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ABSTRACT: The combination of passive and active scheme$aas increasingly considered in the structural controlrooimity
as a promising way to design efficient smart hybrid base tisvlaystems for seismic protection. This paper considdmgbaid
system in which an active feedback control law is derivecetajpplied in parallel with a passive isolation device. Theacontrol
uses the restoring force supplied by the passive isolattireasiain feedback signal. This paper can be divided in twopaits:
in the first one, the paper presents the theoretical foriomaind stability analysis in the active control strategythie second part,
a set of numerical simulations is performed when the forsiplied in a semi-active way to validate and discuss theieffty
of the approach in a more realistic scenario. Moreover, #ropmance of the proposed semi-active control algorithoompared
with passive-off, passive-on and clipped-optimal coérsl The proposed control scheme reduces the base dis@ateithout
increasing the floor accelerations.

KEY WORDS: structural control; semi-active; MR dampers.

1 INTRODUCTION control law uses the restoring force supplied by the passive
isolator as the main feedback signal.

Structural control systems have shown great interest itafte  Since semi-active controllers in hybrid base-isolatiostesns
decades for hazard mitigation in civil structures [9]. Rass can achieve almost the same performance as an active base
control systems have been widely used to mitigate vibratiopolation system in protecting the safety of building again
due to external dynamic loadings [15], [22]. The basic cphcestrong earthquakes [13], we also present the semi-active
of base isolation is to make the structure behave like abigidy realization of the proposed active scheme. In this sense, th
through a certain degree of decoupling from the ground motianagnetorheological (MR) fluid dampers —considered as semi-
However, for the purpose of maintaining the seismic respongctive devices— are represented using the normalized Bderc—
of structures within safety, service and comfort limitse thmodel [11]. Because the force generated in the MR dampers is
combinationof passive base isolators and feedback controlleiependent on the local responses of the structural syskem, t
(applying forces to the base) has been proposed in recers yedesiredcontrol force cannot always be produced by the devices.
Applications of hybrid control systems consisting on activeOnly the control current or voltage can be directly conedll
([41, [16], [17], [18]) or semi-active ([3], [7], [14]) sysims to increase or decrease the force produced by this devices. |
installed in parallel to base isolators have the capabdity this work, a new practical method [2], [3] is used to compute
reducing response quantities of base-isolated structu®@® the command current of the MR dampers. The whole method
significantly than passive dampers. The idea of addingi@finally simulated by considering a three-dimensional sma
feedback control is based on the premise that a controlractigase-isolated benchmark building [16].
is to be applied at the base with force magnitudes which are no
Eé?:;'\é? tcﬂlueei;(z:ltjhs?or:gor:‘ Ifg'gg'grgr it:fh';toﬁfr:és}rsr::;cneato designing the force-derivative feedback control law and
it is divided into two subsections: Subsection 2.1 presents

such a force can help prevent large displacements of the bﬁ]see dynamic model of the base-isolated structure; Sulmsecti
isolator, which could endanger the integrity of the scheme. '

2.2 describes the desired control force which is based on a
In this paper we firstly consider this kind of hybrid systemforce-derivative feedback controller for hysteretic bas#ated

in which an active feedback control law is derived to be apli structures. The semi-active realization od the proposettalo

in parallel with a passive isolation device. The active fesmak scheme is developed in Section 3. The inverse model that

The paper is structured as follows. Section 2 is dedicated
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provides a suitable context to compute the command current G, i=]j

of MR dampers analytically is described in Subsection 3.1; C=(cj) eR¥8 ¢j={ —cy1, j—i=1

meanwhile the algorithm for selecting the command signal is 0, otherwise

concisely stated in Subsection 3.2. The smart base-igblate ki, i=j

structure that serves as a.benchmark proplem for numer.|cal K=(kj) e R®® kj={ —kipa, j—i=1

testing is presented in Section 4 together with some nuwieric 0 otherwise

simulations to analyze the performance of the proposed-semi ’

active scheme. Final comments are given in Section 5. Finally, uis the active control force supplied by an appropriate
actuator.

The model in equations (1)-(2) is used to design an
2 FORCE-DERIVATIVE FEEDBACK CONTROL LAW DE- appropriate control law. The applicability and efficiendyttoe
VELOPMENT proposed controller will be then shown using a more realisti
and complex model.
There exists a wide range of control algorithms that are The equation of motion of the base (2) can be written in the
applied to base-isolated buildings: clipped-optimal colnt7], form
[12], [26]; maximum energy dissipation algorithms [14];dan

modulated homogeneous friction algorithms, among others. S0 MR+ X KX =01 (X —X) + ki(xa —X)
Each of these controllers is able to reduce the structuspbrese Blx%x1 %]

to some degree. From a structural point of view, a reasonable — O — My U
controller has to reduce the base displacement while deesea —_

or slightly increases the accelerations. Li and Ou [13] sttbw A(t)

that the active control forces in base-isolated structinaase
damping characteristics. In this study, an active forceveagve
feedback controller will be applied in a semi-active way t
the eighth-storied base-isolated benchmark building.[T8ie
control forces will be applied at the base through maniparat
of the command curremiat the MR dampers.

Itis well accepted that the movement of the superstrucure
is very close to the one of a rigid body due to the base isalatio
?18]. Then it is reasonable to assume that the motion of tke fir
floor relative to the base will be very small. Therefore, iaiso
reasonable that the interaction for@f, x, Xy, 1] will be small
in comparison with the rest of the forces acting on the baép [1
Consequently, the following simplified equation of motioh o

2.1 System description the base can be used in the subsequent controller design:

& MK+ e+ kx= —® — mKg+ u. (3)
The system description considers a nonlinear base-isblate
building structure as shown in Figure 1. More precisel§.2 Force-derivative feedback controller

the control design is based on a dynamic model composggtce-feedback controllers have received great atteinidhe
of two coupled subsystems, namely, the main structure Qktive cable control of cable-stayed bridges [6], where the

superstructure%) and the base isolatioi%{): concept ofintegral force feedbacks introduced, offering a
sufficient increase of structure damping by suitable sensor
S :MX = —MJxg— Cf —Kr (1) actuator-pairs integrated between the stay-cables and the

bridge deck. The static loads are compensated by hydraulic
accumulators without permanent power supply. Moreover,
force-feedback controllers have been seen in active vibrat

Where)('g'J is the absolute ground acceleratign; [X17X27~~~7X8]T c isolation [5], [19], where it is shown that the force feedbac
RR® represents the horizontal displacements of each floor witRPlementation benefits from alternating poles and zerdstwh
respect to the ground. The mass, damping and stiffness @ifithedllows a control law with guaranteed stability, making it
storey is denoted byy, ¢; andk;, respectivelyt = [rq,....rg]T € Very attractive when the payload to be isolated from the
R8, represents the horizontal displacements of itiie floor disturbance source is very flexible, such as in large space
relative to the(i — 1)-th floor. The base isolation is describedtructures. At the same time, other applications have been
as a single degree of freedom with horizontal displacemeint S€€n in piezoelectric actuators for vibration control ofilci

is assumed to exhibit a linear behavior characterized bysmagiructures used (decentralizedjegral force feedbackontrol
damping and stiffness, c andk, respectively, plus a nonlinear[21], vehicle vibration control using MR dampers [23], and
behavior represented by a hysteretic restoring fabce This hybrid structural simulation [1] and [25].

restoring force can be supplied by some base isolation eevic Assuming that the earthquake disturbance is unknown but
The matricesvl, C,K andJ of the structure have the following bounded, the following force-derivative feedback conémis
form: proposed:

S i MX+CX+KX= C1f1 +Kirg — mXg — @ +u (2)

u=-{®, @)

M = diagimy,mp, ..., mg) € R®® . N . .
where( is a positive real number. From an active control point

T 8
J=[1...,1] eR of view, the force which has to be supplied by the actuator is
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based on the measured force which is currently supplieddy th SEMI-ACTIVE IMPLEMENTATION
isolator device.

More precisely, the following assumptions are stated for
system (3):

Assumption 1:The force® is described by the normalized
version of the Bouc—Wen model [10]:

In this work, the active control force is not applied dirgdt the
ase through an active actuator. Contrarily, we use MR dasnpe

to perform a semi-active realization. The first step useegigh

a semi-active control strategy is the selection odativecontrol

law that makes the closed-loop system stable. In our caise, th

D(t) = KaX(t) + Kuww(t), (5) active control law is based on the derivative of the forcealhi
V(t) = o(x(t) — olx(t )Lt is currently supplied by the isolator device. The second &e
W(t) = p(X(1) ) alX )H\:’( )T w(t) the use of a semi-active MR damper, with fofégr,, to try
+ (o= Dxt)w(t)["), (6) 1o follow the activedesiredforce given by equation (7). That
wherex is the velocity andkx, kw, 0,0 andn are the system IS, we use: (a) a passive isolator device described by emsati
parameters. (5)-(6) with fixed parameters and (b) a semi-active MR damper

Assumption 2:The earthquake disturbancemy(t) is un- that tries, by updating the currentto apply a force equal to
known but bounded: i.e., there exists a known congastich the derivative of the force of the passive isolator devioget
that|%y(t)| < G, ¥t > 0. a design parameter{. Even though this strategy can seem

Moreover, Theorem 1 in [10] guarantees the existené@dundant, in the event of a fault, the system continues@cti
of a computable upper bound, on the internal dynamic in & passive way. The next sections are concerned on how to
variablew(t), i.e., |w(t)] < pw, ¥t > 0, independentlyon the compute the command current to carry out this objective.
boundedness oft).

The following theorem states the bounded-input bounded- X8
output stability of the proposed controller. - n*+ I-

Theorem 1:Consider the nonlinear system in equation (3)
and the force-derivative feedback control law

. k1
u=-¢o, ™ . ’V_wM

under the assumption of the boundedness of the earthquake ,m"-
disturbance. Then, the closed-loop system in equationan@) — N

(7) is bounded-input bounded-output stable. | ke

Proof. This proof is based on the boundedness of the earthquake C1
disturbance-mx. -_> mH”"

The closed-loop system in equations (3) and (7) yields
MX 4 CX+ KX = — (KsX+ KayW) — Mg — { (KxX + KaW) .
N—— ———
@ )
Applying the Laplace transform to the equation of motion of “
the base, we obtain

o
‘3<:

INHNIW i

[(M+ {Kk)S” + (c+ Kx)s+ k] x(s) = Figure 1. Two degree-of-freedom (2DOF) model.
—MXg(S) — [ KwS+ K] W(S),

where x(s),w(s) and Xg(s) are the Laplace transform of the
signalsx(t),w(t) andXy(t), respectively. The direct transfer3.1 The inverse model
function between the ground motiog, the hysteretic variable

w, and the controlled base displacemeis The inverse model will provide a suitable tool to compute the

command current of MR dampers analytically. Consider the

Tg(s) normalized form of the Bouc—Wen model for MR dampers (see
-m . the Appendix for further details):
X(e) = (M+ {Ky)S + (C+ Kx)S+ kxg(s) _ _
ZKwS+ K Fur (t) = [Kxal (t) + Kxb] X(t)
T Mt IR0 F + (et ks kN + [Kuai () + K () + K] WIE),
T(s) whereFyr(t) is the output force of the MR damper. The inverse
= Tg(8)%g(s) — Tw(S)W(S) model, that is, the computation of the curréass a function of

It can be shown, using the Nyquist stability criterion, thz the velocity and force, is based on the fqllowing simplificat
transfer functionsTy(s) and Ty(s) are stable. Therefore, the(a) the internal dynamic variable(t), which is unmeasurable,

boundedness of thaput signalsx;(t) and w(t) guarantees IS replaced by the sign of the velocity:

the boundedness of theutput signal x(t), that is, the base ]
displacement. ™ w(t) =sgnx) € {—1,1}.
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We remark that, in the normalized version of the Bouc-Wen ~ _____1 _______________|
model, the value of this internal dynamic variable lies wwith Xgl

| structure i
the rangd—1,1]. i !
As a result of this simplification, the MR damper model is ® i ! .
Futr(t) = [Kial(t) + Ki] X(1) o base | FuR
+ [Kwai?(t) + Kupi (t) + K] SGN(X) i i q_)\
= [KwaSNX)]i2(t) + [KxaX(t) + KwpSINX)] i(t) SeSsssssssssssssccssass\poasssasss Y
. : FvR, !
=+ [Kk,bx(t) + chsgr(x)] |
The curreni(t) can be found by solving the quadratic equation i
Kw.aSgN(X) iz(t) + [Kk.ax(t) + Kw,bSQr()'()} it) semi-active :
ha’_/ controller |
2 a :
+ K>'<7b)'((t) + chsgr(i() - FMR(t) =0.
% Figure 2. Block diagram of the semi-active control system fo
Thereby, the final form of the inverse model will be: a single MR damper.
o —ap + /a2 — 4axag
(% Fvr) = 2 ®)  where
a
where . .
_ _ ap = Kx.’bX(t) + chsgr‘(x) — fd(t)
30 = KxpX(t) + KueSQNX) — Fur(t) a1 = [KxaX(t) + KwpSgn(X)]

a2 = KwaSgnXx)

3.2 The selection of the command current i andfg is computed according to

It is well known that the force generated by the MR damper fa=—¢ o. (11)
cannot be commanded; only the voltage the currentapplied
to the MR damper can be directly changed [7]. In the clippegoth equations (10)-(11) define a semi-active controllegufe
optimal control algorithm [7], the command voltage takes tp illustrates the corresponding closed-loop system.
values zero or the maximum, according to Based on this desired force, the corresponding command
_ _ current that has to be applied to the damper will be calcdlate
V=Vt {(fa = Fur)Fur ®) according to equation (10). Lt andig be the two roots of this

where Vimax is the maximum voltage to the current drivegquation and 160, imay be the range of admissible current. The
associated with saturation of the magnetic field in the MEpplied current, will finally be

damper,H(-) is the Heaviside step functiorfg is the desired

control force andryr is the measured force of the MR damper. max{ia,ig}, ia,ig € [0,imay

In some situations, when the dominant frequencies of thiesys min{ia,ig}, min{ia.ig} € [0,imax,
under control are low, large changes in the forces appli¢dgo max{ia,ig} & [0,imax
structure may resultin high local acceleration [26]. Iistbénse, imase ia,ig >0, min{ia,ip} ¢ [0,imax
a modification to the original clipped-optimal control alglom max{ia,ig}, min{ia,ig} <O,

in which the control voltage can be any value between zero. max{ia,ig} € [0,imax

and aVmax, Was proposed in [26], where the control voltage 'a= imase min{ia,ig} <O,

is determined using a linear relationship between the ag@pli max{ia,ipg} > imax

voltage and the maximum force of MR damper. A similar 0, max{ia,ig} <O

approach can be found in [8], where a force-feedback control O(ia), ig € C\R, 0< O(ig) < imax
scheme is employed to overcome the difficulty of commanding 0, iq € C\R, Daa) <0

the MR damper to produce an arbitrary force. In this paper we imas ig € C\R, O(iq) > imax

consider the same idea of changing the voltage but chanigéng t

current according to the inverse model in equation (8). MOfg the implementation of this formula, the values are trieda
precisely, to induce the MR damper to generate approximatgktween zero aniinax when the current does not belong to
the desired control forcdg, the algorithm for selecting the the range of admissible values. When the roots are complex

command signal can be concisely stated as conjugates, we just consider the real part, and then we alpply
_ai+ /a2 4a same truncation.
i = ' 1 280 (10) This process helps the damping force generated by the MR

23z dampers become more closer to the desired control fdgce,
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Column— | Figure 5 that the proposed semi-active controller redubes t
‘ Base slab = base displacements in 75% from the passive-off case.
I
J [
f I
Actuator or semiactive J Isolation
device bearing

Figure 3. Elevation view with devices.

Displacement (m)

; ;
6 8_. 1o 12
Superstructure Time (sec)

14 16 18 20

Figure 5. Response time history of the building subjected to
Erzinkan earthquake (FiPand FNx) base displacement at
the center of mass (2000kN MR damper)

Table 1. Performance indices, whelie= isolator number,
1,...,nuRr; k=device number,1.. Ng; f =floor number,
1,...,N¢; g= earthquake number, 1.,7; t = time, 0<
t < Ty () = inner product; || - | = vector magnitude
incorporating NS and EW components.

. . . Peak base shear Peak structure shear
Figure 4. A representative figure of the benchmark structure — max [\o(ta) _ max Vit
max [Vo(t.a)] ma [V (ta)] _
Peak base displacement Peak inter-storey drift
3o = Mt it _ max,¢[|dg (t.g)]
4 NUMERICAL RESULTS ™ max, |di(ta)] ) 4 max ¢ |di (ta)]
Peak Floor acceleration Peak control force
. . . _ max ¢ [lag (ta)ll _ max || Sk F(t,a)ll
The performance of the semi-active control algorithm pméese J5 = ma & Ta)l J6 = e NotLall _
in Section 3 is now evaluated through numerical simulation RMS baﬁﬁ"ﬁﬂ!iﬁmem RMSrzgoﬁozﬁﬁeranon
using the smart base-isolated benchmark building. Thetsmar ¥ = e Togtall 8 = ey Toaall

base-isolated benchmark building [16] is employed as an Energy dissipated by MR damper
interesting and more realistic example to further invedég :M

the effectiveness of the proposed design approach. The bas o™ Nolt@a(t
isolated building is an eight-storey frame building, samito

existing building in Los Angeles, California. The resulig a

also compared with the clipped-optimal control algorithm j> CONCLUDING REMARKS
equation (9) [7] and also with two limit casegassive offand In this paper we have considered a hybrid system in which
passive onthat corresponds to the casexzefocurrent applied an active feedback control law has been derived to be applied
to the damper andnaximumcurrent applied to the damper.in parallel with a passive isolation device. The active ooint
The evaluation is reported in terms of the performance gglicuses the restoring force supplied by the passive isolattineas
described in Table 1. The controlled benchmark structurerngin feedback signal. A set of numerical simulations have
simulated for seven earthquake ground accelerations definebeen performed when the force is supplied in a semi-active
the benchmark problem (Newhall, Sylmar, El Centro, Rinaldivay to validate and discuss the efficiency of the approach in
Kobe, Ji-Ji and Erzinkan). The performance indices largarmore realistic scenario. With respect to the implementati
than 1 indicate that the response of the controlled stradtir issues, a new practical method has been defined to compute
bigger than that of the uncontrolled structure. Table 2 shilv@ the command voltage of the dampers according to the desired
average evaluation criteria for all 14 cases (the severcpbesi control force. The whole method is simulated by considering
earthquakes in two orthogonal directions). The perforreana three-dimensional smart base-isolated benchmark bgildi
indices larger than one in Table 2 are underlined. Figureo®shwhich is used by the structural control community as a state-
the time history response of the base-isolated buildingutite  of-the-art model for numerical experiments of seismic oamint
Erzinkan earthquake for different control cases. It isrciea attenuation. The performance indices demonstrate that the
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Table 2. Average evaluation criteria for different conecd

both directions.

Indices F.Feedback Clipped Passive-On  Passive-Off

N 0.83 0.82 0.81 0.83
N)) 0.83 0.81 0.82 0.86
J3 0.59 0.54 0.48 0.41
N 0.85 0.87 0.94 _1.09
J5 0.92 1.00 1.15 1.40

Js 0.29 0.33 0.45 0.14
N 0.44 0.36 0.28 0.23
Js 0.59 0.57 0.59 0.58
J 0.73 0.79 0.85 0.88

proposed semi-active method can effectively suppresstatal

1844

‘ N _ The parameters and o barely show dependence on the
using 2000 kN MR dampers for earthquake excitations rrent; therefore, constant average values are considere
1.63 ando = 1.85.
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