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ABSTRACT

Shaking tables are frequently used to determine the dynamic behavior of structures in the
laboratory environment. In order to obtain realistic results in experimental studies, table
response and performance should be consistent with the desired motion. In this
multidisciplinary study, an application of a new method for determining and calibrating the
mechanical response of a developed bi-axial displacement controlled shake table according
to the desired motion data is presented. The bi-axial shake table's electro-mechanical
components consist of stepper motors, ball screw sets, linear ball bearings, and linear
potentiometers positioned on both axes for displacement measurements. For the control and
data acquisition (DAQ) unit of the shake table, an open-source electronic prototyping
platform Arduino was used. From several experimental results, it was seen that, with the
presented calibration method, harmonic and earthquake simulations could be achieved with
a relative root mean square error (relative RMS error) of less than 5% for desired
displacement-time histories.
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A Calibration Technique for Bi-axial Shake Tables with Stepper Motor

1. INTRODUCTION

In the field of civil engineering, the dynamic effects such as earthquakes on buildings are
among the foremost research topics. The number of laboratories capable of conducting
experiments by simulating earthquake records on real structures is limited worldwide and it
requires high investment budgets to examine the effects of earthquakes on structures.
However, shake tables are widely used to investigate dynamic behaviors through smaller
scale models and smaller loading areas. On such shaking tables using scaled structure models,
records from earthquakes or synthetically produced earthquake signals can be simulated as
1/1 or scaled, and many academic studies examining the effects of these earthquakes on
buildings exist in the literature [1, 2]. However, shaking tables are often used to verify or
compare numerical analyses on complex or simplified structures under harmonic loading and
earthquake loading. The accuracy of the table performance and the monitoring system is also
essential, in addition to the fact that the model to be placed on the shake table should be
compatible with the numerical analysis model. Therefore, in experimental studies, the table
response and the target motion should be in harmony to ensure that the results are as close to
reality as possible. For this purpose, before the experimental studies on the structural model,
the demand-response relationship should be determined, and the calibration of the shake table
to be used should be checked or performed if required.

In this context, there are many studies in the literature aimed at improving table performance.
Kuehn et al. [3] developed a computer-based control system to improve the data acquisition
characteristics of a small shaking table and showed that the data obtained by monitoring the
system and the desired seismic motion were the same. Nakata [4], on the other hand,
mentioned a monitoring system that would provide acceleration control and system stability
by using a feedback system and confirmed its reproducibility with experiments on a single
axis shaking table. Luco et al. [5] studied the performance of the acceleration tracking of a
uniaxial shaking table and proposed improvements to the instrument by performing harmonic
scanning for different amplitudes and frequencies. Yang et al. [6], in their study on the
acceleration, velocity, and displacement control of a high-performance shaking table to
investigate nonlinear behavior in the system. In addition to the studies on increasing the
performance of the table and monitoring system, there are also studies examining small scale
models placed on shaking tables. Saranik et al. [7] examined non-elastic behavior and
changes in modal parameters of a two-layer steel frame with bolted joints under dynamic
effects and compared them with numerical analysis results. Zhang et al. [8] compared the
numerical of a shear frame by performing a shaking table and real-time hybrid simulation.
Altunisik et al. [9] determined the dynamic characteristics and dynamic behavior of the
shaking table experiments by forming a model containing a calibrated liquid column damper.
Alemdar [10] compared the deformation results obtained by both shaking table experiments
and finite element analyses under bi-axial earthquake loads of reinforced concrete bridge
columns and examined the plastic deformations. Ashasi-Sorkhabi et al. [11] investigated the
accuracy of a Quanser shake table with real-time hybrid simulation using the response from
a spring-mass oscillator and tuned liquid damper system. Najafi and Spencer [12] developed
the modified model-based controllers’ method in their studies, and with this method, they
investigated the accuracy of a single-axis Quanser shake table and determined the error rates
with different methods and compared the methods. Damci and Sekerci [13] developed a
single axis, 500x500 mm? shake table controlled by Arduino microcontroller platforms and
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driven by a stepper motor. The control algorithm, calibration method, and performance
investigation of the shake table were given in detail.

In this study, an application of the calibration method given by Damc1 and Sekerci [13] is
introduced for the new bi-axial shake table SARSAR (Figure 1), which is placed in Structures
and Mechanics Laboratory at Istanbul University-Cerrahpasa in Buyukcekmece campus, is
presented. There are considerable differences compared to the previous study [13]. This study
is a further application of the method for a larger bi-axial shake table with higher payloads
up to 600 kg. The main contribution is to apply and validate the calibration method to a bi-
axial shake table which is an open-loop displacement controlled earthquake and harmonic
motion simulator, developed within the scope of a TUBITAK project. Apart from the number
of axes used in both shake tables, the dimensions and capacities are also different from each
other. Operational payload and bandwidth have in particular been improved in the present
study. It was shown that the method could be used for larger shake tables with different
electro-mechanical configurations. Numerous experimental investigations are carried out for
the calibration process and its validation with the help of relative root mean square error
(relative RMS error) calculations and newly-added synchronization subspace plots (SSP) to
find the shake table's frequency response and earthquake simulation performance. Also,
comparisons of desired and achieved frequency contents and acceleration response spectra
are given for the demonstration of earthquake performance. From an engineering perspective
in civil engineering, it was shown that the shake table’s performance is at the desired level
with a relative RMS error of about 5%.

2. MATERIALS ANS METHODS
2.1. Specifications of Developed Shaking Table

In the developed bi-axial shaking table, the ability to move along each axis is obtained by
forming two planes arranged on top of each other such that each axis forms a plane. The
lower plane x, upper plane constitutes the movement in the y-axis shown in Figure 1. The top
plane with a loading area has a dimension of 1000 mm x1000 mm and moves in the y-axis.
The center plate on which this plane sits is 1000 mm x1100 mm and provides movement in
the x-axis. The table dimensions that consist of the fixed bottom plane are 1000 mm x1300
mm. Both axes have a displacement capability of £150 mm. A total of 4 limit switches are
installed to ensure the table’s safety against the possibility of exceeding the maximum
displacement limits in the x and y directions. The table movement is automatically stopped
when any limit switch is opened. Linear motion on both axes is provided by actuators
consisting of a stepper motor with a capacity of 12 N.m and a 2020 precision ball screw with
a pitch of 20 mm. The 2-phase hybrid stepper motors, which complete one turn in 200 steps,
are controlled by digital drivers that can provide continuous high current. The digital drivers
are set to 400 steps/revolution to increase motion resolution. Therefore, the motion resolution
of the shake table on each axis corresponds to As= 20/400= 0.05 mm. The general view of
the table is given in Figure 1. The technical specifications of the shake table developed within
the scope of this and preceding [13] studies are summarized in Table 1.
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Figure 1 - Bi-axial shake table SARSAR

Table I - Technical specifications of the shake tables for present and previous [13] studies

Present Study Previous Study [13]
Parameter Value Value
Degrees of freedom Two One
Moving top plate dimensions (y-axis)  1000x1000 mm? 500x500 mm?
Operational payload 500 kg 200 kg
Maximum motor torque 12 N.m 8.5 N.m
Stroke +150 mm +75 mm
Motion resolution 50 pm/step 25 um/step
Peak velocity 700 mm/s 350 mm/s
1.35¢ @ +1 mm in x-
Peak acceleration (bare table) ?X;Ség @+ mm in y- 1.5g @+l mm
axis
0.28g @ =1 mm in x-
Peak acceleration (600 kg payload) 3X31f)g @+ mm in y- i
axis
Operational bandwidth 30 Hz 17 Hz
Self-weight 350 kg 50 kg
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The control and data acquisition unit of the shake table consists of commercialoff-the-shelf
Arduino development boards. The motion signal to be sent to the stepper motor drivers is
realized using two Arduino DUE boards. Each board uses a 32-bit ARM-Cortex processor
with a clock speed of 84 MHz and 512 KB flash memory. An Arduino MEGA development
board is also used to measure the response of the table to the sent motion signal. It is a
development board with an 8-bit ATMEGA256 flash microcontroller running at 16 MHz
with a 256 KB flash memory. The displacement of the table on both axes is measured using
two linear potentiometers with a 350 mm stroke, which were placed between the moving
plates of the table. Analog signals of the potentiometers digitized by Arduino MEGA's
analog-to-digital-converter (ADC) with 10-bit resolution and converted to the corresponding
displacement.

2.2. Method for Calibrating the Shaking Table

Bi-axial harmonic motion and strong ground motion can be simulated with the shaking table.
In order to obtain the correct response of the scaled model placed on the table, the simulated
motion must be performed with minimum error. For this purpose, in harmonic motion,
frequency scanning was performed for different amplitudes, and the desired amplitude and
frequencies were compared with the measured amplitude and frequencies. The dominant
frequency was determined by calculating the power spectrum of the measured displacement
signal, and the shake table was calibrated via the difference between the desired frequencies.
The difference between these frequencies, representing the total delay for a single cycle, can
be obtained by Eq. (1). The latency corresponds to a single step for the desired motion and is
calculated by dividing the number of steps required for a period of harmonic motion using
this obtained delay. Where f; represents the desired (demand) frequency, f; is the achieved
(response) frequency, and A represents the amplitude of the harmonic motion, and ltcy
represents the calculated latency per step [13].

1 1 A
ltcfz[———Jx—s (1)
f a f d 4 A
Control signals to drive the shake table were calibrated according to the latency values
obtained by Equation (1) and were replaced in the controlling software and using the

displacement recordings. The table response was rechecked with Eq. (1) to ensure that the
calibration process is successful [13].

3. RESULTS
3.1. Calibration under Harmonic Motion

Calibration of the table is provided with the latency values obtained as a result of harmonic
scanning for different amplitudes and frequencies with the help of the Equation (1) for each
axis individually. Displacement-time data measured from potentiometers on the table using
the data acquisition unit were used to determine the delay values. In order to determine the
difference between the demand signal and the response signal and obtain the latency values,
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the demand and response frequencies were evaluated by calculating the power spectra using
a code developed in Matlab environment [14]. The similarity of the two signals was also
analyzed by the cross-correlation method.

Latency values obtained for various frequency-amplitude responses by numerous
experimental studies conducted in this way are given in Table 2 and Table 3 for x and y axes,
respectively. The main reasons for the differences in latency values observed on each axis
are caused by small variations of the electro-mechanical parameters of the system, such as
motor coil resistance and inductance, flux density of permanent magnets of the motor,
switching behavior of Arduino boards and micro-stepping drivers. The (-) sign for upper
frequencies in Table 2 indicates that the table payload limits are exceeded and cannot achieve
these frequencies due to the mass of the bare table’s moving parts placed on the x-axis.
Although the table can reach high frequencies at low amplitudes (22Hz @ + 1mm), the
maximum frequency at large amplitudes can be 1 Hz. For intermediate values not given in
Table 2 and Table 3, linear interpolation can be used to calculate latency values. The
frequency responses of the bare table at 0.5 and 0.75 Hz for the maximum displacement 150
mm on the y-axis are given in Figures 2 and 3, respectively. For example, for the experiments
carried out under load, a mass of 600 kg is placed on the table (Figure 4), and the target
frequency is taken as 0.53 Hz. In Table 3, the linear interpolation between the values given
for 7.37 us at 0.5 Hz and 7.21 ps at 0.75 Hz for 150 mm was calculated, and the delay value
was obtained as 7.35 ps. The recording with the motion signal generated using this latency
value is given in Figure 5. The table response to the demand frequency of 0.53 Hz was
calculated as 0.53036. As can be seen, the difference is 0.07%, and the delay is calculated as
-106 ns after calibration.

Table 2 - Latencies at different frequency and amplitudes for calibration of x-axis (us)

Amplitude [mm] (x-axis)
5 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150
0.5 1667 821 7.86 7.58 7.59 7.60 786 742 728 728 742 777 726 724 724 7.36
0.75|7.14 7.74 7.62 731 750 7.50 742 7.77 7.78 7.74 7.19 7.73 720 737 720 721
1 667 7.14 7.50 7.78 741 7.74 7.18 721 722 733 723
1.5 1619 6.68 722 730 7.23 733 736 7.19
2 690 685 7.28 722 721
251643 6.80 720 7.26
3 1697 738 7.62
4 |7.14 7.02
5 1667 7.62
6 |7.46
7
8

Frequency [Hz]

7.35

The same process for the specified frequency at 150 mm amplitude of 0.53 Hz is calculated
via Table 3 for the desired latency value, where 7.82 us for 0.5 Hz and 7.75 ps latency for
0.75 Hz were given for 110 mm amplitude. Linear interpolation was performed using these
values, and the delay value was obtained as 7.78 ps for 0.65 Hz. As a result of the

11630



Erdem DAMCI, Cagla SEKERCI, Yener TASKIN, Koray GURKAN

measurements taken by the calibration process, the table response for the target/demand
frequency of 0.65 Hz was obtained 0.65003 Hz. The difference between demand and
response frequencies was found to be 0.005%. Therefore, the latency of calibrated harmonic
motion was determined as -9.16 ns, as shown in Figure 6. The displacement error in the time
domain for achieved vs. desired harmonic motions are shown in Figure 7 for un-calibrated
and calibrated cases using synchronization subspace plots (SSP). In Figure 7a, the effect of
cumulative latency, which increases the magnitude of total delay, can be seen clearly. Using
the appropriate latency value for calibrating the motion signal data, the effect of cumulative
latency that causes the total delay was minimized, where the synchronization plot in Figure
7b, nearly shows an overlapped position compared to ideal SSP line which has a slope of 45°.

Table 3 - Latencies at different frequency and amplitudes for calibration of y-axis (us)

Amplitude [mm] (y-axis)

150 f

——Achieved
——Desired

5 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
0.5 | 881 857 815 7.86 7.59 7.69 800 7.50 735 730 745 7.82 731 727 726 7.37
0.75| 833 857 7.86 751 7.56 745 746 7.82 781 7.77 721 775 720 737 720 721
1| 714 798 762 790 741 779 728 725 722 733 723 718 7.9 9.06 734 732
15 905 729 746 7.38 7.23 7.33 740 7.19 7.35 7.32 731

= | 2| 833 758 740 722 721 741 928 730

E 25| 786 728 7.32 7.26 735

| 3 |745 762 762 730

S|4 |714 726 768

= s |80 786
6 | 746 7.26
7 | 735
8 | 685
9 | 7.06

Displacement [mm]
o

150 b= i B
0 2 4 6 8 10 12 14 16 18 20
10 Time [sec]
150 T -
S 100 '\ f,=0478682Hz
= f,=05Hz
i \
ol I I I AN I I I
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1
108 Frequency [Hz]
2 T T - T T T
c . . NN AN N N
3 AN / \ /) /\ / \ / \\ / |/ \\ //\‘ ’/\ / \\ fﬁ\\ /\\ A A~
oo/ \/ \J // \/ \\ [ ] \ F \\/ \\/ \ / Vo / \/ \/ N
Q \ \ \ \ \J -
3 | VARV | \U‘ \// \\, Y \/‘ VARRY) \ | \
2 —
2 1.5 E] 0.5 0 05 1 15 2
Lag x10*

Figure 2 — Un-calibrated results for 150 mm amplitude at 0.5 Hz for the bare table
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Figure 3 — Un-calibrated results for 150 mm amplitude at 0.75 Hz for the bare table

- o / :
Figure 4 - A photo from the tests performed under 600 kg lumped mass
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Figure 5 - Results after calibration for 150 mm amplitude at 0.53 Hz under 600 kg lumped
mass
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Figure 6 - Results after calibration for 110 mm amplitude at 0.65 Hz under 600 kg lumped
mass
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Figure 7 - Synchronization subspace plots (SSP) for 110 mm amplitude at 0.65 Hz under
600 kg lumped mass: (a) Un-calibrated (e,e1 = 128.05%), (b) Calibrated (ere; = 0.52%).

3.2. Use of Calibration in Earthquake Simulation

As a result of the calibration process performed under harmonic motion providing sufficient
accuracy, an average delay value was chosen by considering these calibration values in
earthquake simulation because of the variable frequency content of the earthquake. As can
be seen in Tables 2 and 3, latencies vary between 6-9 ps. In this study, the latency value for
earthquake simulations was selected as 8 ps. In this case, the simulated ground motion was
compared with scaled ground motion as a result of simultaneous measurements taken from
both axes via linear potentiometers. From the PEER strong ground motion database [15], the
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1999 Chi-Chi earthquake was selected for simulation, and the test was carried out under 240
kg payload for the latency value of 8 ps. In Figures 8 and 9, the plotted graphs of the desired
and achieved motions of the x and y components of the 1/3 scale Chi-Chi earthquake and
their cross-correlation are given. Displacement records taken in 1/3 scale Chi-Chi Earthquake
simulation are evaluated using the relative RMS error, &,.; with Eq. (2). The errors calculated
between the desired (x,) and the measured (x,) displacements are &,.; = 4.05% for the x-axis
and &, = 3.41% for the y-axis. The error was seen to be less than 5% and found to be within
the acceptable range. This approach’s accuracy is also shown in Figure 10 by SSP graphs,
where the relationship between the desired vs. achieved earthquake motion is nearly
overlapped on the 45° reference line, indicating minimum delays.

- JU/IN)ZY (x,[n] - x,[n])? x100 @
JA/NEY (x,[n])?

rel

As a further example, simulations were performed for the 1999 Diizce earthquake on both
the bare and loaded shake table. Figures 11 and 12 show the comparison between the desired
and measured displacement records for the x-axis and the y-axis, respectively. Using Eq. (2),
relative RMS error was calculated as &,.; = 3.30% for the x-axis and &,.;=3.31% for the y-axis.
Figure 13 shows that the relationship between the desired and achieved earthquake motion is
of sufficient accuracy with SSP graphics. During this simulation, accelerations were recorded
by the aid of a low-cost 3-axis acceleration sensor (MPU6050) mounted on the table.
Comparative graphs of the acceleration recordings, the FFT spectrums, and acceleration
response spectra obtained from the desired and measured acceleration data are given in
Figures 14 and 15 for the x and y-axis, respectively. The 4™ degree Butterworth low pass
filter was applied to the acceleration recordings where the upper cut-off frequency was set to
21 Hz. The damping rate was taken as 5% for the acceleration response spectrum graph. By
using Equation (3) for the desired (¥) and achieved (¥,) acceleration records, relative RMS
errors are calculated as &,.; = 21.84% for the x-axis and &, = 31.96% for the y-axis. It was
seen that the results obtained from the acceleration records coincide with the characteristic
of the desired acceleration record.

g NUNTL G =5, o0 3)
NN ()

Another example of the experiments performed on the loaded shake table after the
experiments on the bare table is the 1/15 scale 1999 Diizce earthquake. It was estimated that
the desired strong ground motion could be performed on both axes under 360 kg payloads
for this scale, with the methodology given by Damc1 and Sekerci [13]. Figure 16 and Figure
17 show the comparison of the displacement records taken for the x and y axes, respectively.
As a result of the calculations carried out for the desired (x;) and achieved (x,) displacement
records, using Eq. (2), the relative RMS errors obtained on both axes were &,.,= 2.06% for
the x-axis and &,.; = 5.64% for the y-axis. Figure 18 shows that the relationship between the
desired and achieved earthquake motion is of sufficient accuracy with SSP graphics.
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Chi-Chi Earthquake, Payload = 240 kg, Scale = 1/3, Component = CHY024-N
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Figure 8 - Comparison of desired and achieved strong ground motion simulation at x-axis

for 1/3 scale Chi-Chi earthquake under 240 kg payload
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Figure 9 - Comparison of desired and achieved strong ground motion simulation at y-axis

for 1/3 scale Chi-Chi earthquake under 240 kg payload
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Figure 10 - Synchronization subspace plots (SSP) for 1/3 scale Chi-Chi earthquake:

(a) x-axis (gre1 = 4.05%), (b) y-axis (ere1 = 3.41%).
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Figure 11 - Comparison of desired and achieved strong ground motion simulation at x-axis
for 1/5 scale Diizce earthquake for the bare table (payload=0)
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Figure 12 - Comparison of desired and achieved strong ground motion simulation at y-axis
for 1/5 scale Diizce earthquake for the bare table (payload=0)
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Figure 13 - Synchronization subspace plots (SSP) for 1/5 scale Diizce earthquake:

11636

(a) x-axis (ere = 3.30%), (b) y-axis (erer = 3.31%).



Erdem DAMCI, Cagla SEKERCI, Yener TASKIN, Koray GURKAN

99 Duzce Earthquake, Scale = 1/5, Component = RSN1605-DUZCE-DZC180
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Figure 14 - Comparison of desired and achieved accelerations of 1/5 scale Diizce
earthquake simulation at the x-axis, their frequency content and acceleration response
spectra for the bare table
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Figure 15 - Comparison of desired and achieved accelerations of 1/5 scale Diizce
earthquake simulation at the y-axis, their frequency content and acceleration response
spectra for the bare table
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Figure 16 - Comparison of desired and achieved strong ground motion simulation at x-axis
for 1/15 scale Diizce earthquake for 360 kg payload
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Figure 17 - Comparison of desired and achieved strong ground motion simulation at y-axis
for 1/15 scale Diizce earthquake for 360 kg payload
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Figure 18 - Synchronization subspace plots (SSP) for 1/15 scale Diizce earthquake:
(a) x-axis (gre = 2.06%), (b) y-axis (ere1 = 5.64%).

4. CONCLUSIONS

In the experiments to be performed with the shake table developed in this study, a technique
for calibrating the table is presented to determine the table performance accurately and
perform the simulations with minimum errors. For this purpose, 350 mm linear
potentiometric rulers placed between the table plates were used, and the table was calibrated
using displacement records taken from these rulers. Due to the 10-bit ADC resolution of the
Arduino MEGA development board, which forms the data acquisition unit, the sensitivity of
reading signals from the linear potentiometer is 0.342 mm. This resolution is insufficient for
tracking small-amplitude harmonic motions but provides sufficient resolution for the table's
maximum displacement capacity of = 150 mm. In order to drive the shake table accurately
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for the desired motion information, many measurements were taken by frequency scanning
for different harmonic motion simulations, and calibration tables were obtained from the
experimental results for x and y axes. The corrections were made with the help of software
developed by open-loop control technique using these results. Besides, the effect of
calibration on bi-axial earthquake simulation was examined, and it was found that the
presented calibration technique was able to simulate the desired strong ground motion with
a relative RMS error of about 5%, under repeated trials. With these satisfactory results, the
shake table SARSAR can be used for future research projects to investigate structural
behavior under simulated bi-axial earthquake excitations.

Symbols

A Amplitude of the harmonic motion
Jfa Achieved (response) frequency

fa Desired (demand) frequency

ltcy  Latency per step

N Number of samples

Xq Achieved (measured) displacement
X4 Desired displacement

Xq Achieved (measured) acceleration
Xa Desired acceleration

As Unit displacement of the actuator assembly for a single step

g  Relative root mean square error
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