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ABSTRACT

A recently developed semi-active control system employing magneto-rheological (MR) fluid dampers is applied to vibration control
of a wind excited tall building. The semi-active control system with MR fluid dampers appears to have the reliability of passive
control devices and the adaptability of fully active control systems. The system requires only small power source, which is critical
during severe events, when the main power source may fail. Numerical simulation studies are performed to demonstrate the efficiency
of the MR dampers on the third ASCE benchmark problem. Multiple MR dampers are assumed to be installed in the 76-story
building. Genetic algorithm is applied to determine the optimal locations and capacities of the MR dampers. Clipped optimal controller
is designed to control the MR dampers based on the acceleration feedback. To verify the robustness with respect to the variation
of the external wind force, several cases with different wind forces are considered in the numerical simulation. Simulation results
show that the semi-actively controlled MR dampers can effectively reduce both the peak and RMS responses the tall building
under various wind force conditions. The control performance of the MR dampers for wind is found to be fairly similar to the

performance of an active tuned mass damper.

Keywords: semi-active control, magneto-rheological dampers, wind vibration, tall building

1. Introduction

Slender and tall buildings are very sensitive to wind
loads. To enhance the human comfort under wind loads,
tuned mass dampers and active tuned mass dampers have
been widely used for response control of wind excited tall
buildings (Yang and Samali, 1983; Koh er al., 1998; Kim
and Yun, 2000). Generally, active control devices require
large control forces and a high power supply system to
reduce the vibration effectively. However, the active sys-
tem may not be reliable due to the potential power failure
particularly during severe events. Recently, to overcome
the weakness of the active control, semi-active control
devices were suggested by many researchers (Yang et al.,
1983; Fujino et al., 1996; Spencer et al., 1997). Semi-
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active control uses the passive control device of which the
characteristics can be modified adaptively. Control force
of the semi-active device is not generated from the actu-
ator with power supply. It is generated as a dynamic reac-
tion force of the device as in the passive control case, so
the control system is inherently stable and robust. How-
ever, unlike the case of passive control, the control force
can be adjusted by tuning the characteristics of the device
based on the measured response of the structure, so the
vibration can be reduced more effectively under wide
range of the external loads.

In this study, a recently developed semi-active control
system using MR dampers is applied to control the wind-
induced vibration of tall buildings. A numerical simulation
study is carried out on a 76-story building, which was pro-
posed for benchmark studies on control of wind-induced
vibration by ASCE. Genetic algorithm is used to deter-
mine the optimal locations and capacities of the MR
dampers. The performance of the semi-actively controlled
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case is compared with those of the passively and actively
controlled cases, and the effectiveness of the semi-actively
controlled MR dampers is discussed.

2. Model of Control System

2.1. Modeling of Structure

Referring to the 76-story building structure for the
ASCE benchmark problem of wind vibration control as in
Figure 1, the dynamic behavior of the structure with a set
of MR dampers can be modeled as:

Msys(t) +Csys(t) +K&ys(t) =fsw(t) +BsdfMR(t’ vc([)) (1)

where y ().f ., (O fur(t.v (1)), and v (r) are the vector
for the displacement of the structure, the external envi-
ronmental force by wind, the force from the MR dampers,
and the control input voltage applied to the MR dampers;
M, C, and K_ are the mass, damping, and stiffthess matri-
ces of the structure; and B, is a Boolean matrix rep-
resenting the effects on the structural responses due to the
MR dampers.

The problem organizer constructed a reduced system
with 23 DOF’s using the state order reduction method for
computational efficiency. The selected DOFs are the hor-
izontal displacements of 23 floors: i.e. 3, 6, 10, 13, 16, 20,
23, 26, 30, 33, 36, 40, 43, 46, 50, 53, 56, 60, 63, 66, 70, 73
and 76" floors. The corresponding state and measurement
equations are

x(t) = Ax(f) +B fur(t,v (D) +B.f,.(1)
Yel0) = Cx() + Do if (1, (1) + Deof (1) @
ym(t) = me(t) +DmdfMR(t’ vc(t)) +Dmafew(t) +vm(t)

where x(1),£...(),¥.(2),y,,(t) and v, (?) are the state vec-
tor, the disturbance vector including effects of wind force,
an output vector for control objective, another output vec-
tor for measurement, and the measurement noise vector;
and A,B,B,C.,D.D.C,D,, and D, are system
matrices.

2.2. Model of MR Fluid Damper

The MR fluid damper has several unique characteristics,
such as high dynamic yield strength, wide operating tem-
perature range, requirement of small voltage to control the
damper force, and short response time (Carlson et al.,
1994). Many researchers studied on modeling of the MR
fluid damper. In this paper, the bi-viscous model shown in
Figure 2 (Stanway et al. 1996) is used to predict the behav-
ior of the MR damper. Then the damper force can be mod-
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Fig. 1. Benchmark Structure for Wind Vibration Control

eled as:

o,V mr,i(1); if |)’MR, i(t)‘ <YMRy
Jur,i(8) = 5 €1Our, i) = Yuary) +frary, i58M Pug (1)) . (3)
if [yar, (0| ZY vy

where f,,, (1) is the force of the i-th MR damper, yz ()
is the velocity of the i-th MR damper, is the yield velocity
of the MR damper, fy,; is the yield force of the i-th MR
damper; c,;and ¢, are the damping coefficients of the i-th
MR damper for pre- and post-yield conditions.

Damping characteristics of the MR damper can be con-
trolled by the applied current u,, (f) into the i-th MR
dampers, which can change the intensity of the magnetic
field on the MR fluids. The functional dependence of the
bi-viscous parameters of the MR dampers on the applied
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surrent u,,, (1) is considered as follows (Dyke et al., 1998):

Tury, 8 tpr 0)) = Fyrye +uryatimr, i(1)
Co,i(t, Upr (1)) = Copt Coglipgp (1)

“

The applied current u,,, ,(r) into the i-th MR dampers is
sontrolled by the i-th control input voltage v, ,(r) through
he current driver, which is modeled as a first order filter
Spencer et al., 1997)

tyg, () = _%”MR,,'(I) +k 0, (1) )

where is 1 the time constant of the filter, &, is the filter
rain of the current driver.

The MR dampers with a capacity of 200 kN and a
lynamic ratio of 10 for each unit, which were designed by
—ord Corporation and tested at University of Notre Dame
Spencer et al., 1997), are selected for this study. Damper
»arameters are shown in Table 1.

2.3. Model Reduction and State Observer

Before designing the controller, two stages of predesign
vere carried out. The first stage is for another model
eduction from 23 DOFs to 5 DOFs for the computational
:fficiency in the control process. The DOFs of the reduced
system are the horizontal displacements of 16, 30, 40, 60
ind 76* floors. The second is for design of observer. The
Xalman-Bucy filter is used to estimate the state from the
neasured signal as (Goodwin and Sin 1984):

xr(£) = A%, (1) + B, f g+ L, (y,,(1)~C,,x, (1)
_DmrdfMR(t) )

where x,(r) is the estimated state vector; y,(1)is the mea-
sured output vector, [y,so, ¥,70:¥s76] :A.B,B,.C,,.D,,, and
D .. are the reduced system matrices;L,;, = (PUbSC,T,,,+ Sops)

R;,lm is the observer gain matrix, which can be obtained by

obs

solving the following algebraic Riccati equatioin for P, :

Iable 1. Parameters of the Bi-Viscous Model

Parameter Value Parameter Value
fMRya 90 kN/A fMRyb 20 kN
Con 45000 kNs/m/A C, 10000 kNs/m
¢, 50 kNs/m YRy 0.002 m/s
il 0.002 sec kg, 0.4 AV
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— —-T T -1
Ar‘Pobs+Pabf4r _PobsCerobsCmrPobs+Qobs

—thsR_] Sgbs= 0

obs

(7

where 4, = A,—C., R} S”

obs*? obs ;

Qobs Robs 8([)2 E{ Brsfewr(t) Brafewr(t) T}
Robs Sobs Dmrsfewr(t)+vm(t) Dmrafetvr(t)+vm(t)

; E{}is the expectation operator; f,,(?) is the disturbance
vector for the reduced system including the effects of
wind force.

3. Design of Controller

3.1. Clipped Optimal Control for MR Dampers

Conventional control algorithms based on the ordinary
linear optimal control have inherent limitations for apply-
ing to the semi-active control. Hence, the clipped optimal
control proposed for semi-active control system by Sack
& Patten (1994) and Dyke et al. (1998) is employed in this
study. To calculate the desired optimal control force f; o(#), a
linear optimal controller is designed using the linear qua-
dratic Gaussian control theory based on the measured
structural acceleration y () and the measured damper
force fyx(t) as:

froc(n) = LAI{KLQG(S)L{ [,[Vm((tt))} }} 8)

where L{} is the Laplace transform operator; K, o(s) is
the transfer function of the ordinary L.QG controller. The
state feedback LQG controller is obtained by minimizing
the equation objective function.

m

J = lim E{(0Quqay (D +firOR el (9)

in which the control variables are taken as y (1) = [y,
Y300 Yss0r Ysser Yssor Ysser Ysror Ysrzs Yarsl™s Qg 18 taken as a (9 x
9) diagonal matrix with QLQG (GH=10fori=1,... 5, and
Q106 (@))=50fori=6,...9;and R, s taken as a (5 x 5)
diagonal matrix with R, o (i0) =1 x 107 for i =1, ... 5.

The force generated by the MR damper cannot be
directly controlled to get the desired optimal control force
JLoc, only the command voltage to the MR damper v (¢)
can be directly controlled to increase or decrease the force
produced by the device. Hence, to induce the MR damper
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to generate approximately the desired optimal control
force, the voltage is selected as follows: If the device gen-
erates the desired optimal control force (i.e. fy () = f o6
(1)), the command voltage remains at the present level.
However, if fy (¢) is smaller than f, ; (#) and their signs
are same, v (¢) increases to the maximum level to make
Jur () increase. Otherwise, the command voltage is set to
zero. This algorithm can be expressed using Heaviside
step function as (Dyke er al., 1998).

V(1) = V0  H{ o6 (D) —fur(EDfur(D) } (10)
where H{} is the Heaviside step function, v,,,, is the
maximum voltage into the current driver for the control of
MR damper.

A schematic diagram of the present clipped optimal con-
troller is shown in Figure 3.

3.2. Design of Locations and Capacities of MR Dampers
by Genetic Algorithm

The performance of the MR dampers depends strongly
on their locations in the structure. The determination of the
locations and capacities (numbers of units) of the MR
dampers is an integer programming, which requires exten-
sive search and heavy computational efforts. Moreover,
the total number of the possible locations is so great for the
76-story building and the cost surfaces may be extremely
complex. The genetic algorithm has some advantages that
match well with the present problem such as, (1) it opti-
mizes with continuous or discrete parameters; (2) it does
not require derivative information; (3) it deals with a large
number of parameters; (4) it optimizes parameters with
extremely complex cost surfaces; and (5) it can jump out
of a local optimum (Goldberg, 1989). For these reasons,
the genetic algorithm was used to find the optimal loca-
tions and capacities of MR dampers in this study. Figure 4
provides a flow charft for the genetic algorithm used in
this research.

To reduce the computational time, a preliminary study
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was carried out on 3 cases where 5 units of MR damper
with the maximum capacity of 200 kN each placed o
each floor and the dampers are operated passively (i.e. v (t
= 0 Volt). They are Case 1 with MR dampers placed on th
lower floors (3, 6, 10, 13, and 16th floors), Case 2 witl
MR dampers placed on the middle (33, 36, 40, 43, and 46
th floors), and Case 3 with MR dampers placed on th
higher floors (63, 66, 70, 73, and 76th floors). The result
of the performance indices (described later in Section 4
shown in Table 2 indicate that it is more effective to plac
the MR dampers at the higher floors. Therefore, only 62
66, 70, 73, and 76th floors were considered in determinin
the capacities in terms of number of units using geneti
algorithm. The objective function was defined consid
ering the performance criteria related to acceleration
because the purpose of vibration control under wind load
is mainly to reduce the discomfort of the occupants a

Table 2. Performance Indices for Three Different Dampe
Locations

. MR Dampers (Passive off)
Criteria
Case (1) Case (2) Case (3)

RMS Responses

], 0.964 0.858 0.824

5 0.964 0.857 0.823

I 0.971 0.884 0.858

I, 0.971 0.884 0.858
Peak Responses

1, 0.974 0.898 0.848

Jg 0.970 0.891 0.861

I, 0.976 0.908 0.885

T 0.976 0.907 0.885
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argmax J(nyg ) =4-J,-J,—J;—Jg
nyg€1{0,1,2,3,4,5,6,7}
i€ {63,66,70,73,76}

(1D

where J,, J,, J, and J;are the performance indices and
My 18 the number of dampers on the i-th floor. Parameters
for genetic algorithm are shown in Table 3. The optimum
number of the MR damper units on each floor is deter-
mined as 2,7, 5,4, and 3 on 63, 66, 70, 73, and 76th floors,
respectively. The present solution for the locations and the
capacities of the MR dampers may be considered as an
approximate optimum design. The true optimum design
can be obtained by more elaborate analysis for many dif-
ferent cases.

4. Numerical Simulation Study

A numerical simulation study is carried out on the
benchmark structure subjected to wind loads proposed by
Yang, et al. (2000). It is a 76-story concrete office tower,
and it is modeled as a system with 23 DOF’s for structural
analysis by the problem organizer. Detailed data related to
this problem are given at the web site of the problem orga-
nizer. In this study, it is further reduced to a system with 5
DOFs (i.e. 10 dimensional state vector) using the state
order reduction method for the computational efficiency in
the control process.

Wind force data in along- and across-wind directions
were determined from wind tunnel tests, which were per-
formed by Samali et al. (1999). For this benchmark prob-
lem, 900 seconds of across-wind data are given for the
computation of the structural response. In these wind data,
the mean wind force on each floor has been removed,
since it produces only the static deflection of the building.
The reference mean wind speed, V, at the height of 10
meters above the ground is assumed to be 13.5 m/s, which
represents to serviceability level related to the comfort of
the occupants.

Ten performance criteria are related to the peak and
RMS responses quantities, which can be obtained from the
response time histories. Since the main objective is to
reduce the absolute acceleration to alleviate the occupants

Table 3. Parameters used in Genetic Algorithm

Parameter Value Parameter Value
No. of variables 5 No. of population 30
Lower bound 0 No. of generation 15
Upper bound 7 Crossover Probability 0.9
Bits 3 Mutation Probability 0.005

Computational Structural Engineering 1 (2003) 61~68 65

discomfort, the first performance criterion for the con-
troller is their ability to reduce the maximum floor RMS
acceleration as:

Jy = max(Sy, 030, G550 G555 O 600 T 5> O 70 O575) O 750

(12)

in which ¢, and G, are the RMS accelerations of the i-
th floor w1th and without control respectively. Acceler-
ation of the 75" floor is considered, because it is the high-
est floor for the occupants. The second criterion is the
average performance of acceleration for selected floors
above the 49 floor as:

Jy= éz(cy/cym) (13)

for i = 50, 55, 60, 65, 70 and 75. The third and fourth
evaluation criteria indicate the ability of the controllers to
reduce the top floor displacements as:

J3 = 6y76/C 760 (14)

1
= iZ(Gyi/Gyio) (15)

for i = 50, 55, 60, 65, 70, 75 and 76; in which Oy, and
0,;, are the RMS displacements of the i-th floor with and
without control respectively.

The performance criteria based on the peak response

quantities are defined as:

J7 = max($,1, 5300 $p50> 550 Yp60s Ipes> $p705 Ip75) Fp750

(16)
1

‘]8 = az(j}pi/ypi()) (17)
1

s = 22 (i Ipio) (18)

J9 = yp76/yp760 (19)
1

JIO = 72(y/1i/ypio) (20)

for i =50, 55, 60, 65, 70, 75 and 76; in which j,;, Fpior Vpi
and y,,, are the peak accelerations and displacements of
the i-th floor with and without control. The smaller the
index, the better the control performance. Figure 6 shows
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time histories of structural responses with and without
semi-active control, and Figure 7 shows time histories of
the MR damper forces. The peak and RMS responses of
the 76-story building with passive MR dampers and semi-
actively controlled MR dampers are shown in Table 4 and
Table 5. For simplicity only the responses of 30, 60, 75
and 76" floors are presented. Similar results for the cases
with a tuned mass damper (TMD) and an active tuned
mass damper (ATMD) obtained by Yang et al. (2000) are
also shown for comparison. The performance indices for
various control methods are compared in Table 6. The
maximum damper forces are shown in Table 7. It is found
that the semi-active control system employing MR damp-
ers reduces the peak and RMS displacements of the build-
ing by 28-33% and 45-47% of the uncontrolled cases, and
the peak and RMS acceleration by 49-58% and 61-65%.
The improvement for the acceleration reduction is more
significant, because the controllers are designed mainly for
the reduction of the acceleration. The maximum allow-
able floor acceleration is 15 cm/sec? (or 5 cm/sec? in RMS

Table 4. Peak Response Quantities of 76-Story Building with Various Dampers

w/MR
Floor No Control w/TMD w/ATMD Passive Off Clipped Optimal
i Vpi Vi Vpi Vpi Ypi Vpi Vi Vpi
cm cm/s? cm cm/s? cm/s? Cm cm/s? cm cm/s?
30 6.8 7.1 5.6 4.6 33 6.2 6.0 4.8 35
60 22.4 20.0 17.8 12.7 16.3 8.9 20.1 17.6 15.2 8.5
75 31.6 30.3 24.8 19.8 22.7 11.6 28.4 25.9 21.2 14.0
76 323 31.2 254 20.5 232 15.9 29.1 26.2 21.6 13.2
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Table 5. RMS Response Quantities of 76-Story Building with Various Dampers

w/MR
Floor No Control w/TMD w/ATMD Passive Off Clipped Optimal
o, o o, o o, o, o, o, o, oy
Cm cm/s? cm cm/s? cm cm/s? Cm cm/s? cm cm/s?
30 2.25 2.02 1.48 1.23 1.26 0.89 1.89 1.71 1.17 0.77
60 7.02 6.42 4.79 3.72 4.08 2.81 6.15 5.42 3.77 2.28
75 9.92 9.14 6.75 5.38 5.74 3.34 8.67 7.72 5.29 3.52
76 10.10 9.35 6.90 5.48 5.86 4.70 8.87 7.89 5.41 3.41
1500 - 1500 -
Table 6. Control Performance Indices for Various Dampers 000 o

Criteria w/ MR Dampers w/TMD w/ATMD
Passive Clipped  (Yanget
Off Optimal  al. 2000)
I 0.84 0.38 0.58 0.36
I, 0.84 0.36 0.58 0.41
I 0.87 0.53 0.68 0.57
J, 0.87 0.53 0.68 0.58
I, 0.85 0.46 0.65 0.38
I 0.88 0.44 0.63 043
Iy 0.90 0.66 0.78 0.71
T 0.90 0.67 0.79 0.72
Table 7. Maximum Damper Forces
Locations No. of Forces (kN)
(Floor) Dampers Passive Off  Clipped Optimal
63 2 41.5 400.0
66 7 145.3 1261.3
70 5 105.1 1000.0
73 4 83.1 800.0
76 3 62.5 600.0

value), based on the design code for office buildings. It is
observed that the semi-active control system with MR
dampers satisfies the design requirement.

The performances of the semi-actively controlled MR
dampers are found to be much better than those with a
TMD, while they are fairly comparable to those with an
ATMD. The performance indices of the MR dampers
related to the peak accelerations (J, and J,) are slightly
higher than those with and ATMD, while the one related to
the RMS acceleration (J,) is slightly lower. Hysteresis
curve of the MR damper on the 66% floor during the wind
vibration control is shown in Figure 8.

The MR dampers are nonlinear devices, so their per-
formance may vary significantly with the exciting force
level. Thus, additional analyses are carried out on the case
with the same control devices but for the different wind
loads: ie. 0.5, 1.5  and 2.0f,,, f., where is the wind

ew? Tew
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Fig. 8. Behavior of Semi-Actively Controlled MR Damper on
66% Floor

force for the case with V, being 13.5 m/s. The performance
indices are shown in Table 8 indicate that the semi-active
control system with MR dampers is fairly robust to the
variations of the exciting force level.

5. Conclusions

MR dampers are studied as semi-active control devices
for a tall building subjected to wind loads. Clipped optimal
control is used to control the strength of the magnetic filed
applied to the dampers. Genetic algorithm is used for the
optimal design of the controller locations and capacities.
To verify the applicability of the MR dampers and the sug-

Table 8. Performance of MR Dampers for Various Wind Force
Levels

Criteria Force  Levels
051, 15¢%,, 2.0f,
RMS Responses
J, 0.34 0.38 0.44 0.49
1, 0.34 0.36 0.43 0.49
I, 0.50 0.53 0.57 0.60
1, 0.50 0.53 0.57 0.61
Peak Responses
I 0.41 0.46 0.53 0.58
Jq 0.44 0.44 0.53 0.59
I 0.64 0.66 0.69 0.71
T 0.65 0.67 0.70 0.72
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gested control algorithm, a numerical simulation study is
carried out on the ASCE benchmark problem on wind
vibration control of a tall building. The results of the
present study are summarized as:

1. The semi-actively controlled MR dampers can effec-
tively reduce both the peak and RMS responses due
to wind excitation.

2. The genetic algorithm is effective for determining the
optimal locations and capacities of the MR dampers.

3. The semi-active control system performs significantly
better than the passive control systems.

4. The performance of the semi-active control system
employing MR dampers is quite comparable to the
performance of a control system with an active tuned
mass damper.

5. The performance of the present semi-active control
system 1is fairly robust against the vibrations of the
wind force level.
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