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Abstract

This paper considers the problem of designing a state-feedback controller with both passive base isolation (PBI) and acti
structural control (ASC). In order to improve control performance, state-feedback gains are designed based on the linear quadr:
regulator (LQR) method that optimizes a new performance index containing absolute acceleration, and inter-story drifts and velo
ity. Simulations on a model of an eleven degree-of-freedom shear building for four earthquake accelerograms are used to verify tl
method. Comparison studies show that, compared with PBI, the combination of PBI and ASC improves control performance; ar
this method yields better control results than the conventional ASC, which considers relative displacement and relative velocity
each story. The results are also discussed from the viewpoint of control system structure regarding the location of system zeros.
addition, the &ect of weights in the LQR on control performance is discussed. A method for selecting the weights is presented b
using the infinity norm of a system as a criterion to visualize thiéaoe.

Keywords: Active structural control (ASC), Linear-quadratic regulator (LQR), Absolute acceleration, Inter-story drift, Passive
base isolation (PBI), Seismic vibration, Unstable zero, Vibration reduction.

1. Introduction The linear-quadratic regulator (LQR) is one of the most com-
monly used design methods in control theory. It designs a state-

Passive base isolation (PBI) installed in buildings not onlyfeedback gain by minimizing a performance index that consid-
suppresses vibrations, but also ensures safe use of the buildings; the weighted state and control input of a plant. This method
after earthquakes [1, 2]. The Kobe earthquake on January 1as been used in the design of ASC and semi-active structural
1995 triggered a demand for PBI in Japan, and the number @fontrol systems. Loh at el. conducted an experiment using
passive-base-isolated high-rise buildings has been steadily iarreal-scale active tendon to demonstrate the validity of ASC

creasing in the last two decades [3]. [11].
A new base isolation system called a rubber-layer rolling The selection of a performance index for the LQR is a
bearing was presented in [4, 5]. key to designing a satisfactory ASC system. While most

As the installation of PBI enlarges the natural period of asydies selected relative displacement and velocity of each
building, it results in a reduction in the absolute acceleration ogtory [12, 13, 14, 15], some studies considered kinetic energy
buildings. How_ever, it inqreases displacement of the PBI story16, 17), inter-story drifts [18, 19], or absolute acceleration
and may force it beyond its allowable range. [19, 20]. In the structural control of a building, suppressing

Some aluminum or steel devices were also used as passiyger-story drifts prevents the exfoliation of exterior materials
energy dissipating systems for a building to suppress the diggng the plastic behavior of a building. On the other hand, sup-
placement [6, 7, 8]. If a building employs these kinds of de-pressing absolute acceleration not only protects a building by
vices, its sfifness increases and the natural period become&gducing story shear-force from an earthquake, but also protects
;hort. This may increases the absolute acceleration of the bU”‘E)eopIe and property by preventing things such as furniture and
Ing. equipment inside the facility from falling. Thus, it is impor-

Active structural control (ASC) is a strategy for vibration tant to build a performance index that considers the inter-story
reduction that incorporates control engineering and civil engigrifts, the relative velocity, and the absolute acceleration of all
neering. The first full-scale ASC in the world was installed in gtgries of a building for the design of a practical ASC system.

the Kyobashi Center Building in 1989 in Japan. Studies in thisa new performance index that contains those items is presented
field have been showing rapid progress since then, and ASC g thjs paper.

now widely used in civil structures all over the world [9, 10]. The method utilized to weights to integrate evaluation items

in a performance index is also an important issue for system de-
*Corresponding author. Tel. & Fax81-45(924)5306.E-mail address: ~ SI9N. '_'IOV\{ever: only few attempts haye so far been made to ac-
sato.d.aa@m.titech.ac.jp (D. Sato) complish it such methods. Most studies selected weights rather
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Fig. 2: 11-DOF model of [(a) NC and (b) LQR or AD-LQR].

Fig. 1: Models of structures. Mass per unit area of base isolation:2551 kg'm?

Damping for period of PBI ({,): 0.05

subjectively and determined them by trial and error [12]. Re-

i 7 : . amping of superstructure: stiffhess-proportional damping
garding this issue in structural control, a study examined the eP model (the damping ratio for the first modg, is assumed

fect of different weights for a single-degree-of-freedom system to be 0.02)

[21]. However, buildings are usually multi-degree-of-freedom '

(MDOF) systems. Therefore, it is of practical value to investi-Natural periods of superstructure of first mode (T,): 1.0 s

gate weight selection for an MDOF system. for the 50-m-high building, 3.0 s for the 150-m-high build-
PBI enlarges the natural period. This may result in a large  ing, and 5.0 s for the 250-m-high building

displacement. On the other hand, ASC generally increases t . )

apparent sffness of a building by suppressing the displacetﬁ?enSIty of superstructure (for all floors): 175 kgm®

ment. It shortens the apparent natural period, and may causteight of superstructure (h,): = T,/0.02 m

a large absolute acceleration. Thus, a good combination of PBI .

and ASC provides satisfactory structural control performancetiffness of thei-th story of superstructure [22]:

with small control energy. Focusing on this characteristic, this W?mgi + Kisa(di1 — B1)

paper considers the problem of structural control using the com- i = b — b1 2 1=2,....9,

bination of PBI and ASC for high-rise buildings. A new perfor- W2y + ko(do — 1) w?Myodio (1)
mance index is used to design a suitable ASC system. The supe- 1= o1 » kio = W’

riority of the method over PBI or conventional ASC is demon-
strated through simulations, and the analysis of control inputs
and the control system structure.

In this paper,| is an identity matrix with appropriate di-
mension. For simplicity, a system only with PBI is called NC = To use the LQR method, which is a linear control strategy
(no control); a conventional ASC system that minimizes the[27], the laminated rubber in the PBI is modeled as a linear
displacement and velocity of each story is called a convenspring (Fig. 3), and the viscous damper in the PBI is modeled
tional LQR; and an ASC system that minimizes the absoluteis a linear dashpot (Fig. 4). ThefBtess ko, and the damping
acceleration, and inter-storyiét and velocity of each story pre- coeficient,d,, of the PBI are given by

sented in this paper is called AD-LQR for short. 42(m, + )
T +
ko = ————, do = 24p v/(My + Mo)ko, (2)

respectively, wheren, is the total mass of the superstructure;

This study used three building models with heights of 250andmy is given by the product of the density of the base and
m, 150 m, and 50 m. The floor areas of the models were althe floor area.
40 mx 40 m (Fig. 1). Each was described as a 10-DOF shear Let Ty be the period of the PBI with the superstructure being
building model (Fig. 2). PBI was installed under the structure.assumed to be a rigid body. The combinations of the parame-
The ASC device was located at the PBI story. Thus, the model®rs of buildings (Table 1) are used to verify the validity of the
have 11 DOFs (10 DOFs for the superstructure and 1 DOF fomethod presented in this paper and to perform a comparison
the base isolation). with other methods. In the tabld, is the period of the first

The parameters are as follows (Fig. 1): mode of the building with the base isolation.

wherew is the first natural circular frequency; and for the
i-thstory { = 1,2,...,10),¢; is the first natural mode, and
m is the mass.

2. Structures and base-isolation models



Shear force of o e
base-isolation story Table 1: Combinations of, T, Tp, and¢y, for verification.

Tuls] Tofs] TI[s] &
Displacement of 10 2.0 2.2
k) base-isolation story : 4.0 4.1

4.0 4.8
3.0 6.0 6.6 0.05
6.0 7.6

50 80 92

Fig. 3: Linear spring model of laminated rubber.

Shear force of Xg(t): ground acceleration

base-isolation story M: mass matrix

Displacement of D: damping matrix
base-isolation story

k/ - K: stiffness matrix.

Note that the dynamics of the building without PBI have the
same structure, and we just need to remove the row and column
corresponding to the base story (the parametgrsly, andkp).

The state-space expression of (3) is

Fig. 4: Linear dashpot model of linear viscous damper.

. v (t) = Ax(t) + Buu(t) + BaXg(t),
3. Design of LQR controllers X 4
gnofLQ { Y = Cr(t). ®
The dynamics of an 11-DOF building with an ASC device \ here
and the PBI are described by X(t)
MX(t) + DX(t) + Kx(t) = —~MES%q(t) + Eyu(t), (3) 0 |
where A= [_M_lK _M_lD]’
0 0
" my 0 Bu= [—M_lEJ’ Ba = [—E]’
M = My andA is the system matrix determining the dynamic character-
B O . ’ istics of the plantB, is the control-input matrix indicating the
' placement of the ASC devic&, is the disturbance-input ma-
Mo trix indicating the places that the disturbance is added Gaisd
do+d;  -d; O the output matrix showing the placement of sensors. If all states
-d, di+d, -dy are available, the@ can be chosen to be an identity matrix.
D= -d, dy+d3; -ds The feedback control law
0 | u(t) = Kpx(t) ®)
L 10
ko + k _k is used, wher&, is the state-feedback gain that is designed us-
K 1 " +lk K 0 ing the LQR method. The block diagram of the control system
L ke K is shown in Fig. 5. Conventional ASC systems find a state-
K= 2 2T 3 ’ feedback gain by minimizing the following performance index
O [12] .
: i ko k= [ OO +TORW]d  (©)
E=[1 11 . 1, ° o .
T It takes account of the relative displacement and velocity of
E, = [1 0 0 --- o] . each story. In (6)Q. (> 0) andR. (> 0) are weights for the
_ _ state and control input, respectively. A big diagonal entry in
The variables are defined as follows: Q. results in a feedback gain that suppresses the corresponding

state, and increasirig. suppresses the control input.
The inter-story drift angles are

X— X1  Xi— X
h; hi

x(t): relative  displacement vector of stories = (
[Xo(t), Xa(t), ..., Xao(®)]")

u(t): control input produced by actuator i=12...,10 ()

6, = arctan




Substituting (11) into (8) gives

J= fo i DT O + 2¢TMHuE) + U (ORUDdt,  (12)

where
Q=WTQyW1+ETQyE,
H=-ETQg¥ + ¥TQqZ, (13)
R=YIQu¥ +Ry.
Controller
E{ Note that, unlike the standard performance index (6) used in

many ASC systems, the index (12) contains a cross tepatpf
_ _ andu(t). Optimizing (12) yields a state-feedback gain [12]
Fig. 5: Block diagram of ASC.
K, = -RYST + B[P), (14)

whereh; is the height of each story. Clearly, the inter-story
drift angles are the same for the inter-story drifts except fowhereP is a positive symmetrical solution of the following Ric-
the scaling factor Ah;. Note that inter-story drifts and absolute cati equation
acceleration have not been considered for most ASC systems.
However, suppressing those two kinds of variables in a small (A— BUR13T)T P+P(A-B,R1ST
range not only reduces damage of buildings, but also protects +Q-PBRIBIP-SRIST =0
people from earthquakes. Thus, evaluating these two items is of ! ’
importance in ASC. This study considered a new performance

(15)

If the Riccati equation, (14), is solvable, then the feedback

Index system matriXA — ByK, is stable for the state-feedback g#ip
*° : Ax(t)] given by (14).
J= AXT(t)  AXT(t .
IR ooy ot
+[%() + Esg(t)] Qo[ X(t) + Eg(1)] ®)
+uT(t)Ruu(t)}dt, 4. Numerical verification
whereQq (> 0), Qg (> 0), andR, (> 0). While the conven- This section uses numerical examples to demonstrate the va-

tional LQR considers the relative displacement and the relativéidity of the AD-LQR, and shows its superiority over the PBI
velocity of each story, the AD-LQR considers the absolute ac@nd LQRs 1-3 method.
celeration, and the inter-story drifts and velocity.

In (8), the vector of the inter-story drifts is given by 4.1. Earthquake waves

T
Ax(Y [AXQ(EZ) Ax(t) i— OAxlo(t)] ' (9) Two artificial earthquake waves were used in this study. They
AX(t) = { xi(t)’— xia(D). = 1. 10 were reproduced from real earthquake waves that minimized
’ T the dfects of natural periods of the original waves:
wherei = 0 means the PBI story, aridrom 1 to 10 means the
stories of the superstructure. 1. Art Hachinohe wave: the spectrum of the pseudovelocity
There exists a nonsingular matfixandW that ensure response,S,, is 100 cnfs for a building with damping
ratio of 5% after a corner period of 0.64 s, and the phase
Y, A)_((t)} - [T 0 A?((t)} = (1) characteristic is the same as the earthquake wave of the
AX(t) T]]AX() ’ 1968 Hachinohe EW.
1 O (10) 2. Art Kobe wave: the spectrum of the pseudovelocity re-
o 11 sponsepSy, is 100 crfs for a building with damping ratio
- . of 5% after a corner period of 0.64 s, and the phase char-
11 .- 1 acteristic is the same as the earthquake wave of the 1995
JMS Kobe NS.
Rewriting (3) yields 3. El-Centro wave: El-Centro earthquake NS 1940.
(1) + EXg(t) = Zx(t) + Yu(t) (11) 4. Tokachi wave: Tokachi-oki earthquake NS 1968.
where The accelerograms and the spectrums of the pseudovelocity
2= [—M‘lK —M‘l], ¥ =-M1E. responses of these four waves are shown in Figs. 6-9.
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Tg=205s Ty=40s

10+ 109 Table 2: Maximum displacement of NC at the PBI story for Art Hachinohe and
Art Kobe waves.

Xomax[CM] Xomax[CM]

Tuls] Tols] (ArtHachinohe) (Art Kobe)
2.0 30.9 32.3
,,,,,,,,, 1.0 40 64.8 63.0
4.0 68.4 57.3
Ny I 3.0 6.0 100.8 93.9
g 1 e o 6.0 98.4 116.6
0 20 40 60 80 0 40 80 120 0 50 100 150 200 5.0 8.0 123.9 148.9

Max. of x; [cm] Max. of x; [cm] Max. of x;[cm]

(a) (®) ()

Fig. 10: Maximum displacement of NC for Art Kobe wave [[&) = 1.0 s, (b) to be
Ty =30s,and ()T, = 5.0 s]. LOR1: Q.= [QCl 9 ], R. = 107, (16)
c2

T,=20s T,=40s

LQR2: chloO[K M], Ro=1, 17)

and
LOR3: Q.=1ly, R =10". (18)

These parameters were selected such that the maximum dis-
placement of the base isolation was almost 50 cm, which is
— L A0 smaller than the allowable range 70 cm, when the Art Hachi-
0 20 40 60 80 0 40 80 120 0 50 100150 200 nohe wave (Fig.7) was input. They are as follows:

Max. of x; [cm] Max. of x; [cm] Max. of x; [cm]
(a) (b) (© e For the model off, = 5.0 s andTy = 8.0 s:
Fig. 11: Maximum displacement of NC for Art Hachinohe wave Kg)= 1.0 s, LOQR1:
(b) Ty =3.0s, and (c)Ty = 5.0 s]. p = 8.0,
Qu =0.2xdiag{1,1,1,1,1,1,1,1,1C% 1, 103},
4.2. Responses for no control Qe = 0.2x diag{1,1,1,1,1,1,1,1,10% 1, 1}.
Figs. 10 and 11 show that the maximum displacements of the LQR2: p =46,

NC, which does not use any ASC devices, for the Art Kobe and
Art Hachinohe waves, respectively. In these figures, 0 on the — and

vertical axes indicates the PBI story, and g means the ground. LOR3: p=93.
The allowable displacement was assumed to be 70 cm in this

study, which is the maximal clearance of a building, [24]. e Forthe model offy = 5.0 s andTo = 6.0 s:
These results show that the longer the period of the base iso- LOR1:

lation is, the larger the displacement is at the PBI story. o= 8.0

As shown in Table 2, the maximum displacement Tgr=

5.0 s for both the Art Hachinohe and Art Kobe waves is larger Qu = 0.2xdiagi1,1,1,1,1,1,1,1,1,1¢° 1¢°},

than 70 cm. Therefore, the PBI alone is not enough to suppress Qe = 02xdiagi1,1,1,1,1,1,1,1,1,10% 10%}.

the vibration and an ASC device is necessary.
The responses under the EI-Centro and Tokachi waves LQR2: p =50,

showed the same trend, and the results are summarized in Ap-  gnq

pendix C. LQR3: p=96.

4.3. Vibration control of conventional LQR The story-shear cdigcient of thei-th story is defined to be
An ASC device was installed to improve the control perfor- V(D) 10

mance. An ASC system was designed using the conventional 0 =— ' , Vi = Z f;. (29)

LQR method, that is, minimizing the performance index (6). Z mig =i
This study used three kinds of weights for the performance = :

index (6). The resulting controllers are named LQR 1 [11],

LQR 2 [25], and LQR 3 [12].Q. for the relative displacement That s, it is a quotient of the story shédrat thei-th story and

and the relative velocity, anB. for the control input were set the total weight above the story; is defined as the sum of all

6
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Fig. 12: Comparison of time responses between NC and conventional LQR f06.0 s for Art Kobe wave.
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Comparison of time responses between NC and conventional LQR f08.0 s for Art Kobe wave.
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Fig. 14: Comparison of time responses between NC and conventional LQR f06.0 s for Art Hachinohe wave.
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Fig. 15: Comparison of time responses between NC and conventional LQR 8.0 s for Art Hachinohe wave.

lateral force above the story, arfdis the lateral force in the differentT.
fundamental mode acting on theh story. ) ) )
Figs. 12 (a) and 13 (a) show that the maximum displacement

Figs. 12 and 13 show the responses for the Art Kobe waveyf the PBI story of LQRs 1-3 for the Art Kobe wave are 54.1
and Figs. 14 and 15 show those for the Art Hachinohe wave focm, 53.6 cm, and 54.1 cm fdi = 6.0 s, respectively; and 63.3

7
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Fig. 16: Comparison of time responses between LQRs 1-3 and AD-LQRyfer6.0 s for Art Kobe wave.
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Fig. 17: Comparison of time responses between LQRs 1-3 and AD-LQRyfer8.0 s for Art Kobe wave.
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Fig. 18: Comparison of time responses between LQRs 1-3 and AD-LQRyfer6.0 s for Art Hachinohe wave.
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Fig. 19: Comparison of time responses between LQRs 1-3 and AD-LQRyfer8.0 s for Art Hachinohe wave.

cm, 64.0 cm, and 63.0 cm fdry = 8.0 s, respectively. The LQR is suppressed to about 50% of that for the NCTgr=
maximum displacement of the PBI story are in the allowableB.0 s. This shows that LQRs 1-3 have good vibration-control

range. The displacement of the tenth story for the conventiongderformance.

8



As for the Art Hachinohe wave (Figs. 14 and 15), the max- X10'3
imum displacement of LQRs 1-3 of the PBI story are 43.0 cm,
42.8 cm, and 43.9 cm fofy = 6.0 s, respectively; and 52.0
cm, 53.5 cm, and 51.2 cm fdry = 8.0 s, respectively, which
are also in the allowable range. The displacement of the higher
story tended to become larger than that of the lower story. The

. . . Y —LQR3
maximum of the inter-story drift angles and the story-shear co- 21 iy ! _L8R 2
efficients for the conventional LQR fdl = 6.0 s are almost alll , i R

suppressed to less than 50% of those for the NC. Furthermore,
for LQRs 1, 2, and 3 foffy = 8.0 s, the maximums of the dis-
placements and the story-shear fo&nts of the top story are

1 0,
also Suppressed toas low as approxmately 40% of those for tn'—(?g. 20: Time response of inter-story drift angle of tenth story for Art Hachi-

NC. nohe wave T, = 5.0 s andTp = 8.0 s).
For each earthquake, the control performances of LQRs 1-

3 for displacement are satisfactory. However, for each earth-

guake, the inter-story drift angles of the higher stories for LQRgable 3: Maximum and minimum inter-story drift angles of the tenth staxy,
1-3 are larger than those for the lower stories. Although sup[rad] (1079,
pressing inter-story angles and absolute acceleration are impor-

tant to protect the building and people, the performance indices

of LQRs 1, 2 and 3 do not take those items into account. In con-

trast, the AD-LQR method includes those in the performance

index. A comparison of LQRs 1-3 and the AD-LQR is shown

in the next section.

0 50 100 150 200 250 300
Time [s]

Max.  Min.

AD-LQR 1.74 -152
LOQR 1 3.53 -3.26
LQR 2 3.08 -297
LQR 3 3.37 -3.13

4.4. Vibration control of AD-LQR 50% of that for each of LQRs 1-3 [Fig. 18(c)]. Figs. 18 and
19 show the results for the Art Hachinohe wave. The maximum
displacement of the story of the PBI for the AD-LQR is 47.8 cm
for To = 6.0 s and 54.6 cm fofp = 8.0 s. They are also all in
the allowable range. They show the same trend for the Art Kobe
Qu1 wave forTo = 8.0 s. The displacement, the absolute accelera-
Q dz]’ Ry = l11. (20)  tion, the inter-story-drift angles, and the story-sheariicient
of LQRs 1-3 are almost the same even though the weights are
The parameters were selected as follows different. However, the control performance of the AD-LQR for
. ) these responses is better than that for each of LQRs 1-3. Thus,
* For the model withl, = 5.0 s andTo = 8.0 : the AD-LQR is more appropriate than the LQR that considers
a=12 B =125, only the relative displacement and the relative velocity.
Qu1 = diag{l, 1,1,1,1,1,1,1,105, 105, 101.4}, Figs. 16-19 show that, compared to LQRs 1-3, the control
effects for AD-LQR are markedly improved for higher stories.
The time responses of the inter-story drift angle of the top
) story (Fig. 20) shows that the response for the AD-LQR is
e For the model withl', = 5.0 s andTp = 6.0 s: smaller than that for LQRs 1-3. Table 3 shows the detailed
o =127, B =14 ga}ﬁa of Ilzig.f 20H T:S Ic_:anF:rc_)I tp))erfom;]anceh of fthel_igtFG;r—sltosry
. rift angles for the AD- is better than that for s 1-3,
Qur = dlag{ld)-z, 11111111010, 101‘4}’ especially for the tenth story. For each earthquake, the maxi-
Qa2 = diag{l(PZ, 1,1,1,1,1,1,1, 105, 105, 101~4}. mum displacement is approximately the same for the AD-LQR
and LQRs 1-3 folTg = 6.0 s. However, the absolute accel-
These AD-LQR controllers were designed such that the maxeration and the inter-story drift angles fog = 8.0 s for the
imum displacement of each story is almost the same as that &fD-LQR are better than those for LQRs 1-3, especially those
LQRs 1-3 when the Art Hachinohe wave was input. for the tenth story. One reason for this observation is that, com-
Figs. 16(a) and 17(a) show that the maximum displacemerared to LQRs 1-3, the AD-LQR increased the damping ratios
of the story of the AD-LQR is 50.5 cm foFo = 6.0 s, and 57.4  of the lower modes considerably.
cm Tp = 8.0 s. They are all in the allowable range. As for Fig. 21 shows the control input of the AD-LQR and LQRs 1-
To = 8.0 s, the control results of the inter-story drift angles and3 for Ty = 8.0 s for the Art Hachinohe wave. While the control
the absolute acceleration are smaller for the AD-LQR than foinputs are almost the same (the control input of the AD-LQR is
LQRs 1-3. The absolute acceleration for the AD-LQR is aboubnly 1.2 times better than that of LQRs 1-3) and the shapes are
50% of that for each of LQRs 1-3 [Fig. 18(b)], and the inter- also same, the maximum absolute acceleration, the inter-story
story drift angle of the tenth story for the AD-LQR is also only drift angles, and the story-shear @idgents for the AD-LQR

9

The weightsQq for the absolute acceleratio)y for the
inter-story drift and the inter-story velocity, aij for the con-
trol input in (8) were set to be

Qg = 107111, Qg = 10° x

Quz = diag{1,1,1,1,1,1,1, 1,105, 105, 1044},
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LQR 1
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Time [s]

Fig. 21: Control inputs for Art Hachinohe wavé = 5.0 s andTg = 8.0 s).

Table 4: Maximum and minimum control inputs[N] (x107).

Max.  Min.

AD-LQR 1.62 -250
LOR 1 156 -1.89
LQR 2 1.70 -2.03
LQR 3 1.62 -1.92

are smaller than those for LQRs 1-3. Table 4 shows the detailelflQR 3

data of Fig. 21.

5. Discussion of control performance

In this section, the control results given in Section 4 are ex-
amined from the viewpoint of the pole-zero plot and the damp-

ing ratio of the control system.

5.1. Observation from system zeros
Let a transfer functios(s) be

Z (S+ Zj)
N(s) . =1
D(S) — N, ’

[ ]s+m

i=1

G(s) = (21)

wheres is the operator of the Laplace transfori¥(s) is the
numerator polynomial o6(s) in s with order ofn,, andD(s)
is the denominator polynomial @&(s) in s with order ofny,.
Without loss of generalityis(s) is strictly proper, that isp, is
bigger tham,.

The roots of

D(9) =0 (22)

and

N(s) =0 (23)

O: Zero X :Pole
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Fig. 22: Pole-zero plot dB1og4(s) [(@) AD-LQR, (b) LQR 1, (c) LQR 2, and (d)
(Ty =5.0sandlp = 8.05).

0.4

Stable

Re (2y)

Fig. 23: Zero plot of LQRs 1-3 and AD-LQR.

is called a non-minimum phase system. The behavior of such
a system is complicated and it isfitult to control (See Ap-
pendix A).

Fig. 22 shows the pole-zero plot of the transfer function
from the earthquake input to the displacement of the tenth story,
Gigg(9), for Ty = 5.0 s andTy = 8.0 s, in which a pole and a
zero are marked by a circle and a cross, respectively. Let the
conjugate zeros that are closest to the imaginary axis bad
2. Itis clear from Fig. 22 that, while each of LQRs 1-3 have
two conjugate unstable zeros, the AD-LQR does not. This also

are called the poles and zeros@(s), respectively. Poles de- shows why the AD-LQR has better control performance than
termine the stability of the system. If all poles have negativdcQRs 1-3.

real parts, the system is stable. On the other hand, zéiext a

Fig. 23 shows the real part Gfioy(s) for the control systems

the characteristics of the response of the system. If all zerodesigned by LQRs 1-3 and the AD-LQR. Clearly, wtdleand
have negative real parts, the system is called a minimum-phage designed by LQRs 1-3 are all unstable foifelientT,, those
system, and is easy to control [28]. However, if a system hageros designed by the AD-LQR are all stable, and have a rela-
unstable zeros, that is, those zeros have positive real parts,titely big negative real part.
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Figs. 22 and 23 show that the performance index that only
considers the relative displacement and the relative velocityig. 25: Damping ratio of AD-LQR and LQRs 1-3 for (a): the first mode and
may introduce unstable zeros. The control performance of the): the second mode.
AD-LQR for the inter-story-drift angle and the story-shear co-
efficient at the tenth story is better than that for LQRs 1-3. One
of the reasons is that the transfer functions of LQRs 1-3 have
unstable zeros.

5.2. Analysis of damping ratio and natural period 6.0 sand 8.0 s witfl, = 5.0 s. Itis clear from the figure that the

Fig. 24 shows the natural period and the damping ratio of th€lamping ratios for the AD-LQR are larger than those for LQRs
i-th mode,¢;, for LQRs 1-3 and the AD-LQR fo, = 80s. 1-3. The damping ratio of the first mode for the AD-LQR for

They are given by To = 6.0 sis also more than two times larger than that for LQRs
1-3 for Ty = 6.0 s. Fig. 25(b) shows the damping ratios for the
4= —Re(pi) T = 2n (24) second mode of the LQR and the AD-LQR b = 6.0 s and
51— [

Re()2 + Im(p)?’ Re()2 + Im(p)? 8.0 s withT, = 5.0 s. The damping ratio for the second mode
of each AD-LQR is almost 1.0. Thus, the control performance
where, Ref) and Im(p;) are the real and the imaginary parts of the AD-LQR for the first and second modes is better than
of thei-th pole, respectively. It is clear from Fig. 24 that the those for the conventional LQR. As the first and second modes
natural periods are almost the same for both the LQRs 1-3 anaainly influence the PBI of a building, and the second mode
the AD-LQR except for the first mode. However, the dampingmainly influences the absolute acceleration [26], the increase
ratios of the AD-LQR for the first to the third modes are biggerin the damping ratio by the AD-LQR results in good control
than those for LQRs 1-3. In particular, the damping ratio of theperformance of the absolute acceleration, the inter-story drifts,
first mode for the AD-LQR is 1.7 times, the second mode isand the story-shear cfieients (Figs. 16-19). LQRs 1-3 had
14.5 times, and the third mode is 7 times larger than those fannstable zeros, which caused undesirable vibrations in the time
LQRs 1-3. The AD-LQR has good damping ratio especially forresponses. However, the AD-LQR did not have any unstable
the second mode. zeros. Moreover, the damping ratio for each mode of the AD-
As a result, Fig. 20 shows that the response of the AD-LQR_QR was larger than that of LQRs 1-3. As a result, Figs. 16-19
is smaller than that of LQRs 1-3. Fig. 25(a) shows the dampinghow that the responses of the AD-LQR at the upper story are
ratios for the first modes of LQRs 1-3 and the AD-LQRTagr= smaller than those of LQRs 1-3 for all the earthquake waves.
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Fig. 26: Relationship between 8, and maximum control input for Art Hachi-
nohe wave |, = 5.0 s andTp = 8.0 s).
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Fig. 27: Relationship between 3, and maximum control input for Art Kobe

wave (T, = 5.0 sandTp = 8.0 s). 0.5
304
S 03
6. Selection of weights for the AD-LQR =02
0.1
The performance index of the AD-LQR is formed by the 105
weighted sum of the absolute acceleration, the inter-story drifts, 0 15
and the inter-story velocity. The weights also have a consider- p S A 5 &
able dfect on control performance. This point is examined in
this section. ©
. The He no_rm of the tran_Sf?r functl'on from the earthquake Fig. 28: Relationship betweem, 8, and control performance [(a) Absolute
input to a variable of the buildings(s), is acceleration, (b) Inter-story drift angle, and (c) Displacement of FBK( 5.0
s andTp = 8.0 s)].
IGllo = max omalG(jw)), (25)
O<w<+oo

. . . . Fig. 28 (a)-(c) show the relationship between those factors
whereona(G) is the maximum singular value @ [29]. This 1Gallw, 1/IGills, and ¥[|Gyll for To = 8.0 s for the

lstudy usgd Gl as a szrlon iorlthe ?elecuon ofIW?r:ghts. A Art Hachinohe wave. These figures show that, wheand3
tﬁrge ]t/” ”"]f m](caanst_a good con ro.dper glrn:ﬁncte. nf |sfpapt(_erare around 13, AGalle, 1/]IGillw, and ¥||Ggll are all very

ree transter functions are considered. the transier func 'O[};\rge. However, this is impossible for passive structural control
from the earthquake input to the absolute acceleration of thBecause there is a tradé-between the control performance
top story,Gg; to the inter-story drift angle of the top stoi; of the absolute acceleration and the displacement. It is also

an_lo_ihto :he dlspla(;]emerjt ﬁf th(.e PZB(I) SF@I' d'to the absol worth mentioning that a further increase édnand 3 may not
e factorw in the weig Qg m( )isre atedto the absolute necessarily result in better control performance.
acceleration; ang in Qq, to the inter-story drift angles. We try

to examine the relationships between the factoendg, and

the maximum control input;, and the relationships between thg. Conclusion

factorsalphaandbetg and the function A|Gg|w, t0 1/||Gil|co,

and to ¥||Gqlle- This paper considered the issue of carrying out structural
Figs. 26 and 27 show the relationship between the weightontrol for a high-rise building using a combination of the PBI

factors,a andg, and the maximum control input. It is clear and the ASC. Unlike a conventional LQR controller, which was

from the figure that the maximum control input becomes largegepresented by LQRs 1-3 in this study, the LQR controller was

asa andg become large. designed by choosing the performance indices that contain the

12



0.25

absolute acceleration, inter-story drifts and velocity of the sto-

ries. The éects of this method were examined through anal- 0.2 |
yses of the time-domain response, damping ratios of modes, %g 0.01? I
and locations of system zeros. Furthermore, the selection of the g 0.0'5 |
weights was examined by using thé&,-norm-based criteria. g 0

-0.05 ¢
-0.1 ¢
-0.15

This study clarified the following points:

e This study presented a new performance index for LQRS,
which is called the AD-LQR. While a performance index
for a conventional LQR considers the relative displace-
ment and the relative velocity of a building, the AD-LQR
considers the absolute acceleration, the inter-story veloc-
ity, and the inter-story drifts. This allows us to design an
ASC system that suppresses not only relative displacement

Time [s]
Fig. A.29: Step responses for system (A.1) with one zero.

0.25

. . . 2t
but also the absolute acceleration. This reduces the impact 0
- L o 0.15 |
on both a building and the people inside it. ERRSE
e The comparison between the damping ratios of LQRs 1-3 § 0.05 |
0

and the AD-LQR showed that the damping ratios of the
first to the third modes for the AD-LQR were bigger than

those of LQRs 1-3. The AD-LQR resulted in a small abso-
lute acceleration and inter-story drifts compared to LQRs
1-3.

-0.05
-0.1

0 2 4 6 8 10

e The comparison of the zeros of the transfer function from Fig. A.30: Step responses for system (A.1) with two zeros.

the earthquake input into the displacement of the tenth

story showed that, while the transfer functions for I‘QRSare positive first, then negative, and finally positive. Thus, an

1-3 had unstable zeros, the transfer function for the AD'increase in the number of unstable zeros makes the transient
LQR did not. Thus, the AD-LQR was easier to control

compared to LORS 1-3. response complicated.

y When the W_eights of the_ab_solute acc_eleration,_ and th%ppendix B. Responses for the Art Kobe and Art Hachi-
inter-story drifts and velocity increased in a certain range, nohe waves

the maximum control input increased. A suitable selection
of these weights provided satisfactory control performance The detailed data of Figs. 16-19 are shown in Tables B.5-B.8.
for the absolute acceleration and the inter-story drift angles

simultaneously.
Y Appendix C. Responses for the El-Centro and Tokachi

waves

Appendix A. Nonminimum phase system [23] The time responses for the EI-Centro and the Tokachi waves

are shown in Figs. C.31 - C.34. The detailed data of these fig-
ures are shown in Tables C.9-C.12. The relationships between
the weight factorse andB, and the maximum control input
for these waves are shown in Figs. C.35 and C.36. These ta-
bles show that the displacements are almost all the same for the
AD-LQR and LQRs 1-3. However, the absolute acceleration,

1 the inter-story drift angles, and the story-shearfitoents of
zZ=—. the AD-LQR are smaller than those of LQRs 1-3, especially

n those of the upper stories. These results have the same trend as

The step responses of the systemsfdreing+1 and+2 (Fig.  the results for the Art Hachinohe and Kobe waves.
A.29) show that an unstable zetp£ 1, 2) has a majorféect on

the transient response and causes an undershoot. On the other
hand, the system has two zerog i 0. They are given by References

n+ \n?-4de

2€

For example, consider the following system

_ e —ns+1
" (s+5)(2+2s+1)

wheree andy are real constants. & = 0, the system has one
zero given by

G(9 (A1)

[1] J.M. Kelly, Earthquake-Resistant Design with Rubber. Springer, 1997.

[2] D. Forcellini, J.M. Kelly, Analysis of the large deformation stability of
elastomeric bearings, J Eng Mech 140 (6) (2014) 1-10.

[3] The Japan Society of Seismic Isolation, Recent Trends in Seismic

Z12 (A2)

The step response of the systemdaf 0.5 andy = +1 or+2
(Fig. A.30) shows that the outputs for unstable zerps (, 2)

13

Isolation Buildings. jhttgiwww.jssi.or.jgmenshifdogkeizoku2.pdf¢, [in
Japanese].



Table B.5: Maximums of responses for Art Kobe waVg € 6.0 s).

Story 0 1 2 3 4 5 6 7 8 9 10
NC 116.6 125.0 1329 140.2 147.1 153.6 159.7 165.6 171.1 176.4 1814
AD-LQR  50.5 54.7 59.6 64.3 68.7 73.0 77.1 81.3 85.3 89.1 93.2
x[cm] LOR1 54.1 60.7 67.0 73.3 79.3 85.0 90.4 96.1 101.9 107.9 114.2

LQR 2 53.6 60.4 66.8 73.1 79.2 85.0 90.6 96.4 102.3 1084 1148
LQR 3 54.1 61.0 67.5 73.9 80.0 85.8 91.5 97.3 103.3 109.5 115.8

NC 714 603 664 729 797 854 912 99.8 1063 1143 1304
X+ Xg AD-LQR 1882 1219 1023 886 802 736 712 664 746 856 1075
LQR1 1855 1414 1187 106.8 1015 97.8 927 89.2 1013 131.6 1554
[enys?] LQR2 1844 1401 1172 1052 996 958 90.8 875 99.7 129.2 154.2
LQR3 1737 1313 1102 993 945 916 874 848 974 1267 153.7

NC — 404 385 367 354 344 336 327 320 316 327

AD-LQR  — 231 221 214 206 199 192 193 194 218 271

6[rad] (x103) LQR1 — 290 273 257 249 246 243 242 247 269 391

LQR 2 — 292 275 259 252 249 246 246 248 270 3.88

LOR 3 — 295 277 261 255 250 247 246 250 273  3.87

NC 873 896 931 964 999 104 108 112 116 121 133

AD-LQR 497 513 537 561 583 600 620 663 7.06 839 11.0

q(x107?) LQR 1 628 644 660 673 703 742 784 831 896 103 159

LOR 2 6.33 6.49 6.66 6.80 7.11 7.51 7.94 8.41 9.02 10.3 15.7
LQR3 6.39 6.54 6.70 6.84 7.18 7.57 7.98 8.43 9.09 10.5

15.7
Table B.6: Maximums of responses for Art Kobe waVg € 8.0 s).
Story 0 1 2 3 4 5 6 7 8 9 10
NC 77.7 87.8 97.4 106.6 1155 1240 1324 1405 1485 156.2 163.9
AD-LQR 574 61.7 65.7 70.1 74.6 78.8 82.9 87.0 90.8 94.5 98.1
x[cm] LQR 1 63.3 67.8 72.5 76.7 80.5 83.9 87.0 89.8 92.0 93.7 95.8

LQR 2 64.0 68.3 72.9 77.3 81.2 84.8 88.2 91.4 94.0 96.2 98.1
LOR 3 63.0 67.5 72.3 76.6 80.5 84.0 87.3 90.3 92.7 94.8 97.4

NC 645 663 677 695 728 744 757 774 804 832 869

K+ X AD-LQR 1622 1059 883 763 69.1 634 619 599 647 759  97.9
LOQR 1 233.3 181.6 151.3 134.3 125.8 118.7 109.5 102.1 111.6 141.5 175.1
[emys] LQR2 2395 1885 1567 1382 128.3 1199 1095 101.6 1105 1394 156.4
LQR3 2317 179.6 149.2 1320 1231 1158 1067 99.5 109.1 137.9 166.7

NC — 336 313 293 276 264 252 242 233 225 220

AD-LQR — 226 217 210 204 196 188 1.88 188 199 247

¢rad] (x103)  LQR1 — 225 211 197 190 189 190 1.99 231 308 441

LQR 2 — 228 216 205 192 187 188 190 220 266 3.91

LQR 3 — 228 215 203 192 192 192 198 228 291 420

NC 738 747 759 770 781 799 817 833 849 864 886

AD-LQR 4.95 5.01 5.26 5.52 5.75 5.94 6.07 6.43 6.83 7.64 9.99

q(x10°2) LQR1 486 500 511 518 536 572 612 683 843 118 179

LQR 2 4.93 5.09 5.24 5.37 5.42 5.67 6.05 6.49 8.03 10.2 15.8
LOR 3 4.92 5.08 5.22 5.32 5.43 5.80 6.20 6.78 8.30 11.2 17.0

[ — NC.-+-LQRI-0- LQR2 ¢ LQR3—4—AD-LQR]

Story

Story
Story
Story

T B 1 A T T i 5 0 TE—T————
0 10 20 30 40 50 0 50 100 150 200 00 10 2030x15° 000 0.04 0.08 0.12
Max. of x; [cm] Max. of g+ 3% [cm/s?] Max. of §; [rad] Max. of ¢;
(a) (b) © (d)

Fig. C.31: Comparison of time responses between LQRs 1-3 and AD-LQRfer6.0 s for Tokachi wave.

[4] D. Foti, A. Catalan Goni, S. Vacca, On the dynamic response of rolling [6] D. Foti, M. Diaferio, R. Nobile, Dynamic Behavior of New Aluminum-

base isolation systems, Struct Control and Health Monitor 20 (4) (2013) Steel Energy Dissipating Devices, Struct Control and Health Monitor 20
639-648.

(7) (2013) 1106-1119.
[5] N. Menga, D. Foti, G. Carbone, Viscoelastic frictional properties of [7] D. Foti, M. Diaferio, R. Nobile, Optimal design of a new seismic passive

rubber-layer roller bearings (RLRB) seismic isolators, Meccanica 52 (11- protection device made in aluminium and steel, Int J Struct Eng Mech 35
12) (2017) 2807-2817. (1) (2010) 119-122.
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Table B.7: Maximums of responses for Art Hachinohe wakge= 6.0 s).

Story 0 1 2 3 4 5 6 7 8 9 10
NC 98.4 1112 123.3 134.8 1458 156.3 166.5 176.4 186.0 195.6 205.3
AD-LQR  47.8 52.1 56.0 59.7 63.7 67.7 71.6 75.4 79.2 83.1 87.0
x[cm] LOR1 43.0 48.3 53.6 58.7 63.6 68.9 74.0 78.6 82.4 85.5 90.4

LOR 2 42.8 48.1 53.5 58.7 63.7 69.0 74.2 78.9 82.9 86.4 91.6
LQR 3 43.9 49.5 55.0 60.2 65.5 70.8 76.0 80.8 84.8 88.5 94.4

NC 882 886 90.6 953 102.8 1112 1190 1246 1284 1387 1828
X+ Xg AD-LQR 1587 1052 911 80.6 680 536 584 646 645 627 79.0
LQR1 1740 1374 1096 799 799 831 849 923 899 901 146.2
[enys?] LQR2 1717 1344 1072 787 789 823 842 899 884 883 14238
LQR3 1633 1294 1046 776 785 822 842 900 87.8 917 147.0
NC — 508 482 458 438 419 405 395 393 411 458
AD-LQR  — 215 207 196 186 182 174 165 170 177 2.00
6[rad] (x103) LQR1 — 238 226 223 216 214 206 201 232 281 3.69
LQR 2 — 239 227 223 216 215 2.08 200 232 277 3.60
LQR 3 — 243 232 226 219 217 209 211 242 289 371
NC 11.1 113 117 121 124 128 131 136 143 158 187
AD-LQR 475 479 502 515 525 550 562 565 6.19 680 8.06
q(x107?) LQR1 527 529 548 584 610 648 665 690 841 108 149

LOR 2 5.30 5.32 5.50 5.84 6.11 6.51 6.71 6.88 8.42 10.6 14.6
LOR 3 5.37 541 5.61 5.94 6.19 6.56 6.73 7.23 8.78 111 15.0

Table B.8: Maximums of responses for Art Hachinohe wae<£ 8.0 s).
Story 0 1 2 3 4 5 6 7 8 9 10
NC 123.9 1328 1412 149.2 156.8 164.1 171.0 177.6 184.0 1904 197.3
AD-LQR  54.7 59.0 63.0 66.8 70.6 74.6 78.5 82.3 85.9 89.8 93.5
x[cm] LOR 1 52.0 55.8 59.4 62.8 66.5 70.3 74.0 79.0 85.0 91.6 99.8
LQR 2 53.5 57.6 61.3 64.8 68.8 72.7 76.3 80.4 85.4 90.7 97.2
LQR 3 51.2 55.2 58.8 62.3 66.1 70.0 73.7 78.6 84.2 90.2 97.7

NC 958 8/4 855 841 859 907/ 933 928 898 1016 1287
K+ X AD-LQR 1468 961 839 747 636 511 539 601 603 609 695
LQR1 2237 171.8 1320 915 940 869 942 887 930 988 1420
[emys] LQR2 2245 1669 1258 926 945 833 892 825 897 965 1225
LQR3 2185 1653 1260 895 919 837 903 843 904 961 134.0
NC — 359 340 323 306 292 282 282 290 304 323
AD-LQR — 196 191 183 172 166 160 156 150 158 175
¢rad] (x103)  LQR1 — 204 192 202 212 216 216 222 240 264 358
LQR 2 — 213 194 190 194 192 187 1.89 201 214  3.08
LQR3 — 207 190 197 203 204 202 207 224 243 337
NC 784 797 825 848 866 884 013 971 106 117 131
AD-LQR 445 438 463 479 486 503 517 535 544 605 7.07
q(x10°2) LQR1 445 457 465 531 599 654 696 761 876 101 145
LQR2 472 478 473 498 548 583 605 650 7.29 822 125
LQR3 454 464 463 516 574 619 652 709 817 932 137
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Fig. C.32: Comparison of time responses between LQRs 1-3 and AD-LQRfer8.0 s for Tokachi wave.
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Fig. C.33: Comparison of time responses between LQRs 1-3 and AD-LQRfer6.0 s for EI-Centro wave.
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Fig. C.34: Comparison of time responses between LQRs 1-3 and AD-LQRfer8.0 s for EI-Centro wave.

Table C.9: Maximums of responses for Tokachi walig £ 6.0 s).

Story 0 1 2 3 4 5 6 7 8 9 10
NC 126 141 155 165 173 18.0 198 222 249 279 312
AD-LQR 10.9 11.7 123 129 135 141 147 152 158 166 17.8
x[cm] LOR1 10.2 115 125 133 138 140 155 171 194 232 28.6

LQOR 2 9.8 111 121 129 134 140 156 171 193 229 281
LOR3 106 119 129 136 141 142 155 173 19.7 238 29.6

NC 50.7 512 490 459 412 336 250 230 354 630 0911
%+ Xg AD-LQR 938 549 429 345 293 262 257 274 329 398 377
LQR1 1063 69.3 570 50.6 450 443 349 333 414 599 892

[cnmys?] LQR2 106.0 685 56.1 498 442 425 338 334 414 582 855
LQR3  100.1 66.2 57.0 522 469 443 342 323 407 643 951

NC — 063 061 069 076 095 121 148 177 205 230

AD-LQR — 050 046 047 051 058 066 076 085 091 0.95

f[rad] (x1073)  LQR1 — 065 064 068 074 094 117 142 169 195 225
LQR 2 — 065 064 068 074 091 113 138 163 187 2.16

LQR 3 — 063 063 068 077 1.00 125 152 181 209 240

NC 144 141 149 180 215 288 391 510 643 7.86 0.29

AD-LQR 1.09 115 115 126 146 177 215 261 310 349 3.85

q(x107?) LQR 1 137 148 158 180 211 285 378 488 6.14 7.47 911

LOR 2 137 147 158 180 210 277 366 472 593 719 872
LOR 3 143 143 155 179 219 3.03 4.03 523 659 803 0971

Sons, Inc., 2008 Struct Control Health Monitor 15 (2007) 518-539.

[13] K. Miyamoto, J. She, J. Imani, X. Xin, D. Sato, Equivalent-input- [18] N. Miura, M. Kohiyama, Design method of a quadratic cost function for
disturbance approach to active structural control for seismically excited vibration control to maintain functions of a building during an earthquake,
buildings, Eng Struct 125 (2016) 392-399. J Struct Constr Eng 78 (687) (2014) 923-929, in Japanese.

[14] C. Ng, Y. Xu, Semi-active control of a building complex with variable [19] F. Sadek and B. Mohraz, Semiactive control algorithms for structures with
friction dampers, Eng Struct 29 (2007) 1209-1225. variable dampers, J Eng Mech 134 (9) (1998) 981-990.

[15] A. Yanik, U. Aldemir, M. Bakioglu, A new active control performance [20] Y. She, T.C. Becker, S. Furukawa, E. Sato, M. Nakashima, LQR control
index for vibration control of three-dimensional structures, Eng Struct with frequency-dependent scheduled gain for a semi-active floor isolation
62-63 (2014) 53-64. system, Earthquake Eng Struct Dyn 43 (2014) 1256-1284.

[16] U. Aldemir, A. Yanik, B. Mehmet, Control of structural response under [21] T. Fujii, H. Fujitani, Y. Mukai, Performance evaluation of semi-active op-
earthquake excitation, Comput-Aid Civil Infrastruct Eng 27 (2012) 620- timal control system by MR damper, J Struct Constr Eng 689 (78) (2013)
638. 1237-1245, in Japanese.

[17] J.P.Lynch, Y. Wang, R.A. Swartz, K.C. Lu, C.H. Loh, Implementation of [22] D. Sato, K. Kasai, T. Tamura, Influence of frequency sensitivity of vis-
a closed-loop structural control system using wireless sensor networks,  coelastic damper on wind-induced response, J Struct Constr Eng 635 (74)

16



Table C.10: Maximums of responses for Tokachi walig£ 8.0 s).

Story 0 1 2 3 4 5 6 7 8 9 10
NC 21.8 233 248 26.1 272 282 291 303 320 340 363
AD-LQR  11.3 120 126 132 138 144 150 155 161 168 18.0
x[cm] LOR1 125 132 141 147 149 148 144 163 193 238 299

LQR 2 103 113 123 131 136 140 142 159 182 213 255
LQR 3 11.3 121 130 137 142 143 143 16.1 187 224 277

NC 335 353 344 310 262 207 183 182 262 413 588
X+ Xg AD-LQR 79.8 488 383 309 262 235 229 244 294 358 341
LQR1 137.0 878 722 651 591 572 443 363 469 675 1009
[emys?] LQR2 1390 853 689 623 569 500 421 374 440 557 798
LQR3 1351 857 70.2 633 57.4 528 422 365 443 601 889
NC — 063 060 062 070 0.77 087 101 115 132 149
AD-LQR — 043 040 041 045 051 059 0.68 076 08l 0.86
g[rad] (x103) LOR1 — 077 074 076 084 104 130 156 1.87 216 254
LQR 2 — 076 072 072 076 082 094 113 133 151 201
LQR 3 — 076 073 074 079 092 114 137 163 187 224
NC 139 140 145 164 197 233 282 345 417 506 6.00
AD-LQR 095 099 100 1.10 129 156 192 234 278 313 3.48
q(x1072) LQR1 164 176 1.83 201 238 3.16 422 536 680 827 103

LOR 2 163 174 178 192 216 250 3.02 387 483 578 8.15
LQR 3 162 174 180 197 224 279 370 469 593 7.17 9.07

Table C.11: Maximums of responses for EI-Centro wauge= 6.0 s).

Story 0 1 2 3 4 5 6 7 8 9 10
NC 14.4 16.3 180 196 211 226 240 254 267 279 293
AD-LQR 9.8 108 118 131 145 156 164 175 187 203 221
x[cm] LQR 1 10.0 114 127 138 148 158 166 174 181 194 217

LQR 2 10.1 116 129 140 150 160 168 175 182 193 217
LOR 3 10.1 116 129 140 151 161 170 178 187 20.0 21.9

NC 629 490 421 459 453 387 312 274 322 384 748
K+ X AD-LQR 1532 111.6 87.2 69.9 57.7 489 427 399 425 449 353
LQR1 1489 1060 79.6 69.0 681 545 443 445 512 555 93.0
[cm/s] LQR2 1485 1061 798 68.0 672 53.7 443 444 511 540 90.8
LQR3 1388 981 736 669 664 536 419 420 489 537 936

NC — 074 071 068 065 066 075 085 099 132 1.88

AD-LQR — 076 064 060 059 061 065 072 077 076 0.89

¢rad] (x10%)  LQR1 — 071 066 067 069 073 079 085 1.06 163 2.34
LQR 2 — 071 066 067 069 073 079 085 1.02 158 2.29

LQR 3 — 068 064 066 068 075 079 087 1.06 163 2.35

NC 163 165 171 1.78 184 199 242 292 360 506 7.63

AD-LQR 192 178 161 160 1.69 1.86 213 248 282 293 361

q(x10°2) LQR1 169 163 161 176 196 223 257 294 3.86 626 9.49

LOR 2 1.70 164 161 176 196 223 257 294 374 6.09 927
LOR3 1.61 157 157 173 194 228 258 301 385 6.26 955

Umax [N]

Umax [N

Fig. C.35: Relationship between and 8, and maximum control input for ~ Fig. C.36: Relationship betweenandp, and maximum control input for El-
Tokachi wave [y = 5.0 s andTp = 8.0 s. Centro wave T, = 50 s andTp = 8.0 s.
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Table C.12: Maximums of responses for EI-Centro wave+ 8.0 s).

Story 0 1 2 3 4 5 6 7 8 9 10

NC 26.1 280 29./ 313 327 340 353 365 37.7 389 402

AD-LQR 10.4 11.3 12.3 13.4 14.7 15.7 16.7 17.7 18.8 20.3 21.9

x[cm] LQR 1 100 10.8 117 127 137 145 153 161 179 20.1 229
LQR 2 107 116 12,6 135 145 153 159 165 17.8 196 22.0

LQR 3 102 110 120 130 139 147 154 161 177 197 223

NC 436 336 292 261 258 218 19.3 192 223 270 440

X+ Xg AD-LQR 1281 980 763 611 506 43.1 378 356 382 407 320
LQR1 1895 1382 1035 841 807 61.8 543 533 593 737 107.4

[enys?] LQR2  199.1 1482 1115 895 765 647 578 562 614 706 912
LQR3 189.1 1385 103.8 833 78.1 60.7 545 535 594 70.8 100.7

NC — 0.75 069 065 063 063 063 063 067/ 079 1.11

AD-LQR  — 067 057 053 053 055 059 065 070 069 0.80

f[rad] (x103) LQR1 — 082 072 071 077 0.84 094 105 138 194 270

LQR 2 — 085 074 072 072 075 080 086 118 1.65 2.29

LQR 3 — 081 072 071 073 078 083 09 130 1.80 253

NC 166 166 166 170 1.78 1.89 202 215 243 3.03 4.49

AD-LQR 168 156 142 142 151 167 192 225 256 266 3.26

q(x107?) LQR1 202 190 179 1.89 218 254 305 3.62 505 747 110

LQR 2 214 199 185 191 207 230 261 295 432 636 931

LQR 3 202 190 179 1.88 207 238 270 329 473 695 10.3
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