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1 Introduction

Sub-synchronous oscillations (SSO) in a system arise primarily from the presence of
poorly damped oscillatory modes resulting from the interaction between different
technology types. Addressing these interactions poses several challenges: firstly, the
complex nature of the interactions makes it difficult to identify them in advance without
thorough studies. Secondly, pinpointing the specific components or assets involved in the
interaction can be a challenging task. Furthermore, the introduction of new elements into
the network, such as the connection of new sites or network reinforcements, can
potentially introduce additional poorly domped modes into the system.

The utilization of a state-space approach is a valuable technique for identifying oscillatory
modes within a power system and determining their underlying causes. This involves
examining the states that contribute significantly to these oscillatory modes and
implementing control measures on the relevant power system components to effectively
mitigate the modes. Linear stability analysis tools such as eigen decomposition,
participation factor analysis, eigenvalue sensitivity analysis, and pole-placement enable
the analysis of system instability, design of damping controllers, and related tasks.
However, achieving a comprehensive understanding of the system is essential for
successful state-space modelling. In traditional systems with synchronous generators
and associated controllers like exciters and power system stabilizers, this understanding
was attainable. In modern systems, the presence of converter-interfaced sources results
in control algorithms that are vendor-specific and treated as confidential commercial
assets. As a result, these algorithms are typically provided as black-box models,
disclosing only input-output relationships without internal details. Manufacturers share
these models as binary files (e.g, .lib and .dll) for use with numerical solvers in conducting
time-domain simulations. However, such simulations, particularly for large practical
power systems and electromagnetic transient studies, can be highly complex and
exhaustive, often lacking a clear understanding of the root cause.

Considering this context, the objective of this project is to create a framework that enables
system operators to efficiently analyze numerous scenarios and identify potential sub-
synchronous oscillation (SSO) phenomena. The proposed framework will incorporate a
combination of automation techniques, frequency domain analysis methods and
machine learning. By automating the entire process with minimal reliance on manual
supervision by engineers, the framework aims to streamline the identification of SSO
events.

This report focuses on the development and implementation of an SSO identification tool,
which aims to provide efficient methods for detecting and analysing sub-synchronous
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oscillations in power systems using frequency domain techniques. The purpose of this
report is to introduce the overall process involved in the implementation of the tool. This
report does not include any case study results and it does not serve as a manual to use
the tool. WP3 report will include a detailed guide to use the tool along with case studies
carried out on the Cigre Benchmark System.

The report is structured into several sections, starting with an exploration of frequency
domain methods in Section 2. This section includes a review of impedance scan methods
(Section 2.1) and a detailed explanation of the SSO scenarios screening process (Section
2.2). Section 3 introduces the grey box method, which plays a crucial role in the
identification of SSO phenomena. Moving on to Section 4, the CIGRE Benchmark and its
corresponding PSCAD model are discussed, providing an overview of the modelling effort
along with the frequency scanning component. In Section 5, the automation of PSCAD
code is explained, describing the classes and methods available to interact with PSCAD’s
python APl and automate the studies. Section 6 focuses on the user interface and back-
end deployment solutions, outlining the structure and feature set of the tool, including
scenario selection, parameter/configuration definitions, simulation execution, progress
visualization, result visualization, user assistance, and support. Section 7 examines the
feature engineering and machine learning classification, highlighting the computation of
features and the structure of the classification module in the tool. Section 8 covers
software testing, encompassing unit testing, integration testing, system testing, and
acceptance testing. These sections collectively provide a comprehensive overview of the
project and its various components, highlighting the approach taken and the outcomes
achieved.
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2 Frequency domain methods

Several analysis methods are available in the time domain and frequency domain. While
time domain analysis has clear benefits like the ability to model non-linear dynamics etc,
it is a time-intensive process and especially in the future context where several scenarios
need to be studied, time domain analysis on its own does not stand out as the winner.
Therefore, it is necessary to investigate frequency domain methods to quickly filter out
scenarios and then apply time domain analysis for only a limited number of scenarios.

Introduced in the WP1 report [1], Figure 2-1 depicts an overview of the SSO identification
process; the figure shows that the process has several steps or sub-processes. After
receiving an initial baseline model, the first subprocess implements a screening method
based on frequency domain analysis and builds a grey box representation of the model.
In this subprocess the user defines a set of attributes, such as gid strength, active and
reactive power dispatch, or the number of WTG in service, to build multiple scenarios and
screen for potential SSO events. The grey box module is included in this subprocess to
enable root cause analysis by identifying participation of IBRs in poorly damped
subsynchronous oscillatory modes. The main goal of this subprocess is to reduce the
initial list of SSO scenarios and focus only on those that have the potential to cause SSO
events; in this way, the computational burden of multiple unnecessary EMT simulations
will be reduced.

Operational
EMT model Frequency domain modelling
scenarios

$SO Risk

Stability margin analysis Participation analysis
SSO Risk assessment
(consensus)
EMT simulation
FMU c.Iata/ Tra|neF| s Identified SSO events
synthetic data Learning model

Figure 2-1 Overview of the SSO identification process.

As seen in Figure 2-1, the SSO identification process contains several sub-processes or
tasks that enable the detection of SSO events. The interaction between tasks is enabled
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by the transfer of different data objects. For instance, the Frequency Domain Modelling
(FDM) receives a set of operational scenarios defined by modification of parameters of
the base-case model. The FMD runs the impedance scan creating PSCAD case files and
setting the corresponding parameters. The output of the FDM are sets of impedance
values in sequence domain for the frequency range under study, including frequency
coupling results. The corresponding data, depending on the type of scan, is used in the
stability margin and grey-box analyses. The data exchanged in each step of the process

is listed in Table 2-1

Table 2-1 List of data exchanged in each step of the SSO identification process from Figure 2-1

Step Exchanged data

PSCAD model file updated by the tool based on user selected operational
scenarios and global settings.

Identified modes based on system identification.

Damping and phase margin calculation based on reactance crossover
and impedance intersection methods. Results saved in
frequency_results.db database file.

SSO risk scenarios (including inconclusive scenarios) are studied in
PSCAD and instantaneous current and voltage measurements are
passed to the ML model.
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Scenarios studied in step 8 are further labelled as SSO or non-SSO based
on conclusive EMT simulations.

2.1 Review of Impedance Scan Methods

In the literature review of WPI, several methods were identified with the potential to be
used in the screening method of the SSO identification tool. After a critical review, WP2's
focus centred on the impedance-based analysis. Impedance scan analysis is a valuable
technique for studying the frequency domain behaviour of nonlinear devices, particularly
in the context of wind farm controllers. This analysis provides insights into the dynamic
behaviour and impedance characteristics of the controller, enabling the evaluation of its
performance in regulating power output and the detection of potential issues. The
nonlinear nature of wind farm systems should be considered, as it can impact the results
of impedance scans. Conducting scans under various operating conditions and power
output levels is crucial for accurate assessment. Moreover, impedance scan analysis
facilitates the identification of interactions between the wind farm controller and other
power system components, such as stabilizers and regulators, which aids in assessing
overall system stability.

The critical review of relevant literature enabled the design of the process implemented
in the SSO tool. A summarised overview comparing the advantages and drawbacks of the
reviewed methods can be seen in Table 2-2; a detailed review can be found in Appendix
B. The comparison and analysis allowed the identification of which methods are more
suitable in the context of SSO identification. In particular, papers [2] [3] [4] [5] offer
advantages that are useful and applicable; therefore, they were used in the design
process.

Table 2-2 Comparison of reviewed frequency domain methods in literature

Main WTG Stability Advantages Drawbacks
feature Model assessment
type method
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scanning the WTG
and grid sides
independently

The usefulness or accuracy of the impedance-based analysis depends on the frequency
scanning technique. The modified sequence domain method used in the tool is
particularly designed to measure impedance of VSC converters. So, the expectation is
that the calculated impedance will be accurate irrespective of the technology type (e.g.,
WTG, STATCOM, HVDC) as long as it is a voltage source converter. We did not come across
any papers investigating the same for LCC technologies so we are not confident about
how well the tool will work when used for scanning LCC HVDC links but something we can
investigate as part of a future project. Once the impedance is calculated, the second step
is to apply the intersection method to assess the phase margin. This theory is applicable
to GFL converters only. We need to investigate how to extend the concept to GFM
converters. So, to summarise, the current version of the SSO tool will work with any
technology types as long as these are VSCs operating in GFL mode.

2.2 SSO scendrios screening process

The review of relevant frequency domain methods (see Table 2-2) provided the
information required to design the screening process within the SSO identification. Figure
2-2 describes the screening process based on frequency domain analysis to focus only
on those SSO scenarios that have the potential to trigger SSO events. In the first stage, the
screening process receives an SSO scenario characterised by a series of parameters
defined by the user in combination with a PSCAD baseline model. A frequency injection
component is used in PSCAD to inject perturbations at different frequencies. In the second
stage, the time domain voltage and current measurements are used to determine the
impedance of a given frequency; the goal is to obtain the positive sequence and coupling
impedances.

Once the impedance components have been computed for all the frequencies in the
frequency range of interest it is possible to assess the stability; in combination with
stability margin thresholds, the process will not only verify the stability margin in the sub-
synchronous range by performing standard frequency domain analysis, like bode and
Nyquist, but also using total reactance crossover and system-WTG impedance
intersection. A consensus of different stability assessments will identify if the system is at
risk of SSO based on frequency domain (small signal) analysis.
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Default threshold values have been defined for each frequency domain method to
implement the consensus approach. For grey box method, a 5% damping factors is set as
the threshold to identify poorly damped modes. For impedance intersection, a 90° phase
margin is set as the stability threshold and for the reactance crossover a 20Q resistance
is considered as minimum damping requirement in the system. These values are ballpark
figures and used as default parameters in the tool. Through extensive testing under
different operational scenarios and different proprietary model, practical threshold values
will need to be identified. This will be partly covered in WP3, but the majority of the
validations will be done by ESO using models supplied by different vendors.

i Frequency scan
1
i

| S50 Build PSCAD E eeleney s
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3 Grey box method

3.1 Overview of the grey box approach.

This section provides a brief introduction to the grey-box analysis technique and some
initial results from its implementation on an IEEE 14 bus test system. The WP1 report [1] can
be referred to for more detail: Section 5.2 for the whole-system modelling methodology
and Section 5.3 for the grey-box technique.

The “grey-box” method [8] allows some insight into the relationship between the whole-
system oscillation modes and the impedance of connected apparatus using only black-
box frequency response data. The “whole-system” terminology refers to the system which
is formed when apparatus are connected to the grid, so considers the response of the
entire system at once rather than analysing apparatus in isolation (which would require
a separate model or in practice disconnection of apparatus). It is formed by the feedback
loop between the grid and apparatus shown in Equation 3.1. Here, Z,(s) is the block
diagonal matrix of 2x2 apparatus dqg impedances and Yy (s) is the network bus admittance

matrix.
-1
Z5(s) = Zp($)(I + Yy ($)Za(s))
L 3.1
Y¥5(s) = (I + Yy(s)Za(s)) Yn(s)
Nodal-loop Model Whole-system Model
Ai oo A Y=z A pe A ;
1 + Network " N . ¢ Network » L& a
v (i) Y v | |y ;1)5 . Az = i(i;y |+A Yo Au]lu ;i)i‘ H
1 1 i k k 1 1 v H 3 ke 3 -
- ST LA
(a) Nodal Admittance Model Ai = Y™ - § (c) Whole-System Impedance Model Av=2Z"*- 1
Y Q B A ] Aie ; Ai
ﬁOz‘ ﬁ Ijo i Network | 2% ~F v & 4
it Aol Ya : ﬁ H
ylﬁ k Q Yk vif 10y TN Ye| |Av,
Loopy N =Yk AL
(b) Loop Impedance Model Ay = Z'"" - i (d) Whole-System Admittance Model Ai=Y™* v

Figure 3-1 Whole-system models vs nodal admittance and loop impedance modes [9].

The whole-system admittance transfer function matrix represents the input/output
relationship between series voltage injections at each bus and resultant changes in
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current from the grid to the apparatus. A series voltage is used because the bus voltages
are generally set by strong voltage sources which would not allow a parallel voltage
disturbance.

The whole-system impedance transfer function matrix represents the bus voltage
response to parallel current injection, which is used because it would be impractical to
inject a current disturbance in series with a strong current source. Both whole-system
transfer function matrices are proper and have frequency responses which can be
measured online with the injection of probing disturbances. Both Z5¥(s) and Y*¥$(s) are
transfer function matrices since there are 2N input locations and 2N output locations,
where N is the number of buses (and 2N since the system is modelled in the dq reference
frame). The 2x2 matrix transfer functions on the diagonal are the responses which can be
measured locally.

Either the whole-system impedance or the whole-system admittance can be used in the
grey-box approach so the admittance Y*¥*(s) shall be used for demonstration here.

Equation 3.2 describes the relation between the whole system admittance model Y*3(s)
and the state space representation of the system; where 4, B and C are the state matrix,
input matrix and output matrix. x, v and y are the state vector. Through modal-
decomposition and coordinate transformation, we consider z = Wx, and x = &z, where ¥, ®
correspond to the left eigenvector matrix and right eigenvector matrix, respectively, and
¥ = @~ Every entry in YSY5(s) shares the same poles with the state matrix of the whole
system, which can be found using the standard eigen-decomposition of its
corresponding state-space A matrix such that the diagonal matrix of eigenvalues A =
YAD = diag(14,1,,...1y). Here the eigenvalues (44,4,,..4y) describe the whole-system
oscillation modes, where the imaginary part represents the mode oscillation frequency
and the real part represents the rate of decay.

YS¥$(s) = C(sl —A)™'B = CO(sl — A)"'¥B 3.2

From this the kth element of Y¥$(s) can be found as per Equation 3.3, where ¢; is the right
eigenvector and y; is the left eigenvector corresponding to the eigenvalue 4;.

m

m
CrPiYibi Ry
VS (q) = z CePiVibr _ z ki
ki (S) - S — ﬂ-i - S — li 33

=1 =1

The terms Ry; are known as the system residues and are critical to the grey-box analysis
technique. The residues can be extracted from a measured frequency response
(obtained from measurement or a black-box model) by applying a method of system

identification known as vector fitting [10] [11].
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Vector fitting is essentially a curve-fitting algorithm which uses the frequency response
data to iteratively solve linear problems for the pole locations and residue values until
convergence is achieved [12]. Since the problem is linear it can be solved computationally
efficiently [10] [13], and has been applied widely across the fields of microwave
engineering, electronics and high-voltage power systems. For more details see [12] or [11].

It was found in [8] that the residues indicate the sensitivity of the corresponding whole-
system oscillation mode to a change in the impedance of the apparatus connected at
the selected bus, as shown in Equations 3.4 and 3.5 [10]. Large residue magnitudes
indicate that a small change in apparatus impedance can significantly affect the mode.

Ad; = (=R, AZar (A))r 34
AL = — (RkiAZAk,dd (4i) + RiiaqAZar,qa(Ai) + RiiqaDZak,aq(Ai) + RiiqqDZak,qq (/11')) 35

If the residues of the whole-system impedance are used instead, the deviations in
apparatus impedance AZy,(4;) terms should be replaced by the corresponding
deviations in apparatus admittance AYy,(4;).

If there is further information known about the apparatus connected to a bus where the
residues are measured, information previously only calculable with a whole-system white
box model can be found. For example, state-participation factors or the sensitivity of a
whole-system mode to a parameter within the apparatus.

These have been characterised as ‘layers’, where Layer 1 just compares the norms of the
2x2 matrix of residues at each bus and requires no further information about the
apparatus connected. Layer 2 requires prior knowledge of the impedance of the
apparatus at the bus and uses the residues to determine whether scaling the impedance,
increasing the number of connected apparatus (in series or parallel), will improve or
worsen the mode damping.

Finally, Layer 3 uses the sensitivity of the apparatus impedance to an internal parameter
(e.g., controller gains or delays) to determine the effect on mode damping of changing a
parameter. In the same manner that the state participation factor is the sensitivity of the
mode to the corresponding diagonal component of the state ‘A’ matrix, these layers have
been likened to impedance and parameter participation factors. The layers are illustrated
in Figure 3-2.
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Layer-1
IAZ,[|= el Z Participant
pf\«.Zk — IAAIHIELKOC “pz\,Zﬁ.“'”Z}c (A) H —
Layer-2
AZ,=¢€Z, Damping
- » AN x <Px,z,, v L ()\)> >
—
Layer-3
AZ. — aZ, Ap
= 5p 82, (\) Parameter‘
N a » AN x <p,\.zl. » " ap >

Figure 3-2 The grey-box layers [8].

3.2 \Validation of the grey box approach based on IEEE 14 Bus
network.

Vector fitting requires the specification of the number of modes and residues to extract
from the system frequency response data, which in practice is often guided by the
number of resonant peaks present in the data. There must be at least as many frequency
sample points as the fitting order and specifying too high an order risks overfitting to noise,
so the order used will be lower than the actual order of the system. This means that a well-
damped mode (—a + jb) will have a large and positive damping factor —a/va? + b2 due to
their large negative real part, and will not be picked up by the vector fitting — however
problematic SSO modes are usually poorly damped. The level of accuracy with which
vector fitting can extract the residues with noisy data and underspecified system order is
an ongoing area of research.

A state-space (white-box) model of an IEEE 14 bus network [9] has been developed by
Southampton University and is used here for validation of the grey-box approach. The
state-space model is used as a black-box model to generate frequency response data
(e, 273 (jw)). The vector fitting [11] method has been applied to Z5*(jw) to extract the
residues and perform the grey-box analysis. For the IEEEI4 Bus network, the order of the
state-space system is 245. The order of the vector fitting will be determined as the
minimum order which gives an acceptable fit to the frequency response data. This will
generally be at least as many peaks as there are present in the data. Therefore, the order
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must be greater to get an acceptabile fit, although care should be taken not to overfit to
noise/inaccuracies.

Figure 3-3 shows the bode plot for several components of the whole-system impedance
frequency response matrix. The components chosen are the dd quadrants for a subset of
the system busses which correspond to those in the reference publication [9]. The modes
picked up by vector fitting with an order of 10 are plotted in Figure 3-4(a) and (b), where
the poorly damped 20 Hz SSO mode is visible (it can also be seen as a peak in all the
responses in Figure 3-3).

Magnitude (dB)

107t 10° 10! 102 103 104

Phase (deg)

107t 10° 10! 10? 103 104
Frequency (Hz)

Figure 3-3 Whole system frequency response Z (jw) for various buses

7 Oscillation modes, Fit Order 10 »s Oscillation modes (zoomed), Fit Order 10
+ State-space (white-box)
+ o Vector fitting (black-box)
604 + o+ H B R Or +0
20
50
N J
Z 40 - 15
Fal +
o
£
o 30 1
E 10
20 9
5 @
10 1 .
+ State-space (white-box) +
O Vector fitting (black-box) Fag g £
.9
0 T T T T T — 0 T T = T T a
=70 -60 =50 -40 =30 =20 =10 ] -0.5 -0.4 -0.3 -0.2 -0.1 0.0
Real (Hz) Real (Hz)

Figure 3-4 System oscillation modes vs the modes identified by the vector fitting (a); zoomed to SSO
eigenmodes (b)
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The Layer 1 & Layer 2 results for the 20 Hz SSO mode generated using the white box MATLAB
model are shown in Figure 3-5. Using the grey-box method by extracting the residues from
the frequency response gives the Layer 1 results shown in Figure 3-6, where it can be seen
that the vector fitting correctly identifies Apparatus 12 as the main contributor to the SSO
mode. This is confirmed with the state-participation analysis (using the white-box model)
shown in Figure 3-7 (note the states are only described by the Apparatus they belong to).
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Figure 3-5: Layer 1 & Layer 2 analysis using the white box model.
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Figure 3-6: Layer 1 analysis using the vector fitting results and the grey box method.
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Figure 3-7: State participation factor analysis for the 20 Hz SSO mode (note the state names indicate which
apparatus the states belong to)

Appendix C details the results for other modes and shows that with a fitting order of 10,
even though the model order is 245, the vector fitting can reproduce the Layer 1 results
well for poorly damped, isolated modes. If there are multiple modes close together the
accuracy of the Layer 1 results is degraded. [9] [8]

To improve the accuracy of the vector fitting to distinguish the modes which are close
together in frequency and damping (or to analyse any of the other modes which were
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missed) the order of the vector fitting should be increased. Increasing the order will
increase the risk of overfitting to noise or process errors, although this risk should be lower
when using black box model results rather than real measurements.

The next steps are to use the information on the apparatus impedance to implement the
layer 2 grey box analysis and use the grey-box technique to analyse the CIGRE Benchmark
system. Further thought will also be given to the process of choosing the most suitable
order for the vector fitting.
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4 CIGRE Benchmark - PSCAD model

4.1 Overview of the modelling effort

CIGRE working group C4.49, which studies the multi-frequency stability of converter-
based modern power systems, has developed a benchmark model to study SSO
phenomena. An overview of the system and its characteristics is provided in Appendix A.

The CIGRE benchmark system is developed by the CIGRE working group in
MATLAB/Simulink. For this project, an equivalent representation of the benchmark system
is required in PSCAD. The objective is to develop a model comprised of similar building
blocks which yield a similar steady-state and dynamic response.

A typical challenge encountered when replicating models across different software
packages is the lack of one-to-one matches in components, as well as nuances in
implementation between similar components. As an example, for implementation of a
specific component/function, one software package may have composite black-box
modules (with inputs and outputs) available which performs a certain function, whereas
in another this composite module must be built up from first principles using elementary
components.

An attempt has been made to replicate the hardware topology and control system
parameters of the CIGRE benchmark system in PSCAD to as accurate an extent as
practically possible. The PSCAD model has been constructed using components and
models available in PSCAD’s master library.

The system consists of a 400 kV transmission grid, modelled as an ideal voltage source
behind the grid impedance, as well as a grid consisting of transmission lines and
transformers which step the voltage down from 400 kV to 220 kV, and from 220 kV to 66
kV. Two GFL wind farms, one being 240 MW and the other 180 MW, connect to the grid via
66/0.69 kV transformers. The measurement and control implementation at the two wind
farms are similar.

The following measurements are taken at each wind farm: The instantaneous values of
voltage and current at the 66 kV side of the 66/0.69 kV step-up transformer, the
instantaneous values of voltage and current in the middle of the converter output filter
(between the series inductor and the shunt capacitor), as well as the DC input voltage to
the converter. These five measurement signals are passed through an anti-aliasing filter
and then sampled, where they are translated from the analogue into the digital domain.
The control models use the measured grid voltage as input to a phase-locked loop (PLL),
where the angular frequency w and phase angle wt are computed. The phase angle wt is
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an essential parameter that is required to implement abc-to-dq and dg-to-abc domain
transfers. These domain transformations take sinusoidal three-phase quantities and
essentially translate them into dc quantities for easier implementation in a digital control
system. The control system includes a reactive power control loop, a current control loop,
and a DC power control loop. The control system synthesizes a reference dq voltage which
is transferred into the three-phase domain using a dg-to-abc transformation. This
reference voltage waveform is compared with a triangular carrier waveform to perform
pulse width modulation (PWM). The PWM-generated pulses are passed as gate signals to
a six-pulse IGBT-based converter bridge, which fires the IGBTs. The phase and amplitude
of this reference voltage waveform are manipulated by the control system to inject the
desired amount of active and reactive power into the grid.

A high-level overview of the overall PSCAD model, showing the external grid voltage
source, transmission lines, transformers, and the wind farm modules to the far right, is
shown in Figure 4-1 below. Figure 4-2 provides a high-level overview of the wind farm
model, showing the converter output filter, as well as sub-modules for the converter
bridge, the DC side, as well as the controller module and its measurement signals.

B

D)

i .
¥

{

Figure 4-1 High-Level Overview of Overall PSCAD Benchmark Model

T T

Figure 4-2 High-Level Overview of Wind Farm Module
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Following extensive piece-wise building and testing of the PSCAD model, the entire
system, comprised of the external grid, both wind farms and all control systems, was
tested under steady-state and perturbed conditions to compare the response to the
MATLAB/Simulink model. Some tuning and adjustment were then affected until a
satisfactory response was yielded from the PSCAD model.

4.2 Frequency scanning component

PSCAD’s built-in Scenarios feature can be used to perform parameter sweeps on the
model to investigate their influence on the stability of different modes. The Scenarios
feature enables the user to define parameter sets using PSCAD’s dial, switch, and slider
components. Each parameter set saves the specific dial, switch, and slider component
input values to a specific scenario.

PSCAD is also used to perform frequency scans on the converter models. This screening
technique aims to determine if the converters offer any negative damping to sub-
synchronous frequency currents, which provides insight into their potential SSO behaviour.

Traditional frequency scan tools, which are typically built-in modules in power systems
analysis software packages, are not appropriate for this purpose. Power electronic
converters exhibit active and highly non-linear behaviour which cannot be accurately
captured by traditional frequency sweep tools. To obtain an accurate approximation for
the frequency domain behaviour of a converter, a frequency scan method for active/non-
linear elements needs to be applied.

Extensive research has been conducted in this domain [14], [15], [16] and [17], which lead
to the development of frequency scan techniques for active/non-linear elements which
have been validated in conjunction with leading original equipment manufacturers
(OEMSs).

Badrzadeh et al. [17] provide several practical considerations on its application, as well as
explanations as to why some other techniques fail in correctly capturing the converter’s
sub-synchronous impedance behaviour.

The method is based on a small-signal white noise excitation with a sub-synchronous
frequency spectrum that is superimposed on the steady-state, fundamental frequency
excitation waveform. For the application of this technique, the exact modelling of the
network is not important, and the network is best represented by a simple voltage source.
This also prevents potential background interference from the network side from
distorting the results.
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During the application of the technique, parameters must be tuned to obtain a white noise
signal with a magnitude that is sufficiently large to obtain meaningful results, and small
enough so that it does not introduce instabilities and interfere with the nominal operating
point of the converter. Key to this is determining a sufficient amplitude of the injection, as
well as tuning the individual phase angles of the injected harmonics. This is needed to
counteract the phenomenon associated with beat frequency interference, where
unwanted superposition can cause large spikes in the white noise signal which could
potentially interfere with the nominal operating point of the converter. To this end, a
quadratic phase shift, proposed by Jiang and Gole [18], can be applied. It is also
recommended to inject the harmonics in small bands, rather than the entire spectrum at
once since the effect of beat frequency interference becomes more pronounced with
larger bands of harmonics, and this can cause interference with the nominal operating
point of the converter.

Once sufficient white noise signals have been synthesized, the injected signals should be
analysed in the stable region, where their RMS values have settled to constant values. The
white noise voltage and corresponding white noise current that enters the converter can
then be used to estimate the virtual impedance, and consequently the virtual resistance
(damping), for sub-synchronous frequency ranges.

As part of the PSCAD model, a tool which performs the above-mentioned frequency
scanning method has been developed. In particular, an overview of the frequency scan
module is shown in Figure 4-3; the figure shows the schematics of the module and the
interface to modify the injection parameters, such as frequency range and increment,
ramp-up time, current magnitude, type of sequence, and phase shift. The frequency
scanning tool is fully built in PSCAD and requires no external modules to perform its
function. The frequency scanning module is also interfaced with the CIGRE benchmark
model that has been developed in PSCAD. The reader can find a review on the selection
of point of injection/measurement and type of injection in Section 4 of the WP1 report [1].
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Figure 4-3 Overview of the frequency scan module in PSCAD

The developed frequency injection module allows users to select between the two types
of injection shown in Figure 4-4. The DC injection method can inject multiple frequencies
at one go while the AC injection method injects only a single frequency. To give an idea
about the rough scale of difference in the frequency scanning time, let's assume that we
want to find out only the positive sequence impedance from 1Hz to 20Hz. The DC method
is configured to inject 2 frequencies at one go' so to scan up to 20Hz, there will be 10
injections from the frequency scan module (Figure 4-3). If each injection takes 60 secs,
then the total time will be 600 secs to get values from 1Hz to 20Hz. Compared to this
method, the AC injection will inject individual frequencies 20 times. The simulation time for
each injection is comparable for both methods. Therefore, it will take 1200 secs for the AC
injection method to get values from 1Hz to 20Hz. In reality, the second method will only be
used when there is coupling between sequence components. However, to accurately
capture the coupling, two separate injections are necessary for each frequency. This
means that to perform a scan from 1Hz to 20Hz using the AC injection method, the total
time taken would be 2400secs.

' The minimum setting is 2 frequency injections. This is a restriction from PSCAD. There is no upper
limit for the number of frequencies to inject in a single burst. However, due to the phenomenon of
‘beat frequency’, we advise not to inject more than 5 frequencies in a single burst. The frequencies
should be injected with quadratic phase shift.
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Figure 4-4 Two types of frequency injection technique in PSCAD, (a) DC injection (multi-frequency) and (b)
AC injection (single frequency)
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5 PSCAD Automation Module

At the core of the SSO Identification tool is the PSCAD automation module which takes
user selected options from the user interface and applies those changes to the network
model. Several steps are involved in the process, which are handled by the ‘pscad’ class
in the automation module. This is the only module in the SSO identification tool which
interfaces with the PSCAD API. Figure 5-1 provides an overview of the module and shows
the different functions available to interact with the software.

Class pscad

setup update

I
I

[a=y

1  get_pscad_object case_settings 1  run_project_cases

2 run_simulation_sets

2 load_pscad_project get_components

update_harmonic_

3  read_pscad_projects
i =Rl injection_module

4 pscad_settings 4 create_case copies

create_simulation_

5
sets

update_component_

6
parameters

7 create_scenarios

8 apply_scenarios

Figure 5-1 Overview of functions in the PSCAD automation module
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The ‘pscad’ class in the automation module has 14 different functions to break down the
overall tasks into smaller operations. All these functions are written as private i.e, they are
not intended to be accessed from any other module. The only publicly available functions
are a) ‘setup’, b) ‘update’ and c) ‘run’ and only these are available to any module
interfacing with the automation functions.

1. Setup

The setup function provides access to four private functions that are listed in the
diagram from 1to 4.

The first function a.l is the first step in the automation process and interfaces with
PSCAD’s python API to access the PSCAD object.

The second function a.2 loads the base case PSCAD project selected by the user
from the user interface.

Function a.3 reads the PSCAD project and accesses all necessary project settings,
parameters, and network components.

The last function a.4 applies the user specified (super user) PSCAD settings to the
project such as number of concurrent simulations, compiler selection etc.

2. Update

The update function provides access to eight private functions. Function b.l applies
PSCAD ‘case’ specific settings such as simulation time, simulation time step etc.

Function b.2 is an optional function and depends on user selection. When enabled,
all components in the base case network model are returned along with their
respective parameters as a csv output file.

Function b.3 updates the parameters of the frequency scan block in the network
model.

Function b.4 creates copies of the base case model depending on the number of
operational scenarios created by the user in the user interface.

Function b.5 creates simulation sets and assigns the case copies equally across
different sets. Currently, the functionality is restricted to just one simulation set. In
the next work package, we will explore the optimal allocation of cases in simulation
sets to speed up the simulation time.
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Function b.6 updates all component parameters requested by the user through the
scenario generator feature in the user interface of the tool.

Function b.7 creates ‘scenarios’ within PSCAD? based on the user defined
operational scenarios requested through the user interface.

Function b.8 applies the created scenarios in b.7 to the respective PSCAD cases.
3. Run

The run function offers access to two private functions. Function c.1 allows users to
run specific project cases sequentially. This is useful if the user wants to run only a
few cases for debug purposes.

Function c.2 runs the simulation set thereby implementing parallel run of PSCAD
cases. The number of parallel cases will depend on the specific PSCAD license
available to the user. The default number of parallel runs is set to eight.

2 Scenario feature in PSCAD is different from the scenario generator in the user interface of the tool.
To avoid confusion, we have used PSCAD-scenarios whenever to refer to native scenarios feature
within PSCAD.
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6 User Interface and Back-end Deployment Solutions

The user interface (Ul) of the SSO tool serves as the core implementation that will be
refined and developed further in WP3 (Work Package 3). The Ul acts as the primary means
for users to interact with the tool and access its features. It provides a graphical
representation of the tool's functionality and allows users to input data, configure settings,
and view results. This section describes the design of the Ul and some details around
implementation.

6.1 Overview and structure

The importance of the Ul lies in its role as a user-friendly gateway to the SSO tool. It allows
users, who may not have technical expertise or knowledge of the underlying code, to
effectively utilize the tool's features. By providing a visually appealing and intuitive
interface, the Ul enhances the user experience and increases the accessibility of the SSO
tool.

The Ul also enables the underlying code to be utilized for engineering more bespoke
features and processes. While the Ul may provide a predefined set of features, the
flexibility of the underlying code allows for customization and extension of functionality.
This means that as the SSO tool evolves and new requirements arise, the Ul can be
modified and expanded to accommodate these changes, while still leveraging the
existing codebase.

Online manual

Logo Tool name

Scenario generator
Case
Scenario 1 Scenario 2 Scenario 3
Topology 1 Topology 1 Topology 2
Side panel (hidden
by default) can be Dispatch Dispatch 1 Dispatch 3 Dispatch 3
access by a burger
icon P I
arameter Parameter 1 Parameter 2 Parameter 3
Fault level
Fault level 2 Fault level 1 Fault level 3
Contingency*

Figure 6-1 Scenario generator page
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This wireframe diagram represents the page where users can create custom simulation

scenarios using a kanban-style approach. It allows users to specify configurations and
group them into cases for simulation and SSO identification. The scenario selection
feature enables comprehensive exploration of all available and configurable parameters,
providing flexibility in designing simulation cases.

Logo Tool name Online manual
Simulation progress

Scenario

generator
Simulation

progress

Results /
visualisation

=

Figure 6-2 Simulation progress page

This wireframe diagram illustrates the page that shows the progress of simulations and
SSO identification processes. As these processes can be time-consuming, the Ul provides
a progress visuadlization feature to keep users informed about the current stage of the
overall process. This feature aligns with the flow chart in Figure 2-1, ensuring transparency
and clarity in the simulation workflow.
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Logo Tool name Online manual

Visualisation

Scenal’tIO Select folder
generator (default results)
Simulation Select case
progress folder
Results / Select
visualisation csv/database Visualisation
Select table
Select variable
pairs for
plotting

Figure 6-3 Data visualisation page

This wireframe diagram showcases the page dedicated to visualizing and comparing
results from simulations and identification processes. The Ul includes parallel plots,
implemented as matplotlib figures initially, which can be extended to use more interactive
libraries such as Plotly. This enables users to explore and analyse the simulation data in a
more detailed and interactive manner, enhancing their understanding of the results.

A screenshot of the actual user interface home page is shown below.
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6.2 Feature set

6.2.1 Scenario selection

This feature allows users to design custom simulation cases according to their unique
requirements. This is made possible through a kanban style interface which enables a
smooth organization and visualization of tasks. Each task represents a specific
configuration that is grouped into cases for simulation. In essence, this feature makes it
possible to conduct a comprehensive exploration of all configurable parameters and
identify possible SSO events.

6.2.2 Parameter/configuration definitions

Figure 6-4 depict an overview of the features that have been analysed to be considered
of parameters to define different SSO scenarios. These features can be classified into four
distinct categories, providing a structure for system adjustments. (i) Dispatch setpoints
involve tuning generator and compensation equipment parameters. (i) Manual
adjustments of physical parameters facilitate physical modifications to the system. (iii)
Topological adjustments mean altering the system structure by adding or removing
components. (iv) Fault perturbation conditions handle situations where there are large or
small disturbances in the system.
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Figure 6-4 Overview of preliminary SSO scenario features

Below we have included a screenshot from the ‘Select Simulations’ page that shows how

the different scenario attributes mentioned in Figure 6-4 can be selected from the UL
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6.2.3 Simulation execution

With this feature, users can select from various processes provided by the SSO tool engine.
This offers flexibility and adaptability in the simulation process, enabling the use of
different algorithms or methods to perform SSO identification.

6.2.4 Progress visualisation

Given the potential for lengthy simulations, this feature provides users with updates on
the progress of their simulations and SSO identification processes. This reduces
uncertainty about the stage of processing and keeps users informed about ongoing tasks.

A screenshot of the ‘Progress’ page from the Ul. This page has a log output window which
updates the user on the progress of the simulation. We have included a flow chart as well
which highlights each process in the analysis as the tool steps through the individual
modules.

Otnei
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Menu = @® Log output

A EMT model
[ ] > .
|
Operational
S scenarios
5 |
i EMT based impedance
1 Results scan

Results saved in
databases

6.2.5 Result visualisation and comparison

This feature enables users to visually compare simulation and identification process
results through parallel plots. It supports interactive libraries such as Plotly for an enriched
user experience, aiding users in exploring their data more effectively.
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A screenshot of the ‘Results’ page from the Ul. This page allows users to visualise both time
domain and frequency domain results of simulations. The different scenarios can be
explored in the meta table and then the user can either visualise a particular scenario or
plot multiple scenario results in a single graph to compare the responses.
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6.2.6 User assistance and support

This feature enhances the user experience with helpful tool tips, a bug-reporting
mechanism, and access to system logs. Tool tips describe tool functionality and process
outputs when the user hover over the respective inputs in the Ul. The bug reporting
mechanism allows users to flag issues for attention, while the log access provides visibility
into the detailed workings of the SSO simulation and identification engine.

The tool includes a control panel which guides users interactively through a step-by-step
process of using the different features of the tool. Screenshots from the control panel are
included below.
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7 Feature engineering and ML classifier

The automatic detection of SSOs is a critical part of the process as this will increase
engineering efficiency. This process is realised through a two-step process: 1) Feature
engineering based on measurements and 2) the application of a machine learning
classifier to distinguish between SSO and non-SSO events. Figure 7-1 depicts an overview
of the automated SSO detection within the overall identification tool. The figure shows that
EMT simulation results of SSO scenarios in the form of time domain signals will be fed to
the detection process to identify any oscillations in the signal (more details in Figure 7-3).
As explained below, the automated detection is based on signal processing and the
algorithm can be used to detect presence of SSO in time-domain signals from any
sources such as EMT simulation results or PMU data.

Filtered scenarios Identified SSO events
PMU data/
synthetic data EMT simulation

Trained Machine Automated
Learning model SSO detection

Figure 7-1 Overview of automated SSO detection.

This section provides an overview of these two crucial steps, emphasising the importance
and detailing the process of feature computation and machine learning classification.

7.1 Feature Computation

The first step in the automatic detection of SSOs involves feature computation. This
process is achieved by segmenting the signal into overlapping parts of a predetermined
duration. This segmentation not only reduces the memory size occupied by the features
but also increases resilience against fluctuations in the signal, thereby enhancing the
efficiency and accuracy of the detection process. Four distinctive features are engineered
based on the measurements, namely Feature 1, Feature 2, Feature 3, and Feature 4.

— F1
Phasor
measurement . Denoise Segmentation F1-F3 Nl LIl —> F2
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Instantaneous F4
g Segmentation . F4
measurement computation
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Figure 7-2 Feature engineering pipeline extended with perturbation sources.

Feature ], or the ‘Trend’, is a key component in distinguishing oscillatory signals from non-
SSO data due to its ability to identify periodicity. It decomposes a signal into regions of
constant or increasing and decreasing magnitudes, looking for a repeating trend.
However, it's crucial to use phasor measurements instead of time measurements to avoid
misinterpretation of trends in current and voltage signals. To handle real-world data,
improvements include checking sequences for points above a certain threshold to
mitigate the impact of random noise fluctuations, using a peak detection and sequence-
removing algorithm to address non-significant sequences around maxima and minima
in the phasor, and adjusting the original method to accommodate non-integer multiples
of the sampling period in the SSO.

Feature 2, also known as the ‘Envelope Variation Index (EVI)’, is designed to detect
constant magnitude changes within the repetition period of SSO signals. It identifies
variations in the signal's envelope by detecting peaks and valleys in a signal segment. The
variance in these peaks and valleys, relative to the data variance, and their quantity,
contribute to the value of Feature 2. In SSO signals, the phasor signal is periodic with a
well-defined envelope, resulting in fewer peaks and valleys and less variance, hence a
lower Feature 2 value. Non-SSO signals, on the other hand, have more peaks and valleys
with significant variance, resulting in a higher Feature 2 value. Adjustments are made to
handle real-world data, such as evaluating different scenarios to infer the value of Feature
2 when variances are undefined due to too-small segmentation.

The third feature, the’ Length of Stationary Subsequences (LSS)’, measures the extent of
change in adjacent amplitudes of the phasor. During Subsynchronous Oscillation (SSO)
events, the amplitude changes significantly, resulting in fewer stationary subsequences
and a lower value for this feature. In contrast, non-SSO measurements have more
stationary subsequences due to minor changes in the phasor magnitude caused by
noise, resulting in a higher feature value. The threshold for determining stationary
subsequences is highly dependent on the sample rate and data range, requiring careful
selection for each source.

The fourth feature, the ‘Fourier Transform Index (FTI)’, is computed based on the
periodogram of a signal and is used to identify the presence of SSOs in a signal. The FTl is
calculated by comparing the Power Spectral Density (PSD) of significant frequencies in
the signal to the PSD of the fundamental grid frequency. For signals without SSOs, the FTI
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will be zero as there are no additional peaks in the frequency spectrum. However, for
signals with SSOs, the FTI will be non-zero, with a higher value indicating more significant
frequencies or higher PSDs. The computation of the FTI involves several steps, including
the application of a windowing function to reduce spectral leakage, zero-padding to
improve frequency estimation and the identification of significant frequencies based on
a defined threshold. The FTl is robust against varying noise characteristics and is effective
in indicating the presence of SSO events in a signal.

The first three features are computed on the phasor measurement, focusing on the trend,
the volatility of the envelope, and the presence of stationary subsequences in the signal.
These features exploit the inherent differences between oscillatory and non-oscillatory
signals, thereby enhancing the ability to detect SSOs. The fourth feature, known as the
Fourier Transform Index (FTI), is based on the frequency spectrum. The FTI provides a
measure of how the energy of the off-nominal frequencies relates to that of the
fundamental frequency, with a higher value indicating an SSO region.

7.2  Machine Learning Classification

The second step in the detection process involves the application of a machine learning
classifier. This classifier is used to distinguish between the feature values during SSO and
non-SSO regions. The classifier's pipeline consists of three stages: scaling, classification,
and voting. The scaling step is crucial as it ensures the proper functioning of the detector
across different sources by normalising the output range of the features.

Two classifiers are implemented to handle the different durations of the segments. The
first classifier, based on Support Vector Machines (SVMs), predicts using features 1to 3.
The second classifier, based on an optimised Random Forest (RF) structure, works on
feature 4. Both classifiers demonstrate outstanding performance in predicting SSOs on
both instantaneous and phasor measurements, thereby meeting the requirements for
scalability and explainability.

7.3 Structure of the Classification Module in the tool

The classification module within the tool is designed to execute the entire classification
pipeline for predicting SSO events, which includes feature extraction, constructing the
sample-feature matrix, training the classifier, and predicting SSO events on a new
measurement.
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The classification module is initiated by reading the results from the PSCAD Automation
run. This process reads from a CSV file that indicates if EMT analysis is required for
classification. The CSV file contains two columns: ‘Case_scenario pair and 'EMT Required’
and contains information related to all SSO scenarios (case_scenario pairs) under studly.
If a case_scenario has been identified as SSO risk, it will be flagged as
EMT_Required=True. If the corresponding row for 'EMT Required’ is ‘YES', then an EMT
simulation will be run for the specific case_scenario pair. The classification module takes
the simulation results from the case scenario pair and process the corresponding time-
domain signals to verify if the signals indeed have an SSO event. At the end of the process,
a CSV file with a list of SSO risk scenarios is generated indicating any identified SSO events.

Stability assessmentin

frequency domain

EMT Required List of SSO Scenarios

classified into SSO risk

PSCAD

Simulation
module Testl_Scenario3 No

Testl S io4 N
estl_scenario © List of SSO Risk Scenarios

with verified SSO event

Case-scenarioPair _|ssOkvent ______|

Classification Testl_Scenariol YES (Risk with SSO event)

. . | Module . . .
Testl_Scenario2 NO (Risk without SSO event)

Figure 7-3 Classification module integration with the SSO Identification Tool.

The classification module is implemented using Python and is structured into four main
steps:

e Step 1 - Feature Extraction: The initial step of the classification module is feature
extraction, which is crucial for determining optimal parameters. The objective here is
to adjust the parameters so that the features yield distinct values during periods of
SSO and non-SSO events. To achieve this, the feature extractor class is instantiated,
and the run_feature_computations function is invoked. This process ensures that the
features are accurately extracted, setting the foundation for the subsequent steps in
the classification module.

e Step 2 - Construct the Sample-Feature Matrix: The second step involves constructing
the sample-feature matrix and the label vector. In this phase, features are computed

for all files in the provided data folder, using either default settings or user-specified
parameters. The same settings that yielded the best results in the feature extraction
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phase are employed here. The construction of the sample-feature matrix and label
vector is a pivotal step as it prepares the data for the training of the classifier.

» Step 3 - Train the Classifier: The third step is dedicated to training the classifier. Once
the features have been extracted and the sample-feature matrix constructed, the
classifier can be trained using this data. The classifier is created, and the data is
inspected. The classifier is then fine-tuned and fitted to the data. This step is crucial as
it ensures that the classifier is optimally trained to distinguish between SSO and non-
SSO events, thereby enhancing the accuracy of the predictions in the final step.

e Step 4 - Load a New Measurement and Predict: The final stage of the classification
module involves applying the trained classifier to new data for SSO prediction. Features
are computed on different segments of the new measurement, mirroring the process
undertaken during training. Each segment is then individually assessed by the
classifier to predict the occurrence of an SSO event.

A voting mechanism is subsequently implemented to derive a conclusive label for the
entire measurement, based on the number of segments predicted as SSO events. This
final prediction indicates whether an SSO event is likely to have occurred, showcasing the
classification module's capability to accurately apply the trained classifier to new data. A
detailed discussion on the verification/validation of the machine learning classifier was
included in Section 8.5 of the WP1 report [1].
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8 Software Testing

Software testing is a critical process that ensures the quality and reliability of software
applications. It involves systematically examining software components and
functionalities to identify defects and errors. The importance of software testing lies in its
ability to minimize risks, enhance user experience, and improve overall software quality.
The advantages of software testing include early defect detection and validation of
software requirements. However, testing can be time-consuming and resource-intensive,
and it cannot guarantee the absence of all defects. A balanced approach that combines
rigorous testing with effective development practices is necessary to achieve optimal
results.

V-model for software development and testing (see Figure 8-1) establishes a strong
connection between software testing and the different stages of software development.
It emphasizes the parallelism between development activities and their corresponding
testing activities, ensuring that testing is integrated throughout the entire software
development life cycle (SDLC).

W\ ] A
User Specifications } [ Acceptance Testing
\\‘\ {/ !/
Spsegi[;:: :{iins System Testing
\\i\ \—,’——ﬁ ., ;
N\ / /
‘ Detailed Design H Unit Testing ‘

Figure 8-1 V-model for software development and testing.

The V-model highlights the importance of early and continuous testing by mapping
testing activities to each development stage. As the development progresses from
requirements gathering and analysis to system design, module design, and coding, the
corresponding testing activities move from test planning to test design, test execution,
and verification/validation.

By following the V-model, software testing becomes an integral part of the development
process, enabling early defect detection and addressing issues at their root. The V-
model's structured approach ensures that testing is aligned with the defined
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requirements and specifications, facilitating better risk management and quality
assurance. It promotes collaboration between developers and testers, as both parties are
involved throughout the process, leading to improved communication and a shared
understanding of the software’s functionality and quality objectives.

Overall, the V-model strengthens the connection between software testing and
development by emphasizing their parallel nature and promoting the integration of
testing activities across the SDLC. This approach helps ensure that software testing is not
an isolated activity but an integral part of the development process, contributing to the
delivery of high-quality software products.

8.1 Unittesting

Unit testing is a software testing technique that focuses on evaluating the individual
components or units of a software application in isolation. It involves testing the smallest
testable parts, such as functions, methods, or classes, to ensure their correct behaviour
and functionality. Unit tests are typically written by developers and executed frequently
during the development process to detect defects or errors within the units themselves
and to verify that they produce the expected outputs when provided with specific inputs.
Unit testing helps improve code quality, facilitates early bug detection, supports
refactoring efforts, and promotes modular and maintainable software design.

8.2 Integration Testing

Integration testing is a software testing approach that validates the interactions and
interfaces between different components or modules of a software system. It focuses on
testing the integration points where the individual units come together to form a cohesive
system. Integration testing aims to uncover defects or issues that may arise due to the
interactions between these components, such as data inconsistencies, communication
failures, or functionality conflicts. It ensures that the integrated components work correctly
together and that the system functions as intended. Integration testing plays a crucial
role in identifying and resolving integration-related problems early in the software
development life cycle, ensuring a smooth and seamless integration of various
components and minimizing the risk of potential failures in the production environment.

8.3 System Testing

System testing is a comprehensive software testing process that assesses the behaviour
and functionality of an integrated software system. It aims to validate that the entire
system meets the specified requirements and performs as expected in different real-
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world scenarios. System testing covers end-to-end testing, where the system is tested in
a simulated production-like environment, including all components, interfaces, and
external dependencies. It focuses on evaluating the system's functional and non-
functional aspects, such as performance, security, reliability, and usability. System testing
helps ensure that the software system meets the desired quality standards and is ready
for deployment, providing confidence to stakeholders that it will meet user needs and
expectations.

8.4 Acceptance testing

Acceptance testing is the final phase of software testing, typically performed by end-
users or stakeholders, to determine whether a software system meets the specified
requirements and is ready for deployment. The primary purpose of acceptance testing is
to validate that the system satisfies user needs and expectations and can be accepted
for actual use. It focuses on verifying that the software functions correctly in real-world
scenarios, meets business requirements, and aligns with the intended use cases.
Acceptance testing ensures that the software system is reliable, usable, and fulfils the
desired functionality from the perspective of the end-users. This testing phase acts as a
crucial gatekeeper before the software is deployed, allowing stakeholders to make an
informed decision regarding its acceptance and readiness for production use.
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9 Conclusions

In conclusion, this project report has presented the development and implementation of
an SSO identification tool, which aims to address the challenges associated with
detecting and analysing sub-synchronous oscillations in power systems. Through the
exploration of frequency domain methods, including impedance scan methods and the
grey box approach, the tool provides valuable insights into the dynamic behaviour and
impedance characteristics of the system. The integration of the CIGRE Benchmark and
PSCAD model further enhances the tool's capabilities, allowing for accurate frequency
scanning and modelling efforts. The user interface and back-end deployment solutions
offer a user-friendly experience, enabling efficient scenario selection, parameter
configuration, simulation execution, and result visualization. Leveraging feature
engineering and machine learning classification, the tool provides advanced techniques
for identifying SSO phenomena and enhancing the understanding of power system
stability. The comprehensive software testing ensures the reliability and accuracy of the
tool. Overall, this project contributes to the field of SSO analysis by providing an effective
and practical solution for power system engineers and operators to detect, analyse, and
mitigate sub-synchronous oscillations, thereby improving the stability and reliability of
power systems.
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Appendix A: Cigre benchmark model

CIGRE WG on Multi-frequency stability of converter-based modern power systems has
developed a benchmark system to study the SSO phenomenon. In [19] [20] , various
methods are described that can identify and possibly mitigate frequency instabilities in
converter-based power systems. The CIGRE benchmark model is used in MATLAB Simulink
to investigate and validate the effect of the proposed methods.

Overview

The benchmark system consists of two identical GFL Wind Turbine Generator (WTG)
strings, and inverters connect both to the grid. The grid is modelled as a voltage source
with a grid impedance. In [19] [20], various methods are described that can identify and
possibly mitigate frequency instabilities in converter-based power systems. A test bench
was created to investigate and validate the effect of the proposed methods. The system
is depicted in Figure Al.

The testbed is at its “stability boundary, i.e., the system is poorly damped, and even small
parameter variations can lead to instability” [20]. This is also seen from the eigenvalue
analysis, showing multiple undamped oscillatory modes (Figure A.3). Note that the modes
are not exclusively from the SSO range but also include interactions in the harmonic

range.
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Figure A. 1 Simple representation of the CIGRE test bench. Image from [20].

The authors list the grid's Short-Circuit Ratio (SCR) as the main contributor to the SSO. The
damping of the DC voltage control loops in the aggregated WTG strings and the Phase
Lock Loop (PLL) decreases with the SCR and becomes unstable below S, <
1100 MVA and S,, < 750 MVA respectively [20]. This means that by varying S,, different
scenarios with oscillations can be created.

Steps are applied in the grid voltage, AC and DC voltage references of the inverters, and
the DC side's power to excite these oscillations. Measurements are recorded at three
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points (see Figure A.1): one WTG string (WFT1), the point of coupling of the strings (POC) and
the grid side (Grid). Moreover, both the current and voltage are measured. This is done to
test the features on different signals at different points in the system where the SSOs might
be more or less prominent. This means that six measurements are recorded per scenario.

General controller architecture
Both wind farm models use PLL to calculate the angle used for the dq0-transformation.

Also, in the first case, the (AC) voltage is not regulated in a separate block. In the second
case, a separate Pl controller exists for this purpose. An overview of the grid-following
controller is seen in Figure A2.
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Figure A. 2 The implemented grid-following controller of the first case. Image from [19].
The reactive power control loop

The reactive power setpoint is computed using the voltage droop controller and the
measured reactive power in both models.

The method is not important for the creation of oscillations. However, case 1 allows
defining the setpoints from a MATLAB script, while in case 2, the setpoints must be set
inside Simulink. This makes case 2 unattractive for the simulation of multiple scenarios.

The current control loop

The current control loop is used to implement the desired power outputs (setpoints in iy,)
in the system. These setpoints are computed from the AC-voltage droop controller and
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the DC-voltage (Ist model) or directly from PQ setpoints passed through a voltage
regulator (2nd model).

The current control loop in the first model has a variable gain K¢, which can be changed
to move the poles into a stable region (see the section below). In the second case, this
parameter is absent, meaning an equivalent gain of K¢, = 1. This should result in unstable
operation.

Also, the difference between the measured current and the current setpoint is handled
differently. In the first case, it is passed through a PI controller; in the second case, a P
controller is used.

Moreover, in the first model, the difference in current over the transformer is passed
through the active damping gain and used as well in the computation of the reference
dg-voltage. In the second model, this is done only over i, (the current output at the WTG
string).

Finally, a decoupled i., is used in the first model to compensate for the interaction
between the axes. If properly implemented, this should reduce the effect that a change
on one axis has on the other axis by predicting the interaction and subtracting it from the
other. Note: this only works well under balanced conditions. If the system is imbalanced,
some coupling will occur. This is not done in the second model.

The output stage

An output stage converts the computed dqO-voltage setpoint into an AC voltage by
computing a duty cycle m for the PWM modulator.

The DC power control loop

In the first model, the DC side is implemented with a variable power output which is given

by a step function passed through the transfer function H(s) = 5 5;1 and converted back

into a current setpoint. In the second model, the DC side is modelled as a constant voltage
source. This difference in implementation means changing the DC side power is only
possible in the first model.

Oscillatory modes

The testbed is at its “stability boundary, i.e. the system is poorly damped, and even small
parameter variations can lead to instability” [20] . This is also seen from the eigenvalue
analysis, showing multiple undamped oscillatory modes (see Figure A. 3). There are a
couple of unstable high-frequency modes and some low-frequency modes. The latter is
in the SSO range.
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Figure A. 3 Eigenvalue analysis for the base case configuration of the CIGRE test bench.
Image from [20].

It is possible to mitigate some of these modes by changing system parameters. The
current control gain K, is located inside the Pl controller of the current controller of the
control system. It multiplies the difference between the reference current from the power
control block and the actual output current with this gain to find (part of) the output dg-
reference voltage. This means that this part ensures that the reference setpoint of the
power control loop is satisfied. This parameter has a limited effect on the oscillatory
modes.

The voltage feedforward gain K, is located inside the current controller of the control
system. It multiplies the voltage at the output of the WF (after the transformer) with this
gain to calculate the output dg-reference voltage. This term is used to ensure the desired
voltage after the transformer. Decreasing this parameter from 1 to 0.7 p.u. damps the
oscillations at 1271 and 1370 Hz (see Figure A. 4).
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Figure A. 4 Parameter sweep of K. Image from [20] .

The active damping gain K, is located inside the current controller of the control system.
It multiplies the difference in current over the transformer with this gain to find (part of)
the output dg-reference voltage. This term is used to filter the harmonics across the
transformer actively. Increasing this parameter stabilises the higher-order oscillatory
modes. Increasing this parameter from 0.2 to 0.5 p.u. successfully damps the oscillatory
modes at 1271, 1273, 1370 and 1372 Hz (see Figure A. 5).
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Figure A. 5 Parameter sweep of K 5. Image from [20] .

The strength of the grid influences the oscillatory modes in the SSO range. A weak grid,
e.g. S, = 600 MVA, has a Short-Circuit Ratio (SCR) of 1.43. On the other hand, a strong grid
with S, = 3000 MVA has an SCR of 7.14.
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In Figure A. 6, the impact of the SCR on the lower frequency modes is seen. The DC voltage
control loop causes the top SSO, while the PLL is responsible for the lower mode [20]. The
modes become damped when the SCR increases.
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Figure A. 6 Parameter sweep of the grid’s SCR. Image from [20].



0 Otnei NESO L=

National Energy
’ ’ ' System Operator

Public
WP2 Report SSO Identification Tool

Unfortunately, changing the control parameters did not seem to reduce the oscillations,
as suggested in [19] . Possibly, the sweep was done on a different model. Alternatively, the
effect of varying the parameters is derived from the system’s state-space representation
without it being reflected by the model. The model produces both subsynchronous and
harmonic modes and it is not possible to create only subsynchronous modes in the
system. Since we are focusing on SSO only, we filtered the time domain results to keep
only SSO frequencies during the machine learning model training. A low-pass filter could
be applied to isolate the low frequencies from the measurements.

Changing the SCR did show the expected results, showing no oscillations at high SCRs
(Figure A. 77), while the spectrum is full of them at lower SCRs. The spectrogram diagrams
are showing the frequency content of a time domain signal when a window of a certain
size is moved along the signal. The x-axis is showing the different frequencies, and the y-
axis is showing the presence of these frequencies at different time instance of the signal.
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Figure A. 7 Spectrogram of the voltage at POC for S, = 3000 MVA
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Events

There are several events added to the test bench which excite the oscillations. Initially, the
system is marginally stable, and events require the network to move towards a different
state. Because the system is hardly stable, even small perturbations are sufficient to
induce oscillations.

There are four possible events: a step change in the grid voltage, WF power output change,
AC voltage reference change and DC voltage reference change. Their meaning is
discussed below.

Step in the grid voltage

A step in the grid voltage indicates an event on the grid side. The grid-following converters
will try to follow this voltage level.

Step in the WF power

The power output of the WF can change. This change can be natural when the availability
of wind causes it. However, the grid operator can also request an amount of active power
to be delivered. Some turbines may be turned off, and the setpoint changed for the other
turbines to satisfy the operational point. The mechanical power also needs to be adjusted
to reflect this new setpoint. Because the pitch control is slow to react, there is a temporary
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mismatch causing a change in voltage. The converters must cope with the increased
voltage level; if not, oscillations will occur.

In the test bench, it is possible to change the active power output of each wind farm
individually.

Step change in AC voltage reference

A step in the AC voltage reference is effectively a step in the reactive power setpoint. A
change in this setpoint could be caused by a transformer tap action, as required by a
contingency, or to minimise transmission losses. .

Step in the DC voltage reference

When a fault occurs on the AC side, the power output drops, but DC power persists
because of the mechanical input (wind). The DC power is ramped down but slower,
meaning that there is much more power produced than there can be delivered to the grid.
This energy needs to go somewhere and results in the capacitors being charged, causing
the DC voltage to go up. This is simulated by changing the DC voltage reference. This
increased level persists until a crowbar is connected to discharge the system.

Default events
The oscillations in the test bench are excited by chaining all events together.

First, a grid step of 0.02 p.u. is applied at 1 second. Next, the WF MW outputs are increased
from O to 1 p.u. at 5 seconds for WFl and at 10 seconds for WF2, respectively. This
corresponds to increasing the power output of each string to its nominal power. After that,
the AC voltage reference is decreased from 1.05 to 1.03 p.u. because some tap changes
are needed for power transport. This happens 12 seconds into the simulation.
Finally, at 15 seconds, the DC reference voltage reference is reduced from 2 t0 1.98 p.u. This
is because the new active and reactive power setpoints cause a temporary mismatch
between the requested and delivered power.

One of the resulting spectrograms is seen in Figure A. 88. It is possible to see how the
various events excite the modes differently.
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Appendix B: Review of impedance scan methods

1. A Modified Sequence-Domain Impedance Definition and Its
Equivalence to the dq-Domain Impedance Definition for the
Stability Analysis of AC Power Electronic Systems [2]

e The main contribution of the paper is a method to determine the sequence
impedance of a Source-Load system, enabling the identification of frequency
coupling in the sequence domain.

¢ Frequency coupling has an impact on the stability performance of the Source-
Load system. A system with frequency coupling will be less stable in
comparison with a mirror frequency decoupled (MFD) system.

e Sources of frequency coupling in IBRs are PLL, asymmetrical implementation of
dq axis controllers, DC-bus voltage control, and active and reactive power
controllers.

e Sources of frequency coupling on synchronous machines are rotor saliency,
poorly tuned PSSs, and frequency and voltage control loops.

e The eigenvalues of the d-q impedance matrix are equal to those obtained by
the modified sequence domain impedance (MSDI) matrix.

Key features of the reviewed method

e The method relies upon the definition of the modified sequence domain
impedance (MSDI) matrix, which uses the relation between phasors in the dq
domain with the corresponding phasors in the sequence domain.

e The off-diagonal components of the MSDI matrix Z,, (below) allows the
identification of the influence of a positive sequence current on the negative
sequence voltage, and vice versa.

e The eigenvalues of the dg impedance matrix are equal to the MSDI matrix.

e Figure B. 1 shows the circuit equivalents of the impedance matrices in both
domains. If a system is mirror frequency decoupled the off-diagonal
components of Z,,are zeros; the current dependant voltage sources in the
sequence domain are not necessary.
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e Simulation results showed that systems which have mirror frequency coupling
have less stability margin in comparison with those mirror frequency decoupled.
Sources of frequency coupling are PLL; converter current controllers with unequal
structure of parameter values in the d and g axes; dc-link voltage control
systems; active and reactive power controllers; and salient poles synchronous
machines.

e A drawback is that the authors did not specify the selection of the perturbation
signals. They only mentioned that the two perturbation signals must be linearly
independent; for that, the perturbations defined in dg domain must have
different frequencies.

e Another drawback is the lack of explanation of the stability analysis process.
There is no clear procedure to process the MIMO system (2x2 sequence
impedance matrix), to produce the stability analysis (multiple Nyquist plots) and
the application of the generalised Nyquist criteria.

/ mirror frequencies \’
Dy

; _ W, =, +
@, = @y, — @ 'y ig T

frequency

L s
I Z(M Z(Jf}

Y sequence domain \

NB: positive sequence shunt
current injection assumed

Figure B. 1 Circuit representation of frequency coupling using dq and sequence domain.

Summary of the proposed method

1. The method requires the injection of two test signals in abc domain.

2. Storing the time-series response (voltage and current) of source and load
subsystems.

3. Transform the stored signals to dg domain and perform FFT.
Extract the magnitude of the components at the frequency of interest.

5. Calculate the dg impedance matrix.
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6. Obtain the sequence impedance matrix using dq to abc transformation.

2. Sequence Impedance Measurement of Utility-Scale Wind
Turbines and Inverters - Reference Frame, Frequency Coupling,
and MIMO/SISO Forms [3]

e Active devices like IBRs have a frequency-coupled response due to their
configuration; in practical terms, an injection of a positive-sequence voltage
perturbation produces a negative-sequence current, in addition to the positive-
sequence response. Therefore, the off-diagonal elements of a matrix transfer
function (impedance or admittance) will likely be not zero for IBRs.

e The frequency coupling is significant at low frequencies, below a couple of
hundred Hertz; therefore, the SSO analysis must be considered in the screening
method.

¢ The sequence impedance of active devices has a reference frame. To ensure the
phase alignment with the phase-A voltage, a correction of the Fourier
components was introduced. The correction aligns the starting point of the data
window of the FFT with the fundamental component of phase A voltage.

Key features of the reviewed method

¢ The method enables the computation of the sequence domain admittance
matrix containing frequency coupling components (off-diagonal terms).

e The 2x2 matrix is a MIMO system that can be reduced to a SISO system. If the
impedance from the grid side Z, (see Figure B. 2)does not show frequency
coupling, it is possible to reduce the system to use Nyquist and Bode plots to
study the stability of the system.

¢ The method provides a compensation procedure to align the FFT components
of the data corresponding to the measurements, with the peak of the
fundamental component of the phase A voltage.
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Figure B. 2 SISO representation of the system.

Summary of the proposed method

1.

3.

4.
5.

Select a frequency s and inject two test signals in the sequence domain. One at
positive sequence frequency (s +jw;) and another in negative sequence
frequency (s — jw,).
Perform FFT analysis and extract 4 sets of components for both injections.

For the first injection; positive sequence injection.

Voltage V,(s + jw;)(q) at positive sequence perturbation frequency

Current I,(s + jw;) (1) at positive sequence perturbation frequency

Voltage V, (s + jw;) 1) at negative sequence perturbation frequency

Current I,(s + jw;) (1) at negative sequence perturbation frequency

Repeat for the second injection, negative sequence injection.

Estimate the correction factor and apply the compensation to the phases of
Fourier components.

Obtain the sequence domain admittance matrix Ypy

Select another frequency s from the frequency interval of interest.

3. Impedance Modelling of Three-Phase Voltage Source Converters

in DQ, Sequence, and Phasor Domains [6]

« The coupling between grid side impedance (AC and DC) and DC side
impedance cannot be neglected. The coupling plays an important role in low-
frequency resonance, which is not captured by decoupled methods.
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e The stability analysis of the frequency response converting sequence domain
into dg domain is crucial to produce an accurate assessment.

e Poorly tuned PLL introduce unstable resonance between the control loop and the
grid impedance. Those comparisons are possible using the proposed linear
transformation between different domains (sequence, dg, and phasor)

4. Impedance-based stability criterion for grid-connected inverters
[4]

« The effects of grid impedance on grid-connected inverter stability can be
studied by using a simple small-signal model involving the grid impedance and
the inverter output impedance.

e Under the assumption that the inverter is controlled as a current source and is
stable when operating with an ideal grid, it will remain stable with a nonideal grid
if the ratio of the grid impedance to the inverter output impedance satisfies the
Nyquist criterion.

e The analysis also indicates that grid-connected inverters should be designed to
have as high output impedance as possible to be able to operate with a wide
range of grid impedances.

Key features of the reviewed method

e The method provides a stability assessment criterion based on grid and IBR
output impedance scan.

e Once the grid side and IBR impedances are obtained from frequency scans, the
bode plot of both impedances can be computed. The phase difference needs to
be checked at frequencies where the magnitude of the grid side impedance is
equal to the IBR impedance. If the phase difference between the grid side and
the IBR side is closer to 180 degrees, the system will have lower damping for
harmonics at that frequency.

5. Reactance scan crossover-based approach for investigating
SSCI concerns for DFIG-based wind turbines [7]
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e Decoupled analysis for WTG side and system side. The analysis focuses on the
crossover reactance on the network side (driving point reactance scan) to
define a potential SSO, checking the resistance of the WTG side.

e The analysis showed potential SSO not only for radial connections but also for
meshed (close to radial).

e There is a higher SSO risk for scenarios with faults, in comparison to those only
with outages.

Key features of the reviewed method

e The method provides a tool to identify potential SSCI by combining two scans.
The driving point scan to obtain the system impedance is performed using
PSCAD harmonic injection (Method 1 in Figure B. 3). The method of harmonic
injection is suitable for systems with active components like WTG.

e If the system reactance has crossover frequencies, which means that the
reactance crosses from positive to negative, and vice-versaq, the system may be
at risk of SSO.

e The system reactance scanis combined with the WTG scan. In this case, the WTG
is disconnected from the system and connected to an ideal source.

» The condition for SSO risk for a given system condition (dispatch, network
outages, etc) can be defined as follows “If there are reactance crossover on the
system and those frequencies have negative resistance on the WTG scan, then
there is a risk of SSO” (see Figure B. 4).

e The method is simple and easy to implement and interpret.

¢ The method requires performing two sets of harmonic injections; one with the
system with the WTG, and another with the WTG connected to an ideal voltage
source. The drawback is the amount of computation required to perform the
scans.
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Figure B. 4 Resistance and reactance of the WTG.

Summary of the proposed method

1. Define system condition. Introduce changes on WTG dispatch or the status of
branch elements in the network.

2. Perform a harmonic impedance scan and obtain the system reactance as a
function of frequency.

3. Perform a harmonic impedance scan of the turbine connected to an ideal
voltage source and obtain the WTG resistance as a function of frequency.

4. Verify the if the frequency of the system reactance crossover also has a
negative resistance on the WTG impedance. If so, the system has a potential
risk of SSO under the given condition.

6. A Refined Frequency Scan Approach to Sub-Synchronous Control
Interaction (SSCI) Study of Wind Farms [5]
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¢ A detailed mathematical explanation of frequency coupling due to d-q saliency.
In the analysed DFIG WTG the effect of different gain values Kd and Kq results in
the creation of new harmonics components (frequency coupling).

e The derivation of impedance considering frequency coupling improves the
accuracy of the detection of potential SSO risks.

Key features of the reviewed method

¢ The method can identify when there is a source of mirror frequency coupling on
the WTG side. The inclusion of a term accounting for frequency coupling makes
the method more accurate in comparison with standard methods that assume
that the frequencies are decoupled.

¢ The method is easy to implement, but it is computationally intensive; it requires
two perturbations for each frequency under study. However, it does not need to
scan the grid and WTG independently.

» The new method (considering frequency coupling) also uses the reactance
crossover frequency based on the total impedance to identify SSO risk (see
Figure B. 5).

== Zgrid
0.4 H « Ztotal (old method)
— Ztotal (new method)| e

R(pu)

0 10 20 30 40 50 60

Figure B. 5 Resistance and reactance of the whole system.

Summary of the proposed method

1. Establish a steady state operating condition of the system under test (e.g.
power, and reactive power out of the WTG (see Figure B. 6), terminal voltage,
frequency). Record the steady state quantities with a known Z,,.
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2. Inject a perturbation signal at 1, and measure voltage and current at the same

frequency.

3. Inject another perturbation at 2, which must be at the coupling frequency of

f1, and measure the voltage and current at the same frequency.

Repeat until f1 sweeps the range of frequencies under study.

5. Define another known test impedance ZZ,, and repeat the previous injection

steps.

6. Solve the equation for self-impedances.
Solve the equation for coupling impedances.
Finally, obtain the total system impedance.

Stiff Source > Zyotal > ZWNTG
Z] | Vot+Viest Ziost
O ————1—@
?I A |0+ltest
o> o>
Perturbation

Figure B. 6 Setting for WTG scan.
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Appendix C: Additional grey-box results

The white box reference results for the Layer 1 analysis of the 20 Hz SSO mode were
discussed in Section 3, where the Layer 1 analysis correctly identified that Apparatus 12 is
the main apparatus participating in the mode.

The other poorly damped mode which is well captured by the vector fitting is at
approximately 5.5 Hz. Figure C. 1 and Figure C. 2 show that the vector fitting extracted the
residues and generated the Layer 1 results well, identifying that Apparatus 3 is the main
contributor to the mode (with the state-participation factors confirming the analysis in

Figure C. 3).
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5.2% 1.0%%
4.1%
0
-0.5F I
A . . . .
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Figure C. 1Layer 1 & Layer 2 analysis using the white box model.
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Layer 1 (grey-box), Mode: -0.10 + 5.500j, Fit Order 10

Apparatus 2

Apparatus 1

Apparatus 12

Apparatus 3 Apparatus 6

Figure C. 2 Layer 1 analysis using the vector fitting results and the grey box method.

Mode: -0.08 + 5.56 i Hz
I Device3

I Device3
N Line
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Figure C. 3 State participation factor results for the 5.5 Hz Mode

However, there is also a scenario where the vector-fitting does not perform as well. It can
be seen in the zoomed mode plot (Figure 3-4 (b)) that the vector fitting only identifies one
mode where there is a cluster of three modes. As might be expected, the identified
residues are incorrect and the Layer 1 analysis identifies the Apparatus 1, 2, 6 and 8 as all
contributing to the mode. As can be seen in Figures C. 5 to C. 7 this is a rough
amalgamation of the individual results for the three modes.
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Layer 1 (grey-box), Mode: -0.10 + 2.100j, Fit Order 10

Apparatus 2

Apparatus 1

Apparatus 13

Apparatus 3 Apparatus 12

Apparatus 11

Apparatus 8
Apparatus 6

Figure C. 4 Layer 1 analysis using the vector fitting results and the grey box method.
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Figure C. 5 Layer 1 & Layer 2 analysis using the white box model.
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Mode: -0.11+2.17i Hz Impedance Participation Level-2 Real (Normalized to 1)
Impedance Participation Level-1 051
1.2%
13.9%
0
051

In11 edance Participation Level-2 Imag (Normalized to 1)

05F
-Device1
0
- Device2 84.3%
0.5F
DDeviceG
-1 L L L L
U At SR C BT R ) A 2 S
an\fp oe\s\da Oe,u\f'e’ 0@1\“6 an\ci; a‘i\oéo e\,\rﬁ"o e\j\cﬁ:\
Figure C. 6 Layer 1 & Layer 2 analysis using the white box model.
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Figure C. 7 Layer 1 & Layer 2 analysis using the white box model.



