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The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
of knowledge about earthquakes, the improvement of ,earthquake-resistant design, and the
implementation of seismic hazard mitigation procedures to minimize loss of lives and property.
Initially, the emphasis is on structures and lifelines of the types that would be found in zones of
moderate seismicity, such as the eastern and central United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 2, Secondary and Protective Systems, and more specifi­
cally, to a passive protective system. Protective Systems are devices or systems which, when
incorporated into a structure, help to improve the structure's ability to withstand seismic or other
environmental loads. These systems can be passive, such as base isolators or viscoelastic
dampers; or active, such as active tendons or active mass dampers; or combined passive-active
systems.

In the area of active systems, research has progressed from the conceptual phase to the im­
plementation phase with emphasis on experimental verification. As the accompanying figure
shows, the experimental verification process began with a small single-degree-of-freedom
structure model, moving to larger and more complex models, and finally, to full-scale models.

Conceptual
Phase

Implementation
Phase

Preceding page blank

Analysis and Simulation Control Mechanisms
Algorithm Development ...........----. Hardware Development

Experimen~L
Verification~

iii



.t1 comprenenslve expenmenfal smay usmg me mree-aegree-oJ-Jreeaom moael has been com­
pleted and is reported in this publication. The multi-degree-of-freedom model provides oppor­
tunities for study and verification of a number of control strategies which were not possible in
earlier studies. These include modal control, time delay in the modal space and control and
observation spillover compensation. Moreover, further verification of a simulation procedure
was carried out which gives added confidence in using simulation procedures for extrapolating
active control results to more complex situations.
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Active control of building structures has been extensively studied

theoretically using a variety of control scherres showing varying degrees of

efficiency. The demand for experimental evidence of feasibility of control

of structures subjected to severe transient leads led to the present study.

structural control experiments were carried out in the laboratory using a

1:4 scaled roodel structure simulating a three-story frame building. The

control experiments were performed using a ~7stem of prestressing tendons

connected to a servo-hydraulic system and linear optimal control

algorithms. '!be roodel was subjected to base notions produced by a 12'x12'

shaking table. which included banded white noise and earthquake

accelerograms. Results of the experiments show clearly that traditional

algorithms can be implemented when proper adjustments are made. These

include compensations for time delay and error aCctnnulation in the online

computation. Several new algorithns based on instantaneous optimal control

were experimentally verified in this study. following new developments

based on previous experiments involving single-degree-of-freedom

structures. The efficiency of various algorithms is discussed along with

canparisons of analytical and experimental results.
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~r.LUl'II ~

With the increase in size and flexibility of structures. various means

of protection against excessive vibration have been suggested Along with

passive devices such as base isolators or viscous dampers, the method of

active control has been proposed for reduction of adverse structural

effects due to severe transient loads such as earthquakes [6]. Most of the

previous work done in active structural control has been analytical or

numerical assuming ideal conditions under which active control is

implemented While some experimental verification has been conducted with

small-scale rrodels [4.11], the demand of experimental evidence pertaining

to the feasibility of structural control under realistic conditions led to

the present study. which is the follow-up of a previous study for SOOF

structures [2] .

Initial experimental studies of structural control done by Chung et

al. [2] and Lin et al [8] using linear control algorithms show that. in the

presence of imperfect conditions. traditional algorithms are not feasible

and in sane cases produce adverse results and structural instability. As a

result of these studies, several problems wel:e identified: (a) time delay

between the measured variables and the application of corrective forces can

be reduced rot oot eliminated. (b) global optimal control is not feasible

for transient loads for which the time histories are not known apriori

(such as earthquakes or wind) [15-17]; (c) errors in on-line computations

tend to accumulate rapidly producing control instability.

As a resul t of the prel iminaIy study. Chtmg et al. [2] and McGreevy et

al. [10] proI;X>sed and tested feasible methods of time delay canpensation.

Yang et al. [15.16] suggested new algorithms based on instantaneous optimum

principles which enable the use of control fOle transient loads. Lin et ale

Preceding page blank 1-1



L/J sugges~ea me~oas or upaa~lng on-~lne computatlOn wltn measurea

information. thus eliminating error accumulation.

A comprehensive experimental study using a rnulti-degree-of-freedam

structural model was performed and is reported in this paper. using the

principle of time delay compensation and updating on-line computation. the

present study tested several instantaneous optimal control algorithms £ls­

17] along with the traditional linear global optimum feedback control [12].

Using a 1:4 scaled model of a three-story frame, the study was performed

using a single control unit made of diagonal tendons prestressed by a

servohydraulic actuator which was activated by a microcomputer performing

real time computations.

'1t1e study was conducted using modal control with a limited number of

controllers and sensors. the fact dictated by practical limitations of

control implementation. However. in such a control scheme. only several

modes can be controlled. usually the critical ones. while the residual

roodes can be adversely affected. Such problems. known as spillover [1].

were included as one of the objectives of study.

The efficiency of various algorithms to reduce the response during

earthquakes was studied and is presented herein. A comparison of the

analytical and experimental results emphasizes some 1 imi tations of the

theoretical tools to match canplex damping and sampling rate differences.
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2.1 CLASSICAL OP'J.'DW. cnmo:.

The equation of motion of a discrete-parameter structure under

earthquake excitation, xo<t), and active control force, ~<t), can be

described in the state-space representation al3

<2-1)

where

The COJnIX)nents ~1<t) and ~2 (t) are the displacement and velocity vectors,

respectively, M, C and K are the mass, viscous damping and stiffness

matrices, respectively, and ':t1 is a vector with all elanents equal to -1.

In this study, the observed variables" y<t), consist of storydrift

displacements and storydrift velocities between adjacent floors. The

output equation is therefore

yet) = El<t)

where E is a 2nx2n transfer matrix.

<2-2)

According to the classical quadratic performance criterion, the active

control force B<t) is found such that the integral

t f
J = 1/2 S [KT<t)~<t) + yT<t)Rg(t)]dt

o
(2-3)

is minimized, where t f is the duration of ground motion exci tation, i.e.,

for t>tf , io=o. Q is a positive semidefinite weighting matrix for the

response and R is a positive definite weighting matrix for the control
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:Loree.

Using a linear feedback control approach and a variational procedure

to minimize the performance index J [12], the active control force is

linearly related to the state vector as

-1 T
~(t) = -~(t) = -R B ~(t) (2-4)

where P is obtained fran the steady-state Riccati matrix equation [12]

(2-5)

Expressing the control force in a feedback form,

(2-6)

and substituting in the dynamic eq. (I), the equation of motion is obtained

as

(2-7)

where

A' = [-141CK:
1
G

1
)

Comparing matrix A in eq. (2-1) and matrix A' in eq. (2-7), the resulting

controlled stiffness matrix and controlled damping matrix become,

respectively,

and

K' = K + B G1 1

C' = C + B G1 2

(2-Sa)

(2-81:»

It is seen that the effect of active control is equivalent to providing

active stiffness and active damping to the uncontrolled system.
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several control algorithms were proposed and developed by Yang et al.

[15-17]. '!hey were adopted for implementation in the experimental study.

The basic derivation of these control algorithms was slightly altered to

include more relevant parameters and this derivation is presented here for

the sake of completeness.

From structural safety point of view. the storydrift displacements are

more important than the displacements relative to the base. '!herefore. the

storydrift vector y<t) is preferred as the control oojective variables in

the time-dependent cost function J<t). Moreover. y<t) can be directly used

as feedback variables in the control algorithms to reduce on-line

computation time. Hence. the storydrift vector y<t) was used in the

control algorithms as the state vector.

Based on the instantaneous optimal control law. the time-dependent

performance index J<t) is

<2-9)

Following the procedure described in Refs. £15-17]. three control

algorithms were derived. '!he results of these derivations are presented in

Ref. [7] and smrmarized below.

(1) Instantaneous Optimal~loop COntrol

In this case. the control force. y<t>. is regulated by the base

excitation Xo <t) alone. that is.

<2-10)

where T is the modal matrix whose columns are the eigenvectors of rratrix k

the quantity g<t> is defined by
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or

9(t) = exp(eAt)[g(t-At) + T-~(BJJ(t) + WCo(t»At] (2-11a)

(2-11b)

in which e = T-1AT. When the vector g(t) is determined using eq. (2-Ua),

only the measurement of the base acceleration is needed to determine the

control force. However, this control algorithm could not be implemented

experimentally [7,8]. This can be largely attributed to errors which were

introduced into computation of the vector g(t) as given by eq. (2-11a) due

to time delay and measurement errors in the actual control process, and

these errors were accumulated in the entire control process. Hence, in

order to reduce the effect of these errors on control computation, the

vector g(t) was corrected by using measured state variables. '!hus, instead

of using eg. (2-11a), g(t) was determined by eg. (llb) which makes use of

measured state variables, y(t).

(2) Instantaneous Optimal Closed-loop Control

The control force, ~(t), in this case is regUlated by the state

vector, y(t), alone, that is,

(2-12)

(3) Instantaneous Optimal Open-closed-loop Control

Let the control force y(t) be regulated by both the state vector,

y (t), and base acceleration Xo (t) • One obtains

(2-13)

(2-14)
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can be constructed by the same relation

At ..
y<t) = LfTg<t-At) + 2" ~ Xo <t)} <2-15)

where L is a 2nx2n matrix which characterizes control efficiency. For the

same control parameters. the matrix L is the same in all three control

algorithms. Thus. the three control algorithms are theoretically identical

when all the control paraneters are the same.
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A civil engineering structure is in nature a oontinuurn whose dynamic

behavior is generally described by a distributed-parameter system. In

order to apply optimal control using a state-space formulation, the

structure is usually discretized by means of a lumped-parameter

approximation or modal expansion techniques. However, the full-order

discretized system is still too canplicated with a large or infinite number

of degrees of freedom. Hence, further model reduction is in general

necessary.

As in the case of classical linear optimal feedback control, the order

of computation in solving the Riccati matrix equation (eq. 2-5) is the

square of the order of the system equation. 'rhus, the use of reduced-order

IOOdels would reduce significantly required off-line and on-line canputation

time.

Due to inherent performance limitations, a servo-oontroller cannot

react fast enough to control certain higher order modes. 'Iherefore, it is

usually not practical to design control laws over the entire frequency

spectrum. Modal oontrol is introduced to oontrol some critical IOOdes while

leaving the residual modes uncontrolled. It is not necessary for the

controlled modes to be the first few modes of the structure. Because of

implementation feasibility and economic considerations, the number of

controllers and sensors is severely limited in comparison with the

dimension of the structure. Consequently, the induced control and

observation spillover may degrade the structural performance seriously

[1,13]. Thus actions should be taken to reduce the influence of control

and observation spillover.

Preceding page blank
3-1



with modal matrix as the transformation matrix, the equation of

motion, eq. (1), can be rewritten in the modal coordinates n(t) as

(3-1)

where the superscript ,-, denotes the corres{X)nding modal quantities. If

the modal coordinates '!l(t) are partitioned into the controlled critical

modes !Lc(t) and the uncontrolled residual modes llr (t), the physical and

modal coordinates are related by

[
Ilc(t)]
llr(t)

(3-2)

and the equation of motion can also be partitioned into

(3-3)

and

(3-4)

Using the linear optimal control approach, !:!(t) can be determined through

variational procedures as

If all state variables are available from measurements, the

coordinates of the critical modes can be constructed from the physical

coordinates fran eq. (3-2) as

(3-6)

By examining the dynamic equations (3-3) and (3-4), the effect of feedback

control force l:!(t) on the critical modes is to supply active damping and
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act:lve St.l:r:rness. tlowever. t:o me reS1OUa.L moaes. It:S er:I:ect: 1.5 t:o lJruv1.ue

an extra and possibly an adverse excitation in addition to the dynamic

loading.

Considering the action of the feedback force. the effective modal

stiffness and damping matrices are. respectively.

(3-8)

(3-7)K'

Cti~1G1 Kr

and
T,

CC+Cti~1G2 0

C'
T, CrCtirB1G2

It is found that eigenproperties of the residual modes. related to Kr

and Cr only. are invariant for the controlled system. Provided that

critical Irodes can be Ferfectly constructed from measurements. stability of

the residual modes is not influenced by the feedback force. This was

illustrated also experimentally as shown in the next section. Furthermore.

control spillover ~1~(t) can be eliminated if the controllers are

implanented in such a WB:j that the control forces are applied at the nodal

p:>ints of all residual node shapes. Howeverp this is not usually feasible

[l3J.

If only a part of the state variables. ~1c(t). is available for

measurement. the critical modal coordinates can be reconstructed by

assuming that ~1c(t) is contributed 1¥ the critical nodes only. Le••

-1nc(t) = CtiCC~1C(t) (3-9)
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u~ung Ule est:.J.IIlat:ea coora~nat:es as I:eeaoaCK, one ODt:a~ns

(3-10)

The effective modal stiffness and damping matrices for the controlled

system are, respectively,

Kc+ai~1G1
T, -1

aiJ31G1aiccaicr

K' =
T, T, -1

ai[B1G1 Kr+cli[B1G1cliccaicr

and

T, T, -1
CC+aiJ31G2 aiJ31G2aiccaicr

C' =

ai~1G2 ~ -1Cr+ai 1G2aiccaicr

(3-11)

(3-12)

The eigenproperties of the residual modes are no longer the same as

expected as seen from the coupled terms K22 and C:h in eqs. (3-11) and (3­

12) which are influenced by the feedback control force and by the

eigenproperties of the cdtical modes. Therefore, the observation

spillover may cause instability in the residual modes. As in the case of

control spillover, observation spillover can also be eliminated if the

sensors are mounted at the nodal points of the residual mode shapes, but

again, this is not usually feasible [13].
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If the displacement feedback force lags the displacement by 't"x in time

while velocity feedback force lags the velocity by 't"x in time, their

corresponding phase lags for the i-th mode are wi't"x and wi't"x' respectively.

Fig. 4-1 shows the relationship between feedback forces and responses in

the phase space. with the phase shift, the displacement feedback force may

be resolved to produce positive active stiffness and negative active

damping while the velocity feedback force may be resolved to produce

positive active stiffness and positive active damping. Due to the

existence of negative active damping, control effects are diminished for

the real system as canpared to the ideal one. Even worse, tiIre delay will

cause instability if the resultant damping force is negative. Since Iilase

lag is proportional to the delay time and modal frequency, the effect of

time delay may be serious for higher modes even with anal I amounts of time

delay.

Time delay can be compensated in the modal domain by a phase shift

method which was developed for single-degree-of-freedom systems [2] and

previously compared experimentally with several other methods [10]. The

control force contributed by the i-th mode can be expressed as

where gli and g2i are the modified displacement and velocity feedback gain

factors, respectively, with time delay compensation. The modified feedback

gain factors are determined so that the same control effect can be

achieved.

Due to Iilase shift, the displacement feedback force contributed by the

i-th mode can be resolved into the displacement and velocity components as

4-1
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FIGURE 4-1 Phasor Diagram of Feedback Forces and Responses
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Similarly. the

displacement and velocity canponents of the velocity feedback force

contributed by the i-th roode are. respectively. (g2'.sinw.~ )w.~. and
1 1 X 1 1

(g2' .cosw.~·)~.. In order to make the real system equivalent to the ideal1 1 X 1

one. the relationship between feedback gains for the real system and those

for the ideal system can be establ ished such that both systems have the

same active stiffness and active damping. Thus. the modified feedback

gains are obtained:
-1

w.sinw.~
1 1 X

-<t/w. )sinw.~.
1 1 X

(4-2)

cosw.~.
1 X

From a pre-calculated feedback gain matrix for the ideal system. the

modified real system feedback gain matrix can be constructed using the

transfonnation given by eq. (4-2).
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S.1 EXPBRDIE2nAL SB'1YJP All) IID2'.. SlKJC'lURE

'!he basic experimental set-up used in this study consisted of a three­

story 1: 4 scale frame wi th one tendon control device implemented to the

first floor (Fig. 5-1). The control was supplied by a servocontrolled

hydraulic actuator through a system of tendons. A detailed description of

the set-up and the identification studies are found in Refs. [3,7,14].

The state variable measurements were made by means of strain gage

bridges installed on the columns just J:::elCM each floor slab. For each set

of the strain gage bridges, the signal fran one strain gage bridge was used

as the signal of measured storydrift displacement between adjoining

stories, while the signal fran the second set was further p!ssed through an

analog differentiator to yield measured storydrift velocity. The base

acceleration and the absolute acceleration of each floor were directly

measured by the use of accelerometers installed at the base of the

structure and on the floor slabs. The transducers and instrumentation

system is shown in Fig. 5-2. A block diagram showing the measurement

system and the control procedure is given in Fig. 5-3.

5.2 BASE IO.l'ION

The model was shaken by the earthquake simulator with banded white

noise and an ear~ke accelerogram. Under white noise excitation, modal

properties were identified fran the frequency response functions for system

identification. Moreover, it provided a plCeliminary examination of the

system p:!rformance including structuraL sensor and controller dynamics for

more realistic inputs that were to follow. JIbe N-S canponent of El-centro

acceleration record was used in the experiment, however, it was scaled to

Preceding page blank
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FIGURE 5-1 Configuration of the Model Structure for MDOF System
(Total weight 6250 lbe.)
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:l.::l~ or J.~s act:ua.L J.nt:enSlt:y ~o preven~ J.ne.Lao~l.C ueJ:urmcn;;.LUU~ .LU WIt:: IIIUUt::.L

structure during uncontrolled vibrations. The reproduced time histo~ and

the frequency distribution of the scaled down El Centro excitation are

shown in Fig. 5-4.

S.3 EXPBRIMBlm\L RESOLTS

The classical closed-loop optimal control was first studied with all

three modes under control. After carrying out the variational procedure,

it was found that there was only a slight increase in natural frequencies

(stiffness) but damping factors were increased from 1.62%, 0.39% and 0.36%

to 12.77%, 12.27% and 5.45% (Tables 5-1 and 5-2).

'!he spillover was investigated by selecting the first fundamental mode

as the controlled critical mode. The cri.tical modal quantities were

reconstructed fran the measurements at all floors. '!he effect of spillover

to the residual modes was studied. When fewer output measurements were

available, the estimated critical modal ~~ities were actually affected

by the cbservation spillover to the residual IOOdes. Even worse, time delay

was compensated as if the outputs were contl:,ibuted by the critical modes

alone. '!be combined effect of cbservation spillover and time delay made

the systen unstable.

When the first fundamental mode was the only controlled critical IIDde,

the modal quantities were recovered from measurements at all three floors.

In the presence of modelling errors (mode shapes were not exactly

orthogonal) and measurement noise, the first IOOdal quantities could not be

reconstructed perfectly and small contributi()n of the residual modes to the

feedback signal was unavoidable. Because of mall stability margins (small

damping factors) for the second and third mf:>des, the model structure was

very sensitive to these errors. To circumvent this problem, the camnand

control signal was passed through a low-pass filter before driving the
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~~~~ ~-~ ~arame~er8 O~ ~ne MOae~ ~~ruc~ure

mass matrix M (lb-sec
2
/in.) [ 5.6 0 0 ]0 5.6 0

0 0 5.6

[ 15649 -9370 2107 ]
stiffness matrix K (lb/in.) -9370 17250 -9274

2107 -9274 7612

[ 2.185 -0.327 0.352 ]
damping matrix C (lb-sec/in.) -0.327 2.608 -0.015

0.352 -0.015 2.497

[ 2.24 Jmodal frequency w (Hz) 6.83- 11.53

[ 1.62]
modal damping factor l; (% ) 0.39- 0.36

tendon stiffness k (lb/ln. ) 2124
c

tendon inclination a (0) 36

[ 0.262 0.743 0.583]
modal matrix ~ 0.568 0.373 -0.728

0.780 -0.555 0.360
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.,

THREE ONE

PARAMETERS CONTROLLED CONTROLLED

MODES MODE

[lJ

[~~--~lresponse weighting matrix Q

010
I

control weighting matrix
[2J

R 20 k c

[2.28 ] [ 2.28]modal frequency w (Hz) 6.94 6.83- 11. 56 11.53

[12.77] [12.77]modal damping factor l; ('t,) 12.27 0.39- 5.45 0.36

time delay L , L. (msec) 35 88
x x

-- "'" -0.1857 0.0056

feedback gain matrix GT ~0.1571 0.0123
0.0641 0.0157
0.0171 0.0027
0.0021 0.0059
0.0055 0.0076.. ... .. ..

[1] K is structural stiffness matrix
[2] Kc is tendon stiffness
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actuator in order to eliminate the effect Of the reslouaJ. IOOOe5. t1owever.

no perfect filter exists. the higher the order is the filter. the sharper

is the cutoff frequency. but the longer is the time delay. As a

canpranise. a third-order Butterworth filter with a cutoff frequency of 5

Hz was selected. but time delay was increased :!:~~ 35 msec. to 88 msec.

Acceleration frequency response functions as shown in Figs. 5-5

through 5-7 were constructed by using banded white noise excitation. For

the three controlled modes. significant damping effect <large active

damping) was reflected from a decrease in peak magnitude. but peak

frequencies made a shift to the right due to its small active stiffness.

It was shown that all three modes were mder control with one controller in

the presence of time delay. For the case of one controlled mode. the peak

of the first IOOde was decreased but the peaks of the second and third modes

were increased. Due to the effect of the control spillover. the

performance of the controlled system was not better than that of the

uncontrolled one.

Under EI centro excitation. significant reduction in acceleration was

achieved with three controlled IOOdes. In addition to the reduction in peak

magnitudes. the effect of active damping was clearly evident due to control

execution but the excitation frequency was distributed over all three

modes. Due to control spillover. the control effect was greatly degraded

(Figs. 5-8 through 5-10).

The instantaneous optimal control algorithms were studied with all

three modes under control using the seismic excitation. Since a single

control force applied to the first floor was only considered for all

control algorithms. the weighting matrix R in eq. (2-9) is a scalar

constant and the weighting matrix Q is a 6x6 diagonal natrix. that is.
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Q
a

Q
a

Q

J3Q

(5-1)

where ~ is a weighting factor. From the derivation of the control

algorithms [7], it is knCMn that the control efficiency is dependent on the

parameters Q/R and~. Determination of control parameters can be carried

out by using computer simulation and these results are ShCMn in Fig. 5-11.

From this figure, the suitable control parameters were chosen to be Q/R =

5xl05 (in2/lb2-sec2) and J3 = 0, but the value of Q/R was subsequently

reduced to 5x104 (in2/lb2-sec2) in conducting the actual experiments due to

a significant increase in the naximum control force when the value of Q/R

was larger than 5x10 4 (in2/lb2-sec2). A set of typical experimental

results are shCMn in Fig. 5-12 through 5-18.

'!he naximtnn res!X'nse values measured during the experimental study,

along with reduction produced by the active control compared to the

uncontrolled case, are shCMn in Table 5-3. '!he average reductions (control

efficiencies) are only 27flb-36flb due to the use of only one controller in

this study. '!he closed-loop control is slightly more efficient than the

others. close to open-closed loop performance. All three algorithms proved

to be feasible to implement for res!X'nse reduction.

During these tests several methods of time delay compensation [10]

were studied. only the method of 'phase shift' presented in this paper was

successful in the control of the three-story system.

5.4 EXPERIMEtfI'AL VS ANALYTICAL RESULTS

Good agreement was achieved between analytical and experimental

results (Figs. 5-19 through 5-22). The discrepancies were larger in the
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TABLE 5-III Comparison of the Instantaneous Optimal Control Algorithms
(Experimental Results)

r R.l~tiv. Displ.c'lfnt Storydrift Displac.ltnt Absolut. Acctl.r.tiOft lu(tl hoax
Control L

ETii. - - Weight
0 V.lu. RH. V.lu. Rtd. Erfi. Y.lu. RH. Erfi.

Algorithlls 0
R ill. I I i•• X I , X X %

1 0.2134 0.2134 0.1576
llncOfttroL 2 0.4594 0.2621 0.2210

3 0.6323 0.1787 0.3223

Optfl-loop 1 0.144<4 33.3 0.1....4 33.3 0.1156 26.6
COfttrol 2 0.3324 27.& 29.3 0.1952 25.5 28.7 0.1605 27.4 26.8 2.20

3 0.4623 26.9 O.lm 27.4 0.2373 26.4

Optfl- 1 0.1370 35.8 0.1370 35.8 0.1146 27.3
dosHI-loop 2 0.2898 36.9 36.2 0.1&" 35.4 35.4 0.1576 28.6 29.9 3.84
Control 3 0.4060 3:5.8 0.1162 35.0 0.2129 33.9

1 0.125:5 41.2 O.lm 41.2 O.om 37.2
CJosHi-loop 2 0.2978 35.2 36.7 O.lm 32.2 35.1 0.1468 33.6 33.6 2.88

Control 3 0.4189 33.7 0.1216 32.0 0.225& 30.0

NarES:

Red = 1 - R /R is the response reduction wi1ere Rcon i:sthe
con unc

controlled response and R is the uncontrol1ed response.unc

Effi is the efficiency average based on average reduction.

lu(tl! is the maximum control force.
max
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uncontro.l.lea test aue to tne servo-contro.l.lea system. 'l'ne actuator was

kept stationary by this systE!ll during uncontrolled tests. However. slight

actuator movement was induced by the structural motion and the actuator

movement was continuously corrected to reduce the error to zero. This

interaction between the controller and the structure made the damping force

a complicated function of the structural response. For the case of El

Centro excitation. some discrepancies resulted from the fact that the

equivalent viscous damping was different fram the calibrated one measured

in the banded white mise tests. However. for the controlled cases. most

of the damping force was contributed by the feedback force. '!herefore. the

influence of actuator-structure interaction was negligible and excellent

agreement was observed. With one controlled mode. the control force was of

a lower rragnitude and of a lower frequency. leading to a better performance

of the actuator and hence excellent agreement was achieved.

The comparisons of experimental results of instantaneous algorithms

and the analytical results were rrade. A set of typical results are shown

in Figs. 5-23 through 5-26. Details of these studies can be found in [7].

Some discrepancies in the peak values could be noticed with a regUlar

pattern. '!he analytical results were always smaller than the experimental

results. This was caused by the differences between the equivalent viscous

damping versus the calibrated value and by the difference in the

digitization rates for the input motion during the experiments and

analytical studies.
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SJCt1CE 6

DISQJSSI(R) AND OBUJSICR)

Experiments of active control of a three-story building structure with

one controller have been carried out successfully under realistic

conditions.

In the case of instantaneous optimal open-loop control. it has been

shown that. since the control forces were only regulated by the base

excitation. time delay compensation was difficult and significant errors

were introduced and accumulated in the entire control process. TO insure

its success. actual rreasurements of the state variables were necessary and

therefore a modification of the original algorithms was made.

For the time delay compensation. three methods were studied after

their feasibility was verified experimentally for a SOOF system [10]. In

MOOF systems. however. two of the rrethods. i~e•• the kinematic and dynamic

methods have not been successful. This is likely due to the fact that

additional assumptions were necessary and significant errors were

introduced into the control algorithms so that the state variables could be

effectively compensated for time delay by using the tbase shift method. as

was verified experimentally.

Good agreement was obtained between analytical and experimental

results. Small discrepancies. however. were present which were primarily

due to controller-structure interaction. In the uncontrolled test. the

structure motion induced slight actuator displacement which was

continuously corrected to zero by the servo-controlled system. 'lherefore.

damping force was a complicated function of the actuator mechanism.

However. for the controlled cases. most of the damping force was

contributed by the feedback force so that the influence of the interactions

was negligible.
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I::ilrx::e me corn:ro~~er aynamlC5 was an ln1:egra~ p:lrt: OI: me st:ruct:ura~

dynamics. the structure was no longer a conventional one. As a

consequence. the damping factors for the second and third modes were

relatively small because of the controller location. The reduced stability

margins made the structure vulnerable to instability when these modes

remained uncontrolled.

In modal control. the structural stability was very sensitive to

IOOdeling errors as IOOdes leaked out to the feedback signals without time

delay compensation. Sirx::e_ ro perfect filter exists. such leakage could not

be eliminated. The leakage. however. could be minimized by passing the

control signals through an analog filter at the expense of a larger time

delay. Because of control spillover. it is suggested that critical IOOdes

be selected in such a way that the residual modes are not excited by the

environmental loads.

Sirx::e instantaneous optimal control algorithms do rot require solving

the Riccati matrix equation as required in the classical optimal controL

comIXltational advantages exist in the use of instantaneous optimal control.

This is particularly evident when the number of degrees of freedan of the

structure tmder oontrol is large.
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