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ABSTRACT

A real-time hybrid seismic experimental system is a new system in which an actuator-
excited experiment and a response analysis using a computer are combined on-line and
conducted simultaneously in real time. Until now, this type of system usually used a single
actuator as a shaking device. Therefore these systems can be applied only when motion
of the structure under excitation is one-dimensional. However, the shaking device which
can produce more complicated motions is preferable to enhance the systems because the
structures of interest sometimes show motions in more than one dimension. For this
purpose, we developed a system using a three-degree-of-freedom in-plane shaking device.
The features of this system as well as the results of verification experiments are shown
and discussed.

1 INTRODUCTION

The seismic respouse of a structural system is usually evaluated by using a shaking
table. However, due to table-capacity limitations, shaking-table experiments for large-
scale structures are sometimes difficult. As a solution to this problem, Hakuno et al.
proposed an experimental method in which an actuator-excitation experiment on a part
of a structural system is combined with vibration response calculations on a computer [1].
This method has been developed and improved through various projects. This method
will be referred to here as a hybrid seismic experiment because it is a hybrid of excitation
experiments and computer simulation. When the structural response depends heavily on
velocity because of damping, the excitation should be conducted in real time; in other
words, the actuator excitation and the computer simulation should be conducted on a
common time axis. For this purpose, several systems have been developed [1, 2, 3, 4].
Since the hybrid seismic experimental systems which have been developed up to now
usually use a single actuator as a shaking device, these systems can be applied only when
motion of the structural model can be considered to be one dimensional. However, the
structures of interest from the viewpoint of the seismic design often show complicated
motions in more than one dimension. Therefore, a shaking device which can produce such
complicated motions is preferable to enhance the hybrid seismic experimental systems
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Figure 1: Conceptual view of hybrid experiment

and to obtain precise experimental results. lemura, et al. developed a three-degree-of-
freedom shaking device for a pseude-dynamic hybrid experiment(5]. However, real-time
experiments using such a multiple-axis shaking device have not been reported. We de-
veloped a system using a three-degree-of-freedom in-plane shaking device for real-time
hybrid seismic experiments. We will show and discuss not only the features of our devel-
oped system but also the results of the verification experiments.

2 OVERVIEW OF REAL-TIME HYBRID EXPERIMENT

The real-time hybrid seismic experimental system will be outlined briefly, A conceptnal
view of the system is shown in Fig. 1. The original structure, of which the seismic
response is of interest, is divided into two parts. One is physically modeled, and this
model is excited with an actuator. We will call this part the actual model. The other
part is modeled numerically and inputted into a computer. We will call this the numerical
model. In the computer, the vibration response of the numerical model is calculated based
on the following equation of motion.

Mz+Ci:+Kz=7f+gq, (1)

where M, C, and K are the mass, damping, and stiffness matrices, respectively, of the
numerical model, = is a relative-displacement vector, f is an external-force vector, g is a
reaction-force vector generated at the boundary of the actual and the numerical models,
and the overdots represent differentiation with respect to time. The reaction-force vector
q is formally written using the displacement at the bouudary, ;, as follows,

g = g(zs, Ty, Ly, ). (2)

Therefore, by repeating the following steps, the seismic response of the whole structnre
can be evaluated: (1} measure the reaction force g in the excitation experiment; (2)
calculate the vibration response of the numerical model using the measured reaction-
force vector g and the predetermined external-force vector f; (3) load the displacement
calculated of the boundary z; onto the actual model; and {4) return to step one. This
experimental method allows us to conduet seismic expériments economically by replacing
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part of the structure with a numerical model. Equation (2} shows that it is necessary to
conduct the excitation experiment and the computer calculation on a common time axis,
(that is, in real time) if the reaction force depends largely on displacement derivatives with
respect to time. We have developed a technique for conducting this type of experiment
in real time [4].

For simplicity, the term “experiment” will mean the hybrid seismic experiment in the
following discussions unless specified.

3 NECESSITY OF MULTIPLE-AXIS SHAKING DEVICE

The hybrid experimental systems which have been developed up to now usually use a
single actuator as a shaking device. However, the purpose of this type of experiment
is to excite the actual model as if the model were in the whole structure. Therefore,
the experiment becomes possible only when we can construct an actual model of which
motion is assumed to be one-dimensional. This assumption is valid for several types of
structures, e. g., shear deformation of a wall in a building.

The structures of interest from the viewpoint of the seismic design, however, often
show complicated motions in more than one dimension. Therefore, the shaking device
which can produce such complicated motions is preferable to enhance the experimental
systems and to obtain precise experimental results. It should be noted that excitation in
a certain number of degrees of freedom requires at least the same number of actnators.
By introducing a shaking device that can produce the deformation in multiple degrees of
freedom on the structural model, the application of hybrid seismic experiments becomes
easier because the limitation discussed above is solved. For instance, experiments on the
structure in which bending deformation plays an important role, such as piping systems
and flexible tower-like structures, become possible.

4 OUTLINE OF THE DEVELOPED SYSTEM

As discussed above, a multiple-axis shaking device can further improve the advantages
of real-time hybrid seismic experiments. For this purpose, we developed a system using
a three-degree-of-freedom in-plane shaking device [6]. In this chapter, the featnres using
this device will be discussed.

The developed device is shown in Figs. 2 and 3. In this system, three actuators fixed
on a rigid frame are connected to a shaking plate via links. This makes it possible to
produce the three-dimensional (horizontal z, vertical z, and rotational 6,) motions on
the structure. The measurement of the reaction force induced by this excitation, which
is essential for the vibration analysis in the experiments, is performed using two biaxial
load cells.

As for the control computer, the following two subsystems are newly introduced for
the hybrid seismic experiment using this multiple-axis shaking device as shown in Fig. 4.
This diagram includes the delay compensation block which has been discussed in detail
elsewhere [4].

One subsystem is the force transformation. The reaction forces are measured in hor-
izontal and vertical directions in local. These measured horizontal and vertical reaction
forces will be denoted as f;; and f;; where the suffix 7 denotes the position of load cells
(i = 1 and 2 means right and left, respectively, as shown in Fig. 3). In this subsystem,
the output of these load cells is transformed to the reaction forces consistent with the
coordinate for the vibration analysis, that is, the horizontal force F;, the vertical force
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F,, and the rotational moment M,, using the following calculation.

F, = (fi:.: + f2x) COs 6y - (flz + f2z) sin gy — my, (3)
Fy = (fig + foz)sin8y, + (fiz + fo:) cos 8, — my2, 4)
M, = (flz — foz)by ~ (frz + f2a:)d'x - (It + mzhi‘z)gy — meghy sin 9y1 {5)

where m,; and I; are the mass and the moment of inertia of the shaking plate, h, is the
height of the center of gravity in the shaking plate, d, is half of the distance between two
load cells, and g is the gravitational acceleration (see Fig. 3).

The athers are the invert-kinematics and the kinematics. The invert-kinematics block
outputs control displacement signals to the three actuators so as to produce the motion
as calculated in the vibration analysis. On the other hand, the kinematics calculates the
produced position of the shaking plate from measured displacements in the three actu-
ators. The calculation in the invert-kinematies for transforming the position of control
point Py(z,z,8,) to the displacement of actuators L (l;,ly, ;) is as follows.

b= —(zr = b) + (a1~ yai — 22), (6)
b = —z+{e2—va} - (z- - b)), M

i = —z+ (a2 —/aj~ (z + b)?), (8)
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in which

Ty =3 —dysinfy + beosby, z =z —d(1 —cost,) + bsind,,

7 =3 —dysinty —bcosby, z =z —d.(1~cosd,)—bsind,,
where ¢; and @, are the horizontal and the vertical link lengths, and b is half of the width
of the shaking plate. The kinematics block works inversely with the invert-kinematics, so

that the displacement of actuators Ly{l;, s, {3) is transformed to the position of control
point P{z,z,0,) through the following equations.

z = Z,—bcost, —d,cosb,, 9
z = Z —bsinf, —d,siné,, (10)
2 (= 2 el — )2 g2 —la—3
6, = cos! W+ EAN +(e—h—3)—-a tan-1 22 - Iy z,.’ (11)
4b\/(5$,~ + b)2 + ((12 - l3 ke z-,-)2 Zr + b

where
Zr=b+a — Iy —ajcos¢, Z =arsing,
0=l R ai+ (a1 — 11)* + (a2 — i)? — o

¢ = tan
a -4 2a1\/{a1 — 1)+ (a2 — I3)?

5 VERIFICATION EXPERIMENTS

The developed system shown in Fig. 2 has been verified by conducting an experiment of
a structural system and by comparing the results with analytical results. The structure
under consideration is shown in Fig. 5, in which a rigid block is supported by the actual-
modeled two springs.

5.1 Accuracy of position control

In order to show the accuracy of position control, we performed test drives with
reference signals in which either one of z, z or §, was sinusoidal and the others were kept
to zero. In this excitation, we measured the deformation of the shaking plate and the
reaction force. The obtained results are shown and compared with the reference signal
in Fig. 6. The measured deformation is exactly the same as the reference except for the
error in measurement. Through these excitations, we measured the stiffness of the spring
system, which was made use of in the following verification.

5.2 Pseudo-dynamic experiments

In order to show the reliability of the system which includes the reaction-force mea-
surement, the vibration simulation, and the control operation, we conducted a hybrid
experiment in pseudo-dynamics. Here, the time step in calculation was 0.5 ms and the
time step in excitation was 50 ms.

By using the measured stiffness matrix of the spring system and the supposed mass
matrix of the rigid block, the numerical model of the whole system was constructed.
Using this model, the natural modes of this system were calculated as shown in Fig. 7
and the response time-history was also calculated as a reference to verify the experiment.

In the hybrid seismic experiment the rigid block was numerically modeled and the
spring system was actually excited. The experimental result under the three-period sinu-
soidal excitation with the first-natural frequency is shown in Fig. 8 where the simulation
results are overplotted. The two results are almost the same, thus the reliability of the
system was confirmed.
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5.3 HReal-time experiments

We conducted a real-time experiment to demonstrate the performance of the system.
In this experiment, we used a structural-model simulator in place of both an actual
structural model and the shaking device. This simulator simulates the motion of the
actual shaking device including a response delay, and also outputs the equivalent signal to
the actual reactiou force based on the stiffness matrix used in the simulation. Therefore,
we could compare the experimental results and the reference calculated results under
exactly the same conditions without the stiffness matrix error in the numerical model.

The structure under consideration and the comparison method were the same as
above. However, this experiment was conducted in real time, therefore the delay com-
pensation block was iucluded in the control. An experimental result and the correspond-
ing calculated one are shown in Fig. 9. The two results are almost the same, thus the
performance of the system in real-time experiments was demonstrated.
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6 CONCLUSION

We developed a system using a three-degree-of-freedom in-plane shaking device to en-
hance hybrid seismic experimental systems. The results obtained through this research
are summarize as follows:

1. We developed a shaking device in which three actuators fixed on a rigid frame
are connected to a shaking plate via links. This device can produce the three-
dimensional (horizontal, vertical, and rotational) motions.

2. In order to accomplish hybrid seismic experiments using the developed device, we
introduced the newly developed blocks to the control system, that is, the force-
transformation block for the reaction-force measurement, and the invert-kinematics
and the kinematics blocks for the position control.

3. The performance of the developed system for seismic experiments was demonstrated
through various types of verification experiments.
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