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ABSTRACT

This paper presents a hybrid (i.e., integrated passive-active) system for seismic response control of a cable-
stayed bridge. Because multiple control devices are operating, a hybrid control system could alleviate some of
the restrictions and limitations that exist when each system is acting alone. Lead rubber bearings are used as
passive control devices to reduce the earthquake-induced forces in the bridge and hydraulic actuators are used as
active c ontrol devices to further reduce the bridge responses, e specially deck displacements. In the proposed
hybrid control system, a linear quadratic Gaussian control algorithm is adopted as a primary controller. In
addition, a secondary bang-bang type (i.e., on-off type) controller according to the responses of lead rubber
bearings is considered to increase the controller robustness. Numerical simulation results show that control
performances of the hybrid control system are superior to those of the passive control system and slightly better
than those of the fully active control system. Furthermore, it is verified that the hybrid control system with a
bang-bang type controller is more robust for stiffness perturbation than the active controller with p-synthesis
method and there are no signs of instability in the overall system whereas the active control system with linear
quadratic Gaussian algorithm shows instabilities in the perturbed system. Therefore, the proposed hybrid

protective system could effectively be used to seismically excited cable-stayed bridges.

1. N2

Aol AA¥E Aty oz 53 T4 A7t 2L ZHolth ojHd E§A ] AxH
< GZ4AQA AAZXNE AHEE] HE] FFoY FF AFA & FRUE ALY A9 @
B & Je FAHES g3 5 Uk wEA A F FAel stestn, FA ALY
of Hlg] A=A} 7FAA (Robustness)e] ¥ ojrict,

B8 A28 dA7EA 200708 AEFH 1003742 ZFAFE) AA ALHJGO. FFAF
4] 7](HMD: Hybrid Mass Damper)= EX T 348 7/ 4utzE B Ajxado|tt &
AFFH 7= 22 %74 7)(TMD: Tuned Mass Dampen)$} 55 A0] Fx|7} AFE Zojth o] A

*  EEasrled 34 o §4%%9 waRy
= R AFUSE EZERRAISTH 2uf
o Zid-gaEvied A4 € @33R 2

3



AL F2 FRAFAYVZ A8 FZREY SRS F2AIT F/HA FEAY LS E¢A
FA4719 &S AANE F7HAAY EFA ALY ® o FHe AXFAY AY
EFA Zx7 AT FF AAFe Ao} o] AAHL XA FA ML FaA]7)
A FZEC ALHE AAEE AN £ Aok

AR aE F2AQU A847 BAL T AN AAFer dMel Frstn Ut AR o
HE APRRE B FRUHE ZE O 9T F2E)] Wi A} 2 FHEF F
oksith. Abg e Aw FE AFFHE AAFRY &F F ANe2RH 1%E B3] §
& o F L3

£ oA FeoA = i1 F 43 (LRB: Lead Rubber Bearing)® Hydraulic actuator(HA)7} 28¢ 5§ A&
298 AAEF S de AR AFAAE A3 At G TEIL 1] AGHE AR
332 ZAaA 1 HAE AWAS(FuRedY w9 e F2EY §€E FUHRE Ha
A717] 98 AHeE Yok Algkg B3 AjA8E LQG(Linear Quadratic Gaussian) Ao ¥1EF5& &
3 AAYE Asy GuFEP e 7o met AL AAYE F2EC) 718t bang-bang I
Hl(on-off FEN)S] Aol ¢ ES AU

=

2. BEH0] AlLH

2.1. Hof Fx

289 FEA] FAZE GRFLIE ALY FnFEEY F¥E 72
IHFFNE T/ Rolthmet dEohy @33 2ol 53 adFolth. AFne)
Ao FE AYAE AT £ Y& TF FES] AT Al 9} Abdel-Ghaffars 1
¢} AA Ao mre} APFme SRl FATE RYPUP, oA Fu TP
doll & ARAAARZE 2AE 7] mEelth. 18y go] F83 F G ERAL 17
e AR ER Auddst 3A AL 5 Ao olgd FUME AuE(dn Ty Ay
FERHIIG FEAC] BAE A A F Ut
gagehyg o HdAlE Al 8 Abdel-Ghaffar®ell SlaiA Aetd WS @iy HAFF AN Eo
AGEL 0.10M, 2 7HAEE 9714 My gRFEP0] Fgsts ATt 18u
Feto] MAd GRS 2A4Z467 1.0 HES ARG (@d-A, agAds
of & BAAY GuFiyo] X)) AAY duF ¥H EAXE Pak TV =F
of A= Ut
5540 AAZE WAuta BADgA ALEE 24719 HAE AMgadchsAE F WA azgd
datelel, s7lE Al WA wZdw Awatolo], 478 A AR woigl A@Abolel, 47lE v A
27k Abgatolel] zhzd A3tk HA shutE 1000kN9 €38 7HA 1 Jlod FAAFTE 74
3ted oA AFE wohm Mg sk

o o e R o
Cok oMt o lo o
fo o
1o,

L)

i
[

o 2
ox N

1o

i
S
N
Y
0,

-

-~ 194 -



1
M,
i
N
)
i
&
N
_{

A
2

AXZE 718 7S EA9 4709 EAAZ AHEHAS 449 7H5
AAEAD, e A sheded AAEHUD 2709 WAAE F AR mgn 4w Aol
AR, 270 A A ws A8 Aol AAHJG EE A aHWPFY $HE
£33 FAATES FAIE oA AXE AZEHUTY.

2.2. Hof &aelE

= d7odMe HAY HEF AogE A7 HAs LQG Aol d1nAEE A3 LQG
Alo] ¢xngEe SH7HEYE wet A sl 2AA dot wepd AU FIPHOS
AHEEte] A& SRVIFREE AT A ALHAA FFEAAHL AAHA A8 %
& FINE F QAT AL F2EY FH JHHAE EEAE sFEAAHY A F2E

==

H A FARDR Apo] wEo A= HFFAHA FFAAYLS Aojrle BAM EAE
dod £ Jo. WA £ dFAAE Aoirle BAYE FIHAI7] s Gt e St
et AdE AHE JHFE bangbang FEi(on-off FE)S AnHFE AHEUT ol

bang-bang HEj deES T4 2t

)

£ (funs).» Vigs; 20.03m/s? or Dy, 20.005m
A 0, otherwise

A7IA f,,,E /A HASl ols) F2E| AslAE A AYE, (f,,) & LQG Aol ¢
52 o AN MA HAY A0, V% Dy, = 47 A d2RREe) Adsse 4
e glolth HASl AEZA(V 5, 2003m/s or Dy, 20005m)E AT AZE H4e £5 2

A=At
3. X0l
3.1. ngzy

£ d7edA 38l 2F 2P AMFr AosEE /Mastr] s AAE Hxelm B
A 2% Bill Emerson IS A3t o) &L 2708 % 1287)9 AolE zglm dE o]
AYE FES 12749 F713A 2Ztez2 FAHGD deoe] AYRE RES ARRY FRAE

of BRI FFo] vulEr] wEef o] Wxvtm FAdE ¥FH o] AA ¥l Bill Emerson it 9
NEF=Es 18 13 2o

- 195 -



142.7m 350.6m ,  142.7m

| o///////‘.\\

| 1 " M 0
X f——-—)
I | g ! I
| o 1] N
Bent | Pier 2 Pier3 Pier 4
(@ Cable Number © Accelerometer
Q Displacement sensor and control device
@ Control device

1% 1.Bill Emerson 2 gL 2 AoF X} A4 $£X

APFr o) dAEde) 7128 Dyke 52 2% BFE AFS veEd £ & 33 A¥RL

LAY, ZFo] Z)Ntgde) ARHATT P WE A-T2E F5FEL FAE
on FzE PP FS LAE W} T2 A 3% EE74(modal damping)
Z 2 Z(mode)el] HE-3t] FAASGATE @ AAAMNE 48 FH ABREC 6.67 MN &
< JHAE 16709 %3 A2 A (shock transmission device)7} BXH AT} ol¥A FAHAY Hrtnd
AL 10719 THFIHSE 02899, 03699, 0.4683, 0.5158, 0.5812, 0.6490, 0.6687, 0.6970, 0.7102,
0.7203 Hz olt}. olg} w2 Axa Fgatole] AARAE HAsl7] A8 Fv3 FHES £
T WA Prirde A4 10719 RFFH5EE 0.1618, 0.2666, 0.3723, 0.4545, 0.5015, 0.5650, 0.6187,
0.6486, 0.6965, 0.7094 Hz ©]t}.

Axotg AL A9 2 Fried ®atk ohet Z Aojwg e A& Bl A% 18
M FANFol AMAHARGY. A 671 BAZEL A Hee naEsl 4% 2%
Hgsdel Y Aoiw, F #HA 5/ FPIEL AA ANAZ) e H 7S H(normed
response)°ll 3 Rolth. mi| gt 7708 FIp|ES Ao}y Ao diw AtzPe] BE Folth
Zo AAE BIFEL Dyke T =8 AAS QU

1o o m 3B

3. 2. XN A
3.2.1. HMods

3% 25 27 20149 AojatA] ¢ A4t BEdAeld UAAGH S vekd Rolt. Iy
A B0l BdAold A% AojskA] ¥ ALt 54% ~77% 7HA] HAGHo] AL RS
& £ k. S Fue 54 39 AN fAREHA deido. S, Alojd 392 20
rad/sec ©]38}2] AF oA AolslA 4L TGEG FL A7E YERW L 20 rad/sec ~ 100 rad/sec
9§ =A7IE Aojdtx @2 Aol uld A 23R (I 29 2 BAE FE)

- 196 -



223 100 rad/sec ©1/de] nFFelx= §7e A7I7F HlRsHA Witth

- Uneonvolied 3 Ixi0"
Hybrd System I

77% reduction in peak e
El Centro 1x10°

Base Shear Force (« 104 kN)

R 1xi0* - -
So txlo? 110" 1x10 x10' 108 e

0 4 60 80 100
Time (sc) Frocpaenmy {rudisee)

54% reduction in peak

Base Shear Force (x 10 kNY

[ Mexico City Ixio?
H 1x10” -

T T % W % & 0w % 1o w0t i 10 ' i} w0t
Frequancy (radses)

xi0"
1x10"
x10° .
P T s

x10*

1x10°
ixto*
1x10°
110t
1x10'
xie®
xiot
1x10”

Gebze ] x10°

x10°
0 1620 W 0 0 6 0 80 9% 100 1x10° 10" 1x10° 110t Ixia] Ixi0’
Time (sec) Frequency (rod/scc)

(@) A" ®) 245 39
29 2. AcjaA $e H49 BgAe] 8 27 2049 WRATY

Power Spectral Density

Basc Shear Force (x 10 kN)

E 12 3719 XA disiA Hd YrEE YErd Zlolth ZelA He 5(2001)22 Yebd
A& He 5%0] Atet AA7a]7) ¢ 7P iwtsF 77 73] 7|(RSASD: Resetting Semi-Active Stiffness
Damper) & ZAE3 Zolth EgAo] AlAH 1 & dukzA 1;374101 A2do g 1LQG Ao &1
ZFETE AMES Zojx BtAlo] Al2¥ O & F7}A 22 bang-bang FES Ao YnEES A
43 Zlojth oA BXo] EBaAo] AlAH] AAHQA AAYEL FEA AJAHe v ¢
53l Holu FF Aol Al2"o]y He -gol Aeret Alzdel s FH Hojd AeE YEkith
T3 Egao] Al2" [ 310 9 AGeE & AolE HolA ¥sich FunFdukes g A

u}

F ARt g8 Aol Aaw] ua A TASAT 34 APelA ZF FEH H(30em)®
ol o nHE ZE Ao A2RgA AolEY AFFL HEHAYY ] EAw

- 197 -



3.2.2. Hjoj7i9 Zoly

Aty Bl ALY AA AL S ZABE] A8 FEREY AR 11%Y =
F& &3] FAAME AFET E 2E El Centro A OIA HI7 129 Ho ¥s&S Jehd
Rolt},

EA BFo] EFAo] ALY ME FFA FAY o2 EAXAFT AAE YEA &
ot 28y AAAY ¢aEFY 4FA -9 AEE FEA AAHY ALRo
29%(J10) ~ 88%(Js) 7HA] W3&o] A AT LQG Alo] LnPFE AHEE TEA AAHY A
S Ba-ggo wEFgo] 433 A veRte, o]y A FZEO ArE LA W
38 24E 7HRA =HE Aoir1g e AV 24T 5 Aok AME YEE Rl

3% 32 7% B¥E FAERLAA F MR EAo] AA¥oR Aojd m7 2049 duAD
g& yvetd Fojoh TdlA ERol F 71 EfA ALY BEF Ad 7Y AUA = 4
Zsttt. stATE LQG Aol ¢ FRts AHEE EfA] AA"Y S 30 2 o]F FAdYo| A
E3taA AXA ) o] FAEE 2YONAM BERo| 22 radsec olth ol ¥ #43tE F=o 9
B FxEC EAXFEHA & F vk AU bang-bangF Hl9] Aol dneles A
AN2"e e o)gd 3L JehtA etk ©EkA bang-bang FE Q] Ao dmEE
EgAle] AlAge Aol Hojd A & 4

2

# 2ol
K-

A
4. U=
HiE AALFE €017 9% FF5A Al2gd FuHdg 22

o}
E Z2A77 98 sEA ALPBez FAE BEAY e AP u
o Wixwtg EAle] A3t 1 AEAFS Lol B3tk ALY AA7IHL FFEA FES A

dtA o2 AL EHE GIFLAE AMEEALH FFA FEE A o443 HAE AHS
it G ReA e vBlAdd ATS BASIY] 98 Bouc-Wen ZAE AFE3IEom LQG Ao &

1857 bang-bang FE S Ao} TS At AL FAHY A AGE EHA
o] AIAElE FFAo] A A" B8] Mexico City XA HF AlolE A3E H3(I,)E A
31 FREY O] 6%~56% 7HA] ZAsIYETh TElE +7% @Y AR g -FAULS
AR FEAY] A2l ulE] 26% ~86% 7kA FUI2E WEhgo] AT oy AL
FEA ] ZA 9 bang-bang FEN 2] Ao dmelFs wWEolth wEtA ALY AAATIEL AAI}F
S B AR Ao w9 Ao |t

aMel 2

E d3x 27 AATFAFANF: 2000-N-NL-01-C-251)3} AulE AFS|7|HbAl A AFHE 9 =]
Aoz FYs9on o) FA=H

- 198 -



¥ 1.3748 A d# Hd FAE

H = FFA | ¥FAd | He T E&Ae | E§A]
i Al 2 H A A" (2001)® AA"F T | AlA" T
J- A daAgy 0.5459 0.4898 0.4856 0.4841 0.5125
J- Hd AdEeld A4 1.4616 1.1706 1.3536 0.9476 0.9510
- A IEEAHE 0.6188 0.4562 0.5539 0.4444 0.4439
I- Hd A¥Eold ZHE 1.2656 0.8803 1.2199 0.6750 0.6737
J- A Alo]E 13y w3 0.2077 0.1469 0.2176 0.1468 0.1479
Jo- ol A g 3.8289 1.8079 2.8227 1.6702 1.6787
J- B gdHAgY 0.4211 0.3820 0.4083 0.3744 0.3824
Jo- B AdEeld Hddg 1.5502 0.9737 1.4231 0.9261 0.9366
Jo- B¢ AERWE 0.4815 0.3591 0.4588 0.3345 0.3435
Joo B3F AdEol Ady 1.4429 0.7659 1.5085 0.7806 0.8196
Ju- B¢ AlolE 948 W3l | 2.2327e2 | 1.6221e-2 0.0262 1.8192e-2 | 1.7181e-2
LRB+HA: | LRB+HA:
2.6427¢-3 | 2.6387¢-3
T Al Aoy 2.1611e-3 | 1.9608¢-3 | 0.0125 1.21“2%?;_3 1.21“3%]2;_3
HA: HA:
1.9608¢-3 | 1.9608¢-3
Ji- A} stroke 2.0993 0.9912 - 0.9157 0.9204
T HOY 3Y - 9.3308e-3 - 9.0989%¢-3 | 6.7118¢-3
Js- Ao 3¢ - 8.7994e-4 - 1.1584e-3 | 8.5449¢-4
I AARA A% 24 2 | e | Caeas
3 AA A - 9 - 9 9
Jig- AlE gz gl AHg-d
el (state) A% - 30 - 30 30

¥ 2.EiCentro A oA H7171F2 Ahds&(%,50 = T34 A

oo Turan 5 A B3 A B34
33 7}7] ZCriterion 2001)® ,\]‘_6; "i; ;'] igglol }3 _/;l@]] cjl

- Ao dddgy 36.9 36.9 9.2 9.1
IL- AU A¥Eels AdY 52.0 68.0 22.4 21.8
- A A=rAE 225 50.1 6.4 6.2
Jo- ) A¥Eole EHE 31.0 27.3 53 5.1
I- At AolE Qg W3l 9.2 7.0 55 5.6
Jo- AW ARy 19.0 16.3 24 23
- 3 4HAGY 474 196.4 15.3 7.2
- B4 A¥Eole Ady 353 3352 352 53
J- BF AERAE 28.5 138.1 8.5 7.4
Tio- B g¥Fole Ay 18.7 84.5 15.1 133
- B AoE ¥y ws 31.3 71.0 15.2 17.1

- 199 -



l.S[ - v T 1x10®

—

Hybrid System I

g
w

Base shear force (x 10* kN)
°
Power Spectral Density
g
2

1x10°F
03 1x10°f : 1
e 22 rad/sec ]
Afle—— -1.051x105 kN , N\
1x10'f ! 1
15 ‘ ‘ L ) 1x10° -~ - -~
10 20 30 40 50 1x10'  1x10°  ix10'  1xi0* tx10°
Time (sec) Frequency (rad/sec)
15 T T T lxIOm . .
A Hybrid System Il 1 1x10°} ]
> 1x10° | i
@ o’ i
% 1x10° 1
g 1x10°} 1
w1 ‘!’ h
5 1x10
2 x10f 1
-7
IxI10°F 1
1l e—— -1.055x10° kN ] 1x10'} :
x10° - = s
15 . L . . 1x10' w10 ix0' 1x10* 1x10°
o 10 20 30 40 50 Frequency (rad/sec)
(a) NZH&H b)) FI+ &

3% 3.7% REE 29PN 27 29 2AAEY (Bl Centro A )

Hu2§

1. Spencer, Jr., B. F. and Sain, M. K., “Controlling buildings: A new frontier in feedback,” IEEE Control
System Magazine, Vol. 17, No. 6, 1997, pp. 19-35.

2. Ali, H. M, and Abdel-Ghaffar, A. M., “Seismic passive control of cable-stayed bridges,” Shock and
Vibration , Vol. 2, No. 4, 1995, pp. 259-272.

3. Park, K. S., Jung, H. I, and Lee, I. W,, “Hybrid control strategy for seismic protection of a benchmark
cable-stayed bridge,” Engineering Structures, Vol. 25, No. 4, 2003, pp. 405-417.

4. Dyke, S. J., Turan, G, Caicedo, J. M., Bergman, L. A., and Hague, S., “Benchmark control problem for
seismic response of cable-stayed bridges,” http://wussel.cive.wustl.edu/quake/, 2002.

5. He, W. L., Agrawal, A. K., and Mahmoud, K., “Control of seismically excited cable-stayed bridge using
resetting semiactive stiffness dampers,” Journal of Bridge Engineering, Vol. 6, No. 6, 2001, pp. 376-384.

6. Turan, G, “Active control of a cable-stayed bridge against earthquake excitations,” Ph.D. Dissertation,
Department of Civil Engineering, University of Illinois at Urbana-Champaign, 2001.

- 200 -



