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ARTICLE INFO ABSTRACT
Keywords: The shift from traditional fossil fuel-based power systems to renewable energy sources heightens the importance
Low Frequency Oscillation of frequency regulation. The lack of inertia in this new generation increases the risk of low-frequency oscillatory
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Power System Stabilizer
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events, a significant concern in power systems stability. To mitigate these stability problems, it is crucial to study
the effectiveness of damping controllers. This paper delves into the analysis of three damping controllers: the
power system stabilizers (PSS) installed in synchronous generators, and two Power Oscillation Damping (POD)
controllers, one with active power modulation (POD-P) and the other with reactive power modulation (POD-Q),
typically installed in environments with high renewable penetration.

The main objective is to critically evaluate the comparative advantages of PSS, POD-P, and POD-Q controllers
in local and inter-area oscillations by exploring their flexibility and performance under various initial conditions
and oscillatory scenarios. The proper choice of damping controllers will ensure the stability of the grid in future
scenarios of high renewable production, thus allowing the definition of future technology needs. This research is
of utmost importance as it aims to dampen different oscillations by employing uniform control parameters in the
PSS, POD-P, and POD-Q controllers. Five scenarios are defined on a system based on the IEEE 39 Bus New
England System model and simulated by DIgSILENT PowerFactory. The results are analyzed methodically per
scenario, facilitating a comparative evaluation of the controllers and reaching promising conclusions.

renewable energy supply [4]. These challenges are exacerbated during
intense power transients, heightening the potential for LFO events,
which are significant in power systems with high-RES penetration. LFO
can be categorized into local oscillations (with a frequency from 0.7 to
2.0 Hz) occurring within a specific area and inter-area oscillations (with
a frequency from 0.1 to 0.7 Hz) happening between groups of generators
[5].

Traditionally, power system stabilizers (PSS) have managed LFOs,
improving the stability by modulating the excitation of synchronous
generators [6]. However, due to the transition to RES, there has been
much research on integrating flexible AC transmission system (FACTS)
devices with power oscillation damping (POD) controllers to enhance
power control and system stabilization. Some authors [5-17] propose
that while PSSs effectively damp local oscillations, their impact on inter-
area oscillations is more limited. They argue that this limitation high-
lights the need for POD controllers, prompting coordinated studies to
understand their effectiveness in overall system stabilization. The most
common FACTS studied are the static synchronous compensator
(STATCOM) [7,8], the thyristor-controlled series compensator (TCSC)

1. Introduction

The transition to renewable energy sources (RES) like wind turbines
and photovoltaic (PV) plants is redefining power generation, driven by
environmental and economic imperatives, apart from the global trend
towards decarbonization and the imperative role of renewable energy in
this context. This shift from traditional fossil fuel-based synchronous
generators is unsafe from a power system point of view, as their inherent
inertia has been vital for frequency regulation and overall system sta-
bility. Inertia acts as a damper against sudden load or generation
changes, helping maintain stable frequency levels. When wind genera-
tion is integrated into the grid, it displaces synchronous generators,
reducing the overall inertia of the system. This reduction in inertia af-
fects frequency and voltage stability and increases susceptibility to low-
frequency oscillatory (LFO) events [1]. Moreover, the intrinsic vari-
ability and lack of inertia in RES, especially wind and photovoltaic
generation, pose challenges in maintaining frequency stability and sys-
tem robustness [2,3], which must be flexible and reliable to support
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Nomenclature

RES Renewable Energy Sources
PV Photovoltaic

LFO Low-Frequency Oscillatory
PSS Power System Stabilizers

FACTS Flexible AC Transmission System
STATCOM Static Synchronous Compensator
TCSC Thyristor Controller Series Compensator
UPFC Unified Power Flow Controller

POD Power Oscillation Damping

POD-P  Power Oscillation Damping, Active Power
POD-Q Power Oscillation Damping, Reactive Power
DSPF DIgSILENT PowerFactory

AVR Automatic Voltage Regulator
PPC Power Plant Controller
RMS Root Mean Square

[9-13], or the unified power flow controller (UPFC) [14-16]. Further-
more, other comparative studies have been conducted to examine the
damping capabilities of PSS in conjunction with FACTS-POD systems
[17-19]. Moreover, some authors studied FACTS-POD using Wide-Area
Damping Controllers (WADC) to enhance the damping of interarea os-
cillations [20,21].

In response to these developments, grid codes worldwide are starting
to optionally require a power oscillation damping controller in RES and
storage, focusing on increasing frequency and voltage stability. This
leads to some issues in the controller, as the power park modules’
voltage and reactive power control characteristics should not adversely
affect the damping of power oscillations [22]. Some examples are the
European Commission [23], Spain [24], Finland [25], and Australia
[26], are evolving to mandate damping services from RES [27,28]. Ac-
cording to the grid codes, comparative studies have probed the damping
capabilities of a PV plant with POD-P and POD-Q controllers under
various conditions, considering different scenarios or factors such as
communication channel delays [29-32]. Furthermore, in [33,34], the
authors compare POD-P and POD-Q, focusing on damp oscillation
individually and together, displaying the time domain results and
considering the same initial conditions [33] or adapting the parameters
when a change in the grid dynamics is detected [34].

As for wind power plants, some authors propose a POD controller to
guarantee power system resiliency during power oscillations [35-38].
Other studies analyze the impact of integrating large amounts of wind
power, exploring various control strategies to improve damping or
delving into the wind turbines’ oscillatory nature [39]. Some re-
searchers focus on optimizing the parameters of Wind-POD and PSS
controllers to ensure robustness against system uncertainties [40,41].
Another study delves into the details of wind turbines to evaluate the
effects of POD controllers on turbine integrity, introducing a compre-
hensive model considering the electrical, structural, and aerodynamic
characteristics [42].

Investigations have also targeted optimal node selection for POD and
PSS in systems with significant wind penetration, examining the influ-
ence of variables such as transmission distance and tie-line power
[43,44].

Previous research has often compared the damping efficacy of Wind-
POD and PSS using static initial conditions, and only the LFOs associated
with one scenario are considered without a broad array of scenarios.
Nevertheless, if different scenarios are considered, they are limited by
the small scale of the two-grid, four-machine IEEE system, and the
controller settings are recalculated for each scenario. This approach does
not reflect the reality of power systems, where controller settings are
usually constant for all disturbances. Moreover, previous studies
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maintain that PSS is only suitable for damping local oscillations and has
limitations for damping inter-area ones.

The main objective of the research presented in this paper is to
evaluate the efficiency, flexibility, and performance of PSS, POD-P, and
POD-Q. Leveraging the advanced simulation tools of DIgSILENT Pow-
erFactory (DSPF) [45] and a network based on the IEEE 39 Bus New
England System model [46], this study provides innovative insights into
the adaptability and robustness of these control mechanisms. By
analyzing system behavior in five initial scenarios, this research de-
lineates the comparative advantages and potential limitations of each
control strategy (PSS, POD-P, and POD-Q) in damping various low-
frequency oscillations, emphasizing their role in maintaining grid sta-
bility in an energy landscape increasingly dominated by renewable
sources with low inherent inertia. To consider different operating con-
ditions due to the inherent uncertainty of renewable production, the loss
of each one of the controllers is also evaluated as a critical scenario. This
research aims to enrich the knowledge base on grid stability in the
renewable energy era, providing new perspectives and solutions to the
challenges ahead.

The article is organized as follows. Section 2 explains the composi-
tion of the PSS, POD-P, and POD-Q controller blocks and their operation.
Section 3 describes the simulated network based on IEEE 39 Bus New
England System model. Section 4 defines the five different scenarios
under study, which are the starting point for analyzing the controller
behavior to damp them. Section 5 discusses the results of damping the
different oscillations by employing uniform control parameters in the
PSS, POD-P, and POD-Q controllers. The results are analyzed methodi-
cally by scenario, emphasizing the importance of the comparative
evaluation of the controllers. For this purpose, in the different simula-
tions, the POD-P, POD-Q, or PSS controllers will be activated individu-
ally at each generation node. Section 5 also includes an N-1 contingency
analysis for each oscillation scenario to elucidate the controller perfor-
mance and uncover possible failure mechanisms, thus improving the
operational reliability of damping controllers in practical environments.
Furthermore, a summary and discussion of the main characteristics of
the damping controllers are presented at the end of Section 5. Finally,
Section 6 includes the conclusions obtained throughout the study.

2. Definition of the Damping Controllers

As highlighted in the introduction (Section 1), the research delves
into the behavior of three controllers for damping low-frequency oscil-
lations. This section provides a comprehensive understanding of these
controllers, namely PSS, POD-P, and POD-Q, detailing the parameters
that require adjustment. Understanding these controls is pivotal for this
research and for the field of power system engineering as a whole.

2.1. Power System Stabilizer, PSS

The primary function of the PSS is to add damping to the generator
rotor by controlling its excitation through an auxiliary stabilizer signal.
To provide damping, the stabilizer must produce an electrical torque
component in phase with the rotor speed deviations [5].

Fig. 1 depicts the block diagram of the PSS model used in the article.
The PSS consists of three main blocks: a gain block, a signal washout
block, and a two-stages phase compensation block (lead/lag block) [5].

Since the purpose of a PSS is to introduce a damping torque
component, the speed of the synchronous machine on which the PSS is
installed (xspeed) can be used as a local signal to control the generator’s
excitation. The PSS processes the information about the oscillations and
provides a command to the exciter to dampen the electrical system’s
oscillations (upss). The output, upss, is an additional input to the auto-
matic voltage regulator (AVR).

The gain K determines the amount of damping introduced by the
PSS. Ideally, the gain should be set at a value corresponding to
maximum damping. The signal washout block serves as a high pass
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Fig. 1. PSS model

filter, with a time constant T,, high enough (in the range of 1 to 20
seconds) to pass stabilizing signals at the frequencies of interest un-
changed but not so long that it leads to undesirable generator voltage
excursions during system islanding conditions. Without it, steady
changes in speed would modify the terminal voltage. It allows the PSS to
respond only to changes in speed. The phase compensator block pro-
vides the appropriate phase-lead to compensate for the phase lag be-
tween the exciter input and the generator electrical torque. In this case,
two blocks are used to achieve the desired block compensation [5]. All
the parameters described above must be parameterized to damp the
oscillation.

2.2. Power Oscillation Damping, POD

The POD’s main objective is the same as that of the PSS [5]: to damp
power oscillations. POD control is introduced in FACTS, wind, or PV
plants to give them the same damping qualities as the synchronous
generators. The POD controller attached to the renewable plant could be
placed in the power plant controller (PPC), sending the same damping
signal to all generators or into each generator individually. In this
article, a POD controller installed into the PPC is considered.

Fig. 2 shows the block diagram of the POD-P model installed in the
PPC active power control. The POD-P control is added as a supple-
mentary control loop to the active power controller, adding an addi-
tional reference sent to the wind turbines, dP_POD. The POD-P diagram
can be applied to POD-Q controllers. The only difference between them
is that, in the case of the POD-Q, the control branch is added to the
reactive control of the PPC, and the sign of the input signal is changed. In
the case of the POD-P control, the sign is negative, so the active power
injection is opposite the frequency deviation.

The POD controller consists of the same three main blocks as the PSS,
the parameters to be set being a stabilizer gain K04, a washout filter with

block diagram

time constant T,,, and two-phase compensation blocks with time con-
stants Tz, Tq1, T2, and Tg2. The POD receives input containing oscil-
lation information from the power system, such as the active power,
voltage, or frequency. This article considers the frequency of the ter-
minal where the wind farm is connected as input (frequency). The output
of the POD control (dP_POD) provides the command for damping the
oscillation as an extra reference added to the gen-
erator controller’s original active or reactive power reference [40,29].

3. Network Description

This paper presents the development and analysis of five different
scenarios to generate different LFOs in the system in the simulated
network whose single-line diagram is illustrated in Fig. 3. This network
is based on the New England IEEE-39 power system model, which is a
simplified representation of the transmission system in the northeastern
region of the United States, as described in [46]. The original IEEE-39
model comprises 39 buses, 10 generators, 19 loads, 34 lines, and 12
transformers. In this study, several wind farms in enough proportion to
affect power oscillation damping have been connected. As shown in
Fig. 3, five new wind power plants have been connected to the network,
sharing the same terminal with traditional synchronous generators to
preserve the initial generation nodes. Furthermore, to maintain the
power flows in the network, the new wind farms will provide half of the
power initially supplied by conventional generation at each node. The
wind power plants, the synchronous generators, and the terminals
where they are connected are highlighted in Fig. 3 by the black squares,
indicating the name of the wind generators and the damping controllers
from each generation node.

In this network, Generator GO1 represents the interconnection with
the rest of the transmission system, and Generator GO2 is the slack
element of the network model. For the other generators, active power

dP_frequency

Active Power - Frequency Control

P_reference

dP_activepower J\ Na
\

N dp Pout
Active Power Control ) PID .
P_measured
POD Control
Phase Phase
Gain Washout Compensation 1 Compensation 2
dP_POD
frequency dP_POD
E— Kpod F sTw/(1+sTw) [—{(1+sTe1)/(1+sTa1) — (1+sTw2)/(1+sT2) P——

Fig. 2. POD model block diagram
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Fig. 3. Modified New England IEEE-39 power system model

dispatch and controlled voltage magnitude at their terminal are given.
The data for grid elements, such as generators, loads, transmission lines,
and transformers, have been taken from [47].

Regarding the synchronous generator controller, the AVRs used for
the synchronous generators in the 39 Bus New England System are
rotating excitation systems of IEEE Type 1, according to [47]. Governors
are considered as IEEE Type G1(steam turbine) for GO2 to G09, and IEEE
Type G3 (hydro turbine) for G10. The PSSs are modelled according to
[48]. However, the PSS settings given by [48] are not suitable for sta-
bilizing the generator units in the model, because [48] uses different
AVR types and settings compared to those used in [47]. No PSS data is
given in [47], which is the basis of the DSPF model. Therefore, the
PowerFactory model data of the PSSs are entered according to [48], but
the PSSs are disabled due to the need for correct parametrization.

The wind turbine controller and wind generator are modeled using
the WECC WT Type 4A from the DSPF library.

To study the system’s stability, damping controllers are introduced
on the generators from the black squares from Fig. 3; wind power plants
incorporate a POD-P and POD-Q control, and synchronous generators
include a PSS control. Both controls are parameterized appropriately, as
explained in Section 5.

The scenarios and results from Sections 4 and 5 indicate the buses,
the generators and the controllers associated to each perturbance. To
better understand the generation connection and simplify the explana-
tions throughout the article, Table 1 summarizes which terminal each

Table 1
Terminal connection of synchronous generator and wind turbine

Terminal Synchronous generator Wind turbine
Bus 02 G10 (PSS1) WT1 (POD1)
Bus 06 GO02 -
Bus 10 G03 -
Bus 19 G04 (PSS5) WT5 (POD5)
Bus 20 GO5 -
Bus 22 G06 -
Bus 23 GO7 (PSS3) WT3 (POD3)
Bus 25 GO08 (PSs4) WT4 (POD4)
Bus 29 G09 (PSS2) WT2 (POD2)
Bus 39 GO1 -

synchronous generator and wind turbine is connected to, indicating the
installed damping controller.

4. Definition and analysis of the simulation scenarios

The five scenarios defined in this study have been engineered by
adjusting lines reactance to generate different initial conditions within
DSPF and, therefore, to generate different LFOs in the system. In all
scenarios, the same short-circuit of 0.1 ms duration was performed on
the same line (Line 02-03, Fig. 3). Moreover, the three damping con-
trollers (POD-P, POD-Q and PSS) are disabled in this step of the study.
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The study of different LFO scenarios allows for an in-depth exami-
nation of the system oscillations in different operating states and the
analysis of damping controllers. The scenarios under examination are
summarized in Table 2. They can be categorized into three inter-area
oscillations, one local oscillation, and a combined oscillation featuring
both inter-area and local oscillations. In addition, Table 2 provides a
brief description of the generators involved in each oscillation. The
scenarios are explained in more detail throughout this Section 4 and
divided into time and frequency domain simulations for a better un-
derstanding. The comparison between time domain or root main square
(RMS) simulation and eigenvalue findings is a robust dual approach that
enhances the analysis, providing a more comprehensive understanding
of the electromechanical mode. This approach also strengthens the
reliability of the scenarios.

4.1. Time domain analysis by root main square simulation

In time domain analysis, frequency and voltage from root main
square (RMS) simulation are analyzed at the generation nodes of the
modified IEEE-39 network, described in Section 3. The graphs derived
from these simulations reveal the intricate interaction between gener-
ators, as evidenced by the waveform patterns. Furthermore, the fre-
quency of the oscillations is discernible within these waveforms.

Fig. 4 shows the frequency and voltage graphs from the RMS simu-
lation for all scenarios summarized in Table 2. More specifically, Fig. 4
(a) shows the graphs from Scenario 1. In the frequency evolution, Bus 39
oscillates opposite to the rest of the system, having an inter-area oscil-
lation between the area of generator GO1 (Bus 39) and the rest of the
system’s generators with a frequency of 0,269 Hz.

Fig. 4(b) shows the graphs for Scenario 2. The waveforms are similar
to those of Scenario 1. However, in this scenario, the frequency from Bus
29 has a pronounced contribution to the oscillation, having an inter-area
oscillation of frequency 0,261Hz, mainly between the areas of GO1 (Bus
39) and G0O9 (Bus 29).

Fig. 4(c) displays the frequency and voltage graphs from Scenario 3.
In this plot, finding the oscillation characteristics from the frequency
and voltage waveforms is more complicated, and a different represen-
tation of this oscillation must be used to find the generators involved in
this event. Frequency domain simulation results are provided in Sections
4.2 and 4.3, allowing this oscillation’s nature to be analyzed.

Fig. 4(d) shows the frequency and voltage graphs from Scenario 4,
where a local oscillation of frequency 0.705 Hz is discernible between
the area of GO1 (Bus 39) and the rest of the system.

Fig. 4(e) shows the frequency and voltage graphs from Scenario 5. A
combination of inter-area and local oscillations can be seen in the fre-
quency evolution. Regarding the inter-area one, the frequency of Bus 39
oscillates in opposite to rest of the system, with a frequency of oscillation
of 0,576 Hz.

Table 2
Scenarios description

Scenario  Oscillation Generators involve
1 Inter-area GO1 exhibits inter-area oscillatory behavior in
oscillation 1 opposition to the whole system
2 Inter-area GO1 exhibits inter-area oscillation against the
oscillation 2 whole system, with a pronounced contribution
from GO9
3 Inter-area GO1 shows an inter-area oscillation against the
oscillation 3 whole system, mainly marked by a phase
difference of 180 degrees concerning GO5 and
G06
4 Local oscillation 1 GO1 exhibits local oscillatory behavior in
opposition to the whole system
5 Inter-area + Local GO1 shows an inter-area oscillation against to

oscillation 1 the whole system. At the same time, a local

oscillation is identified
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4.2. Frequency domain simulation: Eigenvalues

In addition to the time domain graphs, the eigenvalue diagram, from
the frequency domain analysis, is a valuable tool for oscillation analysis.
It aids in the identification of the system’s most critical modes, which are
characterized by their minimal damping ratios. In this paper, a threshold
of 5% damping ratio, according to the Spanish operating procedure,
determines the stability of the system [49]. When all modes exceed this
threshold, the system is considered stable. This criterion is particularly
important in identifying the modes under investigation, such as the
electromechanical mode, which often sets the system’s stability
boundary and oscillation frequency. Furthermore, the diagram helps in
recognizing other system modes that could play a significant role under
specific circumstances.

The eigenvalues graph from all scenarios are summarized in Fig. 5. In
all scenarios, two modes have been highlighted. Mode 1 is the mode with
a lower damping ratio and is defined as the electromechanical pole,
whose frequency matches the oscillation frequency of the RMS diagram,
Fig. 5. Moreover, Mode 2 is also marked because its position can change
as the damping controllers are connected, as they influence it. It is worth
noting that Mode 2 may pass to the right of the limit, a phenomenon that
is thoroughly explained in Section 5, adding depth to the analysis.

Table 3 summarizes the position for Mode 1 and Mode 2 for each
scenario. Moreover, the frequency and damping ratio of Mode 1 are
indicated, as it is the most critical mode of the system.

4.3. €Frequency domain simulation: Observability

To further clarify the characteristics of the electromechanical mode
(Mode 1), the frequency domain analysis includes a polar diagram rep-
resenting the rotor speed observability factors for synchronous genera-
tors. The graphs of all scenarios are summarized in Fig. 6. Arrows within
this diagram show the dynamics between synchronous generators,
revealing the oscillation interactions between different system zones.
This analysis helps to understand RMS simulations better and to
conclude which generator zone oscillates against the complex cases with
the RMS simulation (Fig. 4). In particular, the time domain simulation
results were insufficient to explain Scenario 3. However, it can be
described using the observability graphs from this section. As shown in
Fig. 6(c), the frequency at Bus 39 again oscillates against the entire
system, as indicated by angular velocity discrepancies between the
generators. Notably, the area of GO5 (Bus 20) and G6 (Bus22) are in a
phase difference of 180° concerning GO1, which defines the main
characteristic of the inter-area oscillation with a frequency of 0.22 Hz.
This scenario also underscores the significant contribution of the area
of GO4 (Bus 19) in the oscillation, which, while not precisely a 180°
phase difference, has the highest speed observability.

DSPF allows more detailed visualization of the oscillating regions by
plotting the rotor speed observability of Mode 1 on the network. The
graphs are summarized in Appendix A.

5. Comparison of the oscillation damping controllers’
performance

The five oscillation scenarios described in Section 4 are the starting
point for analyzing and comparing the different damping solutions
presented in this article. A global initial parameterization has been
performed to improve the system’s stability in all scenarios by analyzing
the participation factor of the state variables. This analysis clarifies the
role of each state variable in the oscillatory process and helps to identify
the controller parameters with the most significant impact on oscillation
damping. The focus is primarily on mitigating inter-area oscillations,
identified as the worst-case, with extended efforts to manage local os-
cillations as feasible, avoiding the search for maximum damping in
isolated scenarios in favor of a comprehensive assessment of the
adaptability of controllers across a wide range of oscillation scenarios.
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Fig. 4. Time domain simulation: frequency (top plot) and voltage (bottom plot): (a) Scenario 1; (b) Scenario 2; (c) Scenario 3; (d) Scenario 4; (e) Scenario 5.

The steps followed involved adjusting the parameters for the worst-case
scenario using a parameter optimization algorithm, based on the
participation factor of the state variables of the damping controllers in
the electromechanical mode. These parameters were then successively
readjusted to ensure they would be effective across all possible sce-
narios. This research is of utmost importance as it aims to damp these
oscillations by employing uniform control parameters in each of the
controllers (PSS, POD-P and POD-Q) where possible, and by providing
new damping parameters where necessary.

The results have been meticulously and comprehensively analyzed in
each scenario, enabling a thorough comparative evaluation of the

controllers. For this purpose, POD-P, POD-Q, or PSS controllers are
activated individually at each generation node highlighted with the
black squares in Fig. 3. In each simulation, only one of the controllers is
activated, and it is the same for all the generation nodes of the system.
This consistent approach compares the behavior of each type of
controller, thereby establishing their versatility and ability to adapt to
various oscillation scenarios using a consistent set of parameters.

In addition, the research includes an N-1 contingency analysis for
each oscillation analyzed. This procedure simulates the disconnection of
the damping controllers one by one to discern their influence on their
effectiveness. This aspect of the study aims not only to elucidate the
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Fig. 5. Eigenvalue diagram: (a) Scenario 1; (b) Scenario 2; (c¢) Scenario 3; (d) Scenario 4; (e) Scenario 5.
Table 3
Modes description per scenario
Scenario Oscillation Mode 1(electromechanical) Frequency [Hz] Damping ratio [%] Mode 2
1 Inter-area oscillationl -0.014 + 1.689j 0.269 0.82 -0.046 + 2.012j
2 Inter-area oscillation2 -0.043 + 1.644j 0.261 2.62 -0.305 + 2.390j
3 Inter-area oscillation3 -0.031 + 1.384j 0.220 2.23 -0.306 + 6.936j
4 Local oscillation 1 -0.064 + 4.432j 0.705 1.44 -0.358 + 7.237j
5 Inter-area + Local oscillation 1 -0.099 + 3.619j 0.576 2.73 -0.196 + 6.345j

determinants of controller performance but also to uncover possible
failure mechanisms, thus improving the operational reliability of
damping controllers in practical environments. In addition, the wind
resource variability causes uncertainties in energy production and,
therefore, in the controller’s availability. Thus, the N-1 scenario can

approximate a critical case when a power oscillation damping controller
is disabled, regardless of the generator production.

At the end of the section, the conclusions and main characteristics of
each damping controller obtained from the scenario results are sum-
marized and enumerated.
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Fig. 6. Polar diagram of the rotor speed observability factors in Mode 1: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3; (d) Scenario 4; (e) Scenario 5.
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5.1. Damping controllers results in all scenarios

In this section, two tables for each scenario provide a comprehensive
summary of the results evaluation (from Section 5.1.1 to 5.1.5). The first
table corresponds to the POD-P, POD-Q, and PSS results, summarized in
each row, with “OFF” being the initial condition described in Section 4
when all controllers are disabled. The table summarizes the position in
the eigenvalues diagram of each mode and its damping ratio when the
controller is activated.

The other table refers to the contingency analysis (N-1) study,
wherein the disconnection of each generator’s damping controller is
methodically simulated to assess the resultant impact on system stabil-
ity. In this table, “OK,” indicates that system stability is assured, and all
modes maintain a damping ratio above 5%. Instability is recognized
when the removal of a damping controller causes a pole’s damping ratio
to fall below the 5% threshold, a condition denoted by “NOK” within the
table alongside the affected mode.

For an enhanced comprehension of the system’s dynamics, each
scenario includes a graph representing the state variables with signifi-
cant participation factors of Mode 1 and Mode 2, indicating each state
variable’s contribution to the oscillation mode. The most important state
variables that appear throughout the section are the following, where x
represents the generator number indicated in Fig. 3 and Table 1:

- Grid; G x; psifd: synchronous generator excitation flux.

- Grid; G x; speed: speed of the synchronous generator.

- Grid; G x; phi: rotor position angle of the synchronous generator.

- Power Plant x; AVR x; xf/xe: state variable of low pass filter of the
excitation system.

WECC WT Type 4A x; REGC _B; x_Ipf d/x_Ipf q: state variable of the
generator-converter model.

- PPC x; P/Q CONTROL x; x1: state variable of the PID of the PPC.

5.1.1. Scenario 1: Inter-area Oscillation 1

Table 4 provides a clear overview of the results of Scenario 1 when
each controller is activated. The data reveals that the activation of any of
the three controllers leads to an improvement in the Mode 1 damping
ratio. However, with the POD-Q and PSS controllers, while the stability
of Mode 1 is enhanced, Mode 2 experiences a decrease in stability due to
the significant reduction of the damping ratio, although they do not
reach the 5% limit.

Fig. 7 represents the participation factors of Mode 1 and Mode 2. In
Mode 1, the equality of the bar dimension of the state variables of gen-
erators matches the inter-area oscillation detected between the area of
generator GO1 and the rest of the system’s generators, as no generator
has a remarkable participation factor, except GOI in both modes.

Table 5 presents the results of contingency analysis (N-1), under-
scoring the system’s robustness. Despite the systematic disconnection of
each generator’s damping controller, the system’s overall damping ef-
ficacy remains intact. The main reason is that no generator with an
oscillation controller significantly contributes to the oscillation.

5.1.2. Scenario 2: Inter-area Oscillation 2
Table 6 details the results of Scenario 2 when each damping
controller is activated. All controllers effectively damp the oscillation,

Table 4
Scenario 1. Results for POD-P, POD-Q, and PSS
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achieving damping coefficients above the 5% threshold. The activation
of any of these controllers enhances Mode 1’s stability across the eval-
uated scenarios. However, consistent with the observations in Scenario
1, the utilization of POD-Q and PSS, despite increasing Mode 1’s sta-
bility, detrimentally impacts Mode 2’s stability. This effect is more
remarkable with the POD-Q controller, which reduces the damping ratio
closer to the 5% threshold.

Fig. 8 represents the graph of the participation factors of Mode 1 and
Mode 2. Mode 1 highlights that GO9 and WT2, connected to Bus 29,
display elevated participation levels, indicating the pronounced partic-
ipation of the area of Bus 29 in the oscillation.

Table 7 details the N-1 contingency results. Examination of these
results reveals that for all evaluated controllers, eliminating the damp-
ing controller from Bus 29 (PSS2 or POD2) precipitates system insta-
bility, evidenced by Mode 1’s damping ratio dropping below the 5%
mark. This result indicates the significant engagement of the area of
generator GO9 in the oscillatory process, as shown in Fig. 8, exerting a
substantial impact on the stability of the electromechanical mode.
Additionally, the disconnection of PSS1 results in the destabilization of
Mode 1, attributed to the considerable influence of G10’s voltage on this
mode despite its minimal frequency contribution.

5.1.3. Scenario 3 — Inter-area Oscillation 3

Table 8 provides a comprehensive overview of the three damping
controllers’ effectiveness in addressing this oscillation. Notably, the
POD-P controller is the only one that successfully damps the oscillation
while maintaining the parameter settings consistent with those
employed in Scenarios 1 and 2. In contrast, POD-Q and PSS cannot damp
the oscillations from this scenario and require meticulous parameter
adjustments to achieve damping coefficients above the 5% threshold. In
Table 8, the results obtained with this new set of controller parameter is
indicated as “new param. 1” and are presented in the last two rows of the
table. This necessity arises from the substantial variation in the contri-
bution of the generators to the oscillation when compared to the pre-
vious scenarios, underscoring the adaptability of the POD-P controller in
mitigating the oscillation without parameter readjustment. In contrast,
POD-Q and PSS required new parameter tuning, specifically modifica-
tions to the lead-lag time constants and gain settings.

Despite the parameter adjustments, PSS struggles to stabilize Mode 2.
This is evident from the participation factor graph of Mode 2 (Fig. 9),
where the participation factor of generators equipped with PSS is not
significantly high, with only G10 and WT1 showing elevated participa-
tion. This indicates that the contribution of PSS is insufficient to stabilize
Mode 2, underscoring its limitations in this aspect.

Table 9 provides a summary of the results from the N-1 contingency
analysis. Upon careful examination, it becomes evident that the removal
of damping controller 1 (POD-P1, POD-Q1, and PSS1) triggers system
instability of Mode 2 across all three controllers. This is due to the high
participation factor of G10 and WT1. While these values are not enough
to maintain the stability of Mode 2 under PSS control, they are signifi-
cant enough to negatively impact the system’s stability upon the deac-
tivation of POD-P1 and POD-Q1. Furthermore, the disconnection of
damping controller 5 (Bus 19) leads to instability in Mode 1 across all
evaluated scenarios, highlighting the significant contribution of the area
of Bus 19 in the oscillation.

Control Mode 1 Damping ratioMode 1 [%)] Mode 2 Damping ratioMode 2 [%]
OFF -0.01 + 1.69j 0.82 -0.05 + 2.01j 22.38

POD-P -0.16 + 1.47j 10.95 -0.70 + 1.54j 41.32

POD-Q -0.10 + 1.53j 6.45 -0.20 + 2.41j 8.27

PSS -0.20 + 1.63j 11.93 -0.20 + 2.04j 9.71
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Mode 1: Participation
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Fig. 7. Scenario 1. Participation Factor bar plot for Model and Mode2

As in Scenario 3, despite adjustments, PSS still fails to stabilize Mode

;::;:riso 1. Results for POD-P, POD-O, and PSS in N-1 scenario 1. This is due to the poor participation factors among generators
; 2 i equipped with PSS, as detailed in the participation factor graph of

Control  Losing Losing Losing Losing Losing Fig. 10.
EZSDI{ 1;25])22/ gf)ssé EZS];Z 1;(5)51;5; Table 11 shows the N-1 contingency analysis. Notably, the analysis
reveals that Mode 1 becomes unstable with the loss of POD-P3. Similarly,
ggg'g gi gi 8§ gi gg the system becomes unstable upon the loss of POD-Q2. The POD-Q
PSS OK OK OK OK OK instability is a direct consequence of the significant role of the area of

generator GO9 involved in the oscillation. The loss of POD-P3, despite
this controller’s similar behavior to other generators and no distinct

5.1.4. Scenario 4 — Local Oscillation 1 oscillatory behavior, precipitates instability in Mode 1. This is because

Table 10 presents a comparative analysis of the three damping
controllers. As in Scenario 3, due to substantial shifts in generator con-
tributions to the oscillation, only the POD-P controller successfully
damp the oscillation, maintaining the initial parametrization from Sce-
nario 1 and 2. POD-Q and PSS not only do not improve, but worsen the
damping ratio and require reparameterization to achieve effective
oscillation damping, indicated as ‘new param. 2’ in the table.

Table 6
Scenario 2. Results for POD-P, POD-Q, and PSS

the controller is initially optimized to damp inter-area rather than local
oscillations, highlighting the critical nature of parameter optimization.
The authors tested that fine-tuning the parameters and conducting the
N-1 analysis in scenarios involving the loss of a POD-P controller
resulted in all modes achieving stability, underscoring the importance of
precise parameterization to ensure system resilience.

Control Mode 1 Damping ratio 1 [%] Mode 2 Damping ratio 2 [%]
OFF -0.04 + 1.64j 2.62 -0.31 + 2.39j 12.67

POD-P -0.10 + 1.55j 6.73 -0.51 + 1.79j 27.66

POD-Q -0,08 + 1.57j 5.37 -0.16 + 2.54j 6.32

PSS -0.08 + 1.62j 5.20 -0.26 + 2.46j 10.62

10
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Mode 1: Participation
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Fig. 8. Scenario 2. Participation Factor bar plot for Model and Mode2
Table 7
Scenario 2. Results for POD-P, POD-Q, and PSS in N-1 scenario
Control Losing PSS1/POD1 Losing PSS2/POD2 Losing PSS3/POD3 Losing PSS4/POD4 Losing PSS5/POD5
POD-P OK NOK (Mode 1) OK OK OK
POD-Q OK NOK (Mode 1) OK OK OK
PSS NOK (Mode 1) NOK (Mode 1) OK OK OK

5.1.5. Scenario 5 -Inter-area and local oscillation 1

Table 12 provides a clear overview of the results of Scenario 5 when
each controller is activated. After evaluating the results, it is confirmed
that the POD-P is the only one capable of damping oscillation while
maintaining parameter consistency across all evaluated scenarios. Due
to significant shifts in generator contributions to the oscillation, the
POD-Q controller must recalibrate parameters to achieve effective
oscillation damping, indicated as ‘new param. 3’. Conversely, the PSS
configuration has been retained from the local oscillation parameters in
Scenario 4.

Despite reparameterization for PSS, Mode 1 remains unstable, indi-
cating the need for participation factors in the generators equipped with
PSS in the oscillation (Fig. 11). The insufficiency of PSS’s contribution to
stabilize Mode 1 highlights again a significant limitation in PSS’s
effectiveness.

The N-1 contingency analysis is summarized in Table 13. Conversely,
the deactivation of any POD-Q controller does not precipitate instability,
which is attributable to the absence of any single generator exhibiting
dominant participation in the oscillation. Notably, within the POD-

P configuration, Mode 2 transitions to instability upon the loss of POD-
P1. This instability reproduces the situation in Scenario 4, where the
controller is primarily optimized to address inter-area oscillations rather
than local oscillations.

5.2. Discussion and main characteristics of the damping controllers
analysis

The following general characteristics can be extracted from the re-
sults obtained from Scenario 1 to Scenario 5:

1. The PSS demonstrates the ability to damp not only local oscillations,
but also inter-area oscillations, dependent on correct
parameterization.

2. Activation of the POD-Q and PSS controllers to stabilize a specific
electromechanical mode may unintentionally decrease the stability
of other system modes.

11
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Table 8
Scenario 3. Results for POD-P, POD-Q, and PSS
Control Mode 1 Damping ratio 1 [%] Mode 2 Damping ratio 2 [%]
OFF -0.03 + 1,38j 2,23 -0.31 + 6,93j 4.41
POD-P -0.07 + 1.37j 5.42 0.36 + 6.90j 5.22
POD-Q -0.03 + 1.39j 2.24 -0.31 + 6.93j 4.49
PSS -0.02 + 1.37j 1.75 -0.31 + 6.95j 4.42
POD-Q (new param.1) -0.11 + 1.37j 8.21 -0.36 + 6.90j 5.15
PSS (new param.1) -0.08 + 1.36 5.75 -0.31 + 6.95 4.45

Mode 1: Participation

Grid; G 10; psifd: 1.00/ 0.0 deg 1
Grid; G 09; psifd: 0.31/ 27.4 deg ]
Grid; G 07; psifd: 0.14/ 52.2deg [
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Grid; G 02; psifd: 0.42/-32.4 deg ]
Grid; G 01; speed: 0.87/ 5.2deg ]
[ Grid; G 01; phi: 0.94 / -173.0 deg
[ WECC WT Type 4A 5; REGC_B; x_lpf_d: -0.48 / -118.7 deg
[ WECC WT Type 4A 3; REGC_B; x_lpf_d: -0.13/ -108.5 deg
[ Power Plant 10; AVR 10; xf: -0.33 / 155.3 deg
[ Power Plant 10; AVR 10; xe: -0.58 / 150.5 deg
| Power Plant 03; AVR 03; xe: -0.24 / 158.0 deg
[ Power Plant 05; AVR 05; xe: -0.21/ 178.1 deg
| Power Plant 04; AVR 04; xe: -0.23/ 1681.9 deg
[ Power Plant 02; AVR 02; xf: 0.11/ 124.8 deg
[ Power Plant 02; AVR 02; xe: -0.18 / 120.8 deg
PPCS; P CONTROL 5; x1: 0.33/ 7.0deg ]
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Mode 2: Participation

[ Grid; G 10; speed: -0.04 / -107.5 deg

Grid; G 10; phi: 0.18/ 30.0deg )
[] Grid: G 03; speed: 0.02/ 121.5 deg
Grid; G 09; phi: 0.00/-80.2 deg
Grid; G 08; speed: 0.00/ 75.1 deg

Grid; G 07; speed: 0.00/ 91.2deg
[ Grid; G 07; phi: -0.02 / -128.8 deg
Grid; G 08; speed: 0.01/ 59.3deg I
[] Grid: G 08; phi: -0.02 / -159.8 deg
[ Grid; G 03; speed: 0.48 / 170.7 deg
Grid; G 03; psifd: 0.00/ 89.2 deg
Grid; G 03; phi: 1.00/ 0.0 deg ]
[ Grid; G 02; speed: -0.64 / -184.5 deg
Grid; G 02; psitq: -0.00 / 100.9 deg
Grid; G 02; psitd: -0.00 / 107.0 deg
Gnid; G 01; phi: 0.03/ -1.8deg [0
WECC WT Type 4A 1; REGC_B; x_lpf_q: 0.01/ 31.7deg [1
[C] PPC1; P CONTROL 1; x1: 0.02 / -180.9 deg
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Fig. 9. Scenario 3. Participation Factor bar plot for Model and Mode2

Table 9
Scenario 3. Results for POD-P, POD-Q, and PSS in N-1 scenario
Control Losing PSS1/POD1 Losing PSS2/POD2 Losing PSS3/POD3 Losing PSS4/POD4 Losing PSS5/POD5
POD-P NOK (Mode 2) OK OK OK NOK (Mode 1)
POD-Q NOK (Mode 2) OK OK OK NOK (Mode 1)
PSS NOK (Mode 2) NOK (Mode 2) NOK (Mode 2) NOK (Mode 2) NOK (Mode 1, 2)
Table 10
Scenario 4. Results for POD-P, POD-Q, and PSS
Control Mode 1 Damping ratio 1 [%] Mode 2 Damping ratio 2 [%]
OFF -0.064 + 4.43j 1.44 -0.358 + 7.24j 4.94
POD-P -0.39 + 4.39j 8.84 -0.39 + 7.30j 5.04
POD-Q -0.06 + 4.47j 1.29 0.37 + 7.24j 5.09
PSS -0.06 + 4.48j 1.25 0.33 + 7.34j 0.33
POD-Q (new param. 2) -0.25 + 4.60j 5.52 -0.25 + 4.60j 5.52
PSS (new param. 2) -0.06 + 4.50j 1.31 -0.44 + 7.73j 5.66
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Mode 1: Participation

[] Grid; G 09; speed: 0.02/-115.7 deg
] Grig; G 07, speed: 0.08 /-162.1 deg
| Grio; G 00, speed: -0.08 /-170.4 deg
[] Grid; G 05; speed: 0.02/-104.5 deg
Grid. G 05; phi: 0.03/ 33.7 deg |1}
[] Gric: G 04; speed: -0.02/-105.0 deg
| Grid; G 02; speed: -0.13/ 187.9 deg
C Grid; G 02, speed: -0.34 / 143.7 deg
| Grid; G 01; speed: 0.25/.158.2 deg
[[] Gria: G 01; psi2q: 0.02/ 111.5 deg
Grid; G 01; phi: 1.00/ 0.0 deg ]
WECC WT Type 4A 5, REGC_B: x_lpf_d: 0.00/ 92.8 deg
WECC WT Type 4A 4, REGC_B; x_lpf_d- 0.01/-80.8 deg []
[C] WECC WT Type 4A 3; REGC_B: x_lpf_q: -0.02/-131.0 deg
[] WECC WT Type 4A 2; REGC_B: x_lpf_g: 0.02/.125.2 deg
WECC WT Type 4A 2, REGC_B; x_lpf_d: 0.01/-73.9 deg [J
A <08 06 04 02 0 02 04 06 08 1
Mode 2: Participation
[ Grid; G 10; speed: -0.93/-169.6 deg
[| Grie; G 10; psitq: 0.01/ 97.8 deg
Grid; G 10; phi: 1.00/ 0.0 deg ]
[ Grid: G 09; speed: 0.07 /-171.7 deg
Grid; G 09, phi: 007/ 8.1deg [
[] Gric: G 08; speed: -0.02/-173.7 deg
Grid; G 08; phi: 0.02/ 2.0deg []
] Grig; G 07, speed: -0.03/-170.2 deg
Grid; G O7: phi: 0.02/ 9.8 deg [
[] Grid; G 01; speed: -0.02/-188.4 deg
Grid. G 01 phi: 0.01/ 624 deg [)
WECC WT Type 4A 1; REGC_B; x_lpf_g- 0.01/ 18.0 deg []
Power Plant 10; GOV 10. xp: -0.01/-107.€ deg
Power Plant 10; GOV 10; x1: 0.02/-81.2 deg F
| Power Plant 10; GOV 10; x: 0.08 / 143 2 deg
[] PPC1; P CONTROL 1, x1: -0.02/-178.8 deg
-1 -08 06 04 02 0 02 04 06 08 1
Fig. 10. Scenario 4. Participation Factor bar plot for Model and Mode2
Table 11
Scenario 4. Results for POD-P, POD-Q, and PSS in N-1 scenario
Control Losing PSS1/POD1 Losing PSS2/POD2 Losing PSS3/POD3 Losing PSS4/POD4 Losing PSS5/POD5
POD-P OK OK NOK (Mode 1) OK OK
POD-Q OK NOK (Mode 1) OK OK OK
PSS NOK (Mode 1) NOK (Mode 1) NOK (Mode 1) NOK (Mode 1) NOK (Mode 1)
Table 12

Scenario 5. Results for POD-P, POD-Q and PSS

Control Mode 1 Damping ratio 1 [%] Mode 2 Damping ratio 2 [%]
OFF -0.10 + 3.62j 2.73 -0.20 + 6.35j 3.08
POD-P -0.95 + 4.26j 21.78 -0.44 + 6.68j 6.55
POD-Q -0.07 + 3.76j 1.78 -0.21 + 6.37j 3.29
PSS -0.07 + 3.67j 1.86 -0.18 + 6.36j 2.76
POD-Q (new param. 3) -0.51 + 2.98j 16.77 -0.38 + 6.41j 5.99
PSS (new param.2) -0.07 + 3.83j 1.92 -0.46 + 6.91j 6.62

3. System stability remains largely unaffected by the disengagement of
a damping controller unless it is directly associated with a generator
that is actively oscillating against the system.

. Elevated participation factors in the electromechanical mode indi-
cate that generators exhibit significant engagement in oscillatory
dynamics. Consequently, the loss of such generator controllers can
sustain the mode within the unstable region of the eigenvalue dia-
gram, identified by a damping ratio below 5%.

13

. PSS’s impact on a mode is not solely contingent on its frequency
(speed) contribution; a substantial voltage contribution can equally
exert a strong influence on mode stability.

. Among the evaluated controllers, the POD-P stands out as the most
efficacious in damping oscillations across a broader range of gener-
ator participation scenarios. Therefore, POD-P is the recommended
controller for oscillation damping. Conversely, the efficacy of POD-Q
and PSS depends on the specific generators’ contribution and the
characteristic of the oscillation.
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Mode 1: Participation

I

Grid; G 10; speed: -0.07 /-142.2 deg

Grid; G 10; phi: 0.01/ 859 deg ||

Grid; G 09; speed: -0.05/-130.2 deg

Grig; G 08; speed: -0.04 /-128.2 deg

Grig; G 07, speed: -0.04/-142.2 deg

Grid; G 08, speed: -0.05/-142.9 deg

Grid; G 0%; speed: -0.04/-144 8 deg

Grid; G 04, speed: -0.04/-145 4 deg

Grid; G 03; speed: -0.08 /-169.1 deg

Grid; G 02; speed: -0.23/138.5deg
Grid; G 02; psifd: 0.01/ 81.0deg [J

(m: T Grid; G 01; speed: -0.42/-174.2 deg

Grid; G 01; psi2q: -0.00/ 94 4 deg

Grid; G 01; phi: 1.00/ 0.0 deg I I I I ]

[| WECC WT Type 4A 5; REGC_B: x_Ipf_q: -0.01/-124.2 deg

[| WECC WT Type 4A 4; REGC_B: x_Ipf_q: -0.01/-126.8 deg

| WECC WT Type 4A 3; REGC_B: x_lpf_g: 0.01/-115.7 deg

-1 08 -06 0.4 -0.2 0 02 04 06 08 1

ﬂﬂnnﬂnnﬂ

Mode 2: Participation

 — 1 I I Grid; G 10; speed: -0.87 /-167.1 deg
[l Grig: G 10; psitq: -0.01/ 101.1 deg
Grid; G 10; phi: 1.00/ 0.0 deg T 1 T T ]

[ Grid: G 07; speed: -0.01 / 156.1 deg
[] Gri¢: G 08; speed: -0.01/161.7 deg
[] Grid: G 04; speed: -0.01/155.7 deg
[] Gri¢: G 03; speed: -0.01/128.1 deg
[ Grie: G 02; speed: -0.05 / 135.7 deg
Grid; G 01; phi: 0.00/-77.9 deg
WECC WT Type 4A 4, REGC_B: x_lpf_q: 0.00/ 79.8 deg
WECC WT Type 4A 1, REGC_B; x_Ipf_q: 0.09/ 125deg [
WECC WT Type 4A 1; REGC_B: x_Ipf_d: 0.03/ 10.5deg []
Power Plant 10; GOV 10; xp: -0.01/-110.2 deg
Power Plant 10; GOV 10; x1: 0.02/-51.7 deg [}
| Power Plant 10; GOV 10; x: -0.08 / 143.7 deg
[ | PPC1. PCONTROL 1; x1: -0.12/-177.1 deg

-1 08 -06 04 -02 0 02 04 06 028 1

Fig. 11. Scenario 5. Participation Factor bar plot for Model and Mode2
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Table 13
Scenario 5. Results for POD-P, POD-Q, and PSS in N-1 scenario
Control Losing PSS1/POD1 Losing PSS2/POD2 Losing PSS3/POD3 Losing PSS4/POD4 Losing PSS5/POD5
POD-P NOK (Mode 1) OK OK OK OK
POD-Q OK OK OK OK OK
PSS NOK (Mode 1,2) NOK (Mode 1) NOK (Mode 1) NOK (Mode 1) NOK (Mode 1)
7. In instances where generators equipped with PSS do not have a The study highlights the need for further controller design and sys-

participation factor in the oscillation, the stability of the system
mode is compromised regardless of the PSS parameter settings due to
the PSS’s lack of influence on the oscillatory mode.

. The versatility of the POD-P controller is challenged by the loss of a
controller, attributed to its optimization needing to be specifically
tailored. This could lead to instability in a mode previously consid-
ered stable, triggered by the removal of a generator perceived to
have minimal influence on the oscillation dynamics.

Conclusion

The comprehensive study presented in this paper delves into the
performance and adaptability of PSS, POD-P, and POD-Q power strate-
gies in various oscillatory scenarios of an integrated power system with
renewables. The objective has been to analyze individually the behavior,
strengths, and weaknesses of each damping controller and its versatility
under different oscillations. Through simulations performed with DIg-
SILENT PowerFactory and a modified IEEE 39 Bus New England System
model, the research provided an in-depth analysis of the effectiveness of
the controllers in damping local and inter-area oscillations under
different grid conditions.

The comprehensive analysis of damping controllers across various
scenarios in a renewable-integrated power system has yielded several
significant insights regarding the performance and applicability of PSS,
POD-P, and POD-Q controllers. PSS effectively damps inter-area oscil-
lations with proper parameterization, but both PSS and POD-Q may
inadvertently reduce the stability of other system modes when activated.
System stability typically remains unaffected by the disengagement of a
damping controller unless it is directly connected to a critical, oscillating
generator. Among the controllers, POD-P stands out for its superior
ability to manage oscillations across various scenarios, making it the
most adaptable and effective choice. However, the utility of POD-P is
challenged if a controller is lost, particularly in non-optimally parame-
terized systems, indicating the need for finely tuned, adaptive control
strategies. The effectiveness of POD-Q and PSS is also notably contingent
on the specific generators involved in the oscillations, highlighting the
importance of strategic controller placement and settings aligned with
generator dynamics. These insights underscore the complexities of
deploying advanced damping controls and the need to consider gener-
ator characteristics and system dynamics in controller configuration
carefully.

Appendix. Eigenvalues complementary graphs

tem modelling research, mainly through more comprehensive and
complex network models that include a wide range of RES types and
configurations. In addition, exploring the potential for new FACTS de-
vice types and hybrid controller strategies could further improve system
resilience and efficiency.

In conclusion, this research confirms that the strategic application of
PSS, POD-P, and POD-Q controllers, configured and optimized based on
specific system requirements, can significantly improve the damping of
oscillations and, thereby, the overall stability of renewable-rich power
systems. These insights are vital for power system operators and plan-
ners seeking to enhance grid reliability and performance in the face of
increasing renewable energy integration. This study not only contributes
to the theoretical understanding of damping control in power systems
but also provides practical guidelines for the deployment and operation
of these critical stability-enhancing technologies.
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Fig. 12 shows the rotor speed observability factors for Mode 1 in the network diagram for all scenarios. This helps to identify the specific generators
involved in the oscillation, corroborating the RMS simulation findings, and helping to understand polar plots of Fig. 6.
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Fig. 12. Rotor speed observability factors for Mode 1 in the network diagram: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3; (d) Scenario 4; (e) Scenario 5.
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