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SUMMARY

In this paper the results of a study to evaluateprformance of several control algorithms foryrtd system
constituted by a base isolated structure plus a-aetive device are presented. A variable fluid gamat the
base level is considered aiming to reduce earttejuakuced vibrations. The performance of the atbors is
compared using a two degree of freedom dynamicalemsubjected to two different artificial acceleras.
The performance is evaluated by measuring the tidudn relative displacements and accelerationd an
comparisons are also made with passive and actisteres. The results show that a semi-active skyhoo
damper can be a viable option for structural vibramitigation when the input has varying frequenontent.

Keywords: Semi-active control, viscous damper,sigk damper, optimal control, vibration mitigation.

1. INTRODUCTION

Earthquakes have proven to be one of the mostudtise natural disasters in the world. The
traditional design methods for earthquake resigtarfcstructures allow the occurrence of damage by
using the inelastic deformation capacity of somemants. This kind of approach could be
troublesome for structures that should be operatidaring and immediately after the occurrence of
those events, such as: hospitals; energy powaorssatcommunication centres; civil protection and
fire station buildings. It is intended that strueturelative displacements (inter-storey driftsdan
accelerations are small in order to avoid damage @oetect sensitive equipments from induced
vibrations. The use of passive, semi-active (SAfiva and hybrid control systems are typical wafys o
dealing with this problem; Soong and Spencer J0Z2 The semi-active control of seismically
excited structures seems to be a promising profosalvil engineering structures. The advantages o
these systems compared with the others are: tfeeitaef adapting its characteristics in real tirtes
better overall performance when compared with pasdevices; and lower power requirement, thus
allowing for battery operation under proper comli. A typical type of device that can be used for
semi-active control is the fluid viscous variabkengper. This type of devices consists typically of a
hydraulic cylinder containing a piston which sepesathe two chambers that are connected by a
hydraulic link. A control valve, like a solenoidlva or a servovalve is installed in the link to troh

the amount of fluid that flows from one chambertite other. The control of the fluid through the
valve can be performed in a continuous or in arofbrway; Symans and Constantinou (1999). In
order to control the behaviour of those deviceesdwvcontrol strategies have been proposed; Dyke
(1996); Preumont (2002); Sadek and Mohraz (1998ghla and Dyke (2004). One way to isolate
the whole structure from ground motions and reduaith accelerations and inter-storey drifts is by
using the base isolation concept; Kelly (1999). ideer, under near field actions increase in isafatio
displacement can lead to structural damage. Amrative solution is making use of hybrid systems
(base isolation with active or semi-active devic&sjooket al. (2007).

In this paper the hybrid system is explored fortaaling civil engineering structures subjected to
earthquakes. Different control algorithms are pméss and formulated for use with the SA device.
Numerical simulations are made considering a twgre of freedom (2DOF) dynamic model
employing an SA device with different control stgies and excited by two different input actions.
Comparisons between the control algorithms and pasive and active systems are presented.



2. STRUCTURAL SYSTEM

The model considered in this study is a 2DOF sysiem

subjected to earthquake loads at the base (Fig. I.is | m i—XL
intended to examine the earthquake response ofidaisted
structures having SA devices (variable damper)hathkase
level. A satisfactory approach considered in buois K, Cs
modelling is that: i) each floor has huge stiffnedsere the
mass is concentrated; ii) the connections betwksnsf are
massless elements where the stiffness and dampn
concentrated. In base isolated structures the stupeture is
constructed over a base floor having a mass sindahe
other floors which in turn is supported by bearinger the
purpose of this study the bearings are modellediresr
elastic and viscous damping elements. Additionatgag is
added at the base level by an additional deviceshwtan be
passive, active or semi-active. Fig. 1.1 shows femmatic
view of the SA device considered in this study. Tewice
consists of a hydraulic cylinder with a piston gafiag two
chambers which are connected by a hydraulic lime @alve ~ Figure 1.1. Structural System (2DOF)

is used to control the flow from one chamber to dtieer. €MPloying a semi-active (SA) variable
Although the mechanical behaviour of the devicends- damper.

linear (force proportional to the square of flow,velocity) a

linear relationship is assumed, which is similaatinearization around the operating point. Ughig
approach one arrives to the linear viscous dampindel (force proportional to velocity) where the
damping coefficient is dependent on the valve apgnThis approximation is useful in the sense that
can easily provide information in terms of a damgpaoefficient. On the other hand, experimental
tests have shown that this model is sufficientdescribing the damper behaviour over the frequency
range of interest for structural control applicaip Symans and Constantinou (1999). The main
purpose of the base isolated structure employingsAndevice (variable damper) is: i) to reduce
relative displacement between floors (inter-statgfts), mainly due to structural physical congttaj

i) reduce absolute accelerations in order to imprbuman comfort and mitigate damage of delicate
equipments installed in buildings; iii) reduce ttetative displacement at the base level in order to
reduce the costs associated with devices (beagsindslampers) and flexible utility connectors; Kelly
(1999).

The properties of the model considered in thisystudre evaluated taking into account the physical
SDOF model with adjustable stiffness developed MEC for studying the seismic behaviour of

structures employing different energy dissipatienides; Moraist al. (2010). For the superstructure

a typical 8 floor composite steel building is calesed. According to the RSA (1983) the fundamental
frequency can be estimatedfasl6ih, where h' is the number storeys, which in the present ¢eads

to 2 Hz. The behaviour of the structure can be @pprated by the behaviour of its first mode of

vibration and thus simplified by a SDOF model. Thet two expressions in Eqn. 2.1 are used to
evaluate its natural frequenays' and damping ratiogs”:
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Taking into account the physical model mass3750 kg, the stiffness was adjusted (Egn. 2.1) to
k=595 kN/m in order to tune the fundamental freqyewith the natural frequency of the SDOF
physical system. With the damping ratio &£6,4 % the damping coefficient was evaluated (Eqgn.
2.1): ¢=6,05 kN s/m. In order to reduce the fundament&udency and increase the flexibility in the
horizontal direction, low stiffness elements aredduced at the base level. This solution is called
base isolation. An additional mode of vibratioradded and the first one will have a shape with the
superstructure vibrating over the bearings. Thiaiep natural frequencyw; and damping ratio&’




are evaluated by the last two expressions in Edn.The characteristics considered for the isafatio
system are: mas®=1000 kg; stiffnesk=195 kN/m; and a damping ratio 66,4 %. The natural
frequency and damping are thigril Hz andci=3,90 kN s/m (Egn. 2.1). This base isolation cohiep
improved by modifying the damping at the base levigh an SA device (hybrid system). Controlling
the damping coefficient it is possible to change thissipative force in order to improve the
mechanical behaviour of the whole system (2DOF hsshkation structure plus SA device). It is
assumed that is possible to change the dampindjaest ‘c,’ between two values: a minimum value
‘Cmin, corresponding to 5 % of additional damping (tomswith &); and a maximum onecCpay,
corresponding to 77,2 % of additional damping (tmswith &); see sections 3.1 and 3.3.

The equations of motion of the system (Fig. 1.&)given by:
M X +G X —X%) +C 1% = X) + K [x = %) +K X —x) = f
M DX + G 1% — %) + K X = %) =0

Eqgn. (2.2) can be written in terms of relative ditaas (accelerations, velocities and displacenjeiots
the ground. The result can be expressed in a nizdtiocm:

(2.2)

M, [%, +C, [k, + K, [%g = =M, [1,, [% +GIf
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where:x,=[%y Xsg "=[%-Xy XsXg] " is the vector of relative displacements to theugdh the inter-storey
drift is defined asXs=XsgXig'; xg is the input acceleration at the baddy, ‘Cy and ‘K¢ are the

mass, damping and stiffness matricegy ‘nd ‘G’ are the unitary column vector and theuroh
vector that defines the input forces location; ahds the input force in the system. If a semi-aetiv
fluid viscous device is used the force is given by:

f = fo =—¢, 0% - %) = —¢, (X, (2.4)

where t,’ is the variable damping coefficient. By applyitige Laplace transform to both expressions
in Eqn. 2.2 the following transfer functions ardadbed:
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where: A, ‘A, Ay and ‘' are the Laplace transforms ok”, * X, * X;" and f respectively; §' is

the complex variable. The term§’ ‘are individual transfer functions. Egn. 2.5 canused to obtain
the system’s absolute and relative displacements Ainother way to represent the system is in terms
of state-space:

z=AZ+BO + E[X 0 I 0 0
D(g,with A= e 2 LB=q 2 LE={ 21 (26)
y=Clz+DLF -M' K, -M'IC,

S



where: z ={x )'(rg}T is the state vectory” is the output vector,A is the state matrix,B’ and ‘E’

are input vectorsC’ is the output matrix;D’ is the feedthrough vector; ;@ is a null matrix; ‘G, is

a null vector, ‘}' is the identity matrix and 3, is the unitary vector. MatricesC' and ‘D’ are
dependent on the selection of the output variallesuming that the output variables are the redativ
displacements between floors and the absoluteeretieins, then:

1 0 00
02,1
C= -1 1 0O ,D= —M_lms (27)
- Ms_l D<S - Ms_l [Cs °

3. SEISMIC SAFETY USING PROTECTION SYSTEMS
3.1. Original and passive system

One way to easily analyse the response charaateristthe system is by looking to the locations of
the system’s poles in the Argand plane. This pleegus information about the natural frequency and
damping factors. The system’s poles can be evaluayefinding the roots of the transfer functions

denominator (Eqgn. 2.5) or by finding the eigenvala&ématrixA (Egn. 2.6). The algebraic equation to

solve if of fourth order:

(m ) p* + (G O + ¢, [ +c, On) p° +
+ (k O + k[ +k, O, + ¢ (&) p° + (G Tk, + ¢, Tk) p+k [k, =0

where p’ are the solutions of the equation.

(3.1)

Assuming that the device attached to the systemfigid viscous damper with a constant damping
coefficient ¢,/ then the system equations can be obtained bygusia device force expression
(Egn. 2.4) with the passive device coefficient. hakating the equations it can be found that the
result is equivalent to consider the system witluth input force {=0) and a damping at the isolation
system given byci+c,. The evolution of the system’s poles as deviagéenping is increased is
presented in Fig. 3.1. The correspondent natuegjuincies and damping ratios can be extracted as
shown in the same figure. Analysing the results ifound that the evolution of the poles as the
damping t," increases conducts to: i) larger damping ratios rhode 2 reaching the maximum
damping when the poles achieve the real axis;nijyr&@rease in damping for the first mode until
E=17,2 % €iso=Ci+¢,=83,6) and thus,=47 kKN s/m, which decreases thereafter. The ofigiystem’s
modal characteristics (fafs,=&=6,4 %) aref,=0,93 Hz,&=5,3 %;f,=4,82 Hz,5%=18,1 %. With the
passive damper g=77,2 % aref, =1,41 Hz,£,=67,7 %;f,=3,15 Hz,£,=117 %.
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Figure 3.1. Left: Root locus for the system employing a passievice. Starts at original system’s poles for an
isolator dampingis,=&=6,4 %. Right: Argand plane pole’s representatfmquencies (damped and undamped)
and damping factor.



Fig. 3.2 shows a comparison for three distinct gaeeterms of magnitude curves of the transfer
functions: original system; and with two passiveasa The position of the poles in the Argand plane
also shown. It is evident the influence of dampimghe system’s response. From this preliminary
analysis it can be seen that a higher dampingedetfor frequencies around the resonant frequency
but smaller values are needed beyond the corngudrecy in order to improve the isolation of higher
frequencies namely on the relative displacemerter@storey drift) and acceleration curves. To
achieve these capabilities a variable damping éewiith an appropriate control law to change the
damping coefficient in real time would be desired.
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Figure 3.2. Left: Pole-zero map. Right: Bode diagram (magréjuaf the original 2DOF systeth=£=6,4 %
and with two passive caseg{=45,0 % andis,=83,6 % withéso= &=+ &), in terms of relative displacements
between floorsXy andX) and absolute accelerations &ndA) relative to the input actior\).

3.2. Active Systems

On the other hand if an active device is attacbetie system to improve its performance, a cormroll
iIs needed to implement the control law obtainedatingly to a pre-established control strategy. In
this work two different strategies are proposedyothesize the controllers: acceleration feedback,
also called ‘sky-hook’ (SH) damper, and the Lin€gwadratic Regulator (LQR). Both of these
controllers are also used in conjunction with tleensactive force feedback control. The generic
control loop for the active system is presentelig 3.3. For the purpose of this study it was amsli
that the active device is an ideal sub-systeana transfer function with unitary gain in the freqay
range of interest. Saof is equal to fy'.

' K
f f Y, f y
-~ Active device -] System % d Active devi f‘ System [ ™
(2DOF) %; - = Active device - (2DOF) 7
Sl Lol - Optimal
Controller Controller

Figure 3.3. Control loop for the system employing an activeicke: with acceleration feedback (left); and
optimal controller (right).

The sky-hook damper is described by Preumont (2008 goal of this control strategy is to decrease
the resonance peak without loosing the isolatiaradteristics. This is made by using the accetarati



feedback path with an integral compensator so timatinput control force is proportional to the
absolute velocity. The control law is given by:

F=-g 9125 $°X, (3.2)

where g’ is the controller gain. Substituting Eqn. 3.ZHgn. 2.5 the transfer functions of the closed
loop system are obtained:

A _ T, A _ T,IT, 33
A 1-T,M,+gO, A 1-T,0,+g50,

The system’s poles can be evaluated by findingdlogs of the transfer functions denominator. The
algebraic equation to solve is identical to Eqrl But with c+g' instead of &’. The root locus is
similar to the one found in Fig. 3.1. The gain lthat dampens more the system poles is
g=47 kN s/m. This value is identical to the coe#iui found for the passive system but the advantage
here is that the gain doesn’t affect the systeroszénumerator of the transfer functions) and thus
maintains the isolation characteristics at highegdencies. The poles are then in the same location
the passive system’s poles. However, the relatisglatements of the base are increased in the lower
frequencies range (see Fig. 3.4).

As mentioned previously an optimal controller wésoasynthesised for the purpose of this study.
Assuming that the input seismic actiok,’ is a white noise excitation with zero mean antnmsity

(variance) I, the LQR problem was formulated. Since the sysigweontrollable, the goal is to find
the control actionf* for the system described by Egn. 2.6 that mingsia performance index that
weights a generic outpuwy’ and the input control forcd’(Dyke, 1996):

1t

J= I|m—E[j y, @, 0y, +rFodr (3.4)
T T o

where Qg is a diagonal matrix that weights the correspanideutput, andr’ weights the control

action. The solution is given by the following ctarg gain linear state feedback:

f =-K, [, with K, =B"P/r (3.5)

where K, is the constant and®' is the solution of the algebraic Riccati equati@yke (1996). The
closed loop system is then given by:

z=(A-BIK,)[z+G[X,

(3.6)
Yq =(Cy D, [K)) (2

The LQR problem assumes that all states (relatisgglacement and relative velocity) are available at
all time instants. However, in most practical ditbres the measurement of the states is not always
feasible, can be complex or even very expensiveuti cases, if the system is observable the states
can be estimated from a model of the system alatigthe output and input measurements — observer
design; Preumont (2002). This analysis is focusedhe system’s performance hence the observer
design was not taken into account. With the preskfdrmulation a preliminary analysis was made in
order to identify the weights that are more benagfifor the system’s response. It was found that th
best way to reduce the resonance peaks without rooniging the higher frequency decay is mainly

by weighing the inter-storey drifis’ or the acceleration of the second flodt,* having the control

force weight t’ fixed. If each of those weights are fixed thee thcrease of the control force weight
‘r’ conducts to the inverse evolution verified whenighting the responses. The values chosen to
synthesize the optimal controller were: base mas®laration weighty,=0,05; structure’s mass



acceleration weight,=0,3; and force weight=10"°. As with the sky-hook damper the active optimal
controlled system amplifies the relative displacetsen the lower frequency range although good
performances are found on to other variables @#).
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Figure 3.4. Left: Pole-zero map. Right: Bode diagram (magréjuaf the original 2DOF systeth=£=6,4 %

and employing a passive deviég4=83,6 % withéis,= &=+ &), an active sky-hook damper and an active LQR

controller. Results in terms of relative displacemeetween floors{, andX,) and absolute accelerations (
andA,) relative to the input actior).

3.3. Semi-Active Systems

This section describes the semi-active controtesgias used in this study. It is assumed that ¢ha-s
active device has an ideal transfer function arddéimping coefficientc,’ can be changed between
cmin=3 KN s/m, corresponding ®=5 % of additional damping (to sum wit) andcya=47 kKN s/m,
corresponding t@,=77,2 % of additional damping. Two strategies watlepted: Bang-bang control;
and force feedback control. The first strategy ombeds the system’s responses to define the best
damping coefficient. The control loop is represdnteFig. 3.5.

Cv f System y Cv f System Zy
- i - - — A i -
SA device (2DOF) SA device (2DOF)
; f
SA algorithm |e——— SR el - d Controller

Figure 3.5. Bang-bang semi-active control loop (left); foreedback semi-active control loop (right).

This control strategy is based on the Lyapunovil#taliheory. The Lyapunov function chosen
represents the total vibratory energy in the stmect(kinetic plus potential energy), and thus the
algorithm that results is callddecentralized Bang-Bang control (DBB); Jansen and Dyke (2000).
The control law that makes the Lyapunov functiofaage and negative as possible is given by:

Cv = Cmax HI._ (Xrg + I2,1 D(g)T ms Df ] = Cmax H[)ﬁ D-<ig ]’ Wlth Cmin < Cv < Cmax (37)

where HJ] is the Heaviside step function.



The second strategy needs the path from the ctartralesigned for the active devices, which
determines the desired control forég. ‘This one in conjunction with the path of thederdeveloped

by the devicef' are feedthrough to the SA algorithm which deteresi the best damping coefficient to
input in the SA device. The control loop is als@wh in Fig. 3.5. With this control strategy the
damping coefficient will be chosen so that the de'd force follows the desired one evaluated by the
controller. However, according to the nature of deeice, the algorithms assume that is only possibl
to oppose force (energy dissipation), and thusitmaping coefficient will be changed only when the
desired force and damper force have the same Siuyn.controllers used in the loop are the ones
synthesised in the previous subsection. In what@ms the algorithms two types can be found: on-off
and continuous control laws.

Thevariable damping (VD) control law consists in changing the dampaeficient according to the
desired force using the device’'s mathematical maahel taking into account the device's physical
limits. This algorithm was used by Sadek and Mol{i&88) in their studies:

C, = —%, with ¢, <C, <C_, (3.8)
ig

Another semi-active control strategy consists ifinileg a clipping algorithm that tries to make the
semi-active device to replicate the desired foesaiiting from the controller. Thetipped continuous
control (CCC) consists in defining a proportional gagy applied to the difference between absolute
forces. This gain should be selected accordindpeocbntrol objectives; Preumont (2002). The semi-
active control law is given by:

(3.9

min — 'max

¢, = g,(| fo | =1 f ) IH[(f, - f)F ] withc,,, <, <¢
If the proportional gain is very large the contedgorithm becomes an on-off algorithm which is
described as thelipped on-off (COQO) algorithm. When used in conjunction with aptimal
controller it is called clipped optimal control alghm; Dyke (1996). The control law is simplifi¢at

¢, =G H[(f, — f)OF], with ¢, <, <¢

min — max

(3.10)

Yoshida and Dyke (2004) refer that in certain ditues the COO algorithm lead to high local
accelerations. These authors proposedodified clipped on-off algorithm (MCOO) consisting in
continuously changing the control variable (dampiogefficient in this case) by applying a
proportional gaincna/fmax 0N the desired force. This semi-active contral la given by:

Cmax _
. Etﬂfdmkfd DO for[fS fru e < <c a1

vV T Tmax
C for f,> f_.,

max?

4. NUMERICAL SIMULATIONS

The semi-active fluid damper capabilities were eatdd and compared with the passive and the
active devices in the 2DOF system described. Tfferdnt control algorithms described were used.
For this purpose it was considered that all statesvariables are available for measurement. inger

of seismic actions, it is well known that earthgemlare characterized as non-stationary stochastic
processes whose amplitude and frequency contengetduring its occurrence. On the other hand, the
seismic action is also dependent on several fatit@rshe generation and propagation effects aed th
local effects, which determine its amplitude arehjfrency content; Carvalho (2007). In the simulation
studies two different input actions were considetie@dnalyse the system’s performance. The input
actions are artificial accelerograms generatedguie extreme response spectrums provided in the
Eurocode 8 for Portugal, for the two types of séismwctions, in zone 1. The soil type D was
considered and the importance factors of the strestwere set to 1 (importance class Il). The two



input actions generated for the simulations arex tipe 1 seismic action: EC8DNA11Dllacel; 2) type
2 seismic action: EC8DNA21Dllacel. The accelerogand the spectrums are presented in Fig. 4.1.
As shown in the figure, type 1 input action hasrager duration and is richer in the lower frequesci
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Figure4.1. Input actions considered in the numerical simalai Left: type 1 seismic action,
EC8DNAL1DIllacel. Middle: type 2 seismic action, HA21Dllacel. Right: Both actions’ spectrums.

Simulations were made using the MATLAB/Simulink @omment. The system’s performance was
evaluated in terms of peak values and RMS valugbeofvhole output time signal considering those
two inputs. The ratios showing the percent redactiompared to the original structure’s values are
also presented in brackets. Table 4.1 shows thdtsesf the evaluation criterion indices for the
various system’s configurations: i) open-loop sys{eriginal, no control); ii) Passive (structurethvi

a passive device at maximum damping); iii) actiystem (SH and LQR); iii) semi-active systems
(DBB, and the combinations of controllers ‘SH’ dbh@R’ with the algorithms ‘VD’, ‘CCC’, ‘COQ’
and ‘MCOQ’). The algorithms ‘CCC’ and ‘MCOOQ’ congickd the gain which attained the best
response, as indicated next to the algorithm dasigmin Table 4.1 ¢, and ‘Cyma/fmax respectively).

Table 4.1. System’s performance results in terms of evaluatiiterion indices.

Input Action EC8DNA11Dllacel (type 1 action) EC8DNA11Dllacel (type 2 action)

Evaluat. Indicegrmsxgy peakxq rmsxs peakxs rmsg peak¥ rms¥, peakk|rmsxg peakxy msxs peakXsi rmsy, peak rms, peakx,
absolute values | (mm) (mm) (mm) (mm) (M/S) (M/S) (M/s) (MIS)| (mm) (mm) (mm) (mm) (M/S) (M/S) (/) (M/S)
(percentreduction) & 96 &% &% &% &% &% &% &% | &% &% &% &% &% &% &% &%
Original Systenj 57,3 164,0 156 44,8 196 552 248 713 222 589 6,1 16,2800,234 097 2,58
136 392 7,4 226 098 328 1,18 360 56 17,5 3,8 137 0,74 244 061 220

Passive | (76) (76) (52) (50) (50) (A1) (52) (49)| (75) (70) (37) (15 (7)) (4 (37) (i5)
SH 31,4 95,2 3,8 10,9 0,46 1,46 0,60 1,r3 13,0 31,26 1,5,0 0,20 0,63 0,26 0,79
(45) (42) (76) (76) (76) (74) (76) (79 (41) (47) 73j (69) (75) (73) (73) (69)
LOR 43,1 130,1 2,6 73 036 108 041 1,17 18,0 399 1,2 4,2 0,20 0,64 0,19 0,68
(25) (21) (83) (84) (82) (81) (83) (84) | (19) (32) (81) (74) (75 (73) (81) (74)
DBB 17,6 53,3 6,7 245 1,35 13,281,07 3,90 8,0 23,8 3,1 12,8 0,71 8,17 0,49 2,05
(69) (68) (57) (45) (31) (-140) (57) (45) (64) (60) (49) (21) (11) (-249)49) (21)
SH VD 20,6 60,9 6,6 224 096 396 106 357 8,8 255 29 8,1 056 231 046 1,30
(64) (63 (58 (50) (51) (28) (58) (50) | (60) (57) (53) (50) (30) (1) (53) (50)
SH COO 20,4 59,1 6,6 19,8 2,12 16,031,05 3,18 8,7 25,0 2, 109 1,01 6,76 0,46 1,75
(64) (64) (58) (56) (-8) (-190) (58) (55) (61) (58) (53) (33) (-27) (-189)52) (32)
SHCCC 25 26,3 76,1 7,5 21,4 098 346 1,20 3,41| 12,0 398 35 10,5 0,52 2,10 0,55 1,67

(54) (54) (52) (52) (50) (37) (52) (52) | (46) (32) (43) (35) (34) (10) (43) (35)
SHMCOO | 238 671 72 206 095 391 114 3p9 116 3674 3106 052 223 054 1,69
2,236 (58) (59) (54) (54) (52) (29) (54) (54) (48)(38) (44) (35 (34) (5 (44 (39
LOR VD 310 963 7,7 267 107 457 122 426|121 393 31 11,3 053 190 049 1,80
(46) (41) (51) (40) (45) (17) (51) (40) | (45) (33) (49) (30) (33) (19) (49) (30)
LQrCOO | 245 704 7.1 225 276 1377,14 3,60 100 3L7 31 122 123 7,24 049 195
(57) (57) (54) (50) (-41) (-149)(54) (49)| (55) (46) (50) (25) (-54) (-209)50) (24)
LorRCcC2 | 4L7 1152 111 321 144 429 177 510|164 521 46 139 064 231 073 222
@7n B0 (29 (28) (27) (22) (29) (28) | (26) (12) (25 (14) (200 (1) (25 (14)
LQRMCOO | 40,4 1136 10,8 31,8 140 427 172 506 165 522 4,6 14,0640,231 0,73 222
1,423 (30) (1) (31) (29 (29 (23) (31) (29 (5 (1124 (14) (19) (1) (24 (14

The results show that in general all the soluticas reduce both relative displacements and
accelerations although the SA devices working witloff algorithms (DBB and COOQO) lead to higher
accelerations at the base mass. The passive dewite best at reducing the relative displacemént o
the base mass but at the expense of penalisirmtiee variables, especially when the input is &tgp
action. On the other hand, with the active hybgisteam (base isolation plus active devices) the base
relative displacements are slightly superior to ¢imes for the passive device, but in terms of the
remaining variables indices the results are the dmess. It is found that the SH is better then LQR



terms of base relative displacements but at theresgof loosing some performance on the remaining
variables indices. When using a semi-active hybystem (base isolation plus semi-active device), th
best solution is the SH controller with VD algorithThis configuration can reduce both accelerations
and inter-storey drifts, always better than thespa&scase, but at the coast of penalising a lititi¢he
relative displacement of the base mass. Howevexr wWas the cost assumed by reducing the
accelerations and inter-storey drifts. The ressiftsw also that this configuration is manly effeetiv
with type 2 action as input, having a similar perfance to the passive case when a type 1 action is
considered. The LQR VD shows also better performdahan the passive case but only when a type 2
action is considered. Another aspect to mentioh ghown) is that COO algorithms, CCC with higher
gains and MCOO with lower gains have always son@teling in the acceleration responses. Even
choosing an optimized gain the performance of tladgarithms is inferior to the SH VD.

5. CONCLUSIONS

An alternative solution to the usage of passiveadtive systems to reduce earthquake induced
vibrations has been presented. The main idea dsngishanging the damping of a passive device in
real time. In order to reduce both inter-storeyftsirand accelerations this concept was used in
conjunction with a base isolation system. Sevevatrol strategies were formulated for use with this
type of devices. Numerical simulations of a 2DOmaiyic model were performed with the SA
control strategies and also with the passive arideadevices. The results showed that SA hybrid
systems can reduce both inter-storey drift andlec®ns for the two input actions considered. The
SH VD (sky-hook with variable damping) was foundite the best SA control strategy. The LQR
counterpart showed better performance than theiveassly when a type 2 action is considered.
Although active devices present better performdhar SA ones, they are always more expensive and
need a huge power supply to operate it. In sumntheyonly semi-active system that performs better
than the passive considering the two inputs isSHeVD. So, further studies should be conducted
considering other accelerograms for other zones#ret soil types.

REFERENCES

Carvalho, A. (2007). Modelagdo da Acgdo SismicéPenugal. PhD Thesis. Instituto Superior Técnico,
Universidade Técnica de Lisboa. (in Portuguese).

Dyke, S.J. (1996). Acceleration Feedback ContratSgies for Active and Semi-Active Control Systems
Modeling, Algorithm Development and Experimentaki¥eation. PhD Thesis. University of Notre Dame.
Indiana.

Jansen, L.M. and Dyke, S.J. (2000). Semi-Activet@dibtrategies for MR Dampers: A Comparative Study
Journal of Engineering Mechanid26(8): 795-803.

Kelly, J.M. (1999). The Role of Damping in Seisnsolation.Earthquake Engineering and Structural
Dynamics28: 3-20.

Morais, P.G. Oliveira, F.V. Falcdo, M.J. Campost@pa. (2010). Sistema Mecanico para Simulacaac&ido
Comportamento Dinamico de EstruturAsta do 8° Congresso Nacional de Mecanica Expetiahen
Guimardaes, 21-23 de Abril. (in Portuguese).

Preumont, A. (2002). Vibration Control of Activer@ttures — An Introduction (2nd edition). Kluwer aemic
Publishers.

R.S.A. (1983). Regulamento de Seguranga e Ac¢asHsruturas de Edificios e Pontes. Decreto- Lei n
235/83. Imprensa Nacional — Casa da Moeda, E.lBsbon, Portugal. (in Portuguese).

Sadek, F. and Mohraz, B. (1998). Semiactive comtigidrithms for structures with variable dampdurnal of
Engineering Mechanic24(9).

Shook, D. Lin, P. Lin, T. and Roschke, P.N. (20@Ytomparative study in the semi-active controisolated
structuresSmart Materials and Structurd$:1433—-1446.

Soong, T.T. and Spencer, Jr. B.F. (2002). Suppléahenergy dissipation: state-of-the-art and stditthe
practice.Engineering Structure24:243-259.

Symans, M.D., Constantinou, M.C. (1999). Semi-a&ctentrol systems for seismic protection of strretua
stateof-the-art reviewengineering Structure®l: 469—487.

Yoshida, O. and Dyke, S.J. (2004). Seismic Comtfa Nonlinear Benchmark Building Using Smart Danspe
Journal of Engineering Mechanid80(4).



