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Vibration Control Performance Evaluation of Smart TMD
for a Tilted Diagrid Tall Building

qa g SR
Kim, Hyun-Su Kang, Joo—Won
O Ok
el =1
el Eol9HA 8T (Twisted, Tapered, Tilted)2 WHE: WAd 271% 4520 o4 AZHD . e v

A% 2% A28 oA 124 584 9 234 o) cpolojags ALY YA A de ALET
A FERANLY F0 shfolh, AEH 29ul B9 o9 A WAY 2uF ABo| UT Ako) 4 Wxy
Woglou) o] FrEEo) toloj e pAAWS Bgan oot AA AW 213 A YR opy
2 Aol oA ﬂo‘%ﬁo H7E dART webd @A 2% ARRG AF SHS ARAE Aol o F8
@ AR gRED B Apolis Ad goloaE ugy 2uZ A%e AALHS AR dste] Anje
TMDE A&t 1 Xﬂoi*é%% WoetAt. AME TMDE 48] ¢stel MR 71 E AMESIHon AntE TMD
T AHEEE AL EE AHgste]l Aostint. 10059 oA FREC] qalo] Ao|E st ke Ao gubz el
TMDE Ag3 3%, 191 AutE TMDE AHgsto Aog 495 wwdestsc, SAd4 2T AntE TUDI} WY
SH AodE ¢4 A5S UeAT NS ESgAolds gutAeln R}

Abstract

Recently, complex-shaped tall buildings represented by 3T(Twisted, Tapered, Tilted) are planed largely. A
diagrid structural system is one of the most widely used structural system for complex—shaped tall buildings
because of its structural efficiency and formativeness. Plans for tilted tall buildings are largely presented
because of beauty of a sculpture and many of buildings use diagrid structural systems, Lateral displacements
of tilted tall buildings are induced by not only lateral loads but also self weight, Therefore, reduction of
lateral responses of tilted tall buildings is as important as typical tall buildings. In this study, a smart TMD
is introduced to reduce seismic responses of tilted diagrid tall buildings and its control performance is
evaluated, MR damper is employed for the smart TMD and ground-hook controller is used as a control
algorithm for the smart TMD, 100-story tall building is used as an example structure., Control performances of
uncontrolled case, controlled case with TMD and controlled case with smart TMD are compared and
investigated. Numerical simulation has shown that smart TMD presented good control performance for
displacement response but acceleration response was not controlled well,

FHE : ATE TMD, thojoj 285, HEA, MR #4)7), 433 222 4%
Keywords : Smart TMD, Diagrid, Vibration control, MR damper, Complex-shaped tall building

1. ME 2 oEE vgY 20% d55o) wol AsE
QUL o] 9J) 7|E 2% A%l HEHA 7

efjof] E09FA] 3T (Twisted, Tapered, Tilted) ZAAES RS Hejo] HlelEE Hase]

*OASR, AR A0 2ag gl o), v 21% AL YehH tiokst
AR, 4B, G Ay ne
= Z A AEHEG] o T 0)l=¢ Z=0]| & te)
Tel : 053-810-2429 Fax : 053-810-4625 TEAILREO] AIFEAL l=dl T FoflA] tholof

E-mail  kangj@ynu ac kr

SIRAFAAXSOIN _79



TejE e sgel FRA H8 W 284 5

o 44 Thize] (2% Deoj Lehy

7 SelHos b de) AgET ol ool
Z 2L

o o] RN HA SARA Disgrid) 2} H
7} A7 BEe] A o)A Ho] XalEe
sl whstel 7120k Aol QR s}
3 oje] Aasint B9 A olztol) $ixjstol
HigtolL A)4lat 2re selEelE waHow o

(b) 30 St. Mary Axe, London

(I 1) Diagrid #==2| o

2l 3T (Twisted, Tilted,
Tapered) 9] LIS 3%t Fej = wo| Z-8Hc}
1 oM Ao s 23l
ol HoflAe] Q) aE s1este] (17 29 7
o] AA (Tilted) FEjo) v]Ad Fxto] Tl A

o
jakot
i)
1=
)
=)
BN
ofl
o~

QHEl: ot YNHOR 2uE AR AWUSHE)
G EskEa 2 sl ojsiel WSt 27
sl ofeldt Aol ofste] WASHE P9
2 ZJEAR A WASIES S AHAAES 4
ot ARAAE oA G UEAL 5
A0 geid ik ole} o] 2uF AR A4
& woli= IS AU Aofel Ho] F8
9 (2 2 U A u13E 235 18
Aol Fotg WAk ofjet FEe] AFo] 93

23% A%

A= FUSIE Al Hs Age) &
g

(c) CCTV A=

(d) The Leg EI%J

(ag 2) BA B|EE F=z=2| of

SO_H 11H HAaZ SH 6T, 2011. 12



ZAIZ Cjojoja2|E HIZE =1& A20 4 A0LE TMDY M

45}

2 AGET AP, 2ol SEA oI A
AT FsAlolER e gl S 7 MR
Hal7|9}F g2 AntE Alolyals 45t slo] g
E 20fE Aojy)go] vhoFst Fe = Aok iek ),
oA e AutE SRAFNA7] (Smart
TMD; STMD)®] 7FgAdof tist -t
of oA Hx= A7 olef ofg] dtAEo 4
stol thafgt WiFo R Saimoin . 1ok STMD
© IR FRAIAE HEEe] Hojdse HE
SFAARE A7 wgfjelH o R HARzl gy 2
=R

AFdEe] #gste] Jed BARE Al AlolE

s ~
T AT
+ AolME tholol 1z |AElL 2 g
b AR 212 AR 1zA A% EAS A

R o] el Alskgol 7elEs EH AAYEH=
o'de A4l $iste] STMDE 243t & 1
Aot ds2 7\5156}0:@ OIE 21319 100%9] 7

AR 20S0ES A ER

BBl A28l Afgs % A Zoles e ey
ek B el MR 71 ARgstol
STMDE A3l T STMDE Alola}7] $iated —1a)
TEZ Zﬂoi 1é9 A b= A Ko

MAlFEES] AASTE Ut

jng

90} ob7R) AlojgA 2 A
Hlarslo} STMDS] Aj#iAd

= ARG H Ao A 7)) e *}%El
= ol gsl STMD W 1= & )

HgE FaEof o

X
-0,
=
=
!

n
zi%

ot
ohi

vl
[e]
L

a

3 EE R SUEES
el Alofolli= kAol A|ek Fp&E SRl Aojoli
Aolsol Astes g g, B s

Z3)A] mefyt olgfsl Bajde. wolsuke] Alojor
TEol o5t Ao g Htiyy] 25 oILE Esfo]

2. FARR Lolo| IS HIFH
X105 2O TIH HT =X

3OMPa4 AR 7}11 w5 RAst sholny, 2 A
M= FEREY HAAR] 7

Aom st 917) uize] 2 al

71 Qg Al SafehA] kgt thojejE| e

p—1000%80, EFaRs

SUT thEe A ol AAA I

24m24m
Width of Building (b)=48m %
Height of Building (h)=400m &
©
Aspect Ratio (h/b)=8.33 @
1z
£
®
<
R AN
s
=
Z <
®
o
L :

48m

(38 3) 1005 dAK cfolojaz|=
HIZY oFITEE

oA FREE 9 20] Rol7} dmojug Azl
AA) 1ol 400mo|TL FE 48mo|Ee Az}
2280 AT 205 ) S48 Lok A
o o) A TERS A FeR ]

re

=8 9Ixl_81

r~
(2l
Jg

3



oy
ok
n's
o
4
[0

flste] ol vhebdl viel 3Fo] 4050 A 6457t
Ao} F7tol A o)Fe] tholoj . PRAIARLS 1
S 1mM XHGFO R o FAIAX 2430 AHA F
24mE ofFAITE, il 65304 100571A=
U] 7280 Fej2 st oldf Yo
o= T1RloA B wiel o] HAR oM =
IxIe] WS} gick FREe] AA| Auke- 23 200ton
OJil 1Al A 32} WMEZRR| O] ILGHEET ] 2zt
11.80%, 2.38%. 1.15%0]c}

i AollAE 2RSS BhHs FAR tholojn
BE HIYY 211F 7] gl STMDR] A WAl s
= BB st (1 o vERH vle} Zho]
El Centro(1940, NS)Z|Z1} Mexico(1985, NS)A|J%!
o) ARIEEE S5O R AREEIA I =234

2 MatlabT} SIMULINKE o]&3)4] 4=385}5ich

Ground Acceleration (m/s?)

4 — — ——
(] 5 10 15 20 25 30
Time (sec)

(a) El Centro XIZl (1940, NS)

1.5

<
$

Ground Acceleration (m/s?)
>

2Tt
0 20 40 60 80 100 120 140 160 180
Time (sec)

(b) Mexico T (1985, NS)
(O 4) ol X|FstEQ| R[eb ST

2.2 OId =29 #xF S

T oA AdER dAltREe tholo e
1%

ENEN SR

Tilted AVE AR5 LREZA E Hoa o4
2

=S EPEEDEES
th o) 915te] g wefslel st
05 7120l W % 7120)a W 5

oz HalFe 7}

gt :
1™ 5(a)oll UeRd 1005 7180131 thofoi1e]

oo ot
o ol Iy
o ol i
-
L o N
31'4

i1
o
Ol
ok
rlr
N

lo

2 74
A 2Rie]

ol

Mo
=2, Fﬁ',ﬂ O{N o
o oo 2
EIg Sy
R
= r[r z o
S ool ofk =
FOI' 05 s e |
ki o 4y F[r
oo 24 ol
Hl o fo
o ME (2
¥
o 2 ti
A i i)
o X
o I
tul

UREE)
O
[e)
|

=2,
1o
o
rE
ot
ot
ox,

=2 mlo

(= .}
W .
=
32
o
[d

o ol

ooy

=)
£
o,
S
5
o
)
©
I
v
I
i
Y
[
o

o]

o
ik
oX.
Jdo o
=2
rle
ol
O
ol
=2
1
o
e,
rlI
2
lo

W o mlo
oflt

o
oo

i

lal
©
o
o M
i
ia
1o
o,
>
(e
of
ot
=2
=
o
olo
l
filo
o

=2

v
S
k1
S ass
k]
o
>
)
ok
&

(a) Az11e!  (b) AR edof| 28t &sts

(3 5) M folojaz|E oMT =S

o| Biy

[s:
oS

82_W11A HaZ SH 6%, 2011. 12

o

—_—

]

jad

s}



ZARZ Clojlojaz|= HIEE =1 ASH 8 A0E TMDO| MZEESE}

3. Z0E TMDE 0|88t ZITHIof

3.1 ADIE TMDQ| T4

5 QoA (17 6] Liepd el o] eyt
9l 4% TMDY] A0 40 HATHTIS Wﬁ}
fos]

o] MR 74)7|5 AMgslod STMDE A&k M
715 kel fside dubgoz A}%;q%
Bouc—Wen RG-S ARE5IGI 11 o] HElS A}851o]
-4 WAE (O™ Do

CLIE DollM & 4= 810l MR 4)7]¢f 2 71
2242 9F 300kNO|IL passive—off AFejol 2] 7+
e oF 10kNolth MR 4)7]9) Fhae 7k
7|2 AEE ERAde] s AAElsr B o
T A A MR Z4]7)%= 0ve] Agke] Hek
Fa AL LR a1 5ve] At A 2 7k
S Uehiich AR 203 AR 22 13w

ul

-“.Z,‘

T P
ofl Ue7H4715 sk Alo] UnkHolnt. whehy
B A HE A WA holojazs 2
AATFE] 2Tl STMDE 4|81l STMD
o TRABFIE oA TREY 1S 577
oF FolalA| 11,8022 283519tk ARE STMDY)

=S 500ton o & =il FA|E|AL alsksint

MDe| 74

pass:veon

MR Force (kN)
[~}
|

Velocity (cm/sec)

(32! 7) 300kN MR Z27]9] al-&x 2HA

3.2 J2l2Es HogelE

Ao M= STMDE 45k MR 44719

AL Aofshy] YallA [AE-A0l 5% Aoy
&Rl Jek-ES(groundhook) AlolY &S

g5i9ict. ol AL AP 9fstel Wy
2o HXE TMDS] ol4HQ] Tt ES A
§e 17 ol kol

ARE

Ot

I

YL W 0y TR S 74717 9)
slol ZH4l71E FEEI GCIHeD) Aolof <12
B AL B 2 gk olefat 7hge] Azslo] 2
oh RS Wl o 9iel $Hs
dstel WY PaEe] BAIGS ALA7IE ddt




= P Aok ZE ofeidh Al ﬂn% 1A ol
B15al7] wjEe) 2 el (18 6o el
W STMDE o]gslo] 7HAte] 1o el AJAHS

AR &, ARkeES Ao S
C2El &l el T1Ete=S A7) Ulshes
HalEs (19 6o Uehd STMDE +4Jsh= MR
AH71E olgsto] Algshe Zlojtt, JEkeES A
ojdaE]EE HE Ao digh WY FxEe] A
Z WYX} A= STMDO] AMH&E(V—V)
o] BAE olgste] Aot ojnf AiLHErt 2
STMD®} 24E0] Fejel= o s 2%

O

zerol oVE Aulfﬂﬁ} *‘4 %L**‘) Eﬂd NIl
Fo] JEfEE Alojdu et uluE 7k o
Ate g STMDE Alof& = QLo AAIZE Aofo
- FEsiet, & AqeAe o] dEkesg Ao
GIeES o8ste] STMDE] -Hd/dE<Ql MR 74

XV, =v,)20 = y=y,, (1)

(=) <0 = y=v,., @

4. F=X|SjML 5Ot AOIE TMD®| X
8T Bt

S AuFREaA} stk STMDE] AlZA

7] #fate] oAAl el F7HARl A

HASHA e 90k AFEQ] TMDS

o

831 ACTE 399l Bt WA AESt

1.0

=
2
=
=
)
1o
o
o

o= STMDS} FUsH]

e AHga19T TMDS] 71 ol
3 RS ZRUEE/I9) Y 2
£=2)5[4-8 Matlabi SimulinkE ©]-83}
aYslal me shaof s AJalA A 0.001
F e ALl

El Centro AJZ3}E0] o)A 1= FZ
o 7HHA o) WAk A850) ST Avm

= (29 9ol VERHSIEE ZAzhe] T|szel| A Ao
A4

7} AR EA] k- H9-9] S HH(Uncontrolled) %t
_]
=

%) 73%4 i

84_H 11 Maz SH 463, 2011. 12



AR CHoj0j32|= HIEE =1F 20 f8 20iE TMDE| RZHSE}

Uncontrolied

£

5

£

Q

s

Q.

]

2

5

O

©

(b) 4% x18E WRISH

(28 9 EI Centro XT3kE0] 2f3t WASH Bl

e 3782191 wlaet vleof Aoty

e §lsted GE Dol 2552
g g =) 2ok RMSale
EhA i, 7Hg el 7k Xgek A
WeeRE Hlasiue AofshA] ok 9o
1.15m} 2] AR TMDE AR
ol o mi FU = 9lek £ <l
A AREE STMDE 48-2F A-ofli= A155] &
A RI9HE o] 0.79m s}l ol Uk el TMD

ARESE A tol 7] SHE °F 25%
o =] HERATH XUeF RMS 59
i= STMD®] AZAsol 40%0]
CRSIRE @ AL A e S
e Wk AR = AE I A gl

GE D& wdl STMDA Xﬂoi T A=

of¥igt ol f W /MR HeE 4 ole) $4
Aol AMRE IR LS AlojetiielEol Wl
ShAjofo] FAAS F3 L] WEole ol
A O @F B AT 5 Qe A8 W
oeto) Baol ofahH Aeiggel AT A%

TS of Yol e aeEA] ofal
o R B Arofr] ARSSE WSPZIRE ke
Alojetare)Ee AofgEe 0vel 5vel 24|
A S ARG O RN UF9] Bang-Bang
O] A|of, Z on/off Alofe] iR UERdt) ©)
STMDE Alojeh= st =19l vsks 5
o] STMDS] AFS A= HSAAHA 259
S A o2 HoE 4= Qs gt} Bl Centro
Axlelgol ojajtaEZe] 7heiAlE o STMDE -+
Sh= MR 74)7]9] 7hale] ks (19 10)of] v}
Wit TdellA) Ha Biel o] MR #4{719) 2
Algo] 7P A2 gl 10kNefA] 7R kel
300kNO = 7k o8 Wehs g o 4= Sk o]
23k STMD #0128} 5291 Woh= o) 524
shge] e AEEo] 7 =gHe| AotE ofH
Al st Qs AoE HHET wheba] AR B
P T FE] HeE D‘%‘?l ot} 7HE g

72 Aolalr] sfirl= ovellA]

|t
E )

R ok
Mo 1= »&

[‘

7<1 %?8 el O‘ﬂr =, 7%* ol & =

@8t OJu) 7} TMDSF STMD 2-5Ho] RMS T AEBIA ATE T Aol £ AT

< K YRS 2 807} 2,75, ZHIEES 1 303 1.9 oM wAdEdo] ek MR #A71E AAe
2 A E 3 o Aotalr] eliA HA[ AU LSS AHEE Algo]
o}, HRAo YRS Bkl BekAshe ofnj
;:_t 1) El Centro X{l}’ﬂ st=ol st SE d|lw 5} 2700k A A gE|olok SR Al 2B thS A5}
= peon LMD _LSTMD 5. ms) 199) 2443 548 onlinearity)
i AR Y U W Bep Y ncertainty) & A7) UE 4 U= 5
T o007 | 006 | oo 2 OOl B ATold AMER STMDY) HlY e
. 1;&; 15%271 1;-;35 291 MR #4]7]5 Alofshr| $iste] JWXﬂOi RINTAS
(m/s2) 2.89 2.80 275 2 AR Aol ol HAAH oSS A

131 1.30 1.29

S2ENIEIK_85



2710 2| 4je]) F|uteto] Agat 4w qlAu 220
‘do= dRlske AeI71E sk U2 Hdst
A 243k (membership function)S AEASIT 1
AAOATAE Ho] ldlel e wiEst A%y

oA S ARk PR A|7t0] Ho] £2¥E 4]
2gjo]

A gk Aglolct, wlel 23 Ao x5}
WM ES A gt} WA Aol A g A A

: HOR A wjA|olgaleFol
T & AtollA] ARRE HYY7|Rke] ke
55 Alojgare|Fo] Bang-Bang AlolE 4283}
wizoll BRIl A7k FEH 7= Ho| o
Tt Aloj7t Hret aut o g 75 slojo)

MR Damper Force (kN)
o
|

0.

I
3

T ' T
o 10 20 30
Time (sec)

(@ 10) MR&27[2l 243 i3t

ZE0] 7Hef A
o] X5-F MLSH AltolEE (a7 1o vE
Woleh & 2EEolA) & o 9150] STMDS} TMD
9] Ao} d5-2 El Centro X|A8}520] 7-9-9} H]5=3}
ARE Ui AL ERIE 4 gl B =HojlA

=

= 1005¢] AR wdR 235 AEe] A
AlotE HOHH MR 7*47& A% STMDE A¢r
B3l 1 A St ol ARg-Rt

MR #+4]7]9] % % 300kNCo.ZA &Ae] 7|&a
o{HA] YAl ko] 7HsBlch STMD: LA} 2
Faal710) FA8 el wheta] AAzte 2 Aojg
S = glong H-gAdo] URbAl 4574
710 Bisto] w9 Hofuk S gelsh 4= glole). &
T AR Foll efsfA] FxEo] EAFElO] MR 7F

12 dgEs Aglo] AuksEls A9o|® MR 7
2|7]4= passive—off AEjo] AL 7[MH A<

| o] H ool AR STMD: ka0
™

a

2.

= TMD&} 78 oFgAS HojZoh Mexico A%
a5g olg Aol that Al Ame
GE Dol el Bl Centro A1 8}5-9] 7-9-2} vij-¢-
Al E Az ekl

‘;\;7 Uncontrolléd

3

=

)

£

@

3]

A

a

°

[a]

L

°

/o)

(4

0 30 60 90 120 150 180
Time (sec)
(a) X&E XE& vidSH

E

€

o

£

@

o

©

o

2

o

<}

/s

[+

0 30 60 90 120 150 180
Time (sec)
(b) Z4E XS5 HASE

=
(3 11> Mexico X[TstE0l 2fst HASE H|w

B el AR crelolLeE HgY &3
% AB0] AASH AolS $stel MR 71473 T
¥ ~0tE TMDE A|oksolil STMDE

2 Aola}] glste] TekeEs AlejealelEe At
B39y, B 7oA Ak STMDE] XK A
oS AR Sfste] AotshA ghe Alee)

g;d o

86_H 1A HAZ SH 463, 2011. 12



ZAME Clofojazls HEE =1E HEM s AQE TMDE HIT

458t

1AM tolol 18] u gy 2nE AR 3
Foll ofahi aule) wak ofuje} g
oA Auer BRI ofeat Ago] 28 ¥
U ST PekEol gk Yk ol
Asly PR ool 2 gue ud 4
Slom A xu% A%o) UF A
oft= 4155} ejrolof dh}

2. ¥y 23 Aol 71goirl ware] e
PO A Askgol ofali P
SR oh ot S o] ek AL
gelshgict wetd A 2u% A8g A
AT o) HE o] Al TelE wheA] of

o,
N
ol
3

oN o i >T\L £ e
flo
4 g Ho
o
olr
&
o

% TMDe| B3}
ot A2 ekt

j=|
]

rg
=2
g
>
o
ro*'

STMD] %2185 Ao}
HJsko] 714 getol] ool
A) ope ATE Lol o AL R o
U-o1 w9)7]Rke] 1

S
rE
40
olo
Eﬂ
2

oy
Ky
>
>
ofo
it
S
%
f

KT
f%

o AgE ATE S Aoy ol-EL -
3 o) e WS HAolS S 5
AP AMEE Aol

ZAle =2
o] =2 2011

J 3.1 8 78| e 2) 2] Ao

Z FaAdTFAEY] AdE Dop £ s xdFAL
%9 (No.2011-0004303).

=S

1. A. Kareem and T. Kijewski (1999), Mitigation
of motions of tall buildings with specific
examples of recent applications, Wind and
Structures, 2(3), pp.201-251,

2. A, Nishitani and Y. Inoue (2001), Overview of
the application of active/semiactive control
to building structures in Japan, Earthquake

, 30, pp. 1665—-1574,

Current directions in

Engrg, and Struct, Dyn,
3. S.J. Dyke (2005),
structural control in the US, 9th World
Seminar on Seismic Isolation, Energy
Dissipation and Active Vibration Control of
Structures, Kobe, Japan, pp, 1-22,
4, 7@% Heis, A34= (2010), “AUpE 23S
]/\Eﬂg AzAol A=gryP | s+t
3] =R A10E, 3%, pp.49-56,
, A, Ags (2010),
o]- 85 IFUES WEAlef | dheE
3] ‘_E%ﬂ, |10, 4%, pp.93-102,
7 (2009), "Z=IFU=ES] FSH
TTE TMDE] 5 A] ShojHej=A)

FHrEEol] =, Al22d, 23,

By rﬂ

=

2 1 R AN 1o r
N
i

rﬂeﬂ

.U"V
N
o=

“ATLE A7fo]

Iz
)

.Oﬁ
it
o

ul
el
= A

2
i
=
rSL‘

of” | ghAt

pp.135-144,
7. D. Hrovat, P, Barak and M., Rabins (1983),

Semi—active versus passive or active tuned

mass damper for structural control, ASCE,

Journal of Engineering Mechanics, 190(3),

pp. 691-705,
8. M.D, Symans, M.,C, Constantinou (1999),
Semi—active control systems for seismic
protection of structures: A State—of—the—art
Review, Engineering Structures, 21, pp.
469-487,

9. JJH Koo, M, Setareh and Murray T.M,

re
"
el
OF

d

FJUX2UK| _87

[



o

e
4>
N
I
s

(2004), In search of suitable control methods
for semi—active tuned vibration absorbers,
Journal of Vibration and Control, 10,
pp.163—174,

10, J H, Koo, M. Ahmadian and M. Setareh

(2006), Experimental robustness analysis of
magneto—rheological tuned vibration
absorbers subject to mass off—tuning,
Journal of Vibration and Acoustics,
Transactions of the American Society of
Mechanical Engineers, 128(1), pp.126—131,

(B 2= o = 20119074222
(AR Q) - 2011W11€09)
AAEE LA - 2011911€309)

_4

88_H 113 M4z 3463, 2011. 12



