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Parameter Estimation of Sub-/Super-synchronous
Oscillation Based on Interpolated All-phase Fast
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Abstract—In recent years, with increasing amounts of renew-
able energy sources connecting to power networks, sub-/super-
synchronous oscillations (SSOs) have occurred more frequently.
Due to the time-variant nature of SSO magnitudes and frequen-
cies, as well as the mutual interferences among SSO modes with
close frequencies, the accurate parameter estimation of SSO has
become a particularly challenging topic. To solve this issue, this
paper proposes an improved spectrum analysis method by im-
proving the window function and a spectrum correction method
to achieve higher precision. First, by aiming at the sidelobe
characteristics of the window function as evaluation criteria, a
combined cosine function is optimized using a genetic algorithm
(GA). Furthermore, the obtained window function is self-con-
volved to extend its excellent characteristics, which have better
performance in reducing mutual interference from other SSO
modes. Subsequently, a new form of interpolated all-phase fast
Fourier transform (IpApFFT) using the optimized window func-
tion is proposed to estimate the parameters of SSO. This meth-
od allows for phase-unbiased estimation while maintaining algo-
rithmic simplicity and expedience. The performance of the pro-
posed method is demonstrated under various conditions, com-
pared with other estimation methods. Simulation results vali-
date the effectiveness and superiority of the proposed method.

Index Terms—Sub-/super-synchronous oscillations (SSOs),
window function, parameter estimation, interpolated all-phase
fast Fourier transform (ApFFT).

1. INTRODUCTION

N recent years, with the large-scale grid connection of re-
newable energy resources such as wind power and photo-
voltaic, the proportion of power electronics in power sys-
tems is increasing. Sub-/super-synchronous oscillations
(SSOs) have occurred frequently. According to the involved
elements, SSO can be classified as sub-/super-synchronous
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resonance (SSR), sub-synchronous torsional interaction (SS-
TI), and sub-synchronous control interaction (SSCI) [1].
SSR is a phenomenon that a series compensated system ex-
changes significant energy with a turbine generator at a fre-
quency below the synchronous frequency [2]. SSCI is a pure
electrical oscillation phenomenon caused by interactions be-
tween control systems and networks. The adverse effect of
high-voltage direct current (HVDC) rectifiers on the sub-syn-
chronous torsional oscillations, referred to as SSTI [3]. Re-
cent SSO events were caused by the interaction between
wind turbine clusters and series-compensated transmission
lines in southern Texas of the USA and in Guyuan of China
[4], [5]. During these incidents, SSO became so strong that
it caused serious damage to the rotor shaft system of turbine
generators or even weakened the safety and reliability of
power systems. These accidents have shown that SSOs have
characteristics of time-variant and mode superposition, pos-
ing great challenges for detecting SSOs [6]. Therefore, it is
imperative and significant to identify the parameters of SSO
such as frequency, amplitude, and phase in order to establish
control strategies and mitigate SSOs.

Phasor measurement units (PMUs) are widely used in
power systems for synchronous phasor estimation. However,
traditional PMUs are primarily designed to measure funda-
mental phasors [7]. To accurately obtain the fundamental
phasors, PMU usually filters out sub-/super-synchronous
components as interferences or noise and only retains the
fundamental wave. Consequently, the sub-/super-synchro-
nous information can hardly be obtained through traditional
PMUs. Therefore, it is necessary to modify the filtering set-
ting to capture sub-/super-synchronous components. Similar
modifications have been done in [8]. What’s more, com-
pared to purpose-built protective relaying intelligent electron-
ic devices (IEDs), PMUs have been widely adopted in pow-
er systems, and modifying them for sub-/super-synchronous
component detection can yield cost savings. The algorithm
of modified PMU has a wider detection range. It can not on-
ly detect the fundamental frequency but also the SSO fre-
quency.

Discrete Fourier transform (DFT) based methods are the
most commonly employed in the identification and monitor-
ing of SSOs, owing to their straightforward algorithms, rapid
computation speeds, and ease of implementation in embed-
ded devices [9]-[11]. However, DFT can be subjected to
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fence effect and spectral leakage, leading to decreased detec-
tion accuracy. To overcome these issues, some researchers
have improved the traditional algorithms. Iterative [12], win-
dow, and interpolated DFT (IpDFT) algorithms have been
proposed [13], [14]. In [15], an iterative Taylor-Fourier
multi-frequency parameter estimation model of SSO is pro-
posed. However, its computation burden increases dramatical-
ly with the number of oscillation modes. Window techniques
are also used to suppress spectral leakage [16]. Numerous
window types have been thoroughly categorized and ex-
plained [17]. A well-designed window function with a small
peak sidelobe level and a large asymptotic sidelobe attenua-
tion rate can be effective in suppressing spectral leakage. In
[18], it only considered the generalized maximum asymptot-
ic sidelobe attenuation window, which means that the effect
of optimization performance is limited, and the spectrum of
SSO mode will be significantly interfered by the spectral
leakage from other close SSO modes. In addition to improv-
ing the windows, increasing the number of interpolated spec-
tral lines can also enhance the accuracy of DFT. Currently,
two-spectral line, three-spectral line, and four-spectral line
IpDFT algorithms are used to reduce the spectral interfer-
ence [19]-[21]. In [22], a three-point IpDFT algorithm was
proposed to capture the sub-/sup-synchronous dynamics.
However, the accuracy of phase measurements is limited by
both white noise and spectral interference. In the domain of
information processing, a novel signal analysis algorithm
named all-phase FFT (ApFFT) has been introduced in the
past few years [23]-[25]. Due to its favorable phase charac-
teristics and enhanced leakage suppression, it offers the po-
tential to further improve the precise parameter estimation of
SSO.

Currently, DFT-based methods require enhancements in
window techniques to suppress spectral leakage, thereby im-
proving the accuracy of SSO detection. Concerning phase
measurement, it is more susceptible to noise and spectral in-
terference, resulting in less precise data for monitoring.
Therefore, it is imperative to develop a more accurate meth-
od for SSO detection.

This paper proposes an improved interpolated ApFFT
(IpApFFT) based on the optimized combined cosine self-con-
volution window (OCCSCW) function to estimate the param-
eters of SSO. Compared with traditional IpDFT, the pro-
posed IpApFFT with OCCSCW function in this paper has
the following advantages.

1) Our significant contribution lies in the optimization of
window parameters using sidelobe peak and sidelobe attenua-
tion rate as objective functions. Superior to traditional win-
dows, the optimized OCCSCW function greatly improves
the ability to suppress spectral leakage. Furthermore, it re-
duces the mutual interference of close SSO modes on the pa-
rameter estimation of SSO. Thus, it significantly improves
the precision of parameter estimation for SSO.

2) An ApFFT correction algorithm based on spectral line
interpolation is proposed. This algorithm provides improved
accuracy in suppressing spectral leakage compared with tra-
ditional DFT, and effectively reduces errors induced by the
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fence effect. Additionally, the ApFFT has the phase-invari-
ance property, resulting in zero error in phase estimation.

3) Simulation tests with close frequency of SSO modes
have been conducted, and the results demonstrate that the
proposed method outperforms IpDFT under interharmonic
amplitude modulation (AM), phase modulation (PM), fre-
quency ramp (FR), and harmonic interference (HI) condi-
tions. It exhibits good reliability and stability in the presence
of interference from other close SSO modes.

This paper is structured as follows. First, Section II de-
scribes an optimized combined cosine (OCC) window func-
tion based on the genetic algorithm (GA) in detail. Next, the
principles of the ApFFT spectrum analysis technique are in-
troduced in Section III. Then, the IpApFFT based on the
OCCSCW is proposed to estimate the frequency, amplitude,
and phase of SSO in Section IV. Section V presents verifica-
tion studies that demonstrate the advantages of the proposed
method under conditions of sub-/super-synchronous parame-
ter variations, noise, dynamic conditions, and simulation test.
Finally, the main conclusions of the proposed method are
summarized in Section VL.

II. OCC WINDOW FUNCTION BASED ON GA

In this section, the combined cosine window function is
introduced and the parameter of the window function is opti-
mized using a GA to obtain the optimized window function.
Subsequently, the self-convolution window function can be
obtained. It is noteworthy that the parameter optimization of
window function is an offline preparatory work that only
needs to be optimized once, and does not occupy any com-
putation time.

A. Combined Cosine Window Function

Applying a window function to sampled data is an effec-
tive method to suppress spectral leakage. The performance
of the window function in suppressing spectral leakage is
heavily influenced by its sidelobe characteristics. Different
window functions have different suppression effects. It is
crucial to find a new window function, which is more effec-
tive than most window functions.

The combined cosine window consists of various terms
and coefficients that lead to different window functions with
different performances. By changing the terms and coeffi-
cients, it is possible to find a better target window function.
The combined cosine window comprises several terms and
coefficients, which can generate different window functions
with different performances. Altering these terms and coeffi-
cients enables identification of a more optimal target win-
dow function. The combined cosine window function in its
general time-domain form can be rewritten as:

w(n)= Mz_: (-1)"a,, cos(2nnm/N)

m=0

(M

where n=0,1,...,N—1, and N is the length of window func-
tion; m=0,1,...,M—1, and M is the number of window func-
tion terms; and a,, is the coefficient which needs to meet the
following constraints.



SUN et al. PARAMETER ESTIMATION OF SUB-/SUPER-SYNCHRONOUS OSCILLATION BASED ON INTERPOLATED ALL-PHASE...

M-1
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m=0

The spectrum function of the combined cosine window
function can be written as:

W(w)= ig(—l)m“;(m(w— 2"7’”) + WR(w+ 2;‘V”’)) (3)

where W, (w)=(sin wN/2)/(sin w/2)e " Y2 which is a spec-

trum function of a rectangular window.

B. Parameter Optimization of Combined Cosine Window
Function

The peak sidelobe level and asymptotic sidelobe attenua-
tion rate serve as crucial metrics for evaluating the perfor-
mance of window functions. Window functions characterized
by low peak sidelobe levels and high asymptotic sidelobe at-
tenuation rates contribute to enhance the accuracy in signal
parameter estimation [26]. To find such a window function,
the GA can be used.

The first step in using GA is to determine the optimiza-
tion constraints. The input variables of GA are the coeffi-
cients a,, of the combined cosine window function. The con-
straints of optimization are shown in (4).

M-1
2 a, =1
m=1

M-1

2 -a,, =0

m=0

0<a,<1

m=0,1,...M-1 @)

The peak sidelobe level and the asymptotic sidelobe atten-
uation rate are taken as the parameter optimization targets of
the window function. The objective optimization function
can be constructed as:

F,y=min[-0(ao]| +[5A])] )
where o and A are the peak sidelobe level and asymptotic
sidelobe attenuation rate, respectively; a and f are the
weighting coefficients for the peak sidelobe level and asymp-
totic sidelobe attenuation rate, respectively, with the con-
straint a+f=1; and 6 is penalty factor.

The values of ¢ and A are determined as follows. The
time-domain function of the combined cosine window is de-
rived by calculating its coefficients a,. The spectrum func-
tion is obtained by applying a Fourier transform to the time-
domain function, resulting in the corresponding amplitude
frequency response curve. The maximum value of each side-
lobe is determined by analyzing the curve. Finally, the value
of ¢ is obtained by comparing the sidelobe peak closest to
the main lobe, and 4 is calculated by determining the slope
between each adjacent sidelobe peak points.

The values of 6, a, and f are determined as follows. 6 is
generally set to be 1, while it is set to be 0 if both 1<0 and
0>0. For a=0.6 and f=0.4, the testing of the algorithm has
shown better optimization results.

The parameters for the GA are set as follows. The popula-
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tion size is 100; the number of iterations is 1000; the stall
generation is 300; and the function tolerance is 1x 107",

The width of the main lobe is determined by the number
of terms in the combined cosine window function, and the
performance of the sidelobes is affected by the coefficients.
To achieve optimal results, it is essential to strike a balance
and select an appropriate number of terms, neither excessive
nor insufficient. In this paper, we achieve this balance by us-
ing six terms, and the time-domain expression is calculated
as:

w(n)=0.2625 —0.4266co0s( 2nn/M )+ 0.2250cos(4nn/M)—
0.0726cos(6mn/M)+0.0125cos( 8nn/M)—

0.0008cos (10mn/M) (6)
C. Self-convolution Window Function and its Spectrum
Characteristic

The window function can be self-convoluted to improve
the sidelobe performance, and this improvement is further
amplified with increasing convolution orders. However, the
higher the order, the longer the width of the window func-
tion. Considering the sidelobe performance of the window
function, the second-order self-convolution window function
is adopted in this paper. The new window function can be
written as:

@, (n")=o(n)*w(n) (7
where n'=2n—1 is the length of the convolution window. To
ensure that the new window has a length of n’'=2n, it is nec-
essary to apply zero to the window.

The spectrum function of the OCCSCW can be derived as:

W,= [2(_1)"1‘3»«(WR(00— ZnTm) + WR(a)+ 27;\;"))}2 (8)

where w=2nk/N,k=0,1,...N—1.
Equation (8) can be simplified as:

sm(f mn) sin(k7t +mn)
M-1 - A
W,=e™ EQ 2 2
=2 i kn  2mm i kn N 2mn
2 N 2 N
©))
Equation (9) can be simplified as:
Cink e o kT
w,=¢el "smz?-
2
sin(&)
M-1
& X (10)
i 2 sin Lugs 2mn)sin L + 2mn)
2 N 2 N

The cosine self-convolution window function has im-
proved the sidelobe performance with a smaller peak side-
lobe peak and a higher sidelobe attenuation rate. This side-
lobe performance can better suppress the spectral leakage
that occurs in FFT algorithms, thus improving the parameter
estimation accuracy of SSO. To demonstrate the advantages
of the cosine self-convolution window function compared to
traditional window functions, the normalized spectrum of tra-
ditional window functions, OCCSCW function, and OCC
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window function is depicted in Fig. 1. From Fig. 1, it is evi-
dent that the OCCSCW function has the smallest peak side-
lobe and the highest sidelobe attenuation rate among all the
window functions, indicating the excellent characteristics of
the OCCSCW function. These characteristics significantly
suppress spectral leakage, resulting in a more precise param-
eter estimation of SSO.

0
501
% -100+
O - E
3 150 ™ /’\(\ N
= -200¢ Peak ﬂdelg/‘tl\m\ﬂmf\’ YYVYYYYY
;EE -250¢ he S1delobe attenuation rate
=300+
-350
0 0.2 0.4 0.6 0.8 1.0
Normalized frequency (rad)
—— Hamming window; — Hanning window; —— Blackman window

—— Kaiser window; — OCC window; — OCCSCW

Fig. 1. Frequency response of different window functions.

Note that the window function parameters depend on the
peak sidelobe and the sidelobe attenuation rate of spectrum.
The parameter optimization process is an offline preparatory
work and it only needs to be optimized once. The optimized
window function can ensure excellent parameter estimation
performance within the sub-/super-synchronous frequency
range. The tests are provided to demonstrate the excellent pa-
rameter estimation performance within the sub-synchronous
frequency range in Section V-A.

III. APFFT SPECTRUM ANALYSIS TECHNIQUE

In this section, an ApFFT spectrum analysis technique is
introduced. The superiority of ApFFT in suppressing leakage
and enhancing phase estimation can be demonstrated by
comparing the spectral functions of FFT and ApFFT.

The signal model of power grid can be modeled as:

x(t)=A4, cosnfyt+p,) (11)
where 4, f,, and ¢, are the amplitude, frequency, and phase

of the signal, respectively.
Its discrete expression can be written as:

x(n)=A, cos(2nnfy/f,+¢,)
where f; is the sampling rate.

The complex exponential series of (12) can be expressed
as:

(12)

) j21tk”n +o
x(n)zej(wunwn):e N 0 (13)

where w,=2nk,/N; and k, is the theoretical frequency index,
which may not necessarily be an integer.
The traditional N-point FFT spectrum x(k) of x(n) is:
1S oy i 1
X - = 0o 12Tk J27[k}’l/N: L
(k) i nzoe] e e N
1 sin(atky,—k) ]
N sin(n(k,—k)/N)

where £k=0,1,...,.N—1.

— o2tk —h)
i, 1—¢ _
I 2mtko kYN

(14)
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ApFFT is a recent signal processing technique. It is well-
suited for analyzing close frequency distributions and effec-
tively suppressing spectral leakage. The all-phase data sam-
pling sequence can be written as a data vector.

x=[x(-N+1) x(0) x(N-1)] (15)

All N-length shifted data vectors that contain x(0) are con-
structed as:

x,=[x(0) x()
=[x(-1) x(0)

x(N-1)]
X(N-2
(N-2)] (16)
=[x(-N+1) x(-N+2) x(0)]
With the central sampling point x(0) as the reference
point, the N vectors obtained from (16) are cyclically shifted.
=[x(0) x(1) x(N-T1)]

=[x(0) x(1) x(=D)] (17)

X =[0) x(N+1) .. x(-D)]

From (17), a new data vector with a length of N can be

created by calculating the average of x{, x|, ....xJ_,.

x! = % [Nx(0) (N—T)x()+x(~N+1)
X(N=1) +(N=Dx(-1)] (18)

Based on the shift property of FFT, the spectrum of (16)
and (17) has the following relationship.

2,
X/ (=X, ¥" i k=0,1,...N-1 (19)
As a result, the spectrum of x,, can be derived as:
Y(k)= EX; 0= Exi (e’ 7"
lN 1 J27[ n J27[ i
FEZX(H—I)G Noe N =
1 ](/ ()”’\’/i 2 — iy, /N JZ kn 1—1'/\'
ﬁ;;e’w“ej NN —
joo N=1 . 2n(ky—k)i N=1 . 2n(k,—kn
¢ e N ze No=
N2 i=0 n=0
el 1 —gdtk=h 1 _ ei2nlky—k)
N2 | _ e i2ntk=hIN 1 _ gidatk, kN =
1 sin”(n(k,—k
@k, =k) . 0

N? sin ?(n(ky—k)/N)

By comparing (14) and (20), |Y(k)| is equal to the square
of |X(k)|. The square relationship results in a faster asymptot-
ic attenuation rate of the sidelobes in the ApFFT spectrum
compared to the FFT spectrum. This means that the main
spectral line of ApFFT is more prominent, resulting in less
spectral leakage and thereby offering superior spectrum anal-
ysis capabilities compared with traditional FFT with respect
to spectral leakage.

According to (20), each phase value of the traditional FFT
is closely related to the frequency deviation value k,—k. The
phase value obtained through the traditional FFT is closely
associated with the frequency deviation value k,—k. The
phase value obtained through the ApFFT method is deter-
mined by the value of ¢, presented in (11). This value corre-
sponds to the theoretical phase value of the central sampling
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point x(0) and remains unchanged by variations in the fre-
quency deviation value k,— k. This characteristic is common-
ly referred to as the phase-invariance property of ApFFT.

IV. PROPOSED IPAPFFT BASED ON OCCSCW FUNCTION

This section proposes the IpApFFT based on the OCC-
SCW function to estimate the frequency, amplitude, and
phase of SSO.

The operation of applying the OCCSCW function to (12)
is performed, and then DFT is used to obtain the spectrum
function.
2n(k—k,)

N

2n(k+k, )

X (k)= /é“(emwz( N

+ e‘j‘”QWz(

) 1)

In synchronous sampling, the frequency f; falls on the k.
frequency bin of the spectrum in synchronous sampling.
However, in asynchronous sampling, the frequency f, cannot
be precisely aligned with a specific bin in the spectrum. As
a result, the DFT during asynchronous sampling can cause
the fence effect and spectral leakage, which may lead to an
inaccurate value. In other words, the actual spectral line £, is
located between k,,—1 and k,, or between £k, and k,+1, as
shown in Fig. 2, where k, represents the bin with the high-
est magnitude. To minimize errors arising from asynchro-
nous sampling, a double-point spectral interpolation method
is employed.

¥k, [¥(k,)

¥, D)) Y(k,+1)|
Y(k,~1)] -2 |Y(k,~1)] 4.,

h—

k-1 &, k k1 ko k,  k,tl

m m

k)l7+ 1

Fig. 2. Discrete spectrum of signal under noncoherent sampling.

In this paper, the two largest bins are defined as k,, and
k,+1, respectively, satisfying k,<k,<k,+1. The ampli-

tudes of the two bins are y,= |Y(km)| and y,= |Y(km+ )|, re-
spectively. The expressions of y, and y, are obtained as:
A
vi= 54| W, 2alk, kYN | (22)
AZ
¥2= 3| W, (2nlh, ~ ko + IYN) | 23)

where 4, and 4, are the amplitudes corresponding to k,, and
k,,+ 1, respectively.

A variable parameter a is introduced to represent the devi-
ation between k&, and £k, Set a=k,—k,—0.5, so
a €[-0.5, 0.5], and the ratio S is defined as:

_ Y2~
Va2t
By substituting (22) and (23) into (24), the ratio f is cal-

culated as:

|mCata+ 05| - W, (2n(-a—0.5W)|

24

B 2 P
W, (2n(~a+0.5)N)| + |, (2n(-a—0.5)N) |
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Thus, the relationship between a and f in (25) can be ex-
pressed as:
p=g(a) (26)
The specific method for determining the relationship be-
tween a and f is to substitute a range of values for a into
(25) to obtain a corresponding set of £. Then, a curve fitting
function (26) can be obtained by fitting a polynomial, allow-
ing the inverse function of (26) to be calculated as:
a=g"' (£)=0.21815"+0.32064"+0.62508° +2.42698  (27)

Finally, the variable parameter a can be calculated by sub-
stituting £, which can be obtained from (24). This enables
the derivation of correction formulas for frequency, ampli-
tude, and phase. The frequency correction formula can be de-

rived as:
A A
.fest:koﬁ :(a—i-kl +05)N (28)

The amplitude correction formula can be derived from
(22) and (23) as:

" AW, 2ntk, ~k, )/N)\zmz\Wz(zn(kz—ko)/N)\2 )

W, 2k, — kYN | + |, 2ty ko yN) [
2(y,+y,)
W, 2nlk, — ko YN)| -+ | W, (2l — kg V)|

(29)

The phase value of the maximum spectral bin &, can be
used as the initial phase of the signal due to the phase-invari-
ance property of ApFFT.

The implementation steps of the proposed method can be
summarized into three parts.

1) The optimization of window functions is achieved us-
ing GAs. It is worth noting that once the window function is
obtained, this process is no longer needed, making it an of-
fline preparation work.

2) The sampled signal is windowed with the optimized
window function and then processed with ApFFT to obtain
the spectral function.

3) The positions of the two most prominent bins in the
spectral function are determined. Subsequently, the frequen-
cy, amplitude, and phase of SSO are corrected using the dou-
ble-point spectral interpolation method.

Note that the window function parameters depend on the
peak sidelobe and the sidelobe attenuation rate of its spec-
trum. The window function parameters are optimized by con-
sidering the objective function with sidelobe peak and side-
lobe attenuation rate. Additionally, the optimized window
function parameters do not change with variations in the sys-
tem parameters. Variations in the system parameters like to-
tal connected loads, generators, and lines may lead to chang-
es in oscillation frequencies, but the oscillation frequencies
are still within the sub-/super-synchronous frequency range.
The optimized window function can ensure excellent parame-
ter estimation performance within this range. The tests are
provided to demonstrate the excellent parameter estimation
performance within the sub-synchronous frequency range in
Section V-A.
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V. VERIFICATION STUDIES

To demonstrate the effectiveness and accuracy of the pro-
posed method, verification studies are carried out using syn-
thetic and simulated data under various conditions.

A. Ideal Signal Test

The ideal voltage signal that consists of the fundamental
and two sets of complementary sub-/super-synchronous com-
ponents is represented as:

x(t)=Acosnfyt+ ¢y )+ A, coSuf it + @ )+
A oSS t+ 0, ) (30)

where A, fop @ a0d A S @ are the amplitudes, fre-
quencies, and initial phases of the sub- and super-synchro-
nous components, respectively.

The synthetic signal is modeled as (30), and its parame-
ters are specified as: 4, is set to be 100 V, and £, is set to
be 75.5 Hz. ¢,, ¢, and ¢, are set to be 90°, 60°, and 30°,
respectively. Both nominal and off-nominal frequencies with-
in the range [49.5, 50]Hz (i.e., f,=49.5, 49.7, 49.9, 50.0,
50.1, 50.3, and 50.5 Hz) are considered. The range of f, is
[10, 45]Hz with a step of 1 Hz. The ranges of 4, and 4,
are [10, 100]V with a step of 5 V.

The sampling rate is 3200 Hz, and the sampling data
point N is 3200. To assess the accuracy of the results, the es-
timation errors EE are determined as the relative errors,
which are defined as:

EE = il x 100%

€2))

where p and p are the true and estimated parameter values,
respectively.

1) The impact of f,,,: with the fixed 4,,=10V and 4=
14V, the estimation errors of frequencies and amplitudes
with various f,, in the range of [10,45]Hz are shown in
Fig. 3.

The relative errors for the frequencies of the fundamental,
sub-synchronous, and super-synchronous components are
less than 1x 107, 5x 107, and 1 x 107", respectively. The rel-
ative errors for the amplitudes of fundamental, sub-synchro-
nous, and super-synchronous components are less than 2 x
107, 9x 107, and 2x 107", respectively. These results dem-
onstrate that the proposed method accurately identifies the
frequencies and amplitudes of each component under differ-
ent values of £ ;.

2) The impact of 4,: with the fixed 4,,=14 V and f,=
24.5 Hz, the estimation errors of frequencies and ampli-
tudes for various values of 4, are depicted in Fig. 4. The
relative errors for the frequencies of fundamental, sub-syn-
chronous, and super-synchronous components are less than
6x 107, 1x107", and 1x 107", respectively. The relative
errors for the amplitudes of fundamental, sub-synchronous,
and super-synchronous components are less than 2x 107,
4x107™", and 2x 107", respectively. These results demon-
strate that the proposed method accurately identifies the fre-
quencies and amplitudes of each component under different
values of 4_,
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3) The impact of A, : with the fixed 4,,=10 V and f,=
24.5 Hz, the estimation errors of frequencies and amplitudes
with various 4, in the range of [10, 100]V are shown in
Fig. 5. The relative errors for the frequencies of the funda-
mental, sub-synchronous, and super-synchronous compo-
nents are less than 5x 107, 2x 107°, and 1x 107", respective-
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ly. The relative errors for the amplitudes of fundamental,
sub-synchronous, and super-synchronous components are
less than 2x 107, 4x 107", and 2 x 107", respectively. These
results demonstrate that the proposed method accurately iden-
tifies the frequencies and amplitudes of each component un-
der different values of 4,
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The parameter estimation results under ideal conditions
demonstrate that the proposed method achieves high accura-
cy in estimating parameters of SSO. This indicates that the
optimized window function based on the IpApFFT exhibits
excellent detection performance within the sub-/super-syn-
chronous frequency range.

To further compare and analyze the estimation accuracy
of the proposed method, several sub-/super-synchronous com-
ponents with close frequency distributions are set up. The
Hanning-based IpDFT, a widely-used technique in measure-
ment devices [27], is used for comparison with the proposed
method. This comparison is conducted under conditions
where the signal contains non-noise, noise, and non-nominal
fundamental frequency variations. The voltage signal model,
as shown in (33), contains a fundamental component and
four sub-/super-synchronous components, with frequencies
of 11.5 Hz, 41.5 Hz, 58.5 Hz, and 88.5 Hz, corresponding to
oscillation modes 1-4, respectively.

x(t)=A cos2nfyt+ ¢, )+

A 1 COSCT 1 T+ @y ) +A 1 COSCT pE + P )+
supl Cos(znfsupl I+ Qgp ) +A4 supzcos(znfsupzt"' O sup2 ) (33)

where 4,=100V, f,=49.7Hz, ¢,=15% A, =10V, fin, =
11.5Hz, ¢.,=60% A,,=11V, f.,=41.5Hz, ¢.,=30°
Ay =14V, fon=58.5Hz, ¢, =45°% and 4,,,=17V, f,
88.5 Hz, ¢,,, =90°.

sup2 up2

1037

The comparison results of the proposed method and Ip-
DFT in terms of estimation accuracy are presented in Table I
under ideal conditions. The results show that the proposed
method has higher accuracy than IpDFT. The relative errors
of the frequencies estimated by the proposed method are at
least 7 orders lower than those of IpDFT, and the relative er-
rors of the amplitudes estimated by the proposed method are
at least 2 orders lower than those of IpDFT. Additionally,
the proposed method can achieve zero error in estimating
phase, while the maximum error of IpDFT is approximately
4°. These results indicate that the IpDFT has a higher error
than the proposed method in estimating the parameters of
sub-/super-synchronous components under close frequency
conditions. Besides, the proposed method demonstrates bet-
ter performance in suppressing leakage and significantly im-
proving the estimation accuracy of sub-/super-synchronous
components.

TABLE 1
COMPARISON RESULTS OF PROPOSED METHOD AND IPDFT UNDER IDEAL
CONDITIONS
Proposed method IpDFT

Mode Parameter  Estimated Relative Estimated Relative

value error (%) value error(%)
S 11.5000 Hz 2.03x 107 11.4987 Hz 1.56x107*
1 A 9.9998 V 1.58x10™  10.0139V ~ 1.40x 10"
O 60.0000° 0 60.4062° 6.80% 107"
S 41.5000 Hz 5.64x10™? 414771 Hz 5.53x107
2 A, 109998 V. 1.58x107 112462V  2.24x10°
O 30.0000° 0 34.0914° 13.64x10°
Lo 58.5000 Hz 2.64x107'? 584975 Hz 8.58x107°
3 A 139998 V. 1.58x10° 141059V 7.60x 10"
Pipi 45.0000° 0 45.9803° 2.19x10°
S 88.5000 Hz 4.00x107'2 884999 Hz 4.89x107°
4 Ao 16.9997 V. 1.58x107° 17.0120V  7.00x 107
Psup2 90.0000° 0 90.0665° 7.38x 107

The reason for the improved detection accuracy of pro-
posed method compared with traditional ones can be attribut-
ed to the following two factors. Firstly, the optimized win-
dow exhibits superior sidelobe characteristics compared with
traditional ones, which not only greatly improves the ability
to suppress spectral leakage, but also reduces the mutual in-
terference with close SSO modes on the parameter estima-
tion of SSO. Secondly, the ApFFT has better spectral leak-
age suppression capabilities than traditional FFT, and it has
the phase-invariance property, resulting in zero error in
phase estimation. By combining these two advantages, the
proposed method achieves better parameter estimation perfor-
mance than traditional I[pDFT.

B. Time Latency Analysis

Due to the extremely short sampling time of approximate-
ly 0.0003 ms, the algorithm of the device does not need to
consider the effect of sampling latency [28], [29]. The laten-
cy of the algorithm is mainly determined by the computation
time. To determine the computation time, 100 sets of tests
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are carried out in MATLAB platform (MATLAB R2021(b),
PC with 16 GB RAM and 1.6 GHz Intel Core CPU). The re-
sults show that the computation time of the proposed meth-
od is approximately 7 ms. If this method is applied to the
protective relaying system, the latency of this method is still
very short compared with the communication latency of 20-
50 ms [29].

C. Noise Interference Test

To investigate the performance of the proposed method un-
der noisy conditions, (33) is redone by adding zero-mean
Gaussian noise to the test signals [30]. The corresponding re-
sults are given in Tables II-IV under noisy conditions. Noise
is the main source of error when the signal-to-noise ratio
(SNR) is 20 dB. The results described in Tables II-IV indi-
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cate that the proposed method performs better than the tradi-
tional IpDFT in the presence of noise. When SNR is 20 dB,
the relative errors of frequencies estimated by the proposed
method are at least 2 orders lower than those of IpDFT. Sim-
ilarly, the relative errors of the amplitudes are at least 1 or-
der lower. Additionally, the proposed method for phase esti-
mation has a maximum error of only 4°, which is significant-
ly lower compared with 26.3039° of IpDFT. When the SNR
is 40 dB, the noise and mutual interference from other SSO
modes are the main sources of errors. The proposed method
has relative errors in the frequencies and amplitudes that are
at least 2 and 1 orders lower, respectively, compared with
those of IpDFT. Furthermore, the proposed method can
achieve zero error in phase estimation, whereas the maxi-
mum error of IpDFT is 9.2765°.

TABLE I
FREQUENCY ESTIMATION RESULTS OF PROPOSED METHOD AND IPDFT UNDER NOISY CONDITIONS

R Fuo Fus fu fu
(dB) Method Estimated Relative Estimated Relative Estimated Relative Estimated Relative
value (Hz) error (%) value (Hz) error (%) value (Hz) error (%) value (Hz) error (%)
20 Proposed method 11.5019 1.65x107* 41.4981 4.58x107° 58.5011 1.88x107° 88.5011 1.24x107°
IpDFT [27] 11.4964 3.13x107 41.1827 7.60x10™" 58.2822 3.70x10™ 88.4974 2.94x107°
2 Proposed method 11.5072 6.26x107 41.4764 5.69%x107 58.5034 5.81x107° 88.4820 2.03x107°
IpDFT [27] 11.4175 7.20x10™" 40.9733 1.27x10° 58.0832 7.10x10™" 88.3026 2.20x10™
TABLE IIT
AMPLITUDE ESTIMATION RESULTS OF PROPOSED METHOD AND IPDFT UNDER NOISY CONDITIONS
SNR A A Asupl AS“r12
(dB) Method Estimated Relative Estimated Relative Estimated Relative Estimated Relative
value (V) error (%) value (V) error (%) value (V) error (%) value (V) error (%)
10 Proposed method 10.0024 0.02 11.0329 0.30 13.9375 0.45 16.9969 0.02
IpDFT [27] 10.0129 0.13 11.9020 8.20 14.7447 5.32 17.0312 0.18
20 Proposed method 9.7362 2.64 11.3013 2.74 14.6093 435 16.6353 2.15
IpDFT [27] 10.4633 4.63 13.7220 24.75 16.1630 15.45 17.5841 3.44
TABLE IV
PHASE ESTIMATION RESULTS OF PROPOSED METHOD AND IPDFT UNDER NOISY CONDITIONS
SNR Dbt PDauz Paupt Pgupa
(dB) Method Estimated Relative Estimated Relative Estimated Relative Estimated Relative
value (°) error (%) value (°) error (%) value (°) error (%) value (°) error (%)
. Proposed method 60.0000 0 30.0000 0 45.0000 0 90.0000 0
IpDFT [27] 60.7883 1.31 39.2765 30.92 47.5567 5.68 91.0379 1.15
20 Proposed method 59.0000 1.67 29.0000 3.33 46.0000 222 88.0000 222
IpDFT [27] 65.3214 8.87 56.3039 87.68 57.5667 27.93 87.1782 3.14

The analysis conducted under different SNR conditions
demonstrates excellent noise resistance in estimating SSO.
Even under very low SNR, the proposed method consistent-
ly exhibits significantly higher phase estimation accuracy
compared with the IpDFT.

D. Dynamic Condition Test

Dynamic features in SSO will affect parameter estimation.
To assess the performance of the proposed method, several

test cases are provided that consider factors such as PM,
AM, FR, and HI. A set of SSO modes from (33) is chosen,
specifically frequencies of 41.5 Hz and 58.5 Hz, to simulate
dynamic conditions. Other parameters remain consistent with
those in (33). The modulation signal model is represented as
(18). It comprises the fundamental and two sets of comple-
mentary sub-/super-synchronous components, which include
AM, PM, FR, and HI.
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x()=A, (1 +k, cosmnf,, q40))cosRn( f,, + ROt +
k, cos(2nf,,.41)) + A, (1 +k, cos(2nf,,,,1))cos Cn( [, +

Ri)t+k, cos(2nf, 41))+ A, cos2nfyt)+ A, cos2nfit)  (34)

where k, is the AM coefficient; k, is the PM coefficient; f, ,
is the frequency modulation; R is the ramp rate; 4, is the
amplitude of the harmonic; and f, is the frequency of the har-
monic.

The specific test conditions are as follows.

1) When an SSO occurs, the amplitudes of SSO may ex-
hibit modulations. For AM, we set k,=0.15, k,=0, and f, ,=
0.15 Hz.

2) PM may also occur in an SSO. For PM, we set k, =0,
k,=0.15, and £, ;=0.15 Hz.

3) The frequencies of a voltage/current signal can exhibit
linear changes in an SSO. The sub-synchronous frequency
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changes at a ramp rate of R=0.02 Hz/s, and the super-syn-
chronous frequency changes at a ramp rate of R=-0.02 Hz/s.

4) Harmonics can also be present in the voltage signal. In
this case, the voltage signal is superimposed with a 5% third
harmonic and a 3% fifth harmonic.

The total vector error (TVE) and frequency error (FE) as
defined in the IEEE Synchrophasor Standard [31] are used
to evaluate estimation results. The results in Table V demon-
strate that the proposed method improves the estimation ac-
curacy in dynamic conditions compared with IpDFT, with
lower errors in all tested cases. The maximum TVE and FE
of the proposed method are 0.0374% and 0.9 mHz, while
those of IpDFT are 3.21% and 25.4 mHz. In particular, the
proposed method performs better under the condition of FR,
with lower errors compared with IpDFT. In summary, the
proposed method demonstrates higher precision in estimation.

TABLE V
RESULTS UNDER DIFFERENT TEST CONDITIONS

AM PM FR HI
Frequency (Hz) Method
TVE (%)  FE (mHz) TVE (%) FE (mHz) TVE (%) FE(mHz) TVE (%) FE (mHz)
415 Proposed method 0.0009 0.9 0.09 0 10.60 64.1 0.0018 0
IpDFT [27] 3.2100 17.1 2.56 25.4 66.91 641.8 1.9300 4.8
5.5 Proposed method 0.0374 0.9 0.09 0 10.22 1.2 0.0018 0
IpDFT [27] 0.1600 10.8 0.86 7.2 61.86 629.1 0.1500 0.1
E. Application to Simulated Data
The proposed method is further validated using simulated -
data of SSO. As shown in Fig. 6 [32], a grid-connected di- ?D
rected-drive wind farm (DDWF) via a voltage source con- _«2
verter-based high-voltage direct current (VSC-HVDC) trans- z
mission system is modeled in MATLAB/Simulink platform. Q-
The rating of permanent magnet synchronous generator 5 }
(PMSG) is 50 MW. The length of the AC transmission line
is 10 km, and the unit equivalent resistance, inductance, and B0 46 8§ 10 12 14 16 13 20
capacitance parameters of the line are 0.01273 Q/km, 1(s)
0.934 mH/km, and 0.01274 pF/km, respectively. The parame- @)
ters of the PMSG and VSC-HVDC in Fig. 6 are shown in 600
[32]. 500¢
u, Ug Ugy  Upy, o, Uy Uy % 4001
2 300}
EH ) ] ; g 200} S0z | SO0 1T
PCC | PCC2 3 -
po R PCC 5 PCC 6 1001 ﬁub]:"fggjg Hz fsupfzu]plgzgz Hy
Fig. 6. System diagram of DDWFs via VSC-HVDC transmission systems. 0 Zb 46 66 8‘0 160
Frequency (Hz)
Figure 7(a) shows the waveform of the phase-A voltage _ ‘ ®
obtained through simulation. The simulated data between 16 s l;;ge'c;ﬁm Simulation results of phase-A voltage. (a) Voltage waveform. (b)

and 20 s are adopted for analysis, with a sampling frequency
of 1200 Hz. Figure 7(b) presents the corresponding spec-
trum. The spectrum in Fig. 7(b) reveals the presence of three
sub-/super-synchronous components in the voltage signal. A
sub-synchronous frequency (f,,, ~29 Hz) and a super-synchro-
nous frequency (f,,,~71 Hz) are selected as a set of frequen-

cy components in the close frequency distributions.

Since the actual measurement results of the signal are un-
known, the Hanning-based two-point IpDFT [26] is used to
compare its performance with the proposed method. The
length of the data window for both methods is set to be 1 s.
The frequency and amplitude of the sub-/super-synchronous
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components are continuously measured in Figs. 8 and 9, re-
spectively. The proposed method exhibits a smoother fre-
quency and amplitude response curve, and it yields voltage
signal estimates that are closer to the actual values than
those obtained using IpDFT. The primary source of signifi-
cant fluctuations in IpDFT estimates is interference from oth-
er mode components. To further reinforce the superiority of
the proposed method, the standard deviations of estimates
are given in Table VI. The suggested approach has standard
deviations for frequency and amplitude that are 9 and 32
times smaller, respectively, than IpDFT. In conclusion, the
proposed method has higher precision and stability.

1(s)
(a)
< 71.2
£ 710
>
2 70.8
Q
& 70.6
2
= 70.4 - - - -
18.0 18.5 19.0 19.5 20.0
1(s)
(b)
——IpDFT; ------Proposed method

Fig. 8. Frequency response curves of proposed method and IpDFT. (a)
Sub-synchronous frequency. (b) Super-synchronous frequency.

~ 42
Z 40
o -
g 38
= 36
£ 34
<32
18.0
1(s)
(a)
~ 42
T e e
g 38
% 36
g 34
< 32 1 1 1 J
18.0 18.5 19.0 19.5 20.0
1(s)
(b)
——IpDFT; ------Proposed method
Fig. 9. Amplitude response curves of proposed method and IpDFT. (a)

Sub-synchronous amplitude. (b) Super-synchronous amplitude.

TABLE VI
STANDARD DEVIATION STATISTICS

Standard deviation

Component Method -
Frequency (Hz) Amplitude (V)
Proposed method 0.0059 0.27
Sub-synchronous
IpDFT [27] 0.1900 2.46
Proposed method 0.0060 0.28
Super-synchronous
IpDFT [27] 0.2000 2.51
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VI. CONCLUSION

In this paper, a novel method, i.e., IpApFFT with an OCC-
SCW, is proposed for estimating parameters of SSO. The
proposed method has better performance than the traditional
one in suppressing spectral leakage and the fence effect. Fur-
thermore, it provides accurate phase estimation of SSO due
to its phase-invariance property. Simulation results demon-
strate that the proposed method provides high precision and
noise resistance in estimating amplitude and frequency of
SSO. Under ideal conditions, the proposed method offers
107 times higher precision in estimating frequency and 200
times higher precision in estimating amplitude compared to
IpDFT. Under dynamic conditions, the TVEs and FEs of the
proposed method are 86 times and 26 times higher, respec-
tively, compared with I[pDFT.
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