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ABSTRACT 11 WCEE

This Paper outlines shaking table tests and their results for an active seismic response control system that
uses fuzzy optimal logic(FOL). The shaking table test results confirmed the validity of the vibration control
effect of this seismic response control system. The results of this study lead to two conclusions, that the
effectiveness of this FOL control system can be increased by modifying the membership function, and that
the results of seismic response control tests can be qualitatively evaluated by two simulation methods.
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INTRODUCTION

In building structures, it is generally difficult to construct control systems due to the vast number of
unknown variables (such as the type of structure, material, and construction), as well as the deterioration of
the structural performance with time. To control the vibration of a structure subjected to earthquakes, a fast
response time is critical and must include the time from sensing external excitation to putting actuators in
operation. Furthermore there are uncertainties in the input signals to a control system caused by many
factors, such as the direction of input ground motion and the location of sensors.

On the premise of these conditions, a series of studies were conducted to evaluate the effectiveness of a
seismic response control system that uses fuzzy optimal logic (FOL)1). To verify the validity and
applicability of such a control system, a series of shaking table tests were done on a physical model of a
building structure, and the response of the physical model was simulated numerically. This paper outlines
these tests and compares the experimental results with the simulated results.

FOL SEISMIC RESPONSE CONTROL SYSTEM



Qutline of Control System

Figure 1 shows a flow diagram of the FOL seismic response control system used in this study which predicts
the input earthquake motion, identifies the structural characteristics of the building in real time, and then
optimizes the control variables(l]. The algorithm used in this system incorporates fuzzy logic into the
earthquake motion prediction(2] and control variable optimization, so that uncertain or fuzzy phenomena can
be handled rationally(3]. This FOL system uses an active seismic response control method that combines
the equivalent loading-term variable mass method, where the controlling force acts for the inertia force, and
the equivalent variable viscosity method, where the controlling force acts for viscous damping. The former

method reduces the influence of input earthquake motion, and the latter increases the damping by viscosity.

Equati Mot

The following equations of motion were used for 2-degrees-of-freedom FOL control system.
my-Ya+2(y2-y1)+ka(y2-y1)+ug-um=-myZg (D
my- Y1+ Y1-c2(V2-y 1) tkiy1-ko(y2-y1)=-m; -zo (2)
ug=Acy, ..(3), U =00y Zg (D)

where m is the mass, c is the viscous damping coefficient, k is the spring coefficient, y is the relative
displacement, Z is the acceleration of earthquake ground motion, uy is the controlling force acting for viscous
damping, Ac is the coefficient of additional viscous damping, u,, is the controlling force acting for external
inertia force, and 0. is the reduction factor, and the subjects, 0, 1, and 2, denote ground floor, second floor,
and uppermost floor respectively.

Control Algorithm
(1) Identification of the Structure

In this FOL control system, the maximum response displacement Y of the uppermost floor is the maximum
absolute value y during the control period Ati (shown in Figure 2) and is determined by a trade-off between
the controlling forces Um; and Ud; which are the maximum absolute values of uy,; and ug; during At;. In the
identification of the structure, the following equations are used:

Y.'i_1=ai_1v(l-O(‘]-_l)-Xi_l/Aci_] ..(5), Yi =a;-(1-0;) Xj/Aci ..(6)
Yi1=bi - (1-04.1)-Xi.1/Aci A7), Y =b;-(1-04)-Xi/Ac; -(8)
where, X;.; and X is the predicted maximum absolute value of input earthquake motion, a;.1,a;, b;.; and b;
are calculated from the response, for the (i-1)-th and i-th control periods. From the values thus obtained,
predicted values of the maximum response displacement Y;:; and the maximum response velocity S.{',-H for
the (i+1)-th control period are calculated using the following equations:

ajr1=(a;j.11a;)/2 (9, b;s 1=(bj.1+b;)/2 ..(10)

Yior=ai 1 (1-04 ) Xie1/ACi (1), Yir1=bis 1-(1-064 ) Xi-1/Acisg (12)

The predicted maximum values of the controlling forces, Umj; and Uds; in the (i+1)-th control period
are calculated as follows:

Umjs =0, mMp-Xis 1 (13), Udis1=Acis1 Yie1=bis1 (1-04 ) X1 .(14)
(2) Control Value Optimization by Maximizing Decision
The maximizing decision is where the algorithm determines the optimal values of o and Ac. In this decision,
the membership function (MF) shown in Figure 2 is defined for the maximum response displacement (Y) and
the maximum controlling force (U). With respect to U, the maximum value U'j1; in the control period At;
is defended as

U'it1=/Ud2;1+Um?2;, | .(15)
The values of o and Ac need to be determined simultaneously using Eq. (11) and the MF for Y, shown in
Figure 3(a) and Eq. (11), and the MF for U, shown in Figure 3(b) and Eq. (15). By using Eqs. (11)-(15),
Yi+1 and U'i+1 are transformed into the o;,,(Aci+1) plane (shown in Figure 4). The resulting u* and o
(Ac*) are the optimal membership degree and the optimal control variable, respectively.
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EXPERIMENTAL PROCEDURE

Elow of Control Signals

Figure 5 shows the building model and testing device used in the shaking table test and the positions of
the sensors. The actuator was installed between the uppermost floor of the building model and the reaction
frame. This testing system was adopted in order to verify the control logic experimentally, because of its
simplicity. ~ Furthermore, it is confirmed that the simulated uncontrolled response is reproduced
approximately under the uncontrolled condition with the actuator activated as shown in Figure 6. The actual
systems to generate the active control force can be realized by extendedly using several conventional
mechanisms such as active mass damper or tendon system.

Specifications of the Building Model and Control Facilities

The building model is a two-story steel structure consisting of floors and columns (shown in Figure 5).
The natural frequency is 1.312 Hz. The damping ratio is 0.211 % and the spring constant of a column is
0.3685 tf/cm, for cach stories. Table 1 shows the specifications of the model, and Table 2 shows the
specifications of the major components of the vibration control system, namely, sensors, personal
computers, and actuator.

Determination of Test Parameters

The MF was defined as shown in Fig. 3, where the ordinate | is the degree of satisfaction. If u=1,
then both Y and U are at acceptable levels, but they become less acceptable as w approaches zero. In these
experiments, the initial values of o were set at 0.99 to reduce the inertia force due to the input of the initial
earthquake motion.

Input Earthquake Motion
To investigate the effect of seismic control on building response, two past earthquake ground motions
were used in both the shaking table tests and the simulations: 1940 El Centro NS , 1952 Taft EW.

RESULTS AND DISCUSSIONS

Tables 3 and 4 compares the measured and calculated Ym values (the maximum response displacement of the
uppermost floor), where A is the ratio of the measured Ym for the controlled condition to that for the
uncontrolled condition, B is that for the calculated Ym, and C is the ratio of A/B. In Tables 3 and 4, the Ym
is calculated by the model of 2-degrees-of-freedom-system as shown in Egs. (1)-(4).

Tables 3 and 4 show Ym for various MF. In Table 3, the MF for controlling force U is fixed, namely, U;=0,
U,=100 (kgf) in Figure 4(b). The Ym with a Type-1 MF was reduced to a greater degree than that with a
Type-2 and Type-3 MF, even though the response conditions were severe with a Type-1 MF. The
response reduction with a Type-2 MF was less than that with a Type-3 MF. The Type-2 MF has an
interval of u=1, which allows a comparatively large response displacement.

In Table 4, the MF for Y is fixed, namely, Y1=0, Y2=1.5 (¢cm) as shown in Figure 4(a). The Ym with a
Type-3 MF, in which controlling forces were larger comparatively, was reduced to a greater degree than that
with a Type-1 and Type-2 MF.

Comparison between Experiment and Simulation
In Tables 3,4, the tendency that the values of A/B are smaller than or nearly equal to 1.00, shows that the

reducing effect of the results by numerical simulation is equal to or less than that by experiment.



Table 3 Experimental and Simulated Results:Part 1
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NUMERICAL SIMULATION

In this paper, two types of numerical simulations were conducted. One is the simulation for 2-degrees-of-
freedom-system as shown in Equations (1)-(4) (2-deg-simulation), and the other is that for 5-degrees-of-
freedom-system as shown in Figure 7 (5-deg-simulation) and Equation (16). In Figure 7, mg is the mass of
reaction frame and piston of actuator, Py and P is the oil pressure in the cylinder. The difference of the oil
pressure P(=P;-P3), and Qy, (the amount of running oil) are the variables besides y, y2, and yg in the 5-deg-
simulation.

In Figures 8 and 9, the response displacements of uppermost floor or second floor and their fourter
spectra are compared respectively, among (a)experiment, (b)2-deg-simulation and (c)5-deg-simulation, in case
of moderate control condition and severe control condition. In the case of moderate control condition (Figure
8), the results of uppermost floor by the 2-deg-simulation are similar to that of experiment, on the other
hand, the response of second floor is more quantitatively and qualitatively evaluated by the 5-deg-simulation.
In the case of severe control condition (Figure 9), the results of uppermost floor by 5-deg-simulation are
similar to that of experiment, and it seems difficult to evaluate the response of second floor by both methods
of simulation.

CONCLUSIONS

This paper outlined the shaking table tests for an active seismic response control system that uses fuzzy
optimal logic (FOL). The test results confirmed the validity of the vibration control effect of this FOL
control system, and demonstrated that its effectiveness can be increased by modifying the membership
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function. Because seismic response control became ineffective under certain conditions, there is a need for
improvement, such as incorporating the response of the second floor to handle higher mode vibration. These
tests also demonstrated that the results of seismic response control tests can be qualitatively evaluated by a
rather simple method of simulation. On the other hand, under the severe control condition, the test results
of uppermost floor can be evaluated by the simulation for 5-degrees-of-freedom system.
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