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PREFACE

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

f'CEER's research and implementation pl.an in years six through tel. (1991-1996) comprises four
interlocked elements, as shown in the figure ~1'Jw. Element I, Basic Research, is carried out to
support projects in the Applied Research area. E:;,;ment II, Applied Research, is the major focus
of work for years six through ten. Element III, Demonstration Projects, have been planned to
support Applied Research projects, and will be either case studies or regional studies. Element
IV, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.

ELEMENT I
BASIC RESEARCH

• seismic haard and
ground motion

• Soli. and geotechnical
engineering

• Structur•• and ,y".m.

• Alsk and reillibility

• Prot8etIVI and
Intelligent .y.tems

• Societal and economic
.tuclle.

ELEMENT II
APPUED RESEARCH

• The Building Project

• The Nonstructural
CompGnent. Project

• The Lifeline. Project

• The Bridge Project

ELEMENT III
DEMONSTAAnON PROJECTS

eaMStudle.
• Adlve and hybrid control
• Hospital and d.ta procaMlng

facllitle.
• Short and medium .pan

bridge.
• Wlter supply Iyaten. In

Memphla .nd SIn Franclaco
Regional Studle.
• New York City
• Mlululppl Valley
• SIn Francisco Bay Ar..

ELEMENT IV
IMPLEMENTAnON

• ConferenceaIWork.hopa
• EducatlonlTralnlng cour••
• Publication.
• Public Awe,."...

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid
frames, and masonry walls or infills. The research involves smalJ- and medium-scale shake table
tests and full-scale component tests at several institutions. In a parallel effort, analytical models
and computer programs are being developed to aid in the prediction of the response of tl}ese
buildings to various types of ground motion.
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Two of the shon-tenn products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-an repon on unreinforced masonry.

The protective and intelligent systems program constitutes one of the imponant areas of
research in the Building Project. Current tasks include the following:

1. Evaluate the perfonnance of full-scale active bracing and active mass dampers already in
place in tenns of performance, power requirements, maintenance, reliability and cost.

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

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

Algorithm development is a nuzjor actMty at NCEER in active control. This report presents
results which are generalizations of the instantaneous optinuzl contro/law developed by the first
author. The generalizations inclutk thi! effect of actuator dynamics and a penalty on the ac·
celeration response of the structure. Both linear and nonlinear structures are consitkred. In the
laner case, an optinuzl nonlinear contro/law is proposed.
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ABSTRACT

A systematic generalization of the theory ofoptimal control for seismic-excited linear,

nonlinear and hysteretic structures is presented. The generalized theory includes the effect

of actuator dynamics and a penalty on the acceleration response of the structure. In

protecting building structures against strong eanhqualces or severe wind gusts, both the

deformation and the acceleration response of the structure are important quantities to the
"designer. The proposed generalized performance index includes the acceleration RSpOIlse

so that either a simultaneous reduction of the deformation and acceleration or a trade-off

between them can be achieved. Experimental results indicate that a significant contribution

to the system time delay comcs from the actuator response. In this report, the actuator

dynamics is explicitly accounted for in the optimization process so that the gain matrix

involves actuator characteristics leading to a better control performance. In Part I, the

generalization of the optimal control theory for linear structures is presented. Numerical

simulation results are obtained to demonstrate the advantages of the generalized optimal

control theory. In Part II, an optimal nonlinear control method is proposed for applications

to nonlinear and hysteretic structures. The proposed nonlinear control method is based on

a generalized performance index. Both the absolute acceleration vector of the struetura1

response and the actuator dynamics are taken into lCNOunt in the optimization process. The

control method using acceleration and velocity feedbacks are also derived. Extensive

simulation results indicate that the proposed nonlinear control method is effective for hybrid

control of seismic-excited building structures.
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SECTIONl

INTRODUC110N

Considerable progress has been made recently in active and hybrid cootrol of civil

engineering structures subjected to environmental loads [e.g., 1-26]. Larg~scalc 1aboraIory

experiments and full-scale demonstrations have been conducted [e.g., 4,6,7,10,12]. Further,

control of secondary systems housed in the buildings has also been investigated [e.g., 3,S].

Various active control systems have been proposed to protect building structures against

earthquakes or strong wind gusts [e.g., 9,10,19]. For safety, integrity and Iel'Viceability of

the building, both the deformation of each story unit and the absolute acceleration of each

floor must be controlled. Structural failure occun when the deformation of any story unit

exceeds a certain ultimate limit. On the other hand, the building may house many secondary

systems (or nonstruetural components) and the failure of these secondary systems may have

serious consequences. For instance, the secondary systems may include sensitive equipments

in hospitals, communication centers, computer rooms, vibration-sensitive equipments, etc.

These secondary systems may be disrupted or damaged due to a high level of floor

accelerations [e.g. 3,5]. This is because the absolute floor acceleration is the input excitation

to the secondary systems housed in the building. Thus, control of floor accelerations is also

important.

Under strong wind gusts, the safety of tall buildings usually is not an important issue.

Rather, the comfort of occupants or tenants is of great concern. It has been shown in the

literature that the comfort of occupants is closely related to the floor acceleration and, hence,

the acceleration response of tall buildings subjected to strong wind gusts [e.g., 8,14] should

be controlled.

Based on the discussion above, both the deformation of each story unit and the

absolute acceleration of each floor are important quantities to be controlled. Unfortunately,

optimal control theories usually deal with the performance index that involves only the

deformation and velocity of the structural response. Although some literatures also include

the acceleration response in the performance index, a systematic formulation and appro8Ch

has not been considered to date. In this report, the optimal control theory will be
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generalized to include the absolute acceleration of each floor in the performance index so that

a penalty can be imposed on the acceleration response.

A system time delay always exists in active control of engineering structures, in

particular when large actuators are required. It has been demon~trated that a system time

delay can be detrimental to control of buildings subjected to strong earthquakes [e.g., 6,20].

Practical implementations of active control systems indicate that the major contribution to

the entire system time delay comes from the inability of large actuators to react fast enough

to the feedback signals [e.g., 7,12]. Hence, the time delay problem can be overcome

partially by taking into account the actuator dynamics in the optimization process and the

design of controllers. In this report, the optimal control theory is extended to incorporate

the actuator dynamics.

Extensive simulation results are obtained to demonstrate the advantages of taking into

account both the actuator dynamics and the acceleration response of the structure. Numerical

results indicate that (i) with the inclusion of the acceleration response in the performance

index, it is possible to substantially reduce the acceleration response of any particular floor

which can not be achieved otherwise, and (ii) with the inclusion of the actuator dynamics in

the optimization process, the degradation of the control performance, resulting from the

actuator response, becomes insignificant. Without accounting for the actuator dynamics, the

controlled structure may become unstable unless other compensation methods are used.
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SECTION 2

EQUATIONS OF MOTION

Consider an n degrees of freedom linear building structure subjected to a one

dimcnsi~na1 earthquake ground acceleration Xo(t). The vector equation of motion is given

by

Itlg(t) + Cl(r) + KZ(t) • IIlll(r) + tlo(r) (2.1)

in which X(t)-[Xl,x2"."xJ' - an n-vector with Xj(t) being the deformation of thejth story

unit, lI(t) = a r-dimensional vector consisting of r control forteS, f.=-[ml,~, ••• ,mJl =

a mass vector. In Eq. (2.1), Mis an (nxn) mass matrix with the i-jth element M(ij)=rI1j

for j~i and M(iJ)=O for j>i, when: I1'i is the mass of the ith floor. C and K are (nxn)

band-limited damping and stiffness matrices, respectively, with all elements equal to zero

except C(i,i)=cj, K(i,i)=~ for i=I,2, ... ,n and C(i,i+I)=oCj+I' K(i,i+I)=-~+1 for

i-I ,2,... ,n-l, when: Cj and ~ are the damping coefficient and the stiffness, respectively, of

the ith story unit. HI is an (nu) matrix denoting the location of r controllcn. In the

notation above, an under bar denotes either a vector or a matrix and a prime indicates the

tl"aaiJPOSC of either a matrix or a vector.

In the stale vector fonn, Eq. (2.1) becomes

t(l) • .t~(r) + l.1i(f) + Jrlio(l) (2.2)

in which Z(t) is a 2n~imensional state vector, A is a (2nx2n) system matrix, D is a (2nu)

matrix and :WI is a 2n vector.
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SECTION 3

OPI'IMAL CONTROL INCLUDING ACTUATOR DYNAMICS

In this section, the actuator dynamics will be taken into account in the derivation of

the optimal control law. For simplicity, the dynamic equations for r actuaton are described

by a system of first order differential equations

li(t) + (dl(t) • IUI(t) (3.1)

in which a and h are (rxr) diagonal matrices with diagonal elements" and bi (i -1,2, ... ,r).

8j is a measure of the loop gain or the reaction time of the ith actuator, and ba is a measure

of feedback gain or the amplification factor of the ith actuator. In Eq. (3.1), g(t) is a r

vector representing the feedback signal (or dynamic input) for generating the ~uircd active

control vector U(t). Note that the vector Q(t) is proportional to the control vector U(t) and

it will be determined later through the optimization process. It should be mentioned that the

extension of the optimal control theory in the following is not restricted to the tint order

differential equation, Eq. (3.1), for the actuator dynamics. Other higher order differential

equations can similarly be used.

The dynamic equation of actuators, Eq. (3.1), can be augmented to the state equation

of motion, Eq. (2.2), and both can be casted into the following (2n+r) vector equation

Z. (t) • .iZ. (I) + i,(t) + iio(t) (3.2)

in which

z.(t) = l-Z~I)-] ;i = [-~_] ; i = [-~ -] ; A = ~ - _1_] (3.3)
11(t) lz Q

rl
QrJa-ti

where ibr. 0r2a and 0,1 are (2nxr), (rx2n) and (nl) zero matrices, respectively.

The following LQR type performance index ] is used

J • Ii [~(tH2Z.(I) + a'(l)i,(t)]dt (3.4)

in which tr is a time longer than the duration of earthquakes, Q is a (2o+r) x (2o+r)

positive semidefinite weighting matrix and i is a (rxr) positive definite weighting matrix,

where
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Q= (3.48)

Qrz. B
Following the standard derivation procedures, one can minimize the performanc:c

index J given by Eq. (3.4) subjected to the constraint of the augment&=d equation of motion

given by Eq. (3.2); with the results

(I(t) .. -0.5j-1 i iZ
I
(t) (3.5)

where l is an (2n+r) x (2n+r) augmented Riccati matrix satisfying the following matrix

Riccati equation

(3.6)

in which the transient part of f has been neglected, since the Riccati matrix establishes its

stationary value rapidly.

Thus, the optimal response vector Z.(t) that consists of the state vector Z(t) and the

control vector lW) can be simulated by substituting Eq. (3.S) into Eq. (3.2) with l being

computed from Eq. (3.6)

Z.(t) • [A -0.5ii-·i ilZ.(t) + i'io(t) (3.7)

To examine the control operation and the implication of optimal control, we substitute

Eq. (3.3) into Eq. (3.S) to obtain the optimal feedback signal get) u follows

(I(t) • -0.5 [i-Ib'i'uZ(t) + i-Ib'~Il(t) ] (3.8)

in which the augmented Riccati matrix l is partitioned into the following submatriccs

1;1 ~
l • ------

i'u ~

(3.9)

where the dimensions of f'12 and In are (rx2n) and (rxr), respectively.

It follows from Eq. (3.8) that the input voltage signal get) to the actuator depends not

only on the state vector Z(t) but also on the control vector U(t). Hence, both Z(t) and U(t)

should be measured or estimated. In practical applications, it is not possible to measure both

Z(t) and !l(t) for complex buildings. However, an observer can be established to construct
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not only the stale vector Z(t) but also the control vector !l(t).

Substituting Eq. (3.8) into Eq. (3.1), one obtains

!l(I) + (Q + o.~bi-IIt~)ll(I) '" -0.~bi-IIt~2Z(t) (3.10)

Unlike Eq. (3.1) in which the actuator dynamic equations are uncoupled, Eq. (3.10)

is coupled. Furthermore, it follows from Eq. (3.10) that, under optimal control, the loop

gain or the reaction time of each actuator is modified.

1-6



SECTION 4

GENDALIZm PERFORMANCE INDEX

In this section, the pcrforman<:c index will be aencralized to include the ablOlute

acceleration of each floor, so that a penalty can be imposed on the acceleration response.

The aeneralized performance index for optimal control is expressed u follows

J. r"[Z'(t)QZ(t) + ~ (t)Q 1 + l!(t)Bl[(t)]dJ (4.1)Jo .. .. ..
in which X.(t) is an n vector consistina of the absolute acceleration of every floor and a-
is a (nxn) symmetric positive semidefinite weightina matrix. Xa(t) in Eq. (4.1) can be

obtained easily from the state equation of motion, Eq. (2.1), u follows

~l..(t) + Ci(t) + KX(t) • Hll(t) (4.2)

in which Mo is a (nxn) diagonal mass matrix with 11\ beina the ith diagonal element. In

terms of the state vector Z(t), it follows from Eq. (4.2) that

1..(t) • ~Z(t) + "li(') (4.3)

in which & is a (nx2n) matrix and Do is a (nxr) matrix defined u follows.

~. l-M;lK,-.v;lC] ; ... M;/H (4.4)

Substitution of Eq. (4.3) into Eq. (4.1) leads to the followina equivalent performance

index expressed in terms of Z(t) and !let).

J • !:'lZ'(t),U(t» I[~~~~]dJ

in which I is a (2n+r) by (2n+r) matrix

I • [ ~ : ~~..!-o_ - - -~~.~ -]
(Q..~ B + (12."

(4.!)

(4.6>

It is observed from Eq. (4.S) that adding the absolute accelerations to the performance

index introduces the coupling terms between the response state vector Z(t) and the control

vector lI(t). Furthermore, the weighting matrix I appearing in Eq. (4.6) is • symmetric

positive semidefinite matrix.
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To minimize the performance index, 1, given by Eq. (4.S) subjected to the constraint

given by Eq. (2.2), the Hamiltonian H is formed as follows

H • [Z',!!] X [ ~.] + 1'[AZ + lUI + }flfo-Z]

in which the argument t has been dropped for simplicity.

The necessary conditions for the optimal solution are

(4.7)

(4.1)

The first condition aWaA leads to the state equation of motion given by Eq. (2.2).

Substituting Eq. (4.7) into the second and third conditions of Eq. (4.8), letting

(4.9)

and disregarding Xo(t), one obtains the following results

lI(t) • -o.sR-l (Itt. + 2~Q.du)Z(t) (4.10)

when: l is the Riccati matrix satisfying the following stationary matrix Riccati equation

(4.11).
in which Eq. (4.6) has been used and 2 has been dropped,

B • B + ~Q.lI.g

A = 4 - aR-l~Q.do (4.12)

Q • Q + ~Q.do - ~Q.lI.gR-l(Q.Au
With the optimal solution 11(t) given by Eq. (4.10), the response state vector Z(t) can

be simulated by substituting Eq. (4.10) into Eq. (2.2) as follows

t(t) • [4 - o.SaR-lull. + 2~Q.4,)]Z(t) + JrlK.(t) (4.13)

in which i and Do are given by Eqs. (4.12) and (4.4), respectively, and f is computed from

Eq. (4.11).

When the absolute acceleration response quantities are excluded from the performance

index, i.e., Q. -Onn, it can be shown easily that Eqs. (4.10) to (4.12) reduce to the standard

LQR solutions.
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SECTION 5

GENERALIZED OPI1MAL CONTROL

In this section, the theory of optimal control is generalized to include both the

actuator dynamics and the generalized performance index. The vector equation of motion

of the building given by Eq. (2.1) and the actuator dynamic equation given by Eq. (3.1) can

be combined into a system given by Eq. (3.2),

in which

Z. (t) • AZ.(t) + ifl(t) + i'io(t) (3.2)

Z (t) = [_Z~t)_l ; i = _~_] ; .Ii' =[_ ~~ _] ; i = [_A__1_] (3.3)
1 U(t) b. Q'1 0'211 -II

The generalized performance index J can be expressed as

J. ff'{Z'I(t)QZ (t) + l(t)O g (t) + fl'(t)iQ(t)}dt (5.1)Jo • • ••
in which Q and Q. are (2n+r) x (2n+r) and (nxn) symmetric positive semidefmite weighting

matrices, respectively, and i is a (rxr) symmetric positive definite weighting matrix. In Eq.

(5.1), X.(t) is an absolute acceleration vector given by Eq. (4.3), i.e.,

g.(I) • ~Z(t) + ~Il(') (4.3)

Substituting Eq. (4.3) into Eq. (5.1) and using Bq. (3.4a), one obtains the following

equivalent generalized performance index

J - !o"{Z'.(t)Z'Za(t) + fl'(Oia(t)}dt (5.2)

in which the I matrix is defined in Eqs. (4.4) and (4.6).

Following the same optimization procedures described in the previous sections, the

optimal solution is obtained as

fl(t) • -o.~ i-I i I. z. (t) (5.3)

in which the (2n+r) x (2n+r) Riccati matrix! satisfies the following matrix Ricc:ati equation

(5.4)

Thus, the optimal response vector Z.(t) can be simulated by substituting Eq. (~.3) into Eq.
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(3.2); with the result

ZI (t) • [.4 -0.5Ii-1itllZI (t) + i'foCt) (5.S)

The optimal feedback signal, Q(t), to the actuators given by Eq. (S.3) can be written

as

f(t) • -0.5 [j-11tt'12Z(t) + i·llt~ll(') ]

in which Eq. (3.3) has been used and

(5.7)
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SECTION'

SIMULAnON RESULTS

Example 1: A Six-Story BuUdlna Equipped with Active Braclna System

To demonstrate the advantages of taking into account the actuator dynamics. a six

story full-scale linear building recently constructed in Tokyo, Japan by Tab:nab Company

as shown schematically in FiS. 6-1{a) is considered lint [e.g. Refs. 7,12]. The buildina is

equipped with an active bracing system on the first floor. The mass of each floor is identical

and is equal to 100 metric tons. The natural frequencies of tile building are 0.943, 2.7M,

4.876. 7.279, 10.114 and 14.423 Hz and the damping ratio for each vibrational mode is 1...

Detailed structural characteristics are given in Refs. 7 and 12. The FJ Centro earthquake

record scaled to a maximum ground acceleration of 0.3g as shown in Fig. 6-2 is used as the

input excitation.

Without any control system, the maximum interstory deformation. Xj (i=l,2.... ,6)

of each story unit and the maximum absolute acceleration lei of each floor. in the entile

earthquake episode, are shown in columns (2) and (3) of Tables 6.1 and 6.2. With the active

bracings system (ABS) in which the angle of inclination Bof the active bracing is SI.S o. the

building response and the required active control force depend on the weighting matrices.

We lint consider the ideal case in which the actuator can respond instantly to the

input command without any time delay. No penalty for the acceleration response of the

structure is made. i.e.• 0.=0. For the present case with only one controller, the & matrix

consists of only one element, denoted by Ro. The (12x12) Q matrix in Eq. (4.1) is

considered a diagonal matrix with diagonal elements as follows: Q(I,I)-10. Q(2,2)-S.

Q(i,i) -1 for i-3,4, ... ,12. Time histories of all the response quantities have been computed

for Ro-7xlo-'. Within thirty seconds of the earthquake episode, the maximumin~

deformation ofeach story unit, 'Xj, and the maximum acc:e1eration of each floor are presented

in columns (4) and (S) of Table 6.1, designated as Cue (A). Also shown in Table 6.1 is

the maximum active control force U-IIS9kN. To further reduce the response quantities.

the diagonal elements of the .0 matrix and 10 are chosen as follows: Q(I,I)-I~,

Q(2,2)-10, Q(i,i)-I for i-3,4.... ,12 and 10-10-1°. The correspondina mwmum

1-11



response quantities of the building as well as the required maximum control force are

presented in columns (4) and (5) of Tabie 6.2. It is observed from Tables 6.1 and 6.2 that

a larger reduction in the response quantities is achieved by use of a larger control force.

We next consider the case in which the actuator is not perfect and its response follows

the actuator dynamics given by Eq. (3.1). The actuator dynamics is taken into account in

the optimization process as presented in Sections III and V. In the following discussion, we

shall use the notations a and tJ for al and bl in Eq. (3.1), respectively, i.e., ai-a and

b} ={J. Based on the sinusoidal input-output relation, the amount of the time delay 111' due

to the actuator response is A1'=""} tan'} (wla) in which w is the sinusoidal frequency in

radian per second. Considering the first natural frequency of the building of 0.943 Hz i.e.

w=5.925 rad.lsec., the time delay ~T, expressed in terms of the percentage of the

fundamental period of the structure, can be computed as a function of a. The general trend

is that the smaller the a value the larger the time delay ~1'. To preserve the same amplitude

for the input and output signal, {J is set to be equal to a, i.e., {J=a. The same Q matrix in

Case (A) is used, whereas the R matrix, Eq. (3.4a), is zero and the Rmatrix, Eq. (3.4), is

assigned, Le., Ro =0 and Ro is a.uigned.

Within thirty seconds of the earthquake episode, the maximum response quantities of

the building and the required maximum control force are presented in Tables 6.1 and 6.2,

designated as Case (B), for different values of a and Ro. The corresponding time delay /u,

expressed in terms of the percentage of the fundamental period of the structure, is also

shown in these two tables for comparison. In Tables 6.1 and 6.2, the values of a and hence

~., represent the characteristics of the actuator. The value of Ro is chosen such that the

required maximum control force is approximately the same as that of Case (A) for the

purpose of comparing the control performance.

It is observed from Tables 6.1 and 6.2 that the degradation of the control

performance due to actuator response is minimal. It is indeed very plausible that even with

a time delay of 14~ (a=5) of the fundamental period of the SIfl.1cture, the degradation of

the control performance is very small as long as the actuator dynamics is taken into account.

We next consider the case in which the actuator dynamics is not accounted for in the

optimization process and no penalty for the acceleration response of the structure is made,

1-12



Le., Q. =0. In this case, the i matrix is zero and Ro is assigned. Optimal control obtained

in Eq. (4.10) is used as the input (command) signal q(t), i.e, q(t) =-o.5g-1 B'r Z(t), in which

the Riccati Matrix r is computed from Eq. (4.11). Then, the control vector l!(t) computed

from Eq. (3.1) is applied to the structure. As observed from Eq.(3.1), the control vector

!let) is approximately equal to the input signal get) if the time delay is small, Le., Ot=fJ is

a large value.

With the Q matrix being identical to that used in Case (8) above, the simulation

results for the maximum response quantities are presented in Table 6.3 for different values

of 01 and Ro. The controlled structure becomes unstable when the time delay exceeds, 4r,

2% of the fundamental period, Le., 01=50, as shown in columns (14) and (1S). Table 6.3

indicates that the degradation of the control performance is negligible for a time delay

sm,'lIer than 2% (or 01 :s 50) and the controlled structure suddenly becomes unstable when

the time delay exceeds 2% of the fundamental period. The same behaviors were observed

for the results corresponding to those given in Table 6.2. Time histories of the deformation

of the first story unit and the absolute acceleration of the first floor are presented in Fig. 6-3.

A careful examination of the response behavior for 01=50 indicates that instability

comes from negative dampings in the higher modes, i.e., eigen values with negative real

parts. This comes from the interaction between the actuator and structural characteristics

as can be shown from the augmented equation of motion. This type of instability actually

occurs in laboratory experiments as pointed out to us by Professor A.M. Reinhom of

NCEER, Buffalo, where extensive laboratory experiments have been carried out. The

situation is expected to be worse when more than one actuator (or controller) is used.

To alleviate such an instability problem, several possible compensation schemes can

be used [Refs. 6-7]. One possible approach is to filter out the high frequency components

of the resulting control force associated with negative dampings. This approach requires a

prior knowledge of the interaction behavior of the actuator and the structure. Another

approach is to make some kind of compensations for the time delay as described in Ref. 6.

!n any case, a definite degradation of the control performance is expected. This clearly

indicates the importance of taking into account the actuator dynamics in the design of the

controllers as well as the advantage of the optimal control method presented.
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Example 2: An Eipt-Story BuUdin. Equipped witb an Active Mass Damper

To illustrate the advantages of the proposed generalized performance index for

optimal control. an eight-story building. in which every story unit is identically constructed.

is considered. The structural properties of each story unit are: m = floor mass = 345.6

tons; k = elastic stiffness of each story unit = 3.404 x lOS kN/m; and c = damping

coefficient of each story unit = 2.937 tons/sec. which corresponds to a 2" damping for the

first vibrational mode of the entire building [Ref. 17].

The same EI Centro earthquake ground acceleration shown in Fig. 6-2 is used as the

input excitation. Without any control system, time histories of the structural response

quantities have been computed. Within 30 seconds of the earthquake episode. the maximum

interstory deformation. Xi. and the maximum absolute acceleration of each floor. i ai• for

i-1.2•...•8, are presented in columns (2) and (3) of Table 6.4.

An active mass damper is installed on the top floor of the building as shown in Fig.

6-1(b). The properties of the active mass damper system are: md = mass of the damper

=29.63 tons, Cd = damping of the damper = 2S tons/sec. and ~ = stiffness of the damper

= 957.2 kN/m. Note that the mass ~ is 2" of the generalized mass associated with the

first vibrational mode, and the damping coefficient of the damper is approximately 7.3".

Without the active control force. the mass damper is passive. It has been shown that the

passive mass damper is not effective for earthquake hazard mitigations. With the active

mass damper. the building response depends on the weighting matrices Q. a. and R. In the

present situation. the weighting matrix B consists of only one element. i.e., R=Ro, whereas

the dimension of the Q and Q. matrices are (18xl8) and (9x9), respectively.

We first consider the case in which no penalty is imposed on the acceleration

response, i.e., the acceleration response is not included in the performance index and hence

0.=0. It is assumed that the time delay due to the actuator response is negligible, i.e.,

a - R = a large value. The (l8xl8) Q matrix is chosen to be a diagonal matrix with

Q(i.i)=l for i=l, 2, .... 8 and Q(i,i) =0 for i=9,10•... ,18. Within the entire earthquake

episode. the maximum response quantities, Xi and iii (i=l,2, ... ,8) for Ro=4xU)"IO are

summarized in the columns (4) and (5) of Table 6.4, designated as Case (A). Also shown

in the table is the required maximum control force U. A significant reduction of the

1-14



structural response has been observed from the table.

To reduce the absolute acceleration of each floor in order to protect equipments

housed in the building, the (9x9) 0. matrix is chosen to be a diagonal matrix with all

diagonal elements equal to 2000 except Q. (9,9)=0 which corresponds to the acceleration

of the mass damper. With the same Q matrix and Ro=0.03, the maximum response

quantities and the required maximum control force within the entire earthquake episode are

presented in columns (6) and (7) of Table 6.4, designated as Case (I). As observed from

Table 6.4, the required maximum control forces for both Case (A) and Case (I) are about

the same, but the acceleration response quantities in Case (I) are smaller than those in Case

(A).

Suppose many vibration-sensitive equipments are installed on the siXlh floor and the

protection of these equipments against earthquakes is most important. In this case the same

Q matrix as in Case (I) is used; however, a large penalty is placed on the acceleration of the

sixth floor. As a result, all the diagonal clements of the diagonal matrix Q. arc zero except

0. (6,6)=2000. For Ro=O.OOI, the maximum response quantities of the structure and the

required maximum control force are shown in columns (8) and (9) of Table 6.4, designated

as Case (II).

As observed from Table 6.4, the absolute acceleration of the sixth floor is reduced

to 186 cm/sec2• Nevertheless, the reduction of the acceleration of the sixth floor is achieved

at tbe expense of the required control force. The ability of the generalized performance

index to reduce the acceleration response of a particular floor of the building is clearly

demonstrated in Table 6.4.

Example 3: A Simplified Bridle Model

Control of seismic-excited bridge structures has attracted attention recently [e.g.,

Refs. 1, 27]. A long-span bridge deck supported by rubber bearings is modeled as a SDOP

system [I] with the mass m-l.02 x t()6 kg, stiffness k-3.286 x 1()6 kg/m and damping

coefficient <:=0.366 x 1()6 kg.sec/m. With these properties, the natural frequency is 1.795

radlsec and the damping ratio is 10%. An actuator can be attached between the bridge deck

and the pier to reduce the response of the bridge deck. The same El Centro earthquake

I-IS



shown in Fig. 6-2, except scaled to a maximum acceleration of O.2g, is used as the input

excitation. Without control, time histories of the bridge response quantities have been

computed. The maximum deformation of the rubber bearings, x, and the maximum absolute

acceleration of the bridge deck, Xa, in the entire earthquake episode are presented in Table

6.5, designated as "No Control."

The LQR optimal control is considered first in which the acceleration is not

penalized, Le., Q. is a null matrix. The (2x2) Q matrix is chosen to be a diagonal matrix

with diagonal elements Q(l,l)=l.O and Q(2,2)=O. The purpose of such a choice is to

reduce the deformation as much as possible. With Ro=1.8x10-13
, the maximum

deformation, x, the maximum absolute acceleration, xa , and the required maximum control

force, U, are shown in Table 6.5, designated as "Case (A)". As observed from the table,

the deformation has been reduced substantially.

The absolute acceleration of the bridge deck is also an important design consideration.

To reduce the acceleration, the generalized performance index is used. The 0. matrix

consists of only one element designated as Q..,. It is chosen to be 100, Le., Q.., = 100. With

Ro= 10-3 and the same Q matrix in Case (A), the maximum response quantities are presented

in Table 6.S, designated as Case (I). A comparisJn between the results in case (A) and that

in Case (I) indicates that the acceleration response is reduced significantly using the

generalized performance index.
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Table 6.5 : Maximum Response Quantities of
A Bridge Deck
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SECTION 7

CONCLUSIONS

A generalization of the theory of optimal control for seisrrJc-excited linear structures

has been presented. The generalized theory takes into account the absolute acceleration

response of the structure and the actuator dynamics. The incorporation of the IICtuator

dynamics in the optimization process removes the adverse effect of the system time delay

resulting from the actuator response behavior. The inclusion of the acceleration response

of the structure in the generalized performance index provides a possibility to penalize or to

minimize the acceleration response.

Simulation results are obtained to demonstrate' the advantages of taking into account

both the actuator dynamics and the acceleration response of the structure. Simulation results

indicate that (i) with the inclusion of the acceleration response in the performance index, it

is possible to substantially reduce the acceleration response of any particular floor which can

not be achieved otherwise, and (ti) with the inclusion of the actuator dynamics in the

optimization process, the degradation of the control performance, resulting from the actuator

response, becomes ir.significant. Without considering the actuator dynamics, the controlled

str...etures may become unstable, unless other compensation methods are used.
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A GENERALIZATION OF OPTIMAL CONTROL THEORY:

NONLINEAR CONTROL

PART 0



SECTION 1

INTRODUCTION

A combined use of active and passiv~ control systems, referred to as the hybrid

control system, has been demonstrated to be very effective for seismic-excited civil

engineering structures. Various hybrid control systems have been investigated for

applications to protect building and bridge structures [e.g., 2-5, 7-8, 13-22 and Refs. in

Part 1]. However, the application of hybrid control systems involves active control of

nonlinear or hysteretic structures, since most passive control devices, such as lead-core

rubber-bearing isolation system~, behave either nonlinearly or inelastically.

Control laws can either be linear or nonlinear. Linear control theories for linear

structures have been ~'!~ilable in the IiteratUR. However, control theories for nonlinear

structures are limited and intensive research efforts have been made. Recently, instantaneous

optimal control has been proposed for applications to nonlinear and hysteretic structures

successfully [e.g., 18-21]. In particular, the stable controllers are obtained by use of the

Lyal'unov direct m~thod [e.g., 20-21]. Basically, the cJntrollaw proposed in these previous

works is the linear control law. Various control laws for discrete pulse control, that is

nonlinear in nature, have been proposed for applications to nonlinear civil engineering

structures [e.g., 6, 1].

Another control method proposed for applications to buildings equipped with

frictional-type sliding isolation systems is the method of dynamic linearization (Ref. 22].

The method of dynamic linearization is to synthesize the control vector so that the response

of the controlled structure matches that of a specified system, referred to as the template

system [e.g., 1,9], whereas the response characteristics of the template system is known.

This control method has been applied successfully to seismic-excited buildings equipped with

a frictional-type sliding isolation system [Ref. 22]. However, for applications to other types

of nonlinear structures, the major difficulty is to find a suitable template system such that

the response of the nonlinear structure can be matched easily to that of the template system.

Because of such a difficulty, the application of the dynamic linearization method is limited

to a certain class of base-isolated buildings. The control law associated with the method of

II-I



dynamic linearization is usually nonlinear [Ref. 22]. Other control methods have also been

proposed for structures equipped with frictional-type sliding isolation systems [e.g., 2, S, 8].

The polynomial control law has been suggested in Refs. 11-12 for applications to

nonlinear structures. It was shown that the control performance of the nonlinear polynomial

control law is better than that of the linear control law. However, the main disadvantage of

the polynomial control law is that the computations of the gain matrices for higher order

control terms are rather cumbersome.

In this report, an optimal nonlinear control law is proposed for applications to

nonlinear and hysteretic structures. The proposed nonlinear control method is based on a

generalized performance index. The resulting optimal control law resembles the nonlinear

characteristics of the structure to be controlled. The absolute acceleration vector of the

structural response is included in the generalized performance index, and the actuator

dynamics is also taken into account in the optimization process. Likewise, control laws

using acceleration and velocity feedbacks are derived in Section 7.

An extensive simulation study has been conducted. Simulation results indicate that

(i) the proposed nonlinear control method is effective for hybrid control of some types of

seismic-excited building structures, and (ii) the performance of the optimal nonlinear control

method is better than that of the linear control method proposed in Refs. 18-21.
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SECTION 2

OPI'IMAL LINEAR CONTROL FOR NONLINEAR STRUCTURES

An instantaneous optimal control method was proposed for nonlinear and hysteretic

structural systems (e.g., 18-21]. In the previous works, a discretization of the equations of

motion was made to obtain an approximate solution leading to a linear control law. Then,

the stability of the controllers is guaranteed by use of the Lyapunov direct method

(e.g.,2Q..21]. Using the Lyapunov direct method, a Riccati-type equation and a Lyapunov

equation were obtained for the determination of stable controllers. In this section, we shall

derive the same linear control law using the LQR performance index. The nonlinear control

law will be proposed in the next section.

Consider an n degrees of freedom nonlinear or hysteretic building structure subjected

to a one-dimensional earthquake ground acceleration Xo(t). The vector equation of motion

is given by

Mi(t) + ED(X(t)] + E.[X(t)] - Lio(t) + lIlll(t) (2.1)

in which X(t)=(xl ,x2'''''xn]' = an n-vector with Xj(t) being the deformation of the jth story

unit, !I(t) = a r-dimensional vector consisting of r control forces, f=-(m1,m2, ... ,mJ' = a

mass vector. In Eq. (2.1), M is a (nxn) mass matrix with the i-jth element M(ij)=~ for

j s:i and M(iJ)=O for j >i, where l11j is the mass of the ith floor. fDlX(t)] and E.[X(t)] are

nonlinear damping and stiffness vectors, respectively, and Hi is a (nxr) matrix denoting the

location of r controllers. In the notation above, an under bar denotes either a vector or a

matrix and a prime indicates the transpose of either a matrix or a vector.

In the state vector form, Eq. (2.1) becomes

Z(t) - dZ(t)] + BIl(t) + lr1io(t) (2.2)

in which 1[Z(t)] is a 2n vector which is a nonlinear function of the stale vector Z(l) and

[
X(t) 1 [0 [ 0 1Z(t)· -.- - ill· - - - ; ~. - - - ; ,(Z(t» •
X(t) M- l H.

l
1tl"1L
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The LQR performance index is given by

J • f:'[Z'(t)QZ(t) + U'(t)Rll(t)]dt a.4)

in which Q is a (2nx2n) symmetric positive semidefinite weighting matrix and R is a (rxr)

positive definite weighting matrix.

To minimizing the objective function. ], given by Eq. (2.4) subjected to the constraint

of the state equation of motion, Eq. (~.2), the Hamiltonian H is constructed by introducinl

a 2n-dimensional Lagrangian multiplier vector ,Mt),

H • Z'QZ + U'Sll + A'[,(Z) + III + ]fIXe. - tl a.5)
in which the argument t has been dropped for simplicity.

The necessary conditions for minimizing J given by Eq. (2.4) are

aH- -0 ;
c3A

aH+(,.O
az 6 •

(1.6)

The first condition aWaA=O leads to the state equation of motion given by Eq. (2.2).

The second and third conditions are obtained a., follows

and

in which

is a (2nx2n) derivative matrix.

Let

2QZ + ~/(z)A + i · 0

(1.7)

(1.1)

(2.9)

(2.10)

in which f is a (2nx2n) matrix to be determined. Substitution of Eq. (2.10) into Eqs. (2.7)

and (2.8) yields

(2.11)

2QZ + ~'(Z)/!.Z + 1.z + /!.Z • 0 (2.12)

Substituting Z given by Eq. (2.2) into Eq. (2.12), ulinl Eq. (2.11) and neaIectin& the
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earthquake ground acceleration "o(t). one obtains

lZ + 1Jr.'(Z)fZ + f,(Z) - O.sfBB-JS'fZ • -2QZ (2.13)

Equation (2.13) should be solved backwards from the terminal point 1£. Le.• f(l£) =0.

However, since the earthquake ground acceleration Xo(t) is not known, i.e., Z(t) is not

known, Eq. (2.13) can not be solved. Consequently, an approximation using the equivalent

linearization technique is used.

One possible approach is to linearize the structural system at the initial equilibrium

point Z=o that is stable for civil engineering structures. Hence &(Z) and A<Z> are

approximated by

t(Z) - '\Z
A(Z) - ~

and Eq. (2.13) becomes

l. + ~f + f~ - O.SfaB-llte .. -2Q

in which f is the Riccati matrix where

(2.14)

(2.15)

In earthquake engineering applications, it has been shown [e.g., 15, 16] that the time

dependent Riccati matrix establishes its stationary values rapidly such that £=0 is an

excellent approximation. As a result, Eq. (2.15) can be approximated by the matrix

algebraic equation

(2.16)

Equation (2.16) was also derived based on the Lyapunov direct method for

instantaneous optimal control in Refs. 20-21. Furthermore, since the term f 8 X-J !i'f is

positive semidefinite, Eq. (2.16) can also be approximated by

~f + f'\ .. -2(2 (2.17)

which is known as the Lyapunov equation. From Eq. (2.17), various approximate solutions

have been proposed in Ref. 20 for control of linear, nonlinear and hysteretic structures.
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SECTION 3

OPI'IMAL NONLINEAR CONTROL FOR NONLINEAR STRUCTURES

In the previous section, the LQR performance index is used and a linear control law

is derived for nonlinear structures where the derivative matrix~W is evaluated at the initial

equilibrium point Z=0. The same solution was obtained in Ref. 20 using the Lyapunov

direct method. Such an approach works weD when yielding of inelastic structures is not

quite serious. As the ductility becomes large, the control performance of the linear control

law presented in the previous section will be examined later. In this section, two nonlinear

control laws are proposed for control of nonlinear structures.

A performance index is proposed as follows

J .. /;'[i(Z)QI(Z) + ll'(t)R!l(t)]dt (3.1)

The performance index I, proposed in Eq. (3.1), is quite different from that of LQR, Eq.

(2.4), since g(Z) is a nonlinear function of Z, sec Eq. (2.3), which is the nonlinear

characteristic of the hysteretic system.

To minimize the performance index I subjected to the constraint of the matrix

equation of motion, the Hamiltonian H is expressed as

H • i(Z)Q,<Z) + ll'(t)B!l(.) + l'[,(Z) + III + JY1Xo(f) - tJ
The necessary conditions for the optimal solution are

(3.2)

(3.3)

(3.5)

The fint condition above leads to the stale equation of motion given by Eq. (2.2).

Substitution of Eq. (3.2) into the condition aHlau-0, yields

Il(t) • -0.5IrI I'1 (3.4)

Substituting Eq. (3.2) into the third condition,

aH + l' • 0
az

one obtains
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2A'(Z)Q,(Z) + A'(Z)A + i · 0

in which A<Z> is the derivative matrix

The first nonlinear control law is obtained by setting

(3.,>

(3.7)

(3.8)

in which r is a (2nx2n) matrix to be determined. Substitution of Eq. (3.8) into Eq. (3.4)

leads to the following control law

1l(1) • -O.5C1J'l,(Z) (3.9)

Substituting Eq. (3.8) into Eq. (3.6), using the matrix equation of motion for Z(t) and

neglecting the external load Xo(t), one obtains

P. + A'(Z)l + lA(Z) - O.5lA(Z)1Ig- I J'l • -2A'(Z)Q (3.10)

Again, an equivalent linearization technique is used for the determination of the f matrix.

The nonlinear structure is linearized at the initial equilibrium point Z=O that is stable, i.e.,

A(Z) • A(Z) l:loIl • Au (3.11)

and the transient part of the f matrix is neglected, i.e., E-O. Then, Eq. (3.10) becomes

(3.12)

To facilitate the solution of the constant matrix f, the following transformation is

made,

l • ~ll (3.13)

in which II is a (2nx2n) constant matrix to be determined. Substitutina Eq. (3.13) into Eq.

(3.12) and premultiplying the resulting equation by <4o'r1, one obtains

*1 + ll£\ - O.5ll~Ig-II'~ll • -20 (3.14)

Equation (3.14) is the matrix Riccati equation from which the Riccati matrix, l" can be

determined.

Thus, the control vector given by Eq. (3.9) becomes
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(3.15)

in which £1 is the (2nx2n) Riccati matrix to be computed from Eq. (3.14).

The nonlinear control law derived above, Eqs. (3.14) and (3.15), is referred to as the

first nonlinear control law. The second nonlinear control law is obtained by setting

A • A'(Z)/!.I(Z)

Substitution of Eq. (3.16) into Eq. (3.4) leads to the control vector lI(t) as follows

Il.(t) • -O.SR-1B'A'(Z)/!.I(Z)

(3.16)

(3.17)

The condition for determining the f matrix is obtained by substituting Eq. (3.16) into Eq.

(3.6), using the matrix equation of motion, Eq. (2.2), for t(O and neglecting Xo(t); with the

result,

A'(z)/!. + A'(ZHl + A'{Z)/!. + /!.A(Z) -O.S/!.A(Z)BR-IB'A'(Z)~ + 2(2] .0(3.18)

Again, an equivalent linearization at the initial equilibrium point Z=Q, Eq. (3.11), is used

such that !o=O, and the transient part of the f matrix is neglected, i.e., f=Q. Then Eq.

(3.18) becomes

(3.19)

which is exactly the matrix Riccati equation. It can easily be observed that II in Eq. (3.14)

is identical to f in Eq. (3.19). Thus, the first nonlinear control law, Eq. (3.15), is a special

case of the second nonlinear control law, Eq. (3.17), in which 4'(Z) is replaced by the

constant matrix 40.
It should be mentioned that the control laws proposed in Eqs. (3.15) and (3.17) are

nonlinear, because &(Z) is a nonlinear function of the state vector Z given by Eq. (2.3).
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(4.2)

SECTION 4

GENERALIZED NONLINEAR CONTROL

In order to protect the equipments housed in the building, the absolute acceleration

of the floor response must be reduced to an acceptable level. This can be accomplished by

including the acceleration response in the performance index. A generalized performance

index is proposed in the following

J z rr,[i(t)Q~(t) + t (t)Q g (I) + llt')Bll(t)]dt (4.1)Jo • ••
in which 0. is an (nm) symmetric positive semidefinite weighting matrix and X-(t) is the

absolute acceleration vector for all floors. It follows from the matrix equation of motion,

Eq. (2.1), that the absolute acceleration, X-(t), can be expressed u

g (t) :: -U-1[£ (X) + E. (.I)] + U-1Hll(t)
• -0 D • -0

• - Lacl [E eX) + E (X» + LK1HlIe,)D ,

in which Mo is a diagonal mass matrix with IIlj being the ith diagonal element, and

L • M;IM.

is an (nxn) transformation matrix with L(ij) = 1 for j S i and L(ij) =0 for j >i.

Substituting Eq. (4.2) into Eq. (4.1) and reamnging, one obtains

J • f:[i(Z).l!(t)] I [~~~]m

in which I is a (2n+r) x (2n+r) generalized weighting matrix

I'[~ ~l

(4.3)

(4.4)

(4.5)

In Eq. (4.S), III is a (2nx2n) matrix, 112 is a (2nxr) matrix and 122 is a (rxr) matrix given

in the foUowing
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1; • Q + ~~ - ~-l ;Xu • [ A.. 1
I g X X.IC B.- . (4.6)

(4.8)

(4.9)

~ • B + ue l H>'X.(ael
H)

whete I. is a (nxn) transformed matrix of 0., Le.,

X • L'Q L (4.7)• •
To minimize the performance index liven by Eq. (.....), the Hamiltonian H is fOl'lKd

as follows

H • [",IC] r [~ ] + 1'[. + 1I11 + ~le - Z]

in which the arguments Z and t have been dropped for simplicity.

Then~ conditions for t.'le optimal solution are

aH • 0 . aH. 0 . aH + 4.' • 0
a1 · all ' az •

The first condition aHla~ leads to the state equation of motion liven by Eq. (2.2).

Substitution of Eq. (...8) into the second and third conditions of Sq. (...9) leads to the

following relations

II(I) • -O-'X; [1'1 + 2~.(Z)] (4.10)

2A'(Z)1'u.(z) + 2A'(Z)1'ull(t) + A'(Z)l + 1 • 0 (4.11)

in which

A(Z) • a.<z}/az
is the system derivative matrix identical to Eq. (3.1).

Let

1 • A'(Z)b(Z)

Substitutin. Eq. (4.13) into Eqs. (4.10) and (4.11). one obtlinl

D·I0

(4.U)

(4.13)



l1(t) • -O.SI~ [B'A'(Z)l + 2I
12

'],(Z) (4.14)

A'(Z)l,(Z) + A'(Z)[f + X'(Z)l + lA(Z) - O.5lA(Z)B~B'~(z)l

+ 2( T - I. T -I I. ')],(Z) • 0 (4.15)
-'1 12-n 12

in which

(4.16)

At this point it is necessary to linearize the system in order to obtain a constant f

matrix. Again, we linearize /ifl,) at the initial equilibrium point Z(t)=Q such that

A(Z) • Ac. tmd A(Z) • 0 (4.17)

and neglect the transient part f. Then, Eq. (4.15) becomes

~l + l~ - O.SlAc.I~B'~l • -2(1'11 - T12I 22-
IIu') (4.18)

in which k follows from Eqs. (4.16) and (4.17) as

~ • Ac.£l - II22-1I
12

'] (4.19)

Equation (4.18) is the matrix Riccati equation from which the constant Riccati matrix ecan

be determined.

The control law presented in Eqs. (4.14) and (4.19) corresponds to the second

nonlinear control law presented in the previous section. It can be shown easily that L-O
and Ilz=O for Q.=O. Then, Eqs. (4.14) and (4.19) reduce to Eqs. (3.17) and (3.19),

respectively. Furthermore, if /irIJ appearing in Eq. (4.14) is linearized by 40. one obtains

Il(t) • -O.SI22-I[B'~l + 2I
12

'],(Z) (4.20)

which is the first nonlinear control law.
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SECTION 5

GENERALlZm NONLINEAR CONTROL INCLUDING

ACTUATOR DYNAMICS

In this section, the actuator dynamics will be taken into account in the derivation of

the generalized nonlinear control law. For simplicity, the dynamic equation. for r ICtuatOn

are described by a system of first order differential equations [23]

.u(t) + Idl(l) • b,(t) (5.1)

in which I and II are (rxr) diagonal matrices with diagonal elements .. and bi (i-l,2,•.. ,r).

8j is a measure of the loop gain or the ~tion time of the ith actuator, and ~ is • measure

of feedback gain or the amplification factor of the ith actuator. In Eq. (S.l), aCt) is a r

vector representing the feedback signal (or dynamic input) for aeneratina the required active

control vector llCt). Note that the vector get) is proportional to the control vector !lCt) and

it will be determined later through the optimization process. It should be mentioned that the

extension of the optimal control theory in the followinS is not restricted to the first order

differential equation, Eq. (S.l), for the actuator dynamics. Other hiaher order differential

equations can similarly be used.

The dynamic equations of actuators, Eq. (S.l), can be lusmented to the state equation

of motion, Eq. (2.2), and both can be casted into the followina (2n+r) vector equation

z..(t) • ~ IlCZ
1
) + a,(t) + :it-(t) (5.2)

in which

i ·[-~-I:j[·[-~-]
where~, and Orl~ (2nxr) and (rxl) zero matrices, respectively.

The Seneralized performance index J can be expreued u
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(5.6)

(5.7)

(5.8)

J • rr'[&/(Z)Q&(Z) 't- ll'(I)Bll(t) ... t (I)Q 1 (I) ... a'(I)Bfl(t)]dt (5.4)Jo • ••
in which .0. is a (nxn) symmetric positive semidefinite weighting matrix, i is a (rxr)

symmetric positive definite weighting matrix, and Q and R have been defined previously.

In Eq. (5.4), X.(t) is the absolute acceleration vector given by Eq. (4.2)

X.(t) • -LKI lED(X) ... Es(X')] ... LKI Hll(l) (5.5>

Substituting Eqs. (5.5) into Eq. (5.4), one obtains the following equivalent generalized

performance index

J • f;'[ll'(ZI)Ill(ZI) ... fl'(t)Bfl(t)]dt

in which the I matrix is defined in Eqs. (4.5) to (4.7).

Following the same optimization procedures described in the previous sections, the

optimal solution is obtained as

8(t) • -o.si-I i.1i. CZ
I
) P.llCZ

I
)

in which !<Zl) is the derivative matrix of hal) with respect to ZI'

ahCZ
I
)

AcZI ) • az-
I

The condition for determining the f matrix is as follows

A'czI)l. + A'CZI)ri + s'A'CZI)I. + l. ACZI)S

- 0.5 P.ACZI)ii-Ii A'CZI)P. ... 2I] • 0 (5.9)

Again, an equivalent linearization at the initial equilibrium point Zl =0 is used such that

Ao=O, and the transient part of the f matrix is neglected, Le., ~=O. Then Eq. (5.9)

becomes

(~S.)IP. + P. (~S) - 0.5l.A,j.i-I i 111 • -2I

which is exactly the matrix Riccati equation and

(5.10)

A.. • Aal ) I~ •A (5.11)

Equation (5.7) is the second optimal nonlinear control law. The first optimal nonlinear

control law is identical to Eq. (5.7) except that Alai) is replaced by &'.
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SECTION'

SIMULAnON OF STRUCTURAL RESPONSE

In order to evaluate the effectiveness and performance of the proposed optimal

nonlinear control method, it is necessary to simulate the response of the controlled structure.

A method of simulation for hysteretic structures is presented in the following. For simplicity.

the damping of the structure is considered as linear viscous damping, i.e., fDlX(t)]-~X.
where C is the damping matrix.

The following hysteretic model will be used for both the structures and passive

protective systems. The stiffness restoring force, F.j(t), of the ith story unit is given by

('.1)

in which ~ = elastic stiffness of the ith story unit. aj = ratio of the post·yielding to pre

yielding stiffness. Dyj = yield deformation = constant, and Vi is a nondimensional variable

introduced to describe the hysteretic component of the deformation, with IVj I ~ 1, where

Vi =),~1 [A,i, - P,li,llvl'-\ - y,x,lvl'] =1/..1,. v) (6.2)

In Eq. (6.2). pal'P.meters Aj, Hi and 'Yi govern the scale and general shape of the hysteresis

loop, whereas Ute smoothness of the force-deformation curve is determined by the parameter

Thtstate equation of the motion, Eq. (2.1), can be expressed as

Mil(t) + et(t) + K,Z(t) + K,Rt) -do(t) + Blll(t) (6.3)

in which ~(t)-[vl(t), vz(t), ."1 vn(t)J' - an n vector denoting the hysteretic component Vj

of each story unit given by Eq. (6.2). In Eq. (6.3), C, ~ and K. are (nxn) band-limited

damping matrix, elastic stiffness matrix and hysteretic stiffness matrix, respectively. All

elements of C. Land Kr are zero, except C(i,i)-cj, Ke(i.i) = aj~, K.Ci,i)=(l-aJkaDyi for

i=I ,21... , n and C(i,i+ 1) =-ej+l' Ke(i,i + l)=-ai+l~+l' kaCi,i+ l)=-(I-ai+I)~+lDyi+1 for

i=1.2,...•n·l. where Cj is the damping coefficient of the ith story unit. The expressions liven

above for matrices t, Xc and Kr hold for a base-isoJated building connected to an actuator

at the base isolation system, Fig. 7-l(a). When the arranaement of the control system is

different, the matrices C. Ie and K. should be modified appropriately.

ll-14



By introducing a 3n state vector Z(t). a (3nxr) matrix Band a 3n vector ~1

(6.4)

the second-order nonlinear vector equation of motion. Eq. (6.3). can be converted into a first

order vector equation as follows

i(t) • ;[i(t)] + Bll(t) + ~Iio(t) (6.S)

in which lr.Z(t)] is a 3n vector consisting of nonlinear functions of components of Z(t).

I

;[Z(t»· i(I.Y> (6.6)

where f<X.Y>=[f1(i1.Vl)' f2(x2.vV.....fn(Xn.vJ]' = an n vector with the ith element, fi(*i,vJ,

given by Eq. (6.2).

The vector equation of motion given in Eq. (6.S) can be augmented by the actuator

dynamics, Eq. (5.1), as follows

~(t) • Sb~) + I·,(t) + Fio<r) (6.7)

in which ~(t), 6~ and W are (3n+r) vectors. Sis a (3n+r)x(3n+r) matrix and B* is a

(3n+r)x(r) matrix,

(6.8)

-II

1z(t) • [_Z~t)_1 ;4~) .l-i~-];S • __1__ :
ll(t) llet) g I

r2II

a·-H+r·[-i-]
With the optimal nonlinear control law, get), derived in Eq. (S.7), the response for

the hysteretic structural system can be simulated by solving Eq. (6.7) numerically usin& the

Fourth-Order Runge-KUlla method [e.g., 18-21].
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The derivative matrix !(Zl) appearinl in Ihe control law, Eq. (.5.7), is liven by

in which Irr =< a (rxr) identity matrix and

0.

~(Z) =

(6.9)

(6.10)

-jCl[K + K aJ!] -jC1C
• 'ax

where aYlax. is a diagonal matrix with the i diagonal element av/aXj given u follows

all, ~(.tpll,) -I ..-I.. l6 11)
- = = D7I [A,-p,.rgrI(i,>llI,1 v, - 1,lv,1 ) 0; •ax, ca,

The constant derivative matrix Ao is given also by Eq. (6.9) except that AClJ is replaced by

40 where

('.12)
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SECTION 7

OPTIMAL CONTROL USING ACCELERATION AND VELOCITY FEEDBACKS

Both linear and nonlinear control laws presented previously require the feedback of

the stale vector Z(O that should be either measured or estimated using an observer.

Frequently, it may be easier to measure the acc:eleration response than the displacement

response [e.g., 20, 21]. Control laws using the acceleration and velocity feedbacks were

suggested in Refs. 20 and 21. 1bese control laws will be derived in this section using the

LQR type formulation.

Consider the following LQR type performance index

J • fo"lt(t)Q·Z(t) + U'(t)BllCt)]dI (7.1)

in which ZCl) is the time derivative of the stale vector, which consists of the velocity and

acceleration responses. To minimize the objective function J subjected to the constraint of

the state equation of motion, Eq. (2.2), the Hamiltonian H is introduced

H • tCI)Q·Z(I) + Jl'(I)lUl(l) + ll,(Z) + Ill(t) + Jr1Xe(t) - Z(I)] (7.1)

The necessary conditions for the optimal solution are

aN . 0 i aH _ 0 i aN - .!!.. [aHI_ 0 (7.3)
al all az til az

in which the general form has been used for the third condition. Substitution of &I. (7.2)

into the last two conditions yields

(7.4)

(7.'>

(7.5)A'C%)l + 2Q·Z{t> + 1. • 0

in which 4(Z) is the derivative matrix

a,(%) • A(Z)
az

At this point, we shall linearize the equation of motion at the initial equilibrium point z==o,
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such that

Let

A(Z) • A(Z) 1%-0 • "

.(Z) • ~Z
(7.7)

1- _(A;I),l!.t. (7.8)

in which f is a constant matrix to be determined. Substitutina Eq. (7.8) into Eqs. (7.4) and

(1.5) and neglecting the external excitation, one obtains

(7.f)

-P.t. + 2Q·Z - (A;/)'P.Z - 0 (7.10)

Substituting Eq. (1.9) into the linearized state equation of motion, talcina the time

derivative of the resulting equation, and substituting the resulting equation into Eq. (1.10),

one obtains the following matrix Riccati equation for the determination of the l mattix,

in which

A· - ~1 ; S· - ~IS

If the equation of motion is linear, i.e.,

(7.12)

(7.13)

.(Z) - AZ ; ~ - A (7.14)

then, the conlrOllaw given by Eqs. (7.9) and (7.12) is the exact optimal control which was

presented in Ref. 20. However, if the equation of motion is nonlinear, the control Jaw Jiven

by Eqs. (7.9) and (1.12) is an approximation which was propoaed in Ref. 21.
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SECTION 8

NUMERICAL SIMULAnON

To demonstrate the performance of the proposed nonlinear control method and to

compare it with that of the linear control method, numerical examples are worked out in this

section. Two cases are considered in the following; namely. a moderate earthquake (0.3g)

and a strong earthquake (11).

Example 1: A Base-Isolated EIast~Plastlc BuUdina

An eight-story building that exhibits bilinear elasto-plastic behavior is considen:d,

Fig. 7.1 [e.g., 18·20]. The properties of the building are as follows: (i) the mass of each

floor is identical with IT1j - m=34S.6 metric tons; (ti) the preyielding stiffnesses of the

eight-stolY units are ~l (i-I,2•... ,8)=3.4xlOS, 3.26xlOS, 2.8SxlOS, 2.69xlo', 2.43xlo',

2.07xlOS, 1.69x10" and 1.37xlOS kN/m, respectively, and the postyielding stiffnesses are

~=0.1 ~l for i=I.2•... ,8, i.e., oj-O.l and ~=~l; and (iii) the visoous damping

coefficients for each story unit are cj-490, 467, 410, 386,348,298,243 and 196 kN.seclm,

respectively. The damping coefficients given above result in a damping ratio of O.38~ for

the first vibrational model. The fundamental frequency of the unyieldc:d building is 5.24

rad.lsec. The yielding level for each story unit varies with respect to the stiffness; with the

results. Dyi=2.4, 2.3, 2.2. 2.1. 2.0, 1.9, 1.7, and 1.5 cm. The bilinear elasto-plastic

behavior can be described by the hysteretic model, Eqs. (6.1) and (6.2). with Aj -1.0,

tJi=O.S, ni=95 and 'Yi-O.S for i=I,2,,,.,8 [Ref. 18]. The same El Centro earthquake with

a maximum ground acceleration of 0.3g as shown in Fig. 6.2 of Part I is used as the input

excitation.

Time histories of all the response quantities have been computed. Within 30 seconds

of the earthquake episode, the maximum interstory deformation, xt, and the maximum

absolute acceleration of each floor, iii' are shown in columns (3) and (4) of Table 7.1,

designated as -No Control-. As observed from Table 7.1 , the deformation of the

unprotected building is excessive and that yielding takes place in the upper five story units.

To reduce the structural response, I lead-core rubber·bearina isolation system is
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implemented as shown in Fig. 7.1(a). The restoring force of the lead-core rubber-bearing

isolation system is modeled by Eq. (6.1) with Fill'" ab~lttl + (l-ab)~Dybvb in which vb is

given by Eq. (6.2) with i = b. The .mass of t&'1e base isolation system is ~=4~0 metric

tons and the viscous damping coefficient is assumed to be linear with ~==26.17 kN sec/m.

The restoring force of the base isolation system given above is not bilinear elas~plastic and

the parameter values are given as follows: kt,=180S0 kN/m, ab==O.6, Dyb=4cm, At,=l.O.

(jb=0.5, nb=3 and i'b=0.5, Eq. (6.2). The hysteresis loop of such a base isolation system.

i.e., xb versus Vb' is shown in Fig. 7.2. For the building with the base isolation system

alone, the first natural frequency of the preyielded structure is 2.21 radlsec and the damping

ratio for the first vibrational mode is 0.15%. The response vector X(t) is given by

X=[xb,Xt'··· ,xa]'·

The maximum response quantities of the building within 30 seconds of the earthquake

episode are shown in columns (5) and (6) of Table 7.1 designated as ·With BIS·. As

observed from Table 7.1, the interstory deformation and the floor acceleration are drastically

reduced. However, the deformation of the base isolation system shown in row B of Table

7.1 should be reduced.

Since the effect of actuator dynamics has been demonstrated in pan I, it is not

necessary to present similar results. It is mentioned that the degradation of the control

performance due to the actuator response is minimal as long as the actuator dynamics is "

taken into account. In what follows, we shall assume that the time delay due to the actuator

response is negligible, i.e., a={3 is a large value. so that Q(t)=l!(t).

To protect the safety and integrity of the base isolation system, an actuator is

connected to the base isolation system as shown in Fig. 7.I(a). With the actuator applying

the active control force .ll(t) to the base isolation system, the structural response depends on

the weighting matrices 0, Q. and R where i==o. For this example, the weighting matrix

R consists of only one element, denote by Ro.
We first consider the linear control law given by Eqs.(2.11) and (2.16). The (18x18)

Q matrix is considered a diagonal matrix with all the diagonal elements equal to 1.0, Le.•

Q(i,i)=1 for i=l. 2, .... 18. and Ro=Hr' is used. Time histories of all the response

quantities have been computed. Within 30 seconds of the carthC;uake episode, the maximum
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response quantities and the required maximum control force, U, arc shown in columns (7)

and (8) of Table 7.1. As observed from the table, the deformation of the base isolation

system is reduced by SO%, where the response quantities of the supentructure reduce slightly

except that of the top story unit.

The first nonlinear control law presented in Eq.{4.20) is considered in which the

Riccati matrix e is computed from Eq.(4.18). In this case, the (lbI8) diaconal Q matrix

is assigned as follows: Q(i,i)=2 for i=I,2, ... ,9and Q(i,i)=0 for i=10, 11, ... ,16. The

(9x9) Q. matrix that corresponds to the acceleration response is considered a diagonal matrix

with all the diagonal elements equal to 1.0, i.e., Q.(i,i)=1 for i:;:I,2, ... ,9, and Ro-2xl()'7

is used. The maximum response quantities and the required maximum control force are
presented in columns (9) and (lO) of Table 7.1, designated as -Nonlinear Control I- . It is

observed that all the response quantities and the active control force arc smaller than those

associated with optimal linear control, columns (7) and (8). In particular, the ac:ccleration

response quantities improve significantly because of the use of the generalized performance

index.

We next consider the second nonlinear control law in Eq. (4.14) and use the same

matrices Q, Q. and B in the first nonlinear control law. The corresponding results are

shown in columns (11) and (12) of Table 7.1, designated as -Nonlinear Control D'. It is

observed from the table that all the response quantities and the required active control force

arc slightly smaller than those associated with the first nonlinear control law, columns (9)

and (10). As a result, the performance of the second nonlinear control law is slightly better.

It should be mentioned that for the second nonlinear control law the system derivative

matrix, A<Z>, is not linearized, Hence, the system derivative matrix A(Z) should be

computed on·line, resulting in an increase of the on·line computational effons.

Suppose the same base-iwlated building used above is subjected to the E1 Centro

earthquake shown in Fig. 6.2 of Part I but scaled uniformly to a maximum ground

acceleration Ig. With such a strong earthquake input, the maximum response quantities of

the building with and without a base isolation system are presented in columns (3)-(6) of

Table 7.2, designated as -No Control- and -With DIS-, respectively. It is observed that (i)

Without a base isolation system, the ductility of the building response is quite high, and (ti)
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With a b;ose isolation system the response of the rubber bearing is too large, whereas the

response quantities of all the story units are close to the yield limit 0Y'

With the same active control devices and t'1e same weighting matrices, Q, Q.. and R
used previously, the maximum response quantities for the corresponding control methods are

presented in Table 7.2. The same conclusions described previously are obtained from

Table 7.2: (i) the control performance of the two nonlinear control methods is better than

that of the linear control method, and (ii) the control performance of the second nonlinear

control method is slightly better than that of the first one.

Example 2: An EIast~Plastic BuUdinl With Active BradDI Systems

The same eight-story elasto-plastic building considered in Example I is subjected to

the same EI Centro earthquake with a maximum ground acceleration of Ig. However,

instead of using a rubber-bearing isolation system, an active bracing system is installed on

every floor. The angle of inclination of the bracings with respect to the floor is 2S 0 •

Hence, the dimensions of the weighting matrices Q, Q.. and R are (l6xl6), (8x8) and (8x8),

respectively. These weighting matrices will be assigned as diagonal matrices in the

following. Also, the time delay due to the actuator response is assumed to be negligible,

Le., a=={l == a large value.

For the linear control law given by Eqs. (2.11) and (2.16), Q(i,i) = 1 for i= 1,2, ... ,16

and R(i,i)=10-9 for i==I,2, ... ,S are used. For nonlinear control laws, we choose

Q(1,I}=4000, Q(i,i}= 1000 for i=2,3,... ,8, Q(i,i}==O for i=9,IO, ... ,16, and Q.(i,i)==I,

R(i,i} = 10-' for i=I,2, ... ,8.

Within 30 seconds of the earthquake episode, the maximum response quantities are

presented in Table 7.3, including the maximum intentory deformation, Xi' the maximum

absolute acceleration, Xu, and the maximum control force Uj • It is observed from Table 7.3

that the control performance of all control laws is quite satisfactory. Funher, the second

nonlintm control law seems to perf\)rm slightly better than the first one.

The results shown in Table 7.3 indicate that yielding still occun in some story units.

To bring the response of each story unit into the elastic range, larger control fortes are

needed. For the linear control law, the Q matrix remains the same but each diagonal
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element of the R matrix is changed to 10-1°. For the nonlinear control laws. the 0. and R

matrices remain the same. but Q(l, 1)=4000. Q(i.i) = 1()()() for i-2.3•...•8 and Q(i.i) =0 for

i=9.10•...•16are used. The corresponding maximum response quantities are presented in

Table 7.4. Again. the control performance of all the control laws is very satisfactory.

When all the response quantities are within the linear elastic range. there is no difference

between the first and the second nonlinear control laws as evidenced by the results shown

in Table 7.4

Finally. we would like to point out that control of hysteretic buildings, in which a

large ductility is involved. requires more controllers. For a perfectly linear elastic building.

either an active mass damper installed on the top floor or an active bracing system (ABS)

installed on the first floor is enough to control the entire building. However. for the elasto

plastic eight-story building subjected to a 19 earthquake considered in this example. either

an active mass damper or an active bracing system alone is not capable of controlling the

building response. The reason is that once a story unit yields with a large ductility.

controllers installed in the other story unit cannot effectively exert the control force through

the given load path. As a result, eight controllers are used in this example.
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SECTION'

CONCLUSIONS

An optimal nonlinear control method is proposed for applications to seismic-excited

nonlinear or hysteretic building structures. Emphasis is placed on hybrid control of base

isolated hysteretic buildings. Both the absolute acceleration response of the building and the

actuator dynamics have been accounted for in the optimization process. Control laws using

acceleration and velocity feedbacks are also derived. Simulation results indicate that (i) the

proposed nonlinear control method is effective for hybrid control of seismic-excited buildings

isolated by rubber-bearing isolators, and (ii) the performance of the proposed nonlinear

control method is better than that of the linear control method proposed previously.
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(PBS8-213814/AS).

NCEER-8S·0007 "Seismic Performance Assessment of Code-Designed SlnIctures." by H_H·M. HllIang. J.W. Jaw and H·J. Shau,
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102867/AS).

NCEER·8S·0010 "Rase Isolation of a Mulli-Story Building Under a Harmonic Gro\D1d Motion - A Comparison of Performances
of Various Systems," by F-G Fan. G. Ahmadi and I.G. Tadjbakh:;h. 5/18/8S. (pR89-12223S/AS)
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NCEER-88·0012 "A New Solution Technique for Randomly Excited Hysteretic Structures," by G.Q. Cai and Y.K. Lin. 5/16/88.
(PBS9-102883/AS).

NCEER-SS-OOIJ "A Study of Radiation Damping and Soil-Structure Interaction EffeclS in the Centrifuge,"
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NCEER·8S·0014 "Parameter Identification and Implementation of a Kinematic Plasticity Model for Frictional Soils," by J.H.
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NCEER-88·0015 'Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam." by n.v. Griffiths
and 1.H. Prevost. 6/17/88, (PB89·l4471l/AS).

NCEER-88-0016 "Damage Assessment of Reinforced Concrete Structures in Eastern United States." by A,M. Reinhom. MJ.
Seidel, S.K. Kunnath and Y.I. Park. 6/15188, (PB89·I22220/AS).

NCEER-S8-0017 "Dynamic Compliance of Vertically Loaded SlJ'ip Foundations in Multilayered Viscoelastic Soils," by S.
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NCEER·88·0018 "An Experimental Study of Seismic StruclUrai Response With Added Viscoelastic Dampers," by R.C. Lin.
Z. Liang, T.T. Soong and R.H. Zhang, 6130188. (PB89-122212lAS). This report is available only through
NTIS (see address given Ulove).

NCEER-88-00l9 "Experimental Investigation of Primary· Secondary System Interaction," by G.D. Manolis. G. Juhn and A.M.
Reinhom. 5127/88. (PB89·122204/AS).

NCEER-88-0020 "A Response Spectrum Approach For Analysis of Nonclassically Damped Structures," by IN. Yanc. S,
Sarkani and F.X. Long. 4122/88. (PB89·102909/AS).

NCEER-88-0021 "Seismic Interaction of SlJ'uctures and Soils: Stochastic Approach," by A.S. VelelSos and A.M. Prasad.
7/21/88. (PB89·122196/AS).
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NCEER·88·0023 "Multi·Hazard Risk Analysis: Case of a Simple Offshore Structure," by B,K. Bhartia and E.H. Vanmareke.
7/21/88. (PB89-145213/ASl,

A-3
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Emled Building:' by J.A. HoLung, 2/16/89, (PB89-207179/AS).
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Hwang and J-W. Jaw, 2/17/89, (PB89·207187/AS).

NCEER-!l9-IXJ03 "Hyslcreh" Columns Under Random Excilation," by G-Q_ Cai and Y.K. LIn, 1/9/89, (PB89-196SI3/AS).

NCEER-!l9-(Hl4 "Expenmenlal Study of 'Elephant FnolBulge' Inslability of Thin-Walled Metal Tanks," by Z-H. Jia and R.L.
Keller. 2!22/89. (l'B89-207195/AS).

NCEER-89-0005 "Experimenl on Performance of duried Pipelines Across San Andreas Fault:' by 1. Isenberg, E. Richardson
and T.D O'Rourke, 3/10/119, (PB89-218440/AS).

NCEER-89-0006 "A Knnwledge-Based Appmach 10 Slructural Design of Ear!hquake-Rcslslant Buildings:' by M. Subramani.
P. Gergely. C.H. Cnnley, J.F. Abel and A.H. Zaghw. 1/15/89, (PR89-218465/AS).
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M Shmnzuka, 1/26/89, (PB89-20721I1AS).
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A.G. Ayala and MJ. O'Rourke, 3/8/89, (PB89-207229/AS).

NCEER-89-ROIO "NCEER Bibliography of Earthquake Education Materials," by K.E.K. Ross. Second Revision. 9/1/89, (PB90
I25352/AS).
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Stru<:tures (IDARC-3D), Part I - Modeling," by S.K. Kunnalh and A.M. Reinhom, 4/17/89, (1'890
I 14612/AS).

NCEER-89-00l2 "Recommended Modifications 10 ATC-14," by C.D. Poland and 1.0. Malley, 4112l89, (PB90-108648/AS).
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NCEEK IIY "117 "1'rcllllll1lary l'ro,n'dlllp horn Ihe Confele",-e on O"a.sler Preparedness. The 1'13<:e of EartlkJuake &Julallon
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NCEER·IIY·(111 Y "N..nllllcar lJynam,. Analy"s ofThrtt·OI'1len"onal Rasc Isolaled Slrudures (\O·RASIS)," hy S. N~araJalah.
A.M. R"lIlh"m and MC Conslanllllou. Ki.I/IN. WR'J(I·161Y\fI/AS) ThIS rCI'0r1 IS avallahle only thmugh
NTiS (see address I'lven ahove).

NCEEK·K'I 1M 120 "Slru.:lural C"nlrol C"nSldellng Tlme·Rale or Conlr,,1 f'o"es and Control Rale Con.tralnls," hy F.Y. Cheng
and CI' I'antelidcs, K{I/IIY, (PR'J()12044~/AS)
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7/2 l-./IIlJ , II'R90·121l4\7/AS,
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K/24/1N. (I'R'J() IfI~\22/AS)

NCEEI<·INm~1 "W",kshup on SefVlleahl!lly AnalySIS (If Water l.leh~ery Systems," lllhted "y M. On!!onu, 3/6/89. (PR'Xl
I 27424/AS)

NCEERlN m24 "Shalung Tahle Study "f a 1/5 S.:aIc Stecl Frame Compused of Tapered Memhen:." by
K.C. Chang, I.S. Hwang and a.c. Lee. WIKI8'1. (PBY(~lfoOI6WAS).

NCEER ·1l~-OJ25 "OYNA 10: A Cumputer Prllgram for NOllllliCar Selsml, Site Response Analysts· Tc,;hnK;all>ocumentauon."
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NCEEI<·lN·(lJ26 "1:4 Slalc Mo<lel StudIes of Alllve Tendoro Systems and A<:\lve Mass Dampers for AseismIC Protection," by
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NCEEI(·89-0028 "StallsU,al Evaluallon of Deflection AmphflC8uon FacllJrs for Remforced Concrete SllIICtures," by H.H.M.
Hwang. J·W. Jaw and A.L. Ch·ng. 8{3l/8'1. (PR90-164633IASj

NCEER·89·0029 "Bc:dnx;k Al.O<:elenltlOm III Memphis Area Due to Large Ne..... Mildrid Earthquakes," by H.H.M. Hwang, C.H.S.

Chen and G. Yu. l1nl89. (PB90·162330/I\S).
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e.H. Conley, P. Gergely and R.N. White. 8/22/90, (PBYI·1087'J5/AS).

NCEER·YtHX!l5 "Two Hyhnd Control Systems for RUlldmg Structures Under Strong Earthquakes," by J.N. Yang and A.
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