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Robust Analysis of a y-Controller for a Cable-Stayed Bridge

with Various Uncertainties
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Park, Kyu Sik * Spencer, B. F., Jr. * Kim, Chun Ho * Lee, In Won

Abstract

This paper presents an extensive robust analysis of a g-controller in the hybrid system for various uncertainties using the
benchmark cable-stayed bridge. The overall system robustness may be deteriorated by introducing active devices and the active
controller may cause instability due to small margins. Therefore, a g-synthesis method that simultaneously guarantees the per-
formance and stability of the closed-loop system (robust performance) with uncertainties is used for active devices to enhance
the robustness in company with the inherent reliability of passive devices. The robustness of the -synthesis method is inves-
tigated with respect to the additional mass on the deck, structural stiffness matrix perturbation, time delay of actuator, and com-
binations thereof. Numerical simulation results show that the proposed control system has the good robustness without loss of
control performances with respect to various uncertainties under earthquakes considered in this study. Furthermore, the control
system robustness is more affected by the perturbation of structural stiffness matrix than others considered in this study. There-
fore, the hybrid system controlled by a g-synthesis method could be proposed as an improved control strategy for a seismically
excited cable-stayed bridge containing many uncertainties.

Keywords : hybrid control system, p-synthesis method, robust analysis, seismic response control, benchmark cable-stayed bridge
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loop system) ©]&g E3HIA3S 1T wjvt o= 7}
A RS BT 5 ok B840l Uik AAIE] 2
84 WEe Heo TAE NI O 0|22 0= Ao}
o] ¥3}(saturation)?} 2 FIG JJo] FAE thFaL Q)
o 1§ B A7AlEel o8l ARIAlY] o8] ERTE
B 2850] gt} Suhardjo(1990)E EET-ZE] 7414
o] o]&& AHFOoE A8Fon =3 v FXE SHe
255 (norm)#} o055 HASh= Ht He ¥a1ElES AR
3] BlwalAT}. Schimitendorf 5-(1994a, b, ¢y A|X8}3
S B O TERE JRIAY] WS, Smith 5(1994)
o5 AYHE o]&gt g (gain-scheduled adaptive
method)2, Smith®} Chase(1994)y= A|oJ=]|2] E3}e}l AJ7F
of wt ks AlxEl W] B #gh ATE,
Yoshida 5-(1994)2 71% Ag)E +ZE-S, Nishimura 5
(1994)2 Z321A10] 7| H3} =4ulX](pole assignment)S 2
et WS, Nishitani®t  Yamada(199H)© FHA&A4
(reduced-order) A|OJ71E o8¢ Ho TAIE 7315}
2 Z0] Turan(2001), Moon 5(2003), Park 5:(2003)&
APARE $3 WX vl (benchmark) A o#A|(Dyke .,
2003) o83l u-FAdH (u-synthesis method) O 2 A|oE=
44 718 7] (hydraulic actuator), &2F0]d EE=(sliding
mode) Aol &gFES AMSS AT A 7]
(magnetorheological fluid damper), 1|3l on-off FE] 2]
LQG(linear quadratic Gaussian) A|©] €ig]E&S AHE3SH
2] 71719 daad(lead rubber bearing)y2 Z3HeH
EQAI"lol| thsiA] x| 7 g3 Eel 43S (perturbation)
o] A& Wl RS AT g B dFAEC] A
o] ol 7141 i) s W Alojalz=Ele] 73Rl
LS ZAIA Journal of Structural Control(Dyke, 2003)|
S B (special issue)> &2 LIESIITH

Ty ARERES e AR H8E ARIA] dar
gES o &3 BAzEe tial Fx2=, FstE, Aol
2| T okt B8l tigh AR AT wv|gh A
ojth. &gk HitAlo] Alxdle] A A FsAS olelgh
AR A4 siAE Al AR HAEE ¢ Ak o
ZhA] 2 Aol BAL pAlol7lE AR EFAIEe] A
S ohdsE AEel disiz Brkske Aotk FEE9)
BT dAEe A3 E A, FREY 9Fsks
o] BT WAlEe AFEY AE, AodRe 5
A A= Alojrlse] AR (time delay)?} o<
Z3el tigk AR S 7Y AR disiA] 488

skt

2. Moi71yH

B Ao ARRE AOJA)IAELL Park 5(2003)0] AMEEH
Aol AlzElojt}, o] A|ZEl2 Ali¢t Abdel-Ghaffar
(19957} A Wi o2 A E dary ezl wixwi=a &
Al(Dyke &, 2003)14 ARSE 42 7H7IE At Al
2-Hlot), W] 52002y T 7FA] AlolgR]e] Ao s
A3l shte] AoPgAhS: ARESLS wETh Aojdso] 3
FEeS Bk Bg v 52003y 2 AlZES
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RIS ZARIO L ofmf AREE FarTRbgle HdYnd
ARSI 1ol Wi 955 ATEA AR 5(2004)
TE=Y YD AdEel s W HdFeR wdy #

TERERIL LQG YaE]Eo g AlojEE A 71E71E
et Aol AlzElY] RIS AR 1 A +
5% W E Aol teixe AREe FEsIeY 1
opFe] Aol tEixe IS gralA X3 webA
ATolrte HeAle] AlZE9] Alojds #at flo] A<l
= A7) SEl A 71 7el ARl daElE

A2l w3 (Burl, 1999)2 ARE-519IT).

B AFA] AR EgAl] Al2EY] sigEs 1"
7} At}

-l £, = WSS, Yoy, LAl y = A 57
=9, 593 9E 339§, 183 EE(volpdelE
SAE 57975 (measurement noise, v)S X3 -SHolTh
ups & fips p PR E ARKE Alofidsst ol s
WAEE A1 7k AofHolth xpp S X e T
Ao dopAsiel At Eol fppe WALFRER
o3) AkE= UAIE YERA Aot & dAtolx] AREE
B3 Ao Alzsgle] B} A A Park 5(2003)2] =
woll A= o] St

H3IZ A=He A5 S Ueille A8 E
(robust performancey> T2} AL} vk H5S X
315k A|2Ello] =8l EolX|(structured singular valueys
o83t et 4= Utk A sl (normalized) 3% AFF
I A5S I 3F Fej] AlzHlo] AR1EES 7Y

A% Baze 2 2 (1 LrBurl, 1999).
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sup {uA[N(fm)]}d (1)

AN u-()© TFIE 5°lA], N(o) = 37 (nominal)
3|2 }\ffi@g] e (transfer function)ZA] A|2~E 2]
ADEE P(o) 9 Aol71e] AL K(jo) 2 74D
Tl Al ST Aol BEE A% B (block)e]
ot webx FxslE SolXE p-/3elA HI8-E(cost
function)2 AR = Qlou} 1St A9-E AlQslale T
Z3lE BolXE AR AlkRe AL vl otk weEhA
tijko 2 T3l Eo)X]9] AeAE HaslsH| At HAa
3} Aol D-K WHFH(Burl, 1999)S ARE3le] #H3=
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J=sup oID(jo)NGo)D; ()] = D GoONGoID; (o).
@)

A7) AN FXZ BES P8l YR S
R AR o] ARGET webr] Saxe B AR}
T B EriEE)e] Zpolet Alojrlse] ESAANS et

7] 1l AAENA Adsell dEE Y] ZHE(filterys
ARSI A WA el SiAA Al B ZEIEA
et SR Alole] Mgkl #8315t o] I
= AAEE Priede] Solx] xlold] 7Rlste] AAE
ot mebA 27 2(a)e} B2 AARYY} HriRde] 5ol
zjols FI3 £ ge 19 2(b)9]- ) (3)31,]_ e ZEE
AASATE & AFelA] Alo]7] AN AR AlEe
8387he] ‘el (state)s 7= WIS FhHoE H2
AoAd 2Efm]t(controllability grammian)y?} =43 12j0]
Qk(observavility grammiansyS 553} #& & (balanced
realization)2 53| 30719 AElE VA S4AEdolth
(Dyke 5, 2003).
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SFol vA= o] Z7) whitel AojHE a&HoF AL
371 98l 2 (7 2 A9 S (low-pass) ZHE

Ao Sl AH-88iit.

0.2(61—0s+ 1)
W, =W Is ——— Q)
1
240
$s+ 1
W_=w1= I (7
Ls+ 1
30

olelgh 171}t FI FE9} AFu 3 TE Q| HAAHE
AU (power spectral density)= 198 3(b)oll YeR} Stk
a3 4= el AU BE FEE EAE pA017]]
NeFes vehd Aotk

adelX z= AofE FHOZA AoJe] AlZF] | HE]
(vector), z2F Ao ¥EH, 7,2 FAE 5 Arh wEhA
Thgh Alof7] A EA e s AH-E 20 QA4S Hdudd
T Ak Ak, © £, 0 2z ARl9] HEF] wE FHa
sfeh= 3 v & z Alele] MR =] HAaslske H
&5 vehlin 4 8t o] ekt
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T 44 RS AolY JfEHREA el EL AM83)
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aE)EA AoPdee] IS deire ALY S
PHo] Neo] wj- Fasjr} B Apolde Hhew HE
W2(Park 5, 2002; 2003)2 U3} 72o] ARSSIATE i)
AA el SHe ERHoR e & e UiESHS
AFchAge, mee, WY 5); i) Tt EEEsE
A ThaA SRS B g B A9E Fe
7Vis VNS APt ol i Ak SEAe] Al2E)
o] 7B AoleA] ke 79l Az, BitAlo] A)2wle]
A% 5 Aol Aol Anz gireldith; i) A Al
A dgE vhe] asE A6 WaiA sFEA 3319

e B HEH L5 lERRS T ojn) AFEE
AL APl FAA Foi7 o] Ae A3
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H el AR oig A 3 FEBel Aede Ak
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o ofal WAEE oluiX Atele slpEow F1ge
o Wb ArheE HDHAS AT ) AsE B
garnde] B4 TN e el 78 Aol
oJ5g olg3le] TR ASHS BN S5 7
PR T oW oA HAgoR wdmH

Bue] o] A 9P (A0 el
$H JlEEe 73 4 ok As ALY 59

AzAon Hug HHo| 87 1FALe thes) o,

N

I 0 _
Os= =[q”"' xa } 4, =6x10", q,,=27x10"  (9)

0 qul4x4

Ougt {q

L., 0 _
by L4y, =9%10™ ¢ ,,=22x10"  (10)
0 Gudlaxy

A7NM gpst quas BH HG=E GIbE9E JepE 7
FHgolH FEAlo] A2 24709 752 THVIE AR
gk Alz=El o 24 ARKE EfHA|o] AlEl AAe-S HlalslY]
13 ekt

1A0171Z A3 8] MATLAB®(1997)2] y-analysis
and synthesis toolbox(Balas 5, 1998)2] dkit.me ©]-8-5}%
o}.

3. x| of| x|

3.1 nEgmgl

B AFelA AR wEke ARgaLe] Aoz s ¢
g wrEolx Wixwia FAoA ARE-E Bill Emerson
Memorial 1o]t}. o] w2 7)e] T} 12871¢] AlolE
(cable), 12]31 H&]=o|(Illinois) &kl $IXIS+ 12702] 2L
7} g w2 ool FEwkow FdEo] Stk AR
AN AR HEuw Fo] ARl AAle] T34 AE
HAE el mug AR Bk siiRdoxs I
5(a)9} o] AP mdvtk 1),

ko] AR =l 71%8 Dyke 5(2003) nl#e]
4 ASS 2 veid F e 33 AdRds spds)
Aot AR ARgE AW EL wEke] AlslsslolA
ABAQUS®(1996)2 B1:E &3S Sl 4% Aotk
(Wilson ¥} Gravelle, 1991). nL&Fo] 7]¥kek(bedrock)ell 1
A FHA7] wFel AR FSAE-E FARBIR O A
e wEego g RE wztol FAl) Zsidtar 7}
Aeliitk. Had, AolEas, T2ar FE a4 (rigid link)E
ARERE ke Ande Be AMES Edekar Q7] Wit
o &4 S 98] HA-SF(static condensation)=
B3l 419le] AREE Zte Wids ATsIaT &
Eo] e wwF ARG 2 TPATEIRL 7 Beol| 3%
o] ZAAE 288t kel Al it FRe
gl 16709 A G| (shock transmission device)
£ AAsIst=T] o] B'lle] AxF 10709 HIzk Al
= 0.2899, 0.3699, 0.4683, 0.5158, 0.5812, 0.6490, 0.6687,
0.6970, 0.7102, 0.7203 Hzoth. BE@ o] BHle zJojA] e
o] AAE 7ot vlaslr] {3 IEow ARgdn. o]t
WHE wERko ' Asske AloPdAE X8k sl 4
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O N&EA
@ 7ol HE [eR EERE CEE
@ A2ga

(a) MoiFx|et WA2l 2%

[ G+2) [T+ e+ [] e []
] e+ [la+a @[] 3+)[]
e 1 n% 2 n% 3 0% 4

(b) MO & x| S(LDRFEE+FA 71 7))

%! 5. Bill Emerson Memorial o] JHEFE= 2 X|o{&tx|2}
MMe| 2|X]

g JERe] FAAG AAE AAT & U o}
2o Azk 10719 v FIH54E 0.1618, 0.2666,
0.3723, 0.4545, 0.5015, 0.5650, 0.6187, 0.6486, 0.6965,
0.7940 Hz °oJc}. flollA] AFE F7HA] AlZ=5le wixwl=a
A e Aol dis)] AlolE ey s
7} FEHLE Hojuks § AES Alojdss RogA &
3ltkPark 5, 2005).

Ao] LarglEe] Y (feedback)yS 3l 719 71&5%A
St wle] WMAE ARESIIATHE 5(a) L), a9 7K
SAE T8 Zd7)ed 18al vie S8l AXea,
w7z}t 29} 300 Z}zb e WSIAZE AREAT BE
M (sensory= wWEFLEFL] SHS S Alxe] FHE)
aEHA] Ut

Wl x|ul= EAllol A 3123k El Centro A171(1940), Mexico
City A1%1(1985), L&) Gebze AZ1(1999)014] AHoJA]2H])
o] S 7] Y8l MATLAB®(1997)S ©]83l] 4]
S F33FATE Mexico City A2 Bill Emerson
Memorial 1&o] 714% Cape Girardeau X|92] A2
Z719] Mexico City X937} FARH| W&o 1HFHL
ez wle] ARl e 54 7 ARleA Aol
He] Aes Wrishr] al =k ) AR 2E A
Al AP IEE 0.36g olete] HWANPIEEE 71Kt ae
2d, Pl 5 WAV ARG EAlel tigk ApAg
-2 Dyke 5(2003)2] =&l A|A)=o] Aot

2

rlo

3.2 HojMs

7} Ao 2=gle- Alof7] oLt AloPgx|e] vt thE
7] WZell AoVdeS AHH R vwslrle of@ARE 7}
Alox| "ol A WA s iAo iAo F (root
mean value of control forceyS WO Z Z} A|ojA|2E] 2]
oS vt s 138 ZF Ao thsiA] 2 Aol
glo] AX|HAS w F2ES Fo8HH Aogs vEhd
Ao},

oA HlAlolE 107]e] FAAY GAE ARESE Al2H],
FAlolE 247l9] FaF S ARE3E A|2E, SsAlole

264 H5AYE - 20064 9H

H 1. El Centro X|ZI0M2] F2SE X Ho{H

H-eH HlFlo] gEAo] TEAle]  EHAl
23h9] (m) 0.0976  0.1391  0.0866 0.0695
AT (kN) 4671 5533 4344 4408
UHEEE (kN-m) 1027058 313620 249586 244582
Tonad/ T 0.6426 04773  0.4561 0.4556
Tonin/ T 0.0703" 02705 0.2822 0.2821
AT (kN) 1981 734 453 438

LRB: 467

HulAolE (kN) - 685 1000 HA: 1000
LRB+HA: 1467

LRB: 79

HAolE (kN) - 105 141 HA: 107
LRB+HA: 96

#3518 Alo]B-o] QAE W3} (0.27~0.7T;, Dyke 5, 2003)Z
ot 3¢

I 2. Mexico City X[ZIOfIMe] F23H X M0

-85 HlAlo]  F=FAlo] sE Aol EgAof
2329 (m) 0.0243  0.0491 0.0243 0.0186
AT (kN) 1525 1692 1441 1585
UHEEE (kN-m) 198234 122663 82454 90095
Tnax! Tt 04554 04365 04351 0.4352
T Tt 02904 02998 0.3028 0.3024
AT (kN) 438 181 200 185

LRB: 296

HulAolE (kN) - 396 820 HA: 1000
LRB+HA: 1260

LRB: 55

HAo1E (kN) - 85 72 HA: 58
LRB+HA: 63

I 3. Gebze X|T0IM2| FLSE H Moy

Ho-&H H|AO] |G=5Ao]| TaAlo] | B3Aof
239 (m) 0.0719 | 0.2754 | 0.1054 | 0.0804
AT (kN) 3150 | 4604 | 3610 | 3686
WATGIE (KN-m) | 697787 | 349754 | 217435 | 190724
Tad Tt 0.5016 | 0.4686 | 0.4415 | 04426
T/ Tt 02275 | 0.2854 | 02905 | 02909
AT (kN) 045 | 784 | 347 340

LRB: 493

HgAold (kN) - no2 | 1000 | jﬁ‘/’f
1493

LRB: 57

BRI (kN) S R B e
64

u AR AojEls 24719] A 7H71E ARSRE Al
|, a2ja E3lols 2470e] HarTia psbdie s
AlojEl= 24719] 944 7H71E ARSRE Al2Rleln) e
I Ty = AelEe] 33 Q¥ O® Dyke 5(2003)8] =&
o A=l Ak

El Centro A|19] 7¢- E5tAlo] AlzElo] 714 & Huj
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AofEE ARSI HoiAlolg] BlwA] EgA|o] AJ=Fle
Tl Alz=Ele] B F 114%, FaAlo] Alz=dlel| Hl3]
oF 47%°] B2 AlolES ARkl ok SFARE FA| Ao
AIZE EF AREE FHAlofgl s Hlaws B 3]y HA
o] A|z=Ele FgAlo] Al=Fle] HI) oF 9%, TEAlo] Al
2Hllof] HI3)| oF 47%9] Alojgs @ ARSIt o]t Ao
g AREol Hls EgA|o] Al2ElS HopHe], FHo 2d
HAE, AlolE 17 wislolla thE Alojal=Hlel] Hs) A
o dsol T olHdt Aol Al2=ElY Alojdse
Mexico City A2 Gebze A|Xlof| WM FARRE A<
LR

H 1-3904 B5o] p3dRog AojEe B AlAES
FoIx1 7le] Aol thaha] WIx|eta APl EA= A0S
o gk Alo)ds-S vERTE eyt Al arEfo] 114
W Dyke 5(2003)° &Jal AAE FAELY T FAHE
35 ZHAIET Alo7] AN FAAE Zds AR o
ol vl Jool] BEado] WA "ok g SEAlo]
Fx]9] 53}, opg=1/0)x]e HEHA/D conversion), T1A]
foPEE 1 WHIKD/A conversion), 1|3l Ao e} wEF
e Foll o8l Alojalae] AlRIAIAe] LT S
ot mEb FAIRFCA F2 AlodTs RISAE=
AugelA 1 o] BAEE 3 ot

mebr] B AFeME uHIHOE AlojEe HIAIZE
o] A& 7FsAe HEsh] 8l vkt B el tiaiA
73173 S skt

o >

> ¥ lo

3.3 Hloj7|e] Zoly

A AR PRI e F2E] SR 7P 2 93
v §= e AA3E] el disl =388tk a8 E
of 2 (1 Zo] § W A%S Fa g ZdoA
TAE A5 o83l AN S PSS

K =K(1+) (11)

pert
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