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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 algorithmmainly 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.
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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. INTRODUCTION21

Earthquake is one of the major natural disasters, charac-22

terized by suddenness, destructiveness and unpredictability.23

Moreover, it seriously threatens the safety of human life and24

property, and it is usually accompanied by secondary disas-25

ters such as fire, tsunami, mudslides, and nuclear leakage to26

aggravate further the adverse effects of the disaster [1], [2].27

The associate editor coordinating the review of this manuscript and

approving it for publication was Chong Leong Gan .

At present, the accurate prediction technology for earth- 28

quakes is not perfect, so it is vital to improving the seismic 29

performance of building structures to reduce the losses of 30

earthquake disasters and protect people’s lives and proper- 31

ties [3], [4]. However, due to the complexity of earthquake 32

mechanism and structural seismic performance, it is difficult 33

to truly understand the seismic performance under a natural 34

earthquake environment only from theoretical analysis, so it 35

must be studied in combination with experimental methods. 36

The test methods widely used for the seismic performance of 37
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structures are mainly the proposed dynamic test method [5],38

the pseudo-static test method [6], and the seismic simu-39

lated shaking table test method [7], [8], [9]. The seismic40

simulated shaking table test can visualize the structure’s41

seismic performance under seismic wave excitation, so the42

seismic simulated shaking table test method has become the43

most common method to study the seismic performance of44

structures [10], [11]. In the displacement control mode, the45

input signal of the seismic simulation shaking table is the46

displacement signal. At the same time, the seismic wave47

information is mainly stored as acceleration signal [12], [13],48

so it is important to convert the seismic acceleration sig-49

nal into displacement signal in the shaking table test. Since50

the integration of seismic acceleration is disturbed by the51

trend term error, the integrated displacement curve is severely52

shifted and cannot meet the engineering requirements. There-53

fore, eliminating the error trend term in the integration54

process of seismic acceleration signal has become a hot55

research topic.56

For the problems faced in reconstructing displacement57

signals from acceleration signals, the mainstream methods58

include the time domain integration method [14], [15] and59

the frequency domain integration method [16], [17], [18].60

Chen [15] et al. offered a method to fit the integrated dis-61

placement waveform by a polynomial, subtracting the fitted62

polynomial from the integrated out displacement to remove63

the trend term. This method can sufficiently reduce the errors64

caused by the unknown initial velocity and displacement and65

the DC errors. However, the effect of low-frequency noise on66

the integration accuracy is difficult to control, so the method67

has no suitable engineering applications. The low-frequency68

cutoff algorithm [19], [20] reconstructs the displacement69

from the measured acceleration. The low-frequency cutoff70

algorithm first performs the fast Fourier transform on the71

acceleration signal, then sets the low-frequency signal below72

the cutoff frequency directly to zero for frequency domain73

integration, and then reconstructs the displacement using the74

inverse fast Fourier transform. This algorithm can elimi-75

nate the low-frequency noise below the selected cutoff fre-76

quency. However, the effective low-frequency signals are77

also removed, and the cutoff frequency selection is highly78

subjective and empirical. Zhang [21] proposed an integra-79

tion algorithm based on the Walsh transform and empirical80

modal decomposition, which does not need to specify key81

parameters such as cutoff frequency and target frequency.82

However, because the empirical modal decomposition has the83

disadvantage of modal confusion, there is also a certain error84

in removing low-frequency noise simultaneously. In addition85

to the mainstreammethods nowadays, many researchers have86

submitted various algorithms to improve the accuracy of the87

acceleration after secondary integration. Lotfi [22] proposed88

that the noise of the acceleration signal is removed through a89

smoothing process based on a diffusion equation, a special90

partial differential equation. However, this method is only91

applicable to the localized signal deviation that is more obvi-92

ous. Kong [23] proposed a stabilized numerical integration93

method for acceleration sensor data processing. This method 94

is for relatively stable acceleration, while the seismic accel- 95

eration signal amplitude changes rapidly, so the applicability 96

is not strong. By constructing a strict system to modify the 97

transfer function of the integration system, the drift of the 98

acceleration data after secondary integration is effectively 99

suppressed. Liu [24] suggested the non-integral displacement 100

reconstruction method using complex exponential series to 101

establish the relationship between measured acceleration and 102

target displacement. Nevertheless, this method has subjec- 103

tive knowledge about establishing complex exponential series 104

of acceleration. Ansari [25] presented a wavelet denoising 105

method to eliminate errors and compared it in time domain 106

integration and frequency domain integration, but wavelet 107

denoising has to select the corresponding cutoff frequency 108

whose subjectivity is strong. Guo [26] proposed a hybrid 109

integration algorithm combining frequency domain and time 110

domain integration to control the error trend term of the 111

integration process. Since its time domain integration uses the 112

least-squares method to remove the linear error term, it does 113

not consider the presence of any constant error term after the 114

quadratic integration. 115

Most of the above algorithm controls the error trend term 116

of the integration mainly by discarding part of the low- 117

frequency information of the acceleration signal. In contrast, 118

for the seismic acceleration signal, the effective frequency 119

band is mainly concentrated in the middle and low frequen- 120

cies (0∼15Hz). The effective seismic acceleration signal will 121

be affected using the algorithm above to eliminate the error 122

trend term. Meanwhile, most researchers assume zero for 123

the initial state of velocity and displacement, which can- 124

not be considered in the practical application. In order to 125

better retain the effective information of displacement after 126

integration and at the same time improve the accuracy of 127

reconstructed displacement signal of seismic acceleration 128

signal and the accuracy of seismic simulation shaker repro- 129

duction in displacement control mode, this paper proposes 130

a time-frequency hybrid integration algorithm by analyzing 131

the source of reconstruction displacement error, the charac- 132

teristics of frequency domain integration and time domain 133

integration. The first integration of the time-frequency hybrid 134

integration algorithm adopts the improved low-Frequency 135

attenuation algorithm in the frequency domain to obtain the 136

corresponding velocity signal; the second integration adopts 137

the time-domain integration and combines the removal of the 138

constant and linear terms algorithm to obtain the correspond- 139

ing displacement signal. The numerical analysis and shaker 140

tests show that the performance improvement rate of peak 141

displacement error and absolute error obtained under time- 142

frequency hybrid integration algorithm processing is 31.75% 143

and 26.01% compared with the traditional hybrid integration 144

algorithm; the acceleration waveform reproduction accuracy 145

is improved by 27.29%. The maximum peak error rate for 146

the 110Gal El Centro actual seismic acceleration signal repli- 147

cation is only 4.92%, which meets the engineering require- 148

ments. The research results are of great practical significance 149
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FIGURE 1. The Structure diagram of electrodynamic seismic simulation shaker test device.

in exploring the seismic performance of building structures150

and broadening the application fields of shakers.151

II. STRUCTURE OF ELECTRODYNAMIC SEISMIC152

SIMULATION SHAKER153

The project team and Professor Zhao-Dong Xu’s team154

at Southeast University independently developed a single155

degree of freedom small and medium-sized, high-precision156

electrodynamic seismic simulation shaker test device based157

on STM32 control. The overall system structure is shown158

in Fig. 1. The vibration table adopts an AC servo motor as159

the actuator, and its control mode is displacement control160

mode. In this control mode, the upper computer is used to161

process the original data of seismic acceleration and recon-162

struct the displacement signal. Then the displacement signal163

is converted into the drive signal-pulse signal of the servo164

drive by the lower computer to realize the real-time control165

of the rotational speed and the positive and negative rotation166

of the servo motor and promote the accurate movement of the167

vibration table. At the same time, the laser displacement sen-168

sor and the acceleration sensor are used to collect the table’s169

vibration displacement and acceleration signals to facilitate170

the subsequent performance analysis of the vibration table.171

III. PROCESSING OF SEISMIC ACCELERATION SIGNALS172

A. PROBLEM ANALYSIS173

Since the electrodynamic seismic simulation shaker in this174

paper uses the displacement control mode, and the seismic175

acceleration signal reconstructs the displacement when an176

error trend term is generated, which results in the repro-177

duction accuracy of the shaker cannot be guaranteed. There178

are two main reasons for the trend term error: one is the179

introduction of a certain amount of low-frequency noise in the 180

seismic acceleration signal acquisition [27]; the other reason 181

is the unknown initial displacement and initial velocity in 182

the acquired acceleration signal. These factors lead to the 183

accumulation of errors in the integration process, resulting 184

in a displacement error trend term. 185

The first reason is due to the irresistible factors of the 186

acquisition equipment and the acquisition environment. For 187

the second reason to be studied and analyzed. Suppose the 188

acceleration signal without low-frequency noise is a(t), then 189

the corresponding velocity V (t) and displacement X (t) are 190

theoretically defined as the first and second time integration 191

of a(t), respectively, as: 192

V (t) =
∫ t

0
a (τ ) dτ = v (τ ) |t0 = v (t)− v (0) (1) 193

and 194

X (t) =
∫ t

0
V (τ ) dτ = x (t)− µ (t) (2) 195

where µ (t) is the linear error component, µ (t) = v (0) t + 196

x(0); v(0) and x (0) are the initial velocity and displacement, 197

respectively; v (t) and x(t) are the ideal velocity and displace- 198

ment. From equation (2), it can be seen that the displacement 199

signal obtained after quadratic integration of the acceleration 200

signal in the time domain can be divided into two parts: 201

the first part is the ideal displacement, and the second part 202

consists of the initial conditions. 203

Since the initial conditions x (0) and v (0) are unknown, 204

the exact displacement cannot be obtained after integrating 205

the acceleration signal twice in the time domain. So the linear 206

error component µ (t) needs to be eliminated to get the ideal 207
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displacement x (t). For example, suppose the acceleration208

signal a (t) is:209

a (t) = 1.1 sin (t) , 0 ≤ t ≤ 10 (3)210

The image of a(t) is shown in Fig. 2(a). The velocity signal211

V (t) obtained by one time domain integration of the accel-212

eration signal a(t) is shown in Fig. 2(b). The baseline of213

the velocity signal curve is not at the zero point, as can be214

seen in Fig. 2(b) The displacement signal X (t) obtained by215

one time domain integration of the velocity signal V (t) is216

shown in Fig. 2(c). The displacement signal curve in Fig. 2(c)217

undergoes an apparent linear drift phenomenon.218

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 HANDLING219

1) IMPROVED LOW-FREQUENCY ATTENUATION ALGORITHM220

An improved low-frequency attenuation algorithm [16] is221

used to process the seismic acceleration signal’s low-222

frequency noise. This algorithm integrates the seismic accel-223

eration signal containing low-frequency noise directly in the224

frequency domain, using the target accuracy factor αT to225

ensure the integration accuracy while eliminating the filter226

design link, simplifying the integration process, and avoiding227

filter frequency domain oscillations.228

Transforming the noise acceleration signal a(t) into229

displacement s(t) using the summation function and230

Fourier transform: 231
F (s (t)) = HE (ω)F (a (t)) = −

1
ω2F (a (t))

s (t) = −F−1
[
1
ω2F (a (t))

] (4) 232

where HE (ω) is the exact transfer function of s(t) concerning 233

a(t) and ω is the angular frequency. 234

Since the above-reconstructed displacement s(t) still has 235

noise content, the acceleration reconstruction of the displace- 236

ment is now carried out through the inverse problem, and this 237

inverse problem reconstructs the displacement by solving the 238

minimum value problem of equation (5) [18]: 239

min
∏

(s) =
β2

2

∫ T2

T1
s2dt +

1
2

∫ T2

T1

(
d2s

dt2
− a

)2

dt (5) 240

The first term is the regularization function used to restrain 241

the discomfort and rank loss of the inverse problem, and β is 242

the regularization factor to adjust the regularization effect in 243

the displacement reconstruction process. The second term is 244

used to control the approximation of the integration process to 245

the test acceleration. By solving the dual-objective optimiza- 246

tion problem of equation (5), the frequency response function 247

HB(f ) between the input noise acceleration a(t) and the output 248

displacement s(t) is derived as: 249

HB (f ) = −
ω2

ω4 + β2
= −

(2π f )2

(2π f )4 + β2
(6) 250

where f is the frequency. Since the displacement can be 251

explained by the Fourier transform and the Fourier inverse 252

transform: 253{
F (s (t)) = HB (f )F (a (t))
s (t) = F−1 [HB (f )F (a (t))]

(7) 254

Assuming that â(t) = d2s
dt2

is the output acceleration, 255

the frequency response function Hacc
B (f ) between the output 256

acceleration â and the input acceleration a is: 257

Hacc
B (f ) =

HB (ω)
HE (ω)

=
ω4

ω4 + β2
=

(2π f )4

(2π f )4 + β2
(8) 258

The target frequency fT is introduced in accordance with 259

the fundamental frequency of the noise acceleration, and 260

equation (6) and (8) are normalized: 261
HB

(
f̃
)
=

HB (f )
1

(2π fT )2
= −

f̃ 2[
f̃ 4 + β2

(2π fT )4

]
Hacc
B

(
f̃
)
=

ω4

ω4 + β2
=

f̃ 4[
f̃ 4 + β2

(2π fT )4

] (9) 262

where f̃ is the normalized frequency and f̃ = f /fT ; when the 263

frequency f = fT , the value of f̃ is 1. Define HB(f̃ ) as the 264

target accuracy factor αT at this point: 265

αT =
1

1+ β2

(2π fT )4

, 0 ≤ αT ≤ 1 (10) 266
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the regularization factor β can be derived by equation (10):267

β2 =
(2π fT )4

αT
− (2π fT )4 (11)268

Substituting equation (11) into equation (9) yields the nor-269

malized frequency response function between the input noise270

acceleration a and the output displacement s and between the271

input noise acceleration a and the output acceleration â:272 
HB

(
f̃
)
= −

f̃ 2(
f̃ 4 − 1+ 1

αT

)
&Hacc

B

(
f̃
)
=

f̃ 4(
f̃ 4 − 1+ 1

αT

) (12)273

From equation (12), it can be seen that the phase difference274

corresponding to the input noise acceleration a and the output275

displacement s is a constant value π , and the phase difference276

between the input noise acceleration a and the output accel-277

eration â is 0; the value of αT determines the accuracy of the278

whole reconstructed displacement at this time.279

An improved low-frequency attenuation algorithm is pro-280

posed based on the amplitude-frequency characteristics of281

the input noise acceleration signal and the output displace-282

ment. The algorithm achieves trend term error control by283

attenuating the low-frequency information in the input noise284

acceleration signal in the frequency domain; it can effec-285

tively retain the information near the signal fT = 1, and286

substantially attenuate the ultra-low-frequency information287

far from fT to achieve both the full consideration of trend term288

error control and the effective information retention purpose.289

When the target accuracy factor αT is 1, the amplitude and290

frequency characteristics of the algorithm are consistent with291

the direct frequency domain integration algorithm, and there292

is no trend term error control effect. When the value of αT293

is higher, the low-frequency components are suppressed sig-294

nificantly, and the trend term error caused by low-frequency295

noise is controlled better. As the integration accuracy αT296

decreases, the degree of attenuation of low-frequency infor-297

mation increases, and the suppression of the integration trend298

term error increases; however, it also increases the attenuation299

of the input signal amplitude. Therefore, this algorithm αT300

should be selected according to the degree of low-frequency301

noise in the signal and the trend term error control based on302

the largest possible value (in this paper, αT = 0.99), so that303

the effective information in the signal is fully retained.304

Also, using the same idea as above, the transfer function305

Hc(f ) between the input noise acceleration a and the output306

velocity v can be analogously derived as:307

Hc (f ) =
ω

ω2 + β2
=

2π f

(2π f )2 + β2
(13)308

normalize equation (13):309

Hc
(
f̃
)
=
Hc (f )

1
2π fT

=
f̃(

f̃ 2 − 1+ 1
αT

) (14)310

The noise acceleration a is reconstructed into velocity v 311

using equation (14), and the steps are shown in Fig. 3. 312

2) REMOVAL OF CONSTANT AND LINEAR 313

TERMS ALGORITHM 314

For the case where the initial conditions x (0) and v (0) are 315

unknown, thus causing a zero-point drift in the secondary 316

integration of the seismic acceleration signal, this paper pro- 317

poses the removal of constant and linear terms algorithm. 318

This algorithm eliminates the constant error term after each 319

time domain integration so that the linear error term will 320

not be generated when the second time-domain integration 321

is performed. The ideal displacement can be obtained using 322

this algorithm. 323

It must be clear that the source of the error after the direct 324

time integration is the constant error term v (0), and the source 325

of the error after secondary integration is the linear error 326

term v (0) t and the constant error term x (0). After the direct 327

time integration, the constant error term is fused with the 328

whole expression. At the same time, it can be determined that 329

there will be no other constant term other than the constant 330

error term in the whole expression, so remove the constant 331

term from the expression. The following is an analysis of the 332

principle of removing the constant term from the expression. 333

Bringing the constant error term v(0) into the Fourier trans- 334

form formula F (ω) =
∫
+∞

−∞
y (t) e−jωtdt yields: 335

F (ω) =
∫
+∞

−∞

v (0) e−jωtdt = v (0)
∫
+∞

−∞

e−jωtdt (15) 336

Let
∫
+∞

−∞
e−jωtdt = z. Since z is a generalized integral, the 337

equation (15) is calculated by the substitution method. Take 338

δ(t) and bring it into the Fourier transform formula to get: 339

F (ω) =
∫
+∞

−∞

δ (t) e−jωtdt (16) 340

where δ(t) is the unit pulse signal, find F (ω) = 1, and 341

Fourier inversion of equation (16) yields: 342

δ (t) =
1
2π

∫
+∞

−∞

1 ∗ ejωtdω (17) 343

replacing t in equation (17) with −ω gives: 344

2π ∗ δ (−ω) =
∫
+∞

−∞

e−jωtdt (18) 345

substituting equation (18) into equation (15) yields: 346

F (ω) = v (0) ∗ 2π ∗ δ (ω) (19) 347

As can be seen from equation (19), the constant error 348

term obtained after the time domain integration of the accel- 349

eration signal only affects the amplitude in the frequency 350

domain when ω = 0. Therefore, after the direct time domain 351

integration of the acceleration signal, the Fourier transform 352

is first performed, and then the amplitude in the frequency 353

domain when ω = 0 is zero. Finally, the Fourier inverse 354

transform is used to transform the corrected velocity signal 355

in the frequency domain into the time domain velocity signal. 356
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FIGURE 3. Flow chart of reconstructing velocity signal from the.

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

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

In the second integration of the resulting constant error term,357

the same processing method can be used to obtain the ideal358

displacement. The flow chart of the removal of constant and359

linear terms algorithm is shown in Fig. 4. This algorithm360

is applied to the seismic acceleration signal a(t) shown in361

equation (3). The corrected velocity and displacement time362

curves are shown in Fig. 5. As can be seen from Fig. 5, this363

algorithm accurately and effectively eliminates the constant 364

and linear error trend terms after quadratic integration. 365

3) TIME-FREQUENCY HYBRID INTEGRATION ALGORITHM 366

For the seismic acceleration signal containing low-frequency 367

noise and an unknown initial state for displacement recon- 368

struction, while considering that the cumulative error gener- 369

ated by the second integration in the time domain is more 370

significant than that of the first integration, and the second 371

integration in the frequency domain is influenced by the 372

low-frequency error than that of the first integration, this 373

paper designs the time-frequency hybrid integration algo- 374

rithm. First, the velocity signal is obtained by integrating 375

the acceleration signal with low-frequency noise once in the 376

frequency domain using the improved low-frequency attenua- 377

tion integration algorithm. This process can reduce the influ- 378

ence of low-frequency noise on the velocity reconstruction 379

while using the constant removal and linear term algorithm 380

to process the velocity signal. Then, the velocity signal is 381

integrated once using the time domain integration to obtain 382

the displacement signal containing the error term. Finally, 383

the ideal displacement signal is obtained by correcting the 384

displacement signal with the error term using the removal 385

of constant and linear terms algorithm. The flow chart of 386

the time-frequency hybrid integration algorithm is shown 387

in Fig. 6. The traditional hybrid integration algorithm uses 388
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FIGURE 6. Flow chart of time-frequency hybrid integration algorithm.

a least squares algorithm for the second integration to elim-389

inate the linear trend term, and this time-frequency hybrid390

integration algorithm can remove the constant and linear error391

more accurately and achieve displacement reconstruction392

better.393

In numerical simulation to validate the superiority of the394

time-frequency hybrid integration algorithm, the simulated395

signal is a sinusoidal signal containing Gaussian white noise396

with an amplitude of 1m/s2 and a frequency of 15Hz. This397

signal is similar to the real seismic wave in frequency charac-398

teristics and noise level, and its signal is shown in Fig. 7(a).399

By comparing the Polynomial Fitting (PF) algorithm, the400

Improve Low-frequency Attenuation (ILFA) algorithm, and401

the Traditional Hybrid Integration (THI) algorithm to prove402

that the Time-frequency Hybrid Integration (TFHI) Algo-403

rithm can further improve the displacement accuracy after404

quadratic integration. The theoretical analysis shows that the405

velocity signal should be a cosine signal with an amplitude406

of −1/30πm and frequency of 15Hz, and the displacement407

should be a sine signal with an amplitude of −1/(0.9π2)mm408

and frequency of 15Hz. After data processing, the error of the409

velocity signal after one integration is not very large, as can410

be seen from the velocity comparison graph in Fig. 7(b).411

The displacement comparison graph in Fig. 7(c) and the412

displacement error graph in Fig. 8 show that the displacement413

obtained by different integration algorithms differs more414

obviously. When the time-frequency hybrid integration algo-415

rithm is used, the displacement error is controlled within416

−0.05 to 0.025mm, which is more closely matched to the417

ideal displacement signal. According to the characteristics418

of the vibration signal, the peak error (ERP) and absolute419

error (ERS) of displacement after integration of different420

algorithms are calculated, and the equation is shown in421

equation (20) and equation (21). 422

ERP =
1
2

{∣∣∣∣max [s0 (t)]−max [s (t)]
max [s (t)]

∣∣∣∣ 423

+

∣∣∣∣min [s0 (t)]−min [s (t)]
min [s (t)]

∣∣∣∣} (20) 424

and 425

ERS =

∑N
i=1 |s0 (t)− s (t)|∑N

i=1 |s (t)|
(21) 426

The smaller the ERP and ERS, the more accurate the 427

integration result. In order to reflect advantages of the time- 428

frequency hybrid integration algorithm, define the perfor- 429

mance improvement RERP and RERS of this algorithm for the 430

displacement ERP and ERS of the conventional algorithm, 431

which are calculated as: 432
RERP =

AERP − IERP
IERP

× 100%

RERS =
AERS − IERS

IERS
× 100%

(22) 433

where AERS and AERS are the displacement ERP and ERS 434

of various conventional integration algorithms, respectively; 435

IERP and IERS are the displacement ERP and ERS of time- 436

frequency hybrid integration algorithms, respectively. Higher 437

values of RERP and RERS indicate more significant perfor- 438

mance improvement. Table 1 shows the simulated signal’s 439

displacement ERP and ERS under different integration algo- 440

rithms. Table 1 shows the performance improvement rate 441

RERP and RERS of the time-frequency hybrid integration 442

algorithm compared with the corresponding traditional inte- 443

gration algorithm. The data analysis in Tables 1 and 2 shows 444

that the ERP and ERS of the time-frequency hybrid inte- 445

gration algorithm are reduced compared with the traditional 446
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TABLE 1. The displacement peak error (ERP) and absolute error (ERS).

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

hybrid integration algorithm, and the performance improve-447

ment rates of RERP and RERS are 31.75% and 26.01%, respec-448

tively. In summary, the time-frequency hybrid integration449

algorithm can further improve the integration accuracy of450

seismic acceleration signals.451

IV. SHAKING TABLE TEST452

To verify the practical effect of the time-frequency hybrid453

integration algorithm proposed in this paper, the test was454

conducted in combination with the electrodynamic seismic455

simulation shaker test device described above, and the test456

device is shown in Fig. 9. Firstly, verify that the performance457

of this device meets the test requirements by testing the458

test device. Secondly, the superiority and accuracy of the459

time-frequency hybrid integration algorithm are confirmed460

through the acceleration waveform reproduction test with461

different integration algorithms. Finally, the actual seismic462

acceleration waveform is used for the reproduction test to463

prove the reliability of this algorithm.464

A. TEST DEVICE TESTING465

The electrodynamic shaker’s control effect directly affects466

the seismic wave reproduction accuracy. To verify the device467

system’s good control performance, this shaker’s control468

effect is judged by the reproduction degree of input and469

output displacement. The displacement signal was obtained470

by quadratic integration of the 110Gal El Centro accelera-471

tion signal. The displacement data was converted into pulse472

signals and input to the seismic simulation shaker system.473

Finally, the high-precision laser displacement sensor col-474

lected the shaker output displacement signal for comparison475

with the input displacement signal. The comparison graph476

of the displacement input signal and output signal is shown477

in Fig. 10, from which it can be seen that the output dis-478

placement signal is basically the same as the input signal.479

The input and output displacement error is calculated through480

the equation (23). The displacement error graph is shown in481

Fig. 11. The highest value of displacement error appears in482

FIGURE 7. Comparison of data processing of different algorithms for
1m/s2 sinusoidal signal with noise: (a)1m/s2 noisy acceleration signal;
(b)velocity comparison diagram; (c)displacement comparison diagram.

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 Errdis 483

is mainly concentrated in the -2mm to 2mm interval. Using 484

the equation (24) analysis, the peak error of the measured 485

displacement ERPdis is 0.003247. This shaker displacement 486
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FIGURE 9. Electrodynamic seismic simulation shaker test device.

FIGURE 10. Comparison of displacement input and output of 110Gal El
Centro wave.

reproduction accuracy is high the performance meets the487

engineering requirements.488

Errdis = Xr (t)− Xc (t) (23)489

where Xr (t) is the input displacement and Xc(t) is the output490

displacement.491

ERPdis =
1
2

{∣∣∣∣max [Xr (t)]−max [Xc (t)]
max [Xc (t)]

∣∣∣∣492

+

∣∣∣∣min [Xr (t)]−min [Xc (t)]
min [Xc (t)]

∣∣∣∣} (24)493

where ERPdis is the measurement displacement peak error.494

B. ACCELERATION WAVEFORM REPRODUCTION TEST495

First, the time-frequency hybrid integration algorithm496

can further improve the seismic acceleration waveform497

reproduction accuracy compared with the traditional integra-498

tion algorithm through the reproduction test of the sinusoidal499

FIGURE 11. 110Gal El Centro displacement input and output error wave.

FIGURE 12. Acceleration recurrence curve under different integral
algorithms.

acceleration signal with Gaussian noise. The signal’s ampli- 500

tude is 100cm/s2, and the frequency is 1Hz. The experimental 501

results are shown in Fig. 12, from which it can be seen 502

that the time-frequency hybrid integration algorithm has 503

the highest acceleration waveform reproduction accuracy. 504

Furthermore, it can be calculated that the acceleration peak 505

error of the time-frequency hybrid integration reproduction is 506

0.222, which improves the reproduction accuracy by 27.29% 507

compared with the traditional hybrid integration algorithm. 508

Then, to further verify the reproducibility of the algorithm 509

to the actual seismic acceleration signal, the 110Gal El 510

Centro seismic acceleration signal was used for experiments. 511

The acceleration waveform comparison graphs are shown in 512

Fig. 13 and Fig. 14. The initial peak acceleration is 110gal, 513

which occurs at 2.14s; the peak acceleration of the test value 514

is 104.842gal, which occurs at 2.12s, and the maximum 515

peak error rate is 4.92%, and the peak acceleration can be 516

basically reproduced. It can be seen from the Fig. 13 that the 517

error is mainly concentrated at the peak. The maximum peak 518

error appears at 11.86s, as shown in the local enlargement of 519

Fig. 14, and the error rate Erracc is 38.87% when analyzed by 520

the peak error rate equation (25), while the regular peak error 521

rate is controlled by 15%. 522

Erracc =
Ar (t)− Ac (t)

Ac (t)
× 100% (25) 523
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FIGURE 13. Comparison of accelerations of 110Gal El centro wave.

FIGURE 14. Local comparison of acceleration of 110Gal El centro wave.

where Ar (t) and Ac(t) are raw acceleration and measuring524

acceleration, respectively.525

In summary, the shaker acceleration waveform follows526

well under the data processing of the time-frequency hybrid527

integration algorithm. Due to the equipment’s limitation and528

noise, there is a certain degree of error in the experimental529

results. However, the accuracy of acceleration reproduction530

has been significantly improved.531

V. CONCLUSION532

This paper proposes an algorithm to improve the accuracy533

of acceleration waveform reproduction in seismic simulation534

shaker tests: the time-frequency hybrid integration algorithm.535

It can be seen from the numerical simulation that the displace-536

ment obtained from the quadratic integration of the time-537

frequency hybrid integration algorithm is more consistent538

with the ideal displacement than the PF algorithm, the ILFA539

algorithm and the THI algorithm. The ERP and ERS of the540

displacement obtained by the time-frequency hybrid integra-541

tion algorithm are reduced by 0.067 and 0.071, respectively,542

compared with the traditional hybrid integration, and the543

corresponding performance improvement rates of RERP and544

RERS are 31.75% and 26.01%, respectively. The shaking545

table test was conducted using the displacement obtained by546

the time-frequency hybrid integration algorithm: when the547

acceleration signal is sinusoidal, the acceleration waveform548

reproduction accuracy is improved by 27.29% compared with549

the traditional hybrid integration; when the acceleration is the550

actual seismic acceleration, the maximum peak error rate is551

4.92%, and the seismic acceleration reproduction accuracy is552

higher. The above experiments show that the algorithm can553

further improve the shaking table reproduction accuracy, and 554

the algorithm has value for shaking table test research. At the 555

same time, the principle and code of this algorithm are simple 556

and readable. The research results are of great engineering 557

relevance for exploring the seismic performance of building 558

structures, position determination during aerial operation of 559

UAVs, velocity and displacement estimation in inertial nav- 560

igation systems, and micro-displacement measurements of 561

roads and bridges. 562
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