
Citation: Song, J.; Shan, X.; Zhang, J.;

Wen, H. Parameter Estimation of

Power System Oscillation Signals

under Power Swing Based on

Clarke–Discrete Fourier Transform.

Electronics 2024, 13, 297. https://

doi.org/10.3390/electronics13020297

Academic Editor: Cheonshik Kim

Received: 17 December 2023

Revised: 4 January 2024

Accepted: 7 January 2024

Published: 9 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Parameter Estimation of Power System Oscillation Signals under
Power Swing Based on Clarke–Discrete Fourier Transform †

Jian Song 1 , Xuansheng Shan 1 , Junhao Zhang 2,* and He Wen 1

1 College of Electrical and Information Engineering, Hunan University, Changsha 410082, China;
songjian@hnu.edu.cn (J.S.); shanxs006@hnu.edu.cn (X.S.); he_wen@hnu.edu.cn (H.W.)

2 Changsha Social Laboratory of Artificial Intelligence, Hunan University of Technology and Business China,
Changsha 410205, China

* Correspondence: luoyzjh@163.com
† This manuscript is an extension version of the conference paper: Shan, X.; Wen, H. Parameter Estimation of

Power System Oscillation Signal Under Power Swing based on Clarke–DFT. In Proceedings of the 2020 IEEE
International Instrumentation and Measurement Technology Conference (I2MTC), Dubrovnik, Croatia,
25–28 May 2020; pp. 1–6.

Abstract: Accurate knowledge of oscillation parameters (i.e., frequency, amplitude, phase, and
damping factor) is crucial for control strategies of power systems under power swing. This paper
presents a method for the parameter estimation of power system oscillation signals under power
swing based on Clarke–DFT. The proposed method provides accurate parameter estimation of
damped sinusoidal signals for both balanced and unbalanced systems, which performs well even in
the presence of harmonics. In the meantime, the negative frequency components in the spectra of the
damped sinusoidal signals, which are caused by system imbalance, are calculated accurately using
complex-valued interpolated DFT. To verify the performance of the proposed method, simulations
are performed under balanced and unbalanced conditions. The results of the simulations confirm the
effectiveness of the proposed method either in unbalanced or harmonic conditions.

Keywords: three-phase system; Clarke transform; DFT; parameter estimation; harmonics; oscilla-
tion signal

1. Introduction

Power swing refers to a rapid and large-scale oscillation of power flow caused by
power system disturbances such as faults, switching on/off large loads, generator discon-
nections, and line switching [1,2]. It can cause serious damage to the rotor shaft system of
turbine generators or even threaten the safety and reliability of power grids [3,4]. Phasor
measurement units (PMUs) are the cornerstone of intelligent sensing and monitoring of
power systems [5]. They can be utilized for power quality classification [6,7], fault detec-
tion [8,9], and locating the fault location within the power system [10–12], which is crucial
for the control strategy of power systems under power swing. However, the success of such
applications lies in oscillation parameters (i.e., frequency, amplitude, phase, and damping
factor) that can be accurately estimated [13–16].

Over the years, many techniques have been developed to estimate the parameters
of power system signals more accurately, the majority of which are based on the Fourier
algorithm. For example, one of the quickest estimators is the widely used one-cycle Fourier
filter, which is also known as discrete Fourier transform (DFT), because it requires only
one-cycle samples and is easy to implement. However, the one-cycle Fourier filter shows
a deficiency when power systems are under power swing conditions [17,18]. Other well-
known developed techniques for parameter estimation of power system signals include
iterative DFT methods [19,20], the Kalman filter [21], the least-mean-square method [22],
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the improved Fourier algorithm [23,24], orthogonal filtering [25], the wavelet method [26],
Taylor–Fourier transform (TFT) [27], and TFT-based enhanced versions [28–32].

Generally, the methods mentioned above can be used in three-phase systems by
estimating the parameters of each phase independently, which means that they do not
use the inherent relation between the three phases. In [33], the symmetrical properties
of three-phase signals are utilized by space vector transformation (SVTFT). In [34], the
three-phase fault during the power swing is detected by using zero-frequency filtering
because the power swing is a balanced phenomenon. In [35], the symmetrical properties
of power swing are considered for the identification of symmetrical faults. In [36], a new
DFT-based algorithm is reported to estimate power system frequency under normal and
fault conditions, which benefits from an optimization-based filter to eliminate harmonics.
In [37–39], the Clarke transform is employed for the frequency estimation of three-phase
power systems. It should be noted that a complex exponential signal will be obtained from
three-phase oscillation signals under power swing by the Clarke transform.

Prony-based methods can be a choice for the parameter estimation of such a complex
exponential signal [40]. However, Prony-based methods either require a prior order of the
signal model or are sensitive to noise. Furthermore, the direct use of DFT for the estimation
of such a complex exponential signal is not a good choice because the estimation error
caused by spectral leakage and picket fence effects is large.

Windowed interpolation DFT (WIpDFT) [41,42] is an efficient tool for the accurate
parameter estimation of sinusoid signals, which may use both the positive and negative
frequency part of spectra. Although WIpDFT methods provide accurate estimation of
amplitude, frequency, and phase, they are not applicable for the estimation of the damping
factor, which is an important parameter of oscillation signals [43]. In [44], a damping
IpDFT (DIDFT) algorithm is proposed, which can effectively estimate the parameters of
damped signals and provide accurate results in single-tone signals. In [45], an IpDFT-based
method, named Bertocco–Yoshida order 1 with leakage correction (BY1LC), is provided to
estimate damped sinusoid signals with three spectral lines. Because of spectral leakage,
these methods become rather impracticable if the signal consists of several frequency
components. To overcome the negative influence of spectral leakage from harmonics, the
Hanning window is adopted to improve the DIDFT method, which has been named the
HDIDFT method [46].

In this paper, we propose a novel DFT-based method for estimating parameters
of damped sinusoidal signals under both balanced and unbalanced conditions, which
perform well even in the presence of harmonics. Compared with traditional DFT-based
methods, the proposed method takes advantage of calculating complex-valued interpolated
DFT bins. Therefore, the negative frequency components in the spectra of the damped
sinusoidal signals are transformed into useful information to improve the accuracy of
estimation, which are caused by the system’s imbalance and are ignored by traditional
DFT-based methods. The accuracy of the proposed method is compared with the DIDFT,
BY1LC, SVTFT, and HDIDFT. Related tests are designed according to the requirement of
the IEC/IEEE 60255-118-1 standard [47]. The performance of the proposed method under
either unbalanced or harmonic conditions is also compared with the HDIDFT and BY1LC
methods. The simulation results show the superiority of the proposed method under either
unbalanced or harmonic conditions.

The remainder of this paper is organized as follows: In Section 2, the signal model of
the proposed method is introduced first. Then, parameter estimation under single-tone
and multi-tone conditions is derived. In Section 3, simulations are performed under the
instruction of the IEC/IEEE 60255-118-1 standard. Then, an IEEE 9-bus power system is
simulated in PSCAD, and an asymmetrical fault is created to generate power swing under
unbalanced conditions. The results show that the proposed method provides accurate
estimations under power swing.
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2. Parameter Estimation Based on Clarke–DFT
2.1. Signal Model

Power swings are defined as oscillations in active and reactive power flows on a
transmission line caused by a large disturbance, such as power system faults, line switching,
and generator disconnection. Generally, the system should be symmetric to maintain a
stable state when a power swing or symmetrical fault occurs [35].

In [48–50], the damped sinusoid widely exists in power system transients (power
swing and sub-synchronous oscillation), where the key of parameter estimation is damped
signal analysis. To better characterize the dynamics of oscillating signals, we introduce the
damping factor into a three-phase signal model.

Considering the symmetrical property of power swing, the oscillation signal is mod-
eled as a set of symmetrical damped sinusoidal signals, which can be expressed as follows:

ya(n) = AaeτTsn cos(ωn + ϕa)
yb(n) = AbeτTsn cos(ωn + ϕb − 2π/3)
yc(n) = AceτTsn cos(ωn + ϕc + 2π/3)

(1)

where A, τ, ϕ, and ω are amplitude, damping factor, phase, and normalized angular
frequency, respectively. The subscripts represent each phase of the three-phase system.
Assume that the signal y(n) is sampled at a sampling rate of f s = 1/Ts, where Ts represents
the sampling interval.

The three-phase signal is routinely transformed by the orthogonal αβ0 transformation
matrix (Clarke transform) into a zero-sequence y0 and the direct and quadrature-axis
components, yα and yβ, as described in [51]:

y0

yα

yβ

 =


1
3

1
3

1
3

2
3 − 1

3 − 1
3

0
√

1
3 −

√
1
3

×

ya

yb

yc

. (2)

It ensures that the amplitude of the system is invariant under this transformation. In
practice, normally only the yα and yβ parts are used to form the complex signal ycomplex(n),
given by [52]:

ycomplex = yα + jyβ

= A+ejϕ+ e(τTs+jω)n + A−e−jϕ− e(τTs−jω)n , (3)

where A+ and A− are the amplitude of positive and negative sequences, respectively, and
ϕ+ and ϕ− are the phases of positive and negative sequences, respectively.

Then, the original parameter estimation problem in a three-phase power system is
converted into the parameter estimation problem of a set of complex exponentials.

2.2. Power System Oscillation Signal with Single Tone

In this subsection, a three-phase balanced condition is considered. Due to the prop-
erties of the Clarke transform, yα(n) and yβ(n) have an exactly 90-degree phase angle
difference under balanced conditions. The amplitude of positive sequences, noted as A+ in
(3), is equal to the three-phase system, while the amplitude of negative sequences, noted as
A− in (3), is zero. Therefore, a complex signal can be obtained by combining yα(n) and yβ(n):

ycomplex = yα + jyβ

= AeτTsn cos(ωn + ϕ) + jAeτTsn sin(ωn + ϕ)

= Aejϕe(τTs+jω)n
. (4)

The novel estimation algorithm presented in this section aims to estimate A, τ, ϕ, and
ω of the transformed exponential signal.
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Weighting ycomplex(n) with a rectangular window of length N, we obtain an N-sample
time sequence ycomplex(n) with n = 0, 1, 2, . . ., N − 1. The N-point DFT of ycomplex (n) can be
expressed as follows:

Y(k) = Aejϕ
N−1

∑
n=0

e(τTs+jω)nWkn
N =

Aejϕ
(

1 − e(τTs+jω)N
)

1 − Wk
NeτTs+jω

(5)

where WN = e−j2π/N, k = 0, 1, . . ., N − 1. For the simplicity of expression, suppose
λ = e(τTs+jω) and ρ = Aejϕ(1 − e(τTs+jω)N), so that (5) can be simplified as

Y(k) =
ρ

1 − Wk
Nλ

. (6)

Once λ and ρ are solved, the amplitude, damping factor, phase, and angular frequency
can all be calculated. Multiplying both sides by the denominator on the right in (6) and
rearranging the equation, we obtain the following:

Y(k) =
[
Y(k)Wk

N 1
][λ

ρ

]
. (7)

The DFT bin Y(k) is given by a linear combination of the unknown parameters λ and ρ.
There are two unknown parameters and N available equations for N > 2; by selecting two
indexes with the largest and second-largest magnitudes, denoted as k1 and k2, it is possible
to build a system of linear equations as follows:

[
λ
ρ

]
=

[
Y(k1)W

k1
N 1

Y(k2)W
k2
N 1

]−1[
Y(k1)

Y(k2)

]
. (8)

where Y(k1) and Y(k2) represent DFT bins with the largest and second-largest magnitudes. λ
and ρ can be obtained by solving the equation. The oscillation parameters can be calculated
as shown below:

τTs = ln|λ|, (9)

ω = imag(ln(λ)), (10)

ϕ = imag
(

ln
(

ρ

1 − λN

))
, (11)

A = abs
(

ρ

1 − λN

)
, (12)

where imag(·) denotes the imaginary part of its argument.

2.3. Power System Oscillation Signal with Multi Tones

Due to the integration of renewable energy, the electrical system is no longer strictly
balanced and contaminated with harmonics. Therefore, the derivation in Section 2.2 is not
applicable to unbalanced and harmonic situations if not adjusted. To extend the proposed
method to unbalanced and harmonic conditions, an approach based on a multi-tone signal
model is derived in this subsection. The unbalanced three-phase signal model with K
harmonic components can be written as follows:

ya(n) =
K
∑

h=1
AaheτhTsn cos(ωhn + ϕah)

yb(n) =
K
∑

h=1
AbheτhTsn cos(ωhn + ϕbh − 2π/3)

yc(n) =
K
∑

h=1
AcheτhTsn cos(ωhn + ϕch + 2π/3)

. (13)
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Such an unbalanced system problem causes Clarke’s transformed system signal to no
longer represent a single complex exponential (positive sequence) that rotates anticlockwise
at the fundamental system frequency in the complex plane, but an orthogonal sum of posi-
tive and negative sequences [53]. After applying the Clarke transform, the reconstructed
complex signal can be written as follows:

ycomplex =
K

∑
h=1

A+hejϕ+h e(τhTs+jωh)n +
K

∑
h=1

A−he−jϕ−h e(τhTs−jωh)n (14)

where A+h and A−h are the amplitudes of the positive- and negative-sequence components
of the hth-harmonic component, respectively. φ+h and φ−h are the phase angles of the
positive- and negative-sequence components, respectively. By treating the negative fre-
quency part as special harmonic components, the complex signal can be regarded as an
H-tone complex exponential signal and (14) can be simplified as:

ycomplex =
H

∑
h=1

Ahejϕh e(τhTs+jωh)n (15)

where H = 2K, an Ah, τh, ϕh, and ωh are the amplitude, damping factor, phase, and
normalized angular frequency of the hth harmonic (including positive- and negative-
sequence components), respectively. When h∈[1, K], each parameter corresponds to the
positive sequence component. When h∈[K + 1, 2K], each parameter corresponds to the
negative sequence component.

Weighting ycomplex(n) with a rectangular window of length N, we obtain an N-sample
time sequence ycomplex(n) with n = 0, 1, 2. . ., N − 1. The DFT domain model of complex
exponentials under harmonic conditions can be expressed as a linear superposition of
different frequency components:

Y(k) =
H

∑
h=1

ρh

1 − Wk
Nλh

(16)

with λh = e(τhTs+jωh) and ρh = Ahejϕh
(
1 − λN

h
)
. Ah, τh, ϕh, and ωh are, respectively, the

amplitude, damping factor, phase, and angular frequency of the hth harmonic. For h = 1,
A1, τ1, ϕ1, and ω1 are the parameters of the fundamental component.

Merging the H rational functions in (16) into a single rational function, the denomi-
nator becomes the product of the H denominators 1 − Wk

Nλh. The numerator becomes an
accumulation of merged denominator products without the hth contribution:

Y(k) =
H−1

∑
h=0

ahWkh
N /

H

∑
h=0

bhWkh
N (17)

where the numerator and denominator can be expressed as:

H−1

∑
h=0

ahWkh
N =

H

∑
h=1

ρh

H

∏
m = 1
m ̸= h

(
1 − Wk

Nλm

)
(18)

H

∑
h=0

bhWkh
N =

H

∏
h=1

(
1 − Wk

Nλh

)
(19)

From (18) and (19), it is clear that a0 =
H
∑

h=1
ρh, b0 = 1 and that ah and bh are independent

of k.
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By multiplying both sides by the denominator, (17) can be rewritten as:

Y(k)
H

∑
h=0

bhWkh
N =

H−1

∑
h=0

ahWkh
N (20)

and by extracting the b0 = 1 from the accumulation, (20) can be written as:

Y(k)

(
1 +

H

∑
h=1

bhWkh
N

)
=

H−1

∑
h=0

ahWkh
N (21)

and by rearranging (21),

Y(k) =
H−1

∑
h=0

ahWkh
N − Y(k)

H

∑
h=1

bhWk(h−1)
N . (22)

Then, a linear equation is obtained as

Y(k) =
[
WT

k −Y(k)Wk
NWT

k

][a
b

]
(23)

where
Wk =

[
1 Wk

N W2k
N . . . W(H−1)k

N

]T
, (24)

b =
[
b1 b2 b3 . . . bH

]T, (25)

a =
[
a0 a1 a2 . . . aH−1

]T. (26)

According to the linear Equation (23), it is possible to build a 2H × 2H linear sys-
tem with 2H unknowns. With N DFT samples and N > 2H, the unknown coefficients
ah (h∈[0, H − 1]) and bh (h∈[1, H]) can be calculated by solving the linear equations:


Y(k1)
Y(k2)

. . .
Y(k2H)

 =


WT

k1
− Y(k1)W

k1
N WT

k1

WT
k2

− Y(k2)W
k2
N WT

k2
. . . . . .

WT
k2H

− Y(k2H)W
k2H
N WT

k2H


[

a
b

]
. (27)

From (19), it is obvious that a complex polynomial of degree H with bh can be for-
mulated and it has a certain relation with λh. By multiplying both sides with W−Hk

N and
modifying the index expression of the left side, (19) can be reconstructed as follows:

H

∑
h=0

bH−hW−kh
N =

H

∏
h=1

(
W−k

N − λh

)
. (28)

By treating W−k
N as unknown z, a polynomial can be formulated as

H

∑
h=0

bH−hzh =
H

∏
h=1

(z − λh) (29)

where the left-hand side is a polynomial of degree H and the right side indicates that
this polynomial has H distinct roots λh. The parameters λh are the values of z satisfying
the following:

H

∑
h=0

bH−hzh =
H

∑
h=0

bhzH−h = 0. (30)
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Different from the relation between λh and bh, the parameters ρh are not easy to acquire
from (18) directly. An alternate method based on (16) is more convenient for the solution
of ρh. After the parameters λh are acquired, a linear system based on (16) is constructed
as follows: 

Y(k1)
Y(k2)

...
Y(kH)

 =



1
1−W

k1
N λ1

1
1−W

k1
N λ2

· · · 1
1−W

k1
N λH

1
1−Wk2

N λ1

1
1−Wk2

N λ2
· · · 1

1−Wk2
N λH

...
...

. . .
...

1
1−WkH

N λ1

1
1−WkH

N λ2
· · · 1

1−WkH
N λH




ρ1
ρ2
...

ρH

. (31)

By utilizing H DFT samples, the parameters ρh can be acquired by solving the lin-
ear equations.

After the parameters λh and ρh are acquired, the damping coefficient, amplitude,
phase, and angular frequency of the hth harmonic can be calculated by substituting λh and
ρh into (9)–(12).

In the proposed method, the most important steps are solving the linear Equations (27)
and (30). The selection of DFT samples is vital to the estimation results. Besides the peaks
that represent harmonics, there are extra peaks caused by the noise under noisy conditions.
If those extra peaks are not eliminated during the peak search procedure, it will increase
unnecessary computational burden and introduce extra noise interference. According to
the measurement requirements in the IEC/IEEE 60255-118-1 standard, harmonic compo-
nents with amplitude greater than 1% of the fundamental are considered for harmonic
interference. Therefore, spectral lines with amplitudes lower than 1% of the highest peak
are ignored in the peak search procedure. To minimize the impact of noise, the optimum
selection is made by several steps: The first step is identifying the peaks of spectral lines
based on amplitude. Then, to filter out extra peaks, peaks with an amplitude lower than
1% of the highest peak are filtered out, which means that if the amplitudes of the peaks
are less than 1% of the fundamental amplitude, they will be treated as noise and ignored.
Finally, find two spectral lines with a local maximum amplitude around each remaining
peak. The flow chart of the proposed method is shown in Figure 1.

Figure 1. Flow chart of the proposed method.
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2.4. Computational Complexity Analysis

The computational complexity of the proposed method mainly consists of three parts.
The first part is calculating the DFT bins of a reformed complex signal ycomplex(n) of which
the length is N. So, the time complexity of DFT is O(Nlog2N). The second part is the solution
of linear Equations (27) and (31). (27) is a 2H × 2H linear system while (31) is an H ×
H linear system. So the time complexity of solving (27) and (31) is O((2H)3) and O(H3),
respectively. The last part is to solve the roots of the H-order polynomial (29) and the time
complexity is O(Hlog2H). Therefore, the time complexity of the proposed method can be
expressed as O(Nlog2N) + O((2H)3) + O(H3) + O(Hlog2H). The average running time of
this method in Matlab is less than 0.005 s, and the laptop configuration is (CPU: core i7,
memory: 8 GB).

3. Simulation Results

Several simulations are provided in this section. The first part is the assessment of
the proposed method’s performance under a steady state. Both balanced and unbalanced
conditions are considered. The accuracy of the proposed method is compared with the
DIDFT method, the HDIDFT method, the BY1LC method, and the Cramer–Rao lower
bounds (CRLB). The second part reports test results under the instruction of the latest
standard IEC/IEEE 60255-118-1. Both the steady-state compliance test and dynamic test are
performed, and the proposed method is also compared with the SVTFT method [33], which
is a state-of-the-art method of dynamic phasor estimation. The third part is the validation
of the proposed method under complex harmonic conditions. The last part is the validation
of the proposed method in an IEEE 9-bus power system under power swing conditions,
simulated in PSCAD [54].

3.1. Steady-State Tests under Balanced and Unbalanced Conditions

In this subsection, the performance of the proposed method is evaluated by simulations
with different Signal–Noise Ratios (SNRs) and values of the cycle in the range (CiR), where
CiR = Nf /f s. The mean squared error (MSE) is used to evaluate the performance of the
methods. The number of independent trials is set as 3000 and averaged to obtain the results.

First, a balanced three-phase signal is generated, the frequency is set as f = 51 Hz, the
amplitude of the test signal is set as A = 1, the damping factor is set as τ = −0.1, the initial
phase is set as ϕ = 0.1, and the sampling frequency f s is set as 3 kHz. The window length
is set as N = 256 and the SNR varies from 20 dB to 60 dB. The MSEs of estimations are
reported in Figure 2.

Then, an unbalanced three-phase signal is generated. The effect of unbalance is
reflected by setting A+ = 1, A− = 0.3 and other parameters are the same as the balanced
condition. The MSE of estimation is reported in Figure 3.

Finally, the CiR test is performed. A balanced three-phase signal is generated. The
amplitude of the test signal is A = 1, the damping factor is τ = −0.1, the initial phase is
ϕ = 0.1, and the sampling frequency f s is set as 3 kHz. The observation window length is
set as N = 128. The CiR ranges from 0.5 to 3.5 nominal cycles and the SNR is set to 50 dB.
The MSE of estimates is reported in Figure 4.

Under balanced conditions, there is no negative frequency component in the recon-
structed complex signal, which means that noise is the major factor affecting the accuracy
of the results. Because both the DIDFT and the proposed method use a rectangular window,
the results of the proposed method and the DIDFT method are approximately the same and
close to the CRLB. As known, the rectangular window has the smallest equivalent noise
bandwidth, so the proposed method and the DIDFT method outperform the HDIDFT and
BY1LC methods.
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Figure 2. Performance of estimation under balanced conditions. (a) Amplitude. (b) Damping factor.
(c) Frequency. (d) Phase.

Figure 3. Performance of estimation under unbalanced conditions. (a) Amplitude. (b) Damping
factor. (c) Frequency. (d) Phase.
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Figure 4. Performance of estimation with different CiRs. (a) Amplitude. (b) Damping factor.
(c) Frequency. (d) Phase.

Under unbalanced conditions, due to the spectral leakage from the negative frequency
component, the accuracy of the DIDFT and the BY1LC are hardly improved with an
increase in the SNR. The HDIDFT method restrains the spectral leakage by applying the
Hann window, so its performance is much better than the DIDFT method. However, the
accuracy shows little improvement when the SNR is higher than 50 dB. The proposed
method outperforms competitors and its accuracy continues to improve with an increase in
the SNR.

The result in Figure 4 demonstrates that the proposed method offers an accurate
estimate when the observation window length is less than one nominal cycle under noisy
situations. This indicates that the proposed method can achieve a good time resolution.
In the case of synchronous full-cycle sampling, there is only one DFT bin available for
the single-tone signal while HDIDFT and the proposed method require two DFT bins. So,
in the noisy condition, those two methods are more sensitive to noise when the CiR is
an integer.

3.2. Test under IEC/IEEE 60255-118-1 Standard
3.2.1. Steady-State Compliance Tests

In this part, steady-state compliance tests are designed according to the instructions
of the IEC/IEEE 60255-118-1 standard. These tests under steady-state conditions include
three items: (1) off-nominal frequency (f ranges from 45 Hz to 55 Hz), (2) single harmonic
distortion (10% of each harmonic up to 50th), (3) interharmonic interference (10% of input
signal magnitude; frequency of interharmonic is set as 25 Hz and 75 Hz).

The sampling frequency is set as 5 kHz and the SNR is set to 50 dB. The SVTFT requires
a window length with an odd number, so the window length of SVTFT is set to 257 while
the other three methods are set to 256. The results of Frequency Error (FE), Rate of Change
of Frequency Error (RFE), and Total Vector Error (TVE) are listed in Tables 1–3. The test
results show that the proposed method is more accurate than the other methods under
off-nominal frequency conditions. Under single harmonic distortion, the HDIDFT method
provides the best results. Under interharmonic conditions, the BY1LC method provides
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good FE results, but the TVE is not satisfactory. The performance of the proposed method
and the SVTFT method are at the same level under interharmonic conditions.

Table 1. Results under off-nominal frequency conditions.

Methods FE Max [Hz] RFE Max [Hz/s] TVE Max [%]

HDIDFT 0.0096 - 0.198
SVTFT 0.3085 0.9993 0.224
BY1LC 0.0098 - 0.198

Proposed method 0.0067 - 0.141

Table 2. Results under harmonic distortions.

Methods FE Max [Hz] RFE Max [Hz/s] TVE Max [%]

HDIDFT 0.0418 - 0.711
SVTFT 0.0741 41.952 1.648
BY1LC 0.0951 - 2.256

Proposed method 0.0737 - 1.217

Table 3. Results under interharmonic conditions.

Methods FE Max [Hz] RFE Max [Hz/s] TVE Max [%]

HDIDFT 1.2069 - 20.71
SVTFT 0.2793 109.265 5.42
BY1LC 0.2110 - 20.52

Proposed method 0.3973 - 6.59

To be mentioned, the proposed method, BY1LC, and HDIDFT are not specifically
designed for dynamic phasor measurement, and the direct estimation of ROCOF (Rate of
Change of Frequency) is not given. So, the RFEs of these three methods are not listed in the
Tables of results.

3.2.2. Amplitude and Phase Modulation Tests

Three-phase voltage signals are modeled by modulating their amplitudes with ±0.1 per
unit sinusoidal variation of f 1 = 2.0 Hz. The Clarke-transformed three-phase signal is ex-
pressed as (32). The amplitude parameters are set as A+ = 1, A− = 0.3 to reflect the unbalance
effect. The simulation is performed at the nominal frequency f = 50 Hz.

ycomplex = A+A(t)ej(2π f t+ϕ(t)) + A−A(t)e−j(2π f t+ϕ(t)) (32)

where
A(t) = 1 + cos(2π f1t) (33)

ϕ(t) = 0.1 cos(2π f1t) (34)

The sampling frequency is set as 6 kHz and the observation window length is set to
256 samples (N = 256), and 255-sample overlap is considered between adjacent observation
windows. The test signals are added with white Gaussian noise and SNR = 50 dB.

The TVE, which represents phasor estimation error, is indicated in the IEEE Standard as

TVE =
|Xr − Xe|

|Xr|
(35)

where Xr and Xe are the true and estimated values of the phasor, respectively.
Table 4 reports the FE, RFE, and TVE results. Figure 5 reports the maximum TVE

of each fundamental cycle. From Figure 5, it is obvious that the SVTFT provides the
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best results for the amplitude and phase-modulated signal due to its excellent dynamic
performance. Although the proposed method is not as good as the SVTFT method, it
outperforms the other two methods. The maximum TVE returned by the proposed method
is lower than 0.6%. In the meantime, the maximum TVE offered by HDIDFT is about 0.9%.
For the overall behavior as reported in Figure 5, the proposed method can reduce the TVE
by 30% compared with HDIDFT.

Table 4. Results under amplitude and phase-modulation conditions.

Methods FE Max [Hz] RFE Max [Hz/s] TVE Max [%]

HDIDFT 0.0359 - 0.835
SVTFT 0.0073 1.491 0.092
BY1LC 0.0834 - 1.782

Proposed method 0.012 - 0.616

Figure 5. Max TVE values of methods under amplitude and phase modulation.

3.2.3. Amplitude and Phase Step Tests

To assess the dynamic behavior of the proposed method, one of the dynamic bench-
marks based on amplitude and phase step change is adopted in this part. Unbalance among
three-phase signals is reflected by setting A+ = 1, A− = 0.3. An amplitude step-change
signal with a step size of 10% of the amplitude and a phase step-change signal with a step
size of π/18 are used for simulations.

The sampling frequency is set as 6 kHz and the window length is set to 256 samples
(N = 256) and 255-point overlap is used between adjacent windows. The signal is corrupted
with a Gaussian noise of 60 dB SNR. The simulation results of this test case are shown in
Figures 6 and 7. According to Figures 6 and 7, the SVTFT method provides the best results
due to its excellent dynamic performance. The results of the other three competitors show
a deviation at the instant of the step occurring. The proposed method shows less overshoot
and better stability than the HDIDFT and BY1LC methods.
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Figure 6. Amplitude-tracking behavior under step conditions.

Figure 7. Phase-tracking behavior under step change conditions.

3.2.4. Frequency Ramp Tests

To evaluate the dynamic behavior of the proposed method, one of the dynamic
benchmarks based on frequency ramp is adopted. The rate of frequency ramp is set to
1.0 Hz/s and the fundamental frequency varies from 50 to 52 Hz as specified in the IEEE
C37.118.1-2011 standard. Unbalance among three-phase signals is reflected by setting
A+ = 1, A− = 0.3. The sampling frequency is set to 6 kHz. The observation window length
is set to 256 samples (N = 256) and 255-point overlap is used between adjacent windows.
The SNR is set as 50 dB. The test results are reported in Table 5 and Figure 8; it is obvious
that the proposed method provides more accurate results during the ramp compared with
other methods.
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Table 5. Results under frequency ramp tests.

Methods FE Max (Hz) RFE Max (Hz/s) TVE Max (%)

HDIDFT 0.0346 - 0.621
SVTFT 0.0214 1.493 0.892
BY1LC 0.0967 - 2.365

Proposed method 0.0099 - 0.248

Figure 8. (a) Frequency estimation during ramp. (b) Zoomed view of the circled area in (a).

3.3. Parameter Estimation with Harmonics

To validate the effectiveness of the proposed method under unbalanced harmonic
conditions, a simulation is performed in MATLAB [55]. In this simulation, a set of unbal-
anced three-phase signals containing several harmonic components is generated and the
parameters of the harmonics are listed in Table 6.

Table 6. Component parameters of the simulated harmonic signal.

Parameters Harmonic Order

Harmonic Order
Positive Sequence Negative Sequence

1 2 3 5 1 3

Amplitude (pu) 1 0.05 0.3 0.15 0.3 0.2
Phase (rad) 0.1 0.1 0.3 0.3 −0.1 0.1

Damping factor −1 −0.3 −0.5 −0.2 −1 −0.5

The fundamental frequency f 1 is 53 Hz, the sampling frequency f s is 6 kHz, the window
length N is 512, and the SNR is set to 50 dB. The performance of the proposed method under
harmonic conditions is compared with HDIDFT and BY1LC. The MSEs of the amplitude,
frequency phase, and damping factor of the harmonics are listed in Table 7. By comparing
the MSEs of estimated results, it is obvious that the overall performance of the proposed
method is better than the other two methods under unbalanced harmonic conditions.

Both the proposed method and the HDIDFT method are based on the characteristics
of spectral lines in the frequency domain. The HDIDFT method focuses on suppressing
spectral leakage and harmonic interference by applying the Hanning window, but for the
multi-tone signals of a power system, the spectral leakage and harmonic interference may
not be effectively suppressed, and weak harmonic components can easily be obscured
by nearby strong harmonics due to the spectral leakage. It can be seen from the results
that the estimates of second-harmonic parameters provided by HDIDFT and BY1LC are
very unsatisfactory, especially the damping factor, which has an unacceptable error. The
proposed method takes every frequency component into consideration, which improves
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the accuracy of parameter estimation in the presence of harmonics. Therefore, the proposed
method outperforms HDIDFT and BY1LC, especially in the results of the second harmonic.

Table 7. Harmonic estimation results of different methods.

Harmonic
Order

MSE of Amplitude MSE of Frequency MSE of Phase MSE of Damping Factor

HDIDFT Proposed BY1LC HDIDFT Proposed BY1LC HDIDFT Proposed BY1LC HDIDFT Proposed BY1LC

Positive
sequence

1 1.82 ×
10−7

4.74 ×
10−9

4.65 ×
10−5

1.09 ×
10−7

4.97 ×
10−8

1.32 ×
10−3

9.47 ×
10−9

4.74 ×
10−9

3.91 ×
10−4

7.69 ×
10−5

1.97 ×
10−6

1.33 ×
10−5

2 1.67 ×
10−5

9.21 ×
10−9

1.02 ×
10−3

9.74 ×
10−2

4.98 ×
10−5

2.67 ×
10−2

1.82 ×
10−2

3.93 ×
10−6

1.14 ×
10−2 5.01 1.87 ×

10−3 >10

3 1.35 ×
10−6

4.78 ×
10−9

1.02 ×
10−3

6.59 ×
10−4

5.92 ×
10−7

3.27 ×
10−2

4.64 ×
10−5

5.55 ×
10−8

9.51 ×
10−3

7.53 ×
10−3

2.19 ×
10−5

1.42 ×
10−1

5 4.80 ×
10−7

8.25 ×
10−8

1.01 ×
10−3

7.41 ×
10−4

3.94 ×
10−5

2.67 ×
10−2

4.42 ×
10−5

3.18 ×
10−6

1.14 ×
10−2

3.54 ×
10−3

1.65 ×
10−3

1.43 ×
10−1

Negative
sequence

1 8.75 ×
10−7

4.82 ×
10−9

8.88 ×
10−4

5.85 ×
10−4

5.42 ×
10−7

3.91 ×
10−2

4.07 ×
10−5

5.33 ×
10−8

9.59 ×
10−3

4.35 ×
10−3

2.06 ×
10−5

1.62 ×
10−1

3 1.33 ×
10−8

4.11 ×
10−9

1.36 ×
10−3

3.91 ×
10−4

1.11 ×
10−6

1.73 ×
10−2

2.81 ×
10−5

1.06 ×
10−7

3.14 ×
10−3

1.51 ×
10−4

4.38 ×
10−5

1.45 ×
10−2

3.4. Parameter Estimation of Oscillation Signal with Power Swing

To exhibit the effectiveness of the proposed method when a power swing happens,
the classical IEEE 9-bus power system model is selected as shown in Figure 9. The system
is simulated in PSCAD software 4.6.0 [54]; detailed information about the system can be
found in [56,57]. In this simulation, a distance relay is installed between bus-7 and bus-5.
To create an unbalanced power swing, a phase-AB-to-ground fault is created in the line
between bus-7 and bus-8. The fault is initiated at t = 1 s and cleared after 0.2 s by opening
circuit breakers located at the ends of this line. The oscillation signal is observed using the
distance relay R.

Figure 9. Diagram of the adopted IEEE 9-bus power system.

The sampling rate of the distance relay is set to 5 kHz and the waveform is processed
in MATLAB. The voltage waveform of phase A is depicted in Figure 10. In addition, the
length of the observation window is 1.28 nominal cycles, so there are 128 samples (N = 128)
in each observation window. The three-phase voltage signal recorded by the relay R is used
to evaluate the proposed method and competitors.
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Figure 10. Voltage waveform of phase A in the IEEE 9-bus system under power swing.

The proposed method has been compared with the other three competitors. The
amplitude and frequency estimation results are reported in Figures 11 and 12. The proposed
method can track the amplitude variation during the dynamic process. During the fault,
the test results of all methods show a fluctuation around the reference value. When the
fault occurs or is removed, the proposed method can track the true value appropriately
after a nominal period and the overshoot of the proposed method is lower than HDIDFT
and BY1LC.4.

Figure 11. Comparison of amplitude measurement results offered by methods. (a) Overall view of
the estimated amplitude; (b) Zoomed view of the fault occurrence corresponding to red circle 1 in (a);
(c) Zoomed view of the fault removal corresponding to red circle 2 in (a).
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Figure 12. Comparison of frequency measurement results offered by methods. (a) Overall view of
the estimated frequency; (b) Zoomed view of the fault occurrence corresponding to red circle 1 in (a);
(c) Zoomed view of the fault removal corresponding to red circle 2 in (a).

4. Conclusions

A Clarke transform-based complex-valued DFT method has been proposed in this arti-
cle. The proposed method achieves accurate measurement of oscillation signal parameters.
By applying the Clarke transform, the original oscillation parameter estimation problem
in a three-phase power system is transformed into the parameter estimation problem of
a set of complex exponentials. Then, with a complex-valued interpolated DFT-based al-
gorithm, the proposed method is applied to either unbalanced or harmonic conditions.
By comparing with other methods, it shows that the proposed solution can offer accurate
estimates under noisy conditions. The performance of the proposed method under either
unbalanced or harmonic conditions has been also evaluated, and the results show that
the parameters of damped sinusoidal signals can be estimated accurately by using the
proposed method. Further work will focus on two aspects: (1) improving the dynamic
behavior of the proposed method and deriving a single-phase solution of the proposed
method based on phase shifting; (2) incorporating a window (e.g., Hanning) to weighted
the input samples and derive new parameter estimation formulas, which aim to reduce the
mutual interference between the multi tones of unbalanced signals.
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