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ABSTRACT: Small signal stability in electrical systems refers to the ability of the system to maintain
stable operation in the face of low-amplitude disturbances, such as fluctuations in electrical demand or
the off and on switching of generators. This type of analysis is essential because it provides insight into
how the system responds to minor disturbances, such as variations in generation or unplanned load.
Significant disturbances can induce unstable conditions with potentially serious consequences, such as
widespread power outages. Advanced mathematical techniques address these issues, such as the Fourier
transform and the Prony method. In this study, a method was developed using MATLAB, and flow runs
were performed in Digsilent software to analyze the oscillations of small signals in a 138 kV substation
with low penetration of renewable energy. This research is relevant because it allows us to assess the
impact of small disturbances in the electricity system during the transition toward greater integration of
renewable technologies. The goal is to improve the efficiency and safety of electrical infrastructure in
the Dominican Republic, ensuring a more reliable and stable energy supply for residents and businesses.
The analysis shows that the current system can absorb anomalies of small signals due to the low
penetration of renewables. In addition, the tool developed allows the evaluation of scenarios with greater
penetration of renewable energy, providing a solid basis for implementing preventive or corrective
measures.

RESUMEN: La estabilidad de sefial pequefia en sistemas eléctricos se refiere a la capacidad del sistema
para mantener un funcionamiento estable frente a perturbaciones de baja amplitud, como fluctuaciones
en la demanda eléctrica o la conexion y desconexion de generadores. Este tipo de analisis es esencial
porque ofrece informacion sobre como el sistema responde a perturbaciones menores. Las perturbaciones
significativas pueden inducir condiciones inestables con potenciales consecuencias graves. Para abordar
estas cuestiones, se emplean técnicas matematicas avanzadas, como la transformada de Fourier y el

S0e0


https://orcid.org/0009-0000-0080-6547
https://orcid.org/0000-0002-4715-3499
https://orcid.org/0000-0002-4715-3499
https://orcid.org/0009-0009-8519-1494
https://orcid.org/0009-0004-0423-5699
https://orcid.org/0000-0002-0149-5266
https://orcid.org/0000-0002-4255-3450

Revista Facultad de Ingenieria, Universidad de Antioquia, N0.xX, pp. X-XX, XXX-XXX 20XX
A.J. Sdnchez-Séanchez et al.; Revista Facultad de Ingenieria, No. xx, pp. X-X, 20xx

método de Prony. En este estudio, se ha desarrollado un método utilizando MATLAB y realizando
corridas de flujo en software Digsilent para analizar las oscilaciones de pequefias sefiales en una
subestacion de 138 kV con baja penetracion de energia renovable. Esta investigacion es relevante porque
permite evaluar el impacto de las pequefias perturbaciones en el sistema eléctrico durante el proceso de
transicion hacia una mayor integracién de tecnologias renovables. El objetivo es mejorar la eficiencia y
seguridad de la infraestructura eléctrica en la Republica Dominicana, asegurando un suministro de
energia méas confiable y estable para residentes y empresas. El andlisis demuestra que el sistema actual
es capaz de absorber anomalias de pequefias sefiales debido a la baja penetracion de renovables. Ademas,
la herramienta desarrollada permite la evaluacion de escenarios con mayor penetracion de energia
renovable, proporcionando una base sélida para la implementacion de medidas preventivas o correctivas.

1. Introduction

Renewable energy sources notably impact the transmission grid's small-signal characteristics. There is a
growing concern that fluctuations in supply could jeopardize the stability of the transmission grid [1].

Stability has become a critical factor in an ever-evolving environment where technical advancements and
the complexity of electrical and electronic systems have become more significant. To maintain system’s
optimal and dependable performance, it is now essential to anticipate and comprehend how they will
react to small amplitude disruptions [2]. For example, changing weather conditions such as cloud cover
or variation in sunlight intensity can affect solar energy production. The abovementioned factors can
result in fluctuations in electrical power generation and, therefore, small disturbances in the electrical
system [3].

Small-signal stability, a cornerstone of electrical, electronic, and control systems engineering, describes
a system's ability to maintain synchronization despite minor disturbances. It assesses how a system
responds dynamically around its stable operating point and investigates the impact of disturbances and
low-magnitude fluctuations. This evaluation is necessary to ascertain the system's resilience and capacity
to continue providing steady performance across various operating circumstances [4].

The increasing use of solar and wind energy has made it difficult to maintain grid stability [5]. Due to
their limited ability to regulate frequency, these generation systems respond with delay to disturbances,
such as load variations or transmission line failures. This slow response can cause electrical generators
to lose synchronization, which in turn can lead to blackouts and equipment damage. It is therefore
essential to analyze low-frequency disturbances to ensure system stability and avoid more serious
consequences [6] [7].

Renewable power sources and dynamic loads will increase volatility and complexity in future power
systems, changing how power systems operate [8].

In power systems with low renewable energy penetration, small-signal stability is crucial. This refers to
the ability of the system to maintain its operational equilibrium in the face of disturbances. Although it
may initially seem less susceptible to instabilities, the transition to renewable sources requires adaptation.
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Understanding how disturbances affect a conventional generation from fossil fuels with a high
mechanical inertia system is critical to a stable transition to a future with high renewable energy
penetration [9].

In conclusion, small signal analysis is a fundamental tool to ensure the stability of the Dominican
electricity system, especially because the power system of the Dominican Republic is dominated by coal
and natural gas plants. However, in long-term planning, scenarios with high penetration of renewable
energy and little generation with fossil fuels are proposed, which is a challenge for the stability of the
Dominican electric power system.

Considering the aforementioned, this study aims to provide a tool for evaluating the behavior of the
electrical system where intermittent renewable energies are incorporated. A model was developed to
assess the stability of small signals in electrical power systems (EPS), enabling the assessment to be
carried out. The main contributions of this paper are as follows:

e Analysis of the impact of small signal oscillations in the electrical system with low penetration
of renewable energy.

e Development of a mathematical program that allows analyzing and interpreting small signal
disturbances in power systems.

e To compare the identification of different oscillation modes in a system with low renewable
energy penetration in the Dominican Republic and another system with moderate renewable
energy penetration in Peru to evaluate the impact of small disturbances in an electrical system.

This paper is organized as follows: Section 2 presents the methodology used to develop the proposed
model. Section 3 analyses the low oscillations found in a power system. Additionally, the proposed
method for analyzing small signals is presented. Section 4 displays the simulation results for each of the
scenarios. Section 5 provides a summary and recommendations for future directions.

2. Methodology
To carry out this study, small-signal oscillations in power systems were analyzed using the phases
presented in this section.

The initial phase of the study focused on identifying and evaluating different types of oscillations that
can occur within electrical power systems. Various small signal analysis technigues were also explored
to understand the behavior of these oscillations. In the second phase, popular software tools such as
MATLAB Simulink, Octave, and Digsilent were compared to determine their effectiveness in analyzing
small signal models and simulating the behavior of power systems under different conditions.

For the third phase, a specific section of the Dominican Republic's electrical power grid was selected for
in-depth analysis. This section included a diverse mix of generators making it a representative example
of the country's power system. Additionally, this area had a history of experiencing oscillations or
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disturbances, providing valuable data for studying these phenomena. The 138 kV bus in Santo Domingo
was chosen as the focal point of this analysis.

In the fourth phase, different scenarios were simulated to assess the system's response to various
conditions. These simulations were divided into morning and evening blocks to capture potential
variations in load and generation patterns throughout the day. Furthermore, a comparative analysis was
conducted between the oscillation modes observed in the Dominican Republic's power system and those
found in the Peruvian power system. This comparison aimed to identify similarities, differences, and
potential contributing factors to the observed oscillations in both countries.

3. Analysis of Power System Low Oscillations

The effectiveness of power system stability is evaluated in terms of how the system behaves when
disturbed. It is considered stable if, after a disturbance, no generator or load protection trips occur, except
for isolation trips to protect the system. The study of the stability of power systems is divided into three
study groups dedicated to a specific area depending on the magnitude that causes system instability.
These groups are angle, voltage, and frequency stability [10].

Angle stability is the ability of electrical generators to maintain synchronism with the electrical grid after
a disturbance. This stability is directly linked to the ability of synchronous machines to maintain the
balance between mechanical and electromagnetic torque [11]. Voltage stability is the ability of the power
system to maintain its voltage on the substation bars within the permitted parameters of normal and post-
disturbance operation of the system [12]. Frequency stability is the ability of power systems to maintain
frequency values at a constant operating value or values close to this after a significant disturbance has
occurred in the network. The IEEE PES introduces resonance stability (HVDC systems, FACTS devices,
and DFIG controls can introduce torsional and electrical oscillations in power grids, affecting resonance
stability by interacting with rotating machinery, voltage control mechanisms, and grid dynamics) and
converter-driven stability (interactions between converters, grid faults) in the new classification of power
system stability, included in technical report TR77 [13].

This study focuses on the stability of the frequency after a failure or sudden imbalance occurs in the

system's generation and load relationship [14]. Figure 1 shows the distribution of the different stability
studies and the attributions corresponding to each system.
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Figure 1. Stability classification of electrical systems

The small signal stability study is an analytical tool for assessing an EPS's behavior in the face of potential
small-magnitude occurrences. Transmission line openings, load block or generator connections and
disconnections, and EPS control can all result in small signal oscillations. Signal oscillation modes are
typically used to categorize small signal oscillations. These modes can be classified into control,
torsional, interarea, and local [15].

In control mode, these oscillation patterns result from flaws in power plant management systems.
They are connected to power system control circuits that include excitation devices, voltage
regulators, frequency regulators, and other management parts that keep the electrical system
stable in the face of disruptions. Since they typically happen when one plant oscillates concerning
another, they are also known as internal plant modes [16].

The oscillations produced by the generating plants' mechanical systems are known as torsional
modes. In the electrical system, they manifest as mechanical oscillations, particularly in the
rotating rotor and shaft of generators. They have to do with the generator's electrical network and
the turbine's inclination for its component elements to oscillate [17].

The oscillation mode, known as the interarea mode, appears in large-scale or interconnected EPSs
when transmission lines connect two or more sizable regions. Weak linkages cause these
oscillations, interfering with the grid's ability to run all its generators [18].

The local mode is the oscillation mode produced by a generator or power plant connected to a
sizable EPS. In this mode, the network's behavior is influenced by the generator's oscillations
interacting with it. Some grid-connected producing units may produce these oscillations or occur
between generators in the same plant or adjacent plants [19], [20].
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These modes function as a signal of the criticality of the oscillations and the kind of oscillation and
behavior that occur in the system [21]. Table 1 displays the classification of EPS oscillation modes, their
frequency ranges, the location of typical oscillations, and some of their most important consequences.

Table 1. An overview of the modes of oscillation

Minimum  Maximum Occurrence
Ref. Mode Frequency Frequency Place Effects
(Hz) (Hz)
. Insertion of poles in
[16] Control 2 3 Control equipment the stability diagram
[17] Torsional 4 >4 Mechanical systems Vibigons M the axes
of the machines
[18] Interarea 0.1 0.8 Between areas Qe and_rea_ct|ve
power oscillations
[19] Local 0.8 1.8 Power plant Frequency oscillation

Based on the system's data and the arrangement of analysis techniques, one can approach the stability of
a small signal in a topic from various angles. Table 2 summarizes the different methods of small signal
analysis.

Table 2. Small-signal analysis methods overview

Method of Analysis Reference Description Advantages Disadvantages
Analysis by synchro  [22] Phasor-based real- Real-time Advanced tech
phasor measurement time stability stability raises complexity
measurement monitoring
essential

Modal analysis Analyze natural Identifies Increased size
frequencies, modes, detects  complicates
oscillations resonance implementation

Analysis of [23] Eigenvalues Accurate Complex results in

eigenvalues represent oscillation  stability and nonlinear systems
frequencies oscillations

representation.

Prony's Method [24] Fourier analysis Assesses Intensive data
with modal transient processing
information stability, challenges

disturbances

Lyapunov method [24] Stability index from  Flexible across  System-dependent,
asymptotic stability ~ various systems not universally

applicable

State Spaces Method [25] Represents the Detailed In-depth
system via state stability via knowledge of

variables

pole locations

control theory.
Difficult to
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Method of Analysis Reference Description Advantages Disadvantages
implement in large
systems

AESOPS algorithm  [26] Analyze Mitigates Complex cause

spontaneous unexplained identification
oscillations: spontaneous requires analysis.
frequency, oscillations
amplitude, duration
Jacobian [27] Linearize the Quick Not valid for large
system, calculate approximation  perturbations
Jacobian equations  for linear
systems
Fourier transform [28] Decomposes signal ~ Analyzes Inadequate for
for stability analysis  periodic and complex nonlinear
non-periodic dynamics
signals

Stockwell Transform [29] Combines Fourier Detailed time-  Requires complex

(S-Transform) and wavelet frequency computational

transforms representation  processing.

for transients

The system's frequency, an extract from the EPS that models the required machinery, and other
techniques that enable the study of this topic can all be used to investigate the EPS. Regarding assessment
techniques, EPS can be assessed by mathematical models, including modal analysis, eigenvalue
decomposition, the Prony method, and the Fourier transform [30]. The Prony method and the Fourier
transform were used for the proposed model. The Prony method was chosen for this study because the
Coordinating Organism of the Interconnected Electrical System (OC-SENI) of the Dominican Republic
had successfully used it in the past to analyze transient stability and disturbances.

The Prony method analyzes modal information such as relative phase, damping, and frequency. This
method is an extension of Fourier analysis with the option of taking modal information from the different
simulation programs used for power system analysis. This method can acquire modal information,
including transient stability or specific large-scale disturbances. In conclusion, this tool is widely used in
studies conducted on a transmission system power [31]. The mathematical description is as follows (see
Equation 1):

n

y(t) = Z A; e’ tcos (w;t + ©;) (1)

i=1

Where A; are the amplitude components of the series, ai are the damping components, w; are the
angular-frequency components, @,,4; are the phase components.
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The Fourier transform allows us to decompose a signal into its frequency components, defined as follows:
If f(t) is a signal in the time domain, then its Fourier transform F(®) in the frequency domain is given by
[32]. The mathematical description is as follows (see Equation 2):

F(w) = [ f(t) e*(—iwt) dt ()

Where i is the imaginary unit, w is the angular frequency, and the integral is taken over the entire time
domain.

During operation, power systems can produce instability in some system parameters, such as voltage,
current, power, and frequency oscillations. Because of this, methods and systems have been designed
over time to compensate for these oscillations. These systems are known as shock absorbers [33].

Dampers in power systems are the equipment responsible for damping or attenuating system oscillations
that produce instability in the network. Among the dampers used today, we can find the Automatic
Voltage Regulator (AVR), which regulates the voltage of the generators. The Power System Stabilizer
(PSS), which operates in conjunction with the AVR, is also used to increase the damping of the oscillation
modes that may be generated in the system [34].

Damping plays a vital role in a power system's oscillations. Damping torque analysis is a study in which
the low-frequency oscillations found in a power system are analyzed. It also indicates that this damping
torque can affect the main characteristics of the attenuation of the oscillation mode of the power system
[35].

3.1 Methods Delimitation

In post-event stability studies, the Prony method of signal analysis is employed to ascertain the
oscillations of the signal, their damping, and the oscillation frequencies' constituent parts. The Fourier
transform is a mathematical tool for breaking down a function or signal into its frequency components.
By converting a function or signal from the time domain to the frequency domain, the Fourier transform
enables analysis and comprehension of the many frequency components present in the signal. A
frequency spectrum that displays the amplitude and phase of each frequency component present in the
original signal can be created by applying the Fourier transform to a signal [36], [37].

Several engineering applications apply a mathematical formula called the wavelet transform to signal
analysis. It works by breaking a signal into several elements known as wavelets, which are functions that
fall into the time and frequency domains. This transform can represent both high-frequency and low-
frequency information. [38], [39].

To assess the study scenario, a comparative analysis of various techniques available for evaluating small
perturbations was conducted. The frequency spectrum, a graphical representation of a signal's
components, was utilized to differentiate between the different analysis methods. The amplitudes and
phases of the various frequency components that make up the original signal are revealed when a
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frequency analysis uses methods like the Fourier transform. The frequency spectrum represents this
information [40], [41].

Poles and zeros are techniques used to analyze a system's stability [42]. In the complex plane, poles, and
zeros are both significant locations that reveal details about the system's stability. The position of the
poles in the complex plane impacts a system's stability. The system is deemed stable if the actual parts
of the poles are negative. On the other hand, a graph tends to become unstable and show divergent or
oscillatory tendencies if a pole appears in the imaginary region [43].

The eigenvalue equation, often known as the characteristic equation of a linear system, has solutions that
are its values. The components required to determine a system's inherent frequency and the SEP's modes
of reaction to external disturbances are known as eigenvalues. Each eigenvalue's natural and imaginary
components represent the corresponding response mode's frequency and damping. The real part of the
eigenvalue determines the mode's natural frequency, and the imaginary component indicates its damping
rate [44], [45], [46], [47].

3.2 Method Development

A technique was introduced to stabilize a small signal in an EPS when renewable energy sources are
present in the network. This technique was accomplished using a MATLAB-developed mathematical
analysis application, which used the tools available for power system analysis and intricate mathematical
computations. The broad range of available mathematical models and their simple implementation led to
the choice of this program. The program was developed using a flowchart (see Figure 2) that illustrates
how the program assesses the frequency data to ascertain the presence of a small signal.

) SIGNAL
C INPUT SIGNAL )— FILTERING

FET
ANOMALY
DETECTED?

CONTINUE
EVALUATING

APPLY PRONY
METHOD

DETERMINE
DAMPING

( PRESENTATION OF \ RESULTS
C

ISCILLATION MODEU ANALYSIS
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Figure 2 Methodology for small signal stability analysis

Figure 3 shows the user interface, and six auxiliary program analyses created to analyze small signal
stability. It represents the plot of the studied frequency, the Fourier transform, and the sampled signal's
power spectrum. Likewise, the oscillation modes that appear in the sampled signal, the eigenvalues of
these modes, and the damping related to each oscillation mode are presented. The sampled system's pole
and zero stability graph are added as an additional visual verification method.

SMALL SIGNAL STABILITY ANALYZER FFT STFFT
10000 <0
0
Frequency file selection 5000
20
| Open file location | | FFT/Prony Transform | 0
0 200 400 600 0 200 400
Frequency {Hz) Frequency (Hz)
| Own Values | | Wavelet Transform | | Frequency / Damping | . DWT
= Uploaded files must be in xIsx format. 05 2
= Only numerical evaluation fields are needed. oV
= Analysis limit of 100 frequency values. 0 = 2 ;
= The FFT/Prony Transform button performs the Fourier transform 9 Sa?j:‘e: 100 50 100 150
and applies the Prony method to the entered frequency file. N

Poles and Zeros Frequency Response

i

= The Wavelet Transform button applies the Wavelet transform to
the frequency file.

= The Own Values button presents the system's own values in fr
tabulated form. ’ P 9 I J’i t
= The Frequency / Damping button presents the values of the K Ml SR 70 —
oscillation frequency and respective damping. -1 Reél Axis Freél\ émc (radss)
u Y /
(@) (b)

Figure 3. (a) Graphic interface of the program. (b) Supplementary results window.

It assessed the suggested program to determine the reliability of the outcomes it produced. Analyses were
conducted by contrasting the outcomes with the methods used by other sources of advice to achieve this.
It assessed the program's validity by subjecting it to a battery of tests in various scenarios, where the
conditions of the frequency signal produced different outcomes for variability. It gathered sufficient
samples to evaluate the program's overall reliability.

3.3 Case Study

The Dominican Republic's electrical infrastructure, especially its Hainamosa substation, will be used as
a reference point for this study. This system operates at 138 kV voltage, and frequency fluctuations can
be measured here thanks to the frequency meter equipment installed in the substation. Due to its 12
connection fields within the substation and its ability to create oscillations across multiple substations, it
is the best substation for this investigation. The connections between the several substations in the
vicinity of Hainamosa can be seen in Figure 4. The System National Electric Interconnected (SENI)
database, publicly available from the Dominican Republic's Coordinating Body (OC), can be found here:
The SENI Database.
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Figure 4. Connections diagram between the national electrical system's 138kV substations

Using the previously described 138 kV Hainamosa substation as a reference point, it assessed the
behavior of the frequency oscillations of the Dominican electrical system to examine the influence of
renewable energy sources on the oscillations of the network's small signals. Multiple frequency databases
are available for the intended investigation, organized by period into two-hour informational blocks. The
abovementioned information allowed us to run many test simulations and see whether there was any
instability in the little signals. The scenarios will occur between 11:00 and 16:00 because these are the
hours when renewable energy sources participate more in the Dominican Republic's energy grid. As
explained below, it included the assessment of three distinct scenarios, each involving varying frequency

values depending on the day and hour.

e Scenario One
Hours are from 09:00 to 11:00 A.M. Location: 138 kV Hainamosa Substation.

Date: September 5, 2023
The electrical system's frequency spectrum was recorded while operational at the previously

indicated time and place. At this time, a 150-second sample was taken for the first case.
e Scenario Two
Hours are from 2:00 P.M. to 4:00 P.M. Location: 138 kV Hainamosa Substation.

Date: September 5, 2023

e Scenario Three
Hours are from 2:00 P.M. to 4:00 P.M. Location: 138 kV Hainamosa Substation.

Date:
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e Scenario Four
It then simulated a situation in which the network experienced slight signal oscillations. To do
this, random values that can cause slight signal oscillations were generated using the Excel
calculating tool.

e Scenario Five and Six
It assessed the Peruvian electric system for this scenario and analyzed its daily operation.

4. Results and Discussion

When damping is applied to stable oscillation modes in the system, the results are expressed positively;
however, when damping is applied to an unstable mode, the results are expressed negatively. It is done
to make these outcomes easier to understand. Eight possibilities of minor signal oscillations correspond
to hourly frequency periods at various system operating times. The electrical systems of Peru and the
Dominican Republic were the ones that were assessed. An overview of these systems' energy matrices
based on conventional and renewable energy sources is shown in Table 3.

Table 3. General attributes of each nation's energy matrix

. Dominican Republic Peru

Installed Capacity (MW) (MW)
Renewable Energy Sources 1,445.98 6,280
Conventional Energy Sources 3,629.40 9,062
Total 5,075.38 15,342

Scenario One

The outcomes of this initial scenario are shown in Figure 5, where we can observe that oscillation modes
at frequencies lower than 0.08 Hz are predominant owing to the electrical system's operation. The
simulation displayed 37 local oscillation modes and 257 interarea oscillation patterns. The system rapidly
dampened the network's stable oscillation modes, representing the final modes category. The maximum
oscillation frequency was 1.1333 Hz, the maximum damping was 99%, the minimum was 2.765%, and
the minimum oscillation frequency was 0.0044 HZ. Regarding the system's damping, it presented 580
stable damping, 136 medium damping, and 18 critical grid damping.
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(a) (b)

Figure 5. (a) The number of small signal oscillations detected for Scenario One. (b) Number of
damped oscillations detected for Scenario One.

Scenario Two

In this case, as Figure 6 shows, the system provided 248 interarea oscillation patterns but only 39 local
oscillation modes. This test obtained oscillations with a maximum frequency of 1.12 Hz. The maximum
frequency of small signal oscillation was 1.12 Hz, while the minimum was 0.0046 Hz. The analysis of
damping of the oscillations showed favorable results for the stability of the system since the most
significant number of oscillation modes that were presented in the system were stably damped with a
total of 578 damped modes, 129 modes had medium damping, and only 27 modes presented critical
damping. However, these did not generate instability in the network because they dampened modes of
power system operation.
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Figure 6. (a) Number of small signal oscillations detected for Scenario Two. (b) Number of damped
oscillations detected for Scenario Two.

Scenario Three

The results obtained by applying the small signal assessment system are presented in Figure 7. The
predominance of oscillation modes of operation of the system is visualized with a total of 316; then, in
second place, we have the inter-area oscillation modes with a total of 259 modes found, and finally, the
local modes with 38 oscillation modes found. Most of the oscillation modes in the system were stably
damped in most cases, with 585 of these values. Only 12 modes with critical damping were presented in
this scenario. The maximum oscillation frequency was 1.12 Hz, and the oscillation damping range was
between 100% and 3.67%.
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Figure 7. (a) Number of small signal oscillations detected for Scenario Three. (b) Number of damped
oscillations detected for Scenario Three.
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Scenario Four

Figure 8 shows the results obtained when evaluating the proposed scenario four. It is shown that most
of the present modes corresponded to oscillations due to the operation of the power system itself.
Moreover, the grid detected 425 interarea oscillation modes and 67 local oscillation modes. The
maximum oscillation frequency in this scenario was 1.11 Hz, while the minimum reached approximately
0.01 Hz. The system evaluated in this fourth scenario was able to stably damp 585 modes, indicating that
the system is capable of maintaining system stability most of the scenario time. Only 16 oscillation modes
had critical damping; however, they did not present an instability event in the system.
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Figure 8. (a) Number of small signal oscillations detected for Scenario Four. (b) Number of damped
oscillations detected for Scenario Four.
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Scenario Five

Figure 9 presents the results obtained when evaluating scenario five. This scenario shows that the
presence of local and interarea modes in the system represent only 20% of the oscillation modes present
in the system. These results show that this disturbance is not due to a small signal oscillation in the power
system but to another type of disturbance analyzed under another stability branch.
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Figure 9. (a) Number of small signal oscillations detected for Scenario Five. (b) Number of damped
oscillations detected for Scenario Five.

Scenario Six

Frequent oscillation scenarios were created in an electrical system. This scenario was created to assess
the detection of unstable oscillations in the electrical system using the tool designed to evaluate small
signal oscillations. It was created based on a period of 10 seconds, for which intervals of 0.1 seconds
were created between samples to better represent the data obtained by the frequency meter used in the
other simulations.

Table 4 summarizes the oscillation modes detected in scenario six, for which a small signal oscillation
has been detected in the system, as mentioned above. It is shown that the generated oscillation occurred
at a frequency of 0.0022 Hz and had negative damping, which, following our analysis methodology,
determined that this oscillation is unstable. Likewise, inter-area mode oscillations can be observed in
mode 3, and oscillations due to the system's operation can be observed in modes 1 and 4.

Table 4. Outcomes of Scenario Six

Mode Damping Deadening Frequency
(%) (Hz)
Mode 1 12.1553 0.121553 0.0321
Mode 2 12.1553 0.121553 0.0321
Mode 3 40.7751 0.407751 0.1333
Mode 4 6.9258 0.069258 0.0114
Mode 5 -100 -1 0.0022
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Scenario Seven

For this scenario, frequency data was extracted from the National Electrical System of Peru to evaluate
other electrical systems that are not composed of conventional energy sources within their energy matrix.
A sample of frequencies from Peru's electrical system was analyzed, which yielded the values presented
in Figure 10. The system detected 115 oscillation modes, 70 inter-area oscillation modes, and nine local
oscillation modes. Most modes in this system were damped above 15%, indicating a relatively high
damping.
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Figure 10. (@) The number of small signal oscillations detected for Scenario Seven. (b) Number of
damped oscillations detected for Scenario Seven.
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Scenario Eight

Figure 11 presents a summary of the oscillation modes that occurred in this system. It shows that the
maximum oscillation frequency was 1.49 Hz, while the minimum was approximately 0.02 Hz due to
system operation. The damping in this electrical system is relatively stable, as seen in this figure. It
evaluated some of the oscillation modes of the electrical system in one of the scenarios. The instability
event that occurred in this scenario was detected at a shallow oscillation frequency of 0.0055 Hz.
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Figure 11. (a) The number of small signal oscillations detected for Scenario Eight. (b) Number of
damped oscillations detected for Scenario Eight.

5. Conclusions

The objective of this project was to confirm the tight connection between the integration of renewable
energy sources and the stability of small signals in a power system where the matrix's share of these
generation technologies is low. However, the results showed a different outcome than anticipated. It was
feasible to show one practical way to investigate the system's behavior. At the same time, these
unconventional sources operate to analyze the stability of small signals in a power system with lower
penetration of renewable sources. Several tests were run using the available historical frequency data,
and the findings were encouraging for the research. It was determined that while the power system
naturally and effectively dampens the oscillation modes, the low penetration of renewable sources in an
electrical system does not produce small signal oscillations.

It was demonstrated that while renewable energy sources contribute little to the energy matrix, the
electrical system dampens small signal oscillations. Conventional generators can safely absorb such
oscillations and maintain system stability during a small signal disturbance. According to frequency
analysis, the case study's renewable energy sources' intermittency or variability does not significantly
alter system frequency, which could result in either undamped or inadequately damped oscillation. Thus,
it is unlikely that the oscillations observed in this study will result in system failures or blackouts in the
grid. In contrast, only one blackout in a transmission line has been verified in the Dominican Republic's
electrical system in recent years, indicating the system's ability to absorb small signal abnormalities.

Conversely, the Peruvian electrical system had small signal instability. Nonetheless, the analyzed
scenarios showed that Peru's electrical system could considerably dampen these small signal oscillations,
with most of the oscillations being damped stably. The study presented that if the system's installed
capacity is substantial and the changes are significantly severe, an electrical system may generate
oscillations due to modest signal instability caused by renewable sources.
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