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ABSTRACT

For practical application of structural control system, various

important factors should be considered, including the system time delay,

uncertainty in structural identification, truncation of small control

forces, etc. A sensitivity study is conducted to investigate the effects of

these factors on the control system of structures. The influence of system

time delay, estimation errors for structural parameters and elimination of

small control forces on the efficiency of the control system depends upon

the particular control algorithm used. Four control algorithms practical

for applications to earthquake-excited structures have been studied. These

include the Riccati closed-loop control algorithm and three instantaneous

optimal control algorithms recently proposed. The methodologies for the

sensitivity analysis are presented. Both the active tendon control system

and the active mass damper have been considered. Numerical examples are

worked out to demonstrate the criticality and tolerance of these factors for

practical implementation of active control systems .
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I. INTRODUCTION

The use of protective systems, such as passive or active devices, to

improve the reliability and safety of structures subjected to severe

environmental loads, such as strong earthquakes, wind turbulences, etc. has

received increasing attention recently. One potentially promising

protective system is the active control device [e.g., Refs. 1-24] In this

regard, considerable research efforts have been made for active control of

seismic-excited building structures both theoretically and experimentally

[e.g., 1-24]. In particular, new optimal control algorithms practical for

applications to earthquake-excited structures have been proposed [17-18] and

verified experimentally [4, 5]. Most studies in active control of civil

engineering structures, however, are based on ideal control environments in

the sense that the structural system can be identified precisely and the

system time delay is negligible.

Even under well-controlled laboratory environments, the experimental

results differ from those computed theoretically, and the experimental

control efficiency is lower than the theoretical one [4, 5]. This can be

attributed to several factors, such as system time delay, uncertainty in

structural identification, software and hardware control devices, etc. For

practical implementation of active control systems to full-scale structures,

such important problems as system time delay, identification of structural

parameters, etc., should be studied [24]. The investigation of these

problems can be made theoretically by conducting a sensitivity study to

determine their criticality and tolerance for the design of a control

system.

The knowledge of a structural model and its parameters, such as

stiffnesses, damping coefficients, and natural frequencies, should be given

in the design of a control system. These parameters should be obtained via
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a set of measurements for an as built structure. In practice, however,

these parameters are estimated and their estimations involve errors and

uncertainties. Thus, the efficiency of a control system depends on how

closely these estimated parameter values approximate the actual ones. Like

wise, the structural characteristics are affected by the service

environments and they may change with service time. Any change in

structural parameters may cause a change in controlled quantities. Thus,

the uncertainties involved in the estimation of structural parameters may

result in an adverse effect on the efficiency of the active control system.

Time delay exists within the control system, because of the following

operations: (i) taking measurements of the response vector and/or the

earthquake base accelerations and processing them, (ii) computing the

required active control forces, (iii) generating signals to activate control

devices, and (iv) generating the required magnitude of control force (i.e.,

the reaction time for the controller). Whether system time delay is

detrimental to the control system and to what extent a time delay is

tolerable for a particular control algorithm should be examined.

Preliminary investigations in this regard have been made in Ref. 1.

When a structure is exposed to an earthquake, the time history of the

active control force contains many cycles of small amplitudes. Because of

limitations of actuators, it may be desirable to eliminate those control

forces with magnitude smaller than a certain value. The effect of

truncating small control forces on the structural response and the

efficiency of the control system should be investigated.

The objective of this report is to investigate the effect of (i)

uncertainty in structural identification, (ii) system time delay, and (iii)

truncation of small control forces, on the efficiency of the active control

system. A sensitivity study is conducted to study the effect and
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criticality of these factors on the control system with respect to various

control algorithms. Four control algorithms that have been demonstrated to

be feasible and practical for earthquake-excited structures are investigated

herein. These include the Riccati closed-loop control algorithm and three

instantaneous optimal control algorithms recently proposed [17-18]. The

methodology for the sensitivity analysis associated with each control

algorithm is presented. Both the active tendon control system and the

active mass damper have been considered. Numerical examples are worked out

to demonstrate the tolerance of a control system for system time delay,

estimation error for structural parameters, and truncation of small control

forces.
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II _ CONTROL ALGORITHMS IN IDEAL ENVIRONMENTS

The method of analysis for investigating the influence of various

factors described above on the control system varies with respect to the

particular control algorithm used. Hence, the following control algorithms

practical for applications to seismic-excited structures will be

investigated separately. These include the Riccati closed-loop control

algorithm and three instantaneous optimal control algorithms proposed

recently [17-18].

For simplicity, consider a shear beam type building structure

implemented by an active tendon control system as shown in Fig. 1. The

structure is idealized by an n degrees of freedom system and subjected to a

--
one-dimensional earthquake ground acceleration XO(t). The matrix equation

of motion can be expressed as [e.g., 17-19]

Z (t) (2.1)

with the initial condition ~(O) = O. In Eq. (2.1), ~(t) = 2n state vector,

~( t) r dimensional control vector, ~ = (2nx2n) system matrix, ~ (2nxr)

matrix specifying the location of active controllers, and ~l is an

appropriate 2n vector [see Ref. 17 for these matrices]. In what follows, an

under bar denotes a vector or matrix and a prime denotes the transpose of a

vector or matrix.

Let B be a (2nx2n) diagonal matrix consisting of complex eigenvalues B.
]

(j = 1, 2, ... , 2n) of matrix ~, and T be a (2nx2n) modal matrix consisting

of the corresponding eigenvectors of A. Then, the solution of the equation

of motion, Eq. (2.1), can be obtained numerically as [17)

~(t) (2.2)
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(a) (b)

Fig. 1: Structural Model of a Multi-Story Building with
Active Control System; (a) Active Tendon Control
System; (b) Active Mass Damper
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in which ~t is the integration step,

(2.3)

8~tis a vector containing all elements evaluated at t-~t, and e- is a (2nx2n)

diagonal matrix with the jth diagonal element being exp[8.~t].
J

A time dependent performance index J(t) has been proposed recently by

Yang, et a1 for optimizing the control system [17-19]

J(t) ~'(t) 9 ~(t) + ~'(t) ~ ~(t) (2.4)

in which 9 is a (2nx2n) positive semi-definite weighting matrix, and ~ is a

(rxr) positive definite weighting matrix. The three instantaneous optimal

control algorithms to be investigated later are obtained by minimizing Eq.

(2.4) subjected to the constraint of the equations of motion, Eq. (2.2),

[17-18).

On the other hand, the classical performance index J is defined as the

integral of J(t) over the time duration t f longer than that of the earth-

quake excitation, i.e.,

J
tf f J(t) dt

o
(2.5)

As mentioned previously, the sensitivity of the control system with

respect to various factors described above depends on the individual control

algorithm. Further, the method of sensitivity analysis differs for each

control algorithm. To facilitate the derivation of the solutions for each

control algorithm in different environments, the four control algorithms in

2-3



ideal control environments, i.e., without system time delay, structural

uncertainty, and truncation of control forces, will be summarized in the

following. For detail derivations, the reader is referred to Refs. 17-18.

2.1 Riccati Closed-Loop Control: When the classical performance index J

defined above, Eq. (2.5), is minimized subjected to the equation of motion,

Eq. (2.1), and the external excitation XO(t) is disregarded, the so-called

Riccati closed-loop control has been derived [Ref. l7-18J. For Riccati

closed-loop control in ideal environments, the control vector ~(t) is

regulated by the measured response state vector ~(t),

~(t) _1 R- l B' P Z(t)
2 - - -

(2.6)

in which ~ is a (2nx2n) Riccati matrix computed from the following matrix

Riccati equation

(2.7)

Although the Riccati matrix is time dependent, it has been shown in Refs.

17-18 that the constant Riccati matrix is an excellent approximation for

earthquake excitations. The response state vector ~(t) is computed

numerically from the equation of motion

~(t) A ~(t) + B ~(t) + ~1 XO(t) (2.8)

A block diagram for the Riccati closed-loop control algorithm is displayed

in Fig. 2.
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2.2. Instantaneous Optimal Closed-Loop Control: The so-called

instantaneous optimal closed-loop control algorithm is obtained by

minimizing the time dependent performance index J(t), Eq. (2.4), subjected

to the constraint of the equations of motion, Eq. (2.2), and assuming that

the control vector ~(t) is regulated by the measured response state vector

[17-18]. For such a control algorithm, the control vector ~(t) is related

to the feedback state vector ~(t) as

~(t) 2 ~(t) (2.9)

in which the gain matrix G is given by

G -(~t/2) R-
l

B' 9 (2.10)

The response state vector ~(t) is computed numerically using the following

discretized equation of motion

~(t) (2.11)

where ~(t-~t) is the vector denoting the system's boundary conditions at

time t-~t given by Eq. (2.3). A block diagram describing such a control

algorithm is shown in Fig. 3.

2.3 Instantaneous Optimal Open-Loop Control: Based on the instantaneous

optimal open-loop control algorithm, the control vector ~(t) is computed on

line, real-time, using the sensed base acceleration, XO(t), at time t as

follows [17-18]

2-6



N I --.
J

.,
~
W
l
l

2
- ¢

Z<
t>

H
e
M

T-
1 •

_
c

I-
I.

.
-

-,
..

e
-
_

~
B

I
..

..
2

-
-
-
r
-

_
~
t
R
-
I
B
'
Q

2
-

-
-

• u<
t)

-

F
ig

.
3

I
B

lo
c
k

D
lo

.g
ra

M
F

o
r

In
s
ta

n
ta

n
e

o
u

s
D

pt
lM

o.
l

C
lo

s
e

d


L
o

o
p

C
o

n
tr

o
l



in which

~ ~(t)

L = [ (~t/2)2 B' 9 B + R ]-1

(2.12)

(2.13)

~(t) (2.14)

where ~(t-~t) is defined by Eq. (2.3). The response state vector ~(t) is

given by

~(t) ! ~(t-~t) + (~t/2) B L ~(t) + (~t/2) ~1 XO(t) (2.15)

A block diagram for the instantaneous optimal open-loop control

algorithm in ideal environments is displayed in Fig. 4.

2.4 Instantaneous Optimal Closed-Open-Loop Control: For the instantaneous

optimal closed-open-loop control algorithm, the control vector ~(t) is

regulated by both the measured base acceleration, XO(t), and the feedback

state vector, ~(t), as follows [17-18]

(~t/4)~-1 ~' [ ~ ~(t) + get) ] (2.16)

in which Ais a (2nx2n) constant gain matrix representing the closed-loop

portion of the control force, and get) is a 2n vector denoting the open-loop

portion of the control force,
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A _ [ (~~)2 9 ~ ~-1 B' + rJ-1 9

The response state vector ~(t) is calculated numerically as

(2.17)

(2.18)

~(t) (2.19)

A block diagram describing the instantaneous optimal c1osed-open-1oop

control algorithm in ideal environments is shown in Fig. 5.
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III. STRUCTURAL CONTROL VIlli SYSTEM UNCERTAINTY

When the structural parameters, such as stiffnesses, natural

frequencies, damping ratios, etc., involve uncertainties, the response state

vector ~(t) and the control vector ~(t) deviate from the solutions derived

above in ideal environments. The solutions for ~(t) and ~(t) for a control

system with estimation errors in structural parameters will be derived in

this section.

The system matrix ~ represents the structural characteristics and the

elements of matrix A are functions of structural parameters, including

masses, stiffnesses, and dampings. In reality, structural (system)

parameters can not be identified precisely and they invotve considerable

statistical variabilities. As a result, the actual A matrix is unknown.

* *Let A be the best estimate of the system matrix~. Of course, ~ deviates

from A and the extent of deviation with respect to the degradation of the

control efficiency will be studied.

3.1 Riccati Closed-Loop Control: *With the estimated system matrix A the

*estimated Riccati matrix, denoted by £ ' is computed from Eq. (2.7) in which

*~ replaced by ~ , i.e.,

* *P A 1 * B R- l * *, *2 £ B' P + A P + 2 9 o (3.1)

*The control vector ~(t) is computed using P and the measured state

vector ~(t) as,

~(t) 1 R- 1 B' p* _Z(t)
2 -

3-1
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The equations of motion for the entire structural system is obtained by

substituting Eq. (3.2) into Eq. (2.1) as follows

~(t) (3.3)

in which Ais a (2n x 2n) matrix given by

A - 1 B R- l B' p*
2 - -

(3.4)

Thus, the state vector ~(t) can be computed numerically using Eq. (3.3)

as follows

Z(t) (3.5)

in which exp(E~t) is a (2nx2n) diagonal matrix with the jth diagonal element

being exp(O.~t), where O. is the jth eigenvalue of A. In Eq. (3.5), T is
J J -

the modal matrix consisting of eigenvectors of Amatrix.

A block diagram for simulating the entire control process with

uncertainties in structural parameters is displayed in Fig. 6.

3.2 Instantaneous Optimal Closed-Loop Control: For the instantaneous

optimal closed-loop control algorithm, the control vector is related to the

feedback state vector ~(t) through a gain matrix ~, Eq. (2.9). The gain

matrix G given by Eq. (2.10) is, however, not a function of the system

matrix A. Hence, both the control vector £(t) and the gain matrix ~ are not

functions of structural parameters. Therefore, instantaneous optimal

closed-loop control is independent of the uncertainties involved in
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determining structural parameters, such as stiffnesses, dampings, natural

frequencies, etc. In other words, whether the structural parameters are

estimated accurately or not the control efficiency is not affected.

3.3 Instantaneous Optimal Open-Loop Control: Based on the instantaneous

optimal open-loop control algorithm without system uncertainty, the control

vector ~(t) is computed from the sensed ground acceleration, Xo(t) , at time

t and the calculated vector Q(t-~t), see Eqs. (2.12)-(2.14) and Eq. (2.3).

The vector Q(t-~t) is a function of the state vector ~(t-~t), where ~(t-~t)

is estimated rather than measured for the open-loop control algorithm.

Further, the response state vector ~(t) is estimated numerically from Eq.

(2.15) rather than being measured.

When the structural parameters involve uncertainties, the estimated

*system matrix ~ , rather than the true matrix~, is used for computing the

* * * *state vectors, ~ (t-~t) and ~ (t), as well as vectors Q (t-~t) and ~ (t).

Thus, the estimated equation of motion is given as follows

.*
~ (t) * * *A ~ (t) + ~ ~ (t) + ~l XO(t) o (3.6)

*Let f be a (2nx2n) diagonal matrix consisting of complex eigenvalues

* * *B. (j = 1, 2, ... , 2n) of matrix ~ , and! be a (2nx2n) modal matrix
J

*consisting of eigenvectors of A

obtained numerically as

Then, the solution of Eq. (3.6), can be

*Z (t)

in which

(3.7)
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*!2 (t-l-.t)
*8 l-.t * -1 { * [ *e- [!] ~ (t-l-.t) + (l-.t/2) ~ ~ (t-l-.t)

*and the estimated control vector ~ (t) applied to the structure is

(3.8)

*~ (t) *!: ~ (t) (3.10)

where L is given by Eq. (2.13) and

*G (t) (3.11)

Thus, the control vector ~*(t) and the estimated response state vector

*~ (t) can be computed numerically from Eqs. (3.7)-(3.11). A block diagram

for such a control operation is shown on the left hand side of Fig. 7.

*Note that the estimated control vector ~ (t) is actually applied to the

*structure, whereas the estimated state vector, ~ (t), that is computed for

the purpose of estimating the control vector ~*(t), is not the actual

response state vector. The actual response state vector ~(t), can be

synthesized using the actual system matrix ~ as well as the control vector

*~ (t) that is applied to the structure as follows:

or

~(t) *~ ~(t) + B U (t) + ~l XO(t) ~(O) a (3.12)

~(t) ! !2(t-l-.t) + (l-.t/2) [ B U*(t) + ~l XO(t) ]

3-5
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where

(3.14)

It should be mentioned that the system matrix ~ is unknown. However,

for the purpose of investigating the effect of uncertainty in structural

identification, the actual response state vector ~(t) is synthesized using

the A matrix. A block diagram for the synthesis of the actual response

state vector ~(t) is shown on the right hand side of Fig. 7.

3.4 Instantaneous Optimal Closed-Open-Loop Control: For instantaneous

optimal closed-open-loop control without system uncertainty, the control

vector ~(t) is regulated by the response state vector ~(t) and the measured

earthquake base acceleration given by Eqs. (2.16)-(2.18).

*With system uncertainties, the best estimate, ~ , for the system matrix

A should be used in computing the control vector ~(t). Thus, the estimated

*control vector to be applied to the structure, U (t), is given by

*U (t) (3.15)

in which the response state vector ~(t) is measured. -*In Eq. (3.15), g (t)

is a 2n vector representing the contribution from open-loop control, which

*is computed based on the estimated system matrices ~ and its modal matrix

*T , i.e.,

-*g (t) (3.16)

*in which Ais given by Eq. (2.18) and D (t-~t) is estimated as follows

3-7



(3.17)

The actual response state vector ~(t) that is measured during the

control operation can be synthesized using the true system matrix ~ as well

*as the control vector £ (t) computed above, i.e.,

~(t) (3.18)

and the numerical solution of Eq. (3.18) can be written as

~(t) 0.19)

in which Q(t-~t) is synthesized again using the true system matrix~, i.e.,

First, ~ (t) is computed by

*Second, £ (t) is obtained by

above into Eq. (3.15). A block

The computational procedures for determining ~*(t) and for synthesizing

~(t) are summarized in the following.

substituting Eq. (3.15) into Eq. (3.19).

substituting the computed ~(t) obtained

diagram for the synthesis of the entire control operation is presented in

Fig. 8, when the system identification involves uncertainties.
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IV. STRUCTURAL CONTROL WITH SYSTEM TIME DEIAY

Four control algorithms without system time delay have been summarized

in Section II. With a system time delay, the response state vector ~(t) and

the control vector ~(t) will deviate from those given in Section II. The

solution for ~(t) and ~(t) using each control algorithm with a system time

delay will be derived in the following.

Let r be the time delay for the control vector ~(t). In other words,

the control vector ~(t-r) is applied to the structural system at time t,

such that the equation of motion becomes

~(t) (4.1)

4.1 Riccati Closed-Loop Control: For Riccati closed-loop control, the gain

matrix, denoted by 2, is constant, i.e.,

~(t) 2 ~(t) _1 R- 1 B'P ~(t)
2 - - (4.2)

in which G - (1/2) R-
1

B' P. Hence, the equation of motion is given by

~(t) ~ ~(t) + B G ~(t-r) + ~1 XO(t) (4.3)

Eq. (4.3) can be integrated step-by-step with an integration inteval ~t if

the response state vector, ~(t-r), at t-r is known. For simplicity, the

integration step size ~t is chosen to be equal to the time delay r, i.e., ~t

= r. Thus, the numerical solution for Eq. (4.3) can be expressed similar to

Eqs. (2.2) and (2.3) as

4-1



~(t) T efr r- l {~(t-r) + (r/2) [~~ ~(t-2r) + ~l xo(t-r)]}

+ (r/2) [~G ~(t-r) + ~l Xo(t)] (4.4)

The response state vector, ~(t), for a control system with a time delay r

can be computed step-by-step using Eq. (4.4). A block diagram for such

computations is shown in Fig. 9.

4.2 Instantaneous Optimal Closed-Loop Control: For instantaneous optimal

closed-loop control, the gain matrix, denoted by ~, is constant, i.e.,

in which

!:!:(t)

s

~ ~(t)

-(~t/2) R- l B' g

(4.5)

(4.6)

(4.7)

For a time delay r, the equation of motion is given by Eq. (4.1), where

!:!:(t-r) is obtained from Eq. (4.5) with t being replaced by t-T. If the

numerical integration step ~t is chosen to be equal to the time delay r for

simplicity, then the response state vector ~(t) for a control system with a

time delay T can be computed numerically similar to Eq. (4.4) as follows

~(t) T efr T-
l

{ ~(t-r) + (r/2) [~ ~ ~(t-2r) + ~l XO(t-T) ] }

+ (T/2) [~~ ~(t-T) + ~l XO(t) ]

4-2
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Eq. (4.7) is similar to Eq. (4.4) as expected, because both control

algorithms described above are closed-loop control. A block diagram for the

instantaneous optimal closed-loop control algorithm with a time delay T is

shown in Fig. 10.

4.3 Instantaneous Optimal Open-Loop Control: Based on the instantaneous

optimal open-loop control algorithm the control vector ~(t) is computed from

the sensed ground acceleration, XO(t), at time t, and the calculated vector

Q(t-~t), Eq. (2.12), at t-~t. Unlike closed-loop control, the response

state vector ~(t) is not measured in open-loop control operation. Instead,

~(t) is estimated without considering system time delay. This is because,

in reality, the magnitUde of time delay is unknown.

With a system time delay T, let the estimated response state vector be

*denoted by ~ (t), and the corresponding estimated quantity at the previous

* * *time step t-~t be denoted by Q (t-~t). Of course ~ (t) and Q (t-~t) are

different from the actual ~(t) and Q(t-~t). In actual operation, the con-

* * *trol vector, denoted by ~ (t), is computed from ~ (t) and D (t-~t), whereas

. *the est~mated response state vector ~ (t) is computed as

*~ (t) (4.8)

The block diagram shown on the left hand side of Fig. 11 illustrates the

operation described above at t-~t.

For simplicity of computation, the integration time step ~t is chosen

to be identical to the time delay T, i.e., ~t = T. Because of time delay,

*the control vector at t-T, ~ (t-T), is applied to the structure at time t,

4-4
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and the actual response state vector ~(t) can be synthesized as shown on the

right hand side of the block diagrams depicted in Fig. 11.

*The estimated control vector ~ (t~r), that is applied to the structure

at time t, is given by [see Fig. 11]

*~ (t-r) (4.9)

in which L is given by Eq. (2.13) and

*~ (t-r)

where

-(~t/2) B' g T D*(t-2r) ~ (~t/2)2 B' g ~l XO(t-r) (4.10)

*D (t-2r) (4.11)

involves quantities estimated at t-2r or t~2~t. The response state vector

*~ (t-~t) estimated at t-~t or t-r is computed by substituting Eq. (4.9) into

Eq. (4.8) with ~t = r

*~ (t-r) * * .! ~ (t-27) + (r/2) ~ ~ ~ (t-r) + (7/2) ~1 XO(t-r) (4.12)

The estimated control vector ~*(t-7) with a time delay 7 is actually

applied to the structure at time t. The actual response of the structure

can be synthesized numerically using the equation of motion, Eq. (4.1) as

~(t) ! ~(t-7) + (7/2) ~ ~*(t-7) + (r/2) ~1 XO(t)

4-7
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where

~(t-1") (4.14)

A step-by-step numerical computation with the step size ~t = 1" can be

carried out to determine the actual response state vector ~(t). A block

*diagram showing the computer estimation of the control vector ~ (t-1") and

the synthesis of the actual system behavior is displayed in Fig. 11.

4.4 Instantaneous Optimal Closed-Open-Loop Control: For instantaneous

optimal closed-open-loop control without system time delay, the control

vector ~(t) is regulated by the response state vector ~(t) and the measured

earthquake base acceleration as shown in Eqs. (2.16)-(2.19). The response

state vector ~(t) and the earthquake ground acceleration Xo(t) are measured

from which the control vector ~(t) is computed. This is different from

open-loop control in which the response state vector ~(t) and the control

vector ~(t) are estimated. As a result, the problem of time delay for the

closed-open-loop control is, in general, expected to be less serious than

the open-loop control.

With a time delay 1", the control vector ~(t-1") is actually applied to

the structure at time t. Choosing the integration interval ~t to be equal

to 1", i.e., ~t = 1", the response vector is computed as

~(t) T ~ ( t - 1") + (1" / 2 ) [~~ ( t - 1") + ~1 Xo ( t) ] (4.15)

in which the control vector ~(t-1") at t-r is given by

4-8



where

!!(t-r)

~(t-r)

(b.t/4) R- 1 B' [~~ ( t - r) + S (t - r) ] (4.16)

(4.17)

(4.18)

Q(t-2r) Or -1 { [ ..]}e-! ~(t-2r) + (r/2) ~ !!(t-3r) + ~1 XO(t-2r) (4.19)

A step-by-step numerical computation can be carried out easily with a

step size r for the determination of ~(t) and !!(t). A block diagram for the

entire operation of the control system using the instantaneous optimal

closed-open-loop control algorithm with a system time delay is shown in Fig.

12.

4-9
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V. TRUNCATION OF SMAIJ.. CONTROL FORCES

Under earthquake excitations, the time history of active control forces

involve many cycles of small amplitude. Because of limitations of

actuators, it may be desirable to eliminate all cycles of control forces

with amplitudes smaller than a certain value, thus simplifying the control

operation. When small control forces are truncated, not only the behavior

of the structure under control will be different, but also the control

forces will deviate from the results presented in section II. In this

section, the response state vector ~(t) and the required control vector ~(t)

will be derived, when control forces smaller than a certain value are

eliminated.

5.1 Riccati Closed-Loop Control: Based on Riccati closed-loop control, the

response state vector ~(t) is measured and the control vector ~(t) is

computed from ~(t), i.e.,

in which

~(t)

G

G ~(t)

1 -1- - R B' P
2 -

(5.1)

(5.2)

Let E be a preselected value such that any control force smaller than E

will be truncated, i.e., will be set to be zero. This is equivalent to pass

the control vector ~(t) through a filter, such that any element of ~(t)

becomes zero if it is smaller than E, and it is unaffected if larger than E.

*Then, the resulting control vector from the filter, denoted by ~ (t), is

5-1



applied to the structure. The process is repeated for every time instant t

throughout the entire episode of the earthquake.

For the analytical/numerical investigation, the entire operations

described above can be simulated to determine the response state vector ~(t)

*and the control vector ~ (t). A block diagram for such a simulation the

entire control operation is shown in Fig. 13.

The response state vector ~(t) is obtained from the equations of

motion,

Z (t) *~ ~(t) + B U (t) + ~l XO(t) (5.3)

. *in wh~ch ~ (t) is the truncated control vector actually applied to the

structure,

*~ (t) £ ~(t) (5.4)

where ~(t) is the untruncated control vector computed from the response

vector ~(t) given by Eqs. (5.1) and (5.2), and £ is a nonlinear operator

indicating the truncation effect.

The nonlinear truncation operator £ can be represented by a (rxr)

diagonal matrix with the diagonal elements given as follows

1

a

if U.(t) > €
~

(5.5)

in which Ui(t) is the ith element of ~(t).

*The response vector ~(t) and the control vector ~ (t) applied to the

5-2
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structure can be solved using the system of equations in Eqs. (5.1)-(5.5).

However, the system of equations is nonlinear because the operator £ is

nonlinear. As a result, the following iterative procedures are used to

*determine the state vector ~(t) and the control vector ~ (t).

(i) The response state vector ~(t) is computed from Eq. (5.3) by use of

*the untruncated control vector ~(t), i.e., ~ (t) = ~(t). In other words,

*~ (t) in Eq. (5.3) is replaced by ~ ~(t), Eq. (5.1),

(ii) ~(t) is computed from ~(t) obtained in step (i) using Eq. (5.1),

*(iii) ~ (t) is obtained from ~(t) using Eqs. (5.4)-(5.5), and

(iv) The response state vector ~(t) is computed from Eq. (5.3) using

*~ (t) obtained in step (iii).

*The iterative procedure is repeated until both vectors ~(t) and ~ (t)

* .converge. In general, ~(t) and ~ (t) converge rap~dly and few cycles of

iteration are sufficient. Such an interative procedure is repeated for

*every time instant t to obtain the time histories of ~(t) and ~ (t).

5.2 Instantaneous Optimal Closed-Loop Control: The control operation using

the instantaneous optimal closed-loop control algorithm is essentially

identical to that of the Riccati closed-loop control, except that the gain

matrix, ~' is different, i.e.,

where

~(t)

s

~ ~(t)

-(~t/2) R- 1 B' 9

5-4
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In simulating the entire control operation using the instantaneous optimal

closed-loop control algorithm, the following equation for computing ~(t) is

employed, Eq. (2.2),

~(t) (5.8)

*in which ~ (t) is given by Eqs. (5.4) and (5.5), and

(5.9)

Thus, instead of Eq. (5.3), Eqs. (5.8) and (5.9) are used in

conjunction with Eqs. (5.4)-(5.7) for iteration and simulation. Again, the

iterative procedure converges very rapidly. A block diagram for simulating

*the response state vector ~(t) and the control vector ~ (t) is shown in Fig.

14.

5.3 Instantaneous Optimal Open-Loop Control: For instantaneous optimal

open-loop control, the operation for the truncation of small control forces

is identical to that described previously. The difference between the

present control algorithm and the closed-loop control algorithm is that the

response state vector ~(t) is computed rather than measured. Because of

such a difference, the iterative procedure is not necessary in simulating

*the response state vector ~(t) and the control vector ~ (t). The following

*equations can be used directly to compute ~ (t) and ~(t) at each time

instant t.

~(t)

5-5
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*~ (t) ~ ~(t)

(5.11)

(5.12)

(5.13)

(5.14)

A block diagram for simulating the control operation is shown in Fig.

15.

5.4 Instantaneous Optimal Closed-Open-Loop Control: By use of the

instantaneous optimal closed-open-loop control algorithm, the response state

vector ~(t) is measured,

measured ~(t). In other

*whereas the control vector ~ (t) depends on the

*words, both ~(t) and ~ (t) are coupled in the simu-

lation process. Hence, the iterative procedure described previously is

*needed. The equations used for the simulation of ~(t) and ~ (t) are given

in the following

*~ (t) = ~ ~(t)

(5.15)

(5.16)

~(t) (~t/4) R-
l ~' [ ~ ~(t) + g(t) ]

5-7
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(5.19)

*The iterative procedures for determining ~(t) and 2 (t) are described in the

following

(i) The initial solutions for ~(t) and 2(t) are obtained by setting

*2 (t) = 2(t) and using Eqs. (5.15) and (5.17)

*(ii) With 2(t) determined in (i), 2 (t) is computed from Eq. (5.16)

*(iii) ~(t) is obtained from Eq. (5.15) using 2 (t) determined in (ii)

and

(iv) 2(t) is computed from ~(t) using Eq. (5.17).

*The iterative procedure is repeated until ~(t) and 2 (t) converge.

*Again, numerical results indicate that ~(t) and ~ (t) converge rapidly. A

block diagram for such a simulation procedure is shown in Fig. 16.
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VI. NUMERICAL EXAMPLES

To demonstrate the sensitivity and criticality of the active control

system with respect to the variant from ideal control environments,

extensive numerical examples are worked out in this section. In particular,

two configurations of the active control system will be considered,

including the active tendon control system and active mass damper. A

simulated earthquake ground acceleration shown in Fig. 17 is considered as

the input excitation.

An eight-story building in which every story unit is identically

constructed is considered for illustrative purposes. The structural

properties of each story are: m floor mass = 345.6 tons; k = elastic

stiffness 5
3.404 x 10 KN/m; and c internal damping coefficient = 2,937

tons/sec. that corresponds to a 2% damping for the first vibrational mode of

the entire building. The external damping is assumed to be zero. The

computed natural frequencies are 5.79, 17.18, 27,98, 37.82, 46.38, 53.36,

58.53, and 61.69 rad/sec.

Without control system, the top floor relative displacement with

respect to the ground and the base shear force of the building are shown in

Fig 18.

6.1 Ideal Control Environments: Two examples, one with an active tendon

control system and another with an active mass damper, will be illustrated

in the following under ideal control environments. Ideal control

environments refer to the control situation without system time delay and

free of estimation errors for structural parameters. The structural

response quantities and required active control forces under ideal control

environments will be presented in this subsection. These will serve as

bases for comparing the corresponding results when control environments
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deviate from ideal ones, including system time delay, uncertainty in

structural identification, and truncation of small control forces.

Example 1: Active Tendon Control System

Suppose four active tendon controllers are installed in the lowest four

story units and the angle of inclination of the tendons with respect to the

floor is 25 0
. The dimension of the weighting matrices 9 and ~ are (16x16)

and (4x4) , respectively. For Riccati closed-loop control, both 9 and R

*matrices are chosen to be diagonal matrices with elements Q.. = Q 1.3 x
~~

105 (for i = 1, 2, ... 8), Qjj=O (for j = 9, 10, ... 16), and Rll = R22 R33
-4

R44 = 10

With the application of instantaneous optimal control algorithms, the

weighting matrix ~ is identical to the one given above. However, the

(16x16) weighting matrix 9 will be partitioned more efficiently as follows

9 (6.1)

in which 921 and 9 22 are (8x8) matrices and a is a constant. Note that 911

and 9 12 do not contribute to the active control force and, hence, they are

chosen to be zero [17, 18]. The choice of 921 and 922 requires some consid

erations as discussed in Ref. 17. For simplicity, 921 and 922 are chosen to

b l · * h 1 f * b * ..e equa , ~.e., 921 = g22 - Q Tee ements 0 9 , denoted y Q (~,J), are

* *given in the following; Q (i,j) = j for i ~ 4 and Q (i,j) = 0 for i > 4.

For a 68% reduction of the building response, a value of 5,000 is used for

Q.

The time histories of (i) the top floor relative displacement to the

ground, (ii) the base shear force, and (iii) the control force from the

6-2



lowest controller, are shown in Fig. 19, when the Riccati closed-loop

control algorithm is used.

Under ideal control environments, it has been shown in Refs. 17-18 that

the control efficiencies for three instantaneous optimal control algorithms

are identical. In other words, the resulting structural response quantities

and required active control forces for these three control algorithms are

identical. The time histories of the response quantities and the required

active control force from the lowest controller are shown in Fig. 20, when

one of the instantaneous optimal control algorithms is used. The maximum

values of the time histories shown in Figs. 18 to 20 are tabulated in Table

1.

Example 2: Active Mass Damper

The same example as the previous one is considered except that, instead

of the active tendon control system an active mass damper is installed on

the top floor of the building as shown in Fig. l(b). The properties of the

active mass damper are md = mass of the damper 29.63 tons, cd = damping of

the damper = 25 tons/sec., k d = stiffness of the damper = 957.2 KN/m. Note

that the mass m
d

is 2% of the generalized mass associated with the first

vibrational mode, the frequency of the damper is 98% of the first natural

frequency of the building, and the damping coefficient of the damper is

approximately 7.3%. In the present situation, the weighting matrix R

consists of only one element, i.e., R = R, whereas the dimension of 9 matrix

is (18x18).

For Riccati closed-loop control, the weighting matrix 9 is considered

5
as a diagonal matrix with Q

ii
= 1.3 x 10 (for i=l, 2, ... , 8), and Qjj = 0

(for j = 9, 10, .,., 18). The element of R is 10-
3

.

-3
In applying instantaneous optimal control algorithms, g = 10 is used,

and the 9 matrix is partitioned as shown by Eq. (6.1) in which 921 and 922
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are (2x9) matrices. The following values are assigned to elements of these

two matricies for illustrative purposes:

[
-33.5

-33.5

-67.

-67.

-100.5

-100.5

-134.

-134.

-167.5

-167.5

-201.

-201.

-234.5

-234.5

-268.

-268.
-375.6 ]

32.2

[
67.5

5.8

135.0

11.6

202.5

17.6

270.0

23.2

338.5

29.0

405.0

34.7

472.5

40.5

540.0

46.3
32.2 ]
5.7

A value of 67.0 is chosen for a, Eq. (6.1), such that the top floor relative

displacement is reduced approximately by 60%

Using the Riccati closed-loop control algorithm, the building response

quantities and required active control force are displayed in Fig. 21. With

the application of anyone of three instantaneous optimal control

algorithms, the corresponding quantities are displayed in Fig. 22. The

maximum values of the time histories shown in Fig. 21 and 22 are tabulated

in Table 2.

Finally, it should be mentioned that the control efficiency for each of

three instantaneous optimal control algorithms is quite different when a

system time delay or an estimation error for structural parameters is

introduced. Numerical examples will be presented in the next subsections.

6.2 Structural Control Yith System Uncertainty: When the system identifi-

cation involves uncertainty, the actual system matrix A is unknown and the

*estimated system matrix A is used for control operation. Various degrees

of estimation error in stiffness and damping will be introduced to

illustrate the effect of system uncertainty on the control system. The

error in stiffness estimation for every story unit, denoted by ~k, is

6-4



represented by the percentage of the true stiffness. The corresponding

estimation error in the fundamental frequency wf ' denoted by 6.w, is

expressed in terms of the percentage of w
f

. The estimation error in damping

coefficient for every story unit, denoted by 6.c, is similarly defined. The

estimation error for the damping ratio, €, in the first mode is expressed in

terms of the percentage of e, as denoted by 6.e.

Example 3: Active Tendon Control System

Example 1 is reconsidered and various estimation errors for structural

parameters are introduced. Using the Riccati closed-loop control algorithm,

the time histories of structural response quantities and active control

force from the first controller are presented in Figs. 23-25. In these

figures, ±40% estimation errors in stiffness or damping have been

introduced. The maximum response quantities and control force in the entire

time histories of 30 seconds are summarized in the upper part of Table 3.

The control force shown in the table is the one from the controller in the

lowest story unit. It is observed from Table 3 that in comparison with the

results under ideal control environments, the response quantities may

increase or decrease depending on whether the structural properties are

under or over estimated. However, as the response quantities increase, the

corresponding active control force always decreases and vice versa. This

indicates that the degradation of the control efficiency is not quite

significant. The control system is moderately sensitive to the stiffness

estimation error (or natural frequency), whereas it is not sensitive the

estimation error of damping coefficient. In general, an estimation error

within 20% for stifffness and 50% for damping is quite acceptable, when the

Riccati closed-loop control algorithm is used.

With the application of the instantaneous optimal-open-loop control

algorithm, the time histories of the structural response quantities and the

6-5



active control force from the first controller for various degrees of

stiffness estimation error are shown in Figs. 26-28. The maximum response

quantities and the maximum active control force are summarized in the upper

part of Table 4. It is observed from Table 4 that the control system is

quite sensitive to the estimation error for the stiffness as compared to the

Riccati closed-loop control algorithm. An estimation error for stiffness

may result in a considerable degradation of the control effectiveness.

Further, it is observed from Fig. 26 that the response quantities beyond 17

seconds do not die down as rapidly as that of the ideal system without

uncertainty. On the other hand, the control system is not sensitive to the

estimation error for damping as shown in Fig. 29-31 and Table 4.

It is concluded that the instantaneous optimal open-loop control

algorithm is quite sensitive to the system uncertainty in stiffness or

natural frequency, and the control efficiency can deteriorate considerably

if the stiffness estimation error is more than 10%. This situation may have

been expected, because in open-loop control no feedback state vector is

measured. Note that the feedback state vector reflects to some extent the

behavior of true system parameters.

Using the instantaneous optimal closed-open-loop control algorithm, the

time histories of the structural response quantities and active control

force are depicted in Figs. 32-34. In these figures, estimation errors of

±40% for stiffness and damping are introduced. The maximum response

quantities and active control force in 30 seconds of the time history are

summarized in the upper part of Table 5. Table 5 and Figs. 32-34 indicate

that the instantaneous optimal closed-open-loop control algorithm is

practically insensitive to system uncertainties.
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Finally, it has been shown in Section III that the instantaneous

optimal closed-loop control algorithm is independent of structural

parameters or system uncertainty.

Example 4: Active Mass Damper

Example 2 is reconsidered and various estimation errors of structural

parameters are taken into account. With the Riccati closed-loop control

algorithm, time histories of the response quantities and control force are

shown in Figs. 35-37 for different degrees of estimation errors. The

maximum values in these time histories are summarized in the lower part of

Table 3. A comparison between the upper part and lower part of Table 3

shows that the active mass damper is less sensitive to the uncertainties (or

errors) in system identification. An estimation error of 40% for stiffness

is acceptable when the Riccati closed-loop control algorithm is used.

Again, the error in damping estimation has a negligible effect on the

efficiency of the control system.

With the application of the instantaneous optimal open-loop control

algorithm, the time histories of the response quantities and active control

force are depicted in Figs. 38-43. The corresponding maximum response

quantities and control force are summarized in the lower part of Table 4.

As observed from Table 4, the control system is sensitive to the uncertainty

in stiffness estimation, in particular, when the stiffness is over-

estimated. An over-estimation of the stiffness for more than 10% will

result in a significant degradation of the control efficiency. Again, the

control system is not sensitive to the estimation error for damping.

With the application of instantaneous optimal closed-open-loop control,

the time histories of response quantities and control force are shown in

Figs. 44-46. The corresponding maximum values are displayed in the lower

part of Table 5. It is observed from the table that the instantaneous
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optimal closed-open-loop control algorithm is not sensitive to the

estimation errors for structural parameters.

6.3 Structural Control Yith System Time Delay: To demonstrate the effect

of system time delay on the control system, the same examples worked out in

Section 6.1 under ideal control environments will be considered, in which

various degrees of time delay T will be introduced. The system time delay,

-3
T, is expressed in 10 seconds and also in percentage of the fundamental

period of the structure T
f

= 1.OS5 sec.

Example 5: Active Tendon Control System

Example 1 will be reconsidered herein except that a time delay T is

taken into account. The solutions for the structural response quantities

and active control forces have been derived in Section V.

By use of the Riccati closed-loop control algorithm, time histories of

the response quantities and active control forces are computed for various

degrees of time delay T. Some results are displayed in Figs. 49 to 51. The

absolute maximum value within the entire time history of 30 seconds of

earthquake episode for the response and control force is considered as a

measure for the effect of system time delay. In particular, the deviation

of the absolute maximum value from that obtained without system delay. Let

YS be the maximum top floor relative displacement with respect to the ground

in the time history of 30 seconds with a system time delay, and Y
S

be the

corresponding quantity under ideal control environments without a time

delay. Then, the deviation, Y
S Ys ' measured in terms of the percentage of

Ys ' is plotted in Fig. 47(a) as a solid curve. In other words, the solid

curve represents the deviation, (Yg - Y
S
)/ YS ' as a function of time delay
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As observed from the figure, the deviation increases as the time delay

T increases. With a time delay T, the maximum control force from the

controller installed in the lowest story unit is denoted by U1 , whereas the

corresponding maximum control force without a time delay is denoted by U1 .

The deviation of the maximum control force measured in terms of the

percentage of U
1

, i.e., (U1 - Ul )/ Ul , is plotted in Fig. 47(a) as a dashed

curve. Again, the deviation increases as the magnitude of time delay T

increases.

From Fig. 47(a), two observations made in the following are

significant. (1) As the time delay T increases, the maximum response

quantities increase whereas the required maximum control forces are always

larger than that without a system time delay. This indicates that the

control efficiency degrades monotonically with respect to the time delay T.

(2) The absolute maximum values of response quantities increase drastically

as the time delay T is over 5% of the fundamental structural period T
f

. In

other words, the slope of the solid curve increases rapidly for T > 5% T
f

.

The structural response quantities and required active control forces

have been computed for various degrees of time delay T using three

instantaneous optimal control algorithms. The deviations of the absolute

maximum of the top floor relative displacement and control force are

displayed in Figs. 47(b) and 48, when three instantaneous optimal control

algorithms are used. Further, the time histories of response quantities and

active control force are displayed in Figs. 52 to 60. Again, the two

conclusions described previously for Riccati closed-loop control hold for

instantaneous optimal control algorithms.

It is observed that time delay is most serious for instantaneous

optimal open-loop control. Riccati closed-loop control and instantaneous
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optimal closed-loop control are less sensitive to system time delay than

instantaneous optimal closed-open-Ioop control. A time delay within 3% of

the fundamental natural frequency, Tf = 1.085 seconds, is

tolerable for the instantaneous optimal open-loop control algorithm, whereas

a time delay of 4.5% of Tf is acceptable for other control algorithms.

Beyond these limits described above, the degradation of the control

efficiency is quite significant.

The fact that open-loop control may be susceptible to system time delay

can be explained in the following. The control force is regulated by the

measured input excitation rather than the feedback state vector in the case

of open-loop control. The predominant frequency of the input excitation is

usually quite different from that of the structure. Theoretically, the

frequency content of the control force is expected to be close to that of

the structural response. Since the frequency of the structural response is

contributed by the frequencies of the input excitation and the structure, a

time delay may result in a significant phase shift for the control force

with respect to the response. This is particularly true when the magnitude

of time delay is large.

Example 6· Active Mass Damper

Example 2 is reconsidered in which a system time delay r is introduced.

The deviation of the absolute maximum top floor relative displacement and

that of the absolute maximum control force are presented in Figs. 61 and 62

as functions of time delay T. For different control algorithms, the time

histories of the structural response quantities and control force are

displayed in Figs. 63 to 74.

From the results presented above, the effect of time delay on the

active tendon control system and active mass damper is comparable, although
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the active mass damper is slightly less sensitive.

previously hold for the active mass damper also.

The observations made

6.4 Truncation of Small Control forces: The sensitivity and criticality of

truncating small control forces on the control system will be illustrated

using the following numerical examples. The truncation level € is expressed

in term of KN and also in term of the percentage of maximum control force

from the first controller under ideal control environments obtained in

Section 6.1.

Example 7: Active Tendon Control System

Example 1 will be reconsidered in which different truncation levels, €,

for active control forces will be made. Numerical results for the time

histories of the top floor relative displacement, the base shear force, and

the active control force from the first controller are presented in Figs. 75

to 77 when the Riccati closed-loop control algorithm is used. With the

application of three instantaneous optimal control algorithms, the

corresponding results are displayed in Figs. 78 to 86.

For the particular earthquake ground acceleration input considered, the

structural response and the active control force have a most intense segment

roughly from 3 to 17 seconds. The active control forces outside this region

are quite small. Thus, a majority of small control forces truncated are

outside this region. As such, the structural response quantities do not die

down after 17 seconds as rapidly when the small control forces are

truncated. However, the truncation effect on the maximum structural

response that occurs in the most intense segment is extremely limited as

evidenced by Figs. 75 to 86. The truncation effect may become significant

when the truncation level is high enough such that some control forces in

the most intense segment are eliminated.
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The maximum structural response is of great concern, whereas the rate

of decay of the response beyond the most intense segment may not be

important. Consequently, the maximum response quantities and the maximum

control force within the time period of 30 seconds are tabulated in Tables

6-9 for different truncation levels, E, and different control algorithms.

The first column in the table indicates the actual truncation level E in KN,

and the second column shows the truncation level expressed in terms of the

percentage of the maximum control force under ideal control environments as

given in the first row of the table. For different truncation levels, the

maximum response quantities and maximum control force are also expressed in

terms of the percentage of the corresponding quantity obtained without a

truncation, i.e., E = O.

It is observed from Tables 7 to 9 and Figs. 78 to 86 that a truncation

of all control forces smaller than 20% of the maximum control force

practically does not affect the maximum response quantities. However, the

response quantities do not die down as rapidly as the results obtained

without a truncation of small control forces. The conclusion holds for all

control algorithms considered.

Example 8: Active Mass Damper

Example 2 is reconsidered in which different levels of truncation for

control forces have been made. The time histories of the top floor relative

displacement, the base shear force, and the control force are presented in

Figs. 87 to 98 for different control algorithms. The maximum response

quantities and control force are tabulated in Tables 10-13. As observed

from Figs. 87 to 98 and Tables 10 to 13, a truncation of all control forces

smaller than 20% of the maximum control force has an insignificant effect of

the active mass damper system.
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Unlike the system uncertainty and time delay, the effect of truncation

of small control forces is not sensitive to different control algorithms.

Likewise, the sensitivity for active tendon control system is almost

identical to that of the active mass damper.
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Table 1: Maximum Structural Responses and Control Force for an 8-Story
Building with Active Tendon Control System

TOP FLOOR BASE SHEAR CONTROL FORCE FROM
CONTROL LAW DISPLACEMENT FORCE FIRST CONTROLLER

(cm) (KN) (KN)

Uncontrolled 4.10 2,506 ------

Riccati Closed- 1.36 853 437
Loop Control

Instantaneous 1. 34 847 421
Optimal Control

Table 2: Maximum Structural Responses and Control Force for an 8-Story
Building with an Active Mass Damper

TOP FLOOR BASE SHEAR CONTROL
CONTROL LAW DISPLACEMENT FORCE FORCE

(cm) (RN) (RN)

Uncontrolled 4.10 2,506 ------

Riccati Closed- 1. 61 1,075 250
Loop Control

Instantaneous 1. 54 1,045 232
Optimal Control
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Table 3: Maximum Structural Responses and Control Force for an 8-Story Building
Using Riccati Closed-Loop Control Algorithm.

I ACTIVE TENDON CONTROL SYSTEM I
I ESTIMATION ERROR I I I BASE 1 1 I 1
1 I 1 I I TOP FLOOR IDIFFERENCE ISHEAR IDIFFERENCE 1CONTROL IDIFFERENCE I
1 ~kl ~w I ~cl ~rIDISPLACEMENTI IN % OF IFORCE I IN % OF I FORCE I IN % OF I
I %\ % 1 %1 % (CM) I 1. 36 CM I (KN) I 853 KN I (KN) I 437 KN I
I I I 1 I I I I 1
1 I 1 I I I 1 1 I
1 ° I ° I °1 ° 1. 36 I 853 I I 437 I I
1 I I I I I I I
I 401 18.31 ° ° 1.53 I 12.5 965 I 13.1 I 389 I -11.0 1
1 I 1 1 I I I 1
I 2°1 9.6l ° ° 1.43 I 5.1 899 I 5.4 I 413 I -5.5 I
1 I I 1 I I I I
1-201-10.51 0 0 1. 32 1 -2.9 792 I -7.1 I 460 I 5.3 I
I I I I 1 I I 1
I-40 I -22 . 6 I ° ° 1.27 I -8.4 698 1 -18.1 I 502 1 14.9 I
1 I I I I I I I
1 ° I 0 I 40 40 1.43 I 5.4 901 I 5.6 I 416 I -4.8 I
I 1 1 1 I 1 1 I
1 ° I 0 1-40 -40 1. 33 I -2.2 812 I -4.8 I 443 I 1.4 I
1 I I I I 1 I I I
I ACTIVE MASS DAMPER 1

ESTIMATION ERROR I I I BASE I I I 1
I I I I TOP FLOOR IDIFFERENCEISHEAR IDIFFERENCE ICONTROL IDIFFERENCE 1

~kl ~w I ~cl ~rIDISPLACEMENTI IN % OF IFORCE I IN % OF I FORCE I IN % OF I
%1 % 1 %\ %1 (CM) 1 1.61 CM I (KN) 1 1,070 KN 1 (KN) 1 250 KN \

1 I I I 1 I I I I I
I I I I I I I I I

° I ° I °1 ° 1. 61 I \1,070 I I 250 I I
I I I I I I I

401 18.31 °1 ° 1.71 6.2 1,047 I -2.1 I 254 I 1.6 I
I I I I I 1 I

2°1 9.61 °1 ° 1.65 2.5 1,052 I -1. 7 I 255 I 2.0 1
I I I I I I I

-201-10.51 °1 ° 1. 59 -1. 2 1,096 I 2.4 I 253 1 1.2 I
I I I I I I I

-4°1-22.61 °1 ° 1. 58 -1. 8 1,096 I 2.4 I 278 1 11.2 1
I I 1 I I I 1

° I ° I 401 40 1.64 1.8 1,085 I 1.4 I 240 I -4.0 I
I I I 1 I 1 I

° I 0 1-4°1- 40 1.59 -1. 2 1,054 I -1.4 I 259 1 3.6 I
I I 1 I I I I
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Table 4: Maximum Structural Responses and Control Force for an 8-Story Building
Using Instantaneous Optimal Open-Loop Control Algorithm.

ACTIVE TENDON CONTROL SYSTEM I
ESTIMATION ERROR I I 1BASE I I I I

I I I I TOP FLOOR IDIFFERENCEISHEAR jDIFFERENCEjCONTROLIDIFFERENCEJ
~kl ~w 1 ~cl ~rIDISPLACEMENTI IN % OF IFORCE I IN % OF I FORCE I IN % OF I

%1 % I %1 %1 (CM) I 1.34 CM I (KN) I 847 KN I (KN) I 421 KN I

I I I I I I I I I I
I I I I I I I I I I

o I 0 I 0 I 0 I 1.34 I 1 847 1 1 421 I 1
I I I I I I 1 I I I

20 I 9.61 0 I 0 I 1. 64 I 22.4 I 996 I 17.6 I 415 I -1. 4 I
1 I I I 1 I 1 I

101 4.9 01 01 1.51 I 12.7 I 866 I 2.2 I 403 -4.3 I
I I I I I I I I

-10 I - 5.1 °1 °I 1. 43 I 6.7 I 910 I 7.4 I 439 4.3 I
I 1 I I I I I I

-2°1-10.5 01 0\ 1.71 1 27.6 \1,022 \ 20.7 I 457 8.6 I
1 I I I J 1 I I° I ° 401 401 1.37 1 2.2 I 884 1 4.4 I 409 -2.8 I
I I I 1 I I I I

° 1 ° -401-401 1.33 I -0.7 1 799 I -5.6 I 441 4.7 I
I I! I I I I I

ACTIVE MASS DAMPER 1
ESTIMATION ERROR I I I BASE I I I I

I I I I TOP FLOOR IDIFFERENCEISHEAR I DIFFERENCE ICONTROL DIFFERENCE I
~kl ~w I ~cl ~rIDISPLACEMENTI IN % OF IFORCE I IN % OF I FORCE IN % OF I

%1 % I %1 %1 (CM) 1 1.54 CM I (KN) 11,045 KN I (KN) 232 KN I
I I I I I I I I 1
I I I I I I I I° 1 ° I 0 °1 1. 54 I 11 ,045 I I 232 I
I I I I 1 1 I I

201 9.61 ° 01 1.96 I 27.3 11,202 I 15.0 I 217 -6.5 I
I I I I 1 I I I

101 4.91 ° 01 1.77 1 14.9 11,094 I 4.7 I 223 -3.9 I
I I I I I I I I I
1-1°1 -5.11 ° 01 1.52 I -1.3 11,031 I -1.3 I 246 6.0 I
I I I I I I I I I
1-201-10.51 0 01 1.55 I 0.6 11,082 I 3.5 1 274 18.1 I
J I I 1 I I I I I
I ° I 0 \ 40 401 1.56 I 1.3 11,045 1 I 230 -0.9 1
I 1 I I I I I 1 I
1 0 1 ° 1-40 -40\ 1.54 I 11,047 I 0.2 I 234 0.9 I

I I I I I I I I I
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Table 5: Maximum Structural Responses and Control Force for an 8-Story
Building Using Instantaneous Optimal C1osed-Open-Loop Control
Algorithm.

ACTIVE TENDON CONTROL SYSTEM 1
ESTIMATION ERROR I I I BASE I 1 I I

1 1 I I TOP FLOOR DIFFERENCEISHEAR 1DIFFERENCE 1CONTROL IDIFFERENCE 1
~k ~w 1 ~cl ~rIDISPLACEMENT IN % OF IFORCE I IN % OF 1 FORCE 1 IN % OF I

% % I %1 %1 (CM) 1.34 CM I (kn) I 847 KN I (KN) I 421 KN I

1 I I I 1 I I
I 1 I I I 1 1

o 1 0 0 I 1. 34 1 847 1 1 421 I I
I 1 I I I 1 I

40 18.31 0 01 1.39 3.7 1 829 1 -2.1 438 I 4.0 I
I 1 1 1 1 1

20 9.61 0 01 1.37 2.2 I 838 1 -1.1 428 1 1.6 I
1 1 I 1 1 1

- 20 -10.51 0 0 I 1. 34 I 856 I 1. 1 414 I -1. 6 I
1 I I 1 I 1 I
1-40 -22.61 0 01 1.38 3.0 I 878 I 3.6 413 1 -1.9 1
1 1 1 1 1 I 1
I 0 0 I 40 40 I 1. 34 I 852 I 0.5 418 I -0.7 I
1 1 I 1 I 1 I 1
1 0 1 0 1-40 -401 1.35 0.7 1 843 1 -0.4 425 1 1.4 I
1_4-1_--1-1-+-----ll ~ -l-I__II---__--1-__---lll--- 1
1 ..:-!A~CT~I~V_!=E'--'MAf..!£=..!:S~S~DAM~P_!=E~R 1
1 ESTIMATION ERROR 1 1 1 BASE 1 1 I 1
I \ I I I TOP FLOOR \DIFFERENCE\SHEAR \DIFFERENCE 1CONTROL 1DIFFERENCE I
1 ~kl ~w I ~c ~rIDISPLACEMENTI IN % OF IFORCE 1 IN % OF I FORCE 1 IN % OF 1

I %I % 1 % %I (CM) I 1. 54 CM 1 (KN) I 1,045 KN 1 (KN) I 232 KN I
I I I I I I I I I I
1 I I 1 I I
1 0 0 1 0 01 1.54 11,045 232 1
I I I I I
I 40 18.31 0 01 1. 55 0.7 11,046 0.1 232 1
1 1 I I 1
1 20 9.61 0 01 1.54 11,045 232 I
1 1 1 1 I
1-20 -10.51 0 01 1.54 11,045 232 1
1 I 1 1 I
1-40 -22.61 0 01 1.54 11,046 0.1 232 1
I 1 I I I
I 0 0 1 40 401 1.54 11,046 0.1 232 I
1 1 1 I 1
10 0 1-40 -401 1.54 11,046 0.1 232 I
1_4--_-1-1_I---~I- +--__--+I__~__-l-__-I-- I
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Table 6: Maximum Response Quantities and Control Force for an 8-Story Building
with Tendon Control System Using Riccati Closed-Loop Control
Algorithm.

I I I I
€ € IN TOP FLOOR CHANGE IBASE SHEAR I CHANGE ICONTROL I CHANGE
IN % of DISPLACEMENT IN % OF I FORCE I IN % OF I FORCE I IN % OF
KN 437KN (CM) 1. 36 CM I (KN) I 853 KN I (KN) I 437 KN

I I I I
I I I I

a 0.0 1. 36 I 853 I I 437 I
I I I I

50 11.44 1.36 I 844 I -1.0 I 439 I 0.4
I I I I

75 17.16 1. 36 I 847 I -0.7 I 442 I 1.1
I I I I

100 22.88 1. 37 0.7 I 848 I -0.6 I 444 I 1.6
I I I I

6-18



Table 7: Maximum Response Quantities and Control Force for an 8-Story Building
with Tendon Control System Using Instantaneous Optimal Closed-Loop
Control Algorithm.

I I I I
€ I € INI TOP FLOOR CHANGE BASE SHEAR CHANGE CONTROL I CHANGE I
IN I % OFIDISPLACEMENT IN % OF FORCE IN % OF FORCE I IN % OF I
KN 1421KNI (CM) 1. 34 CM (KN) 847 KN (KN) I 421 KN I

1__ 1 I 1
I I I I

0 I 0.0 I 1.34 847 421 I I
I I I I

50 111.871 1. 34 848 0.1 421 I I
I I I I

75 117. 81 1 1. 33 -0.7 850 0.3 424 1 0.7 I
1 I I I

100 123 . 75 1 1. 32 -1. 5 853 0.7 426 1 1.1 I
I I I I
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Table 8: Maximum Response Quantities and Control Force for an 8-Story Building
with Tendon Control System Using Instantaneous Optimal Open-Loop
Control Algorithm.

I I
€ I € IN TOP FLOOR CHANGE BASE SHEAR CHANGE CONTROL I CHANGE
IN I % OF DISPLACEMENT IN % OF FORCE IN % OF FORCE 1 IN % OF
KN 1421KN (CM) 1. 34 CM (KN) 847 KN (KN) I 421 KN

I_- I
I I

0 I 0.0 1.34 847 421 I
I I

50 111 . 87 1.33 -0.7 849 0.2 422 I 0.2
I I

75 117.81 1. 33 -0.7 852 0.6 424 I 0.7
1 I

100 123.75 1. 33 -0.7 853 0.7 426 I 1.1
I I

Table 9: Maximum Response Quantities and Control Force for an 8-Story Building
with Tendon Control System Using Instantaneous Optimal C1osed-Open
Loop Control Algorithm.

I I 1
€ € INI TOP FLOOR I CHANGE IBASE SHEAR CHANGE CONTROL CHANGE
IN % OFIDISPLACEMENT IN % OF I FORCE IN % OF FORCE IN % OF
KN 421KNI (CM) 1. 34 CM 1 (KN) 847 KN (KN) 421 KN

__I I
I I

0 0.0 I 1. 34 1 847 421
1 I

50 11. 87 1 1. 34 I 848 0.1 421
I I

75 17. 81 1 1. 33 -0.7 I 852 0.6 424 0.7
I I

100 23.75 1 1. 33 -0.7 I 853 0.7 426 1.1
I 1
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Table 10: Maximum Response Quantities and Control Force for an 8-Story Building
with an Active Mass Damper Using Riccati Closed-Loop Control
Algorithm.

I I 1 I
€ € INI TOP FLOOR I CHANGE IBASE SHEAR I CHANGE ICONTROL I CHANGE
IN 1 % OFI DISPLACEMENT , IN % OF FORCE I IN % OF 1 FORCE I IN % OF
KN I 250KNI (CM) I 1. 61 CM (KN) 11,070 KN 1 (KN) 1 250 KN

1__1 1 I I I
I I I I I I

° I ° 1 1. 61 , 1,070 I 1 250 I
I I I 1 1 1

50 1 20 , 1.66 I 3.1 1,073 I 0.2 I 249 1 -0.4
\ \ I I I I

75 1 30 1 1. 74 , 8.1 1,088 , 1.7 1 237 I -5.2
I I , ,

1 1

Table 11: Maximum Response Quantities and Control Force for an 8- Story
Building with an Active Mass Damper Using Instantaneous Optimal
Closed-Loop Control Algorithm.

1 1 1 I
€ € INI TOP FLOOR I CHANGE IBASE SHEAR I CHANGE ICONTROL CHANGE
IN I % OFI DISPLACEMENT I IN % OF FORCE 1 IN % OF I FORCE IN % OF
KN 1232KNI (CM) I 1. 54 CM (KN) 11,047 KN 1 (KN) 232 !<N

1__1 1 1 I
I / 1 / 1

0 1 ° 1 1. 54 I 1,047 1 I 232
I I I I 1

50 121.551 1.56 I 1.2 1,036 1 -1. 0 I 225 -3.0
I I I I I

75 /32.321 1. 60 1 3.9 977 I -6.7 1 203 -12.5
1 1 I 1 I
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Table 12: Maximum Response quantities and Control Force for an 8-Story Building
with an Active Mass Damper Using Instantaneous Optimal Open-Loop
Control Algorithm.

I I I I
€ € INI TOP FLOOR I CHANGE IBASE SHEAR I CHANGE CONTROL I CHANGE
IN I % OF IDISPLACEMENT I IN % OF I FORCE I IN % OF FORCE I IN % OF
KN 1232KN I (CM) I 1. 54 CM I (KN) 11 ,047 KN (KN) I 232 KN

1__1 I I I I
1 I I I 1 I

0 I 0 I 1. 54 I I 1,047 I 232 I
I I I I I I

50 121.551 1. 56 I 1.2 I 1,035 I -1.1 224 I -3.4
I I I I I I

75 132. 32 1 1.62 I 5.2 I 977 I -6.7 205 I -11.6
I I I I I I

Table 13: Maximum Response Quantities and Control Force for an 8-Story Building
with an Active Mass Damper Using Instantaneous Optimal Closed-Open-
Loop Control Algorithm €: Maximum Control Force U 232 KN.max

€ € IN TOP FLOOR CHANGE BASE SHEAR CHANGE CONTROL CHANGE
IN % OF DISPLACEMENT IN % OF FORCE IN % OF FORCE IN % OF
KN 232KN (CM) 1. 54 CM (KN) 1,047 KN (KN) 232 KN

0 0 1.54 1,047 232

50 21. 55 1.55 0.6 1,035 -1.1 224 -3.4

75 32.32 1.61 4.5 976 -6.8 204 -12.0
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Control Algorithm: (a) T - 0 (No Delay), (b) T - 45xlO sec.,

(c) T - 60xlO- 3 sec.

6-76



350
(a)

0z
~

... -350:::>.. 350
(b)w

u
a: 00
LI..
-J
0 -350
a:

350f- (c)z
0
()

0

-3500l---....l.------L...---L-------J---2---LS--3---'O
5 10 1S 20

TIME IN SECONDS

Fig. 71: Effect of Time Delay, T, on Control Force for an 8-Story Building
Using an Active Mass Damper and Instantaneous Optimal Open-Loop

·3Control Algorithm: (a) T - 0 (No Delay), (b) T - 45xlO sec.,

(c) T - 60xlO- 3 sec.

6-77



(c)

(a)

25 30

o

o

o

- 2'---_~_ ___I.__..L__ ___L__..L__ _._.J

2r----------------.
(b)

-2 ~-=--...L----L----L----L---.J
o 5 10 15 20

TIME IN SECONDS

- 2 -J..--_-----L__....L.-_---L.__..l..-._-J

2r------r---------

~() 2r----------------.
•...

z
w
~
w
(.)

<
-'
0-m-Q
W
>-te
-'w
a:
Ctoo...
L\.
Q.
o...

Fig. 72: Effect of Time Delay, r, on Top Floor Relative Displacement for
an 8-Story Building Using an Active Mass Damper and Instantaneous
Optimal Closed-Open-Loop Control Algorithm: (a).,. = 0 (No

Delay), (b) T - 45xlO- 3 sec" (c) .,. - 60xlO-
3

sec.

6-78



1.5
(a)

z 0
~

C")

0,... -1.5..
w 1.5
(.) (b)a:
0

0LL.

a:
<w -1.5:I:
UJ 1.5
w (c)
UJ
<m 0

30255 10 15 20

TIME IN SECONDS

-1.5 '--_--l..-._----I.__--l....-_-----L__...L.-_---.1

o

Fig. 73: Effect of Time Delay, T, on Top Floor Relative Displacement for
an 8-Story Building Using an Active Mass Damper and Instan
taneous Optimal Closed-Open-Loop Control Algorithm: (a) T = 0

(No Delay), (b) T - 45xlO- 3 sec., (c) T = 60xlO-
3

sec.

6-79



350
(a)

z 0
~... -350:)

350..
w (b)
u
a: 00
IJ.
..J
0 -350a:
~ 350z (c)
0
u

0

302S
-350 ;;:--~_.l..-.-_.1..--_..L..-_..L.-~

o 5 10 15 20

TIME IN SECONDS

Fig. 74: Effect of Time Delay, ~, on Control Force for an 8-Story Building
Using an Active Mass Damper and Instantaneous Optimal Closed
Open-Loop Control Algorithm: (a) T - 0 (No Delay) I (b) T -

45xlO- 3 sec., (c) T - 60xlO-
3

sec.

6-80



(c)

(b)

o

o

o

2,..---------------~
(a)

-2 L-_.....J..-_---L._--.J__...1.-.._----L-_~

o 5 10 15 20 25 30

TIME IN SECONDS

-2L.-_~_~__...1___ ___i___.L..___ _...J

2

- 2 L-_---L.__....L-_--L.__.....l--_---'__--I

2

•....zw
:E
w
(.)

<
...I
C.
CI)-Q
W
>-
~
.J
W
a:
a::oo...
L&-

a.
o...
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System Using Instantaneous Optimal Closed-Loop Control Algorithm
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VII. CONCLUSIONS

Under seismic excitations, the effect of system uncertainty, time

delay, and truncation of small control forces on the structural control

system have been investigated. The sensitivity, criticality and tolerance

for system identification errors, time delay, and elimination of small

control forces depend on the particular control algorithm used. Four

control algorithms, which have been verified experimentally to be useful for

earthquake-excited structures [4,5], have been studied. These include the

Riccati closed-loop control algorithm, and three instantaneous optimal

control algorithms recently proposed [17-18]. The method of sensitivity

analysis for each control algorithm has been presented. Both active tendon

control system and active mass damper have been investigated. Conclusions

are summarized in the following.

(A) For uncertainty in system identification, the following conclusions

are observed.

(i) The instantaneous optimal closed-loop control algorithm is

independent of the system uncertainty. In other words, any estimation error

in structural properties, such as damping, stiffness and natural frequency,

does not affect the efficiency of the control system.

(ii) The instantaneous optimal closed-open-loop control algorithm is

not sensitive to system uncertainties at all. A substantial estimation

error for various structural parameters has an insignificant effect on the

control system.

(iii) The instantaneous optimal open-loop control algorithm is quite

sensitive to the system uncertainty in stiffness (or natrual frequency). An

estimation error over 10% for the stiffness (or 5% for the first natural

frequency) may result in a serious degradation for the control system.

However, the control algorithm is not sensitive to the damping estimation.
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In other words, a large estimation error for the structural damping does not

affect the control system.

(iv) For the Riccati closed-loop control algorithm, the uncertainty in

stiffness (or frequency) estimation has a moderate effect on the structural

response and control force; however, its effect on the control efficiency is

less prominent. A 20% estimation error for the stiffness (or 10% for the

fundamental natrual frequency) is clearly acceptable. Again, the Riccati

closed~loop control algorithm is not sensitive to the uncertainty in damping

estimation. A 40% estimation error for damping is still acceptable.

From numerous sensitivity analysis results, it can be concluded, in

general, that the control system is not sensitive at all to the statistical

uncertainty involved in determining the dampings of the structure. The

effect of damping estimation error on the control system is negligible.

This is a very important and beneficial conclusion for the application of

active control system, because the accurate identification of the damping

coefficient for a structure is rather difficult. For some control

algorithms, however, care should be taken in estimating the stiffness or

natural frequencies in order to avoid excessive degradation of the control

system.

(B) For system time delay, the following conclusions are obtained.

The instantaneous optimal open-loop control algorithm is most sensitive

and critical to system time delay. It is followed by the instantaneous

optimal closed-open-Ioop control algorithm. Two closed-loop control

algorithms investigated are less sensitive to time delay because they depend

exclusively on the feedback response state vector. In general, open-loop

control is expected to be more critical and sensitive to system time delay.

A system time delay always results in a degradation of control efficiency in

the sense that both the response quantities and required active control

7-2



forces are larger than the corresponding results associated with no system

time delay.

One important observation is that the tolerance for time delay is

rather stringent, with 3% of the fundamental structural period for the

instantaneous optimal open-loop control algorithm, and 4.5% of the

fundamental structural period for other control algorithms. For the

structure with a fundamental period, Tf , of 1.085 seconds considered in this

3 -3report, the tolerances are 33 x 10- and 49 x 10 seconds, respectively.

The problem becomes more critical when the period of the structure is

shorter (or the fundamental frequency is higher). As a result, the system

time delay may be an important issue for practical implementation of active

control systems. In fact, such a conclusion has also been revealed

experimentally [4, 5]. The experimental results using a scale structural

model and excited by an earthquake record on a shaking table [4, 5] indicate

that the response quantities and control force are always larger than those

computed theoretically without a system time delay. In this regard, future

research efforts are needed to establish methodologies for compensating

system time delay, such as th: preliminary study conducted in Ref. 9.

(C) For the truncation of small control forces, the following

conclusions are obtained from extensive numerical results.

i) The active control systems investigated are not sensitive to the

elimination of control forces that are smaller than 20% of the maximum

control force.

(ii) With the truncation of small control forces, the structural

response quantities do not die down as rapidly as in the case without

truncation. However, the maximum response quantities remain practically

unchanged, if the truncation level is within 20% of the maximum control

force.
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(iii) The conclusions obtained above hold for all control algorithms

studied in this report. It is expected that these conclusions will hold for

other control algorithms not investigated.

It should be emphasized that conclusions derived in this report are

restricted to seismic-excited structures. Further studies are needed for

other types of environmental loads.
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