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Vibration Control of Stay Cables Using Semiactive Control System
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ABSTRACT

Stay cables, such as are used in cable-stayed bridges, are prone to vibration due to their low inherent damping
characteristics. Several methods have been proposed and implemented to mitigate this problem, though each has
its limitations. Recently some studies have shown that semiactive dampers can potentially achieve performance
levels nearly the same as comparable active devices with few of the detractions. This paper presents the results
of a study to evaluate the performance of k semiactive dampers for mitigating the vibration of stay cables.
Moreover, a number of recently proposed semiactive control algorithms are formulated for use with shear mode
MR damper to compare the efficiency of each algorithm through numerical simulation. Numerical simulation
considers a stay cable excited by shaker and controlled by shear mode MR dampers. In simulation, the response
with a semiactive damper is found to be dramatically reduced compared to the uncontrolied case. Furthermore, it

is verified that the algorithm based on Lyapunov control theory is very efficient in mitigating the cable vibration.

1. ME

A AU oy AAYeR AFme Mol Fohstn o, Y AU
o718 o 7R 71€3 EA= vdER dole AHoT 53], AMgad Fo 249
AolEL vl fdste] R*2 FHuE 7] gEe, TATH BIAFLE Astd TAsE
AEol mzdaA wgstA "ok ol AlolEH} AlolE AZF ¥ HES FEs AEINE
FaAZIAY FARAAEY &40 I AL EAE AL F Joh dAAAE
AolEd AFE FLA7)7] st FEFHOR FAolE9 E‘?‘;% 345}/\17171‘% TE 7%47]—3—
AAse
Aolge AFg "Wy EFFCE AAANA F dde ATE9 ‘%EQ"] %C}. % =
FARHE Tkl AT WeF FAYIY HoS& 2R, dobrt T Ao dndyF
At A duFE A&t AolEe IT Ao dE & dnAFY 4%

ol mlo

o
o
L
ot
38
£

2. AHgFo|E2 XVIRE *AHl 227

* A ed O g @A ***M’é

*  AAAFRED EERATY

*rk @ﬁl%_ﬁitﬂz‘m t%’d%?étll"i}%
é- E2e



2.1. AZ Aol

AR ABE 2 Ro] AR WEe) YHoT FE APL
ME 38 1% Zol ARE 2A 4 olHA AR Aclge oA
A ol B AT R

Zet wWEA, B A7
o2 3o, olm FAojEg

my(x,t) + cv(x,t) = TV'(x,t) = F.(t)6(x — x,) + F,()6(x — x,) (1)

A7NA, vx,t) & AlEe] AN Mg, F,()t BsF Z3V2RE AolEd AdHE
48, F () = 71271 25€ FAolEd A2Hs 7Y, L AlolgY Ho|, T Aol 3
g, m2 AolE ol A%, 18X ¢+ AolEY EY 74 u|(modal damping coefficient)©} T}

Av(x,1)
A L F
P—V

A T,myg
() F,@

—
! i X

s

X

I% 1 weE A48 70 AXE AlolE Bd

Aol B o] 2 Wpeke] W9 YPAtol [3% Aol R ER R Hdgz 7HAs R A)%
38509 Galerkin MethodE ©] 839 A(HEFE A3)H 2L FHZ o]Fofx Aulg

x/x, 0<x<x,
$(x) = 2
L-x) (L-x,) x,<xsL

P (x)=sinzx jx

Mg(t) + Cq(t) + Kq(t) = o, F, () + 9, F, () 3)

A71M, M & ARWY, C& AW, K= 34 39, ¢, & 7H1F 28, 221 ¢, = 7
49 Wit

oA AMEE W5 F ZA47E 1Y 29 YeEd AW ZE MR 47|t @ Ag e

e o~
F.R

_58_



ZA71E F MY @ Aol o] MR $A7t §4E FE FIAY vl Avhe 72E
A3 gl o) 7ol Aolel AAHe] MR FHY Wael wreh FAHL Aloj@ol AL
k.

i—b X
g Bouc-Wen
g )7
8 “f
o
Z —p
9 C
g. 0 I
%8 2. AY 2E MR #47) a8 3 A 2= MR 7447 22

AW BE MR 24719 AEES 2% 3 % Zo| BouoWen ZWF & A BY 74 228
Argato] (@) 2ol vERd 5 it

f=ci+toz
i=—y|x|z|z|" —fr|z|" +4x%
where a =a, +a, 4
€, =Co, + Coylh

u=-n(u-v)
A7IM, ¢, . ¢0,,Q,, 00,7, 8, TEUL At 71 54E& vdehle 5ol
3. Ho| ¥n2E
Hg EE MR #47le 4t 248S AH A A28 ¢ 91, F47d FAQ A
43 Aol g AFol wet Fagol AR wabA, Ao dnFE 28T vtEF F4719

545 2est AlolEe ATl w2t Bod AHHES WA 5 A 44719 As WA
= ek ok 2z Ao} dmEFel e F o AAE S22 FuEA (2)°f U

i
o
2

[+]

3. 1. O|&X9l Clipped Optimal Ho| &12/Z (Ideal Clipped Optimal Control Algorithm)m

Dyke So] Atst %% 747 Aol ¢ngZoz 35 74478 98 A¢Y LQR T=

_59..



e

LQG 21eFH WEF A7 S4& dehis neFY 2YOE olTJAYY. W5E
24719 53 ATE PASL €se FHAL Aol AT & Ykn Aol 4(5)3
2ol FAHG AP,

Fd = FdactiveH(_Fd active (t)\')(xd ,t)) (5)

3. 2. Lyapunov 9V O|22 0|g8% o] ¥1alZ (Lyapunov Stability Theory)?

Lyapunov <t3A  ©o]&2 Lyapunov BFE Y3t 53y W80l negative
semidefinite 94w I A|A"E Lyapunov FHojA <dAs e o]&ot). o] o]&8L olLdly
HA & Lyapunov F#tol 0] HES 3t 248 FZ2E) ALt Zo] Ao dagE
E3o] @4, oju, Lyapunov ¥l we Ao G Fo] thstA ANE ¢ e, o] =
e Leitmann(1994)0] 5% Ao}7]o] Al43 Lyapunov ©]1&& AMHEsld 2)(6)3 7o)
A EE MR Z47l0) Fo4A & A¢S 2.

v, =V, H((~n)" PBF,) )

3. 3. MED(Maximum Energy Dissipation) 23285 @

MED (Maximum Energy Dissipation) €¢18&< #Z &9 AA IF JdUAE LA
A& Agete d1EFLE, Lyapunov 52 AU AF «dyA e O 55 "F%b‘}
ko]l HAV HEE R o] ¢xEEFS A (7)Y Zo] I AdHE HgGE A
.

P

e

v = VmaxH("qT(ded) @)

3. 4. Clipped Optimal Hof ¢nz(5?@

MR 74719 EAE 2 JYENEE Dyke $0] AWs L1alESE, Linear Optimal
Controller 288 7488 A&3d,. 22y MR 23719 E4 FZREY vrgo AdiEe] #
257 W&o A8 39 weF T77 Hdigk A2 Ay {A FH a29E ¥

HHES fEsE FueFoln

Ve H (W = F43Ey), ®

_60_



3. 5. MHF(Modulated Homogeneous Friction) atnas®@

MHF(Modulated H omogeneous Friction) ¥ X285 v #4]718 #38t] Inaudi(1997) 7t A<td
dna|Folt vhE 74719 MR 24719 AFAY FAMCR Qs wksF 27 did A
o] ¢uFEOE AT F Utk o] FxFL Hd A}t oy AL VIELE HAHS
sy, of Hd HWHrt dojd WA AT 24 aHE TXEC 7A€ok old 73y
gL WeF Aol FX9 W ulaEA AR e ATl FolAE oY AL A
(9)& B3] 2A AT

=V (F, = | Fy ) ®

4. x5

ki

AlolE Tl disty Ws% 24719 JF A4 AAXE Zolkn Zt duddFe e M
71 A8 g3 22 Bl os FANNE s dneFLS Gl LA ol
¢l Clipped Optimal(Ideal Clipped Optimal) Ao} ¥ 18| F, Lyapunov ARG o] ZA% Ao &z
2] &(Control Algorithm Based on Lyapunov Stability Theory), MED(Maximum Energy Dissipation) %1123,
Clipped Optimal #]9](Clipped Optimal Control) ¥ 312]& 2] 31 MHF(modulated Homogeneous Friction)
dnEFE ARSI

4. 1. offd cieo +X229 HEH

Richard o] #3813 A3} FYF AojExn A E gz £ H4E +3833590, 7
o83 77 AdS ¥ 1. # ¥ 2. & 2 8F 2 Gaussian WA F-2(White Noise)E AHE-3}
o] RMS(Root Mean Square) 7 o] 3.5No] H T2 it olw, 73719 Ay 74382 10N, H

o gk 3v ol

1. AlolE Ad

Eig= A4 B A
Aol & o] L 12.65m 6, =0.0015
¢, =0.003
2 7H4ju
¥ AN ¢ ¢, = 0.005
Zolw A% m 0.747 kg/m Sne = 0.0005
AolE ¥ T 2172N AFAET o, 2.89 Hz

_61._



L A B L3 A %
4 1.3x10° Cop 125
n 1 a, 70
B 1.3x10° a, 700
A 200 n 70
o, 50

4.2. 8o A3

WEF A7 Aol ndFY A5E A7) Aste] Aol FEARH Aole
1443 F /AN 7ikg AReA e HAEAE vlmsgch £, sAolEd 544 2 9 94
A2 dehiy) Astel RMS B9s RMS $EE B0, Ao dn2FY 45 Sfé

= o2 3EQ RMS Z4¥E ARG

28 1.3 2% 2 9N & F %ol Ao @ Aol M ojAHA Clipped
optimal(Ideal Clipped Optimal) Ao} LI Feo] 7HF Hold A5 & RAET Ty o33
Clipped Optimal #|0] 4nEL #3719 T3 AFE FAstL #F471Y &3] Fdztn 7}

AR 7] g, AA o AE B 5 vk oo ), d& A dnAFS A9 AFEE
25 J4st A 4l A48 £ Jdod, 28 dndF FelAE Lyapunov AFAY ojE°ll
7198 & 312 Z(Control Algorithm Based on Lyapunov Control Theory) ©} 73 F& Ad5-& BHAEM

I

MH MF
Clpped oplimal Cliopad optimel
MEDA MEDA
Lyapunov Lyapunov
Passive on Passive on
Passive off Passive off
ideal cipped opitmal Ideal choped opitral
Uncontrotled Uncontroled
0 05 15 2 26 3 35 4 0 05 1 15 2 25 3 35
Max. Oisplacement at Quarter-Span {mm) Max. Displacement at Md-Span (mm)
% 4. AlolE FA4eA 2T Hd WY a8 5. AelE Zdolgl 1 xFeA 2 Hy A9

4.2.2. RMS #2912 RMS &k

- 62 -



O¥" 6. I 28 7. 94 &

& HAFI gloy, Yolrt disF #H7E HA
RMS £571 Ho Wigluc o & o2 74 3
&t

Aol gAA Hold 45E B

MHE

Cipped optimal
MEDA
Lyapunov
Passive on
Passive off

Ideal clipped opitmal

Uncontrolied

0 05 1 15 2

RMS Gisplacement {mm)

25 3 35

2% 6 AlolE A 9 Yl RMS Displacement

4.2.3. RMS &&=

Welsh RMS $E9| 2AE Ao W99 2L AR
A

W AR A Felel dig RMS W92
2e & 5 g o= WEF BANA
oju gt

MHF

Clipped optimal
MEDA

Lyapunov i

Passive on

Passive off

Kdeal clipped opitmal
Uncontroled

0 &0 100 150 20

RMS Velocity(rmm/sec)

20 0

a9 7. AolE A dH < RMS Velocity

RMS g AR 4719 284 Yoz Ao ¢xndFY d5S Frlee 3

Wkt Alo]
Fol W55 AoZ18 3 BEHoE AgBTHE

Stk £ 3 ol & & %ol B F& 45E B Lyspunov FFH ol Bel 7]
gmelEe) RMs Z4do] Ao BaHN) 71t 2HS %E zow, oE *n
A& oel.

o

£ 3. Ao ¢l ©S RMS 72 g

Aol ¢nF AH9 2] FRASAFIN)
Passive Off 8.70
Passive On 9.90
Lyapunov Stability Theory 9.96
MED Algorithm 9.58
Clipped Optimal Control Algorithm 9.49
MHF Algorithm 9.91

5. @2

...63_



2 =2dAe A4S 53 AotE T Alojdd dF NteF #A78 HeE Lofrg:
o FAHAL 1256m o AA APGFAClEA vbEE 4719 HAVE AT BEE Qe
FRHZ o, g Ao dngdFE AMEste] 4 dudFY e Jrsit. o A3 bbs
T 717t BAE Aol £ AR IFol IA ALIHISE AN, I Ao LnYF
ZollA ©]4A <l Clipped Optimal(Ideal Clipped Optim) #|©] € 1.2]%F ¥} Lyapunov AAA o] &9l 7]
w3k A|o] %] E(Control Algorithm Based on Lyapunov Stability Theory)?] £ %2 Bgd 1
% Lyapunov AR ol&el 714st Aol &aIFHE AolE FAXNAEL HAWHIE 54%, AolE
Aol 14A AN HAoh MAE 59%, A°lE A ¥H RMS HAE 64%, 12T AolE A

Z
f -
Q4o RMS £5E 80% ZBAAFE 95 A5e vyt

ANl 2
o] =F& 2003 U&= gFETEITAGEY A4 (KRF-2003-003-D00460)° <&t
ATFEHonZ oo ZAEHYT

o3

azs
1. Johnson, Erik A., Baker, Greg A., Spencer, Jr., B. F, and Fujino, Yozo, “Semiactive Damping of Stay
Cables Neglecting Sag,” ASCE Journal of Engineering Mechanics, 2002 |

2. Jansen, Laura M., and Dyke, Shirley J., “Semiactive Control Strategies for MR Dampers: Comparative
Study,” Journal of Engineering Mechanics, Vol. 126, No. 8, August, 2000

3. Christenson, Richard E., “Semiactive Control of Civil Structures for Natural Hazard Mitigation: Analytical
and Experimental Studies,” Ph.D. Dissertation, Department of Civil Engineering and Geological Sciences, Notre
Dame, Indiana, 2001

4. Pacheco, Benito M., Fyjino, Yozo, and Sulekh, Ajai, “Estimation Curve for Modal Damping in Stay Cables
with Viscous Damper,” Jorunal of Structural Engineering, Vo. 119, No. 6, June, 1993

5. Inaudi, J. A., “modulated Homogeneous Friction: A semi-active damping strategy,” Earthquake Engrg. And
Struct. Dyn., 26(3), 361-376
6. Leitmann, G, “Semiactive Control for Vibration Attenuation,” Journal of Intelligent Mat. Sys. And Struct.,

5, September, 841-846

- 64 -



