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Seismic Protection of Benchmark Cable-Stayed Bridge
using Hybrid Control Strategy
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ABSTRACT: This paper presents a hybrid control strategy for seismic
protection of a benchmark cable-stayed bridge. which is provided as a testbed
structure for the development of strategies for the control of cable-stayed
bridges. In this study. a hybrid control system is composed of a passive
control system and an active control system. Conventional base isolation
devices such as lead rubber bearings are used for the passive control design.
For the active control design, an H»/LQG control algorithm is adopted.
Numerical simulation results show' that the performance of the proposed
hybrid control strategy is quite effective compared to that of the passive
control strategy and slightly better than that of the active control strategy.
The hybrid control method is also more reliable than the active control
method due to the passive control part. Therefore, the proposed control
strategy can effectively be used to seismically excited cable-stayed bridges.
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Wl x| o} = (benchmark) Aol A7 A
HA3tH(Caughey, 1998). ©l8ig WX o3 Ao
EAE o]&3H AFAEL TUT Ao gad

5, AojAA, A (sensor) TS EFT EA
HEE F 3 Ao 2HEL HAE FpE

(evaluation criteria)€ ©]&3td J&zho]
Hulm & & o

42 o $UF BY ohje} AARos

Agmel Aol FHR Qe A7 HEe]

At A oy Tgh @?7} Za3tA AT, A%
=8 2e AR ZE9 Aole Holdt
I =FAJQ A 1‘3}. 01?—1?} ol W&o 2|A
]- € ¥e APgme A ¥R WXela A0
e AH(Dyke et al., 2000). o] #Wix|viz
A= ©l= Missouri, Cape Girardeauo]| %
453 e Zigtes  JREEATH
Cape Girardeau n#e] ZATREE 7122 3
o HAFRe WXciz nFe] BT AL
YJerdiyl  # 3x¢ Er7k=Rd(evaluation
model)°] ZAEHAAT. = ALH Aoy
deg Erk] d8 AR ad B2E2E #opE
I Ao}yl dA FoF AtzHe] wxjoiz
Aol T¥E gtk B dFoME Dyke F
oA f&ix AFE ¥Xclz aF zdg oL}
o AFeFE T AR g BgAA 7
Hel ERA4E AN T BEgAof 71‘“°]% =
Aetgog dsf Fx2Ed LAHE A5 §°]
7l A% %Zﬂ‘ﬂ e dEads %‘
2o 27E ‘—r7}7ﬁ|.9_§ Ao} 3}7] -4‘2}
7ol ZFE Ao} whrgold. ’

AgnE
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2. 1“1"}3 A
ATl zeld ARPFne 2749 Fg,
1287H34 Aol & (cable) 283 Illinois JIYR
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wakel 12788 F71AQ mztez FAHS ¢
t}. Illinois AYE FEL AZme FHAZ
1Xe 8ol vH317] "ol o] Mxlvtm £
Als XgFH UA ¥t} Cape Girardeau
2o AHAEBe]  r]xsld  MATLAB®
(MATLAB®, 1997)¢ ol&38 339 #%8x
2do] JEEQT. o] rde 2y 13 ol
579708] AAE, 420709 22 £, 162749 =2
84, 134709 AHEAZH, a2l3 128709 #Ao)

L42 FAHAJT. FEL 50709 HA, 43
Nel B g4 a8lxm 74709 B2 242 2d
7 =AU

d

3% 1. Cape Grardeau®] f¢eind g
At Aol A2 (Dyke et al., 2000)

Wxlota FAe A% zdg Agsidoyu
Zdo] AIRE FPEL A1Fo] % make
HE Aoy ulAdY ARHH L S5 2HH
A Wilson et al., 1991). mEko] 7]uighq]
ZAHIGT A7 g E Av-22E A3
Zge  RASET.  ABAQUS®(ABAQUS®,
1996)& oj & HlAg FAHME Fsin 2
%, 24P 2 MATLAB®S o|&3td =g3q
o I o FE2do] HesHm FAH L2
& 419719 A

(static condensation)&

=8 /e &Ax4(reduced-order) WL

TR FHRTL 1L YA 9 ge
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transmission device)7} AU}, ojalA >
HE Wlede ANe 1049 angRges
0.2899, 0.3699. 0.4683, 0.5158, 0.5812.
0.6490, 0.6687. 0.6970." 0.7102." 0.7203
Hz o|t}.

Aotz EAdMe Y9 e Hrimguwn
ofizt Z+ Folwyel H¥g Hisr] 9 18
Al BrZlEel AMAH] Utk (Dyke et al.,
2000). A& 670S] HIrlEL Aoiriel Hx
€ 28] A% @] Holgwre] B Ao
o, F ¥A 54 HorlEe AMSA A7)
& HFEH(normed response)d] B Ao
o oRAlE 7Y Ho1Ee Aol zbale] of
¥ AFzdo] BE Holth Hrlrizo] e 2t
Ad W& Dyke et al.(2000)9] =8o 4]
ol gy},

3. Bl 7y

T @FolMe Bgalol 7ide Y5 =AL
371 A8 GG $FAlo JEH B0 7
HE AT AMEE sMEsAe R A}
AHEEATH S8A] FN2E A Zo] AlL s
I e d2FLH(lead rubber bearing)e
AHE3tach Bgalo] e FEAlo] HLPole
WAota ZaolMd AR Ao gmasoz g
3 %le H/LQG Ao ¥ 32 E(Specer ot
al., 1994: Zhou et al., 1996)% = g3tgct.

3. A

3% 13 2ol AMZE 549 stEEA et 4
e BAA ALHAT. ahY SEEAge 2
o Fdi7l #Rel dAHAT, 1AE 49 sle
Hel A=A 279 WAAE 5 WA mz
A Atole] A =Rem. 2 A WA
AT G Atolo] MU RE AME m
4P $HE 23z BAASS TAls
ol3AY AMZ AHIANDyke et al.,
2000). MM EL g 43 o] mdyY Hr},

Yi=Dyn,+v (1)

714y, £ BE(volt) BN 33E B 7}
£Est AdFAY el A Wy
(vector). y, & B4 w9z 23" A=
A Ao IS st Aoj g e Ao Hyshe
He, 2832 v & rms(root mean square) &t
22 0.003 EEE 'He 2% Fe(noise)o]
o AA9 o|5(gain) ¥E D, & o 2z
Ze},

_ ISXSGa 0
D.=[ %56 2] @

A7 G,=0.174 V/(m/sec?) & 7}&zq] o
T A OlF, G,=30V/m = ¥y g A
A o] Fol},

3.2. AoiRA

3.2.1. $FAe] 2
A2 7hx]) sFol Wisl Abtmel gRe 4w
% Zgel dFY"l me oS 2 PP we
o @k A¥o] FHozRe AREA 2=y
F Atd wAsE ANYe Haz G 4
FEHF(ABHE, B FlME A sAdw 4
Wb €0 Bz Yol Fu3 2az ddy
o} AT FSole AHgsFaelNe Ane A%
°o| 2EAT Xxo] LYY AL o & A
Fo| FzEo| AgHA €oh "N Aug 2
@ Abolo] A wAL Al F2ES) A
2ee WAL Foln FREY YL Zo|Y|
Al AANYX & Foshe Re oS ST
(Iemura et al., 2001). ol& $j&f & AR
Me dedos wol AHgEa Y Ynew
& AT DY g8 ol4% wie pu
HHANE ¥mH HE $FA] FAZ ALgE o]
Ak, GnFwis] BAAE Ivdoz go) A
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THAL et al., 1995). HAFEAMN mehs @
Zho] XY FoPeie 2474uE 1.0082
ARSAT el AA 98 Agde 0.10Me
ARSAT. 471 Me BHo g AASE
Agte] Ao\t 9l e BBL S B A7
dME mo (w2 A@Alolel 6719 o
Aol MA=Eol & 24709 FnTBRHL AL
dch. ganeeie BAXE E 13 24 o
ZlEe) ¥ WA mZol AN
FRPAE zﬂw * 2xged

¥

BnEeAEL

2 849

EAX B
B34, ke(N/m) 3.571x10!
27374, kp(N/m) 3.139x10°
FREZ, Ker(N/m) 3.970x10°
el 8 WY, D(cm) 0.765
B BN, Lo(%) 24.7
gel A &8 Agd, Quke) | 2.540%x10°

3.2.2. TEA BX
B dFodM e TFANFAE 48] 93
BrtRdela 7 AR AXE AASE Al
WAootz BAOAM AR F 24709 SRR
(hydraulic actuator)® AFE3YH(Dyke et
al., 2000). B/ARAN FZ2 AG A7 A
AE  FEEY AL 1049 zRFIFe
0.1618, 0.2666, 0.3723, 0.4545, 0.5015,
0.5650, 0.6187, 0.6486, 0.6965, 0.7094
‘Hz °lth. 33 A2 #A7 AAY Hrizde
ET FEe] AB¥Eo AREA ASE £
471 ol %““E} F2ER “13}3}7“ BY F
247}]4 71217 ) 87Ht 5 WA EZ}-‘—} B HAL
o]}, 87H‘E' *“ "U‘H ﬂz}'i}' )Z}Iq‘"}°]°“ 4=
A '”5}154' ”“V}°1°ﬂ 47Ht el ”1541 nz
3} "o‘“’r*}°]°ﬂ Zle' )éz]a‘}iit} 7}7*17] e
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I=Ku= Gy u

2]2):2 0 O
= ] 4I4x4 0 Ddu (3)
0 0 2D
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A71H f & Pzl Agse A, y, &
AR mdel  A&AQA Aoy wE,
D;=100kN/V & ARZH ol% 28z K,
£ 9% AT BEA|Y oF yRoln,

3.3. AlojdAxd

Aozl HAE ¢siM Brimdo ) xdid
307h9] “Zei(state)E 7HXE &4 RYS
T48Ath. o] 2 balanced realization®
2dAe2 9%t ZAL  controllability
grammian®} observability grammiang 7}3
CHE E&FEA  FAHHEHLaub et al..
1987). ZT;}HQ T2 AHEBL WAL
g AER 2o

x'd=Adxd+Bdu+Ed;E", (5)

z= C'yxy+ D qu+ Fyx, (6)

5= D C’d‘k;,,}/ Dgut Fyx)+v (D)
WA x, & A AR W, A, B E, &

A Al2d B8F, 1, & AW SR oy =
dY Aoz, a8dn 2z & B2y (FH



Mol Ay meE 4wEY, AoE Y
)2 TS Ao’ 28, 3, Dy, Fiy =
A Rded  AelE ¥ Alx" R,
C4 D3, Foy & 47 2dM 339 23
A28l Polr},

(3.4, Ao gxeE

& dFoME BFAo 7Eel TFAo 2
< A3 H/LQG Aol LzmIEL Agdd
o}, Ayt =E stationary white noise® A
ztated o2 22 7HE#<(cost function) &
deEstac

= m%E‘[fot(zTQz+uTRu)dt (8

q714 R & 8atel Sy EY AAYsE ¥
2, 381 Q € ¢9HE #oln. 23 L
< dAR3A ExHY Uvtm M EAAH
Z Ed< Gaussian white noise process®
7Agatdc. a2z dEAAR  2FPRee
autospectral density F<ule 252 sFHst
po =

H/LQG Ao d:elEgS AT A% Ao
4L 7 BB 2L IFL ey o

A £ d7dMe Hdew A2 S Aled

o ¥3d gustE HF @ 2 BYIEY HA
$E7HE #2S F] 98 ¥ 29 e g
< dgsiact.

E 2. HA S/HE 9 43S A8 Hd49d g9

9 i
2z 2, 39 UE Agy Qbs
w2zt 2, 39 A% ol Had Qsd
2% 2, 35 ASZWE dom
2zt 2, 39 A% Eolo Moy Qmd
A 13 @ 49 49 A9 Qad
Fg 1. 29 AEuy] ¥4 Qud

FusEs A4ge 7ol de) Aeus
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AE Folo AGE /1Sy ATTAHE JlEd
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SHol o Bol EOL_I: RE 4 & U A9
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(a) 7HESo] o (b) 49¥E 5 79

Hdgwd & 7ol g 33K 4

vyt ),'" I8 5. 34 rMedse] Y-8 My
bz w= -/ 4. FA&HY 2
P o sl 2gA0 Jlde xRE FEEr 98 E
! , R Ceatro, Mexico City, Gebze 3709 FArE<Q]
e B T A2g olgdl £AHNE FAART. o A
(a) HHgesd B e AFe YT B4 1R ANe2A 2 Ao
s o
BRSPS %) ZHE 2ol AAE QgD 2
) E2| 3 <2 T ETT
2% 3. HR AAES  AelAFH:}  Power spectral
D 7 deasity® 28 6% 2T,
4 “: «\\ }
Sy Y
| N [ S |
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; e ! "g T
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- 38 6. FAHA ALEE A9 Age|d AR
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sEAo 7Y
—[ @omlixa 0 ]
Qomar=[ gt
dom=4%107%, gg=1x10*

Aol A1y

Q‘”""”=[ q.,.,.014x4 m%n]

Aom=5%10"% g@=1x103

E 39lA 572l 18709 Hrrlae Jehd
Aoltt. F5Alol 71He A HAMHo 2 Aojs}
A BE ATEY ool Zashe wd Ay
A7t AdAoz Filstyo. AT meldg A
e Aol ois gIEde HEEA(30 cm.,
Turan, 2001)del Ut FFAo] 7o =
7He AuEdE EgAo] J¥elN FriHel B
Al B o B Hol 56%, A 48%7F 7
astga. Awde 29 oz AHoiew
(Ji~Je)l A+ HW 56%(El Centro, Jg), 3
& 5% (Mexico City, J1)7} #&3tdn, H7 e
F(Jr~Ji)e 3% Ho 49%(Gebze, Jio), 3
& 11%(Mexico City, J7)7} Za3dc. 5%
A el waMe Hoege A Ho
22%(Gebze, J2) #23Exn HdY  12%
(Mexico City, Js)7} Z718tdtt. HEggel
4% Ad 10%(Mexico City, Jo)7} HAs
2 Hdl 17%(Gebze, Ji11)7F E7Fstdct. Ao
TEH HILE F EHA] He A8 A
F 5FA el wa Hdl 10709 $go]
&, Hd 4708 ggo] FUIElAn Zvbae| n)
3 ZaFgol ¢ ag.

Z AojZie] ¥ Ao Atz
UEesbe golury] s 2 Mo da] |
AZA 9 Ay, Hd stoke, NEEE ¥ 7
o Yt Dyke Sol &l A2 Aloj&x
o AdY, Ho stroke, UL == zHzH 1000
kN, 0.2 m, 1 m/sec °ItH(Dyke et al..
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2000). E 7|4t »o] sBAe S¥n 2y
Aol 7Y BF $FAlel FAe Atzde o
Z3ho B¢l Jde Aest o Fe we w
ek,
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€ d7oMe F2EA dede ANAFFE
€171 H# FEA] Aada guEdds e
Z¥e ¥FE iAoz Z2AII] A $F
Ao} Aoz FHE BgAlo 7Y A¥m
S WAt Ao HLdtd 1 HEAPL Lot
Hokot, A A71Y 2 £FAo] 222 94
Yt o2 AR EE GnRe S Algslgon,
FEAY & AdMe H/LQG Ao ¥m
€ AR, FAEE 23 Aiotd B3t o
71 e FFA] JPgol His F7FHA FFAo
AR W AP AL Hd 56%7F da
A, FFEEHY S Hd 49%7F #aEd
o TFA gl visde Hdege A$
Hdl 22%7F Zasdx, HFEHES A4S Ho
10%7F &3, =% 28A 7He %
Aol F& qEeol SFA] 7ol vla Eof A
2ol o, mabd AMtE Ay AxsE
& ¥ APz Aold wj¢ AFPHo=z AL
€ Utk

A 2
2 dFe 20009= #=ygrisyel =7t
AFA7d XY (FAHE: 2000-N-NL-01-
CL-251)o2 3= on ojo] A=Y},




