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Abstract
The present work describes part of the R&D on usilsgmi-active structural control technique in al civ
engineering experimental model frame equipped wiMR damper, developed within COVICOCEPAD
project approved in the framework of Eurocores progS3T. Some results are provided associated with
the calibration of a magneto-rheological (MR) dammdr FEUP (Faculdade de Engenharia da
Universidade do Porto) as well as on the experiadenodal identification of the dynamic propertidsao
small-scale metallic frame, with and without thelision of a specific MR device. Some numerical
results of the controlled frame under simulatedhemrakes are given, to be later compared with the
experimental results of such frame installed inuagEer shaking table.

Keywords: Response control, Clipped optimal contrgIMR dampers, Semi-active control.

1. INTRODUCTION

In the last two decades R&D of structural vibraticontrol devices for buildings and bridges has been
intensified in order to answer the construction kmtineeds that demand more effective systems taceed
the damage caused on structures by seismic and la@ttings. Although the main purpose of a seismic
design is to protect the population from the conseges of a severe earthquake, the protectioneof th
building stock may also be regarded as an impodgtibn during the conception and design process.

In this paper is addressed some on-going R&D owithration control of a three degree-of-freedonD@F)
scaled metallic frame with a MR damper [1, 2].

A MR device was tested in the laboratory to obth#nmain rheological characteristics in order toeliep a
numerical model to simulate its behavior. Then ®@F scaled frame was assembled and system
identification techniques using an impact hammercedure were performed to obtain the experimental
dynamic properties of this structural system. Basethese results a numerical model was createtiate

the semi-active control research process in o éntestigate and calibrate the frame behavior withMR
damper.

2. SEMI-ACTIVE CONTROL OF MR DAMPERS

The MR damper performance is often characterizedidigg the force versus velocity relationship. MR
dampers have the possibility to change the damgiiagacteristics based on a force versus velocirglepe,
which can be described as an area rather thae anlithe force-velocity plane.

Many authors have developed modeling techniquesh®®rMR dampers. The Bouc-Wen model shown in
Fig. 1 allows modeling nonlinear hysteretic systemd is frequently used to model MR dampers [3].
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Figure 1: Bouc-Wen model for a MR damper.
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The MR force of the device can be computed by

Fue =Gtk (X—X))+az )
In this equation FMR is the predicted damping fork@ is the accumulator stiffness, cO is the viscou
damping and z is the evolutionary variable of tingt brder nonlinear differential equation

n-1
2= 2|2 - 2
g &)
The parameter$, y and A allow controlling the linearity in the untiag and the smoothness of the
transition from the pre-yield to the post-yield iy
The equation of motion that describes the behasfiar controlled building under an earthquake lodidig
given by:

MX+Cx+Kx=-Tf —M/\)‘(‘g

+ AX

3)
where M is the mass matrix, C is the damping maftixs the stiffness matrix, x is the vector ofdts
displacements X and X are the floor velocity and acceleration vectorspeetively, f is the measured
control force\ is a vector of ones arddis a vector that accounts for the position of Mg damper in the
structure. This equation can be rewritten in tiaesspace form as

2= Az+Bf +EX,

y=Cz+Df +v 4)
where z is the state vector, y is the vector of suead outputs and v is the measurement noise véidter
other matrix quantities are defined by

Lo e ] o] el

c:{ -MK -M7C } D:[ Mo }
/ 0 0 5)

To perform the numerical analysis a single bayetsterey frame (three degree of freedom in sheandr
configuration) was designed (Fig. 2). The columhsha corners, having the same stiffness, are no&de
aluminum with an average cross section of 1.5mm5Bymm and the diaphragm floors are made of
polycarbonate plates monolithically attached todblimns. The frame mass is around 19 kg and dach f
has an average mass of 3.65 kg. The stiffness efettperimental frame was designed to keep the
fundamental frequency near to 2 Hz.

\ ;

Figure 2: Metallic scaled frame at the shaking tals.

Assuming a three storey shear frame, the frame (Misand the stiffness matrix (K) are obtained as:
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=
365 O 0
M = 0 365 0 |(kg)
0 0 3.65
(6)

5820 -2910 0
K =| -2910 5820 -2910 (N /m)
0 -2910 2910
Q)
The three natural frequencies obtained with thevabbass and stiffness matrices are: 2.00Hz, 5.6G0tdz
8.09Hz. A damping of 0.5% along with the above neass stiffness matrices formed the initial paramsete
for the modal analysis.
After calibrating the MR damper numerical modelsitnecessary to select a proper control algoritom t
efficiently use this device in reducing the dynamgsponse of structural systems. The fundamentaliton
to operate the MR damper is based on a generatagid@ force that is related with the input voltagee
control strategy is selected so that the dampingefoan track a desired command damping force.
In the last few years several approaches have fregosed for better selection of the input voltdge must
be applied to the MR damper to achieve the maximenformance [5-7]. In the present numerical study a
Clipped Optimal control will be used as shown ig.R.

X, X

— |
v
MR damper MR Structure y
T
Clipped Optimal
algorithm algorithm

Figure 3: Clipped Optimal controller.

This strategy consists of a Bang-Bang (on-off) oaldr that causes the damper to generate a désirab
control force that is determined by an “ideal” geticontroller (in state feedback form). A forcedback is
used to produce the desired control force fd, wisathetermined by a linear optimal controller Kk({sased
on the measured structural responses y and theunegladamper force fc.

Only applied voltage va can be commanded (andh@tiamper force) that is selected by va= vmaxdH (f
fc) fc in which vmax is the voltage level assoethtwith the saturation of the magnetic field in &
damper and H(.) is the Heaviside step operator.

The following voltage selection algorithm is apgli&Vhen the actual force being generated by thepdaific
equals the desirable force fd, the voltage appi@dains the same. When the magnitude of the fards f
smaller than the magnitude of fd and both forcesshthe same sign, then the voltage applied iscsébt
maximum level to increase the damper force. Otrewwioltage is set to zero.

The selected optimal controller is based on a ligaadratic Optimal Control. In this numerical sfute
linear controller is obtained with a Linear Quadr&Regulator (LQR) strategy that will be used irstate
feedback control.

The main objective to design the optimal controketo obtain an optimal control vector fc(t) thmainimizes
a performance index J. In this case a quadratiopeance index in z(t) and fc(t) is used and regmé=d by:

t

J= f[zT(t)[Q[(t)+ f(t)[RDf(t)] dt
0 8

In eq. 8 Q and R are weighting matrices associatiéll the state variables and with the input vaesbl
respectively. The magnitudes of these matricedafimed according to the importance that is givenhe
state variables and the control forces on the madtion process. Increasing the values of Q mafiéxments
implies the prioritization of the response reductiver the control forces.
On other hand, increasing the values of the elesn&nR implies the prioritization of the controkées over
the response reduction.
The solution of the LQR problem is based on thdyaigof the algebraic Riccati equation

PA+A'P-PBR'B'P+Q=0 ©)
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and the LQR problem can be solved using a linede seedback with a constant gain G according to

u(t) = -G x(t :[R'lBT P]D( t

(t) (t) t) (10)

To select the appropriate values for Q and R tHeviing procedure was used in this study: it wasuased
that R matrix has the following form

R=r0 (11)
where | is the identity matrix and r is a multipliand that Q matrix assumes the following form
o= ¥ 9]
(12)

A parametric study was carried out by changingvidlee of the multiplier (10-1, 10-3, 10-5, 10-7,-9010-

11, 10-13 and 10-15) and then verifying the efficig of (reduction of floor displacements, acceiers and
also the control force on the actuator). It wasfiest that decreasing this value implies a more kadr
reduction of the response.

In this case a significant reduction (up to 90%tha floor displacements and accelerations) wasirsdla
with r=10-9.

3. EXPERIMENTAL SETUP

According to the scheduled research program [&] nixt stage was related to the study of the exeertal
dynamic behavior of a 3DOF scaled metallic loadmigaequipped with a semi-active device. The
experimental frame located at FEUP-Covicocepad tab,be forced dynamically using the Quanser sigakin
table Il as the dynamic loading actuator.

To study the semi-active control strategy a smaR Bamper shown in Fig. 4 was placed at the fisbrfl
level attached to the frame and rigidly attachetht® shaking table. To measure the damping foragesa
generated during the experimental tests a loadweadiplaced in the MR damper support system.

Figure 4: RD-1097-01 MR Damper.

The parameters of the MR damper shown in Fig. 5 miaimum force in passive-off mode < 9 N (for
current 0.0A at piston velocity 200 mm/s), maximéorce 100 N (for current 1.0A and piston velocity 5
mm/s), stroke +25 and response time < 25 ms (temeired to reach 90% of the steady-state valuercef
under a step change of the current from 0.0 to 1f@*51 mm/s).

3.1 EXPERIMENTAL MR DAMPER BEHAVIOR

To study the behavior of a MR damper some experisnamre carried out on a MTS universal testing
machine (Mechanical Engineering Laboratory at FEWR) two MR dampers: RD-1005-03 and RD-1097-
01 supplied by LORD Corporation.

After assemblage the MR dampers were forced wiimasoidal signal at a fixed frequency, amplitudd a
current supply. To obtain the response under skeerabinations of frequencies, amplitudes and eurre
supplies a series of tests were carried out.

The RD-1097-01 MR damper was the selected devidmetased in this analysis due to the small range of
forces involved in the scaled frame dynamic analysi order to use the Bouc-Wen model, the follawin
current (1) dependent parameters were used:

{a(l )=72.80/°-42.8% *+14.83 +0.29

¢ (/)=-9.37/*+10.22/ >~ 4.33/ > +0.89/ +0.02 (13)

And the current independent parameters are: k07p8.07.078,y=10.614, A=36.21 and n= 1.0. These are
approximate values that probed to capture very thielhysteretic behaviour of the MR damper [9].
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3.2SYSTEM | DENTIFICATION

An impulse hammer test was carried out in ordepltain the modal parameters of the structure. The
structural response was measured with a piezorleaticelerometer (Bruel & Kjaer type 4393 with
measuring amplifier type 2525) placed at the fistr and a portable real-time analyzer (OROS 28-tiene
multi-analyzer) that was used to perform the neargssiathematical rationing on input and respongeads

to produce the desired transfer function.
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Figure 6: Frequency Response Function of H1_ 1.

H1_2

1.E+01

1.E-01

Mag (m/s"2/N)

1.E-02

103

o
IS

6 8 10 12 14

Frequency (Hz)

Figure 7: Frequency Response Function of H1_2.
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Figure 8: Frequency Response Function of H1_3.

The desired frequency response functions (magnitimeeach input/output measurements are shown in
Figs. 6-8.

The parameters of the scaled frame were then atdiased on the data provided by these functiothsuen
tabulated in Table 1.
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Table 1: Parameters of the scaled frame.

Frequency Damping | Modal Participation
1,913986 (1st mode) 0.03157 | 34.43248
5,627778 (2nd mode) 0.01198 | 35.25975
8,086245 (3rd mode) 0.00899 | 30.30777

4.RESULTS

To study the response of the structure with thei-setive controller, a few characteristic earthqeiag&cords
were considered; those will be also input in thea@er shaking table of FEUP-Covicocepad labordtoria
facilities, in order to experimentally calibratedanumerically compare different control strategigébe
results considered herein are just for the El @eaairthquake record selected as input.

The three horizontal floor displacements were setkas the parameters (output) to verify the efficy of
the control law. Some results of this numericallgsia are plotted in Figs. 11-14 for uncontrollewasemi-
active controlled scenarios.
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Figure 9: Uncontrolled response without MR damper.
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Figure 10: Uncontrolled response with MR damper @ @OA.

The structure response plot shown in Fig. 9 waaiobtl without any device connected to the scal@chdr
(non-controlled response). Then, the MR damper atteched to the 1st floor in a passive configuratio
(without current applied) and a new displacemespoase plot was obtained as shown in Fig. 10.dteiar
that a significant displacement reduction is ol@dieven with the MR damper in passive mode.
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Figure 12: Semi-active control response.

A new analysis was carried out with the MR dampmting as a passive device but with a constant ntiok
0.25A. As it can be verified in Fig. 11, the thftmor displacements were considerably reduced (féod®8

to 0.006 m) due to the increase of damping andnest at this level. This means that the MR damper
introduces a partial constraint and as consequthredrame behaves like a 2 DOF system above tke fir
floor level. Finally, the semi-active controller svactivated and the horizontal floor displacememtse
again plotted as shown in Fig. 12.

As expected, the semi-active control based on tipp€&d Optimal algorithm was successfully appli€tde
lateral displacements of the building floors weeeluced significantly during the earthquake duratas
visible by the maximum displacement of the top flseaching a value of about 0.003 m. This value
corresponds to 20% of what was reached initiallthaut control; and to 40% of what was reached with
passive control.

Although the main objective of this analysis isvadidate the efficiency of the Clipped Optimal aiigiom, it

is clear that further numerical and experimentaleaech must be carried out. Since this is an oggoin
research program, the next step will be the impleat®n of new control strategies.

5. CONCLUSIONS

This paper addresses the vibration control of add~[2xperimental metallic frame with a MR dampereTh
MR damper was tested to find the dynamic propegias a numerical model was developed to simulate it
behaviour. System identification allowed obtainitigg dynamic response of this structural systema In
numerical example the three-story structure wadrotded using a MR damper on the first floor. The
simulated results show that the Clipped Controbatgm resulted in an improvement over the uncdlgdo
system.
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