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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand and
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement
seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis is on
structures in the eastern and central United States and lifelines throughout the country that are found
in zones of low, moderate, and high seismicity.

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus of
work for years six through ten. Element ill, Demonstration Projects, have been planned to support
Applied Research projects, and will be either case studies or regional studies. Element IV,
Implementation, will result from activity in the four Applied Research projects, and from Demonstra­
tion Projects.

ELEMENT I
BASIC RESEARCH

• Seismic hazard and
ground motion

• Soils and geotechnical
engineering

• Structures and systems

• Risk and reliability

• Protective and intelligent
systems

• Societal and economic
studies

ELEMENT II
APPLIED RESEARCH

• The Building Project

• The Nonstructural
Components Project

• The Lifelines Project

The Highway Project

ELEMENT III
DEMONSTRATION PROJECTS

Case Studies
• Active and hybrid control
• Hospital and data processing

facilities
• Short and medium span bridges
• Water supply systems in

Memphis and San Francisco
Regional Studies

• New York City
• Mississippi Valley
• San Francisco Bay Area

ELEMENT IV
IMPLEMENTATION

• ConferenceslWorkshops
• EducationfTraining courses
• Publications
• Public Awareness
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Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid frames, and
masonry walls or infills. The research involves small- and medium-scale shaketable tests and full-scale
component tests at several institutions. In a parallel effort, analytical models and computer programs
are being developed to aid in the prediction of the response of these buildings to various types of
ground motion.

Two of the short-tenn products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent systems program constitutes one ofthe important areas ofresearch
in the Building Project. Current tasks include the following:

1. Evaluate the perfonnance offull-scale active bracing and active mass dampers already inplace
in tenns ofperfonnance, power requirements, maintenance, reliability and cost.

2. Compare passive and active control strategies in tenns of structural type, degree of
effectiveness, cost and long-tenn reliability.

3. Perfonn fundamental studies ofhybrid control.
4. Develop and test hybrid control systems.

This report details experimental verification ofa class ofactive control strategies basedon absolute
acceleration feedback. Since accelerometers can provide inexpensive and reliable response mea­
surements, control strategies based on these measurements are more practical and more easily
implementable in comparison withfull-state or velocity feedback strategies. The experiments were
performed on a 1/4-scale tendon-controlled test structure using the shaking table facility at the
University at Buffalo. Frequency domain optimal control strategies were employed to achieve the
control objectives. The experimental results reportedfor the various controldesigns indicate that the
acceleration-feedback controllers are robust and they can achieve performance levels comparable
to full-state feedback controllers.
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ABSTRACT

Most of the current active structural control strategies for aseismic protection have

been based on either full-state feedback (i.e., structural displacements and velocities) or

velocity feedback. However, accurate measurement of the displacements and velocities

is difficult to achieve directly, particularly during seismic activity, since the foundation

of the structure is moving with the ground. Because accelerometers can readily provide

reliable and inexpensive measurements of the structural accelerations at strategic points on

the structure, development of control methods based on acceleration feedback is an ideal

solution to this problem. The purpose of this report is to demonstrate experimentally that

stochastic control methods based on absolute acceleration measurements are viable and

robust, and that they can achieve performance levels comparable to full-state feedback

controllers.
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SECTION 1

INTRODUCTION

Recent trends toward building taller, more flexible structures have resulted in designs which

are more vulnerable to severe dynamic loadings such as strong winds and earthquakes. At some

point it may no longer be prudent to rely entirely on the strength of the structure and its ability to

dissipate energy to withstand these extreme loads. Active control strategies for structural system~

have been developed as one means by which to minimize the effects of these environmental loads

(see Soong, 1990; Housner and Masri, 1990, 1993).

Most of the current active s~ctural control strategies for aseismic protection have been

based either on full-state feedback (i.e., displacement and velocity measurements of the structure)

or velocity feedback. Because displacements and velocities are not absolute, but dependent upon

the inertial reference frame in which they are taken, their direct measurement at arbitrary loca­

tions on large-scale structures is difficult to achieve. Moreover, the ground and the foundation to

which the structure is attached are moving during an earthquake, making control algorithms that

are dependent on direct measurement of structural displacements and velocities impracticable. Al­

ternatively, accelerometers can provide inexpensive and reliable measurements of the accelera­

tions at strategic points on the structure, making the use of absolute structural acceleration

measurements for determination of the control force an ideal way to avoid this problem.

In this report, the acceleration feedback control strategies previously developed by Spencer,

et al. (1991, 1994a) for seismically excited structures are experimentally verified on a 1:4 scale,

tendon-controlled, three-story, test structure at the National Center for Earthquake Engineering

Research, SUNY-Buffalo. The system identification procedure employed to develop the mathe­

matical models used in the control design is discussed herein, with particular emphasis placed on

the incorporation of control-structure interaction effects. The resulting model is provided in the

Appendix. Frequency domain optimal control strategies are employed to achieve the control ob­

jectives. A description of the hardware and software employed for the controller implementation

is provided, including a discussion of the supervisory features designed to monitor operation of
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the control system. The experimental results reported for the various control designs indicate that

the controllers are robust and that full-state feedback performance can be effectively recovered

using acceleration feedback control strategies.
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SECTION 2

EXPERIMENTAL SETUP

Experimental verification of the acceleration feedback control strategies was performed on

the 12 ft. x 12 f1. earthquake simulator at the National Center for Earthquake Engineering Re­

search at SUNY-Buffalo. The test structure was the 1:4 scale model of a three-story building pre­

viously used by Chung, et. ai. (1989) in state feedback experiments. The structural system

consisted of the test structure, a hydraulic control actuator and a tendon/pulley system, as shown

in Figures 2.1 and 2.2. The test structure had a weight of 6,250 Ibs., distributed evenly among the

three floors, and was 100 in. in height.

The hydraulic control actuator, four pretensioned tendons, and a stiff frame connecting the

actuator to the cables were provided to apply control forces to the test structure. The four diagonal

tendons transmitted the force from the control actuator to the first floor of the structure, and the

steel frame connected the actuator to the tendons. Because hydraulic actuators are inherently

open-loop unstable, a feedback control system was employed to stabilize the control actuator and

improve its performance. This feedback signal included a combination of the position, velocity

and pressure measurements. For this actuator, an LVDT (linear variable differential transformer),

rigidly mounted to the piston, provided the displacement measurement, which was the primary

feedback signal. This measurement was also sent through an analog differentiator to determine

the velocity measurement, and a pressure transducer across the actuator piston provided the pres­

sure measurement.

The structure was fully instrumented to provide for a complete record of the motions under­

gone by the structure during testing. Accelerometers positioned on each floor of the structure

measured the absolute accelerations of the model, and an accelerometer located on the base mea­

sured the ground excitation, as shown in Fig. 2.1. The displacement of the actuator was measured

using the LVDT mentioned above. Additional measurements were taken to evaluate the perfor­

mance of the control system. Force transducers were located on each of the four tendons and their

individual outputs were combined to determine the total force applied to the structure. Displace-
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ment transducers on the base and on each floor were attached to a fixed frame (i.e., not attached to

the earthquake simulator) as shown in Fig. 2.1 to measure the absolute displacement of the struc­

ture and of the base. The relative displacements were determined by subtracting the base displace­

ment from the absolute displacement of each floor.

Note that only acceleration measurements and the displacement of the actuator were em­

ployed in the control algorithms presented herein (see Fig. 2.1).

Implementation of the discrete controller was performed using the Spectrum Signal Process­

ing Real-Time Digital Signal Processor (DSP) System. It is configured on a board that plugs into

a 16-bit slot in a PC's expansion bus and features a Texas Instruments TMS320C30 Digital Signal

Processor chip, RAM memory and on board AID and D/A systems. An expansion I/O daughter

board, which connects directly to the DSP board, provides an additional four channels of input

and two channels of output. Thus, the computer controller employed herein can accommodate up

to 6 inputs and 4 outputs. Additional daughter cards may be added to expand the system's I/O ca­

pabilities. With the high computation rates of the DSP chip and the extremely fast sampling and

output capability of the associated I/O system, high overall sampling rates are achieved for the

digital control system. Further discussion of the control implementation is provided in Spencer, et

al., 1994b; Quast, et al., 1994 and in Section 5.
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SECTION 3

SYSTEM IDENTIFICATION AND VALIDATION

One of the most important and challenging components of control design is the development

of an accurate mathematical model of the structural system. There are several methods by which

to accomplish this task. One approach is to analytically derive the system input/output character­

istics by physically modeling the plant. Often this technique results in complex models that do not

correlate well with the observed response of the physical system.

An alternative approach to developing the necessary dynamical model of the structural sys­

tem is to measure the input/output relationships of the system and construct a mathematical model

that can replicate this behavior. This approach is termed system identification in the control sys­

tems literature. The steps in this process are as follows: (i) collect high-quality input/output data

(the quality of the model is tightly linked to the quality of the data on which it is based), (ii) com­

pute the best model within the class of systems considered, and (iii) evaluate the adequacy of the

model's properties.

System identification techniques fall into two categories: time domain and frequency do­

main. Time domain techniques such as the recursive least squares (RLS) system identification

method (Friedlander, 1982) are superior when limited measurement time is available. Frequency

domain techniques are generally preferred when significant noise is present in the measurements

and the system is assumed to be linear and time invariant.

In the frequency domain approach to system identification, the first step is to experimentally

determine the transfer functions (also termed frequency response functions) from each of the sys­

tem inputs to each of the outputs. Subsequently, each of the experimental transfer functions is

modeled as a ratio of two polynomials in the Laplace variable s and then used to determine a state

space representation for the structural system. The frequency domain system identification ap­

proach will be employed herein for the development of a mathematical model of the structural

system.
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A block diagram of the structural system to be identified (i.e., in Figs. 2.1 and 2.2) is shown

in Fig. 3.1. The two inputs are the ground excitation xg and the command signal to the actuator u.

The four measured system outputs include the actuator displacement xa and the absolute acceler­

ations, xaI' Xa2' Xa3' of the three floors of the test structure. Thus, a 4 x 2 transfer function ma­

trix (i. e., eight input/output relations) must be identified to describe the characteristics of the

system in Fig. 3.1.

3.1 Experimental Determination of Transfer Functions

Methods for experimental determination of transfer functions break down into two funda-

mental types: (i) swept-sine, and (ii) the broadband approaches using fast Fourier transforms

(FIT). While both methods can produce accurate transfer function estimates, the swept-sine ap-

proach is rather time consuming, because it analyzes the system one frequency at a time.

The second approach estimates the transfer function simultaneously over a band of frequen-

cies. The first step in the frequency domain approach is to independently excite each of the sys-

tern inputs over the frequency range of interest. Exciting the system at frequencies outside this

range is typically counter-productive; thus, the excitation should be band-limited (e.g., pseudo-

random, chirps, etc.). Assuming the two continuous signals (input, u, and output, y) are stationary,

the transfer function is determined by dividing the cross-spectral density of the two signals by the

autospectral density of the input signal (Bendat and Piersol, 1980) as in

u

....
Structural ..-

System --- -

(3.1)

Figure 3.1 System Identification Block Diagram.
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Experimental transfer functions are determined in a discrete sense. The continuous time records

of the specified system input and the resulting responses are sampled at N discrete time intervals

using an ND converter, yielding the finite duration, discrete-time representations of each signal,

u (nD and y (nD , where T is the sampling period and n = 0, 1... N is an integer representing

the discrete time variable. A periodic representation of this signal (with period NT) is then

formed as

00

up (n D = L u (n T + rND .
r =-00

(3.2)

An N-point FFT is performed on the periodic discrete-time signal to compute the discrete Fourier

transform given by

N-I

U Ukfl) = L up (nD W-nk
,

n=O
k=O, ... ,N-l, (3.3)

where W = e27Tj
/

N
, n = w/N, and Ws is the sampling frequency (Antoniou, 1993). The dis­

crete form of the autospectral density of each input signal and of the cross-spectral density of each

pair of input and output signals are then determined by

Suu (kfl) = cc.t Ukfl) UUkfl) (3.4)

(3.5)

where c is a normalization constant defined as c = T/ N, and '*' indicates the complex conju-

gate. For the discrete case, Eq. (3.1) can be written as

Suy (kfl)

Suu (kfl) .
(3.6)

This discrete frequency transfer function can be thought of as a frequency sampled version of the

continuous transfer function in Eq. (3.1).

3-3



In practice, one collection of samples of length N does not produce very accurate results. Bet-

ter results are obtained by averaging the spectral densities of a number of collections of samples

of the same length (Bendat and Piersol, 1980). Given that the number of collections of samples is

M, the equations corresponding to (3.4) through (3.6) are

M
~ "Si (kO)M L llll

i= 1

1 M i
M L SIlY (kO)

i= I

511y (kO)
=

SIlU (kO)

(3.7)

(3.8)

(3.9)

where Si denotes the spectral density of the ith collection of samples and the overbar represents

the ensemble average.

The quality of the resulting transfer functions is heavily dependent upon the specific manner

in which the data are obtained and the subsequent processing. Three important phenomena associ-

ated with data acquisition and digital signal processing are aliasing, quantization error, and spec-

tralleakage.

Aliasing

One way of eperimentally determining the frequency domain representation of a continuous

signal is to sample the signal at discrete time intervals and perform an FFT on the resulting sam-

pIes. According to Nyquist sampling theory, the sampling rate must be at least twice the largest

significant frequency component present in the signal to obtain an accurate discrete representation

of the signal (Bergland, 1969). If this condition is not satisfied, the frequency components above

the Nyquist frequency (fc = 1/ (2T) , where T is the sampling period) are aliased to lower fre-

quencies.
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In reality, no signal is ideally bandlimited, and a certain amount of aliasing will occur in the

sampling of any physical signal. To reduce the effect of this phenomenon, analog lowpass filters

can be introduced prior to sampling to attenuate the high frequency components of the signal that

would be aliased to lower frequencies. Since a transfer function is the ratio of the frequency do­

main representations of an output signal of a system to an input signal, it is important to use anti­

aliasing filters with identical phase and amplitude characteristics for measuring both signals. Such

phase/amplitude matched filters prevent incorrect information due to the filtering process from

being present in the resulting transfer functions.

Quantization Error

Another effect which must be considered when measuring signals digitally is quantization er­

ror. An ND converter can be viewed as being composed of a sampler and a quantizer. In sam­

pling a continuous signal, the quantizer must truncate, or round, the value of the continuous signal

to a digital representation in terms of a finite number of bits. The difference between the actual

value of the signal and the quantized value is considered to be a noise which increases uncertainty

in the resulting transfer functions. To minimize the effect of this noise, the truncated portion of

the signal should be small relative to the actual signal. Thus, the maximum value of the signal

should be as close as possible to, but not exceed, the full scale voltage of the AID converter. If the

maximum amplitude of the signal is known, an input amplifier can be incorporated before the N

D converter to accomplish this and thus reduce the effect of quantization. Once the signal is pro­

cessed by the AID system, it can be divided numerically in the data analysis program by the same

ratio that it was amplified by at the input to the AID converter to restore the original scale of the

signal.

Spectral Leakage

To determine the frequency domain characteristics of a signal, a finite number of samples is

acquired and an FFf is performed. This process introduces a phenomenon associated with Fourier

analysis known as spectral leakage (Bergland, 1969; Harris, 1978). There are two approaches to
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explain the source of spectral leakage. To describe the first, more intuitive approach, notice from

Eq. (3.3) that the discrete Fourier transform is defined only at frequencies which are integer mul­

tiples of w/ N. If the signal contains frequencies which are not exactly on these spectral lines, the

periodic representation of the signal in Eq. (3.2) will have discontinuities and the frequency do­

main representation of the signal is distorted. In the second description of spectral leakage, the fi­

nite duration discrete signal is considered be an infinite duration signal which has been multiplied

by a rectangular window. This multiplication in the time domain is equivalent to a convolution of

the frequency domain representations of the signal and the rectangular window. The Fourier

transform of the rectangular window has a magnitude described by the function Sinc (jn (where

Sinc (jT) = Sin (7TjT) / (11fT) ). The result of this convolution is a distorted version of the

Fourier transform of the original infinite signal.

A technique known as windowing is applied to minimize the amount of distortion due to

spectral leakage. The sampled finite duration signal is multiplied by a function before the FFT is

performed. This function, or window, is chosen with certain frequency domain characteristics to

reduce the amount of distortion in the frequency domain.

A Tektronix 2630 Fourier Analyzer was used to determine the eight experimental transfer

functions for the system shown in Fig. 3.1. This instrument greatly simplifies the tasks of obtain­

ing and processing experimental data. Both analog and digital anti-aliasing filters are included in

this instrument and adjustable input amplifiers for the AID converters are provided to minimize

the errors due to quantization. Various windowing options are available, including a Hanning

window, which is recommended when a broadband excitation is used. Accurate experimental data

are easily obtained if these features are understood and used properly.

The transfer functions from the ground acceleration to each of the measured responses were

obtained by exciting the structure with a band-limited white noise ground acceleration (0-50 Hz)

with the actuator and tendons in place and the actuator command set to zero. Similarly, the exper­

imental transfer functions from the actuator command signal to each of the measured outputs
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were determined by applying a bandlimited white noise (0-50 Hz) to the actuator command while

the ground was held fixed.

Figures 3.2-3.4 show representative magnitude and phase plots for the experimentally deter-

mined transfer functions. All transfer functions were obtained using twenty averages. Figure 3.2

presents the transfer function from the ground acceleration i g to the first floor acceleration xa 1

(with the input to the control actuator set to zero). Note the three distinct, lightly-damped modes

occurring in each of the transfer functions. These peaks occur at 2.33 Hz, 7.37 Hz, and 12.24 Hz

and correspond to the first three modes of the structural system. Similarly, the experimental trans-

fer function from the control command u to the first floor acceleration xa 1 (setting the input to the

earthquake simulator to zero) is depicted in Fig. 3.3. Note the significant high frequency dynam-

ics present; the magnitude of the transfer function at 40 Hz is as great as that corresponding to the

building's primary modes. Clearly, these dynamic effects must be considered in the control de-

sign.
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Figure 3.4 shows the transfer function from the actuator command u to the actuator displace-

ment xa (i.e., the actuator transfer function). As expected, this transfer function has the same three

lightly damped modes of the structural system that are seen in Figs. 3.2 and 3.3. In addition, there

are significant modes at high frequencies that correspond to actuator dynamics. These actuator

dynamics are the primary source of the high frequency dynamics seen in the transfer functions in

Figs. 3.2 and 3.3. If the gain on the stabilization loop of the hydraulic actuator is reduced, these

high frequency dynamics are greatly reduced, although at the expense of a more slowly respond-

ing actuator. To observe this effect, the actuator transfer function was experimentally determined

for two different feedback gains. The two transfer functions are compared in Fig. 3.5. Notice that

reducing the feedback gain causes the actuator transfer function to roll off at a lower frequency

and the actuator dynamics to be highly damped.
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Figure 3.3 Transfer Function from Actuator Command to First
Floor Acceleration.
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3.2 Mathematical Modeling of Transfer Functions

Once the experimental transfer functions have been obtained, the next step in the system

identification procedure is to model the transfer functions as a ratio of two polynomials in the

Laplace variable s. This task was accomplished via a least squares fit of the ratio of numerator and

denominator polynomials, evaluated on the j w axis, to the experimentally obtained transfer func-

tions (Schoukens and Pintelon, 1991). The algorithm requires the user to input the number of

poles and zeros to use in estimating the transfer function, and then determines the location for the

poles/zeros and the gain of the transfer function for a best fit. This algorithm was used to fit each

of the eight transfer functions.

To effectively identify a structural model, a thorough understanding of the significant dy-

namics of the structural system is required. For example, because the transfer functions represent

the input/output relationships for a single physical system, a common denominator was assumed

for the elements of each column of the transfer function matrix. The curve fitting routine, howev-
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Figure 3.4 Transfer Function from Actuator Command to
Actuator Displacement.
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er, does not necessarily yield this result. Thus, the final locations of the poles and zeros were then

adjusted as necessary to more accurately represent the physical system. A MATLAB (1993) com-

puter code was written to automate this process.

Another important phenomenon that should be consistently incorporated into the identifica-

tion process is control-structure interaction. Most of the current research in the field of structural

control does not explicitly take into account the effects of control-structure interaction in the anal-

ysis and design of protective systems. Dyke, et al. (1993, 1994) have shown that the dynamics of

the hydraulic actuators are integrally linked to the dynamics of the structure. By including the ac-

tuatar in the structural system, the actuator dynamics and control-structure interaction effects are

automatically taken into account in the experimental data. However, one must ensure that the ef-

fects of control-structure interaction are not neglected in obtaining a mathematical model of the

experimental transfer functions.
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Figure 3.5 Comparison of Actuator Transfer Functions for Various
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For the system under consideration, the results in Dyke, et al. (1993, 1994) show that the

poles of the structure (including the active tendons) will appear as zeros ofthe transfer function

from the command input to the actuator displacement. This phenomenon occurs regardless of

how fast (or slow) the actuator responds. The predicted behavior is clearly seen in Fig. 3.4, where

there is nearly a pole/zero cancellation at the first three modes of the structural system. These ze­

ros correspond to the poles of the transfer function from the actuator displacement to the building

responses. The near cancellation of these poles and zeros occurs because the tendons applying the

control force to the structure are relatively flexible, as compared to the building stiffness. If one

did not anticipate the effect of control-structure interaction, the transfer function for the actuator

shown in Fig. 3.4 might have been assumed to be unity over the interval from 0-20 Hz. In addi­

tion, the mass of the frame connecting the tendons to the actuator is not negligible and has a sig­

nificant effect on the dynamics of the system. The frame must be viewed as an additional degree­

of-freedom in the system. This extra degree-of-freedom was implicitly incorporated into the sys­

tem model.

Of course, the structural system is actually a continuous system and will have an infinite

number of vibrational modes. One of the jobs of the control designer is to ascertain which of these

modes are necessary to model for control purposes. Herein, it was decided that the control of the

first three modes was desired; thus the model of the system needed to be accurate to approximate­

ly 20 Hz. However, a consequence of this decision is that significant control effort should not be

applied at frequencies above 20 Hz. The techniques used to roll-off the control effort at higher

frequencies are presented in Section 4.

The mathematical models of the transfer functions are overlaid in Figs. 3.2-3.4. The identi­

fied poles of the structural system are: - 0.005 ±2.33j, - 0.030 ±7.37j, - 0.050 ± 12.24j,

- 2.01 ± 39.22j, - 3.03 ± 43.26j, and -140 (in Hz). The quality of the mathematical models for

the remaining transfer functions was similar to that depicted in Figs. 3.2-3.4.
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3.3 State Space Realization

The system was then assembled in a state space form using the analytical representation of

the transfer functions (i.e., the poles, zeros and gain) for each individual transfer function. Be-

cause the system under consideration is a multi-input/multi-output system (MIMO), such a con-

struction was not straightforward.

First, two separate systems are formed, each with a single input corresponding to one of the

two inputs to the system. The state equations modeling the input/output relationship between the

disturbance, xg' and the measured outputs can be realized as

XI =A1x 1+B1xg ,

Y = C1x I + D1xg ,
(3.10)

where AI' B 1' C 1' and D 1 are in controller canonical form, x 1 is the state vector, and the vector

of measured structural responses is given by y = [xa xal xa2 xa3 ]'. Because the transfer

function characteristics from the ground to the building response were dominated by the dynam-

ics of the building (see Fig. 3.2), the system in Eq. (3.10) required only six states, corresponding

to the three modes of the building, to accurately model the experimental transfer function over the

frequency range or interest.

The second state equations, modeling the input/output relationship between the actuator com-

mand u and the responses y are given by

X2 =A 2x2 + B2u,

Y = C2x 2 + D2u.
(3.11)

where A2 , B 2 , C 2 , and D2 are in controller canonical form, and x2 is the state vector. This sys­

tem contains eleven states corresponding to the eleven poles identified in the previous section.

Once both of the component system state equations have been identified, the MIMO system

can be formed by stacking the states of the two individual systems. By defining a new state vec­

tor, x = [Xl X2] I, the state equation for the two-input/four-output system is written
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(3.12)

and the measurement equation becomes

(3.13)

However, this is not a minimum realization of the system. The dynamics of the test structure itself

are redundantly represented in this combined state space system, thus the 17 state system given in

Eqs. 3.12 and 3.13 had repeated eigenvalues for which the eigenvectors were not linearly inde-

pendent (Le., the associated modes are not linearly independent). Thus, a balanced realization of

the system given in Eqs. (3.12) and (3.13) was found and a model reduction was performed

(Moore, 1981; Laub, 1980). The system model was reduced to a tenth-order system. Six of the

eliminated states corresponded to the six redundant states corresponding to the building dynam-

ics. The additional state that was eliminated corresponded to the very fast pole at 140 Hz found in

the original system identification. The state space representation of the reduced model is given by

x, = Ax, + Bu + Rxg ,

y = Cyx,+Dyu+v,
(3.14)

where v represents the measurement noise. The state space matrices A, B, Cy ' D y and E which

define the reduced-order model from Eq. 3.14 are provided in the Appendix. To simplify imple-

mentation of the controller, the model has been determined in units of VoltsNolt.

3.4 Verification of Mathematical Model

To ensure that information was not lost in the model reduction, the transfer functions of the

reduced order system were compared to the transfer functions of the original model. All of the

eight input/output relationships matched the original model well. A representative comparison of

the reduced order model and the original model is shown in Figs. 3.6 (transfer function from actu-

ator command to the first floor absolute acceleration) and 3.7 (transfer function from ground ac-
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celeration to the first floor absolute acceleration). The two functions are almost indiscernible,

indicating that little information was lost in the model reduction. The model given in Eg. (3.14)

was used as a basis for the control designs discussed in the next section. All of the experimental

transfer functions are compared to the reduced order model in Figs. 3.8 through 3.15.

Remark: Many researchers studying active control of civil engineering structures have partially

accounted for the dynamics of the actuator by modeling them as a pure time delay. A phase-com­

pensation approach has been successfully applied, with reasonable results being achieved for the

state feedback situation. However, this approach does not account for control-structure interaction

and does not appear to be tractable in output feedback situations. More importantly, examination

of Fig. 3.4 clearly shows that the actuator dynamics do not result in a pure time delay in the sys­

tem. In contrast, the system identification procedure outlined in this section systematically ac­

counts for the dynamics of the actuator and the effect of control-structure interaction. As

demonstrated herein, the ten-state model well represents the behavior of the actuator/structural

system.
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SECTION 4

CONTROL DESIGN

In control design, a trade-off exists between good performance and robust stability. Better

performance usually requires a more authoritative controller. However, uncertainties in the sys-

tern model may result in severely degraded performance and perhaps even instabilities if the con-

troller is too authoritative. Therefore, the uncertainties in the model are a limiting factor in the

performance of the control system. Spencer, et al. (1994c) have shown that H2fLQG design meth-

ods produce effective controllers for this class of problems. For the sake of completeness, a brief

overview of H 2 fLQG control design methods is given below.

4.1 Control Algorithm

Consider the general block diagram description of the control problem given in Fig. 4.1. Here

y is the measured output vector of structural responses, z is the vector of structural responses

which we desire to control, D is the control input vector, and d is the input excitation vector. For

this experiment the measured output vector y includes the actuator displacement and the accelera-

tions of the three floors of the test structure. The regulated output vector z may consist of any lin-

ear combination of the states of the system and components of the control input vector D, thus

allowing a broad range of control design objectives to be formulated through appropriate choice

d z
Structural

System (P)
D Y

Controller (K)

Figure 4.1 Basic Structural Control Block Diagram.
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of elements of z. Weighting functions, or specifications, can be added to elements of z to specify

the frequency range over which each element of z is minimized. The "structural system" in Fig.

4.1 then contains the test structure, actuator, tendons and connecting frame, plus filters and

weighting functions in the frequency domain. The task here is to design the controller K such that

it stabilizes the system and, within the class of all controllers which do so, minimizes the H 2

norm of the transfer function matrix H Zd from d to z. Alternatively, this norm may be specified to

satisfy certain bounds.

More specifically, denote by 'J{ s the set of controllers K, as in Fig. 4.1, which internally sta-

bilizes the resulting closed-loop feedback system of the figure and whose transfer function matri-

ces are proper. Then, for a suitably chosen matrix norm II ·11, the problem is

(4.1)

To obtain the transfer function Hzd ' we refer to Fig. 4.1 and partition the system transfer function

matrix P into its components, Le.,

(4.2)

The overall transfer function from d to z can then be written as (Suhardjo, 1990),

(4.3)

As with K, it is assumed that P in Eq. (4.2) is proper. The reader should also note that the inverse

in Eq. (4.3) must exist. For simplicity, this latter requirement may be included in the definition of

'J{ s' Because P may include appropriate filters and weighting functions in the frequency domain,

as described above, it is clear that HZd will embody them as well.

The controller resulting from Eqs. (4.1) and (4.3) will depend upon the norm employed in the

minimization. As suggested by the name, the H 2 control design searches for a stabilizing control-
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ler which minimizes the H2 norm of H zd ' II H zd 11 2 · The H2 norm of a stable transfer function ma­

trix H is defined as (Boyd and Barratt, 1991)

II HI1 2 == trace {2
1
1T fH 0 w) H* 0w) dw} .

-00

(4.4)

More physical insight into the meaning of the H 2 norm can be obtained by noting that the H 2

norm of a transfer function measures the root mean square (rms) value of its output, in a vector

sense, when the input is a unit white noise excitation vector. The nns output vector is defined by

IIdll rms

lIT
= ~ lim -2 f d

T
(t) d (t) dt

T~OO 7
-T

(4.5)

where for ease of notation, the symbol d is used for both the time function and its transform.

When d (t) is an ergodic stochastic process, Eq. (4.5) can also be written as

(4.6)

where E [ .] is the expected value operator.

To illustrate these concepts, consider a structure under one-dimensional earthquake excita-

tion xg and active control input u. The structural system, which includes the structure, the actua­

tor and any components required to apply the control force, can be represented in state space form

as

x = AX+Bu+Exg

4-3
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where x is the state vector of the system, y is the vector of measured responses, and v represents

the noise in the measurements. A detailed block diagram representation of the system given in

Eqs. (4.7) and (4.8) is depicted in Fig. 4.2. In this figure, the transfer function G is given by

(4.9)

The filter F shapes the spectral content of the disturbance modeling the excitation, Cy and Cz are

constant matrices that dictate the components of structural response comprising the measured out-

put vector y and the regulated response vector z, respectively. The matrix weighting functions

Q'l W 1 and Q'z W z are generally frequency dependent, with Q'1 W I weighting the components of

regulated response and Q'zW 2 weighting the control force vector u. The input excitation vector d

consists of a white noise excitation vector wand a measurement noise vector v. The scalar param-

eter k is used to express a preference in minimizing the norm of the transfer function from w to Z

versus minimizing the norm of the transfer function from v to z. For this block diagram represen-

tation, the partitioned elements of the system transfer function matrix P in Eq. (4.2) are given by

f----.< }-----r--+y,

: +,,,,,
,---------------------------------------------------------- ..

v-~---,

u

d

r----------------------------------------------------- ----.:P,,,,,
w--.",

K

Figure 4.2 Typical structural control block for a
seismically excited structure.
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Pp71~ = [k'" W C G F:2J ~I 1
0

z 2 (4.10)

and

Pzu (4.11)

(4.12)

(4.13)

Equations (4.10)-(4.13) can then be substituted into Eq. (4.3) to yield an explicit expression for

HZd ' The solution of the Hz control problem can now be solved via standard methods (ef, Su­

hardjo, 1990; Spencer, et ai., 1994a).

4.2 Design Considerations and Procedure

To offer a basis for comparison, 21 candidate controllers were designed using Hz/LQG con-

trol design techniques, each employing a different performance objective. Designs which mini-

mize either displacements relative to the foundation, interstory displacements or absolute

accelerations of the structure were considered. Control designs were also considered which direct-

ly used the measured earthquake accelerations in control action determination. In this case, the

matrix in Eq. (4.13) included an additional term due to the measurement of the disturbance. In all

of the controller designs considered, the weighting function on the regulated output, a l WI' and

the weighting function on the control force, azW Z' were constant matrices (i.e., independent of

frequency). The earthquake filter F was modeled based on the Kanai-Tajimi spectrum. The per-

formance of all of the candidate controllers was evaluated analytically and experimentally.

In Section 3, we indicated that the model on which the control designs were based was ac-

ceptably accurate below 20 Hz, but that significant modeling errors occurred at higher frequen-
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cies, particularly near the dominant actuator dynamics (-40 Hz). If one tries to affect high

authority control at frequencies where the system model is poor, catastrophic results may occur.

Thus, for the structural system under consideration, no significant control effort was allowed

above 20 Hz.

The loop gain transfer function was examined in assessing the various control designs. Here,

the loop gain transfer function is defined as the transfer function of the system formed by break-

ing the control loop at the input to the system, as shown in Fig. 4.3. Using the plant transfer func-

tion given in Eq. (4.12), the loop gain transfer function is given as

H = KP = K (C G + D )loop yu y 1 y (4.14)

By "connecting" the measured outputs of the analytical system model to the inputs of the mathe-

matical representation of the controller, the loop gain transfer function from the actuator com-

mand input to the controller command output was calculated.

The loop gain transfer function was used to provide an indication of the closed-loop stability

when the controller is implemented on the physical system. For stability purposes, the loop gain

should be less than one at the higher frequencies where the model poorly represents the structural

system (i. e., above 20 Hz). Thus, the magnitude of the loop gain transfer function should roll off

Loop Gain

Loop Gain 0

d
Structural y

Input System (P)
u

utput

u
Controller (K)

Figure 4.3 Diagram Describing the Loop Gain Transfer Function.
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steadily and be well below unity at higher frequencies. Herein, a control design was considered to

be acceptable for implementation if the magnitude of the loop gain at high frequencies was less

than -5 dB at frequencies greater than 20 Hz.
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SECTIO~ 5

CONTROL IMPLEMENTATION

The controllers used in this experiment were implemented on digital computers. There are

many issues that must be understood and addressed to successfully implement a control design on

a computer. The resolution of these issues typically dictates that relatively high sampling rates

need to be attained. Recently developed hardware based on dedicated DSP chips allows for very

high sampling rates and offers new possibilities for control algorithm implementation.

A description of the digital control hardware used in this experiment is discussed below.

Practical aspects of digital control implementation are also given. Further discussion of imple­

mentation concepts is provided in Spencer, et ai. (1994b) and Quast, et ai. (1994). Finally, exper­

imental verification of successful digital implementation of the controllers used is presented.

5.1 Digital Controller Hardware

One typical way in which digital control schemes were implemented in the past was through

the use of data acquisition boards in the expansion bus of a personal computer (PC). In this con­

figuration, the data acquisition board would be programmed or commanded to take samples of

system measured quantities at regular intervals. When available, the samples of the measured

quantities would be passed to the PC's main CPU through the I/O space of the Pc. The PC would

then perform the arithmetic calculations required for implementation of the digital filter and for­

ward the results through the I/O space to the D/A devices for output conversion. These continu­

ous-time signals would then be used as the control inputs to the plant.

This configuration has many drawbacks. The time required to perform all of the AID and D/

A operations and pass these quantities over the I/O space of the PC, as well as perform the control

algorithm computations on the PC, may require undesirably large sampling periods and induce

unacceptable time delays. Also, with such an equipment configuration, it is difficult to create a

scheme which allows the operator to monitor and interact with the controller while the PC is en­

gaged in performing the control computations.
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A more powerful arrangement for implementation of a digital control system is realizable

through the use of one of many different DSP boards available that are placed in the expansion

bus of a personal computer. State of the art DSP chips allow for very fast computational speeds

as well as dedicated processing. The DSP boards have AID and D/A converters locally on the

board which reduces the delay involved in the transmission of signals between the processor and

the VO devices. Further, such configurations enable the control and monitoring of the DSP board

by the PC in a supervisory control scheme.

The control system employed in this experiment utilized the Real-Time Digital Signal Pro­

cessor System made by Spectrum Signal Processing, Inc. It is configured on a board that plugs

into a 16-bit slot in a PC's expansion bus and features a Texas Instruments TMS320C30 Digital

Signal Processor chip, RAM memory and on board AID and D/A systems. The TMS320C30 DSP

chip has single-cycle instructions, a 33.3 MHz clock, a 60 ns instruction cycle and can achieve a

nominal performance of 16.7 MFLOPS. A special feature of the chip that allows a floating point

multiplier and adder to be used in parallel yields a theoretical peak performance of 33.3

MFLOPS. Moreover, this board has a number of built-in functions that make it ideal for control

applications. For example, there are notch filters to cancel mechanical resonances, adaptive Kal­

man filter algorithms to reduce sensor noise, vector control algorithms for real-time axis transfor­

mation and fuzzy set control algorithms.

In addition, the on-board AID system has two channels, each with 16 bit precision and a max­

imum sampling rate of 200 kHz. The two D/A channels, also with 16 bit precision, allow for even

greater output rates so as not to be limiting. An expansion va daughter board, which connects di­

rectly to the DSP board, provides an additional four channels of input and two channels of output

capability, each with 12 bit precision. All four input channels share the same conversion device,

which is the limiting factor for the board's sampling rate. The maximum sampling rate for the

daughter board is 200 kHz for one channel and proportionally less for multiple channels, with a

rate of 50 kHz per channel if all four channels are used. The maximum rate for each of the two

daughter board output channels is 300k samples/second. Additional daughter cards may be added
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to the system to further expand the system's va capabilities. Clearly, with the high computation

rates of the DSP chip and the extremely fast sampling and output capability of the associated va

system, high overall sampling rates for the digital control system are achievable.

As mentioned previously, the board plugs into a 16 bit expansion slot in a PC, which allows

for communication between the DSP board and the PC through the va space of the Pc. The PC is

used to download the control code to the DSP board through this I/O interface. Further, while the

DSP board runs the control algorithm, a supervisory program running on the PC can monitor the

performance of the control system, monitor and display measured quantities, and allow the opera­

tor to send commands to the DSP board, starting and stopping the controller or changing control

parameters. This configuration allows for a very powerful and flexible implementation of a digital

control system for structural control.

5.2 Digital Control System Design

The method of "emulation" was used for the design of the discrete-time controller (Quast, et.

a/., 1994). Using this technique, a continuous-time controller was first designed which produced

satisfactory control performance. The continuous-time controller was then approximated or 'emu­

lated' with a discrete-time equivalent digital filter using the bilinear transformation. This configu­

ration is illustrated in Figure 5.1. The controller samples the measured outputs of the plant and

passes the samples through a digital filter implemented on the DSP board. The output of the digi­

tal filter was then passed through a hold device to create a continuous-time signal which became

the control input to the plant. The series combination of sampler, digital filter and hold emulated

the operation of a continuous-time controller. Typically, with the use of emulation, if the sam­

pling rate of the digital controller is greater than about 10-25 times the closed-loop system band­

width, the discrete equivalent system will adequately represent the behavior of the emulated

continuous-time system over the frequency range of interest. This sampling rate was successfully

achieved by the DSP system used in this experiment.
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Figure 5.1 Digital Control System Design Using Emulation.

5.3 Digital Control Implementation Issues

Once a filter was designed for use in the digital control system, it was implemented on a DSP

system using state space form:

x(kT+D = Ax(kD +By(kD

u (kT) = Cx (kT) + Dy (kT)

(5.l)

(5.2)

where y represents the vector of measurement sampled inputs to the controller and u represents

the vector of outputs of the digital filter. Performing the arithmetic to implement a state space re-

alization of a digital filter is not elaborate. However, there are many practical considerations that

needed to be addressed in order to successfully implement the filter, including such things as time

delay and sampling rate.

Time Delay

For digital control systems, the only true time delays induced are due to latency (which re-

sults from AID conversion time requirements and arithmetic associated with D matrix calcula-
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tions) and the zero order hold. The delay due to latency will be reduced as the speed of the

controller processor and I/O systems increases. Likewise, the delay due to the zero order hold will

decrease in direct proportion to the sampling period. For the control system implemented in this

experiment, the DSP processor and I/O systems were fast enough so that these time delays were

on the order of 700 f..Lsec and small enough so as to have no significant impact on system perfor­

mance.

Sampling Rate

The sampling rate that is achievable by a digital control system is limited by such things as

the rate at which AID and D/A conversions can be performed, the speed of the processor and the

number of calculations required to be performed by the processor during a sampling cycle. There

are many factors that must be considered when evaluating the sampling rate that is required for

satisfactory performance of a digital control system. These factors include such things as the pre­

vention of aliasing, maintaining a sufficiently smooth control signal, and satisfactory controller

performance of the controlled system with random disturbances. Accommodation of such factors

usually requires a sampling rate of the controller that is 10-25 times greater than the significant

frequencies in the measured responses, depending on the specific application. For this experi­

ment, all I/O processes, control calculations, and supervisory functions were performed in less

than 1 msec, allowing for sampling rates on the order of 1 kHz. Thus, the TMS320C30 DSP sys­

tem readily accommodated this sampling rate guidance.

5.4 Software

Once the controller digital filter is designed, it is implemented using the Real-Time Digital

Signal Processor System. The code for these programs can be written directly in the C program­

ming language. The code is compiled, linked with library functions and made into executable files

on the Pc. The PC is then used to download the control code to the DSP board through the PC's

I/O interface. The SPOX operating system provides standard I/O library support for the C lan­

guage so that pre-existing C programs will execute with limited code modification. SPOX also
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provides a library of standard DSP functions which free the operator from writing lower level

code such as device drivers for managing incoming data. Applications written in C under SPOX

are portable to other hardware environments supporting SPOX.

In addition to the implementation of the control algorithm difference equations (Eqs. (5.1)

and (5.2)), several other tasks are performed on the DSP board during controller operation. In par­

ticular, standard deviations are calculated for all measured quantities. These values are read itera­

tively by the supervisory program running on the PC and are continuously displayed on the PC

display so the operator can monitor performance of the system. Furthe~, as is done extensively In

control system implementation in general as well as in structural control, at each sample instant,

the magnitudes of certain measured quantities such as the actuator force and displacement are

compared to maximum allowable values specified by the user (Soong, et al., 1991; Reinhorn, et

al., 1993). If at any instant the measured values exceed the maximum allowable values, the con­

troller is immediately shut off and the command signal is set equal to zero. In addition, if the com­

mand output calculated by the control algorithm exceeds the range of the D/A devices, a

controller shutdown also occurs. In this case, if the controller were allowed to continue to operate

with a saturated command output, the control signal would effectively be corrupted by a noise

signal equal in magnitude to the difference between the commanded output and the saturation lev­

el of the D/A device. Such a situation could have devastating effects on the performance and sta­

bility of the system.

If a shutdown occurs, the supervisory program on the PC, repeatedly checking the condition

of the controller, detects the shutdown and displays an advisory on the monitor for the operator.

This feature is designed to protect the system and structure from damage due to excessive or un­

stable response caused by modeling errors, high ground excitation or mistakes in the hardware or

software implementation of the controller. The supervisory program running on the PC also al­

lows the operator to turn the controller on and off as well as to change control parameters of the

controller during its operation. Although changing parameters in the control algorithm while the
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controller is running may be desirable in some cases, it is generally not advisable unless a careful

assessment is made of the effects of such changes during control operation.

5.5 Verification of Digital Controller

After the data that was used for system identification was collected, a period of several weeks

elapsed before the controllers were actually implemented. Before implementing the controllers,

the transfer functions of the system were again determined to verify that the system model on

which the controller designs were based was still valid. During the time between the system iden­

tification tests and implementation of the control designs the structural system softened, resulting

in approximately a 1% decrease in the frequencies of the first three modes. However, the control

designs were robust enough to account for the slight differences. All of the twenty-one control de­

signs which were implemented produced a significant reduction in the responses. Ten of the con­

trollers were thoroughly tested with various excitations, and the results of five representative

controllers are provided in the following section.

Extensive testing was conducted for all components of the control hardware and software be­

fore the experiments on the controlled structure were performed. One of the final tests was to ex­

perimentally determine the loop gain transfer function by attaching the measured outputs from the

building to the inputs of the controller (i.e., the DSP board). The loop gain transfer function was

then calculated by exciting the actuator command input with a broadband excitation and measur­

ing the controller output. Figure 5.2 compares the experimental and analytical loop gain transfer

functions for one of the test controllers (Controller E as defined in Table 6.1). The two transfer

functions are nearly identical below 40 Hz, indicating that the controller was working as expected

and the system model was accurate.

Note that except for built-in high frequency anti-aliasing filters on the input channels to the

DSP board, no external filters were employed for either the feedback measurements or the control

signal. All of the required frequency shaping was performed within the digital control algorithm.
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SECTION 6

EXPERIMENTAL RESULTS

Two different types of tests were conducted on the earthquake simulator to verify the control

designs. A bandlimited white noise ground excitation (0-10 Hz) was first used to excite the struc­

ture to observe the ability of the controllers to reduce the rms values of the structural responses. In

the second type of test, the earthquake simulator reproduced a recorded accelerogram to deter­

mine the ability of the controllers to reduce the peak structural responses. For this test, two earth­

quakes were chosen for controller verification: 1) an EI Centro earthquake excitation (N-S

component) and 2) a Taft earthquake excitation (North 21 East component). The magnitude of the

earthquakes were reduced to one-quarter (EI Centro) and one-half (Taft) of the recorded intensity

to reduce the possibility of damaging the structure. Also, because the test structure was a scaled

model of a prototype structure, similitude relations dictated that both earthquakes be reproduced

at double the speed of the recorded earthquakes.

6.1 Development and Validation of Simulation Model

As discussed previously, the characteristics of the system changed slightly between the time

that the original data (used for control design) was taken and the controllers were implemented.

After completion of the experiments, a revised simulation model was developed based on the data

taken when the control experiments were conducted. This was the model used in all comparisons

between the analytical and experimental results. Using the eigenvectors of the system matrix for

the original model, and modified values for the eigenvalues from the new data, a revised system

matrix was formed.

By exciting the model with the measured base accelerations, a simulation of the uncontrolled

system was performed to verify the new model of the structural system. Uncontrolled, in this con­

text, refers to the structural system with the tendons in place and the actuator command set to

zero. In Figs. 6.1 a-c and 6.2a-c, the experimental and simulated time responses of the first, second

and third floor relative displacements and absolute accelerations for a quarter scale EI Centro ex­

citation are compared for verification of the simulation model. In all cases, the experimental and
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analytical responses matched well, indicating that the simulation model is quite accurate. In addi-

tion, the analytical loop gain shown in Fig. 5.2 corresponds to this model. The analytical and ex-

perimental loop gains match well, indicating that the controller was operating as expected. Again,

notice that the experimental and analytical loop gains match well in the frequency range of inter­

est, indicating that the model is accurate and the control system is behaving as expected.

6.2 Discussion of Results and Comparison to Simulation

Twenty-one control designs were implemented, all of which were designed based on the

original model. Each controller performed well and none resulted in unstable systems. Ten of the

control designs were chosen for further study. The results of five representative control designs,

designated A-E, are presented herein. Table 6.1 lists the five controllers with a description of the

corresponding control strategy employed for each design. The performance objective in the de-

sign of Controller A was to minimize the relative displacements of the structure. This was

achieved by weighting the three displacements equally and applying a smaller weighting to the

actuator displacement. Controller B was designed to minimize the interstory displacements. In

this case a weighting matrix was chosen which corresponded to weighting the three interstory dis-

placements and a smaller weighting was applied to the actuator displacement. The performance

Table 6.1: Description of Control Strategies for Each Design.

Controller Control Strategy

A Equal weighting on all three relative displacements and small
weighting on the actuator displacement

B Weighting on the interstory displacements and small weighting
on the actuator displacement

C Equal weighting on all three absolute accelerations

D Weighting on third floor absolute acceleration

E Weighting on thirdfloor absolute acceleration and measurement
ofground excitation
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objective in the design of Controller C was to minimize the absolute accelerations of the structure.

This was achieved by placing equal weighting on all three absolute accelerations. Controller D

was designed by weighting only the absolute acceleration of the third floor. Since the largest re­

sponse in the fundamental mode is at the third floor, this approach serves to minimize all the

structural responses in the fundamental mode. In Controller E an additional measurement, the

base acceleration, was included in the measurement vector, and the absolute acceleration of the

third floor was weighted.

The experimental and simulated responses for Controllers A-E are provided in Tables 6.2,

6.3 and 6.4. Table 6.2 provides rms responses of each controlled system to a broadband excitation

(0-10 Hz) and Tables 6.3 and 6.4 report peak responses to the scaled EI Centro and Taft excita­

tions, respectively. Values for the absolute accelerations, xai ' relative displacements, xi' intersto­

ry displacements, actuator displacement, x a ' and control signal, uc ' are provided. The results

include rms responses in the case of the bandlimited white noise excitation and peak responses for

the scaled EI Centro and Taft excitations. The percent reduction of each controlled response rela­

tive to the corresponding uncontrolled response is given in parentheses. Note the excellent agree­

ment between the results predicted by the simulation and those obtained in the experiment. The

force in the tendons (above the pretensioned value),j, was also measured during the experiment

and is included in each table. Notice that the measured force in the tendons during the controlled

tests was less than the force during the uncontrolled test for all control designs.

Comparing Controllers A and B, it is evident that no particular advantage was gained by

weighting interstory displacements in this experiment. In all response categories except the first

floor displacement, Controller A consistently performed better than Controller B. In the first floor

relative displacement response, Controller B produced slightly better results than Controller A.

However, Controller A reduced the remaining interstory displacements (i.e., x2 - Xl and x 3 - x2 )

5-10% more than Controller B. Also, Controller A reduced the rms relative displacements of each

floor by almost 62% and reduced the peak relative displacement responses by approximately 45­

50%, whereas Controller B could only produce a 56% reduction in the rms relative displacements.
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Table 6.2: RMS Responses of Controlled System to Broadband Excitation.

in In In x 2 -xl X 3 -x2 .f, lbf Xa' In UcController Xa1 , 2" Xa2 , 2" Xa3'2 xI' in x 2 - in x3' in
s s S in in Volts

Experimental RMS Response for Bandlimited White Noise Ground Excitation (10Hz)

uncontrolled 36.1 39.7 53.0 0.065 0.161 0.228 0.097 0.071 444.0 0.002 -

A 20.5 18.2 23.8 0.026 0.061 0.087 0.037 0.029 183.6 0.008 0.162
(43.2) (54.0) (55.1) (60.8) (61.9) (61.9) (61.5) (59.1) (58.6)

B 17.7 18.2 24.4 0.028 0.070 0.100 0.043 0.032 205.6 0.006 0.125
(51.0) (54.1) (53.9) (57.0) (56.4) (56.2) (55.7) (55.1) (53.7)

C 14.1 15.1 20.3 0.025 0.062 0.087 0.037 0.027 170.1 0.008 0.168
(61.0) (62.0) (61.6) (61.2) (61.7) (61.8) (61.7) (62.0) (61.7)

D 13.7 13.8 18.2 0.024 0.055 0.077 0.033 0.024 147.2 0.010 0.210
(62.0) (65.3) (65.6) (64.0) (65.9) (66.4) (66.5) (66.6) (66.8)

E 13.5 13.3 17.5 0.023 0.053 0.074 0.031 0.023 141.3
(62.7) (66.4) (67.0) (65.0) (67.2) (67.7) (67.9) (68.1) (68.2) 0.011 0.220

Simulation RMS Response for Bandlimited White Noise Ground Excitation (10 Hz)

uncontrolled 34.7 39.5 52.5 0.059 0.160 0.225 0.104 0.071 413.6 0.002 -

A 19.7 18.6 22.7 0.025 0.062 0.087 0.040 0.029 175.4 0.009 0.187
(43.2) (52.9) (56.9) (57.8) (61.3) (61.4) (61.4) (58.7) (57.6)

B 17.0 18.7 24.3 0.027 0.072 0.102 0.047 0.033 195.3 0.007 0.141
(50.8) (52.7) (53.8) (54.1 ) (54.9) (54.7) (54.7) (54.3) (52.8)

C 13.5 15.3 20.2 0.025 0.064 0.089 0.040 0.027 157.9 0.010 0.195
(61.0) (61.2) (61.6) (57.3) (60.2) (60.6) (61.1) (61.9) (61.8)

D 13.1 13.9 17.7 0.024 0.056 0.077 0.035 0.023 134.0 0.013 0.250
(62.1) (64.9) (66.4) (59.5) (64.9) (65.7) (66.6) (67.3) (67.6)

E 12.9 13.4 16.9 0.023 0.054 0.074 0.033 0.022 132.8 0.013 0.266
(62.9) (66.1) (67.9) (60.1 ) (66.1) (67.2) (68.2) (68.9) (67.9)
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Table 6.3: Peak Responses of Controlled System to Scaled EI Centro Excitation.

In in In
x 3, in x 2 -xI x 3 -x2 j; lhf xa' in uc'Controller xll )' 2 xa2'2 xa3 '2 x), 11l x 2' in

s s s in in Volts

Experimental Peak Response for QUaI1er Scale El Centro Earthquake Excitation.

uncontrolled 93.0 118.7 158.6 0.178 0.421 0.627 0.273 0.209 1156 0.005 -

A 68.3 64.6 97.7 0.100 0.221 0.318 0.140 0.115 629.6 0.031 0.625
(26.6) (45.5) (38.4) (44.1) (47.6) (49.4) (48.9) (44.8) (45.5)

B 67.2 68.2 94.6 0.102 0.263 0.388 0.167 0.127 698.9 0.024 0.500
(27.7) (42.6) (40.3) (42.6) (37.5) (38.1) (38.9) (39.2) (39.5)

C 55.9 57.8 84.1 0.095 0.230 0.333 0.142 0.104 584.0 0.034 0.688
(39.9) (51.3) (47.0) (46.6) (45.5) (46.9) (47.9) (50.5) (49.5)

D 57.3 56.5 82.2 0.094 0.211 0.293 0.129 0.095 495.2 0.041 0.824
(38.5) (52.3) (48.2) (47.2) (50.0) (53.3) (52.9) (54.5) (57.2)

E 51.7 53.3 78.4 0.093 0.206 0.284 0.125 0.091 927.5 0.044 0.284
(44.4) (55.0) (50.6) (47.8) (51.1) (54.7) (54.3) (56.3) (19.8)

Simulation Peak Response for Quarter Scale El Centro Earthquake Excitation.

uncontrolled 99.1 103.9 168.5 0.169 0.438 0.660 0.309 0.221 1194 0.006 --

A 64.1 66.1 93.7 0.098 0.225 0.327 0.153 0.116 622.2 0.035 0.700
(35.3) (36.4) (44.4) (41.7) (48.8) (50.4) (50.5) (47.6 (47.9)

B 64.1 70.9 95.6 0.097 0.265 0.390 0.183 0.126 692.1 0.027 0.538
(35.3) (31.8) (43.3) (42.4) (39.5) (40.8) (40.8) (42.9) (42.0)

C 52.7 59.4 81.3 0.093 0.236 0.341 0.158 0.106 553.2 0.039 0.770
(46.8) (42.8) (51.7) (44.6) (46.1) (48.3) (48.9) (52.1 ) (53.7)

D 52.9 56.8 76.2 0.095 0.214 0.299 0.140 0.097 474.9 0.048 0.953
(46.6) (45.4) (54.8) (43.5) (51.1) (54.6) (54.7) (56.3) (60.2)

E 48.7 51.8 72.9 0.094 0.207 0.287 0.133 0.093 459.8 0.051 1.026
(50.9) (50.2) (56.8) (44.2) (52.9) (56.4) (56.9) (58.0) (61.5)



a­

00

Table 6.4: Peak Response of Controlled System to Scaled Taft Earthquake Excitation.

in in in
xl' in x 2• in

x 2 -xI x 3 -x2 .f, IhI xa' in uc'Controller x - xa2'2 xa3'2 x 3' mal' 2 in Voltss s s m

Experimental Peak Response for One-Half Scale Taft Earthquake Excitation.

uncontrolled 102.7 104.5 146.4 0.165 0.408 0.585 0.248 0.187 1079 0.005 -

A 55.9 55.6 98.9 0.086 0.222 0.341 0.146 0.122 576.2 0.029 0.617
(45.5) (46.8) (32.4) (48.0) (45.6) (41.8) (41.1) (34.9) (46.6)

B 57.3 60.9 102.9 0.099 0.260 0.390 0.169 0.134 657.4 0.023 0.492
(44.2) (41.7) (29.7) (39.9) (36.2) (33.4) (32.1) (28.4) (39.0)

C 49.4 52.1 84.8 0.083 0.224 0.333 0.144 0.112 562.9 0.031 0.629
(51.8) (50.1 ) (42.1) (49.4) (45.1) (43.2) (42.0) (40.2) (47.8)

D 44.5 48.2 75.3 0.072 0.190 0.282 0.123 0.097 473.3 0.036 0.741
(56.7) (53.8) (48.6) (56.0) (53.5) (51.8) (50.3) (48.3) (56.1 )

E 43.5 46.4 71.8 0.070 0.184 0.273 0.121 0.094 460.4 0.038 0.786
(57.7) (55.6) (50.9) (57.2) (54.8) (53.4) (51.2) (49.7) (57.3)

Simulation Peak Response for One-Half Scale Taft Earthquake Excitation.

uncontrolled 89.6 109.9 144.3 0.149 0.417 0.601 0.272 0.191 1054 0.005 -

A 57.1 59.0 94.0 0.079 0.216 0.310 0.161 0.125 602.0 0.032 0.668
(36.3) (46.3) (34.8) (46.8) (48.2) (43.2) (40.8) (34.5) (42.8)

B 57.9 61.6 102.9 0.090 0.262 0.363 0.188 0.137 604.1 0.025 0.528
(35.4) (44.0) (28.7) (39.9) (37.1) (33.5) (31.1 ) (28.2) (42.7)

C 46.0 54.8 84.9 0.077 0.222 0.336 0.158 0.114 516.0 0.033 0.685
(48.7) (50.1 ) (41.2) (48.7) (46.9) (44.1 ) (41.9) (40.4) (51.0)

D 42.7 49.9 71.9 0.066 0.180 0.276 0.130 0.096 479.8 0.040 0.805
(52.3) (54.6) (50.2) (55.6) (56.8) (54.1) (52.4) (49.9) (54.5)

E 40.7 47.7 69.0 0.068 0.175 0.242 0.125 0.091 478.5 0.042 0.863
(54.6) (56.6) (52.2) (54.3) (58.0) (55.7) (54.1) (52.3) (54.6)



Comparing Controllers C and D, which both weight various accelerations of the structure,

Controller D performs significantly better. In the design of Controller D, the absolute acceleration

of the third floor was weighted heavily, which forced the controller to concentrate most of its ef­

forts on the fundamental mode of the structure. In the design of Controller C, the absolute acceler­

ation of each floor was weighted equally, and the controller had less of an effect in the

fundamental mode. Choosing to weight only the absolute acceleration of the third floor also made

it possible to design a higher authority controller. Therefore, application of Controller D resulted

in a moderate increase in the ability of the controller to reduce the acceleration responses and a

significant increase in the ability of the controller to reduce all of the displacement responses as

compared to Controller C.

In all response categories, Controller E performed best, achieving a 62-68% reduction in all

nns responses to a broadband disturbance. Controller E performed best because it had the advan­

tage of measuring the ground acceleration, in addition to the structural accelerations and actuator

displacement. Including the disturbance as a measurement produced moderately better results

than Controller D, which had the same performance objective, but did not measure the ground ac­

celeration. With Controller E the peak relative displacement of the third floor due to the scaled El

Centro and Taft earthquakes was reduced by 55% and 53%, respectively, indicating that a signifi­

cant reduction in the response in the fundamental mode was achieved.

Damping ratios for the first three modes were also determined for each controlled system.

These values are provided in Table 6.5 for each of the controllers mentioned above. The results

exhibit the same trends as the nns and peak responses discussed above. Again, Controller E per­

formed best, increasing the damping in the fundamental mode from 1.0% to 11.1 %. Comparing

Controllers C and D, one observes that Controller D has a significant effect on the damping ratio

of the fundamental mode of the system. Therefore, weighting only the third floor absolute accel­

eration had the intended effect on the responses of the system in the fundamental mode. General­

ly, the control strategies which weighted the absolute accelerations of the structure (Controllers C,

6-9



Table 6.5: Estimated Damping Ratios of Structural Modes.

Controller Mode 1 Mode 2 Mode 3
(%) (%) (%)

uncontrolled 1.0 0.7 0.4

A 6.7 5.0 1.1

B 4.9 3.5 1.5

C 7.6 6.6 2.0

D 10.6 6.4 1.7

E 11.1 6.8 1.9

D, and E) resulted in higher damping ratios than those weighting relative displacements (Control-

lers A and B).

The experimental relative displacement and absolute acceleration responses of the closed-

loop system formed with the best control design, Controller E, are compared to the experimental

uncontrolled responses for the scaled EI Centro excitation in Figs. 6.3a-c and 6.4a-c, respectively.

Clearly, the controller has a significant effect on the magnitude of the system responses and on

the damping characteristics. The experimental transfer functions of the uncontrolled system are

compared to the experimental transfer functions of the controlled system (using Controller E) in

Figs. 6.5-6.10. The experimental and simulated closed-loop responses are compared in Figs.

6.11a-c and 6.12a-c. Notice the excellent agreement between the simulated and experimental re­

sponses, indicating that the model is very accurate and there were no unforeseen problems in the

implementation of the controller.

6.3 Comments

Notice from the results that by weighting the absolute accelerations, both the absolute accel-

erations and relative displacements are significantly reduced. However, weighting the relative

displacements does not effectively minimize the absolute accelerations. This observation can be

explained by considering the relationship between the relative displacements and absolute accel-

6 - 10



erations. In the relative displacement responses, the fundamental mode accounts for the largest

component of the responses. Therefore, a controller which concentrates on the response in this

mode will cause a significant reduction in the relative displacements. However, because the high­

er modes contribute significantly to the acceleration responses, and these modes are not signifi­

cantly affected by the controller, the accelerations will not be reduced as greatly as the

displacements. By placing weighting on the absolute accelerations, the response in all modes is

affected, thus reducing the displacements as well as the accelerations.

Finally, as empirical evidence of robustness of the controllers, it should be mentioned that

during one of the controlled experiments a sensor was left disconnected. Nevertheless, the result­

ing structural responses were reduced, although not as greatly as when all sensors were

connected.
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SECTION 7

CONCLUSION

Active control designs based on acceleration feedback have been successfully implemented

and verified on a tendon-controlled, MDOF test structure at the National Center for Earthquake

Engineering Research at SUNY, Buffalo. The effects of actuator dynamics and control-structure­

interaction were incorporated into the system identification procedure. The identified ten-state

model reproduced the experimental results well in both the frequency domain and the time do­

main. Experimental results indicate that effective and robust controllers can be designed using an

acceleration feedback control strategy, and full state feedback performance can be recovered.

Using H/LQG control design techniques, many different controllers were designed, each

with a different performance objective. Some controllers were designed to minimize the three rel­

ative displacements of the structure while others minimized the absolute acceleration of the third

floor. The best control design, which was designed to minimize the third tloor acceleration and in­

cluded the ground acceleration as an additional measurement (Controller E), achieved a 60-68%

reduction in all rms displacement and acceleration measurements. Similarly, a 55% and 53% re­

duction in the peak response of the third floor displacement under the scaled EI Centro earthquake

and Taft excitations, respectively, was achieved. Comparable reductions were obtained for the

other peak responses. In all cases, including the ground acceleration as an additional measurement

resulted in a better control system. Additionally, excellent agreement was obtained between the

simulations based on the identified analytical model and the experimental results.

By comparing the various control designs it was observed that weighting the displacements

of the structure did not effectively reduce the acceleration responses. However, by weighting the

accelerations in the control design, both the displacements and accelerations were efficiently re­

duced.
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SECTION 9

APPENDIX: STATE SPACE MODEL

The structural system model is provided in this section in the form:

x - Ax+Bu+Ex.r:

Y = C x+D u+D xy y g g

(9.1)

(9.2)

where the output vector y is defined as y = [Xli xliI Xli 2 Xll3 xI x2 x3 .~', u is the control command, and xg is the ground

excitation. The units of all of the inputs and outputs are Volts. The following conversions can be employed:

-.0 Actuator Displacement (Xli):

Accelerometers (xg , xal ' x1I2 ' x1I3 ):

Building Displacements (xI' x 2 ' x 3 ):

Tendon Force (f):

0.05 in/Volt

2 gNolt

1VoltJin

10001bNolt.

A =

-1.3880e-0I -1.4200e+0I -1.312ge-03 7.1615e-03 -2.5477e-03 -1.2008e-03 5.4326e-OJ -2.3166e-02 -8.613Ie-04 3.806Ie-03
1.4200e + 01 - 1.3767e - 01 3.2811e - 03 1.2775c-03 - 6.8615e - 05 6.8102e - 04 6.2l}3He - 03 - 2.7073e - 02 - 1.3567e - 03 4.4396e- 03

3.9238c-02 -3.8138e-02 -3.0817e-0I -4.593Ie+01 1.6880e-01 2.1023c-Ol -2.414He-02 7.5488e-02 6.019Ie-02 -9.3421c-03
-3.9955c-02 3.9371e-02 4.5933e+01 -3.201ge-0I -2.1388e-01 -1.944ge+01 -5.1253e-02 1.4326e-Ol 7.3696e-02 -2.4496c-02
3.4544e-02 -3.3616e-02 -3.9956e-01 4.3305e-01 -3.0775e-01 7.6150e-01 2.5877e-02 5.5751e-03 -4.II05e-02 9.1244e-03
3.4065e-02 -3.3763e-·02-4.223Ie-01 4.27I3e-01 -7.6148e+01-3.2043e-01 2.170ge-02 1.3397e-01 4.9504e-02 1.8115e-03
1.9683e-04 -3.164l}e-04 -2.5557e-02 4.7792e-02 -8.191ge-02 1.8696e-01 -2.8627e+OO 2.5254+02 5.2916<:+00 -2.8282e+00
1.947Ie-03 -1.9914e-03 -1.234ge-01 1.7808e-01 -3.2140e-01 -7.8272e-01 -2.5255e+02 -5.1390e+01 -1.139ge+01 2.4131e+Ol

2.633ge - 04 - 3.0405e - 04 - 2.0763e - 02 2.9223e - 02 - 5.1273e - 02 - 1.2889c - 01 - 5.4727e + 00 -- 1.33ROe + 01 - 4.301ge + 00 2.6486e + 02
3.3035e - 04 - 3.8469c - 04 - 1.8965e - 02 3.0792e - 02 - 5.1828e - 02 - 1.2211 e - 01 - 2.8357e + 00 - 2.4132e + 01 - 2.6520e + 02 - 3.9908e + 00

',;""

(9.3)



'"
N

B =

E=

- 6.6251e - 02
7.583ge - 02
2,8684e - 01

-4.5186e-01
3,6584c - 01

8.6395c - 01
4.1844c +00

1.6899c + 01
2.8260c + 00
2.6813c + 00

- 6.3355e + 00

6.2056c + 00
3.8638c + 00

- 3.9590e + 00
3.4298c + 00
3.3980e + 00

- 2.2131 e - 02

5.9883e - 03
- 3.6845e - 03

5.2707c - 03

(9.1 )

(9.2)

c =y

-8.8482e-01 -1.0256e+00 4,1046e-01 6.1565c-01 1.6489c-0l -1.8675c-01 4.1676e+OO -1.6830e+01 -2.6109c+00 2.6702e+00
-4.1212e-01 -4.0830e-01 2.5694c+00 2.492Ie+00 2.3908c+00 -2.3803c+00 -3.5009c-01 l.5032e+00 2.2974c-0l -2.3613c-01
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(9.3)



'0

""

D =y

D =
g

4.5194e-Ol
- 3.9346e - 02

- 2.4050c - 03
- 8.1783c - 04

4.3686e- 04
8.9232e - 04

- 3.9145e - 03
-2.701oe-01

- 2.1421 c - 02

4.4146c -04
3.8614c - 04

- 2.0967c - 04
3.4337c - 04
1.4126c - 04

2.5871 - 04
1.5528e - 02

(9.4)

(9.5)

A MATLAB file containing this model can be requested by contacting Prof. B.F. Spencer through e-mail at spencer. 1@nd.edu.
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