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Abstract

The detection and damping of oscillations have become one of the key aspects to consider for preventing system instabil-
ity. The importance lies in the fact that oscillations in a system can cause instability and lead to malfunctions, damage, or
even catastrophic failures. Detecting and damping oscillations at an early stage can prevent them from amplifying and
ultimately stabilize the system. Furthermore, detecting and damping oscillations can improve system performance and
increase the lifetime of the components involved, as well as improve overall system reliability and safety. Therefore, it is
crucial to prioritize the detection and damping of oscillations as part of system design and maintenance. This paper anal-
yses different methods for power oscillation detection in the electric grid. The scope of the paper is to compare and
identify the most suitable power oscillation detection method for field applications, with the main objective of detecting
interarea oscillations. The comparison concerns the Matrix Pencil Method, Prony Analysis, and the Fast Fourier Trans-
form (FFT). The performance of the three methods is tested when detecting interarea oscillations in a simulated signal in
an electric system to evaluate their sensitivity, time response and accuracy against this phenomenon by comparing the
results with the DIgSILENT PowerFactory (DSPF) eigenvalue tool. The expected outcomes of the study include identi-
fying the most suitable method for practical power system applications and providing recommendations for implementing
power oscillation detection techniques in the field.
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1 Introduction different parts of the world, such as the 1996 Western Sys-

Renewable power generation, mainly solar and wind en-
ergy, has significantly increased over the last years, as data
from the International Renewable Energy Agency
(IRENA) [1] shows. This increase leads to a reduction in
traditional generation based on synchronous machines,
which are responsible for different aspects related to the
stability of the electrical system.

Thus, concern about decreased network inertia and damp-
ing properties has increased nowadays [2] [3]. The conse-
quences of electrical system instability problems are often
severe and can range from permanent damage to equipment
and process downtime to causing an area-wide blackout
[4].

A central problem of the power system stability is related
to the electromechanical oscillations, which can be classi-
fied into two main groups [5]: local mode oscillations and
interarea mode oscillations. Local mode oscillations are in
the frequency range from 0.7 to 2.0 Hz and occur when a
generator oscillates against the rest of the system. The char-
acteristics of these oscillations are well comprehended, and
solutions to their stability problems are available. Nonethe-
less, the features of interarea mode oscillation are far more
complicated to analyse and control. Interarea oscillations
are in the frequency range from 0.1 to 0.7 Hz and take place
between groups of generators. The leading causes are
heavy power transfer across weak tie-lines or high-gain ex-
citers [5] [6]. The controls used for damp interarea oscilla-
tions are the Power System Stabilizer (PSS) of generators
and Power Oscillation Damping (POD) in FACTS.
Recent studies show that interarea oscillations have been
responsible for several large-scale power system failures in

tem Coordinated Council (WSCC) blackout [7] and the
2003 Northeast blackout in North America [8]. A more re-
cent and closer example is the unexpected opening of a line
in the French system (in the western 400 kV interconnec-
tion corridor with the Spanish system) that triggered an os-
cillatory incident in the Continental Europe electricity sys-
tem (CE) in December 2016 [9]. These examples illustrate
the significance of the problem of interarea oscillations.
Therefore, for secure and stable power system operation,
detection and damping oscillations between interconnected
generators constitute a significant concern [10]. If not de-
tected and damped quickly, these oscillations can lead to
line tripping, network splitting, generator outages, and
even blackouts [6] [11].

Throughout the article, three methods for power oscillation
detection are analysed. The methods are Fast Fourier
Transform (FFT), Prony Analysis and Matrix Pencil
Method (MPM).

- The FFT can be used to analyse the frequency content
of power system signals and to identify the presence
of power oscillations and their frequencies. Different
authors have used the FFT to calculate and determine
the oscillation modes [12] [13] [14].

- The Prony analysis is a least square approximation
technique of fitting a sum of exponential terms to the
measured data. It identifies the amplitudes, damping
factors, frequencies, and phase angles inside the data
[15]. Different authors use the Prony analysis to mon-
itor Interarea Oscillation [15] [16] [17]. Some authors
compare the results obtained with Prony Analysis
with those obtained using the FFT [18].
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- The Matrix Pencil Method approximates a given sig-
nal by a sum of complex exponentials. The idea orig-
inates from the approach of pencil-of-function. This
method uses Hankel matrices and Singular VValue de-
composition to fit complex exponential sums. MPM
finds all parameters, i.e., the magnitude, the damping
factor, the frequency, and the phase angle [19]. The
Matrix Pencil Method is used in [19] for oscillation
monitoring. Moreover, some authors compare the
performance of the Prony Analysis and Matrix Pencil
Method for monitoring power oscillations [20].

This article first explains the FFT, the Prony Analysis, and
the Matrix Pencil Method, performing a state of the art.
Subsequently, a comparison of the three methods is made
theoretically, analysing their pros and cons, as well as in a
simulated form, where the results are compared. The input
used is a simulated signal measured in an electrical system
simulated in PowerFactory DIgSILENT (DSPF). The ex-
pected outcome of the study is to identify the most suitable
method for practical applications in power systems and to
provide recommendations for implementing oscillation de-
tection techniques in the field.

2  Definition FFT, Prony, MPM

2.1 Fast Fourier Transform (FFT)

The Fast Fourier Transform (FFT) algorithm is widely
used to analyse the frequency content of power system sig-
nals and to identify the presence of power oscillations and
their frequencies, including the detection of oscillatory
modes, as reported in [12] [13] [14].
The FFT transforms a time-domain signal into its fre-
quency domain representation, providing information
about the frequencies and amplitudes present in the signal.
In this way, the frequency contribution of the signal can be
analysed. In the context of interarea oscillation detection,
by applying the FFT to the measured signal, the oscillation
frequencies of interest (between 0.1 and 0.7 Hz [5]) can be
analysed and detected.
For a real-valued signal, such as the measured frequency
signal, the FFT is symmetric around the centre frequency
[21]. This symmetry means that the negative frequency
components of the Fourier transform are only the complex
conjugates of the positive frequency components, with
about half of the operations being redundant [22]. Thus, the
Real-Valued Fast Fourier Transform (RFFT) function is
optimised for such signals and can calculate the real part of
the Fourier transform much faster than the FFT. This saves
memory and computing resources while providing all the
frequency information needed for most applications.
Therefore, RFFT is the function used for this analysis.
The procedure used to detect the interarea oscillation of a
simulated signal using RFFT is explained in Figure 1 and
can be summarised in the following steps.
- Execute the RFFT of the input signal, which con-
tains the sampled values of the signal in the time
domain. The output is an "fft" matrix of complex

values representing the frequency domain spec-
trum of the input signal.

- The amplitude of 'fft' is normalised to the maxi-
mum absolute value of 'fft'. The result is a normal-
ised amplitude spectrum representing the relative
strength of each frequency component in the sig-
nal. In this way, it is possible to detect which fre-
quency range dominates the measured signal.

- A threshold is set for the frequency of interest
(0.1-0.7 Hz). Thus, when the frequency compo-
nent of the signal within that range exceeds the
threshold, an interarea oscillation is detected,
sending a message and a trigger signal.

2.2 Prony Analysis

Prony analysis is a signal processing technique that extends
Fourier analysis by directly estimating the frequency,
damping ratio, amplitude, and phase angle of the modal
components present in a given signal. Prony analysis for
the evaluation of electrical systems was initiated in 1990
[23]. Since then, Prony analysis has been used by different
authors to monitor interarea oscillation. In addition, some
authors have improved Prony analysis, resulting in differ-
ent versions [15] [16] [17] [20].

Prony analysis is a method based on a least-squares ap-
proximation technique of fitting a sum of exponential terms
to the measured data [15]. In this way, the original wave-
form can be reproduced by plotting the obtained exponen-
tial sum. In the context of interarea oscillation detection,
Prony analysis can be used to identify the frequency and
damping ratio of electromechanical modes by detecting ei-
genvalues whose frequency is within the range of interest,
i.e., between 0.1Hz-0.7Hz [5].

The procedure used to detect the interarea oscillation of a
simulated signal using Prony analysis is explained in
Figure 1 and summarised in the following steps [15] [17].

- A Linear Prediction Model (LP) is con-
structed from the observed data (1).

yIN=1l  yIN=2] HN—p—ﬂ]F1 (1)
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Matrix A is filled with overlapping sub-arrays of
the measured signal of length p (p is the number
of poles defined by the user). The dimension of
the A matrix is [Mxp], where M is the number of
samples used to compute the exponential compo-
nents, mathematically, M =N —p (N is the
length of the measured signal). B Vector is filled
with the last M samples of the measured signal.
This creates a system of linear equations Ax =
B, where X is a vector of size p containing the co-
efficients of the exponential components.

- The least-squares method is used to solve the lin-

ear system, which returns the coefficients x that

will describe a model close to the measured val-

ues.




- Toconnect the x-coefficients to the modal decom-
position, the Z-transform is executed, forming the
characteristic polynomial (2).

1+az7 '+ 4a,z7? = (2)

The characteristic polynomial is factorized to ob-
tain the roots of the polynomial. The roots are
complex numbers and represent the poles of the
transfer function of the model.

- Theeigenvalues are obtained since they are linked
to the roots by (3).

B In(roots)
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Where A are the eigenvalues and Ts is the sam-
pling time of the measured signal.

- From the eigenvalues, the frequency and damping
ratios of the modal components are calculated
since the real part of the eigenvalues refers to the
damping ratio (c,) and the imaginary part con-
tains the oscillatory frequency component (f,,)
(4), (5). The amplitude and phase angle are esti-
mated by another least-squares approximation.

Ap = Xt j21fy (4)
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- A threshold is set for the frequency of interest
(0.1-0.7 Hz). Thus, when the frequency of a mode
is within the range of interest (0.1-0.7 Hz), an in-
terarea oscillation is detected, sending a message
and a trigger signal.

2.3 Matrix Pencil Method (MPM)

The matrix pencil method (MPM) is a signal processing
technique used to identify the parameters of a signal model.

FFT
Input signal

| l

Real-Valued FFT

[

Normalized the amplitude

Prony Analysis
Input signal

Construct a LPM (matrix A and B)

i AxB

Solve x using least-squares method

The MPM approximates a measured signal by a sum of
complex exponentials and estimates the frequency, damp-
ing ratio, amplitude, and phase angle of the modal compo-
nents [19]. The MPM was proposed by Hua and Sarkar in
the 1980s. Compared to Prony analysis, MPM has better
statistical properties for mode estimation, which makes it
more computationally efficient. In addition, MPM is less
susceptible to noise [24] [25].

The matrix pencil method uses Hankel matrices and singu-
lar value decomposition to fit a sum of complex exponen-
tials [19]. Thus, the original signal can be reproduced by
plotting the obtained exponential sum. As for the detection
of interarea oscillations, the MPM can be used to identify
the frequency and damping ratio of electromechanical
modes by detecting the eigenvalues whose frequency is
within the range of interest, i.e., between 0.1Hz-0.7Hz [5].
The steps used to detect the interarea oscillation of a simu-
lated signal using MPM are explained in Figure 1 and sum-
marised in the following steps [19] [26].

- A Hankel matrix Y is formed from the measured
signal (6), (7). The dimension of matrix Y is [(M-
L)x(L+1)], where M is the length of the measured
signal and L represents the pencil parameter. The
parameter L is useful in eliminating some effects
of noise in the data.

N
y(t) = ZAie‘fit cos(2nfit + 6,), i=12,..,N (6)
i=1

y(0) y(1) y(L)
Y = y(.l) }’(.2) y(L + 1) (7)
yM—L-1) yM—-1) . yM-1)

From matrix Y (7), two matrices, Y1 and Y2, can
be constructed. Y1 is obtained by eliminating the
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Figure 1. FFT, Prony analysis and MPM procedure to detect interarea oscillations.



last column of Y, while Y2 is constructed by elim-
inating the first column of Y. Y1 and Y2 are [(M-
L)xL] matrices.

- Theroots zn are obtained by following the expres-
sion (8).

n = eigenvalues(Y;'Y,) (8)

Where Y1+ is the Moore-Penrose pseudoinverse
matrix of Y1, defined by (9).

vi = [viy,]7'v{ ©)
- The roots zn lead to the frequency f,,. and damp-
ing ratios oc,using the expressions (10).

n-1 Im(z)
Re(Zk)
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Ts
The amplltude and phase angle are estimated by
solving the original set of linear equations (6).

- A threshold is set for the frequency of interest
(0.1-0.7 Hz). Thus, when the frequency of a mode
is within the range of interest (0.1-0.7 Hz), an in-
terarea oscillation is detected, sending a message
and a trigger signal.

(10)

3  Comparative FFT, Prony, MPM

3.1 Theorical Comparison

Table 1 provides a comparative between the different pa-
rameters that can be obtained using the three methods stud-
ied in this article, where:

- f: frequency

- o: damping

- Aramplitude

- O:phase angle

- Wave: original wave reconstruction
The FFT method is computationally efficient and easy to
implement, making it a popular choice in signal analysis
[14]. However, it has some limitations. The accuracy of the
results depends on the number of samples taken, and noise
in the measurements can affect the results. In addition, the
FFT is affected by the phenomenon of spectral leakage and
the picket effect, as indicated in [27]. As the FFT converts
a time-domain measured signal into its frequency-domain
representation, only the peaks of the frequency of the meas-
ured signal are obtained. Thus, the damping is not calcu-
lated.
Prony analysis has some advantages, such as being able to
handle non-stationary and non-linear signals and providing
accurate results with a small number of samples [28].
Moreover, Prony analysis retrieves the damping infor-
mation, which is not possible from the conventional FFT

Table 1. Comparative between the parameters

Method f o A 0 Wave
FFT Yes No Yes No No
Prony Analysis | Yes Yes Yes Yes Yes
MPM Yes Yes Yes Yes Yes

[18]. The original signal can be reproduced since the am-
plitude and phase angle are also calculated. However, it can
be sensitive to noise in the measurements and may require
careful selection of model order. Moreover, Prony analysis
requires high computational time [20].

The matrix pencil method agrees with some Prony ad-
vantages, such as being able to handle non-stationary and
non-linear signals. However, MPM requires less computa-
tional time compared to Prony analysis and improves its
performance concerning accuracy, efficiency, and noise
sensitivity [20]. As with the Prony analysis, MPM retrieves
the damping information, which is not possible from the
conventional FFT. The original signal can be reproduced
since the amplitude and phase angle are calculated [29].

3.2 Simulation Comparison

A simulated electrical system is modelled in DSPF. To re-
produce the oscillation between zones, the test system of
two generator zones connected by a power line, proposed
in [30], is used. After performing a time domain simula-
tion, the frequency measurement of one of the terminals is
used as input to the power oscillation detection functions.
Thus, the simulated measured signal is quite similar to
those obtained in a PMU and is represented in Figure 2.
In addition, to ensure the accuracy of the results achieved,
a simulation is carried out in the frequency domain in the
DSPF eigenvalues tool [31]. This tool implements the
QR/QZ method and calculates a complete and selective ei-
genvalue analysis, which is used as a base to compare, val-
idate and confirm the results obtained by the three methods.
Thus, the electromechanical pole of the system is obtained,
which is defined as:

A=atj2nf =—-0.0717 + j210.405
Where the real part, « = —0.0717, corresponds to the
damping. From the imaginary part, the frequency is ob-
tained, f = 0.405 Hz.
Therefore, using the frequency measurement of one of the
DSPF terminals as input to the functions, the main objec-
tive is to obtain the eigenvalue with the same characteris-
tics (damping and frequency) as that obtained DSPF.
The FFT is performed using the frequency measurement as
input. The procedure used is the one defined in Section 2.1.
The results are displayed in Figure 3. The x-axis represents
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Figure 2. Frequency simulated measured signal
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Figure 3. FFT results

the frequency components of the signal, while the y-axis
represents the amplitude or power of each frequency com-
ponent. The horizontal dashed line represents the threshold
defined for the detection of interarea oscillations. By ana-
lysing the signal, the peak in the FFT represents the domi-
nant frequency components in the signal, f = 0.395 Hz.
The frequency exceeds the threshold and coincides approx-
imately with the frequency obtained in DSPF.
The Prony Analysis code is executed using the frequency
measurement as input. The procedure used to detect the in-
terarea oscillation is the one defined in Section 2.2.
Among the results the electromechanical pole is found,
which approximately matches the one obtained in the
DSPF simulation.

A=azj2nf = —-0.062 + j270.406
The MPM code is executed using the same frequency
measurement as the input. The procedure used to detect the
interarea oscillation is the one defined in Section 2.3.
As with the Prony analysis, the results contain the electro-
mechanical pole, and it matches approximatively with the
one obtained in the DSPF simulation.

A=a+tj2rnf =—-0.0719 + j210.408

Table 2 summarises the damping and frequency results
obtained with the different power oscillation detection
methods. Comparing the results, the damping is quite
similar in the Prony analysis and MPM, with the damping
obtained using the Prony analysis being slightly different
from that obtained using DSPF. The frequency results are
similar for all three methods. The largest deviation in fre-
quency is in the FFT and could be due to the results are
obtained graphically. Therefore, the FFT is not as accu-
rate as the Prony analysis and the MPM. However, the
FFT has a low computation time. On the other hand, if the
main objective is to obtain accurate results, both in damp-

Table 2. Damping and frequency results of the different
power oscillation detection methods

Method a f[Hz]
DSPF -0.0717 0.405
FFT ~0.395
Prony Analysis -0.062 0.406
MPM -0.0719 0.408

ing and frequency, giving less importance to the calcula-
tion time, the Prony analysis and the MPM could be the
right choice, with the MPM being more accurate.

4  Conclusion

Within this paper, three methods for detecting power oscil-
lations (FFT, Prony analysis, and MPM) have been com-
pared.

First, a theoretical comparison has been made, explaining
how each method works and focusing on the different im-
plementation steps. Then, the three methods have been
compared, both theoretically and in terms of simulation re-
sults. As input to the functions, a frequency measurement
of a terminal in DSPF has been used. Furthermore, to ver-
ify and ensure that the results obtained by the three meth-
ods are correct, the results have been compared with those
obtained in DSPF.

As a general conclusion, all three methods provide concise
results. However, as the frequency obtained with the FFT
is less precise, the FFT could be used when computational
time takes priority over the accuracy of the results. When
run time is not so important and accurate damping and fre-
quency results are required, Prony analysis and MPM are a
better choice, since both methods provide accurate results,
with MPM being more accurate.
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