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ABSTRACT For the quadratic integration of seismic acceleration signal with noise and unknown initial
velocity and displacement, the obtained displacement signal has serious trend error, which leads to the prob-
lem that the electrodynamic seismic simulation shaker under displacement control mode cannot accurately
reproduce the seismic wave. This paper proposes the time-frequency hybrid integration algorithm based on
time domain and frequency domain integration characteristics. The algorithm mainly includes two steps. The
first step is to use the improved low-frequency attenuation algorithm to integrate the seismic acceleration
for the first time in the frequency domain to obtain the corresponding velocity signal. The second step is
to integrate the velocity signal directly in the time domain and combine it with the removal of the constant
and linear terms algorithm to obtain the corresponding displacement signal. The accuracy and effectiveness
of the algorithm are verified by numerical analysis and shaking table test. The results show that compared
with the traditional hybrid integral algorithm, the performance improvement rates of displacement peak
error and absolute error of the proposed time-frequency hybrid integral algorithm are 31.75% and 26.01%,
respectively, and the accuracy of acceleration waveform reproduction is improved by 27.29%. Furthermore,
when using this algorithm for the shaking table test of the seismic acceleration signal, the maximum peak
error rate is only 4.92%. Therefore, this algorithm can effectively suppress the baseline drift and error
accumulation caused by low-frequency noise and unknown initial state to realize the accurate reproduction
of the acceleration waveform of the seismic simulation shaking table.

INDEX TERMS Time-frequency hybrid integration algorithm, seismic acceleration signal, removal of the
constant and linear terms algorithm, improved low-frequency attenuation algorithm, electrodynamic seismic
simulation shaker.

I. INTRODUCTION At present, the accurate prediction technology for earth-

Earthquake is one of the major natural disasters, charac-
terized by suddenness, destructiveness and unpredictability.
Moreover, it seriously threatens the safety of human life and
property, and it is usually accompanied by secondary disas-
ters such as fire, tsunami, mudslides, and nuclear leakage to
aggravate further the adverse effects of the disaster [1], [2].
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quakes is not perfect, so it is vital to improving the seismic
performance of building structures to reduce the losses of
earthquake disasters and protect people’s lives and proper-
ties [3], [4]. However, due to the complexity of earthquake
mechanism and structural seismic performance, it is difficult
to truly understand the seismic performance under a natural
earthquake environment only from theoretical analysis, so it
must be studied in combination with experimental methods.
The test methods widely used for the seismic performance of
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structures are mainly the proposed dynamic test method [5],
the pseudo-static test method [6], and the seismic simu-
lated shaking table test method [7], [8], [9]. The seismic
simulated shaking table test can visualize the structure’s
seismic performance under seismic wave excitation, so the
seismic simulated shaking table test method has become the
most common method to study the seismic performance of
structures [10], [11]. In the displacement control mode, the
input signal of the seismic simulation shaking table is the
displacement signal. At the same time, the seismic wave
information is mainly stored as acceleration signal [12], [13],
so it is important to convert the seismic acceleration sig-
nal into displacement signal in the shaking table test. Since
the integration of seismic acceleration is disturbed by the
trend term error, the integrated displacement curve is severely
shifted and cannot meet the engineering requirements. There-
fore, eliminating the error trend term in the integration
process of seismic acceleration signal has become a hot
research topic.

For the problems faced in reconstructing displacement
signals from acceleration signals, the mainstream methods
include the time domain integration method [14], [15] and
the frequency domain integration method [16], [17], [18].
Chen [15] et al. offered a method to fit the integrated dis-
placement waveform by a polynomial, subtracting the fitted
polynomial from the integrated out displacement to remove
the trend term. This method can sufficiently reduce the errors
caused by the unknown initial velocity and displacement and
the DC errors. However, the effect of low-frequency noise on
the integration accuracy is difficult to control, so the method
has no suitable engineering applications. The low-frequency
cutoff algorithm [19], [20] reconstructs the displacement
from the measured acceleration. The low-frequency cutoff
algorithm first performs the fast Fourier transform on the
acceleration signal, then sets the low-frequency signal below
the cutoff frequency directly to zero for frequency domain
integration, and then reconstructs the displacement using the
inverse fast Fourier transform. This algorithm can elimi-
nate the low-frequency noise below the selected cutoff fre-
quency. However, the effective low-frequency signals are
also removed, and the cutoff frequency selection is highly
subjective and empirical. Zhang [21] proposed an integra-
tion algorithm based on the Walsh transform and empirical
modal decomposition, which does not need to specify key
parameters such as cutoff frequency and target frequency.
However, because the empirical modal decomposition has the
disadvantage of modal confusion, there is also a certain error
in removing low-frequency noise simultaneously. In addition
to the mainstream methods nowadays, many researchers have
submitted various algorithms to improve the accuracy of the
acceleration after secondary integration. Lotfi [22] proposed
that the noise of the acceleration signal is removed through a
smoothing process based on a diffusion equation, a special
partial differential equation. However, this method is only
applicable to the localized signal deviation that is more obvi-
ous. Kong [23] proposed a stabilized numerical integration
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method for acceleration sensor data processing. This method
is for relatively stable acceleration, while the seismic accel-
eration signal amplitude changes rapidly, so the applicability
is not strong. By constructing a strict system to modify the
transfer function of the integration system, the drift of the
acceleration data after secondary integration is effectively
suppressed. Liu [24] suggested the non-integral displacement
reconstruction method using complex exponential series to
establish the relationship between measured acceleration and
target displacement. Nevertheless, this method has subjec-
tive knowledge about establishing complex exponential series
of acceleration. Ansari [25] presented a wavelet denoising
method to eliminate errors and compared it in time domain
integration and frequency domain integration, but wavelet
denoising has to select the corresponding cutoff frequency
whose subjectivity is strong. Guo [26] proposed a hybrid
integration algorithm combining frequency domain and time
domain integration to control the error trend term of the
integration process. Since its time domain integration uses the
least-squares method to remove the linear error term, it does
not consider the presence of any constant error term after the
quadratic integration.

Most of the above algorithm controls the error trend term
of the integration mainly by discarding part of the low-
frequency information of the acceleration signal. In contrast,
for the seismic acceleration signal, the effective frequency
band is mainly concentrated in the middle and low frequen-
cies (0~15Hz). The effective seismic acceleration signal will
be affected using the algorithm above to eliminate the error
trend term. Meanwhile, most researchers assume zero for
the initial state of velocity and displacement, which can-
not be considered in the practical application. In order to
better retain the effective information of displacement after
integration and at the same time improve the accuracy of
reconstructed displacement signal of seismic acceleration
signal and the accuracy of seismic simulation shaker repro-
duction in displacement control mode, this paper proposes
a time-frequency hybrid integration algorithm by analyzing
the source of reconstruction displacement error, the charac-
teristics of frequency domain integration and time domain
integration. The first integration of the time-frequency hybrid
integration algorithm adopts the improved low-Frequency
attenuation algorithm in the frequency domain to obtain the
corresponding velocity signal; the second integration adopts
the time-domain integration and combines the removal of the
constant and linear terms algorithm to obtain the correspond-
ing displacement signal. The numerical analysis and shaker
tests show that the performance improvement rate of peak
displacement error and absolute error obtained under time-
frequency hybrid integration algorithm processing is 31.75%
and 26.01% compared with the traditional hybrid integration
algorithm; the acceleration waveform reproduction accuracy
is improved by 27.29%. The maximum peak error rate for
the 110Gal El Centro actual seismic acceleration signal repli-
cation is only 4.92%, which meets the engineering require-
ments. The research results are of great practical significance
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FIGURE 1. The Structure diagram of electrodynamic seismic simulation shaker test device.

in exploring the seismic performance of building structures
and broadening the application fields of shakers.

IIl. STRUCTURE OF ELECTRODYNAMIC SEISMIC
SIMULATION SHAKER

The project team and Professor Zhao-Dong Xu’s team
at Southeast University independently developed a single
degree of freedom small and medium-sized, high-precision
electrodynamic seismic simulation shaker test device based
on STM32 control. The overall system structure is shown
in Fig. 1. The vibration table adopts an AC servo motor as
the actuator, and its control mode is displacement control
mode. In this control mode, the upper computer is used to
process the original data of seismic acceleration and recon-
struct the displacement signal. Then the displacement signal
is converted into the drive signal-pulse signal of the servo
drive by the lower computer to realize the real-time control
of the rotational speed and the positive and negative rotation
of the servo motor and promote the accurate movement of the
vibration table. At the same time, the laser displacement sen-
sor and the acceleration sensor are used to collect the table’s
vibration displacement and acceleration signals to facilitate
the subsequent performance analysis of the vibration table.

Ill. PROCESSING OF SEISMIC ACCELERATION SIGNALS
A. PROBLEM ANALYSIS

Since the electrodynamic seismic simulation shaker in this
paper uses the displacement control mode, and the seismic
acceleration signal reconstructs the displacement when an
error trend term is generated, which results in the repro-
duction accuracy of the shaker cannot be guaranteed. There
are two main reasons for the trend term error: one is the

VOLUME 10, 2022

introduction of a certain amount of low-frequency noise in the
seismic acceleration signal acquisition [27]; the other reason
is the unknown initial displacement and initial velocity in
the acquired acceleration signal. These factors lead to the
accumulation of errors in the integration process, resulting
in a displacement error trend term.

The first reason is due to the irresistible factors of the
acquisition equipment and the acquisition environment. For
the second reason to be studied and analyzed. Suppose the
acceleration signal without low-frequency noise is a(t), then
the corresponding velocity V(¢) and displacement X (¢) are
theoretically defined as the first and second time integration
of a(t), respectively, as:

t
V(t)=/ a(rydr =v() |y =v () —v(0) (D
0
and
t
X(t)=f0 V@)dr=x@) — () (2)

where w (¢) is the linear error component, p (¢) = v(0) ¢ +
x(0); v(0) and x (0) are the initial velocity and displacement,
respectively; v () and x(¢) are the ideal velocity and displace-
ment. From equation (2), it can be seen that the displacement
signal obtained after quadratic integration of the acceleration
signal in the time domain can be divided into two parts:
the first part is the ideal displacement, and the second part
consists of the initial conditions.

Since the initial conditions x (0) and v (0) are unknown,
the exact displacement cannot be obtained after integrating
the acceleration signal twice in the time domain. So the linear
error component u (¢) needs to be eliminated to get the ideal
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displacement x (¢). For example, suppose the acceleration
signal a (¢) is:

a(t)=1.1sin(t), 0<tr<10 3)

The image of a(t) is shown in Fig. 2(a). The velocity signal
V(t) obtained by one time domain integration of the accel-
eration signal a(¢) is shown in Fig. 2(b). The baseline of
the velocity signal curve is not at the zero point, as can be
seen in Fig. 2(b) The displacement signal X (¢) obtained by
one time domain integration of the velocity signal V(¢) is
shown in Fig. 2(c). The displacement signal curve in Fig. 2(c)
undergoes an apparent linear drift phenomenon.
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FIGURE 2. Baseline drift phenomenon of acceleration date: (a) The curve
of acceleration signal; (b) The curve of velocity signal; (c) The curve of
displacement signal.

B. PROBLEM HANDLING
1) IMPROVED LOW-FREQUENCY ATTENUATION ALGORITHM
An improved low-frequency attenuation algorithm [16] is
used to process the seismic acceleration signal’s low-
frequency noise. This algorithm integrates the seismic accel-
eration signal containing low-frequency noise directly in the
frequency domain, using the target accuracy factor ar to
ensure the integration accuracy while eliminating the filter
design link, simplifying the integration process, and avoiding
filter frequency domain oscillations.

Transforming the noise acceleration signal a(¢) into
displacement () using the summation function and
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Fourier transform:
1
F @) =Hg () F@@®)= —E}'(ﬁ(t))

T 4)
S(0) = —F [_2; @ (r))}

1)
where Hg (w) is the exact transfer function of 5(¢) concerning
a(t) and w is the angular frequency.

Since the above-reconstructed displacement s(¢) still has
noise content, the acceleration reconstruction of the displace-
ment is now carried out through the inverse problem, and this
inverse problem reconstructs the displacement by solving the
minimum value problem of equation (5) [18]:

2

T d2
min [](s) = / 2dt+2fT1 (F—a) dt (5

The first term is the regularization function used to restrain
the discomfort and rank loss of the inverse problem, and S is
the regularization factor to adjust the regularization effect in
the displacement reconstruction process. The second term is
used to control the approximation of the integration process to
the test acceleration. By solving the dual-objective optimiza-
tion problem of equation (5), the frequency response function
Hp(f) between the input noise acceleration a(t) and the output
displacement 5(¢) is derived as:

o @)
ot + 2 uf)t+ p2
where f is the frequency. Since the displacement can be

explained by the Fourier transform and the Fourier inverse
transform:

(6)

Hp (f) = —

! F (@) =Hg (f) F @) -

5(1) = F ' [Hp (f) F @())]

. A 2% . .
Assuming that a(t) = % is the output acceleration,

the frequency response function H3°(f) between the output
acceleration a and the input acceleration @ is:

Hg(w) o @ap?
He (@) o'+ 42 Qnf)* + B2
The target frequency fr is introduced in accordance with

the fundamental frequency of the noise acceleration, and
equation (6) and (8) are normalized:

®

HE< () =

~ Hpg (f) f?
Hg (7) = -
’ ( ) (271;’1)2 [f t+ (27Tfr)4] )
ace (7 w* 7
Hj <f>:a)4+,32 [4 (2f)4]

where f is the normalized frequency and f =f/fr; when the
frequency f = fr, the value of f is 1. Define Hg(f) as the
target accuracy factor o7 at this point:
1
ﬁZ
+ G

ar = O<oar=<1 (10)

’
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the regularization factor 8 can be derived by equation (10):

2 4
- % ~ nfry? (11

2
B
Substituting equation (11) into equation (9) yields the nor-
malized frequency response function between the input noise
acceleration @ and the output displacement s and between the
input noise acceleration @ and the output acceleration a:

] 7
Hp (f) = —m

acc (7 f4 (12)
i) =

From equation (12), it can be seen that the phase difference
corresponding to the input noise acceleration a and the output
displacement s is a constant value 77, and the phase difference
between the input noise acceleration a and the output accel-
eration a is 0; the value of a7 determines the accuracy of the
whole reconstructed displacement at this time.

An improved low-frequency attenuation algorithm is pro-
posed based on the amplitude-frequency characteristics of
the input noise acceleration signal and the output displace-
ment. The algorithm achieves trend term error control by
attenuating the low-frequency information in the input noise
acceleration signal in the frequency domain; it can effec-
tively retain the information near the signal fr = 1, and
substantially attenuate the ultra-low-frequency information
far from fr to achieve both the full consideration of trend term
error control and the effective information retention purpose.
When the target accuracy factor ar is 1, the amplitude and
frequency characteristics of the algorithm are consistent with
the direct frequency domain integration algorithm, and there
is no trend term error control effect. When the value of ar
is higher, the low-frequency components are suppressed sig-
nificantly, and the trend term error caused by low-frequency
noise is controlled better. As the integration accuracy or
decreases, the degree of attenuation of low-frequency infor-
mation increases, and the suppression of the integration trend
term error increases; however, it also increases the attenuation
of the input signal amplitude. Therefore, this algorithm ar
should be selected according to the degree of low-frequency
noise in the signal and the trend term error control based on
the largest possible value (in this paper, ar = 0.99), so that
the effective information in the signal is fully retained.

Also, using the same idea as above, the transfer function
H.(f) between the input noise acceleration a and the output
velocity v can be analogously derived as:

w 2xf
Hc frd frd 1
h=7 B> @uf)? + B2 (1
normalize equation (13):
- H, 7
() =20t (14)

m (P-1+d)
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The noise acceleration a is reconstructed into velocity v
using equation (14), and the steps are shown in Fig. 3.

2) REMOVAL OF CONSTANT AND LINEAR

TERMS ALGORITHM

For the case where the initial conditions x (0) and v (0) are
unknown, thus causing a zero-point drift in the secondary
integration of the seismic acceleration signal, this paper pro-
poses the removal of constant and linear terms algorithm.
This algorithm eliminates the constant error term after each
time domain integration so that the linear error term will
not be generated when the second time-domain integration
is performed. The ideal displacement can be obtained using
this algorithm.

It must be clear that the source of the error after the direct
time integration is the constant error term v (0), and the source
of the error after secondary integration is the linear error
term v (0) ¢ and the constant error term x (0). After the direct
time integration, the constant error term is fused with the
whole expression. At the same time, it can be determined that
there will be no other constant term other than the constant
error term in the whole expression, so remove the constant
term from the expression. The following is an analysis of the
principle of removing the constant term from the expression.

Bringing the constant error term v(0) into the Fourier trans-
form formula F (w) = fjoi)o y (1) e dr yields:

+00 . +00 .
F(w) = / v(0) e /Pldt = v (O)/ e7dr  (15)
—00 —00
Let fj:oo e/ dt = 7. Since z is a generalized integral, the
equation (15) is calculated by the substitution method. Take
8(t) and bring it into the Fourier transform formula to get:

+00 )

F(w) = f 5 () e ’™dt (16)
—00

where 48(¢) is the unit pulse signal, find F (w) = 1, and

Fourier inversion of equation (16) yields:

1 +00 .
5(t) = —/ 1% d“"dw (17)
27 J_ oo
replacing ¢ in equation (17) with —w gives:
oo
27 % 8 (—w) = / eI dt (18)
—0o0

substituting equation (18) into equation (15) yields:
F(w) =v(0) %27 % (w) (19)

As can be seen from equation (19), the constant error
term obtained after the time domain integration of the accel-
eration signal only affects the amplitude in the frequency
domain when w = 0. Therefore, after the direct time domain
integration of the acceleration signal, the Fourier transform
is first performed, and then the amplitude in the frequency
domain when @ = 0 is zero. Finally, the Fourier inverse
transform is used to transform the corrected velocity signal
in the frequency domain into the time domain velocity signal.

94891



IEEE Access

Y.-Q. Guo et al.: Research on Seismic Acceleration Waveform Reproduction

Determine target frequency

fr

Determine the accuracy

control factor

He(F)

Amplitude Velocity amplitude
spectrum spectrum
Acceleration | FFT IFFT Velocity
signal > signal
Phase +111"2 Velocity phase
spectrum spectrum
FIGURE 3. Flow chart of reconstructing velocity signal from the.
FFT, so that the
- Time domain Time domain Velumatat = G rout Corrected Corrected time
Acceleration credits i . . to zero . X IFFT i i
B velocity signal with frequency domain domain velocity
- constant error velocity signal signal
Time domain
FFT. so that the credits
Corrected time - Modified frequency valuc i = O Gisct Time domain
s IFFT S to zero 4 z
domain displacement domain displacement displacement signal

signal

signal with constant error

FIGURE 4. Flow chart of reconstructing velocity signal from the noisy acceleration signal.

0.6

Velocity time curve
04 Corrected velocity time curve|

Velocity (m/s)
o

Time (s)
(a)

2
24 Displacement time curve

20 Corrected displacement time curve|
1.6 o

12 —

08

Displacement (m)

04 R

T

T'ime (s)
(b

FIGURE 5. Corrected comparison diagram: (a)Velocity comparison
diagram; (b)Displacement comparison diagram.

In the second integration of the resulting constant error term,
the same processing method can be used to obtain the ideal
displacement. The flow chart of the removal of constant and
linear terms algorithm is shown in Fig. 4. This algorithm
is applied to the seismic acceleration signal a(z) shown in
equation (3). The corrected velocity and displacement time
curves are shown in Fig. 5. As can be seen from Fig. 5, this
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algorithm accurately and effectively eliminates the constant
and linear error trend terms after quadratic integration.

3) TIME-FREQUENCY HYBRID INTEGRATION ALGORITHM

For the seismic acceleration signal containing low-frequency
noise and an unknown initial state for displacement recon-
struction, while considering that the cumulative error gener-
ated by the second integration in the time domain is more
significant than that of the first integration, and the second
integration in the frequency domain is influenced by the
low-frequency error than that of the first integration, this
paper designs the time-frequency hybrid integration algo-
rithm. First, the velocity signal is obtained by integrating
the acceleration signal with low-frequency noise once in the
frequency domain using the improved low-frequency attenua-
tion integration algorithm. This process can reduce the influ-
ence of low-frequency noise on the velocity reconstruction
while using the constant removal and linear term algorithm
to process the velocity signal. Then, the velocity signal is
integrated once using the time domain integration to obtain
the displacement signal containing the error term. Finally,
the ideal displacement signal is obtained by correcting the
displacement signal with the error term using the removal
of constant and linear terms algorithm. The flow chart of
the time-frequency hybrid integration algorithm is shown
in Fig. 6. The traditional hybrid integration algorithm uses
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a least squares algorithm for the second integration to elim-
inate the linear trend term, and this time-frequency hybrid
integration algorithm can remove the constant and linear error
more accurately and achieve displacement reconstruction
better.

In numerical simulation to validate the superiority of the
time-frequency hybrid integration algorithm, the simulated
signal is a sinusoidal signal containing Gaussian white noise
with an amplitude of 1m/s”> and a frequency of 15Hz. This
signal is similar to the real seismic wave in frequency charac-
teristics and noise level, and its signal is shown in Fig. 7(a).
By comparing the Polynomial Fitting (PF) algorithm, the
Improve Low-frequency Attenuation (ILFA) algorithm, and
the Traditional Hybrid Integration (THI) algorithm to prove
that the Time-frequency Hybrid Integration (TFHI) Algo-
rithm can further improve the displacement accuracy after
quadratic integration. The theoretical analysis shows that the
velocity signal should be a cosine signal with an amplitude
of —1/30rm and frequency of 15Hz, and the displacement
should be a sine signal with an amplitude of —1/(0.97%)mm
and frequency of 15Hz. After data processing, the error of the
velocity signal after one integration is not very large, as can
be seen from the velocity comparison graph in Fig. 7(b).
The displacement comparison graph in Fig. 7(c) and the
displacement error graph in Fig. 8 show that the displacement
obtained by different integration algorithms differs more
obviously. When the time-frequency hybrid integration algo-
rithm is used, the displacement error is controlled within
—0.05 to 0.025mm, which is more closely matched to the
ideal displacement signal. According to the characteristics
of the vibration signal, the peak error (ERP) and absolute
error (ERS) of displacement after integration of different
algorithms are calculated, and the equation is shown in
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equation (20) and equation (21).

e
2 max [s (1)]
min [so (t)] — min [s (¢)]
" min s (1)] ‘ } (20)
and
N
ERS — 2=t [0 (1) = s (@) on

Y ls @]

The smaller the ERP and ERS, the more accurate the

integration result. In order to reflect advantages of the time-

frequency hybrid integration algorithm, define the perfor-

mance improvement Rgrp and Rgrg of this algorithm for the

displacement ERP and ERS of the conventional algorithm,
which are calculated as:

A —1I
RERP = M x 100%
ERP 22)
Apgs ~ 1 (
RERS — ERS ERS « 100%
Igrs

where Agrs and Agrs are the displacement ERP and ERS
of various conventional integration algorithms, respectively;
Igrp and Igrs are the displacement ERP and ERS of time-
frequency hybrid integration algorithms, respectively. Higher
values of Rgrp and Rgrs indicate more significant perfor-
mance improvement. Table 1 shows the simulated signal’s
displacement ERP and ERS under different integration algo-
rithms. Table 1 shows the performance improvement rate
Rerp and Rgrs of the time-frequency hybrid integration
algorithm compared with the corresponding traditional inte-
gration algorithm. The data analysis in Tables 1 and 2 shows
that the ERP and ERS of the time-frequency hybrid inte-
gration algorithm are reduced compared with the traditional
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TABLE 1. The displacement peak error (ERP) and absolute error (ERS).

Algorithm ERP ERS
PF 0.362 0.608
ILFA 0.376 0.552
THI 0.278 0.344
TFHI 0.211 0.273

TABLE 2. The performance improvement rate Rggp and Rggs of the
time-frequency hybrid integration algorithm.

Algorithm Repr Rers
PF 71.56% 122.71%
ILFA 78.20% 102.20%
THI 31.75% 26.01%

hybrid integration algorithm, and the performance improve-
ment rates of Rerp and Rgrgs are 31.75% and 26.01%, respec-
tively. In summary, the time-frequency hybrid integration
algorithm can further improve the integration accuracy of
seismic acceleration signals.

IV. SHAKING TABLE TEST

To verify the practical effect of the time-frequency hybrid
integration algorithm proposed in this paper, the test was
conducted in combination with the electrodynamic seismic
simulation shaker test device described above, and the test
device is shown in Fig. 9. Firstly, verify that the performance
of this device meets the test requirements by testing the
test device. Secondly, the superiority and accuracy of the
time-frequency hybrid integration algorithm are confirmed
through the acceleration waveform reproduction test with
different integration algorithms. Finally, the actual seismic
acceleration waveform is used for the reproduction test to
prove the reliability of this algorithm.

A. TEST DEVICE TESTING

The electrodynamic shaker’s control effect directly affects
the seismic wave reproduction accuracy. To verify the device
system’s good control performance, this shaker’s control
effect is judged by the reproduction degree of input and
output displacement. The displacement signal was obtained
by quadratic integration of the 110Gal El Centro accelera-
tion signal. The displacement data was converted into pulse
signals and input to the seismic simulation shaker system.
Finally, the high-precision laser displacement sensor col-
lected the shaker output displacement signal for comparison
with the input displacement signal. The comparison graph
of the displacement input signal and output signal is shown
in Fig. 10, from which it can be seen that the output dis-
placement signal is basically the same as the input signal.
The input and output displacement error is calculated through
the equation (23). The displacement error graph is shown in
Fig. 11. The highest value of displacement error appears in
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FIGURE 7. Comparison of data processing of different algorithms for
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FIGURE 8. Displacement error diagram after data processing of 1m/s2
sinusoidal signal with noise.

26.20s as 3.22mm, and the displacement error value Errgjs
is mainly concentrated in the -2mm to 2mm interval. Using
the equation (24) analysis, the peak error of the measured
displacement ERPy;; is 0.003247. This shaker displacement
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FIGURE 9. Electrodynamic seismic simulation shaker test device.
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FIGURE 10. Comparison of displacement input and output of 110Gal El
Centro wave.

reproduction accuracy is high the performance meets the
engineering requirements.

Errgis = X, (1) — X () (23)

where X, (¢) is the input displacement and X.(¢) is the output
displacement.

ERPy, — 1 Hmax [Xr ()] — max [X, (t)]‘
2 max [ X, (7)]

N ‘min [X; (£)] — min [X, (1)]
min [X. ()]

} (24)
where ERPy; is the measurement displacement peak error.

B. ACCELERATION WAVEFORM REPRODUCTION TEST

First, the time-frequency hybrid integration algorithm
can further improve the seismic acceleration waveform
reproduction accuracy compared with the traditional integra-
tion algorithm through the reproduction test of the sinusoidal
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FIGURE 12. Acceleration recurrence curve under different integral
algorithms.

acceleration signal with Gaussian noise. The signal’s ampli-
tude is 100cm/s?, and the frequency is 1Hz. The experimental
results are shown in Fig. 12, from which it can be seen
that the time-frequency hybrid integration algorithm has
the highest acceleration waveform reproduction accuracy.
Furthermore, it can be calculated that the acceleration peak
error of the time-frequency hybrid integration reproduction is
0.222, which improves the reproduction accuracy by 27.29%
compared with the traditional hybrid integration algorithm.
Then, to further verify the reproducibility of the algorithm
to the actual seismic acceleration signal, the 110Gal El
Centro seismic acceleration signal was used for experiments.
The acceleration waveform comparison graphs are shown in
Fig. 13 and Fig. 14. The initial peak acceleration is 110gal,
which occurs at 2.14s; the peak acceleration of the test value
is 104.842gal, which occurs at 2.12s, and the maximum
peak error rate is 4.92%, and the peak acceleration can be
basically reproduced. It can be seen from the Fig. 13 that the
error is mainly concentrated at the peak. The maximum peak
error appears at 11.86s, as shown in the local enlargement of
Fig. 14, and the error rate Err, is 38.87% when analyzed by
the peak error rate equation (25), while the regular peak error
rate is controlled by 15%.

Ar (t) - Ac (t)
Ac (1)

Erryee =

x 100% (25)
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where A,(t) and A.(t) are raw acceleration and measuring
acceleration, respectively.

In summary, the shaker acceleration waveform follows
well under the data processing of the time-frequency hybrid
integration algorithm. Due to the equipment’s limitation and
noise, there is a certain degree of error in the experimental
results. However, the accuracy of acceleration reproduction
has been significantly improved.

V. CONCLUSION

This paper proposes an algorithm to improve the accuracy
of acceleration waveform reproduction in seismic simulation
shaker tests: the time-frequency hybrid integration algorithm.
It can be seen from the numerical simulation that the displace-
ment obtained from the quadratic integration of the time-
frequency hybrid integration algorithm is more consistent
with the ideal displacement than the PF algorithm, the ILFA
algorithm and the THI algorithm. The ERP and ERS of the
displacement obtained by the time-frequency hybrid integra-
tion algorithm are reduced by 0.067 and 0.071, respectively,
compared with the traditional hybrid integration, and the
corresponding performance improvement rates of Rgrp and
Rgrs are 31.75% and 26.01%, respectively. The shaking
table test was conducted using the displacement obtained by
the time-frequency hybrid integration algorithm: when the
acceleration signal is sinusoidal, the acceleration waveform
reproduction accuracy is improved by 27.29% compared with
the traditional hybrid integration; when the acceleration is the
actual seismic acceleration, the maximum peak error rate is
4.92%, and the seismic acceleration reproduction accuracy is
higher. The above experiments show that the algorithm can

94896

further improve the shaking table reproduction accuracy, and
the algorithm has value for shaking table test research. At the
same time, the principle and code of this algorithm are simple
and readable. The research results are of great engineering
relevance for exploring the seismic performance of building
structures, position determination during aerial operation of
UAVs, velocity and displacement estimation in inertial nav-
igation systems, and micro-displacement measurements of
roads and bridges.
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