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Abstract

Critical non-structural equipments, including life-saving equipment in hospitals, circuit breakers, computers, high
technology instrumentations, etc., are vulnerable to strong earthquakes, and the failure of these equipments may result in a
heavy economic loss. To guarantee function of vulnerable equipment during earthquakes, peak acceleration and peak base
displacement response of the system should be limited to allowable levels. Traditional and passive control strategies cannot
afford these contradictory targets at the same time for broad range of ground motions. In recent years, semi-active control
systems have been introduced as an adaptable and reliable alternative to control response under both limitations with low
power supply.

In this paper, efficacy of the smart semi-active controlled floor isolation system, which consists of a rolling pendulum
system and a semi-active controlled magnetorheological (MR)-damper to control seismic response of equipment, has been
investigated by using clipped-H, /LQG and clipped-H,, algorithms. The effectiveness of these algorithms was examined for the
equipment stand on a raised floor due to floor motions in a seven storey building. The results demonstrate that semi-active
control effectively decreases response acceleration and velocity of equipment in comparison to passive strategy and holds its
relative displacement to floor in least value. Furthermore, it was shown semi-active control strategy with clipped-H.,
algorithm compared to clipped-H,/LQG algorithm and passive strategy (isolation system) has a better performance in

protecting equipment.
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1. Introduction

While security improvement of bridges, power plants

and dams against earthquakes have attracted special

attention during recent years, fewer efforts anen¢hed

for the improvement of the operation of criticauggment

and its process during and after an earthquakeordow

to historical records, economical loss due to eprdkes as

nonstructural damages can be more than structoes. dn

the Northridge Earthquake, for example, many faedi

and devices were damaged and malfunctioned [1].
Because the performance of highly sensitive equipme

in hospitals, communication centers, and computer

facilities can be easily disrupted by moderate kecation

levels and even permanently damaged by higher

excitations, efforts have turned toward the usesaifation

for protection of a building’s contents [2].
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Application of passive control strategy in the fooh
isolation system is one of the common methods in
protection of equipment.

Lambrou and Constantinou, underwent some
comprehensive shake table tests on Friction Pendulu
Isolation Systems (FPS) of a raised floor undesrsii
loads. They demonstrated the efficacy of an isdlaatsed
floor to reduce input acceleration to equipment rove
flooring [3-4]. However, excessive displacement fbe
isolator during high-amplitude and long period grdu
motions, such as near-fault excitations, could dgmthe
isolation system and the equipment. Thus, in orer
secure function of vulnerable equipment in eartkgea
their response acceleration and base displacerhentds
be simultaneously limited to allowable levels. Tdes
contradictory performance objects cannot be acHieve
without smart and adaptable protecting system.

In recent years a lot of research has been comdlucte
towards evaluation of active control strategy for
earthquake protection of sensitive equipment. 1802(a
comprehensive numerical study was carried out bggYa
and Agrawal on applicability of various protectisygstems
for both micro vibration control and seismic respen
control of sensitive equipment [5]. Xu et al. sedlia
hybrid platform consisting of passive mounts antivaty
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controlled hydraulic actuators to protect high tech
equipments against traffic induced micro vibratwithout
considering earthquake. Xu and Li explored the ibddg

of using a double-layer passive isolation platfoamd
hybrid platform with magnetostrictive actuatorseosure
the functionality of high-tech equipment when an
earthquake occurs [6-7]. They established Linear
Quadratic Gaussian (LQG) algorithms to control
magnetostrictive actuators. In active control st the
stiffness and damping of plants are being varidtherby
actuator action to minimize dynamic responses. This
enables equipment to continue servicing after an
earthquake. However, there are serious questionsitab
their reliability and power supply to protect seinsi
equipment during earthquake.

Meanwhile, semi-active control strategy holds
adaptability of active system in effective reductiof
response during extensive arrangement of the dynami
loading conditions without need of the big energy
resource; it insures stability of the system at tihee of
loading like passive strategy (Christenson, 2000he
semi-active device is in different forms, such asiable
friction dampers (Yang and Agrawal, 2002; Lu et24l04;
Chen and Chen, 2004), or variable fluid devicde MR
or ER dampers (Sahasrabudhe and Nagarajaiah, 2005;
Symans and Constantinou, 1997; Dyke et al. 19983]8

Currently, magnetorheological (MR) dampers are
being widely studied for their potential use as isactive
control devices. The isolator, such as LRB, RB &R,
provide the vertical support with suitable latestiffness
and hysteresis. To enhance the control effect oedoce
the stroke of the isolation system, the energyimhsi®n
devices (such as hydraulic dampers) are added.tHeor
same reason, the semi-active controlled MR damper i
good to use in the hybrid controlled base isolatigstem.

In 2007, Shook et al. had an analytical and expental
study on hybrid isolation system that is comprisgda
bidirectional roller—pendulum system and MR damgers
reduce the potential for damage to structures anditive
equipment. They examined three contrasting control
techniques include neural network, LQR/clipped-mgadi
and fuzzy logic control [14]. They revealed all swered
control methods effectively alleviated the seismgisponse
of equipment but the LQR/clipped-optimal controleith
variable gains is superior to the other controll&ia and
Loh had shaking table experimental tests on a tbi@ey
steel structure with the floor isolation systemtbe 2nd
floor. They investigated two contrasting control thoels
including LQR with continuous-optimal control andzzy
Logic control as potential algorithms and comparsso
were made from their results. They showed the serive
controlled floor isolation system not only can deditally
reduce the floor acceleration responses underusKkmds
of excitations, but also mitigate the global stuat
responses [15-16]. Fan et al investigated perfoceanf
passive and semi-active control in the equipmeniai®n
system for earthquake protection by conducting isigak
table tests on a full-scale three-storey structuiidgee
control algorithms including the decentralized isigl
mode control, LQR-H2 control, and the passive-od an
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passive-off control were examined under El Ceritobe

and Chi-Chi earthquake. Their results illustratdoe t
effectiveness of decentralized sliding mode control
however LQR control performance is poor if bothldinig
responses and equipment responses are considered as
feedback signals [17].

As shown above, the research on application of semi
active strategy in seismic protection of equipmeatinly
discuss efficiency of various algorithms. Amongfetiént
introduced algorithms, the robust optimal ones Ikg
and H, /LQG provide reliable control in a minimum level
of expense to protect equipment against earthquake
vibration. To date much research has been perforomed
application ofH, and H,/LQG control algorithms and
their stability in civil engineering structures. igjed-
optimal control of smart base isolated structuresgi
H,/LQG methods with variable damping devices has been
studied extensively. Spencer and Ramallo demossirat
the effectiveness ofH,/LQG in smart base isolation
systems [18-21]. Nagarajaiat al. studied this algorithm
for smart base isolated benchmark building withialzde
friction devices. Clipped-optimal control involvegtting
the level of semi-active damping force to eitherximam
or minimum based on the desired active force geeeray
the H, /LQG controller [22]. Robust control methods using
H, have also been studied. Yoshida et al. investigated
efficiency of H,, control in vibration isolation for MDOF
systems and Jabbari et al. [23] investigdiedcontrol for
seismic excited buildings. Yang and Lin analyzeel Hiy,
control algorithm and its stability for the enginieg
structures and controlled strategies based orath@ithm
to be used in civil engineering structures [24]laReely
few studies that applH, to semi-active control using
variable damping semi-active devices have beenriegho
Narasimhan and Nagarajaiah developed a control
algorithm based oH,,. This control algorithm was shown
to be effective in reducing the response of baekatisd
buildings in a set of near-fault earthquakes. ltwigrth
mentioning that efficiency of these algorithms ddobe
investigated when peak acceleration and base
displacement have to be limited simultaneously.aBee
MR dampers have highly nonlinear characteristirsalr
optimal control design strategies likg, andH,/LQG are
not applicable individually [25].

In this paper, a smart isolation system which csigsi
of a semi-active MR damper and rolling penduluntesys
is presented. This system can provide the suitasi®ring
force and vertical support with almost no frictiGmolling
friction is about 1/1000 of slide friction). The stgm is
investigated in order to protect the equipmentdtan a
raised floor by means of smart semi-active strategy
employingH,, andH,/LQG control algorithms. However,
application of these algorithms with an MR dampeysd
be combined with a clipped-optimal algorithm to ueel
peak acceleration of the equipment, while maintajni
base drifts within an acceptable limit. Herélp,-clipped
optimal andH,/LQG -clipped optimal are introduced to
demonstrate the efficacy of these algorithms inisartive
control of equipment responses due to floor motiona
seven storey building. The effectiveness of theppsed
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smart semi-active system is demonstrated
comparison with a passive isolation platform.

through

2. H,, Control Problem

The H,, algorithm is a binary control method in which
control force and external excitations in simulzue
aspect put the infinity norm of the conversion fimc
between the input of the actuator and a clusteegdlated
outputs. This algorithm, due to its specific atitds, is
being used in most of the structure control systéons
reducing response of the structure.

For the statement di,, problem, the control structure
of a fixed time linear system G, under input disance w
and control force u can be stated as follows (Ngjgah
and Narasimhan, [26]):

[l=co =9 G &

In this equation, y is a measured variable. All the
external inputs such as the source signal, distedbaf a
system, and the noise of sensors are defined lighlamw.

z is a performance variable and is composed bitrgc
fault and inputs of actuators. In this situatioantrol law
is as follows:

u = k(s)y ()

The H,, control problem is about finding a controller
K(s), which can stabilize systems such that the efééct
the w disturbance on the z performance variable is
minimized. Herein T(s) function represents the etbioop
system transfer function from input variable w to
performance variable z.

T(s) = Gy1 + Gk (I — Go2k) 1 Gy (3

Finally, the H, control problem is about finding
controller quality of K, assuming the givgnand T(s)
transfer function, it may meet the following eqoati

Tl <¥ (4)

In which, y is the positive numerical parameter that is
selected by the designer for assuring that outpie r
should be Ilimited under determinated,, and
predetermined quantity compared to the input ifate.the
design of the primaryH, controller, we consider the
partitioned LTI (Linear Time Invariant) plant P sdlows
(Matlab, [27]).

A B, B,
P = C1 D11 D12 (5)
C; Dy1 Dy

For an n degree of freedom system, A, B, C andeD ar
the 2nx2n system matrix, 2nxr input matrix, 2nxq
controller location matrix, and 2nxp feed throughtrix
respectively. g, r and p are the number of actsator

excitation sources, and sensors. In this case, the
generalized equations of motion are cast in thioahg
form:

X =Ax + Byw + B,u (6)
Z = Clx + D11W + D12u (7)
y= sz + D21W + Dzzu (8)

The controller K, stabilizes the plant P and has th
same number of states as P. In above equationg, the
regulated outputs, y are the measurementse the states,
inputs to B, are the disturbances, inputs By are the
control inputs, output of, are the errors to be kept small,
and output ofC, are the output measurements provided to
the controller.

It is worth mentioning that in order to regulate
responses like displacements, velocities and aetilas,
the following must be considered: the coefficie®{sD,,
andD,, that determine the performance in terms of states
X, control effort u, and the noise content in thystem
considering the mathematical model for analysis.

1 0 0 0
0 0 1 0
E(1L1)EQ2) FQ,1) F(1,2)

0 0 0 0
0
_| o
B>(3)
1

where, matrices E=(—M~1.K) and matrices F=
(-M~1.C0) and E(1,1) for instance indicates the first
entries (is located in first row and first colunof)matrices
E, andB,(3) refers to the third entries of vect®y.

The solution for the controller for the generalized
regulator problem is given by ( [28]):

G = Dy = Dy,

o RO o

9)

fopt =u=—F,% (10)

And the state estimator is given by:

% =A%+ By (Y 2By Xoo®) + Bott + Zop Lo (C22 — ¥) (12)
where:
= —By" X (12)
Lo = —YC," (13)
Zw ==y 2Y X))t (14)

There exists a stabilizing controller if and orfiytiere
are available positive semi-definite solutions he two
Riccatti equations foX,, andY,, and the condition:

PXoo¥oo) =72 (15)

wherep(A) is the spectral radius of A which is defined
as the largest singular value of A. The teXgs and Y,
are the solution to the controller and estimatoccRiti
equations given by:
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X» =Ric(H,) 20 , Yo, =Ric(Js) =0 (16) H, optimal LTI controller K for a partitioned LTI phe P.
whereH,, and],, is given by following equation: As it was mentioned before, the first problem ived
by using a Kalman filter. This filter is a causéhear

A vy 2B;B,T — B,B," mapping taking the control input u, and the measerds
—¢"¢, _AT y as its inputs, and producing an estinfatd the state x in
AT v2¢,7¢, — G,7C such a way that thH, norm of the transfer function from
Joo = [ r 1 =2 2] (18) the noise w to the estimation erfore= x — X is minimal.
—B,B, -4 The Kalman filter block diagram is shown in Fig. 2.
With considerin@A, as follows:
w z (not used)
A = A+ Y7 2BB " Xop + ByFyy + Zoy Lo Cy (19) ] Plocih T+ e
= 2
Finally theH,, controller is given by: :f[ Filter
Ay —Zoly
K(s) = [F 0 ] (20) Fig. 2 The Kalman filter configuration
The controller has the block structure as depidted In this case, the optimal filter is given by thetst
Fig. 1. This diagram presents that the controltersists of space equation as follows:
a dynamic observer which computes a state vé&ctor the . . ~
basis of measurements y and the control input d, a@n X = AX + Byu + Kpc(y — CoX — Dpyu) (22)
feedback F map®to the control input u. ) ] ] .
In above equation, a Kalman filter with residualnga
K(s) matrix Kgc is given by:
i a Y Kgc = (YC; + B;D3;) (D2, D) 7" (23)
F e H o filter, u
For the solution of the second problem, we congider
control law as follows:
=u = KpR 24
Fig. 1 Separation structure for tit&, controllers Jope = 1= Knk (24)
where full-state feedback matrik, is represented as
3. H,/LQG Control Problem follows:
The H, optimal controllers coincide with the well Kg = (Dg,DT,)~1(BTX + DL,Cy) (25)

known LQG controllers. Thél, optimal control problem
is formalized as follows:

With considering eq.3, synthesize a stabilizing
controller K for the generalized plant G such th&{s)||, A—=KinCy — BoKer + Kor Do Ker K
is minimal. The solution of this important problésnsplit k(s) = re _ZKFI rern FC]
into two independent problems and makes use of a H
separation structure:

First, obtain an optimal state (state vector estimated
by the Kalman filter) of the state variable x, lhsm the 4.1. The model of study
measurements y. Second, use this estinfates if the o
controller would have perfect knowledge of the filite x
of the system. As is well known, the Kalman filisrthe
optimal solution to the first problem and the staedback
linear quadratic regulator is the solution to threxand
problem.

Finally theH, /LQG controller is given by:
(26)

4. Modulation and Statement of Problem

Dynamic specifications of equipment such as stifne
or damping may influence decision making in case of
modulation and designing methods. However, any -semi
active control device should be in combination withse
isolators to provide flexibility for lateral movemie of
caan(re tgfprséztsirgeg‘; ggzé]“tgcegrgbltﬁ?t’ t?asrg systeén equipment (See Fig. 3). Accordingly, Almazan et[4].

) ; ' T Mo compared the parameters of rigid and flexible $tmac
index (the cost functiofiqc ) as follows: (period of 0.5 second) on the FPS isolator. Resiilgich
- a comparison demonstrated that the difference leetiee

¢ x(t) drift of the isolator for both of these supersttues is very

Juge = EU [x" (®Ou”(®)] [D12T] [ Dol [u(t) dt} (21) low. Although most of the equipment parts are rigiden
0 if they become flexible they will not have considele

The H,/LQG control problem computes a stabilizing effect on the response of the isolation system.réfbee,
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in isolated equipment, response of the seismicaisc
system is acquired with acdeple precision with th
assumption of 'equipment+ raised floor' in the foofr
rigid mass. On the other side, based on the studli
Kulkarni and Jangid on a variety of isolators, weay
modulate a superstructure for inconsiderably fliex

Equipment

Smart Isolation
System

"\, MR Dellmper ‘l

|
“— Rolling Pendulum
System

Floor Slab

structures (gch as multistorey buildings) in which t
condition, response of the displacement of theateo] anc
acceleration of the superstructure corresponds ht
response of the actual model with higher precif®j.

Fig. 3 Schematic model ca smart isolation system with MR damper

In this study, the ‘equipment+ raised floor' mc
presented by Lambrou an@onstantinou (1994) ow
computer centers has been used. Equipments, wing
modulated in the form of ondegree of fredom over the
raised floor, hold the main frequency of 40 Hz, dhi$
corresponds to the former issues indicating useigid
model for equipment. Fig 3 represents the smi
equipment isolation system using an MR damper &
considered in this study ffoseismic protection
equipment. To evaluate the potential of MR dampe
structural control applications and to take fulVadtage o
the unique features of this device, a model mus
considered that can accurately reproduce the behav
the MR camper. An MR damper together with a rolli
pendulum system is installed between the equipraad
the floor to reduce the vibration of the equipmeBaisec
on the study by Yoshioket.al (2002), the characteristi
of the MR damper used in this study like maximuroles
maximum force, and electric current are assum¢ 3.5
cm, 50 N and 1.8A respectively.

4.2. Mathematical model for analysis

Fig. 4 demonstrates a model with -degrees of
freedom which has been assumed for the control.
Behavior of equipment and isolated raised floor laoéh
assumed to be linear. The motion equations in thte
space for the seismic isolator system are presdiaiedy

“—> m>
X2
ks, c; I‘*_'\”]]ﬂ
«—> nj
X1 —m—

ki, ¢; lﬁﬂ f

LW VA
+—>

'fg
Fig. 4 Mathematical modefor analysis

X = AX + BU + Ex, (27)
X =[x % %4 Xz]T (28)

In this model, x and > are respectively the
displacement of the raised floor and the equipmiar
comparison to the floor, u arx; are the damper practiced
control force and seismic acceleration of the store,
m,, ki K, and g, ¢, are respectively mass, damping, i
stiffness coefficients for the raised floor and ipgquent.
The other parameters in equation 27 are definethd
following equations;

_( o] (1 ) _ 1 T
A= (—M‘lK —m-i¢) B 00 /m, 0] (29)
E=[00-1-1]T
M = (ml 0 ) K = (kl + kz _kz)
0 m —k; ka (30)
C= (C1 + Cy _Cz)
“\ - Cy
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Several mathematical models have been proposed for

controllable fluid dampers. Spencer et al. [30] aleped
an effective model using the Bouc-Wen hysteresislgho
for MR fluid dampers. Because of the simple configion
of the MR damper used in this study, the dampeadyos
can be represented with a combination of the BoexrW
model and a viscous damping element as shown in5rig
This model is a special case of the model propdsed
Spencer et al. (1997).

=

b

by

b
o
=)

N NN
b

by

\\\\\\\\\\\\b\\b\\\\\\\\\\\
Q;r
™
L~
ooy

Fig. 5 Magnetorheological damper model with Bouc-Wen
hysteresis

The force generated by the MR damper shall be

modeled as follows (Spencer et al. 2002):

F =coX+ az (31)
z = —y|x|z|z|*! — Bx|z|™ + A% (32)

Based on the study by Yoshioket.al [30], the
parameters of the MR damper model is considered &s
n=1,y=p=>58622cm 2 andc, = 0.3327Ns/cm. A

small time lag exists between the command and the

damper force due to the inductance in the coil ha t
damper’s electromagnet and the time constant ofldifek
This lag is modeled with a first-order filter betvethe

control voltagev and the parametar(%) representing the
damper yield level given by:

a(t) = —[a(®) —pv() = p2ln (33)

N
rad

where, n = 27 X 11.0(=>); p; = 3111.7(%); and
N

In order to have an accurate verification, the oasps
of the MR damper at 1Hz sinusoid with an amplitude
15mm excitation for five constant electric currdevels
(Fig. 6) are compared to the results of the stugy b
Spencer & Dyke[13] (Fig.7). Based on their studite
response of the MR damper is considered for fonstamt
voltage levels, 0V, 0.75V, 1.5V, and 2.25V. These
voltages correspond to OA, 0.25A, 0.5A, and 0.75A
respectively. The force-velocity and the force-
displacement loops in the both figure show thahvifte
increase of the electric current, the damper fongkk
markedly increase. It is also noted that in thecder
velocity loop, due to the presence of an accunuratn
the MR damper, the damper force is not exactly erext
at zero velocity. According to these figures, tfileats of
changing the magnetic field are readily observed OA
the MR damper primarily exhibits the characterstif a
viscous device (i.e., the force—displacement retatiip is
approximately  elliptical, and the force-velocity
relationship is nearly linear).

50— oA 8

0.54
400 4
3gl]— 154 i
—1.8A [
20+ -

10+ B

10k i

Damping Force (N)

20

-30-

4oL

-50-

Il Il Il
-0.6 -0.4 -0.2 0 0.2
Displacement (Cm)

(b)

LL__

0.6

Fig. 6 Characteristics of an MR damper: (a) Force-velo¢hy Force-displacement

T T
50+
—D0A
40+ 0.5A =
—1A
30F | —15A 1
20 —1.8A
z 2 i
8 10r 4
5
= oL =
s
5
2 10 -
]
=
o <20 i
-30F g
-40- g
50F -
L L L 1 1 L L
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Velocity (Cm/Sec)
(a)
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1500
1000
—_ 500
<
(i 1] ¢ 3
g -500
L 1000
15001 I I i L e L L L 1
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
Time (sec)
a) Force vs. Time
1500 ———————— 1500
1000 1000
— 500 500
z :
8 o] THE EEEE ot
= -500 =500
L _io00 -1000
1500 S =1500

=2 =1 0 1 2
Displacement (cm)

b) Force vs. Displacement

Velocity (cm/sec)
¢) Force vs. Velocity

Fig. 7 Characteristics of an MR damper: Force-velocityl Borce-displacement based on the study by Spénbgke

MR dampers are nonlinear semi-active control device
that have significant potential to mitigate viboati and
shocks. Because of their mechanical simplicityhhignge
and low power requirements, low cost, large force
capacity, and robustness, these devices are wuifabl
various applications. Although they can only remakie
energy from the system, recent studies have shoatrthie
MR dampers can achieve the majority of the perforcea
of fully active systems.(Jimenez et al. 2002; Gasiral.
2005). Since smart damping devices such as MR dampe
have highly nonlinear characteristics, a number of
different control strategies have been proposedeland
Spencer (1997) compared several control algorithms
appropriate for a MR damper and concluded that a

Excitation

clipped-optimal controller is most suitable forghilass of
dampers. The clipped-optimal controller employseaikd
optimal control force that is determined using dine
optimal control design strategies suchHgsandH,/LQG,
and then subsequently clips the force to accomreotiet
intrinsic dissipative nature of smart damping desic

For this study, a clipped-optimal controller empay
H,, andH,/LQG strategies is used to reduce responses of
the equipment. Spencer et al. (2000) and Ramallal.et
(2000a,b) showed through simulation that this apgiois
effective for smart semi-active systems. The basitcept
of this methodology is shown in Fig. 8.

Plant

v

—|voltage |Clipped-optimal ]SPf
'{ MR damper & Threshold H2/LQG Controller

H Infinity &

Fig. 8 Semi-active algorithms with clipped-optimal switoip

To track the optimal force that is obtained frormBEd)
and Eqn.24 foH, andH,/LQG respectively, Dyke et al.
(1996) proposed a clipped-optimal switching defibgd

where Vs IS Voltage to the current driver associated
with saturation of the magnetic field in the MR dsn
and H(e) is the Heaviside step function. This control
algorithm has the benefit that a model of the dangpeot

V = Voax H{(fopt — fineas) fineas} (34) required in the control design. In this study, #eraative
clipped-optimal control (on-off type) with a thredd is
proposed in which the control voltage remains Zeztow
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minimum force,f min. Thus voltage shall be obtained as
follows:

V= {Vmax- H{(fopt - fmeas)fmeas}' 35
|fopt| > fmin ( )
v=0 otherwise (36)

The force generated by the MR damper with and
without clipped-optimal control under El Centro gnal
motion is shown in Fig. 9. As it is seen in thiguiie, the
desired control forces which were created by two
controllers H,, andH,/LQG) and the generated clipped-
optimal force by damper have been presented togethe
Their difference indicates to the distinctness eduired
force in ideal active control strategy with semitiae
control. Further, the command signal which is shdan

present state of being on/off and its value is s@ii in
the figures. The control force of damper is limiteal
saturation for 100 N. It is also quite remarkalblattin the
clipped-optimal control, if the generated force tye
damper is in the same direction of the desirednugti
force, the voltage applied to the current driveiniseased
to its maximum level.

The results of the studies by Spencer and Ramatlo a
Dyke and Spencer have been used for verificatiothef
numerical model (Fig.10 & Fig.11) [13, 19 &22]. Fiyl
may not be relevant to this study, as it is forfeddnt
model and damper capacity; however there is type of
similarity between their results in force and signa
variation.
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Fig. 9 MR damper force and signal under El Centro grountion, (a) clipped optimal and desire force forriinity controller, (b) clipped
optimal and desire force for H2/LQG controller
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Fig. 10 Experimental results due to El Centro based orstilty by Spencer & Ramallo
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Fig. 11 Command signal and control force applied in thepad-optimal case and reaction force for the passivcase due to El Centro
based on the study by Spencer & Dyke

Force applied on the equipment inside of the bugdi
depends on the input seismic wave and structural
specifications inside it. Therefore, in this studhe
structural model used by Hamidi and EINaggar which
seven storey building is considered[20]. The 'eqpaipt+
raised floor' model is mounted on th8 @nd 7' floor of a
seven storey building, which is a simplified moala
prototype seven storey/® test structure used by the
Japanese Building Research Institute (BRI) for some
seismic research experiments [21]. Fig. 12 showes th
floor-isolation system with the rolling pendulumssgm
and semi-active controlled MR damper and represants
seven-storey building and raised floor, includingss
stiffness, and damping matrices. The masses of this
structure are the same as those for the prototgpens

storey RC building that was used by BRI for seismic
researches [21]. The storey stiffness is seleaetthat the
period of the first and second modes of the maglalmost
the same as those for the prototype building. Euntiore,
the damping ratios for the first and second modestlze
same as those for the real structure. Table.1 dstnates
that the specification of the “equipment+ raisedof!
model has been used in this study.

The records selected as examples of ground motion
imposed on structures are El Centro (1940), Kol&93%),
Northridge (1994), and Tabas (1978). The groundianot
response of the™and 7" storey is used as input motion to
investigate the effect of story level on efficieraya semi-
active system in protecting equipment. Propertiethese
earthquakes are represented in Table 2.
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Fig. 12 Shear building as the primary structure and a sis@lation system with an MR damper

Table 1 Specification of “equipment+ raised floor” model

System Specification Values
m;(Kg) 2631.53
k1(N/m) 25946
Isolated Raised Floor c.(N.sec/m) 330.5
& 2%
T(sec) 2
my(KQ) 181.5
ko(N/m) 11458874
Equipment cx(N.sec/m) 1824
& 2%
To(sec) 0.025
Table 2 Specifications of the Input ground motions
Event Year Mw PGA(9) Station R(km) Mechanism
El Centro 1940 7 0.31 El Centro Areedy 8.3 Strike-slip
Kobe 1995 6.9 0.82 KIMA 0.6 Strike-slip
Northridge 1994 6.7 0.61 Beverly Hills-12520 Mulhol 20.8 Reverse-slip
Tabas 1978 7.4 0.84 Tabas 5.2 Strike-slip

5. Discussing on Results

Herein response of the equipment along with the
seismic isolator with an MR damper settled oveniaed
floor was studied under four different ground mo$io
recorded on the™and 7' stories. A natural period of two
seconds for an isolated raised floor was assumtudts, Toy
using an MR damper with two different algorithmsdan
two measuring accelerations and displacement setesdr

422

between the floor and equipment (beside of MR dajnpe
the responses were compared with passive strategy.

5.1 Comparing obtained results with isolation systems

Fig. 13(a) and (b) illustrate the force generatgdab
MR damper in the 2 and 7" stories when the damper is
controlled by two different clipped-optimaH, and
H,/LQG algorithms under Northridge ground motion. As
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shown, the generated force by employing the clipped
optimal with H,, algorithm is higher than controlling the
system withH, /LQG algorithm. As will be discussed later,
higher damper force results in a lower level of imam
responses of the equipment. This conclusion iseaekl

50 T T

T T T
—— MR Damper Force with H-infinity }»

40 | == MR Damper Force with H/LQG

30

20

10

-10

Damper Force(N)
=]

-20
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-40

50 I I I I
0 5 10 15 20 25 30 35 40

Time(Sec)

(@)

Damper Force(N)

for three other different ground motions. Furthaelgsis
show on the # floor, due to lower input excitation
induced, damper force is reduced and the applicatio
the H,, algorithm has a lower efficiency in comparison
with theH, /LQG algorithm.

50 T

T I I I
‘ —— MR Damper Force with H-infinity }»

40 - MR Damper Force with H2/LQG

30

201
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Fig. 13 Comparison an MR damper force usliig algorithm andi2/LQG algorithm (Northridge ground motion) (a) iff Ztorey, (b) in &
storey

Fig.14 (a) and (b) show the comparison of hysteresi
loops for both clipped-optimal,, andH, /LQG algorithms
under El Centro ground motion. Comparing the cominan
voltage time histories, both of the two semi-actbamtrol
cases can generate the smooth and continuouslyngary
command voltages. This leads to better acceleration
reduction for the two semi-active control casesal$ to be
mentioned that a smart semi-active system with &R M
damper has rounded corners on the loops and gave
moderate acceleration levels. Also as it is shawRigure
14(a), the clipped-optimaH, algorithm can generate

60 T T T T T

ZZ[‘{;T\‘. |

[0 NSNS SRRSO AU SUSR

T
H-infinity
: H2LQG

Force (N)
-]
T

-60
4

Displacement (m)

(a)
Fig.

Foree (N)

almost the same force but with considerable diffees in
displacement (the system can achieve better peafuce),
and this matter indicates the efficiency of thigogithm in
comparison with thél, /LQG algorithm. Also this concept
is observable in the case of the force-velocityldeig. 15
presents variation of force-displacement and fwadecity
in passive system under EI Centro ground motionséen
in this figure, the required controlling force iragsive
systems is about 0.1 time of the semi active system

[

T
: H-infinity
: H2YLOG

40 _ .....

|| E—

0
200
-40
.60 i i i i i i
.02 -0.015  -0.01  -0.005 0 0.005 0.01 0.02
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14 Comparison (a) force-displacement and (b) forceargl of smart system with an MR damper usihg algorithm andi, /LQG (El

Centro ground motion)
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Fig. 15 Comparison (a) force- displacement and (b) fordeeiy of passive damper (El Centro ground motion)
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In Fig. 16, time history acceleration, relative

displacement, and velocity response of equipmeittsam

MR damper are compared with seismic isolated eqeigm
(without an MR damper). In this figure, the respEnof
equipment under El Centro ground motion on tfistdrey

are illustrated when the MR damper is controllethwihe
clipped-optimalH,, algorithm. Comparison of the results
shows the maximum acceleration and displacement of
equipments are reduced 40% and 70% respectively by
using an MR damper. These results express the fully
effective performance of a smart semi-active systewher

the H,, control algorithm. Furthermore, the reduction rate
is up to 75% in the relative velocity of the systentimes

0.2

‘ - without MR damper —— with MR damper‘

Equipment Acc(g)

-0.15

-0.2

1
0 5 10 15 20 25 30 35 40

around 11-14 seconds.

Fig. 17 represents the same comparison between
responses of the equipment with and without an MR
damper when the semi-active control algorithm is a
clipped-optimal using H,/LQG. In this condition,
maximum acceleration under the ElI Centro earthquake
using an MR damper is reduced around 30% while
maximum displacement and relative velocity reductio
rate is up to 50%. These results support the higher
efficiency of a semi active control with clippedtopal
H, algorithm in comparison witt,/LQG algorithm as
well.
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Fig. 16 Comparison (a) acceleration, (b) relative displaaeinand (c) relative velocity response of equipmevith an MR damper using
H,, algorithm and seismic isolation system (El Cent@ugd motion)
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Fig. 17 Comparison (a) acceleration, (b)relative displacgraad (c)relative velocity response of equipmevits an MR damper using
H2/LQG algorithm and seismic isolation system (El Centamugd motion)

In order to have direct evaluation regarding theticd maximum acceleration in the case 185/LQG is about
algorithms, seismic response time histories of the 0.28g in time 12 seconds whereas this value instrae
equipment settled over an MR damper with both  time forH, is about 0.24g. Also it is obvious that tHg
algorithms is illustrated in Fig. 18. In this figyrtwo algorithm has declined the response of displacement
different responses of equipment on th& storey are effectively in comparison with thi, /LQG algorithm.
compared under Kobe ground motion. As it is shown,

T T T T T T T : x10°
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() (b)

Fig. 18 Comparison (a) acceleration, (b) relative displacgmesponse of equipments with an MR damper udipgalgorithm and
H2/LQG algorithm (Kobe ground motion) i"#loor

Fig. 19 (a), (b) and (c) compare the response of respectively. The general point in the case of the
acceleration, displacement, and velocity of thetesys performance of the system is that for the El Cerkimbe
making use of an MR damper and seismic isolatotHer and Northridge earthquakes, performance of theesyss$
sake of ¥ floor and under entire 4 seismic types very effective in the reduction of the maximum
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acceleration, lateral displacement, and velocity &l 4
quakes, performance of the smart system in reducif
equipment acceleratiomith H,, is better than with th
H,/LQG algorithm. In addition, this reduction is mc
obvious for Northridge. It hato be mentioned that M
damper with clippedptimal control andH, algorithm
perform better in comparison to the latter algonit

specifically in the decrease of equipment displas@n
This reduction is more observable in case of Kdbiese
figures demonstrate that the system acquires ¢
performance with botit, andH,/LQG algorithm in the
reduction of equipment veloci
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Fig. 19 Comparison: (a) maximum acceleration response; &xjmum displacement response; (c) maximum veloesponse ¢
equipments under different control strategy"" floor
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6. Conclusions

In this study, the protection of sensitive equipmen
inside buildings against seismic ground motion was
investigated because these vulnerable componentdea

(8]

damaged and the consequence of their damages may be [9]

irrecoverable. Efficacy of semi-active devices sashan
MR damper to seismic response of equipment was
investigated with clipped-optimal control in comaiion

protection against earthquake and microvibration,
Earthquake Engineering & Structural Dynamics, 2006,
No. 8, Vol. 35, pp. 943-967.

Christenson RE, Spencer BF, Johnson EA, Seto K.
Coupled building control using smart damping strigg
Proceeding of SPIE Smart Structures and NDE
Symposia, 2000, 9 p.

Sahasrabudhe S, Nagarajaiah S. Semi-active coatrol
sliding isolated bridges using MR dampers, Earthquak
Engineering and Structural Dynamics, 2005, Vol. (34,
965-983.

with two robust algorithms,H,, and H,/LQG in [10] Esr)a8r;sic BA. A Course i, Theory, Springer, Berlin,

pompgrisqn with pass!ve SeiS'T“C isolation strate'@ye [17] Syméns MD, Constantinou MC. Seismic testing of a

|n\{es_t|gat|on was carrled out in at seven storeyegen building structure with a semi-active fluid damgentrol

building and on two different levels {4and 7" floors) of system, Earthquake Engineering and  Structural

the structure. Dynamics, 1997, Vol. 26, pp. 759-770.

The results acquired presented that the seismiat@so [12] Dyke SJ. Acceleration Feedback Control Strategies fo
has considerably reduced the acceleration of thgoegnt Active and Semi-Active Control Systems: Modeling,
but it has compensated by increasing the respofise o Algorithm Development, and Experimental Verificatjo
displacement and velocity. However, using an MR plam EégéD Dissertation, University of North Dame, Inuta
improved the response of the seismic isolator aoadiced : .
the lateral displacement of the isolator and theekecation [13] E)g:)(:ri n?(‘e]ﬁt jpi?ﬁﬁ; Bo'? '\Sﬂ?qm d'\glr;‘ b e?g”ig? Jsgi's n/::g
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was discovered that the MR damper with thg control doi:10.1088/0964-1726/16/4/058

algorithm  (by ~considering the effect of external [16] Lin P, Loh C. Semi-Active Control of Floor Isolation

disturbances and excitations) has a better perfurena System Using MR-Damper, Sensors and Smart Structure

remarkably in the reducing response of acceleration Technologies for Civil, Mechanical, and Aerospace
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