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Abstract. A new method is proposed to improve the accuracy of structural instantaneous frequency (IF) extraction. The
proposed method combines a new form of improved generalized S-transform (IGST) and a multi-synchrosqueezing operation.
The parameters selection of the window function in IGST is derived through the concentration measure (CM) principle. Then,
the multi-synchrosqueezing algorithm is employed to improve energy aggregation of time-frequency analysis (TFA). To verify
the effectiveness and accuracy of the proposed improved multi-synchrosqueezing generalized S-transform (IMSSGST), a
frequency-modulated multi-component signal is investigated. For structural IF extraction, a two-story shear frame and a three-
story steel frame structure are introduced. Furthermore, the IF identification of a seven-story RC shear wall structure is
conducted to verified the practicability in actual engineering. Numerical simulation and experimental results show that the
proposed method can effectively improve the energy aggregation of TFA and effectively improve the accuracy of IF
identification.
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1. Introduction

With the development of society, the role of civil
engineering structures in daily life is becoming more and
more important. Structural damage will inevitably lead to
the change of structural dynamic characteristics. With the
accumulation of damage, once there is a problem, it will
cause property losses and affect people’s normal life.
What’s worse, it will cause casualties. The structural
dynamic characteristics often change over time during their
service life. Therefore, for these time-varying structures, it
is of great significance to accurately extract time-dependent
dynamic parameters such as instantaneous frequencies and
instantaneous amplitudes, which will benefit for health
monitoring, damage identification and safety assessment of
engineering structures (Kijewski and Kareem 2003, Liu et
al. 2015, Thakur and Wu 2011). The response signals of
time-varying or nonlinear structures are often non-
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stationary, which creates challenge to traditional linear
methods. As a new signal processing method, TFA is an
important and widely accepted tool to deal with non-
stationary signals. By designing the joint function of time
and frequency, time-frequency signals can be transformed
into a two-dimensional plane, thus reflecting energy and
intensity in both time domain and frequency domain.
Although many researches have demonstrated that TFA
could be an ideal solution for non-stationary signals, all
traditional TFA methods such as short-time Fourier
transform (STFT), Winger-Ville distribution (WVD), S-
transform (ST), Hilbert-Huang transform (HHT) have some
shortcomings (Wang et al. 2018). For example, the
empirical mode decomposition (EMD) in HHT is not
guaranteed theoretically and it’s inapplicable for the
decomposition of closely-spaced frequency components
(Lei et al. 2013).

In general, the ST uses a Gaussian window, whose
standard deviation varies with frequency. No matter what
signal is analyzed, the width of the Gaussian window will
decrease with the increase of frequency. This results in a
higher frequency resolution at lower frequencies and a
higher time resolution at higher frequencies (Moukadem et
al. 2015). Based on this imperfection, many scholars have
further carried out relevant research. A time-varying modal
parameter identification method based on linear time-
frequency representation and Hilbert transform (HT) was
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proposed. With Gabor expansion and synthesis, measured
responses were represented in time-frequency domain and
the modal components were reconstructed by time-
frequency filtering (Xu et al. 2003). Pinnergar and
Mansinha (2003) proposed another GST in which two
prescribed functions of frequency control the scale and the
shape of the analyzing window, and applied it to
determining P-wave arrival time in a noisy seismogram.
Djurovi¢ et al. (2008) put forward a modified ST to
enhance the energy concentration in time-frequency
domain. Assous and Boashash (2012) considered the
problem of phase synchrony and coherence analysis using a
modified version of the ST (MST). This basic method
includes a cross-spectral analysis to study the phase
synchrony of non-stationary signals, and relies on some
properties of the MST, such as phase preservation. Liu et al.
(2017a applied a three parameters ST to time-frequency
analysis of seismic data. Later, a self-adaptive generalized
S-transform was put forward again for seismic time—
frequency analysis by Liu er al. (2019). Damage
identification of high-rise frame structures based on STFT
was presented by Guo and Pei (2017). Zidelmal et al.
(2017) proposed an S-transform based on compact support
kernel (CSK). This method used a CSK instead of the
Gaussian window and the width of CSK is controlled by
parameters making it more flexible.

As an adaptive operation, wavelet transform (WT) is
particularly used for analyzing non-stationary transient
signals (Ni et al. 2017, Patil and Hamde 2021). In the past
three decades, it has achieved great success in parameter
identification and damage detection of time-varying or
nonlinear structures. For example, Hou et al. (2010)
presented an instantaneous modal parameter identification
method of earthquake excited structures based on
continuous wavelet transform (CWT). In fact, CWT can
realize signal transformation and reconstruction, and keep
the consistency and reversibility of original information.
However, the responses measured in environmental
vibration test are often mixed with harmonic components,
so that the CWT cannot be used directly. To solve this
problem, Le and Argoul (2015) proposed a time-frequency
domain decomposition technique to distinguish harmonic
components from structural modes in the operational modal
identification. Zheng er al. (2017) presented an adaptive
parameter-less empirical wavelet transform based TFA
method and applied it to rotor rubbing fault diagnosis.
Combining maximum gradient and smoothing operation,
Liu et al. (2018a) proposed a new method for IF extraction
in time-varying structures. The results demonstrated that the
proposed method can extract instantaneous frequencies
from the noisy multi-component signals and practical
response signals successfully.

Theoretically, the energy of a response signal
concentrates around several curves in the time-frequency
plane after CWT is performed. To further improve the
energy aggregation, Daubechies ef al. (2011) proposed the
synchrosqueezed wavelet transform (SWT) based on WT.
This method effectively improved the energy concentration
by squeezing the energy around time-frequency.
Furthermore, Liu er al. (2015) used SWT to detect

structural time-varying damage. Zhang et al. (2018) applied
SWT to the extraction of instantaneous attributes of seismic
signals. Liu et al. (2017b, 2018b) used synchrosqueezing
transform to study high-resolution characterization of
geologic structures and applied SST-MAW to seismic
instantaneous frequency extraction. The SWT algorithm
redistributes energy in the frequency direction to suppress
the ambiguity along the frequency axis, but it cannot
achieve good resolution in the time domain. Li and Liang
(2012) proposed a generalized synchrosqueezing transform
(GST) method to enhance signal time-frequency
representation, but this algorithm can only work well when
the phase function or modulation source of the frequency
modulated signal is known in advance. Pham and Meignen
(2017) proposed a high-order synchrosqueezing transform
for multi-component signals analysis. More researches
about SWT and its improvements can be found in the
references (Feng et al. 2015, Oberlin et al. 2015, Cao et al.
2016, Behera et al. 2018, Sanchez et al. 2020).

Inspired by SWT algorithm, Yu et al. (2017) put forward
a new TFA method, namely synchroextracting transform
(SET), to study the trend and IF of nonlinear and non-
stationary data. This method is a postprocessing procedure
of STFT, which can generate a more energy concentrated
representation and improve accuracy of IF. Kang (2018)
systematically studied the application and improvement of
SET for seismic signal analysis. Zhang et al. (2020) further
proposed a gas turbine order tracking method based on SET
and Vold-Kalman filter. Li ef al. (2020) proposed a time-
synchroextracting generalized Chirplet transform for
seismic TFA. However, SET cannot achieve accurate signal
reconstruction, so, Yu et al. (2019) further proposed multi-
synchrosqueezing Transform (MSST). In fact, this method
performed multiple synchrosqueezing processing on the
time-frequency image obtained by STFT to effectively
improve the energy aggregation.

To further enhance the accuracy of IF extraction from
structural non-stationary responses, we presented an
improved multi-synchrosqueezing generalized S-transform
(IMSSGST) based on IGST and MSST. In this method, the
window function of GST was improved, and the parameters
of window function were selected according to the
centration measure (CM) principle (Stankovi¢ 2001). The
MSST was then introduced to perform multiple
synchrosqueezing processing. In the aspect of numerical
simulation, a frequency-modulated multi-component signal
was investigated. For structural IF extraction, a two-story
shear frame model and a three-story steel frame structure
were also introduced. In terms of experiment, the IF
identification of a seven-story RC shear wall structure is
conducted to verified the practicability in actual
engineering. Numerical simulation and experimental results
show that the proposed method can effectively improve the
energy aggregation of TFA and effectively improve the
accuracy of IF identification.

The outline of this paper is arranged as follows. The
new IMSSGST is proposed in detail in Section 2. A
frequency-modulated multi-component signal is presented
in Section 3 to illustrate the proposed method. Two
numerical examples of structural IF extractions are
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introduced in Section 4, followed by an experimental
demonstration on a seven-story RC shear wall structure in
Section 5. The evaluation outcomes are summarized in
conclusion section at the end of this paper.

2. Improved multi-synchrosqueezing generalized
S-transform

2.1 Improved generalized S-transform

ST is a TFA method combining STFT and CWT, which
is characterized by introducing a Gaussian window whose
width is inversely proportional to frequency. The transform
is defined as

STf)= f_+wx(t)g(t—f)€‘i2“ftdt (1

where x(t) is original signal, g(t) is a window function,
T is the time shift factor, and f is frequency. The
expression of g(t) is shown in Eq. (2)
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Additionally, ST has complete reversibility, and its
inverse transformation is shown in Eq. (4)
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The classical GST can be obtained and expressed by the
following formula

AlfIP -2272P (1)
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To further improve the window function, many scholars
(Moukadem et al. 2015, Zidelmal et al. 2017) have
improved the window function of GST. In this paper, we
introduce a new Gaussian window with the following
standard deviation

-2 fae  (6)

GST(z,f) = f+oox(t)

1
o(f) = ——— 7
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{f7,f71,f72, ... }. Therefore, the corresponding window
function g(t, f) can be expressed as follows
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IGST can be obtained by substituting the improved
window function into ST, and the expression of IGST can
be shown as follows
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The expression of IGST in frequency domain is shown
in Eq. (10)

—2m2 2
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2.2 Parameter optimization algorithm

The key problem in GST is how to choose the
parameters of the window function, and IGST faces the
same problem. In this paper, the energy CM method is used

1
+o 400 T
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Normalize the data of IGST
IGST."P" (t, f)
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Then, the optimization problem of IGST can be
expressed by Eq. (13)

1
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o [ 1 1GSTIPT (8, )| deaf (13)

The constraint conditions of the optimization problem
are related to the width range of the analyzed window. The
window should not be too narrow to change the time
resolution, but it should not be too wide to affect the
frequency resolution, that is

KT, <IT.

<—— <
m(f +p)" 3

where, T, is the sampling period, f € [fnin fimaxl >
fmin = 1Hz. In order to satisfy the Nyquist sampling
theorem, the value of f,,, takes half of the sampling
frequency. The above formula can be simplified as

(14)

{KTS m (fmax‘l'p)r_ 1<0 15
1-m (1+p)LT, <0 (3)

Refer to related literatures (Moukadem et al. 2015,
Zidelmal et al. 2017), we can let m € (0, 3], p € [0, 3],
r€[0, 1], K =10 and L = 1000. The parameters can
also be adjusted slightly according to the actual situation.
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So, the final optimization problem is as follows

arg max

1
mor [ fff’"f"‘|IGSTxm’p'r(t, 3]

Set KTym(finax + )" —1<0
1—m(l +p)LT, <0 (16)
0<m<3
0<p<3
0<r<1i

The above formula can be regarded as the optimization
problem of multivariate functions. Under a series of
constraints, a set of parameter values are sought to optimize
the target value of a certain function or a group of functions.
The parameters of IGST window function can be obtained
by solving the above problems through optimization
algorithm.

2.3 Multi-synchrosqueezing algorithm of IGST

The IF of original signal can be obtained by formula
(17
i0.1GST(z, f)

wi(T,f)=f+m (17)

where

IGST(t,f)

Amplitude
o [$]

0 5 10 15 20 25 30
t/s
Fig. 1 The simulated multi-component signal with Gaussian
white noise

The theoretical frequencies of component signals x; (t)
and x,(t) are fy =d¢,/dt =10+ 1.08cos(1.2nt) Hz
and f, =d¢,/dt =5+ 0.8co0s(0.8wt) Hz. In this case,
the sampling rate is 100 Hz and the sampling time is set to
be 30 s. To consider the impact of noise, Gaussian white
noise with SNR = 15 dB is added to the signal. The signal
after adding white noise is shown in Fig. 1.

The IMSSGST and MSST were performed on the noisy
signal. Parameters m = 3.0489, p = 3.0489 and r =

—2n2a?

+o0
9,IGST(z, f) = ——~ = i2n j X(a + f) aem>T+p)7 l2mat gy (18)
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Therefore, improved synchrosqueezing generalized S-
transform (ISSGST) can be expressed by Eq. (19)

ISSGST(z, f) = [IGST (z, fi)lfx
fk:|wi('f'fk)_f|5%

(19)

The expression of IMSSGST is shown in Eq. (20)

IMSSGST(7, f) =

0.6901 are obtained by optimization algorithm for
IMSSGST. The results of TFA under one, two and four
iterations are presented in Fig. 2 as a representative. It can
be seen from Fig. 2 that with the increase of
synchrosqueezing time, the energy aggregation of
IMSSGST and MSST become higher.

|IMSSGSTH (7, f)|fi

frelwinfio~flsL

IMSSGSTBl(7, f) =

[IMSSGST(x, £ fi
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where

IMSSGSTM (¢, f,) = ISSGST(x, f) (1)

3. Frequency-modulated multi-component signal

In order to verify the performance of the proposed
method on IF identification, a numerical case of a
frequency-modulated multi-component signal is considered.
The multi-component signal is defined as Eq. (22)

In order to judge the IF identification accuracy of
IMSSGST, this paper uses the root mean square value of IF
in the time history as the index of accuracy (IA). The
smaller the TA value, the closer the recognition value is to
the theoretical value.

o - o
A= (23)

,/IOT[fe(t)]z

x(t) = x,(t) + x,(t) = 2.5 cos(20mt + 1.8 sin(1.2xt)) + 8 cos(10mt + 2 sin(0.87t)) (22)
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Fig. 2 Results of TFA for the simulated multi-component signal

where, f;(t) is the identified value of IF, and f,(t) is the
theoretical value of IF.

Table 1 shows the IF identification IA of IMSSGST and
MSST methods for the numerical frequency-modulated
multi-component signal. IA1 and IA2 represent the IF
identification IA of components x;(t) and x,(t)
respectively. Fig. 3 shows the identification IA values of
IMSSGST and MSST under different synchrosqueezing
times. It can be seen from Table 1 and Fig. 3 that the
identification accuracy of IMSSGST is better than that of
MSST under the same synchrosqueezing time. After several
iterations, the identification accuracy is tending towards
stability. The comparisons between the identified
frequencies and the theoretical values are presented in Fig.
4. It is shown that the identified frequencies are in good
agreement with their theoretical counterparts. Compared
with MSST, the proposed IMSSGST method can extract the
IF of each component with higher accuracy.

Table 1 IF identification TA

IMSSGST (%) MSST (%)

Index
One Two Four One Two Four

IA, 2.74 2.44 2.29 3.07 2.65 2.45
1A, 1.87 1.55 1.51 5.77 4.04 3.62

——IMSSGST-IA; ——MSST-IA,
6 —a—IMSSGST-IA, —e—MSST-1A,

2 4 6 8 10

Compression times

Fig. 3 1A values after different synchrosqueezing times (%)
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Fig. 5 Two-story shear frame model

Table 2 Parameters of two-layer shear frame model

Layer Quality Damping factor Initial stiffness
number m (kg) ¢ (kN -s/m) k (kN/m)
First floor 2.63%103 5.47x102 3.2x10°
Second floor  1.74x103 1.56x10? 1.4x10°

4. Structural IF extraction
4.1 Two-story shear frame model

To verify the feasibility of the proposed method for
structural IF identification, a two-story shear frame model
as shown in Fig. 5 is established for verification. The
corresponding parameters of this structure are shown in
Table 2. The time-varying stiffness is shown in Fig. 6, and
the theoretical frequency is shown in Fig. 7.

The corresponding equation of motion is

~

|

N

kx10°/kN-m™!

|

15 20 25 30
t/s

o
o
S}

Fig. 6 Structural time-varying stiffness
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Fig. 7 The theoretical frequency of the structure

03¢
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i
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03t J
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a (nrs‘z)

Fig. 8 Acceleration of the first layer under white noise

acceleration responses are obtained by Runge-Kutta
method. Among them, the sampling rate is 50 Hz and the
sampling time is 30 s. The acceleration response of the first
layer under white noise excitation is shown in Fig. 8, and
that under EL-Centro earthquake excitation is shown in Fig.
11.

The TFA of the structural acceleration signals of the first
layer is carried out, and the IGST parameters are obtained
through the optimization algorithm. Among them, m =
3.0000, p = 2.1551, r = 0.6454 is obtained for white
noise, and m = 2.5856, p =1.9398, r = 0.6601 is
acquired for EL-Centro earthquake. Figs. 9 and 12
respectively show the time-frequency representations under

{mljél + (€1 + )% — Xy + (ky + k)X —kox, = f1 (24)
MyXy — €%y + CXp — KpXq + kpXp = f

where, stiffness k; and k, meet the following conditions

3.2 x 105, 0<t<4
T
k, = [3.2 —0.08 % (t —4) — 0.18 X sin [E (¢t — 4)]] x 105, 4<t<16 25)
22473 %105, 16 <t <30
1.4 x 105, 0<t<4
ky={[14—011x (¢t —4)] x 105, 4<t<12 (26)
0.520 x 105, 12<t <30

A Gaussian white noise and the 1940 EL-Centro
earthquake are used to excite the frame structure
respectively, and the structural displacement, velocity and
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white noise excitation and EL-Centro earthquake excitation.
Fig. 10 shows the frequency ridge extracted under white
noise, and Fig. 13 shows the frequency ridge extracted
under EL-Centro earthquake. By comparison, it can be
found that the frequency of IMSSGST is smoother and
more ideal than that of MSST. To sum up, IMMSGST is

0.3

0.15

2
a/(ms™)

-0.15
-0.3"
0
t/s

Fig. 11 Acceleration of the first layer under earthquake

also able to perform IF identification of multi-degree
freedom structures with varying stiffness, and the results are
relatively accurate.

4.2 Three-story steel frame structure

The structure used for the second validation study is the
three-story steel frame as shown in Fig. 14. The frame
structure adopts 20#a I-steel, whose cross section is shown
in Fig. 15. The constitutive model of steel is shown in Fig.
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Fig. 13 Results of identified frequency after four-

16, and the corresponding material properties are yield
strength o, = 360 N /mm? and elastic modulus E =
2 X 10° Mpa. The finite element model of this structure is
developed in OpenSees using fiber-section displacement-
based beam-column elements and the modified Giuffré—
Menegotto—Pinto material constitutive model for the
structure steel.

Firstly, the frame structure is excited by white noise
which is shown in Fig. 17, and the acceleration response of
the structure is shown in Fig. 18. IMSSGST and MSST

Fig. 15 Section of 20#a I-steel (mm)
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Fig. 16 Constitutive diagram of steel

are used to perform TFA on the structural acceleration
response signals, and the synchrosqueezing time are one,
two and four respectively. The TFA results are shown in
Fig. 19. In IMSSGST, m = 2.5779, p =1.9386, r =
0.6298 is obtained by optimization algorithm. It can be
seen from Fig. 19 that after multi-synchrosqueezing, the
aggregation of IMSSGST and MSST time-frequency
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Fig. 19 Results of TFA for the structure under white noise excitation
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ridges is obviously improved, but the anti-noise
performance of MSST is still weak. The frequency after
four-synchrosqueezing is extracted, and the result is shown
in Fig. 20. It can be seen from this figure that due to the “
complex material constitutive model and hysteresis mode in | |
simulation, the frequency curve of the proposed method 0 10 20 30 40

may seem more unstable than that of MSST. However, both e

IMSSGST and MSST can effectively identify frequency of Fig. 22 Structural acceleration response under Taft
the frame structure after multiple compression, and they are earthquake excitation
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Fig. 23 Results of TFA for the structure under Taft earthquake excitation
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Fig. 24 Identified results under Taft earthquake excitation

basically consistent. The instantaneous frequency trend is
correct and the identification accuracy is acceptable.

In order to further explore the practicability and
accuracy of IMSSGST, the three-story frame structure
under Taft earthquake excitation is analyzed again. The
excitation is shown in Fig. 21 and the acceleration response
of the structure is shown in Fig. 22. The acceleration
response is analyzed by the same TFA method, and the
parameterm = 3.0000, p = 2.1860, r = 0.5727 in IGST
is obtained by optimization algorithm. Fig. 23 shows the

t/s

(a) One-synchrosqueezing IGST
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Fig. 26 Acceleration response of the shear wall
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Fig. 27 Results of TFA for the shear wall under earthquake excitation
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Fig. 25 Earthquake excitation applied to the shear wall
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Fig. 28 Identified results under earthquake excitation

results of TFA. The results of frequency extraction after
four-synchrosqueezing are shown in Fig. 24. It is obvious
that IMSSGST can accurately identify the IF of the
structure, which shows that IMSSGST is a practical TFA
method.

5. Experimental study

In order to verify the IF identification performance of
IMSSGST on actual structures, the test data of a seven-story
RC shear wall designed by Panagiotou et al. (2011) of
University of California, San Diego (USCD-NEES) are
analyzed. The Earthquake excitation applied to the structure
is shown in Fig. 25, and the acceleration response of RC
shear wall is shown in Fig. 26.

IMSSGST and MSST are used to perform TFA on the
measured acceleration response signals, and the TFA results
are shown in Fig. 27. In IMSSGST, m = 1.3469, p = 3,
r =0.9170 is obtained by optimization algorithm. It can
be seen from Fig. 27 that with the increase of
synchrosqueezing times, the frequency ridges identified by
IMSSGST and MSST are more and more accurate and
obvious. Under the same synchrosqueezing times,
compared with MSST, the frequency curve identified by
IMSSGST fluctuates less, which is beneficial to extract the
IF of the structure. The instantaneous frequencies of
IMSSGST and MSST after four-synchrosqueezing are
extracted by extreme value method. The frequency
extraction results are shown in Fig. 28. It can be seen from
this figure that the frequency response range of the RC
shear wall structure under earthquake excitation is 0.8~2.1
Hz, and both IMSSGST and MSST can effectively identify
the frequency range, but the IF curve identified by
IMSSGST is smoother and the curve fluctuation is smaller.

6. Conclusions

In this paper, by combining a new form of IGST and
MSST operation, the IMSSGST is proposed and applied to
identify the IF of time-varying and nonlinear structures. The
numerical simulation and experimental results show that:

e By combining CM principle with parameter
optimization algorithm, the parameters of adjustment
factors in IGST can be quickly obtained, and the
calculation accuracy is significantly improved.

e After multi-synchrosqueezing, the time-frequency
energy is more concentrated, which can effectively
improve the frequency identification accuracy of

IMSSGST.

e Compared with MSST algorithm, the frequency
curve identified by IMSSGST is smoother, and the
curve fluctuation is smaller. So IMSSGST is an
accurate and efficient TFA method.
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