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Abstract—This study presents an active vibration control To solve the above problems, this study first itigases

technique to reduce the earthquake responsesetéiaed structural
system. The proposed technique is a synthesiseoadaptive input
estimation method (AIEM) and linear quadratic Garss(LQG)

controller. The AIEM can estimate an unknown systeput online.

The LQG controller offers optimal control forces ®uppress
wall-structural system vibration. The numericalules show robust
performance in the active vibration control techugq
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I. INTRODUCTION

active control technique application to reduce thtining
structure response when subjected to earthquakiatias.
The active control technique is a synthesis algoribf the
AIEM and LQG controller. The AIEM is frequently elfoyed
in structural dynamic problems. The input estimatinethod
has been successfully used to inversely solve 2-D, heat
conduction problems [7, 8]. Ji et al. [9] used Kaman filter
with the recursive least square method to estirttaeinput
force of a plate. Lee et al. [10] utilized the ati\s weighted
input estimation method to inversely solve the bload of a
truss structure system. Chen et al. [11, 12] ingattd the

ANY recent earthquake disasters have occurred drouadaptive input estimation method applied to theeisg

the world, causing innumerable losses in humars lared
property. Earthquake-resistant design has an impbrole in
structure design. Seismic action is a load thatsires must be
able to resist, accepting a certain level of stnattdegradation.
Control technique applications, including passs&mi-active
and active control systems have been developedcifor
engineering structures. The passive control teclenéxamples
include using tuned-mass-dampers, base isolafioctson and
viscous dampers and so on [1]. In semi-active tiecks the
vibration is attenuated through an indirect marmechanging
the structural parameters of the machine, suchaagpihg and
stiffness. Recently, various active control teglei methods
have been developed. The optimal control methodsh sis
linear quadratic regulator (LQR) and LQG, are papuwlith
many structural engineers. Optimal LQR controllesse been
developed and used in practical implementationd][2¢ang
[5] applied the optimal control theorem to conti@ vibrations
of civil engineering structures under stochastioadyic loads
such as earthquakes and wind loads. He used tiamtiaseous
optimal control
performance index at every time instant, to overeotine
deficiency of neglecting the earthquake input [@je external
load influence is not considered in the optimaltowier design
because the external load disturbances are imnaddsuor
inestimable in the control force calculation. THere, the
traditional LQG controller has difficulty maintaig robust
control performance with the random dynamic inpandition.
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estimation of load input in a multi-layer shearstigess structure
and moving load identification in a bridge struetsystem. The
AIEM can estimate on-line dynamic loads. An acthv@G
controller can apply the same inverse control ferom a
structural system. The control results of the peggomethod
are effective in suppressing vibration in a retagnstructural
system.

Il. DYNAMIC MODELING AND ANALYSIS OF THERETAINING
STRUCTURAL SYSTEM

The geometry and coordinates of a soil-wall systme
shown in figure 1(a). The semi-infinite, homogereand
visco-elastic soil medium is retained by a vertrigid retaining
wall along one of its vertical boundaries, connddie a rigid
base. The soil layer base is excited by the gromnadion
accelerations of the 9/21 Chi-Chi earthquake invaai The
soil-wall system is modeled using a simple two-édegof
freedom (2-DOF) mass spring dashpot dynamic modasl,
shown in figure 1(b). Considering the dynamic equiim of

these two masses usingAlemberls principle, the soil-wall
system under active control, the basic dynamic g&guaan be
written in matrix form [13]:

MX +CX +KX = Mg, (t) + DF (t)

whereM = {ml
0

1)

0
} is the diagonal mass matrix,

C= {(Cl *c,) _CZ} is the damping matrix and

-G G
K= {(kl LkZ) _kz} is the restoring force vector.
K 2

X,(t) is the ground motion acceleratiob. is the control
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force distribution matrixF (t) :[fl(t) fz(t)]T is the control discrete-time measurement equation of equatioris(8hown

below:
T y . .17
force vector. X =[x x] . X=[% %] and Zz(k)=HX(K)+v(K) (5)
X =[% %] isthe displacements, velocities and accelerations Z(k) is the discrete observation vectetk) represents the
of the massesn and m,, respectively. measurement noise vector and is assumed as thei@audite
The continuous-time measurement equation is shalewb ~Noise with zero mean and the varianEx{y(k)vT(k)} =Rgy,
Z(t) = HX(t) +v(t), (2)  R=R, %l R is the discrete-time measurement noise
where Z(t) is the observation vectorH =[1 0] is the covariance matrix.
measurement matrix angt) is the measurement noise. @ y
The continuous-time state equation of the structystem can T
be presented as follows [14]: el gonl T
X (t) = AX(t) + BG(t) + EF (1), 3)( X
T RS
Gt)=| X, () X, @®)] , ¢
0 (%, %,)] )
0 I %
A= -1 -1~ |’
|-M7K -M"C
- }
B=| . |,
LM™M f,(t)
0 <
E= M‘lD , Xy
- ] ) o Fig. 1 (a) Considered soil-wall system. (b) Propo2eDOF
where X(t) is the modal state vectoA is the coefficient mathematical model [15]
matrix. F(t) is the control force input8 and E are the
coefficient vectors ofG(t) and F(t) , respectively. Constant - AIEM COMBINED LQG CONTROL TECHNIQUE DESIGN

matrices are composed of théh natural frequency and the The conventional LQG controller has a specific lege
interference suppression. It is weak in maintaininigh

performance in the suppression of external loadsghware
time, At, to sample the continuous-time state equationaid) complex and arbitrary style disturbances. In oterds, in
assuming that the system model ermfk) is Gaussian white €duation (4), if a time-varying load3(k) exists, the optimal

noise with zero mean, the discrete-time equation ba control method combining the Kalman filter and th@G

inertia. moment of the structure systeldsing the sampling

obtained as follows [14]. regulator will not be able to obtain the optimahtrol forces.
X (k+1) = ®X (K) + G (K)++AF () +W(K) (4) To resolve this situation, this study proposes dainb the
T AIEM with the LQG control technique for active véiron
X =[x %K) control of the retaining structural system. The MIEcan
® = exp(AAt) estimate the unknown dynamic inputs while the actiQG
(k+1)at controller can apply the same inverse control feroe the

r :I exp{ Al &+ DAt - r]} Bdr structural system.
KAt The AIEM is composed of a Kalman filter without timput

J' (kﬂ)mexp{ A[Q<+ 1)At—r]}Ddr term and the adaptive weighting recursive leastasgu
kat

algorithm. The detailed formulation of this techueqcan be

found in the research by Tua al [14]. The Kalman filter
Where @ is the state transition matriX. and A are the equations are as follows:

coefficient matrices ofG(k) and F(k), respectively.G(k) is  The optimal estimate of the state is
the certain input arrayi (k) is the control arrayw(k) is the

processing error vector, which is assumed as Gausghite )D((k+1/k):q))u((k/k—1)+K(k){Z(k)—H )D((k/k—l)} (6)

noise with zero mean and variand:‘e{w(k)wT (k)} =QJy , L . .
The bias innovation produced by the measuremeseraid

Q=Qy %Iy » Q is the discrete-time processing noisgnput disturbance is expressed by

covariance matrixd, is the Kronecker delta function. The Z(k)=Z(K) - H )D((k/k—l) @)
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The Kalman gain is where B, (k) is the discrete-time Ricatti equation solutioneTh
K(K) =d(k+1/K)PK/k-DHT (k)[H(k)P(k/k—l)HT K)+ R]_l(s) Ricatti equation is shown below:
The covariance of residual B(k) R = o Ro(k+1) . ®
S(k) =HP(k/k-1)HT +R 9)( —Pz(k+1)/\[/\TP2(k+1)/\+Q2] ATPyk+1)|
The prediction error covariance matrix is +Q
P(k+1/k)=®d(k+1/k)P (K /k— 1) (k +1/k)
-d(k+1/K)P(K/k-DHT (k) k<N, (21)
-1
x[H(K)P(k/k-DHT (k) +R] (10) p(N)=qQ, 22)
H(K)P(k/k—=2)®T (k +1/k)
+I(k+1/K)QrT™ (k+1/k) According to equation (21)R,(k) can be obtained by

inversely calculating fromk =N to k=1, . The method
The recursive least square estimator equationsssi@lows: combining AIEM and the LQG active controller is peated
The sensitivity matrices arB(k) and M (k)
B(k) = H[®M(k-1) +I]T (11) _ _ o _
M (K) =[1 = K(K) H] OM(K -1) +1] (12) to obtain the optimal state estimaté(k +1/k), which can be
further substituted in equation (19). The combmawf AIEM
and the LQG controller has been designed.

O
using the AIEM to estimat&(k) and combining equation (6)

The correction gain is expressed as

K=y "R(k-DE" W[ BRY RK-DEW+SK]  (13)

The error covariance of the input estimation predss IV." RESULTS AND DISCUSSION

R (k)= [| - K, (k) B(k)]y‘le(k -1) (14) To demonstrate the accuracy and efficiency of teroller

design, several numerical retaining structure sitmihs were

investigated. The soil-wall system considered @shin figure

O O — O . . .

G(k) =G(k-1)+K, (k){Z(k)— B(k)G(k _1)} (15) 1(a). The system is modeled using a _S|mple twoen@(;e_edom

(2-DOF) mass spring dashpot dynamic model as slmfigure

In equations (15-16)y is a weighting factor using the 1(b) [13]. The wall material and soil layer is dafd by the mass

adaptive weighting function, which is formulated[ib]. That density, o, shear modulus of elasticity , Poissots ratio, 1,

The estimated earth motion acceleration is

IS, and the material damping factgr of concrete and dense sand
. 1 |Zk)|<0, 1) respectively. The material data and soil-wall systémensions
y(k) = a/|Z(k)| |Z(k)| <o ( )are shown in Table I.
e _ TABLE |
In the optimal estimation portion of the LQG optiroantrol THE MATERIAL DATA AND DIMENSIONS OF THE SOIl-WALL SYSTEM [13]

Wall height, H 5(m)

O
method, by substitutings(k) of equation (15) foiG(k) and Unit weight of the concrete wall, 24 (KN /1P

substituting the control input in equation (6), tgimal state

2
estimation equation can be rewritten as: Shear modulus of the concrete wallg921x 16 KN n”

G
O O O conc
X(k+1/k)=®d X (k/k-1)+K (k)[Z K)-HXK /k—l)} (17) Unit weight of the backfil soil y 18(KN /)
+TG(K) +AF(K) Shear modulus of the backfill soi,,;; 5769KN /m?)

The performance index is defined as:
N T (1O X (K) + For method estimating the stiffness value for bsxh and
J(F)=E EXT(N)QOX(N)+—12 ()QX (k) (18) wall was described by Veletsos and Younan [17].islt
2 2451 uT (KQ,X (k) determined such that the undamped natural frequefdiie
where Q, = 0,Q, = 0andQ, > Oare all symmetric weighting model equals the fundamental natural frequenchi®@iedium
. . idealized as a series of vertical shear-beamssiiffigess, k of
matrices. The optimal feedback control force veaan be

obtained by using the separation theorem [16]: a particular system can be estimated as
o k=m(7?/4H?)(G/p) (23)
=- - 19 . . . .

Fk) =K (k) X (kTk _ b o (19) where M is the mass of the system considered. This me&thod

Here the regular gaik, (k) is given by composed of the Kalman filter without the inputnteand the

-1 intelligent fuzzy weighted recursive least squastneator. The

K, (K) =[ ATR(k+DA+Q, | ATR,(k +1)d 20) Intellig y welg .

r (K) [ 2( ) Qz} 2 ) (20) initial simulation conditions and other parametans shown as
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1a0

is set as a zero matrix. The weighting facter,is an intelligent
. . . . . 100
fuzzy weighting function. The sampling intervait = 0.005s,
and the total simulation time,; =70s. The earth motion sl
accelerations of the 921 Chi-Chi Earthquake in Baiwere _
measured from the seismological station (TCU 056}ha kS A
Li-Ming elementary school [18]. The unknown eartlotion % ol
acceleration can also be estimated from the dynassjgonses =
of the wall. ol
The process noise and measurement noise are b
considered in the simulation process. The procesisen 180 |
covariance matrix,Q = Q,, X |, » Where Q, =102 . The
-200 . .
0 10 20

measurement noise covariance matR&s R, X 15,5, , Where

R, =0?=10". o is the standard deviation of noise. Figure

2 shows the displacement, velocity and accelerdiioe

history responses of the wall structure to the heanbtion 08
acceleration. Figure 3 shows the estimation rdeulthe earth -
motion acceleration. The estimation results showat tthe
estimator tracking performance is good enough aitdtde in 04l
reducing the noise effect. The time histories efrésponses for
a wall-structural system with and without contro ahown in
Figures 4-7. The conventional LQG controller hasifisue that
the unknown input cannot be obtained and the cbreextion
is slower. The AIEM estimates the unknown inpurinline and
combined with the LQG controller (which computes ¢iptimal
control force) can be used to obtain better resHigure 8 gk
shows the overall time histories of the controcés required
for the proposed method and LQG method. The simoulat
that the proposed control
the wall-structure

results demonstrate
reduces

successfully

subjected to seismic excitation.
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Fig. 3 the estimation results using the adaptivigmag
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V. CONCLUSIONS

The study proposed an active control techniqueaftive
ground motion acceleration control in a retainedictural
system. This research exploited an active congohrtique
based on the excellent AIEM and LQG controller. 8ese this
active control technique requires external foroésrmation the
AIEM is proposed for on-line excitation estimatidrhis active
control technique demonstrated excellent performaiy
solving the earthquake-excitation control probléihe results
demonstrate that this method has better activetidir control
than the conventional LQG controller. Future woskbieing
conducted to extend this application to a nonliretauctural
system.
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