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Experimental Study on the Active Control of
a Three-story Building using H,method
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ABSTRACT

For the study of the seismic-response control, it is necessary to use an experimental system with an earthquake simulator
and control devices employing a hydraulic actuator system. However, such system is too expensive to prepare at the
university laboratory. In this research, an economical experimental system is developed which has a small-sized
carthquake simulator and an AMD using AC servo motors.  An accurate mathematical model of the three-degree-of-
freedom test structure with an AMD is developed from the measurement of the input/output relationships of the structure.
This paper demonstrates experimentally the efficacy of the frequency domain optimal control algorithm H, in reducing the

response of seismically excited building to verify the performance of the experimental system.

1. INTRODUCTION

In the area of control of civil structures, it is well-recognized that experimental verification of control strategies is
necessary to focus research efforts in the most promising directions. However, civil structures are too big and massive to
perform the experiment for structural control in a real scale. Consequently, the majority of control studies to date have
been analytical in nature, a substantial number of which have employed models that lacked important features of the

physical problems such as system identification, actuator and sensor dynamics, control-structure interaction, actuator
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saturation effects, output feedback design, limited availability of sensors, digital control implementations, efc.  This paper
focuses the development and verification of economical small-scale experimental system to allow for study of above-
mentioned intrinsic features, which include test structure for system identification, an earthquake simulator, and an active
mass driver (AMD). The test structure is a model of a flexible building with 3 floors and the earthquake simulator and the
AMD are driven by AC servo motors. Of many intrinsic features for structural control, this paper studies mainly system
identification and its verification and output feedback design with H, control algorithm[1], [2], [3].

2. EXPERIMENTAL SYSTEM

Figs. 1 and 2 show the building model with AMD on the earthquake simulator. The motion of small-size earthquake
simulator is controlled by an AC servo motor and the AMD, whose mass is installed on the ball screw, is driven by an AC
servo motor and exerts the inertia control force on the building model.  The motion performance of the earthquake
simulator and AMD is verified and discussed in Min, et al.[2].

The motion of the building model under the earthquake load is measured by the accelerometers attached at each floor
and converted into digital signals by A/D board. The acceleration signals are used to estimate the building’s relative
displacements and velocities by Kalman filter and these state variables are based on the derivation of the optimal feedback
signal into the controller of the AC servo motor of AMD by employing H, algorithm.
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3. SYSTEM MODEL AND IDENTIFICATION

The input/output relationships of the three-degree-of-freedom test structure with an AMD are measured to develop an
accurate mathematical model of the structure. A block diagram of the structural system to be identified is shown in Fig, 3.
The two inputs are the ground excitation X, and the acceleration of the AMD X, relative to the absolute acceleration of
the third story. The four measured output vector y include the absolute accelerations of the three floors of the structure and
the AMD.
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Fig.3 Block diagram of input/output relationships

The system under consideration is a multi-input/multi-output system (MIMO), two inputs and four outputs system.
Thus, a 4x2 transfer function matrix must be identified to describe the characteristics of the system. Because a
construction of MIMO system is not straightforward, two separate systems are considered, each with a single input
corresponding to one of the two inputs to the system([3].

First, the state equation modeling the input/output relationship between the iig and the measured outputs can be

realized as

X; =Ax, +BX,

¢!
y =Cx, +D15ig M

The second state equation modeling the input/output relationship between the relative acceleration of the AMD to the

third floor acceleration and the measured responses are given by

X, =A,X; +Byu,

2
y=C,x, +D,u, @

where u, is the control force of AMD, which is directly related to X, .

Because the transfer function characteristics from the inputs to the building response are dominated by the
dynamics of the three-degree-of-freedom building, the system requires only six states, corresponding to the
three modes of the building. The dynamics of the building are redundantly representéd in the above two state
equations. The model reduction is performed to represent the state space corresponding to the building
dynamics given by
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x=Ax+B X +B,u,

3)

y=Cx+D,x, +D,u_+v

where v represents the measurement noise and A, B,, B,, C, D,, D, are the state space matrices.

To verify the mathematical model obtained experimentally from the system identification, the simulated and
experimental transfer functions are compared.  Figs. 4 and 5 show that the simulated transfer functions matched the
measured transfer functions well.
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Fig4 Comparison of Mathematical Model and Experimental Transfer Function
from the Ground Acceleration to the Third Floor Acceleration
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Fig.5 Comparison of Mathematical Model and Experimental Transfer Function
from the AMD Acceleration to the Third Floor Acceleration

Furthermore, Figs. 6 and 7 show the comparison of experimental and simulated accelerations under base acceleration
and AMD loading in the time domain. In both cases, the experimental and analytical responses matched well, indication
that the simulation model is quite accurate.
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Fig.6 Comparison of Mathematical Model and Experimental Acceleration of the Third Floor from the Ground acceleration
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Fig.7 Comparison of Mathematical Model and Experimental Acceleration of the Third Floor from the AMD Acceleration

4. H, CONTROL DESIGN

Of many contro! strategies, linear quadratic control is widely used as it is easy to implement and analyze [4]. However,
the strategy has the limitation that it needs the real-time measurements of all state variables (i.e., building’s displacements

and velocities), which are difficult to achieve for the building structures under earthquakes. Also, the design of controller

with the strategy is performed in the time domain. While this study has yielded promising results, choosing meaningful
weighting matrices in the performance function of linear quadratic regulator has posed a major difficulty for control

designers. Optimal control design methods which are carried out in the frequency domain have recently been presented in

the control literature and offer attractive features. Two frequency domain methods for control design are H,and H,,

controls. In this paper H, control strategy is used for the control of the building model with an AMD[3]. The H, control
design searches for a stabilizing controller which minimizes /4, norm of a transfer function matrix of the system.

Consider a structural control problem in Fig. 8. The structural system P is excited by disturbance d and has two outputs,
the measured output y and the regulated output z.  The measured output is the result of sensor measurements and is
fedback through the controller K to produce the control force u.

(input excitation) (controlled output)
d z
Structural
System(P)
u y
(control input) (measured output)
Controller(X)

Fig. 8 Basic Structural Control System
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To illustrate this approach, consider the problem of controlling a three story building under earthquake excitation. One
possible block diagram set up for Pis depicted in Fig. 9.
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Fig.9 Control Problem for Structure under Earthquake Excitation

In Fig. 9, A, B, E, C are the matrices which are obtained from the previous system identification and form the state-space
representation of the experimental model. ' The input excitation vector d consists of a white noise excitation vector w and a
measurement noise vector v. The filter F shapes the spectral content of the disturbance modeling the earthquake
excitation with El centro earthquake. The scalar parameter £ is used to express a preference in minimizing the norm of the
transfer function form w to z versus minimizing the norm of the transfer function from v to z.  The matrix weighting
functions a;W, and o,W, are frequency dependent, with o, W, weighting the components of regulated response and W,
weighting the control force vector u. The task here is to design a stabilizing controller so that the norm of the transfer
function from the disturbance d to the regulated output z is minimized.

5. EXPERIMENTAL VERIFICATION

In this section, the control performance of an AMD system is verified with the experimental and analytical study on the
three~story building model using the H, control in reducing the response of seismically excited building. The
accelerometer sensors located on the each floor measure the absolute accelerations, which are fed back to estimate the state
variables by Kalman filter. Earthquake loadings are generated by using the El centro earthquake. - Earthquake loading is
transformed to the command signal to drive the earthquake simulator: The earthquake loading is used as an process noise
and accelerometer noises of each floor as sensor noises to design the Kalman filter. Fig. 10 shows the comparison of the

estimated acceleration and the measured acceleration of the third floor.
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The control input u for the system is the scalar force generated by the AMD.  The regulated outpﬁt consists of the
weighted acceleration of the top floor of the building and the control force, ie., z,=a;,W; X3 and z=u, where ¥ 3 is the
acceleration of the third floor. The frequency dependent weighting function rolls-off at high frequencies to minimize high
frequency control effort that can be deleterious to system performance. The weighting function is chosen to roll-off at
higher frequency than the first three dominant modes of the building,

Experimentally measured responses using the H, control are compared with the uncontrolled responses and the responses
with full-state feedback (ie., displacement and velocity measurements of the structure) in Fig. 11. It shows tha‘t.the
performance of H,controller is verified.
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231-



6. CONCLUSIONS

This paper focuses the development and verification of economical small-scale experimental system including test
structures, an earthquake simulator, and an AMD to allow for study of system identification and its verification and output
feedback design with H,controller. The test structure is a model of a flexible building with three floors. The earthquake
simulator and the AMD are driven by AC servo motors. These experimental systems are economical to prepare at the
university laboratory.  An accurate mathematical model of the three-degree-of-freedom test structure with the AMD is
developed from the measurement of the input/output relationships of the stucture. This paper demonstrates
experimentally the application of the frequency domain optimal control strategy H, in reducing the response of seismically
excited building to verify the performance of the experimental system.
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