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Abstract: With the development of new power systems with high proportions of renewable energy
and high proportions of power electronics equipment, the influence of broadband electromagnetic
oscillations in power systems is becoming more and more significant. In order to better grasp the
dynamic characteristics of broadband oscillations, a new adaptive band-pass filter and VMD-Esprit
based multi-modal monitoring method is proposed for broadband electromagnetic oscillation in
“double high” power systems. First, based on the mode frequency and amplitude information
provided by FFT mode detection, the proposed adaptive band-pass filter adaptively sets the center
frequency, bandwidth, and other parameters and extracts or separates the voltage/current signal
in each frequency band. Second, the filtered signals are corrected and compensated, and then the
VMD modal decomposition of each frequency band signal is combined with Esprit for parameter
identification so as to obtain the waveform and parameter information of each mode. Finally, the
separation, correction, and parameter identification of multi-mode broadband oscillation waveforms
are carried out. The experimental results show that frequency division processing can reduce the
computation and improve real-time performance. In the processing of signals in the frequency band,
the center frequency, bandwidth, and other parameters can be adjusted adaptively under different
conditions of single-mode composition or multi-mode composition, which improves the accuracy
of VMD decomposition and increases the flexibility of signal processing. Meanwhile, it overcomes
the defects such as the inaccuracy of traditional mode recognition, which provides a new idea for
broadband electromagnetic oscillation analysis.

Keywords: multi-mode monitoring; broadband electromagnetic oscillation; adaptive band-pass
filtering; VMD-Esprit; “double high” power system

1. Introduction

At present, China is in the early stage of the new energy revolution, and renewable
energy is replacing traditional fossil energy as the main source of energy supply [1]. By
the end of 2020, the installed capacity of new energy power generation in China was
about 2.2 billion kilowatts, of which the installed capacity of grid-connected wind power
was about 280 million kilowatts, and the installed capacity of grid-connected solar power
was about 250 million kilowatts, accounting for 12.8 and 11.5% respectively. At the same
time, due to the particularity of the geographical distribution of the supply and the load
demand for the new energy power generation, in order to realize the efficient and flexible
transmission of electric energy from the new energy power station to the load, the long-
distance high-voltage flexible DC transmission network is gradually forming, such as
Zhangbei to Beijing [2,3]. By the end of 2020, China had built 17 UHV DC transmission
lines [4,5]. The interaction between AC and DC systems [6] has become one of the most
important factors determining the level of system security and stability. At the same time,
with the progress and upgrading of various industries, DC terminals with excellent control
by means of power electronic devices are continuously connected to the AC power grid [7,8].
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All in all, with the development of a large number of new energy power generation grid
connections, high voltage direct current transmission, and high power direct current load,
the proportion of power electronics in each part of the power system ‘source-network-
load‘ is becoming higher and higher [9]. Power electronic equipment is widely used in
power generation, transmission, distribution, and power consumption of power systems.
It has become an important trend in power systems that traditional electromechanical-
electromagnetic conversion equipment, such as synchronous generators, are gradually
replaced by power electronic equipment.

With the development of new energy power generation technology, power systems
have widely transitioned to power electronics equipment; that is also why power systems
appear to have “double high” characteristics [10,11] (i.e., high proportions of new energy
power generation and high proportions of power electronics equipment). With these
characteristics becoming more and more prominent, broadband oscillation has become
more frequent as a result. According to incomplete statistics, there have been many serious
oscillation events at home and abroad in recent years. In addition, the range of frequency
ranges from several Hz to several thousand Hz. For example, this synchronous resonance
occurs in the Hebei Guyuan wind power-series compensation system [12,13], and the
frequency varies from 3 to 12 Hz. In 2015, the subsynchronous oscillation phenomenon
occurred at the Xinjiang Hami wind farm [14,15], and the oscillation frequency changed in
a large range (10~40 Hz), with significant time-varying characteristics; this synchronous
oscillation occurs in the Ajo wind farm-series compensation system in Texas [16], and the
oscillation frequency is about 20 Hz. In the high-frequency harmonic oscillation of the
Borwin wind power-flexible direct transmission system in the North Sea of Europe [17],
the oscillation frequency range is between 250~350 Hz. For the safe and stable operation of
power systems, broadband oscillation is becoming a serious threat.

For various broadband oscillation phenomena, although there are differences in mech-
anism and manifestation, there is a unified form in the mathematical model. Therefore, they
have many common characteristics, such as a wide frequency range, complex influencing
factors, and large-scale time-varying characteristics. Moreover, the oscillation phenomenon
often starts from small signal negative damping divergence and ends in nonlinear con-
tinuous oscillation. The broadband oscillation that power electronics equipment mainly
participates in is the dynamic interaction between multiple converters, renewable energy
units, and AC/DC power grids. It is essentially different from the traditional electrome-
chanical (low frequency) oscillation and traditional subsynchronous resonance/oscillation
dominated by the inertia and shafting dynamics of rotating units. From the above analysis,
it can be seen that the electromagnetic signal of the power system presents the character-
istics of multi-mode superposition, time-varying, time-space distribution, and so on. In
order to reduce the unnecessary loss caused by broadband electromagnetic oscillation, the
power system can use a real-time monitoring system to realize the monitoring, analysis,
and control of electromagnetic oscillation.

The wide-area measurement system (WAMS) is a dynamic real-time measurement
and analysis platform for power systems, and it is widely used in system modeling,
accident analysis, protection, and control [12]. The Phasor Measurement Unit (PMU) is a
phasor measurement unit with the second pulse of Beidou or global positioning system
as the synchronous clock [18], and it can provide basic data for the application analysis
of WAMS. The traditional PMU mainly focuses on the line frequency signal in the range
of 45~55 Hz, and it is usually necessary to filter out the interharmonic signal to improve
the accuracy of phasor measurement [19]. Therefore, the traditional PMU cannot meet the
multi-modal monitoring requirements of broadband electromagnetic oscillation. To address
this problem, this paper proposes an adaptive band-pass filter and VMD-Esprit based multi-
mode monitoring method of broadband electromagnetic oscillation in “double high” power
systems for the multi-mode superposition characteristics of broadband oscillation. Firstly,
wavelet filtering denoised the broadband signal and, through modal monitoring, obtained
the initial modal information (frequency, amplitude, and initial phase). Then, the band is
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preliminarily decomposed according to the oscillation classification by the ABPF (adaptive
band-pass filter) proposed in this paper. After the compensation link, VMD (Variational
mode decomposition) further decomposes the preprocessing signal. Finally, the esprit
modal parameter identification of each modal component obtained by VMD decomposition
is carried out to obtain the desired signal information.

2. Methodology

After the description of the previous chapter, we have a preliminary understanding of
the background of adaptive band-pass filter + VMD-Esprit based multi-Mode monitoring
method of broadband electromagnetic oscillation in “double high” power systems, the
overall framework of the method process and the innovation of this method. This chapter
will focus on the application purpose, function, basic principles, and implementation
process of each step in the process of this method. In addition, this chapter will emphatically
expound on the design intention, implementation idea and application significance of the
adaptive band-pass filter and VMD-Esprit signal identification algorithm are ed.

2.1. Adaptive Band-Pass Filter and VMD-Esprit Based Multi-Modal Monitoring Method

Through the analysis of the previous section, this section introduces the basic ideas and
main steps of this research method in detail. This method takes the adaptive band-pass filter
and VMD-Esprit as the core, combined with signal sampling, wavelet signal denoising and
line frequency notch, to provide a new multi-mode electromagnetic oscillation monitoring
and analysis method for wide area monitoring system and phasor monitoring device. In
the following, the adaptive band-pass filter + VMD-Esprit based multi-modal monitoring
method and its key technical methods are introduced in detail.

The basic idea of the method proposed in this paper is: (1) signal sampling and pre-
processing. In the FFT modal monitoring link, according to the broadband oscillation
classification using the adaptive band-pass filter proposed in this paper, decompose the
broadband signal. (2) After compensation, the VMD is used to perform modal decompo-
sition on each frequency band signal or directly perform the next identification. (3) The
Esprit algorithm is used to perform identification on the decomposed modal information.
The specific implementation process of this method is shown in Figure 1.
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The following oscillation classification and signal transmission are based on the pro-
visions of the “Technology specifications of power system wide-frequency measurement
device” [20].

Step 1 data sampling. The node voltage and line current are sampled at a frequency of
10 kHz.

Step 2 signal denoising. Firstly, for subsequent signal processing, wavelet denoising is
used to filter out noise and reduce external interference.

Step 3 line frequency notch. When the line oscillates, the line frequency signal is
generally stable. In order to reduce the subsequent signal processing, the line frequency
notch filter can quickly attenuate the line frequency and its nearby signals and has a
superior filtering effect on the line frequency signal.

Step 4 modal monitoring. Based on Fast Fourier transform (FFT), the initial modal
information (frequency f0, amplitude A0) is calculated, and the mode with amplitude A0i
(i ≤ n represents the ith mode, n represents the number of selected modes) that exceeds
the set threshold Aset (where Aset can be set according to the actual operation of the l grid)
is selected.

Step 5 oscillation classification filtering based on the adaptive band-pass filter (ABPF).
According to the broadband oscillation classification, the center frequency, bandwidth, and
other parameters of the band-pass filter are adaptively set for the case of multiple main
frequency components in each frequency band, and the optimal frequency band separation
is performed on the mode. If there is no strong signal in a certain frequency band (in the
frequency band, there is no modal component that exceeds the threshold amplitude Aset),
the band is not filtered.

Step 6 VMD-esprit. For each frequency band oscillation signal, adopt the VMD and
adaptive band-pass filter to separate signals and then correct (the process of filtering will
cause the signal’s amplitude attenuation and the phase deviation). In the case that only one
frequency component in a certain frequency band is obtained, the signal will be directly
identified and separated in the previous step (adaptive band-pass filter, ABPF). In the case
that two or more frequency components in the frequency band are obtained, VMD is used
to decompose, and Esprit parameter identification is performed on the decomposed IMFs
to obtain the desired signal parameters (amplitude, frequency, phase, and damping ratio).

Wavelet denoising is a relatively mature denoising algorithm. The specific algorithm
implementation process and principle can be referred to in the references [21–23], and
this article will not be repeated. The following explains the main technical methods of
this method.

2.2. Key Technical Methods
2.2.1. Designations of Line Frequency Notch

The line frequency notch filter can quickly attenuate the signal near the line frequency
and has an excellent filtering effect on the line frequency signal. The transfer function of
the line frequency notch filter can be expressed as

GNF =
s2 + (2π fNF)

2

s2 + 2ξNF(2π fNF)s + (2π fNF)
2 (1)

In the equation, line frequency is fNF, and notch factor is ξNF, respectively. Two factors
of notch effect and dynamic are considered in the parameter design of the line frequency
notch filter. The smaller the notch factor, the better the notch characteristics of the line
frequency notch filter, but a smaller notch factor also leads to a decrease in frequency
adaptability. According to Equation (1), when the notch factor is greater than 1.0, the
characteristic equation has two unequal real poles on the negative real axis of the s-plane,
which is in the overdamped state. When the notch factor is equal to 1.0, the characteristic
equation has two equal real poles on the negative real axis of the s plane, which is in the
critical damping condition. When Q is less than 1.0, the conjugate complex pole of the
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characteristic equation in the left half of the s plane is underdamped. Considering the
notch characteristics and dynamic characteristics, the parameter design fNF is 50 Hz, and
the notch factor ξNF is set to 1.0.

2.2.2. Adaptive Band-Pass Filter (ABPF)

According to the “technical specifications for power system broadband measurement
devices”, the broadband oscillation in the new power system is divided into three parts,
namely: low-frequency oscillation, sub/super synchronous oscillation, and 100~300 Hz
broadband oscillation. The frequency range of various types of oscillations is different.
Therefore, this paper designs four BPFs and proposes the concept of an adaptive band-pass
filter (ABPF). Selecting the appropriate signal length can improve the accuracy of pattern
recognition and ensure the rapidity of identification. Due to the different oscillation fre-
quencies, it is obviously inappropriate to use data with the same duration and sampling
frequency for identification. Table 1 shows these four ABPF filters’ bandwidths, identifi-
cation sampling times and sampling frequencies corresponding to various oscillations in
this paper.

Table 1. Table showing the external parameter settings of ABPF for each frequency band.

Adaptive
Band-Pass Filter Oscillation Type Sampling Time Sampling Frequency Oscillation

Frequency Band

ABPF-1 Low-frequency oscillation 10 s 100 0~2.5 Hz
ABPF-2 subsynchronous oscillation 2 s 1000 2.5~45 Hz
ABPF-3 supersynchronous oscillation 2 s 1000 55~95 Hz
ABPF-4 wide-range-frequency oscillations 0.1 s 10,000 ≥100 Hz

Through the analysis of the modal identification algorithm [24], if it is necessary
to obtain the oscillation frequency and amplitude accurately, the sampling time of the
identification signal needs to be more than one oscillation period. In order to obtain accurate
damping ratio information, the sampling time needs to be higher than two oscillation cycles.
Therefore, for low-frequency oscillation, in order to ensure the rapidity of identification,
the minimum band-pass frequency of the band-pass filter is 0.2 Hz, and the sampling time
is selected as two times the oscillation period, namely 10 s. For sub-synchronous oscillation,
considering the comprehensive accuracy and identification speed, the minimum oscillation
frequency is 2.5 Hz, and the sampling time is five times the oscillation period, namely 2 s.
The mechanism of supersynchronous oscillation determines that it will appear in pairs
with subsynchronous oscillation and that the frequency is complimentary. Therefore, the
sampling time of supersynchronous oscillation is consistent with that of subsynchronous
oscillation, which is also 2 s. The broadband oscillation is based on the lowest oscillation
frequency of 100 Hz, and the sampling time is ten times the oscillation period, that is, 0.1 s.

The above four bands are only the maximum band-pass range of each band-pass filter.
Considering that there are only one or more signals in each frequency band, the extraction
of each frequency signal or the separation of frequency bands only through the filter with
fixed parameters can easily lead to frequency aliasing or information redundancy in the
frequency band. In order to avoid the above situation and pursue a better signal-filtering
effect, this paper proposes the concept of ABPF. The design idea of ABPF in each frequency
band is the same, taking any of them as an example, as shown in Figure 2.

f L and f H are the two frequency cut-off points of ABPF, and f C is the center frequency.
In this paper, digital filters are used, such as infinite impulse response (IIR) filters or
finite impulse response (FIR) filters. The specific design method can be referred to in the
references [25]. The ABPF expression used in this paper is as follows:

LBP(z) =
b
2

(
1 + z−1)(1− z−1)

1− (2 + b− a2)z−1 + (1 + b)z−2 (2)
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In the formula, a is the gain coefficient, b is related to the bandwidth, and the relation-
ship between a and b is:

a =
2π(1− b/4) f0

fs
(3)

In the formula, f s is the sampling frequency, and f 0 is the center frequency.
The adaptation of ABPF is reflected in two cases:
In Case 1, if there is only one signal in the frequency band, the band-pass filter is set to

a narrowband band-pass filter, f 0 is the frequency of the signal, and the parameter b is set
to a smaller value (the smaller the b is, the narrower the bandwidth is, which can be set
according to the actual demand) to ensure the accuracy of this frequency signal filtering. In
the next VMD decomposition of the filtered signal, it directly enters the Esprit parameter
identification link. Only one signal does not need VMD decomposition because it itself is
the desired modal component. This step of flexible design can reduce data processing time
and data processing resources.
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In case 2, if there are multiple frequency signal components in the frequency band, the
conventional band-pass filter center frequency is fixed. ABPF is adopted in this paper, and
the first determined is not the center frequency but the cut-off frequencies f L and f H. The two
parameters are determined by the two signals with the largest and smallest frequencies in
the frequency band (with corresponding margins), adaptive setting of the center frequency
(take the mean of the two), bandwidth, and other parameters. When there are multiple
signals in the frequency band, the filter provides a more accurate signal decomposition for
VMD, reducing the amount of calculation and improving the calculation speed.

This is the adaptive band-pass filter (ABPF) design method. These four ABPFs are
cascaded using the same algorithm, as shown in Figure 3. The cascade processing of
four ABPFs in different frequency bands can set the sampling time or sampling frequency
according to the signal characteristics of different frequency bands to achieve the best signal
processing effect. At the same time, it also reduces the number of decomposition modes
of VMD. The segmented VMD decomposition greatly reduces the amount of calculation
compared with the overall signal decomposition and improves the real-time performance
and decomposition accuracy.
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2.2.3. Variational Mode Decomposition (VMD)

When dealing with nonlinear and non-stationary signals, VMD [26] is a new adaptive
signal processing method with a strong anti-interference ability and strong robustness.
VMD decomposition is a non-recursive signal decomposition algorithm. In different
frequency bands, the signal is adaptively decomposed to the intrinsic mode functions (IMF).
In the process of solving the modal function, the mirror extension avoids the end effect in
the empirical mode decomposition (EMD) and other decomposition methods [27–30]. The
processing of nonlinear fault signals by VMD is helpful in extracting the characteristics of
subsequent fault signals. The decomposed IMF has an independent center frequency and
sparsity and effectively avoids modal aliasing when the parameter values are appropriate.

For the broadband oscillation analysis of the new power system, phasor monitoring
of time-varying and nonlinear oscillation signals should be carried out. To provide data
support for the subsequent oscillation analysis, the accuracy and real-time performance
should be taken into account during phasor monitoring. After the comparative demonstra-
tion, it is proposed to apply VMD to the broadband signal analysis of the new ‘double high’
power system. In this algorithm, VMD is used to decompose the multi-modal signal after
ABPF filtering to prepare for the next parameter identification (Esprit). The VMD method
will be introduced below.

VMD is a new type of non-stationary signal adaptive decomposition estimation
method proposed by Konstantin Dragomiretskiy in 2014. The purpose is to decompose the
original complex signal into K amplitude modulation sub-signals. EMD [31] and EEMD [32]
use a recursive method to solve the mode, while the VMD method uses non-recursive and
variational mode decomposition to process the original signal, which has better robustness
to measurement noise. By setting reasonable convergence conditions, the number of modal
functions decomposed by VMD is also smaller than that of EEMD, thus reducing the
modeling complexity. VMD assumes that each ‘mode’ is a finite bandwidth with different
center frequencies. The main process of this method is to use Wiener filtering to denoise. By
initializing the finite bandwidth parameter a and the center angular frequency, K estimated
center angular frequencies Wk are obtained. Then, the alternating direction multiplier
method is used to update the modal function and its center frequency, and each mode is
demodulated to the corresponding base frequency band. Finally, the purpose of minimizing
the sum of estimated bandwidths of each mode is achieved.

VMD decomposition is widely used in various fields. Reference [33] applied VMD to
decompose overvoltage signals. In Reference [34], VMD is applied to identify faults in the
ring DC distribution network, and, using VMD, the author calculated the mutation energy
of several modal components of voltage and current. Reference [35] applied VMD to detect
and predict the failure of mechanical parts; in view of the multi-modal aliasing problem
of current and voltage signals in the broadband electromagnetic oscillation analysis of
power system, this paper decides to use VMD for modal decomposition after adaptive
parameter filtering.

The VMD works as shown in Figure 4:
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Step 1 In order to obtain the one-way spectrum, the Hilbert transform is used to
analyze and calculate each modal signal, and then the frequency shift method is used to
move the modal spectrum to the baseband:[(

δ(t) +
j

πt

)
vk(t)

]
ejωkt (4)

δ(t) is the Dirac function; vk and ωk are the kth IMF component and its center fre-
quency, respectively.

Step 2 The bandwidth is estimated by the square norm of the gradient. The constraint
expression is: 

min
{vk},{ωk}

{
K
∑

k=1
‖∂t

[(
δ(t) + j

πt

)
vk(t)

]
e−jωkt‖

2

2

}
s.t.

K
∑

k=1
vk(t) = f (t)

(5)

where ∂t is the gradient calculation and * is the convolution calculation symbol.
Step 3 In order to obtain the optimal solution more advantageously, the Lagrangian

operator (t) and the penalty factor are used to transform the constrained problem into an
unconstrained problem. The extended Lagrangian function expression is:

L({vk}, {ωk}, τ) = α
K

∑
k=1
‖∂t

[
δ(t) +

j
πt

vk(t)
]

e−jωkt‖
2

2
+ ‖ f (t)−

K

∑
k=1

vk(t)‖
2

2

+

[
τ(t), f (t)−

K

∑
k=1

vk(t)

]
(6)

Step 4 The alternating direction method of multipliers is used to iteratively update the
modal components and the center frequency, and the saddle point of the unconstrained
function is obtained, which is the optimal solution to the problem. The iterative update
expressions of vk and k are as follows:

v̂n+1
k (ω) =

f̂ (ω)− ∑
i 6=k

v̂i(ω) +
τ̂(ω)

2

1 + 2α(ω−ωk)
2 (7)

ωn+1
k =

∫ ∞
0 ω|v̂k(ω)|2dω∫ ∞

0 |v̂k(ω)|2dω
(8)

τ̂n+1(ω) = τ̂n(ω) + γ

[
f̂ (ω)−

K

∑
k=1

ûn+1
k (ω)

]
(9)

Equation (9) n is the number of iterations, and γ is the noise margin parameter.
Step 5 The iteration termination condition is determined. If Equation (7) holds, the

iteration is stopped, and the modal component is output.

K
∑

k=1
‖v̂n+1

k −v̂n
k ‖

2
2

K
∑

k=1
‖v̂n

k ‖
2
2

< ε (10)

VMD has certain limitations in processing signals. In addition, the algorithm needs to
first set the modal number K value, which is the number of IMF components. When K is
selected properly, the frequency components in the original signal can be well decomposed.
Improper values will cause under-decomposition or over-decomposition. The α value
affects the bandwidth of the IMF. A bandwidth that is too small will cause some signals to
be decomposed and to be lost. Otherwise, if the bandwidth is too long, the decomposition
signals will mix with other components. Therefore, the selection of α and K will affect the
decomposition effect of the VMD method.
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Of course, for the parameter selection problem, there are some mature methods to
determine the best parameters. In Reference [36], the sparrow algorithm search algorithm
(SSA) will optimize the decomposition mode number K and penalty factor α for the
VMD algorithm. In [37], the energy factor and information entropy are introduced as
constraints to adaptively determine the number of modal decompositions and penalty
factors. Reference [38] proposed a parameter alternating optimization method to optimize
the parameters of VMD. Reference [39] determined the number of decompositions based
on the correlation coefficient of each component and used particle swarm optimization
to optimize the penalty factor. In this paper, only the basic VMD decomposition method
is used to provide an idea of applying VMD to broadband analysis. The optimization of
related improved algorithms will be optimized in subsequent articles.

2.2.4. Esprit Parameter Identification

Esprit (Estimation of Signal Parameters using Rotational Invariance Techniques) is
a high-resolution algorithm for estimating signal parameters by the number of rotation
invariant sets. Although it has no application in the analysis of broadband signals in power
systems combined with VMD or filter signals, it has applications in other fields, such as the
application of TLS-Esprit for flicker detection in ref. [40]. Ref. [41] applied TLS-Esprit to
construct a time-frequency curve and signal envelope of rotor broken bar fault detection
methods, and the TLS-Esprit algorithm in ref. [42] extracts the frequency of the dominant
component in the electrical fluctuation and calculates the phase parameters. In view of
the fact that Esprit can extract waveform parameter information, this paper proposes to
combine Esprit and VMD decomposition, namely the VMD-Esprit algorithm, and also uses
Esprit to identify the parameters of the signal filtered by the adaptive band-pass filter. The
algorithm provides a new idea for modal parameter identification of broadband electronic
oscillation in power systems.

Esprit is not sensitive to noise and does not need to search for spectral peaks in the
whole time domain. It is widely used in the field of signal processing. Compared with
Prony, Hilbert, and other parameter identification algorithms, it has the advantages of
low computational complexity and low parameter requirements. Through the comparison
and demonstration of this algorithm, this Esprit algorithm is combined with VMD for
parameter identification.

The basic principle of the Esprit algorithm [43] is as follows. The Hankel matrix X is
constructed according to the preprocessed measured data sequence x0, x1, . . . , xN−1, as
shown in Equation (11) [44]:

X =


x0, x1, . . . , xM−1

x1, x2, . . . , xM
. . . .

xL−1, xL . . . ., xN−1

 (11)

Among them, M + L − 1 = N, the signal subspace vs. and noise subspace Vn are
obtained by singular value decomposition of X:

X(SVD) = U∑ VH = [Us, Un]

[
εs 0
0 εs

] [
VH

s
VH

n

]
(12)

The superscript H represents the conjugate transpose, ∑ is the diagonal matrix, the
diagonal elements are the singular values of the matrix X in descending order, the column
vector of V is the right eigenvector of the matrix X, and the column vector of vs. corresponds
to the eigenvectors of the P singular values with the largest amplitude of the matrix X.
The first row and the last row of vs. are deleted to obtain the reduced-dimensional signal
subspace V1, V2. There exists a unique invertible transformation matrix T such that
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V1 = V2T. Let U be the original signal. Similarly, the original signal subspace U1, U2 are
obtained, which satisfies:

U1 = V1T
U2 = V2T
U2 = U1ψ

(13)

U1 and U2 are known quantities obtained by data matrix decomposition, so the matrix
shown in Equation (14) can be constructed to estimate the signal.

ψ =
(

UH
1 U1

)−1(
UH

2 U2

)
(14)

If the eigenvalue of Ψ is λp, the frequency ωp and attenuation coefficient ωp of each
periodic component in the signal can be estimated according to Equation (15).

ωp =
argλp

Ts

σp = − ln|λp|
Ts

(15)

After obtaining the frequency and attenuation coefficient of each component in the
signal, the amplitude and initial phase information can be obtained by the least square
method. Assuming an N-point sampling signal, the least square method is used to obtain:

c =
(
c1, c2, . . . , cp

)
=
(

λHλ
)−1

λHY (16)

λ =


1, 1, . . . 1

λ1, λ2 λp
. . .

λN−1
1 , λN−1

2 . . . λN−1
p

 (17)

The amplitude and phase are:

αp = 2
∣∣cp
∣∣

ϕp = arg cp
(18)

Like the VMD algorithm, Esprit also has a corresponding improved algorithm. The
more classic algorithm is TLS-Esprit [45]; ref. [46] introduced the algorithm. In addition, the
related optimization algorithm is the MSWF-ESPRIT algorithm. Ref. [47] pointed out that
the combination of its principle and multi-dimensional filter can effectively reduce the total
least squares rotation invariant subspace algorithm to estimate the covariance matrix of the
display data and the eigenvalue decomposition of the high-order matrix. This paper uses
the rotation invariant technique based on a multi-dimensional filter to estimate the signal
parameter method to estimate the frequency of the interharmonic signal. In this paper,
the most basic Esprit algorithm is used to provide a new idea of combining Esprit with
VMD/filter in the new power system broadband electromagnetic oscillation problem. The
application of the improved algorithm in the power system broadband oscillation problem
will be further studied.

3. Results
3.1. Validation and Analysis Based on the Construct Signal

The constructed signal decomposed in this paper is shown in Equation (19) below.

x(t) = A1 cos(2π f1t + ϕ1) + A2 cos(2π f2t + ϕ2) + A3 cos(2π f3t + ϕ3) + A4 cos(2π f4t + ϕ4)+
A5 cos(2π f5t + ϕ5) + A6random[−1, 1]

(19)

In the formula: A1 = 5 V; A2 = 5 V; A3 = 5 V; A4 = 5 V; A5 = 5 V; A6 = 0.16; f 1 = 1.5;
f 2 = 25; f 3 = 50; f 4 = 300; f 5 = 400; ϕ1 = Π/3; ϕ2 = Π/4; ϕ3 = Π/2; ϕ4 = Π/3; ϕ5 = Π/3.
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In order to test the notch performance of the line frequency notch filter, the denoising
effect of wavelet denoising, the adaptive performance of the adaptive band-pass filter ABPF,
the decomposition effect of VMD decomposition, and the accuracy of parameter identi-
fication, this paper constructs a signal composed of a low-frequency constant amplitude
oscillation signal, a subsynchronous constant amplitude oscillation signal, two broadband
constant amplitude oscillation signals, and the line frequency (50 Hz)and noise signal.

As shown in Figure 5, after the line frequency notch, the waveform is basically consis-
tent with the signal waveform without line frequency, which proves that the performance
of the common frequency notch is excellent. As shown in Figure 6a, when the original
signal contains noise, modal decomposition and other links will be greatly influenced. After
wavelet denoising, the signal waveform of noise removal shown in Figure 6b basically
coincides with the waveform without noise, which proves the practicability and relatively
good performance of wavelet denoising in the broadband field.
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Figure 6. Comparison of each signal before and after wavelet denoising.

After FFT modal detection grading and classification, the sub-band ABPF filtering
is performed, and then the phase compensation is performed. As shown in Figure 7, the
phase compensation waveform is compared before and after because the ABPF filtering
causes the extracted signal component amplitude or phase to deviate from the original
signal, so the filtered waveform needs to be compensated in order to make the subsequent
parameter identification more accurate. From the diagram, the compensation result can be
seen that after this link, the compensated waveform coincides with the original waveform.
This link achieves the desired effect.

By comparing the ABPF filtering waveforms of 1.5 Hz and 25 Hz shown in Figure 8
with the original waveforms, it can be seen that after a period of filtering, the obtained
waveform is compensated and coincides with the original waveform. The use of filters
effectively avoids the problems of large calculations and difficult parameter selection for
each signal decomposition algorithm. At the same time, the filter separates the components
of the original signal, which also avoids the problem of error or synchronization and poor
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real-time performance when Esprit parameter identification or waveform reconstruction is
performed after VMD decomposition.
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As shown in Figure 9, the waveform of the two main frequencies (300 and 400 Hz)
in the high-frequency band after ABPF filtering is compared with the waveform of the
original two frequencies. It can be seen that the two waveform curves coincide, and
the filtering effect is very good. Figure 10a,b is the comparison between the 300 and
400 Hz modal components obtained by VMD decomposition of the original filtered and
compensated waveform and the original ideal waveform. It can be seen that the effect of
modal decomposition is very good. The waveform drawn by the two modes coincides with
the waveform filtered by the filter. It is also seen that VMD decomposition is suitable for
high-frequency bands and overcomes the spectrum aliasing problem in filter filtering.
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The modal parameters are calculated by Esprit, the theoretical value and parameter 
identification results are compared, and the relative error is calculated as shown in Table 
2 below. The frequency identification result is the best, and the amplitude and phase angle 
identification also meet the engineering requirements. The deviation of the phase angle 
identification result is slightly larger, and the subsequent phase angle parameter 
identification algorithm needs to be further improved. 

Table 2. Precision test results of each parameter. 

Adaptive Band-
Pass Filter Parameter 

Theoretical 
Value 

Identification 
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The modal parameters are calculated by Esprit, the theoretical value and parame-
ter identification results are compared, and the relative error is calculated as shown in
Table 2 below. The frequency identification result is the best, and the amplitude and phase
angle identification also meet the engineering requirements. The deviation of the phase
angle identification result is slightly larger, and the subsequent phase angle parameter
identification algorithm needs to be further improved.

Table 2. Precision test results of each parameter.

Adaptive Band-Pass Filter Parameter Theoretical Value Identification Value Relative Error/%

Mode 1
amplitude 5 V 4.9344 V 1.312
frequency 1.5 Hz 1.5000 Hz 0.000

phase angle Π/3 1.0524 0.506

Mode 2
amplitude 5 V 4.9006 V 1.988
frequency 25 Hz 25.0000 Hz 0.000

phase angle Π/4 0.7283 7.277

Mode 3
amplitude 5 V 4.8862 V 2.228
frequency 300 Hz 300.0000 Hz 0.000

phase angle Π/3 0.9587 8.442

Mode 4
amplitude 5 V 4.8862 V 2.228
frequency 400 Hz 400.0000 Hz 0.000

phase angle Π/3 0.9059 13.484

Through the application of the algorithm proposed in this paper in the above-mentioned
example, the waveform effect obtained by the ABPF with the compensation algorithm is
very good, and the deviation between the modal components obtained by the application of
the VMD-Esprit algorithm and the original waveform is also small, and the parameter iden-
tification effect is good. These characteristics meet the engineering application requirements.
The feasibility of the method proposed in this paper is preliminarily demonstrated.

3.2. Broadband Osillation in Weak Grid with Two VSCs

As shown in Figure 11, the two VSCs are interconnected into the weak grid, and one
of the stations has an oscillation spreading to the main grid. The parameters of the system
in the example are as follows:

R12 = 0.001 Ω, R13 = 0.001 Ω, R14 = 0.001 Ω, L12 = 0.00029 H, L12 = 0.00029 H, L14 = 0.00001 H.

The proposed adaptive band-pass filter and VMD-Esprit based multi-mode monitoring
method of broadband electromagnetic oscillation in “double high” power systems is used
to decompose the oscillation, and the accuracy of the decomposition results is verified.
After sampling the digital-to-analog conversion, wavelet denoising and line frequency
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notch, the initial i12a is subjected to FFT analysis in the modal detection link. The spectrum
is shown in Figure 12:
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By setting the threshold and Filtering processing of ABPF (this oscillation signal only
has a broadband oscillation component), there are two components that continue to perform
VMD decomposition. In order to verify the accuracy of separating the two components,
the second-order band-pass filter is used to extract the two signal components from the
original signal, and the filtered signal component and the VMD two-mode component
are drawn into a graph, as shown in Figure 13a is the comparison graph corresponding
to 510 Hz, and Figure 13b is the comparison graph corresponding to 610 Hz. It can be
seen that the results of VMD modal decomposition coincide with the curves of each modal
component processed by the filter, which proves the accuracy and engineering application
of VMD decomposition.
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4. Discussion

In this paper, an adaptive band-pass filter and VMD-Esprit based multi-Mode moni-
toring method of broadband electromagnetic oscillation in “double high” power systems is
proposed, which overcomes the limitations of traditional monitoring methods for electro-
magnetic resonance monitoring. It provides a new idea for broadband signal decomposition
and broadband oscillation analysis. The algorithm also takes into account both measure-
ment accuracy and operation speed.
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The line frequency notch link is aimed at the line frequency of 50 Hz and remains stable
when broadband oscillation occurs in the power system. Compared with the literature [48–50],
although different methods are used to decompose the signal of the power system and
identify the parameters, the authors of the three publications consider the decomposition
and identification of the line frequency 50 Hz signal. On the one hand, this method reduces
the influence of line frequency amplitude and frequency on the analysis of broadband
oscillation signals and focuses on the analysis of broadband oscillation signals. On the
other hand, filtering the line frequency signal can also reduce the amount of calculation in
the subsequent steps.

There are many kinds of noise in the imaging system, such as thermal noise caused
by resistance; shot noise and flicker noise caused by vacuum devices; the particle noise
generated by the surface junction transistor; and so on [51], and for the huge power system
with the wide application of millisecond power electronic devices, the influence of noise on
the waveform processing can not be ignored. The original intention of wavelet denoising
is also because of this. Wavelet denoising is used to reduce the interference of noise on
subsequent signal analysis. The signal preprocessing through these two links provides
a better signal for subsequent modal detection, adaptive band-pass filtering and signal
decomposition and identification.

The FFT modal detection grading link [51,52] initially identifies the frequency and am-
plitude information of the resonant mode. It provides a basic data reference for subsequent
band-pass filters and also provides a basis for setting signal processing thresholds.

According to the “Technical Specification for Power System Broadband Measurement
Devices” [20], the ABPF (adaptive band-pass filter) designed in this paper is used to per-
form parallel data processing of broadband electromagnetic oscillation signals in different
frequency bands, which reduces the signal processing order (VMD decomposition mode
number) while improving the efficiency and accuracy of signal decomposition and real-time
performance. The problem of high order and poor real-time performance of the overall
signal directly using VMD decomposition is avoided. According to the signal characteris-
tics of different frequency bands, the sampling time or sampling frequency is set [53], and
the best signal processing effect can be achieved by targeted sampling according to the
oscillation signals of different frequency bands.

The ABPF is realized by a digital filter, which avoids the complexity of analog filter
design [54,55] and improves the effectiveness and accuracy of signal decomposition. At the
same time, the application of digital filters can directly set the band-pass width, attenuation
gain, and other parameters. In order to increase the filtering flexibility, some parameters
can also be set independently for user needs. For the ABPF, the adaptive parameter
method of the band-pass filter proposed in this paper enables the band-pass filter to
adaptively adjust the center frequency, bandwidth, and other parameters when processing
the signals in the frequency band under different conditions of single-mode composite or
multi-mode composite. In this way, the signal can be directly extracted and entered into
the parameter identification link when the single mode is composed, which avoids the
next signal decomposition process of the fixed parameter filter in any case, reduces the
calculation amount, and makes the algorithm process more flexible. It can also provide
more accurate decomposition signals for VMD in the case of multi-signal synthesis and
improve the calculation speed.

When VMD is applied to the analysis of broadband electromagnetic oscillation signals,
the algorithm overcomes the shortcomings of traditional EMD, EEMD, and other modal
decomposition algorithms, such as fence effect, modal aliasing, and low mathematical basis.
At the same time, the Esprit parameter identification algorithm for fault identification
and radar and other fields is combined with VMD to overcome the defects of traditional
VMD modal parameter identification algorithms (Prony or HT, etc.), such as parameter
selection, noise sensitivity, and inaccurate identification of high-frequency signals, which
is groundbreaking.
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In summary, this paper provides a new idea for signal decomposition and parameter
identification in broadband measurement devices through the initial signal preprocessing
links (line frequency notch, wavelet denoising, FFT modal detection grading) and then
through combining the proposed ABPF (adaptive band-pass filtering) with VMD-Esprit
achieve multi-Mode monitoring method.
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