficients for SSR assessment. In addition to frequency scanning
methods, eigenvalue-based techniques have been proposed, as in [10] where SSR is analyzed through
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linearized system models expressed in state-space form. These referenced studies primarily focused
on offline evaluation of SSR risk. Online SSR assessment techniques have also been proposed in recent
studies. In [11], the authors presented a time-domain simulation-based procedure that combines
offline and online stages to enhance computational efficiency and enable online early warning
capabilities. Similarly, the study in [12] proposed assessing SSR in compensated lines via voltage and
current waveforms at both ends, the simulation results show the potential for online use. However,
both methods have so far only been validated on small-scale systems under various assumptions,
which significantly limits their applicability to real-world power systems.

This paper presents an online SSR assessment approach which is designed to be integrated into grid
control centers, enabling proactive system-wide estimation of SSR risks. By leveraging real-time system
state data and topology updates from the state estimator of SCADA/EMS/WAMS systems, SSR studies
are performed on a power system simulation model under various contingencies to identify potential
SSR conditions and any at-risk turbine generators. The frequency scanning method is selected mainly
due to its computational speed to meet real-time operation requirements. The method evaluates the
electrical damping torque and the mechanical damping torque across the full range of torsional
frequencies and generator loading levels. If SSR risks are identified, the correlation between electrical
and mechanical damping torque allows grid operators to determine safe loading levels of generators.
This online SSR assessment method allows operators to proactively adjust dispatching of generation
sources, meeting grid code requirements while ensuring both economic efficiency and stable power
system operation. The proposed online SSR assessment method is validated using the 240-bus WECC
system, demonstrating its effectiveness for large-scale power grids. In addition, this paper shares best
practices for integrating online SSR assessment into existing SCADA/EMS/WAMS systems at a load
dispatch center of a power grid, covering system integration architecture, communication protocols,
and data flow architecture.

2. Online Sub-synchronous Resonance Assessment Methodology

2.1 Frequency Scanning Method

The frequency-scanning technique evaluates the driving-point impedance at the stator terminals of
the synchronous generator as a continuous function of electrical frequency under steady-state
conditions [7]. Initially, all network elements are linearized by representing each transmission line with
its frequency-dependent m-equivalent model. Shunt and series-connected capacitors are explicitly
retained to preserve their resonance-contributing characteristics. Remote synchronous machines are
modelled using their positive-sequence Thévenin equivalent models at the nominal system frequency
fo (50 or 60 Hz). For each test frequency f,, within a predefined sweep range (typically from 5 Hz to 45
Hz with a 0.2 Hz resolution), the corresponding frequency-dependent nodal admittance matrix Y (f;)
can be assembled. The system is then solved for bus voltage responses under a unit current injection
applied at the generator terminal bus:

Y(fVy(fe) = I (1)
where,

Y (fe) is the bus admittance matrix; V; (f,) is the vector of bus voltages; I is the vector of the injected
bus currents.

The driving-point impedance is calculated using the Equation (2):

Vg (fe)

Iy

Z(fe) = = R(fo) + jX(fe) (2)

where,

Z(f,) is the driving-point impedance; R(f,) is the resistance; X(f,) is the reactance.
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In this work, the authors employ a method for identifying potential SSR conditions by comparing the
electrical damping torque and the mechanical damping torque. The driving-point impedance of every
study generator is computed by Equations (2) across the complete subsynchronous frequency
spectrum. These results are then used to derive the corresponding electrical damping torque as follows
[13]:

De]ec — (1 _ &) % G(fn) % MVAsys_base (3)

fa 2 MVAge,
With
G(fn) = Real (i) — %} X Real (ZLHI) (4)

Where D, is the electrical damping torque; f, , fo are the nt" mechanical torsional frequency and
synchronous frequency, respectively; Z;, and Zy; are system driving impedance at subsynchronous
(fsub = fo — fu) and supersynchronous (fsu, = fo + fn) electric frequency, respectively obtained
from the frequency scanning process; MVAg 1, is the base power for per unit conversion; MVAge,
is the rated power of generator.

The Dgjec is compared to the mechanical damping torque (D¢ 1) at corresponding nt" torsinal mode
which can be obtained as Equation (3) [13]:

2M,
Dec ni = A0p X —— (3)

Qig
where, Ac,,; is the damping of the n'"* torsional mode at each load level; M,, and Qng denotes the
modal inertia and the transfer factor of the generator in the nt" torsional mode, which are supplied

by the generator manufacturer. To assess the stability of every torsional mode, the mechanical and
electrical damping torques are compared as illustrated in Figure 4.
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Figure 4. SSR assessment based on electrical and mechanical damping torques

In the diagram, the vertical bar delineates the range of mechanical damping torque from no-load to
full-load operating conditions for each torsional mode, whereas the other curve depicts the
corresponding electrical damping torque. SSR can potentially occur if the operating point of the
generator, indicated by its location on the mechanical damping bar, is positioned above the electrical
damping torque curve. Assessed considering grid code requirements, the approach can classify a
generator’s operating state into normal, alarm or emergency state regarding SSR risks as coloured in
Figure 4 so that grid operators can be immediately aware of the situation. This also helps system
operators determine the safe generation output of turbine generators to prevent SSR occurrence.
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2.2 System Architecture for Online SSR Assessment

The proposed system integration architecture, which incorporates SCADA/EMS/WAMS infrastructure
in grid control centers to ensure online SSR assessment in real-time operation, is presented in Figure
5. The data flow architecture is depicted in Figure 6. The system state data, including electrical
guantities and grid topology, are obtained via standard communication protocols such as IEC 60870-
5-104, IEEE C37.118, FTP for system snapshots, etc. These data are automatically converted into a
standardized power system modelling data format and stored in the central database, which can be
further converted to be compatible with power system simulation platforms such as PSS®E, DIgSILENT
PowerFactory, and PSS®SINCAL. Particularly, the central database is designed as a time-stamped
database, allowing grid operators to access to historical, present and future system states for SSR-
related studies, including root-cause analysis of historical incidents, and SSR risk assessment in real-
time operation, short-term and medium-term dispatch planning.
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Figure 5. System integration architecture for online SSR assessment
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Figure 6. Data flow architecture for online SSR assessment

The SSR computation engine analyses the selected system state using the frequency scanning method
as presented and returns the calculation results to the central database for display on a graphical user
interface. In online mode, this approach facilitates continuous assessment of SSR risks for all monitored
turbine generators considering instantaneous operating conditions of power system. When the
potential for SSR occurrence is detected, system operators can determine SSR mitigation strategies,
such as increasing the output power of at-risk generators or bypassing affected series compensation
capacitors. This capability enhances situational awareness at grid control centers and enables
proactive management of SSR risks. Unlike traditional methods such as installation of torsional relays,
which are effective only at the generator level, this solution provides a system-wide assessment of SSR
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at control rooms, allowing for optimal re-dispatch of generation resources and improving overall
system reliability.

3. Case Study of 240-bus WECC Grid

The proposed online SSR assessment approach is tested using the 240-bus WECC system, validating its
effectiveness for large-scale power grids. The 240-bus WECC grid model is demonstrated in Figure 7,
having 243 buses, the total generation capacity of 291 GW with 146 generating units, and the peak
demand is approximately 150 GW [14]. The total capacity of inverter-based sources (IBRs) is 50 GW.
With its scale, the 240-bus WECC system is highly suitable for representing national power grids.

%Y MINREL

Figure 7. 240-bus WECC grid model
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Figure 8. Gas thermal power plant at bus 4031 (4031_G) for SSR assessment

The gas thermal power plant at bus 4031, denoted as generator 4031_G, is selected for SSR assessment
as highlighted in Figure 8. A series of system snapshots were generated for assumptions of real-time
operation, which serve as the input data of system states to the SSR calculations. Three scenarios are
examined considering the status of hydro power plant 4031_H, series compensation capacitors on
segments 4093-4094 and 4096-4097, and some N-1, N-2 contingencies of transmission lines, as
summarized in Table 1.
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Table 1. Description of three study scenarios for SSR assessment

. L Status of hydro power Status of series capacitors
Scenarios Description v P P

plant 4031_H 4093-4094, 4096-4097
1 Normal Operating Operating
2 Gen. 4031_H out of service Out of service Operating
3 Series capacitors are bypassed Operating Bypassed
SSR for 4031-G: Scenario 1
4 T T T
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Figure 9. SSR assessment results for scenario 1
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Figure 10. SSR assessment results for scenario 2 (Generator 4031_H is out of service)
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Figure 11. SSR assessment results for scenario 3 (Series capacitors are bypassed)
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The results of SSR assessment for the thermal power plant 4031_G are presented in Figure 9, Figure
10, and Figure 11, corresponding to the three scenarios. In scenario 1, there is an LC resonance
frequency, but no SSR risk is identified under both base case and contingency conditions. In this case,
the operator can operate the plant within its full range of generation levels without concerns about
SSR risks. In scenario 2, when the hydro power plant connected to the same bus is out of service, there
are high risks of SSR under both the base case and an N-1 contingency involving the loss of a
transmission line. The offline state of an adjacent generator impacts the network impedance,
potentially triggering SSR. In scenario 3, when the affected series compensation capacitors are
bypassed, no LC resonance frequency is observed, thereby no SSR risks. This demonstrates a typical
mitigation strategy of reducing the capacity of series compensation to prevent SSR.

The results highlight the significance of considering the current power system state in online SSR
assessment during real-time operation. In particular, as power grids become increasingly dynamic with
the growing penetration of distributed IBRs, system states are likely to change more frequently,
making traditional offline calculations improper. In scenario 2, system operators can determine the
level of generation output of the thermal power plant 4031_G to prevent SSR occurrence, such as
operating at 80% of its rated capacity. By leveraging these results, operators can re-dispatch
generation units based on economic dispatch calculations to enhance the overall system performance.
Compared to traditional protection solutions, such as turbine-generator torsional stress relays, which
monitor torsional vibrations and trip output contacts when shaft fatigue exceeds predefined limits,
online SSR assessment offers a predictive protection strategy. This approach provides system
operators with enhanced situational awareness and greater flexibility in managing SSR risks and
operating power grids reliably, presenting one of the key advantages of online SSR assessment.

4. Conclusion

This paper presents an online SSR assessment approach designed for integration into grid control
centers, offering system operators a predictive protection strategy. The frequency scanning method
was selected for SSR analysis due to its accuracy and computational capability to meet real-time
requirements. The paper shares the system integration architecture with existing SCADA/EMS/WAMS
in control rooms, as well as the data flow architecture for online applications. By utilizing real-time
system state data and topology updates from SCADA/EMS/WAMS, SSR studies are performed under
various contingencies to identify potential SSR conditions and at-risk turbine generators. If SSR risks
are detected, the correlation between electrical damping torque and mechanical damping torque
helps gid operators determine safe generation levels for turbines, facilitating the re-dispatch of
generation units to mitigate risks and enhance system stability.

The case study results showed that even a slight change in the system state can trigger SSR occurrence,
highlighting the critical importance of online SSR assessment based on real-time system conditions.
The combination of torsional relays installed locally at turbine generators and online SSR assessment
at grid control centers will provide a perfect solution for SSR protection, offering system operators high
levels of situational awareness and flexibility in managing SSR risks and operating grids at its peak
performance.
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