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Abstract: With the recent developments in renewable energy generation and addition of power
electronic devices, power system dynamics have become extremely complex. One of the challenges
faced due to this transition is the sub synchronous oscillations caused by the interaction of renewable
energy sources and various components of the power grid. Recently reported incidents due to sub
synchronous oscillations highlight the need of monitoring and suppression of these harmful oscilla-
tions in real time. This paper gives an overview of the phenomena of sub synchronous oscillations
and discusses the existing monitoring and damping techniques along with their limitations. Further,
it highlights the research trends along this path.

Keywords: sub synchronous oscillation/resonance (S5O /SSR); distributed energy resources (DER);
power electronic converter (PEC); wind turbine generator (WTG); phasor measurement unit (PMU);
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1. Introduction

Owing to the ongoing transformation of the power grid towards sustainable develop-
ment, power generation using renewable energy sources has been increased worldwide.
The total addition of renewable energy globally in 2020 was more than 260 GW. This is
greater than fourfold the addition from other sources and therefore depicts the trend of
increased renewable penetration even during the adverse effects of the pandemic. Further,
it is forecasted that the renewable energy penetration worldwide will increase significantly
by 2050 [1,2].

Large scale development of wind energy for electricity production has become an
integral part in many countries, with China ranking the first as having a total capacity of
221 GW power generated using wind energy. Furthermore, the United Nations Environ-
ment Programme (UNEP) has estimated that China has a potential of 1400 GW onshore
and 600 GW offshore wind energy overall [3]. Eight 10 GW scale wind power bases are
already implemented in different parts of China. The other leading countries deploying
wind energy for power production are USA (96.4 GW), Germany (59.3 GW), India (35 GW),
Spain (23 GW), UK (20.7 GW), France (15.3 GW), Brazil (14.5 GW), Canada (12.8 GW), and
Italy (10 GW) [3,4]. In addition to wind, there has been a rapid increase in PV penetration
in recent years. Several large-scale PV farms have been installed and most are connected to
the transmission system, such as Longyangxia Dam Solar Park (850 MW) in China, Solar
Star I and II (579 MW) in USA, Topaz Solar Farm and Desert Sunlight Solar Farm (550 MW
each) in California, USA, Huanghe Hydropower Golmud Solar Park (500 MW) in China,
Charanka Solar Park (345 MW) in India, Agua Caliente Solar Project (295 MW) in Arizona,
USA, and California Valley Solar Ranch (250 MW) in California, USA [5].

The output generated from the abovementioned renewable energy sources is converted
to AC with a frequency equal to that of the power system by utilizing power electronic
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devices. Hence, wind and solar photovoltaics are also referred to as inverter-based re-
sources (IBRs) and are asynchronous. That is, IBRs do not have a physical coupling with
the generated frequency, unlike the synchronous generators whose frequency of alternating
current is physically coupled to the rotating shaft of the machine [6]. The ongoing trans-
formation towards high renewable penetration has affected the power system dynamics
to a great extent.

Power electronic converter (PEC) interfaced devices are deployed to account for the
limitations that have arisen due to reduction in conventional synchronous generators.
However, the presence of a power electronic dominated system leads to the control of
interactions affecting the stability of the power grid. Emulation of synthetic inertia, fre-
quency support, and grid synchronization are some such functionalities supported by
PEC interfaced devices. The converter control system comprises of different control loops,
such as current control, voltage control, power control, and phase-locked loop (PLL) [6-8].
In addition to the proliferation of PECs, factors such as intermittency of wind and solar
irradiance, weak immunity to fluctuations in frequency and voltage, low short circuit ratio,
reduction of inertia, and grid dynamics ranging over multiple time scales are the factors
exacerbating the emerging stability issues [9,10]. An overview of the modern power grid
is illustrated in Figure 1. The classification of power system dynamic stability has also
been revised recently to incorporate the fast responses of PECs. Accordingly, two new
classes of stability, namely resonance stability and converter driven stability, have been
added to the traditional classification of rotor angle stability, voltage stability, and frequency
stability [11,12].
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Figure 1. System level diagram of the modern power grid.

This review aims to focus on the sub synchronous oscillation (SSO) phenomenon. It is
categorized under resonance stability in the revised power system stability classification.
SSO can be described as a harmful condition where growing or sustained oscillations occur
when the electrical network exchanges energy with two or more power system components
at one or more of the natural frequencies of the combined system [13,14]. In the past,
5SSO has been observed in synchronous generators and high voltage DC (HVDC) systems.
Research also demonstrates the potential risk of SSO in flexible AC transmission systems
(FACTS). The first sub synchronous oscillation incident was reported in 1970 at the Mohave
generating station located in South Nevada. The incident occurred due to the interaction of
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the turbine generator of a coal power plant with series compensated transmission lines and
resulted in critical damages to the mechanical shaft of the turbine generator [14,15]. In 1977,
the first sub synchronous torsional vibration event due to the interaction of HVDC controls
with a turbine generator was reported in Square Butte in North Dakota [15]. The research
conducted in [16] demonstrates that the interaction of the voltage control loop of static var
compensators (SVC) at lower short circuit ratios could cause SSO. Hence, it is not a novel
phenomenon associated only with IBRs. However, the SSO associated with IBRs is more
complex and can cause power system instabilities, leading to severe damage to electrical
equipment and mechanical facilities. Several destructive incidents have been reported
in USA and China recently [15]. These recent events in the renewable rich grid calls for
the immediate need of a real-time monitoring tool to observe the occurrence of harmful
5SSO and appropriate techniques to suppress them in due time to avoid the undesirable
consequences of emerging types of SSO, such as damages to crowbar circuits, tripping of
transmission facilities, and disconnection of generators from the network, etc.

Research is underway to develop dynamic SSO monitoring methods as well as cost
effective and efficient techniques to suppress the emerging SSO in the renewable rich
grid [14,17,18]. The focus of this study is to provide a comprehensive review of the
existing SSO monitoring and damping techniques based on renewable energy systems,
their limitations, and future research trends.

The rest of the paper is structured as follows. A brief review of the types of SSO is
presented in Section 2 followed by a discussion of SSO in renewable energy systems in
Section 3. Existing SSO monitoring methods and challenges associated with the existing
methods are given in Sections 4 and 5, respectively. Existing SSO damping methods
are given in Section 6. Challenges associated with the existing damping methods are
given in Section 7. Finally, a discussion of future research trends and the conclusion are
given in Section 8.

2. Sub Synchronous Oscillation Phenomenon

The definition of SSO according to the IEEE Sub Synchronous Resonance Working Group
is as follows. “Sub synchronous oscillation is an electric power system condition where the
electric network exchanges significant energy with a turbine generator at one or more of the
natural frequencies of the combined system below the synchronous frequency of the system
following a disturbance from equilibrium” [13]. According to the classification of SSO by the
IEEE Sub Synchronous Resonance Working Group, there are two types of SSO, namely sub
synchronous resonance (SSR) and device dependent sub synchronous oscillation (DDSSO).
Sub synchronous control interaction (SSCI) and sub synchronous torsional interaction (SSTT)
are other types of SSO. However, they are not included in the formal classification. Figure 2
below shows an extended classification of SSO based on the formal classification by the IEEE
Sub Synchronous Resonance Group and other types of SSO.

2.1. Sub Synchronous Resonance (SSR)

Sub synchronous resonance is defined as the “oscillatory attributes of electrical and
mechanical variables associated with turbine generators when coupled to a series capacitor
compensated transmission system where the oscillatory energy interchange is lightly
damped, undamped or even negatively damped and growing” [13].

Series compensation is deployed in transmission lines to enhance the power trans-
mission capability. The level of series compensation is the ratio of impedance of the series
capacitor and the impedance of the transmission line. Generally, the level of series com-
pensation ranges from 20-80% [14,19]. However, when the multi mass turbine generators
are connected to series compensated lines, it will cause sustained or growing oscillations
due to the exchange of energy between the electric network and the turbine generator at
one or more natural frequencies of electrical and mechanical components of the combined
system [13,14,20]. This condition is termed as SSR. Self-excitation and torque amplification
are the two aspects of SSR.
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Figure 2. Extended classification of sub synchronous oscillation.

2.1.1. Self Excitation

Self-excitation is caused when the sub synchronous armature currents are sustained
or enhanced by the sub synchronous armature voltage components, resulting from the
induced sub synchronous rotor currents [13]. It is also referred to as steady state SSR.

Induction generator effect (IGE) is a form of self-excitation which occurs when the nega-
tive resistance to the sub synchronous current as viewed from the armature terminal exceeds
the sum of armature and network resistance. It is a purely electrical phenomenon [13,20].
IGE occurs mostly in power systems with a higher level of series compensation [21]. Tor-
sional interaction (TI) is the second type of self-excitation and involves electrical and
mechanical dynamics of the system. When the equilibrium of the power system is dis-
turbed, the turbine generator shaft system will oscillate at its torsional natural frequencies,
thus inducing armature voltage components. If the induced sub synchronous armature
voltage components are close to the electrical natural frequency of the system, a rotor
torque will be produced. Self-excitation occurs if the sub synchronous torque component in
phase with the rotor velocity deviation is equal to or exceeds the inherent damping torque
of the rotating system. This is termed as torsional interaction [13,20]. TI occurs when the
ratio of inertia between the turbine and generator are equal. The occurrence of TI in hydro
power plants is less, as the generator inertia is much higher than that of hydro turbines. TI
in wind power plants is also rare, as the low shaft stiffness of the wind turbine drive train
causes torsional modes with low frequency [14,22].

2.1.2. Torque Amplification (TA)

TA is also called transient SSR and can occur due to network faults or switching
operations. If the frequency of the electromagnetic torque component induced due to the
interaction of the armature magnetic field with the magnetic field of the rotor coincides
with the natural frequencies of the generator shaft, large torques will be observed due to
resonance of electrical and mechanical natural frequencies. This phenomenon is defined as
TA [14]. TA may cause fatigue in turbine generator shafts [13].

2.2. Device Dependent Sub Synchronous Oscillation (DDSSO)

DDSSO is the type of SSO that occurs when the turbine generator torsional system
interacts with other power system components, such as HVDC converter controls, power
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system stabilizers (PSS), static var compensator (SVC), variable speed drives, or high-speed
governor controls. In other words, DDSSO may occur due to the interaction of torsional
systems of the turbine generator with any power control device having a wide bandwidth
or any device having rapid response to speed or power variations in the sub synchronous
frequency range [13,20]. DC converter control interaction and power system stabilizer
control interaction are the sub classes of DDSSO. DC converter control interaction is caused
by the interaction between the speed voltage component of the turbine generator and the
firing angle of the of DC converter. Power system stabilizer control interaction occurs due
to the voltage modulation of the generator field when there is a significant component of
the generator speed in phase with the generator and exciter torque [13].

2.3. Sub Synchronous Control Interaction (SSCI)

SSCI is a new type of device dependent SSO caused by the interaction of a series
compensated transmission system with a power electronic device. SSCI is differentiated
from SSR, by the fact that it involves only electrical and control interactions and does not
involve any mechanical interactions [23]. Although some researchers question whether
IGE and SSCI are the same phenomenon, it is worthy to note that SSCI occurs only in
asynchronous machines whereas IGE occurs in synchronous and asynchronous machines
both [14]. Furthermore, SSCI occurs quicker in comparison to SSR, as it depends on the
power electronic controller algorithm and may also grow faster due to the undamped oscil-
lations being involved only with electrical and control interactions and not on mechanical
components [14,21,23]. While SSR and SSTI depend on fixed torsional modes of the turbine
generator, SSCI does not depend on a fixed frequency [23].

2.4. Sub Synchronous Torsional Interaction (SSTI)

SSTI is a device dependent SSO which occurs when the mechanical masses of a
generator interact with power electronic devices, such as HVDC link, FACTS devices, PSS,
or other power electronic devices [14,21,23]. SSTI should not be confused with TI. SSTI
is different than SSR because the interactions which occur between the generator and
power electronic device during SSTI does not involve resonance [14,24]. SVC and HVDC
converters are the most vulnerable power electronic devices to SSTI [21]. Risk of SSTT in
wind turbine generators is very low. This is because the low shaft stiffness coefficient only
leads to low torsional natural frequencies [24,25].

SSO could be triggered by the interaction of various devices with the power network.
Potential occurrence of SSO in different devices is summarized in Table 1 below. Figure 3
below indicates the grid interfacing configuration of each WTG type.

Table 1. Vulnerability of occurrence of SSO in different devices.

Device Type SSR-IGE SSR-TI SSTI SSCI
Synchronous generator v 4 4 X
WTG type 1 X X
WTG type 2 v X X X
WTG type 3 v/ 4 X v
WTG type 4 X X X v/
HVDC X X v X
SvVC X X v v
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Figure 3. Grid interfacing configurations of WTGs (a) Type 1, (b) Type 2, (c) Type 3, and (d) Type 4.

3. SSO in Renewable Energy Systems
3.1. 580 in Wind Power Plants

Power generation using wind energy has become a popular form of renewable energy
penetration of the power grid. The power transfer capability of existing transmission lines
must be increased to accommodate the deployment of large-scale wind farms. This can
be done by the addition of series compensation. However, the series capacitors pose a
threat to the power system stability as it may cause sub synchronous oscillations in wind
turbine generators (WTG). Type 1, Type 2, Type 3, and Type 4 are the four types of WTGs
used in grid connected wind power plants. All types of WTGs are vulnerable to SSO [14].
The factors affecting SSO in each type of WTG will be discussed in this section. Table 2
summarizes the possible causes of SSO based on WTG type.

Table 2. Causes of SSO in different types of WTGs.

Type of WTG

Risk/Possible Causes of SSO Refs.

Type 1

SSO may occur in the form of IGE or TI when connected to the network

via a series compensated line.

Grid interfacing configuration does not involve wind turbine controllers.

Hence, no risk of SSCI.

There is no risk of SSR or no interaction with the torsional system and [26-28]
rectifier station current regulator when type 1 WTG is connected to the

line commutated converter (LCC) HVDC transmission system with a

series compensated line. However, there may be SSR instability if the

wind farm is exposed to an AC line with a series compensation level

greater than the critical level of compensation.

Type 2

No risk of SSCI as it does not use power electronic converters for grid
connection. [26,29,30]
Capable of damping SSR occurring in series compensated lines.
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Table 2. Cont.

Type of WTG

Risk/Possible Causes of SSO Refs.

Type 3(DFIG)

Most vulnerable to SSO.

SSO occurs due to the interaction of WTCs with series or shunt
compensated lines, HVDC converters, FACTS controllers, filter circuits,
or weak AC grid.

SSO can occur in the form of IGE, T1I, and SSCI.

Wind speed and the level of series compensation are the factors affecting
SSO occurring due to IGE. [14,23,25,26,31,32]
SSCI in Type 3 WTG is affected by the rotor side converter (RSC) control
parameters and grid side converter (GSC) control parameters. Impact of
RSC is much stronger in comparison to GSC.

The number of doubly fed induction generator (DFIG) wind turbines in
service has a nonlinear impact on system damping following the

SSR phenomenon.

Type 4(PMSG)

SSO occurs due to the interaction of the Type 4 WTGs GSC controller and
weak AC grid.

Frequency and stability of the SSO depends on short circuit ratio (SCR),
capacity of wind turbines in operation, parameters of WTG converters,
and control strategies.

Can cause sub and super synchronous oscillations due to the interaction [26,33-39]
of GSC controllers and series compensated transmission lines at a high
level of compensation.

No risk of direct torsional interaction as the full-scale converter isolates
the wind turbine from the resonances occurring in the series
compensated network.

3.2. SSO in Solar PV

The topology of solar PV and Type 4 (PMSG-based) wind turbines is similar, as both
utilize full power voltage source converters (VSC). Although the rated capacities of VSCs
are different in the two cases, the DC-AC control mechanism and modulation techniques
are similar. Hence, they depict similar characteristics when observed from the perspective
of the AC grid [40,41]. PV plants and Type 4 WTGs are comparatively immune to SSR than
Type 1, 2, and 3 WTGs since they are decoupled from the electric source [42]. However,
there is an underlying risk of occurrence of SSCI in grid connected PV systems [43]. Very
limited research has been conducted on the occurrence of SSO in grid connected PV plants.
5SSO in PV plants connected to weak AC networks has been studied in [40]. It shows that
resonance could occur at instances when the impedance of the grid connected PV system
becomes capacitive in the sub synchronous frequency domain. Further, the eigenvalue
analysis conducted in [41] shows that the voltage outer loop controller parameters in a
grid connected PV system strongly affect the SSO conditions. It is shown that the current
inner loop controller also has an impact on the SSO conditions, although the effect is
lesser in comparison.

3.3. S50 in Hydro Power Plant

The risk of occurrence of SSO due to torsional interactions is low in hydro power
plants as the inertia of the generator is much higher than the turbine inertia. Although SSO
in hydro power is not explored due to the above reason, there is a possible risk of SSO in
modern hydro plants employing the doubly fed induction machine (DFIM) with PEC for
variable speed operation [14,44].

3.4. SSO in Other Renewable Energy Sources

There are no reported SSO incidents in other renewable energy sources, such as
tidal energy, geothermal energy, or biomass energy. However, there could be a possible
risk of SSO based on the adapted technologies. For instance, SSO could occur in tidal
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turbine generators. The power generation process by tidal stream is similar to wind power
generation by air currents. Furthermore, tidal turbine generators are either the squirrel
cage induction generator (SCIG), doubly fed induction generator (DFIG), or permanent
magnet synchronous generator (PMSG) [45]. Hence, there is a potential risk of SSO due
to interaction of tidal turbine generator converter control with components of the power
grid. Risk of SSO in geothermal energy or biomass energy-based generation systems has
not been discussed in the literature.

4. Existing SSO Monitoring Techniques

Although ample research has been done on the causes of SSO, there is a pressing need
for the development of real-time SSO monitoring techniques to identify possible threats
and activate appropriate mitigation measures to ensure the safety and reliability of the
power system. Identification of SSO parameters is a key factor in the process, and many
SSO parameter identification techniques are presented in the literature.

Existing oscillation identification techniques can be classified under three groups: time
domain, frequency domain, and time-frequency domain methods. Prony [46] estimation
of signal parameters via the rotational invariance technique (ESPRIT) [47] and particle
swarm optimization [48] are time domain methods and use instantaneous voltage and
current measurements. However, these methods require details of the system model to
determine the parameters. Hilbert Huang transform [49] and variational modal decomposi-
tion (VMD) [50] are time-frequency domain methods and can be used to obtain parameters
of all oscillation modes although it requires extensive computations. Frequency domain
methods are based on Discrete Fourier Transform (DFT) [51] and give accurate results with
improved DFT algorithms. However, spectrum leakage, spectrum aliasing, and fence effect
are the main issues related to DFT. Therefore, as an alternative to overcome the above issues,
artificial intelligence (AI) has been recently used for power system oscillation identification
by feature extraction of historical data [52]. The SSO monitoring techniques presented in
the literature can be discussed under the following three sections.

4.1. SSO Parameter Estimation-Based Techniques

The SSO parameter estimation-based techniques identifies the occurrence of SSO
by using algorithms that determine the SSO parameters. The algorithms are designed to
estimate parameters, such as frequency, amplitude, and damping. Hence, the severity of the
oscillations can be determined, and the mitigation measures can be activated accordingly.
Few such methods are discussed in Table 3 below.

Table 3. SSO parameter estimation techniques.

Technique Estimated Parameters Features Limitations Refs.
Four-point interpolated DFT Application of the method
for rectangular windowed . Can be used even if the is questionable when the
Frequency, amplitude, and . . . .
phasor and DFT spectral dampine factor of SSO system is off-nominal, off-nominal condition is [53]
analysis of Hann ping dynamic, or noisy. severe and the SSO
windowed phasor frequency is high.
DFT spectral analysis and . .
. . . Time consuming.
correction of spectral analysis Can accurately obtain .
b . . Does not consider the
y construction of a waveform Frequency and amplitude  fundamental and SSO .

i . damping factor of SSO.  [54]
proportional to the spectrum of fundamental and SSO parameters using synchro . .

. e  Accuracy in dynamic
of amplitudes of the measured phasor measurements. e .

conditions is uncertain.
synchro phasor
Does not consider the effect

DEFT spectral analysis SSO frequency Easier to implement. of power electronic-based [55]

devices on the level of sub
synchronous variations.
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Table 3. Cont.

Technique Estimated Parameters Features Limitations Refs.
High accuracy under
off-nominal, dynamic,
and noisy conditions.
Can identify SSO tf synch.r o phasor
Frequency, amplitude arameters accuratel calculation methods other
Hann windowed three-point quency, atip ! P - Y than DFT are used by PMU
. damping, and phase by suppressing the - . [56]
interpolated DFT suppliers, the windowed
of SSO errors caused by

spectrum leakage and
fence effect.

Less computational
complexity.

synchro phasor model
under SSO is different.

Sub and super synchronous
harmonic detection based
on DFT

Frequency, amplitude, and
phase of sub and super
synchronous oscillations

Can detect both sub
and super
synchronous phasors
with high precision.
Not affected by
random noises and

Requires data of
instantaneous signals, [57]
PMU data are insufficient.

higher order
harmonics.

Multi-synchro squeezing
transform (MSST) and least
squares estimation

e Does not require prior
knowledge about the
oscillations unlike
other model-based
methods such

as Prony.

Less computational
burden and strong
anti-noise ability
making it suitable for
online applications.

Possible data loss in PMU
measurements must be [58]
addressed separately.

Frequency, amplitude,
damping, and phase
of SSO .

4.2. Techniques Based on Sub Synchronous State Estimation (SSE)

Sub synchronous state estimation is another category of SSO monitoring techniques.
State estimation (SE) in general is used to obtain the most accurate estimate of the sys-
tem state using mathematical modeling. Its primary objective is to reduce the possible
errors and inconsistencies in phasor measurement unit (PMU) data and provide reliable
state estimates such that it can be used for dynamic monitoring and control the power
grid [59,60]. Sub synchronous state estimation is similar to conventional SE. However, fre-
quency measurements obtained at different locations may vary unlike in the conventional
SE method. Therefore, the common sub synchronous frequency must be determined prior
to the estimation of the state vector [61]. SSE can therefore be used to monitor SSO in the
power grid as the method provides a global view of SSO as well as the source/path of the
oscillation. However, limited research has been done in this context.

Wide area monitoring and the early warning system for SSO presented in [61] uses
SSE to observe the SSO dynamics and determine the stability of SSO using oscillation
damping based on the least square estimation algorithm and by the analysis of frequency
characteristics using an aggregated impedance model. Depending on the pre-determined
stability criteria, if harmful SSO is detected, an alarm will be sent such that relevant actions
could be initiated to mitigate the adverse effects of SSO. This method can overcome the
issue of the inability of the existing PMUs to capture inter harmonics accurately as it uses
locally deployed sub synchronous phasor measurement units (5-PMUs) to capture data.
Although time delays due to data processing and communication is possible, the time
delays are low and do not have a significant impact on real-time monitoring of the system.
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4.3. Artificial Intelligence (Al)-Based Techniques

The use of Al-based techniques for SSO monitoring is an emerging area of research.
Since SSO does not always occur, performing the above mentioned SSO parameter iden-
tification techniques on each PMU data will be time consuming and unnecessary. The
applicability of parameter identification methods for real-time oscillation monitoring is
therefore impractical. Al-based techniques have been proposed and validated in the recent
past as a possible solution to the above drawback. Some of the methods are given below.

The data driven SSO identification method introduced in [52] detects SSO from a large
set of PMU data. Accordingly, the multiple support vector machine (SVM) algorithm is
used to detect SSO. Appropriate SSO parameter identification techniques can then be used
to estimate SSO parameters. The advantage of this method is that it can detect SSO from
a vast set of PMU data, and relatively low computations are required as SSO parameter
identification needs to be carried out only in the selected data. Therefore, this method can
be used for real-time monitoring of SSO in the power grid.

Another technique for SSO online monitoring and automatic alarming is presented
in [62], where Fast Fourier Transform (FFT) is applied to the PMU current phasor to obtain
sub synchronous frequency components. Harmful SSO components are then detected by
a trained SVM algorithm, and finally, a threshold determined by frequency susceptibility,
amplitude attenuation, and energy accumulation is used to decide whether to transmit an
alarm signal.

The decision Tree (DT)-based SSO identification and alarming method in [63] uses
historical PMU data to identify the SSO threshold using a DT algorithm where the threshold
depends on the functional relation between the extracted feature vector and the label, and
the threshold can be adjusted by changing the labeling criteria to suit the requirement. Once
the threshold is identified using PMU data offline, online SSO detection can be carried out.
For suspected SSO, FFT analysis is performed to calculate the amplitudes and frequency.
If the frequency of suspected SSO is closer to the torsional vibration frequency of the
generator shaft, the amplitude is large or persist for a longer duration, an alarm signal
will be sent.

The research work [52,62,63] shows a similarity. Hence, their basic process can be
recapped as shown in Figure 4. Further, a comparison of the above research work with
respect to the basic steps is given in Table 4. Current phasor amplitude data obtained by
PMU measurements is used for feature extraction in all three methods given above.

OFFLINE CLASSIFIER TRAINING : ONLINE SSO IDENTIFICATION

Historical PMU data Real time PMU data

A

Feature Extraction

l

Feature Extraction

i

Identification of SSO

Label Determination

Y

|
|
|
|
|
|
|
|
|
v
|
|
|
|
|
|
|
|
|
|

v

Classifier

Figure 4. General process of SSO identification in research work.
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Table 4. Comparison of basic steps of Al-based methods.

Type of

i Additional Features Limitations Refs.
Classifier

Feature Extraction Label Determination

e  Update of SVM

. Trend classifier via

e  Envelope volatilit : . Inability of existing PMUs to
index P Y Using FFT spectral Multi-SVM ijnm;emeptal learmﬁg. capture SSO accurately is not
e  Length of stationary analysis classifier ¢ ertorming Correction o tified before using PMU

of classification result .
subsequence to reduce data to train the model.

misclassifications.

[52]

° Feature vector samples
are labeled based on
parameters determined
by the analysis of a
large PMU dataset
obtained from the
China power grid.

Based on parameters K, Hence, the applicability
M, and N determined Adaptive duration of the model in a

Amplitude percentage according to the SVM classifier ~ threshold for alarming different location, under  [62]
amplitude percentage of SSO. different SSO types, is
distribution unknown.

. Reporting rates of the
PMUs used to obtain
datasets for training is
100 Hz. Hence, super
synchronous
oscillations are
not captured.

. Training data is labeled
using two parameters
M and K based on large
amplitude and saliency.
The initial values for M
and K must be adjusted
if the labeling criteria
Has analyzed the does not suit actual
adjustment of labeling conditions. Therefore,
criteria to suit the actual model training becomes
conditions. more time consuming.
. Inability to capture
super synchronous
oscillations as the
reporting rates of the
PMUs used to obtain
datasets for training is
100 Hz.

Parameters K, M based
Amplitude of fluctuation ~ on amplitude and DT classifier
saliency respectively

[63]

It is worthy to note that the existing methods are based on deterministic machine
learning (ML) algorithms, such as SVM and DT. The DT algorithm has less computations
although it could be subjected to overfitting [52]. SVM on the other hand is a more
robust algorithm. Classification of data is done by finding the optimal hyperplane with
a considerable margin [64]. However, deterministic ML algorithms do not reflect any
idea regarding the uncertainty involved with the prediction. The use of probabilistic ML
algorithms is therefore a better choice for decision making as it gives information regarding
the level of confidence of the predicted outcome.

5. Challenges Associated with Existing SSO Monitoring Techniques

SSO must be monitored using appropriate techniques to identify their severity. If the
severity is high, suitable protection mechanisms can be activated. However, more research
must be dedicated to address the limitations of the available techniques. Based on the
review of existing SSO monitoring methods, the following challenges can be identified:
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e  Most of the SSO monitoring methods discussed in Section 4 above use measurements
obtained by PMUs. Phasor measurement units provide information regarding current
and voltage phasors, frequency, and rate of change of frequency using phasor estima-
tion algorithms. Furthermore, PMUs scattered at different locations can transmit data
to the phasor data concentrator (PDC) in a span of approximately 1 ps, enabling effi-
cient and reliable real-time monitoring of power system dynamics [65,66]. However,
the following key issues associated with synchro phasor technology poses limitations
on SSO detection using PMU measurements:

o Available PMU technology is designed only to extract the fundamental component
of the signals. The increased use of renewable energy sources and addition of
power electronic devices to the grid have introduced a large number of inter
harmonics that are non-integer multiples of the fundamental signal, thus changing
the measurement of the fundamental component.

o  Furthermore, one sub synchronous oscillation frequency component could be
caused by two harmonics, resulting in aliasing [67]. Therefore, appropriate tech-
niques must be employed to address the above issues and enhance the perfor-
mance of PMUs before using PMU measurements for SSO detection.

e The maximum available reporting rates of PMUs installed at present are limited
to 100 Hz/120 Hz. If the SSO frequency is above half of the reporting frequency,
the corresponding frequency cannot be restored according to the Nyquist Shannon
sampling theorem [68]; hence, the SSO cannot be monitored accurately. In case the
reporting rate of the installed PMUs is 50 Hz /60 Hz, the frequencies above 25 Hz and
30 Hz, respectively, cannot be observed.

e  Although PMU measurements are commonly used for the available SSO monitoring
techniques, certain algorithms, such as the sub/super synchronous algorithm pro-
posed in [57], require the use of instantaneous signals for SSO identification as PMU
data are insufficient. In such cases, data from fault recorders must be used. However,
acquiring data from fault recorders will be difficult and time consuming as they are
placed in local stations individually. Furthermore, direct comparisons cannot be made
among the non-time synchronized data obtained from fault recorders at different
locations [54].

e  The computational burden of noise filtering processes of standard SSO identification
algorithms can be stated as another challenge associated with existing techniques [52].
Hence, advancements must be made to eliminate the noise component from signals
used for SSO identification.

6. Existing SSO Mitigation Methods

Sub synchronous oscillations affect the reliability of the power grid as severe conse-
quences may occur if they are not suppressed in due time. Recently reported sub syn-
chronous oscillation events highlight the requirement of efficient mechanisms to alleviate
the emerging SSO conditions due to the deployment of large-scale wind farms and grid
connected solar PV plants. Existing techniques for SSO damping are discussed below.

6.1. FACTS Devices

The modification of FACTS devices has been identified as an efficient way of alleviating
SSO conditions although it is not the primary role of FACTS devices. The literature reveals
that different types of FACTS devices have been modified to achieve successful damping
of SSO. Table 5 gives an overview of the existing SSO mitigation techniques based on
FACTS devices.
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Table 5. SSO damping methods based on FACTS devices.

Device Technique/Features Advantages Refs.
SVC. augmgnted witha daumg controller installed at Damping of self-excited SSO and torsional oscillations
the induction generator terminal and uses generator O . [69]
e . . can be significantly improved.
speed deviation as the input signal.
SVC with a damping controller is installed at the point of - . . .
common coupling (PCC) and line current is used as the Con;mumgztlgn d?tl ay assolc 1at'f(;,l Wé:)h rimp te sllgnals [70]
Static var compensator (SVC)  feedback signal. can be avoided as it uses a local feedback signal.
SVC-based damping controller where the controller gain Suitable for damping of S5O fora ranse of wind .
- . . . generation levels and effective as the wind generation [71]
is adaptive to the level of wind generation. 3 - o
levels varies under practical conditions.
Adaptive Neuro-Fuzzy Interference Systems (ANFIS) Can damp SSO under nonlinear system behavior of the
) T [72,73]
controller is used as an auxiliary controller for SVC. power system.
Constant current controller used for closed loop current SSO due to IGE and torsional interaction can be damped [74]
control of a TCSC. effectively even during a severe fault.
Pitch angle of the wind turbine can be controlled to an
Thyristor controlled series TCSC with auxiliary fuzzy logic damping controller (FLDC). optimal level during times of high wind speed using the [75]
capacitor (TCSC) FLDC controls.
Adaptive neurocontroller is designed to generate a Since this is an Al-based technique, accurate system
control signal to adjust the firing angle of the TCSC such modeling is not required. Therefore, this method is well [76]
that the SSO can be damped out. suited for applications involving nonlinear systems.
SSR damping controller is designed for the GCSC using Successful dfimplng of SSR mode V\{hen line current is
- - . used as the input signal. However, it should be noted
the root locus method. The input signal to the damping o . [77]
. . Lo . that the stability of the super synchronous mode is
controller is the line current, which is a local signal.
reduced.
Residue-based analysis is conducted to select a suitable ﬁxncomlsrarrljonnadmorlltg the t};ree mzut 51gnalist r;)ﬁfﬁpetedt,h t
Gate controlled series input signal such that the stability of both SSR and super ;. € current, and vollage across series capacto Jate tha [78,79]
: . e optimum signal to be used as the input for the damping
capacitor (GCSC) synchronous modes can be increased. : : .
controller is the voltage across the series capacitor.
Impedance controlled GCSC design for fixed speed wind
turbine generator systems. It uses a proportional-integral T L
(PI) regulator to control the impedance of the GCSC, Successful in m_ltlgatmg S SR due to IG.E and Tlin wind [80]
12 farms even at higher series compensation levels.
which in turn enables power flow control of the
transmission line.
SSSC augmentec‘l with an aux1l_1ary Qampmg‘ controller SSSC with the damping controller shows a significant
where the damping controller is designed with two ; R . o ]
L . improvement in the transient stability margin compared [81]
control loops based on rotor speed deviation and active . .
SIG PP to the same damping controller with a STATCOM.
X power variation in a specific time interval.
Sub synchronous series
compensator (SSSC) SSSC-based damping control strategy for a PMSG-based
wind farm where the sub synchronous components
during SSO will be extracted from the voltage at the Can damp SSO in a PMSG-based wind farm successfully. [82]
point of common coupling (PCC) and incorporated into
the original voltage control signal.
Firing angle of the inverter is controlled using a PI
controller to modulate the exchange of reactive power A simpler controller design, hence, requires less
between the STATCOM and the AC system, thereby hardware for implementation. The Nelder and Mead 83]
stabilizing torsional SSR occurring in wind energy method for parameter tuning ensures robustness in the N
systems. PI parameters are tuned using the Nelder and selected PI parameters.
Mead optimization method.
Controls the angular difference between the STATCOM Can suppress transient SSR occurring due to network
Static compensator terminal voltage and the bus voltage at the PCC using faults. This method demonstrates a substantial reduction [84,85]
(STATCOM) output current of the reactive component of the in shaft torque. Hence, the occurrence of cyclic fatigue [
STATCOM as the feedback signal. can be avoided by using this STATCOM controller.
Modulation index can control electrical modes effectively.
It is also observed that the modulation index is more
STATCOM controller based on the control of both effective compared to the phase angle difference when 86]
modulation index and phase angle. the size of the wind farm is increased. This method can
be used to mitigate SSR in both steady state and transient
state.
Two sub synchronous damping control loops are added Better damping of SSO can be achlevgd since damping
- controllers are embedded to both series and shunt [87]
to the series and shunt branches of the UPFC.
branches of the UPFC.
Unified power flow - 5 lor added to the oh o of th
controller (UPFC) The ANFIS controller added to the shunt controller of the . . o .
UPFC along with a fuzzy logic damping controller for Mechanical and electrical power has been mamtamet}l in
the same range by the optimal pitch angle control using [88]

optimal control of the pitch angle of the wind turbine
during higher wind speed.

the FLDC.

6.2. Converter Control of Distributed Energy Resources (DER)

Although FACTS devices can be used to damp SSR effectively, it is not economical to
use FACTS devices just for the purpose of SSR mitigation due to the high cost involved.
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The modification of converter controls is a cost-effective alternative. Existing SSR damping
methods based on the modification of converter controllers of distributed energy resources
is discussed below.

6.2.1. Wind Farm-Based Converter Controls

Power generation from wind energy has increased substantially over the past decade.
WTGs of Type 3 and Type 4 are the most deployed configurations in large scale wind farms.
Type 3 DFIG-based WTG is composed of the grid side converter (GSC) control and rotor
side converter (RSC) control as shown in Figure 5. The primary task of the GSC loop is to
maintain the stator terminal voltage and DC link voltage at constant levels, whereas the
RSC control loop regulates the stator reactive power and electrical torque [89].

- Te—ref . a id,r
T, + K ldr—ref + K. Va,r
- » —> Kp1+_‘1 —> Kp3+Tl3 —>
S
Qs + X lgr—ref + X Var
>G> v () e >
Qs—ref iq,T
- Vdc—ref
Vac * Vd.g

lg.g-ref + 0.9

Voot K, K,
) e (O e >

Vs—ref lq,g

(b)

Figure 5. DFIG converter control system: (a) RSC control, (b) GSC control.

The GSC and RSC control loops of the DFIG WTG can be modified to mitigate SSR
conditions. Table 6 summarizes the existing SSO damping techniques based on the modifi-
cation of the above controllers. Furthermore, the RSC current controller loop has a stronger
impact on the mitigation of SSR compared to the GSC controller [14]. The comparison
of a supplementary damping controller added to RSC and GSC demonstrates that the
RSC damping controller shows more damping and robustness to variations in operating
conditions [90].
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Table 6. Wind farm-based converter controls for SSR damping.

Type of Modification Technique Advantages Refs.
Damping cor‘ltroller‘usmg rotor angular Can damp SSR successfully. [91]
speed as the input signal.

Multi-channel damping controller with
modal speeds as inputs. Gain and phase Ability to damp each oscillation mode. [92]
compensation are performed on each input.
Can accommodate nonlinear system
Fuzzy logic damping controller having rotor ~ behavior under disturbance conditions. [93]
Augmentation of the speed deviation as the input signal. Hence, can be used over a range of operating

stator voltage control conditions.

loop of the GSC Any local signal can be used as the input
Damping controller designed using observed 51gna.1. Theref ore, comrpumcatlon .delay .

associated with input signals obtained using [94]
state feedback control.
WAMS could be overcome by considering a
local signal.
A nonlinear damping controller is designed =~ Can damp SSCI successfully and maintain
using the feedback linearization technique the stability of the system under varying [95]
and sliding mode control. operating conditions.
Power system stabilizer designed using a .
probabilistic approach. DC link voltage Succegs ful damP ns of SSCT over a range of [96]
S . . operating conditions.
Addition of deviation is used as the input signal.

supplementary Proportional feedback controller using .

controllers on the electrical power as the feedback signal. Simpler controller structure. [97]

g}iﬁs glsnér controller Can successfully damp SSCI under varying
Nonlinear controller based on the partial atmospheric conditions as complete system [98,99]
feedback linearization (PFL) technique. dynamics are not required to be modeled !

when the PFL technique is used.
A novel two degree of freedom control
mechanism is used for the design of the
damping controller added to the RSC current Can suppress SSR due to IGE successfully. [100]
control loop.
Nonlinear damping controller based on PFL. Can address the uncertainties associated
It controls the current flow in the RSC to with practical wind generation and able to [101]
produce damping torque sufficient to damp  sustain fault ride through operation of DFIG
critical torsional frequencies. wind farm during severe contingencies.
A nonlinear sliding mode control A comparison of the method with the PFL
o (SMC)-based technique to eliminate the technique in [101] shows that this method

Modifications of dynamics of the rotor circuit causing SSR. In  demonstrates consistent performance unlike [102]

RSC controller this method, SMC is used to collapse the the PFL-based controller of which the
rotor dynamics by limiting the current flow  performance is affected at higher levels of
to predefined values of reference currents. series compensation.

He damping controller using a multi-input Sa.tlsfactory SS(.I damping duru.ng lower

. . wind speeds, higher level of series
multi output (MIMO) uncertain state space . L [103]
model compensation, and uncertain grid

' parameters.
Installation of a sub synchronous . .
. . . Easier implementation and robustness to

suppression filter at the d-axis inner current . - diti [104]
loop of the RSC. varying operating conditions.
Installation of notch filters at d-axis and Implementation is easy and does not affect [105]

q-axis of the RSC controller.

the DFIG dynamics.
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6.2.2. Solar PV-Based Converter Controls

There has been a significant increase in the penetration of large-scale grid connected
photovoltaic (PV) plants recently. Although the addition of PV farms increases the risk of
occurrence of SSR, modifications can be made by the addition of supplementary controllers
for the damping of SSR. Table 7 summarizes the existing PV-based damping methods.

Table 7. SSO damping using PV farms.

Technique Advantages Limitations Refs.
. As per transmission grid code
requirements, solar farms should
shut down during large voltage ° Applicable only if connected close to
deviations. This method allows the the terminals of the Synchronous
solar farms to return to energy generator.
production within a period of less . Load frequency issues, which occur
than 10 s rather than shutting down following the disconnection of the
PV-STATCOM during large voltage deviations due solar farm, are not considered in [5]
to SSR. the scope.
. Cheaper solution than a . Grid codes should be revised to
conventional STATCOM. accommodate smart inverter
. Economic and feasible solution for functions.
SSR mitigation when generator
based SSR damping devices are
inadequate or not considered.
Adding an auxiliary damping controller to Increasec.:l PV penetration can be used as T.he controller fa%ls to damp SSR when the
the main control loop of the PV plant an effective alternative to enhance power time delay associated with the WAMS [17]
’ system stability and control. signal is taken into consideration.
. Voltage across the series capacitor is used
S\nstg ;O;;;?}lo?rfgﬂ;i:t\: ofl?éinvj;it}llggggtt;i as the input for the damping controller Based on the assumption that there is no
since rotor speed of the generator may not  delay as the series capacitor voltage is [42]

voltage across the series capacitor as the
input for the damping controller.

be effective when parallelly connected

monitored continuously.

turbine generators are used.

6.2.3. Battery Energy Storage System-Based Converter Controls

With the development of IBR technologies, there has been a widespread use of battery
energy storage systems (BESS) in smart grids recently. A method to obviate SSR using
BESS has been proposed in [18] where a supplementary damping controller is designed
for the active power control loop of the BESS. This method uses PMU data to obtain the
input signal of the damping controller. The effectiveness of the proposed controller is
demonstrated with up to 5 milliseconds of communication delay of WAMS signals.

6.3. Other SSO Damping Methods

In addition to FACTS-based damping controllers and the modification of converter
controls, several other methods have also been reported in the literature. Some of them can
be applied during network planning and design while the others involve modifications of
the existing system components. Several methods are discussed below.

A.  Special purpose shunt voltage source converter (VSC)

Due to the cost considerations, use of FACTS devices for SSO damping is limited to
instances when it is already installed in the network. Using shunt-VSC with well-tuned
filters that could extract sub synchronous frequencies has been proposed as an economically
feasible alternative [89]. A shunt VSC along with a properly designed controller could
dissipate the resonance power resulting from SSCI by absorbing the sub synchronous
currents, thus damping out the SSCI [106]. A robust SSR damping control strategy is
proposed in [107] where the sub harmonic voltage source converter (SVSC) injects sub
synchronous currents to stabilize SSR. The parameters of the damping control strategy are
tuned using the genetic algorithm and simulated annealing algorithm (GASA).
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B.  Proper control of series capacitor

Series compensation is a popular and effective means of increasing the power transfer
capability of transmission lines although it increases the risk of SSO. A possible solution
for this is proposed in [108] where a control algorithm is used to bypass the series capacitor
when SSR is detected and reinsert when the risk of SSR is reduced. This method is cost
effective as it can be implemented at no extra cost.

C.  Sub synchronous frequency relay

Sub synchronous frequency relay acts as a protection mechanism to prevent damages
to equipment such as crowbar circuits and series capacitors if SSR occurs. A microprocessor-
based sub synchronous frequency relay is proposed in [109]. It contains a range of tripping
frequencies allowing the grid operators to customize settings according to the requirement.
Another technique to detect sub harmonic components using voltage and current detectors
is proposed in [110]. The sub harmonic relay will calculate individual sub harmonic
components as well as the total sub harmonic distortion factor and generate an alarm or
isolate the system based on the calculated values and user defined threshold levels.

D. Power system design improvements

Factors such as the level of series compensation and grid strength show a direct impact
on the SSR phenomenon. The net series compensation level of the power grid increases due to
external faults. If it exceeds a certain level, SSR could occur. Therefore, the series compensation
level should be kept at a permissible level when the power network is designed such that the
increased series compensation levels due to faults do not trigger SSR [14].

It has been discussed in Section 3.1 that type 4 WTGs interact with weak AC grid
causing SSR. Therefore, the risk of occurrence of SSR could be minimized if appropriate
measures are taken to increase the strength of the power grid [89].

Although many SSO mitigation methods have been discussed in the literature, each
technique has its own advantages and disadvantages. A summary of the existing mitigation
methods with the advantages and limitations is given below in Table 8.

Table 8. Summary of advantages and limitations of the existing SSR mitigation techniques.

Device/Technique

Advantages Limitations

FACTS devices

Installing FACTS devices just for SSR mitigation
is not economical due to high cost involved.

. Variable impedance type FACTS controllers
(SVC, TCSC, GCSC)

. Voltage source converter-based FACTS
controllers (SSSC, STATCOM, UPFC)

Can mitigate sub synchronous
resonance effectively.

However, FACTS devices installed for reactive
power compensation as per grid code
requirements can be modified with additional
controllers to mitigate SSR.

Special purpose shunt VSC

Economically viable alternative.

Difficulty in tracking the frequency variations of
fundamental and sub synchronous components
simultaneously.

Converter Controls

. Cheaper solution compared to
FACTS devices.

. Faster implementation.

. Can avoid generator tripping.

e  Applicable only to converter-based WTGs.
. Some methods have not considered the
time delay associated with WAMS signals.

Proper control of series capacitor

No extra cost as the method only
involves bypassing the series capacitor
upon detection of SSR.

Has a risk of triggering SSO during
capacitor switching.

Sub synchronous frequency relay

Can detect sub synchronous frequencies
that coincide with other power system
frequencies.

Cannot be used to mitigate SSCI.

Power system design improvements, such as
selection of proper series/shunt
compensation levels

Shunt compensation leads to super
synchronous resonance.




Energies 2022, 15, 8477

18 of 23

7. Challenges of the Existing Mitigation Methods

It is vital to suppress the SSO conditions in due time to ensure the stability of the power
grid. Despite the many techniques proposed in the literature to mitigate the harmful SSO,
there are challenges that must be addressed to develop efficient and practical mitigation
strategies. The following challenges have been identified based on the above review:

e  Although ample research has been done on the use of FACTS devices for the mitigation
of SSR and are proven to be effective, it is not economical to use FACTS devices just
for the purpose of SSR damping due to the high cost involved in installation and
maintenance. Therefore, research is required to find more cost-effective solutions for
the mitigation of SSO.

o The augmentation of converter controls is a cheaper alternative for SSO damping.
However, most of the proposed SSO damping control strategies are based on the
modification of GSC and RSC of type 3 (DFIG-based) WTGs. Limited research has
been conducted so far based on the modification of type 4 WTGs and PV plants for
SSO damping. Additionally, some of the proposed methods fail to damp SSO under
practical scenarios. For instance, the damping controller in [17] cannot damp out the
SSO successfully when the time delay associated with the WAMS signal used as the
input signal to the damping controller is taken into consideration.

e  Experimental validation of the proposed SSO damping methods has been conducted
based on the model aggregation technique in simulation studies. However, a practical
system could be comprised of different types of WTGs and controllers which cannot be
considered during the simulations. Hence, the performance of the damping controllers
may not be as satisfactory under actual conditions.

e  Although special purpose shunt VSC is an economically feasible solution for the miti-
gation of SSO, the challenge in tracking the fundamental and sub/super synchronous
components which keep varying during the oscillation incident pose limitations on
the use of special purpose shunt VSC for SSO damping [89].

8. Conclusions and Future Work

This paper presents an overview of the types of SSO and the causes that initiate SSO
in different types of renewable energy resources followed by a comprehensive review of
the existing sub synchronous oscillation monitoring and damping techniques and their
limitations. In conclusion, it must be noted that although the transition of the power grid
from conventional energy sources to renewable energy brings out a more sustainable power
network, the expected benefits could be achieved only if suitable measures are taken to
ensure the reliability of the grid. Emerging types of SSO, such as SSTI and SSCI discussed
in this paper, are some such issues to be addressed to assist a smoother transition towards
a renewable rich grid. Existing monitoring and control mechanisms have not been capable
of mitigating the recent SSO incidents that have taken place in USA and China. Complex
dynamics associated with the recent technological developments must be accommodated in
monitoring and control mechanisms to enhance the resilience of the grid. Despite the many
research studies proposed thus far, only a few methods can be implemented practically
due to various concerns. Hence, more research must be dedicated to address the challenges
in the existing monitoring and damping methods to ensure the stability of the grid. Some
research needs can be listed as follows:

e  As PMUs are the widely used technology at present for dynamic monitoring of the
power grid, measures should be taken to improve the accuracy of sub synchronous
components reported by them. If not, the algorithms developed to identify SSO
components will be meaningless. Hence, further research must be conducted to
develop PMUs that can report sub synchronous frequencies accurately.

e  Studies on the impact of noise on SSO identification and techniques to eliminate noise
from the measurement signals is another area of research requiring attention.
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e  Use of Artificial Intelligence for SSO identification is an emerging area of research. As
the SSO does not occur all the time, running algorithms to calculate SSO parameters of
all PMU data will be unnecessary. Research is required to develop both deep learning
(DL) and machine learning (ML) techniques for SSO identification.

e  Further studies are required to develop cost effective SSO damping techniques based
on the modifications of PV plant converter controls.

e A method to trace fundamental and sub/super synchronous components simultane-
ously is required such that effective SSO damping could be achieved.
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