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This study introduces a numerically disturbed experimentation to address the
shake table control degradation commonly observed in shake table
experiments. This degradation is caused by nonlinear characteristics, such as
seismic damage, in the experiments; however, observing such nonlinear
characteristics is a major purpose of these experiments. In the proposed
numerically disturbed experimentation, a structure is humerically simulated,
and its structural responses are fed back as the disturbance signal to the table in
the physical domain via real-time interaction. This enables us to examine the
control performance of a shake table with a structure, without having to place
an actual structure onit. This experimentation is beneficial in cases wherein new
control methods are applied for shake table control because the control
performance can be examined safely and efficiently under various structural
conditions by using numerical simulations. The proposed experimentation was
applied to the shake table control examination of nonlinear signal-based
control (NSBC), which has a nonlinear signal feedback action for nonlinear
structural dynamics, as well as inversion-based control (IBC), which is a
common feedforward method. In the numerically disturbed experiments,
NSBC accurately realized a seismic acceleration record on the shake table
with severe nonlinear characteristics, whereas [IBC exhibited control
degradation due to nonlinear characteristics. Similar results were obtained
using actual shake table experiments with a steel structure. Therefore, the
proposed numerically disturbed experimentation can be an alternative to shake
table experiments using structures.
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1 Introduction

A shake table is a key experimental facility for earthquake and
structural engineering to examine the seismic performance of
building structures or civil infrastructure (Severn 2011). The
shake table excites a specimen placed on its top by an inertial
force generated by the table movement. It is expected to accurately
reproduce seismic acceleration data recorded during past
earthquakes or synthesized for anticipated future earthquakes. In
cases of inaccurate reproduction, the structure placed on the table is
shaken by a different excitation from that of the expected, resulting
in undesirable structural behavior. Accurate control of shake tables is
critical for experimental purposes.

A proportional-integration—derivative (PID) controller or
three-variable controller (TVC) (Tagawa and Kajiwara 2007) is
commonly employed as a basic controller in shake table systems,
and the controller is designed based on the bare condition. When a
structure is placed on the table, the dynamics of the table change
owing to its interaction with the structure (Blondet and Carlos 1988;
Conte and Trombetti 2000). The dynamic change caused by an
intact structure can be evaluated in advance via system identification
of the main tests using seismic excitations and can be described
using a transfer function. Its inversion is applied to the seismic
record data to be realized by the table as feedforward compensation,
which is referred to as inversion-based control (IBC). Its
effectiveness is limited to structures with slight nonlinearity.

Shake table experiments are performed to observe structural
failures, which are a type of nonlinear characteristics, and
dynamics changes in the structure are inevitable (Nakashima
et al, 2018). Control deterioration caused by nonlinear
characteristics has been a fundamental and classical issue in
these experiments (Tagawa and Kajiwara 2007; Yao et al., 2016;
Ryu and Reinhorn 2017; Enokida and Kajiwara 2019). Many
approaches and techniques have been developed as
countermeasures against the nonlinear characteristics for
shake table experiments.

Iterative control input modification (Plummer 2007) is a
common offline compensation for nonlinear characteristics in
shake table experiments. This is effective for structural systems
that repeatedly display some fixed nonlinearity; however, it is
ineffective for “one-time-only” nonlinearities, such as fractures or
damage in structural components, because of the absence of
feedback actions. H,, control, which incorporates the uncertainty
of a controlled system to some degree into the controller design, was
also applied to a shake table experiment (Maekawa, Yasuda, and
1993). synthesis (Stoten and
Benchoubane 1990; Stoten, 1992), a type of model reference
adaptive control (Landau 1979; Isidori, 1995), was applied to

Yamashita Minimal control

compensate for unknown dynamics within shake tables or
dynamic changes caused by placing a structure on the tables
(Stoten and Gémez 2001; Gizatullin and Edge 2007; Stoten and
Shimizu 2007). The use of a class of adaptive control approaches has
become prominent for shake table control in various applications
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(Gang et al., 2013; Shen et al., 2017; Yachun et al,, 2018; Liu et al.,
2019).

The addition of an error feedback controller to an IBC has
recently gained much attention and has been employed in shake
table experiments (Nakata 2010; Phillips, Wierschem, and Spencer
2014). This addition is motivated by the need to compensate for the
drawback of the IBC (i.e., the absence of a feedback action), and its
combined form is referred to as model-based control. This model-
based control has been applied to a multiaxial shake table (Plummer
2016) and a single-axis shake table sustaining a structure that
exhibits nonlinear characteristics associated with the fracture of a
structural component (Najafi and Spencer 2020).

As another enhancement of the IBC, nonlinear signal-based
control (NSBC) has been developed by employing a nonlinear signal
feedback controller (Enokida, Takewaki, and Stoten 2014; Enokida
2019; Enokida 2022a). This controller acts on the nonlinear signal
obtained from the outputs of a controlled system and its linear model
subjected to the same input signal. The effectiveness of the feedback
action on nonlinear structural dynamics has been demonstrated by
dynamic substructuring experiments (Enokida and Kajiwara 2017a;
Enokida and Kajiwara 2017b) and shake table experiments (Enokida
2022b). In its application to a single-axis shake table with a steel
structure (Enokida and Kajiwara 2019), NSBC realized a seismic
acceleration record with an accuracy of approximately 100.0%,
despite the structure on the table exhibiting severe nonlinear
characteristics owing to the yielding of its structural components.

Although the performance examination of shake table control
with structural damage is an essential subject in the context of these
experiments, there is a paucity of studies in this regard. This is
because control degradation by structural damage has to be
intentionally realized for examination purposes. However, the
nonlinear characteristics, which are expected to appear, tend to
degrade the shake table control as well as its stability margin,
prompting the occurrence of instability. If instability occurs in a
table with a heavy specimen, it can be critically harmful to the shake
table system, other experimental equipment, and its facility.
Consequently, it is difficult to employ an unsecured control
approach to a shake table sustaining a structure. This aspect
partially limits advancements in shake table experimentation,
although advanced techniques have been actively investigated for
shake table substructuring experiments (Horiuchi et al., 1999a; Lee
et al, 2007; Zhang et al., 2017; Chen et al., 2020; Enokida 2020;
Mukai et al., 2020; Tang et al., 2020; Tian et al., 2020).

To address this issue, this study introduces a numerically
disturbed shake table experimentation to artificially realize
control  degradation caused by nonlinear structural
characteristics without placing an actual structure on the
table. In this experiment, structural responses are numerically
simulated, and the responses are fed back to the shake table in the
physical domain to disturb the table control via real-time
interaction. This experiment can be executed with less
concern than actual shake table experiments because of the
absence of structures on the table. In addition, it is cost- and
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time-efficient because various structural conditions can be
considered simply by tuning numerical models.

This experimentation is similar to real-time hybrid (RTH)
simulations (Nakashima, Kato, and Takaoka 1992; Horiuchi
et al, 1999b; Nakashima and Masaoka 1999), which also
simultaneously use systems in the physical and numerical
domains, with real-time interaction. In a typical RTH
simulation, the system to be tested is divided into a set of
substructures in the physical and numerical domains with
real-time interaction, and the output signal of the numerical
substructure becomes a reference signal to be realized in the
physical substructure. The RTH simulation thus differs in the
synthesis of signals from the proposed numerically disturbed
shake table experimentation.

This study examines the reliability of numerically disturbed
shake table experimentation via the application of NSBC and IBC
to shake table experiments. The results are to be compared with
those obtained from numerical simulations and actual shake
table experiments performed using a steel structure.

2 Numerically disturbed shake table
experimentation for NSBC

Numerically  disturbed experimentation enables the
investigation of shake table control with higher reality than
that of numerical studies and with better safety than physical
experiments that use actual structures. An advantage of
numerically disturbed experimentation is that the structural
conditions (e.g., properties or nonlinear characteristics) in the
numerical simulation can be flexibly changed without physical
burden or cost. It can be used as a preliminary examination of
shake table control in advance of the actual experiments.

A numerically disturbed experiment is detailed in
comparison with an actual shake table experiment in Section
2.1. NSBC, which is applied to the numerically disturbed
experimentation in this study, is summarized in Section 2.2.

2.1 Shake table control

Shake table dynamics are significantly influenced by the
structure placed on the table. Here, their influence on the
shake table control is examined by comparing a bare shake
table in Figure 1 and a table with a single-degree-of-freedom
(SDOF) structure, as shown in Figure 2. Thereafter, the
numerically disturbed shake table experiment shown in
Figure 3 is introduced.

2.1.1 Actual shake table experimentation
Regardless of the presence of a structure on its top, a shake

table is driven by an actuation system that receives a command

signal from a controller. For this controller, PID or TVC is
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FIGURE 1
Shake table control with the bare condition: (A) conceptual
drawing and (B) block diagram.

commonly employed to minimize the error between the
reference and feedback signals, as shown in Figure 1B,
Figure 2B, respectively. When the table displacement
(acceleration) is fed back to the controller, the table is
operated by the displacement (acceleration) control.
Displacement control is the basic approach employed for
shake table control owing to its accessibility.

At displacement control, the controller is commonly
designed such that the closed-loop in Figure 1B has the

dynamics described by a second-order transfer function:

G(s)< _ () _ x (S)> B W}, W

ri(s)  u(s) ) s+ 20gwes + w,

where s is the Laplace variable; r; is the reference signal to the
closed-loop; yj is the displacement of the shake table; wg, = \/E

mop’
Cop = 5 \/Z"b—; and {mp, cop» kop } is the set of the table mass and
061100

equivalent coefficients of the damping and stiffness, respectively,
when no specimen is placed on the table. Note that, when
additional controllers are applied to the closed-loop from
outside, r; becomes the control input signal u to the loop. As
this study is focused on this condition, hereafter, the notation of r;
is replaced by u.

According to Eq. 1, its equivalent form in the time domain is
as follows:

Mo, Yo () + Cop Yo () + Kop Yo () = koptt (t) (2)

where t is the time variable.
According to Eq. 2, when the table has a structure, the
equations of motion are expressed as
my, () + fa(t) =0 3)
Moy, () + oYy (8) + ko yo (t) — fa(t) = kou(t)
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FIGURE 2
Shake table control with a structure: (A) conceptual drawing and (B) block diagram.
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FIGURE 3
Numerically disturbed shake table experimentation: (A) conceptual drawing, and (B) block diagram.

where {m;, y,} is the set of the mass and displacement of the respectively; and {m0, c0, kO} is the set of table mass,
structure on the table; f4(t) = f.(¢) + fi (t); {fo fi} is the set of equivalent coefficients of damping, and stiffness of the shake
forces associated with structural damping and stiffness, table system, respectively, when a structure is placed on the table.
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TS K () > Gls)

Controlled system

FIGURE 4
Inversion-based control: K(s) = G(s)™

Note that m, consists of ¢, and m,, which denotes the weight
of the experimental rigs placed on the table. According to Eq. 3,
the inertial force derived from the structural response m; y, (t)
acts as a disturbance to the shake table, and its influence on the
control is proportional to the structural mass.

When the structure on the table is described as a linear
system with constant damping and stiffness {c;, k;}, the forces
Fe® =1 (3, (0 = 5, (1)
fi() =k (y1(t) — yo(1)). In this case, the influence of the
structure on the shake table control can be simply determined

become and

from the transfer functions, and those of the table displacement
and acceleration can be expressed as

Goa () = Yo\ _ ko
od u(s) (mos® + (co +c1)s+ko+ ki) — (15 + k)G ()
2
Goa (s>< = “”) = £Goa (s)
u(s)
(4)
where G (s)(= ;t Eg) = #:lk;*'kl An inversion of these

expressions is used as a feedforward controller in the IBC, as
shown in Figure 4. This feedforward control is effective for linear
systems whose characteristics are well known; however, it is not
effective for nonlinear systems.

2.1.2 Numerically disturbed shake table
experimentation

According to Eq. 3, the shake table control in actual
experiments is disturbed by the inertial force of a structure
placed on its top, and its force is proportional to the mass of
the structure. This indicates the necessity of a structure with
sufficient mass to reproduce the disturbance in the actual
experiments for shake table control examination. Shake table
experiments driven by unsecured control pose a great danger
to operators and facilities, and their risk must be minimized
prior to execution. To this end, this study introduces a
numerically disturbed experiment in which a structure
disturbing shake table control is numerically considered,
and its structural responses are returned as a disturbance to
the actual shake table in the physical domain with real-time
interaction.

The experimentation with a numerical SDOF structure is
illustrated in the block diagram in Figure 3B. The equations of
motion in the physical and numerical domains are expressed as
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Linear model
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FIGURE 5

Nonlinear signal-based control for shake table

&)

myy, () + fa(t) =0
gy Jo () + cop Yo (£) + kop Yo () = Koy (1 () + 1 (t))

where u,(t)( =f4(t)/kop) is the disturbance signal calculated from
the numerical structure. Here, the numerical structure is handled
as a generator of the disturbance, and the bare shake table is
operated solely in the physical domain. An advantage of this
experiment is that the structural conditions (e.g., properties or
nonlinear characteristics) in the numerical simulation can be
flexibly changed, allowing for a variety of structural conditions
without any effort or cost in the physical domain. However,
numerical disturbance becomes a matter of control, although an
actual shake table experiment with a structure can naturally
realize it by the nature of dynamics.

In this all shake table
(ie., displacement, velocity, and acceleration) must be transmitted

experiment, output signals
to the numerical simulation via real-time interaction to calculate the
responses of the numerical structure. However, in many shake table
experiments, displacement and acceleration are commonly
measured for table control and experimental purposes, whereas
the velocity is rarely measured. Thus, in this study, the table velocity
is estimated from the measured displacement and acceleration.
Using a data fusion technique (Stoten 2001), the table velocity

can be estimated by

Y0 (8) = Fa(s)yo(s) + Fs(8)y, (s) (6)

where F,(s) = 1/(s+w,); F4(s) = sw,. /(s+w,); and w, is the switching
circular frequency, which determines the contribution of the
signals to be fused. The estimation of velocity using Eq. 6 is
primarily focused on low-frequency components of displacement
response and high-frequency components of acceleration
response. Thus, the switching frequency w, should be
determined from a reliable range of both displacement
transducers and accelerometers. For example, when the
reliable range is 0.5-3Hz, w. = 1.02m or 2.02m
reasonable choice, which is the case in this study.

is a
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2.2 Application to shake table control
performance examination

The numerically disturbed shake table experiment is applied
to examine NSBC as shown in Figure 5, which relies on a
nonlinear signal. The nonlinear signal can be expressed as
follows:

a(s)(= y0(5) = 35 (5))

= ((1 + A(S(i?)exp'm - l)@ (s)exp™u(s) (7)

where y, is the output of the linear model of the controlled
system; 7 is the pure time delay, 7 is the estimate of the delay;
At = 7 - 7;and AG (= G - G) is the unmodeled dynamics in the
controlled system. The NSBC determines its control signal by

u(s) = K, (s)r (s) + K. (s)e(s) + K, (s)a (s) (8)

where {K,, K,, K} is the set of controllers acting on the signals {r,
e, o}, respectively. According to Figure 5, the error signal is
expressed as

e(s)(=1(s)=yo(s))
_ 1-G(s)exp ™K, (s)

1+ G(s)exp ™K, (s)
T1+ G (s)exp ™K, (s)

1+ G(s)exp™K, (s)

r(s)

o(s)
)

NSBC controllers are designed to minimize the error,
and the following transfer functions are suitable for

minimization:
K, (s) = I; ((SS))
K= (10)
K, () = —g’(f))

where {F,, F,, F;} is the set of filters associated with {K,, K,, K,}.
When the linear model is exactly invertible and 7 = 7 = 0, the
controllers K, (s) = =K, (s) = G(s)™* realize zero error in Eq. 9
even when K.(s) = 0. The error feedback controller is typically
used to further mitigate the error signal that remains even after
the activation of K, and K,. As NSBC with K,(s) = K(s) =
0 corresponds to IBC in Figure 4, it can be simply executed in the
form of NSBC.

3 Numerical simulations

Prior to the experimental studies, NSBC and IBC were
examined via numerical simulations that considered a shake
table system and structure placed on the table. These
examinations were simulated for the shake table system with
the SDOF structure shown in Figure 2, with and without a
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K
AAC

FIGURE 6
Tri-linear hysteretic spring.

nonlinear spring shown in Figure 6, which is commonly used
in structural engineering.
The restoring force of the spring is described by

fk )= ri2ki0y (¢) + (1- rll)kl czy () + (rn - rlZ)kl <z (t)
(11)

where 8, (1) = y1 (1) = yo (1) 2u (1) = & (DX (8 ()x (Su-
2u(0) + X (=8, (O (B +zu (1)} (1 = 1, 2); x(@) = {1 (a > 0),
0 (a < 0)}, and {8, ry;} is the set of the Ith elastic limit and
stiffness reduction factor of the nonlinear spring in the structure,
respectively.

For shake table experiments, this study employed the ground
acceleration data in Figure 7, which was recorded by the Japan
Meteorological Agency (JMA) during the Hyougo-ken Nanbu
(or Kobe) earthquake, as the reference signal to be realized on the
shake table. In this paper, this acceleration record is referred to as
the JMA Kobe motion.

To quantify the accuracy of shake table control, the following
two indices were employed:

1

S (r, y0) = » SO -7 @) x 100%
Yr(t)?
15,030 ! oo
S r’ yO = 2 X 00
! S(A () - A0 (f))
YA (f)

where {A,, A,o} is the set of Fourier amplitude spectra of signals r
and y,. The similarity between two signals in the time and
frequency domains is calculated using Eq. 12, on the basis of
mean square error (MSE) normalized by mean square (MS). It
can describe the similarity within the 0-100% range, which is
beneficial for the comparison of accuracies. S, directly calculates
the similarity of the two signals in the time domain, while Sf
focuses on a limited frequency range. In general, S, becomes more
conservative, especially when the signal to be evaluated is raw
data or data minimally postprocessed. In this study, S; was
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FIGURE 7
JMA Kobe motion.

focused on 0.01-20.0 Hz, which covers the prime frequency
range of common earthquake excitations.

3.1 Numerical conditions and controller
design

Dynamic properties of a shake table for displacement control
were determined to be mg;, = 200 kg, o, = 19.8 kKN s/m, and ko, =
313.38 kN/m, resulting in wq, = 6.30-2-1 rad/s and {p, = 1.25,
according to a system identification test on an actual shake table
(described later herein). A pure time delay within the shake table
control system and its estimate were set to 7 =7= 4.0ms. A
structure to be placed on the table was designed to have the
following parameters: m; = 200 kg, ¢; = 54.54 Nm/s, and k; =
37.18 kN/m, resulting in the dynamic properties of w = 2.17-2-1t
rad/s and { = 0.01. In the case of a nonlinear spring in the
structure, its parameters were fixed as §;; = 0.03 m, §;, = 1.5:813,
r1; = 0.5, and r;, = 0.05.

Regardless of the presence of a nonlinear spring, a linear
model of the controlled system consisting of the shake table and
structure  was  designed  using  {myo,m} = {mp, m},
{Co,C1} = {co,c1}, and {ko,ki} = {ko,k1}. This condition is
identical to that the initial parameters of the table and
structure are exactly known.

Because the linear model can be transformed into a transfer
function, its function for the input signal and table acceleration
can be described by

.
Gon (5) ( _s L):gs()s)>
SZEOb
(ps? + (Cop +E1)s + Feop + Ky ) = (€15 + k1 )G ()

(13)

A iy Gtk
where G (s) (= %o (S)) T st Hcisth

the linear model associated with the structure. By employing Eq.

and y, is the output signal of
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13 as the linear model of NSBC for acceleration control:
G (s) = Goq (s), its control input signal is determined by

u(s) = K, ()7 (s) + K, (s)a (s) (14)
where
K. (s) = G a (5)71
{Ka(s) — Gor(9) Fo (9 13

G(s) = y,(s) —5}0 (s) and F,(s) is the second-order
Butterworth bandpass filters with the range of 0.2-20.0 Hz.
This filtering design was found to be effective for maintaining
stability when an estimate of a pure time delay was not accurate
in actual shake table experiments using NSBC (Enokida and
Kajiwara 2019). Based on Eq. 14 with K,(s) = 0, which
corresponds to the IBC in Figure 4, NSBC was compared
with IBC.

3.2 Numerical results

The performance of NSBC and IBC was examined by
numerical simulations on the shake table with the structure in
Figure 2, with and without the nonlinear spring in Figure 6. To
examine the influence of the severity of nonlinear characteristics
on control performance, the JMA Kobe motion was applied with
three amplitudes: 50%, 80%, and 100%. In addition, the set of
noise was added to the numerically simulated table acceleration
and displacement to consider practical measurement conditions
of shake table experiments. The numerical results are
summarized in Table 1, and the results of 80% excitation for
the nonlinear structure are illustrated in Figure 8.

According to Table 1, the IBC is highly effective when the
structure placed on the table is a linear system, and its parameters
are accurately reflected in the controller. However, its
performance was significantly degraded in the case of the
8A

ineffectiveness in the nonlinear structure. Its degradation

nonlinear structure, and Figure clearly shows its
becomes more severe as the excitation amplitude increases
owing to the nature of the nonlinear spring. In contrast,
NSBC achieved excellent control to the shake table by
sustaining the nonlinear structure, as shown in Figure 8B.
According to Table 1, the accuracies of NSBC for all
excitations are no smaller than 99.4%, and these accuracies

are not affected by the excitation amplitudes.

4 Shake table experiments

A series of shake table experiments were performed using the
single-axis electrodynamic table in Figure 9A with a size of 1.2 x
12m and a weight of 200kg It was equipped with a
and two
accelerometers for control. This table was operated using

magnetostrictive  displacement  transducer Servo
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TABLE 1 Shake table control accuracies of IBC and NSBC in numerical simulations.

Amp 50% 80% 100%
Structure Linear Nonlinear Linear Nonlinear Linear Nonlinear
Controller IBC NSBC 1BC NSBC IBC NSBC
Sr (%) 99.97 81.73 99.83 99.99 71.78 99.87 99.99 67.86 99.88
S, (%) 99.44 78.86 99.48 99.57 73.90 99.69 99.60 72.23 99.74
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FIGURE 8

Numerical results of a shake table with a nonlinear structure and 80% JMA Kobe motion: (A) IBC and (B) NSBC. (Left: time-history table
acceleration, middle: Fourier amplitude spectra of table acceleration, right: structural hysteresis.)

MicroLabBox (dSPACE) with MATLAB/Simulink 2020a by the
sampling time interval of 1.0 ms. The sampling interval for the
measurement was also set to be 1.0 ms. The inner PID controller
shown in Figure 1B was designed to be C(s) = (0.25-s* + 5.2-s + 20)/
(0.01-s* + ). This controller was applied to the error signal obtained
by the reference signal and table displacement, which was processed
by a first-order low-pass filter: 50 x 27/(s + 50-2m).

4.1 Numerically disturbed experiments
System identification tests were conducted to examine the

dynamic characteristics of the bare shake table prior to
experiments using seismic excitations. Based on the identified
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dynamics, numerically disturbed shake table experiments were

executed.

4.1.1 Experimental conditions and controller
design

In the system identification test for the bare table shown in
Figure 9A band-limited white-noise random excitation
containing frequency components of 0.1-50.0 Hz was used to
obtain its dynamic characteristics. The maximum amplitude of
the excitation was scaled to 15 mm, and the dynamics were
identified, as shown in Figure 9B. The shake table system had a
pure time delay of 7 = 4.0 m s. Dynamic characteristics for table
displacement and acceleration were found to be modeled by the

following transfer functions, respectively:
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FIGURE 9
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Shake table with bare condition: (A) photo and (B) table dynamics identified by the random excitation (15 mm) and (C) table dynamics identified

by the random excitation (5 mm).
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According to Eq. 16, this table had the dynamic characteristics of
wop = 6.30-2- rad/s and {y, = 1.25. Based on the table weight g, =
200 kg, this shake table was found to have the following equivalent
parameters: co, = 19.8 kKN s/m and ko, = 313.38 KN/m. Another
identification test with the maximum amplitude scaled to 5.0 mm
also produced a similar result as shown in Figure 9C.

The numerical structures in the numerically disturbed
experiments were designed using the identical parameters
used in the numerical simulations: m; = 200kg, ¢, =
54.54 kN s/m, and k; = 37.18 kN/m. The nonlinear spring in
the structure was set to the identical parameters used in the
simulations: §;; =0.03 m, §,, = 1.5:8,;, r1; =0.5and r;, = 0.05. In
this study, the reliable range of the displacement transducers and
accelerometers was 0.5-3.0 Hz; thus, the switching frequency in
Eq. 6 was fixed to be w, = 1.0 x 2.7 rad/s.

In this case, a linear model of the controlled system G (s) in
Figure 5 was designed using Go,(s) in Eq. 13 with
{mg, iy} = {mo,m1}, {co,c1} = {co,c1}, and {ko, ki} = {ko, k1.
The NSBC controllers in Eq. 15 were designed using this
shake table
experiments. Based on the identification test, the delay was

linear model for numerically disturbed

estimated to be 7= 4.0 ms.

4.1.2 Results of numerically disturbed
experiments

Numerically disturbed experiments were executed for the JMA
Kobe motion with the same amplitudes (i.e., 50%, 80%, and 100%)
used in the numerical simulations. Actual experiments inherently
have noise in measured data; therefore, these experiments were
performed without the noise set additionally considered in the
numerical simulations in Section 3. The experimental results are
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summarized in Table 2, and the results of the 80% excitation for the
nonlinear structure are illustrated in Figure 10.

In Table 2, the IBC is again effective only when the structure
is a linear system, as observed in the simulation. In the case of a
nonlinear structure, the IBC deteriorates as the excitation
amplitude increases. In the case of 80% excitation, the table
acceleration is clearly different from the reference signal in the
time and frequency domains because of the nonlinear
characteristics, as shown in Figure 10A. As these results were
anticipated in the numerical simulations in Figure 8A, this
experiment was found to properly disturb the shake table control.

In the numerically disturbed experiments, NSBC achieved
excellent control in all cases, as shown in Table 2. In Figure 10B,
the NSBC accurately realized 80% JMA Kobe motion, which is
nearly identical to the reference signal, despite that the numerical
structure displays severe nonlinear characteristics. These control
accuracies are significantly higher than those of IBC, clearly
demonstrating the superiority of NSBC.

Although NSBC
accuracies fell within the range of 94.5%-98.8%, which are
the
simulations (i.e., over 99.4%) in Table 1. This can be

showed excellent performance, its

lower than the accuracies expected in numerical
attributed to the nature of this experimentation: the numerical
disturbance has to be handled as a part of the reference signal to
be realized by the inner controller, which is ineffective for

nonlinear system control.

4.2 Experiments with an actual structure

The NSBC and IBC were examined by shaking table
experiments with a steel structure, as shown in Figure 11A
The structural responses of the frame were measured using
two wire displacement transducers placed between the table
and steel mass, as well as two strain gauge accelerometers
the mass. identification tests were

placed on System
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TABLE 2 Shake table control accuracies of IBC and NSBC in numerically disturbed experiments.

Amp 50% 80% 100%
Structure Linear Nonlinear Linear Nonlinear Linear Nonlinear
Controller IBC NSBC 1BC NSBC IBC NSBC
Sr (%) 99.68 87.03 97.83 99.67 79.78 97.87 99.63 76.45 98.75
S, (%) 98.77 78.86 94.53 99.11 71.18 94.59 99.18 67.91 96.73
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FIGURE 10

Numerically disturbed experiment with a nonlinear structure and 80% JMA Kobe motion: (A) IBC and (B) NSBC. (Left: time-history table

acceleration, middle: Fourier amplitude spectra of table acceleration,

conducted to examine the dynamic characteristics of the shake
table with the steel structure prior to experiments using seismic
excitations.

4.2.1 Experimental conditions and controller
design

The same band-limited white-noise random excitation used
in the identification of the bare table was again employed for the
identification of the dynamics of the table sustaining the steel
structure. The maximum amplitude of the excitation was first
scaled to 15 mm, and then the dynamics were identified as shown
in Figure 11B. The pure time delay with the shake table system
was 7 = 4.0 m s; dynamic characteristics for table displacement
and acceleration were modeled by the following transfer
functions:

Frontiers in Built Environment

right: structural hysteresis.)

Yo (s) 276.3s* + 165.8s + 5.941 - 10*
Goa (9)| = =3 3 2 7
u(s) s* +17.67s° + 673.35> + 37325 + 5.941 - 10
2
s yo(s)
Goa (9 =222 = 2Gou(s)
u(s)

17)

Based on mg (= mqp, + mg,) = 250 kg, the equivalent table
4.15kN s/m and k, =
69.09 kN/m, and the parameters of the steel structure were m; =
200kg, ¢; = 120.0 N's/m, and k; = 43.0 kN/m. The equivalent
table parameters in this case became approximately 1/5 of ¢y, and

parameters were identified to be ¢,

kop, indicating that they were affected by the structures placed.

Another system identification test was performed using the
same excitation with the maximum amplitude scaled down to
50mm and the table dynamics were obtained as shown in
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FIGURE 11
Shake table with steel structure: (A) photo, (B) table dynamics identified by the random excitation (15 mm) and (C) table dynamics identified by
the random excitation (5 mm)
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FIGURE 12

Shake table experiments with a steel structure: (A) IBC for 50% JMA Kobe motion, (B) NSBC for 50% JMA Kobe motion and (C) NSBC for 80%
JMA Kobe motion. (left: time-history table acceleration, middle: Fourier amplitude spectra of table acceleration, right: structural hysteresis.
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TABLE 3 Shake table control accuracies of IBC and NSBC in actual
experiments.

Amp 50% 80%

Controller IBC NSBC IBC NSBC
Sf (%) 77.98 99.73 - 99.76
S, (%) 61.18 97.40 - 96.90

Figure 11C. In this figure, the gap between the experimental
result and Eq. 17 became slightly larger than that in Figure 11B.
This indicates that the shake table possesses nonlinear
characteristics associated with amplitude dependency. This
not clearly observed at the system
identification tests for the bare table in Section 4.1.1. The
equivalent table parameters, which became smaller than those

characteristic was

for the bare condition, may have caused the dynamics to be
sensitive to the nonlinear characteristics.

Regardless of the presence of the nonlinear characteristics,
this study employed Eq. 17 as the linear model of a shake table
with a steel structure: G (s) = Gy, (s). Based on this linear model,
the NSBC controllers for the actual shake table experiments were
designed by Eq. 15 to determine the control input signal in Eq.
14. Similar to the numerically disturbed experiments, the delay
was estimated to be 7= 4.0 m s from the system identification test.

4.2.2 Results of actual shake table experiments

Actual experiments with the shake table and steel structure in
Figure 11A were performed using the JMA Kobe motion with
amplitudes of 50% and 80%. Note that, 100% excitation was not
possible owing to safety management, particularly regarding its
structural deformation.

In the case of 50% excitation, IBC poorly realized the seismic
excitation, as shown in Figure 124, and resulted in low accuracies,
as shown in Table 3. These accuracies are significantly lower than
those of the nonlinear cases considered in the numerical

This
system

simulations and numerically disturbed experiments.
that the obtained by

identification has a larger modeling gap than those in the

indicates linear model
numerical simulations and numerically disturbed experiments.
Even with the linear model, NSBC accurately realized the
seismic excitation with the results in Figure 12B, and high
accuracies of over 97.4%, as shown in Table 3.

In the case of 80% excitation, the IBC was suspended because
its poor result was simply anticipated from the result of 50%
excitation. NSBC again achieved accurate control, as shown in
Figure 12C, with high accuracies of over 96.9%, as shown in
Table 3.

The NSBC results obtained by the actual shake table
than those obtained by the
numerically disturbed experiments. This is because the

experiments were better
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disturbance to the shake table was realized by the nature of
dynamics, and its influence was independent of the inner
controller, although the numerically disturbed experiments
relied on the inner controller. This indicates that numerically
disturbed experimentation may be more susceptible to nonlinear
characteristics within structures than actual shake table

experimentation.

5 Conclusion

This study introduced a numerically disturbed experiment to
examine the control performance of a shake table that involves
the control degradation caused by nonlinear dynamics within a
structure placed on the table. In this experiment, the structural
responses are numerically simulated, and the calculated
responses are fed back to the shake table in the physical
domain to disturb the table control by real-time interaction.
This enables us to examine shake table control with a wide variety
of structures, which can be flexibly tuned in numerical
simulations only by operating a bare shake table in the
physical domain.

Numerically disturbed shake table experiments were
performed to examine the NSBC and IBC. For comparisons,
these two approaches were examined in numerical simulations
and actual experiments; in numerical simulations (actual
experiments), all systems: ie., a shake table and structure,
were fully considered (prepared) in the numerical (physical)
domain. In all these examinations, NSBC achieved excellent
shake table control even with severe nonlinear characteristics,
whereas IBC failed in nonlinear cases.

In numerically disturbed experiments, the control

degradation caused by nonlinear characteristics was
observed, especially in the case of IBC, and the degradation
resolved by NSBC. This
corresponded well with the numerical simulations, and
shake table

experiments using a steel structure. Thus, numerically

was control  degradation

similar results were obtained by actual
disturbed experimentation, which does not require actual
structures on the table, can be an alternative to actual
shake table experimentation.

When compared to the actual shake table experiments, the
proposed experimentation was found to gain its benefits at the
expense of a little bit of accuracy. The numerical disturbance
becomes a part of the reference signal to be realized by an inner
controller, and its realization becomes a matter of control. Thus,
this aspect may result in an overestimation of the control
degradation when nonlinear characteristics are considered in
the structures. This feature should be considered when

numerically disturbed experimentation is used as a
preliminary step in actual shake table experimentation.
This experimentation was used for the shake table control

examination in this study. It can be extensively used for the pre-
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determination of the control input signal in actual experiments.
Applications of this experimentation will be investigated further
in future studies.
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