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Performance Estimation of Semi-active Real-time Feedback Vibration Control System

o & 3 =

Heo, Gwang Hee Jeon, Joon Ryong

Abstract

This paper is concerned to constitute a semi—active realtime feedback vibration control system and evaluate it through
experiments in order to control in realtime the vibration externally generated, specially on the bridges which is
structurally flexible. For the experiment of vibration control, we built a model bridge structure of Seohae Grand Bridge in
a 1/200 reduced form and inflicted El—centro wave on the model structure also in a reduced force considering the lab
condition. The externally excited vibration was to be controled by placing a shear type MR damper vertically on the
center of bridge span, and the response (displacement and acceleration) of structure was to be acquired by placing
LVDT and Accelerometer at the same time. As for the experiment concerning controlling vibration, a realtime feedback
vibration control experiments were performed under each different condition largely such as un—control, passive on/off
control, Lyapunov stability theory control, and Clipped—optimal control. Its control performance under different condition
was quantitatively evaluated in terms of the peak absolute displacements, the peak absolute accelerations and the power
required for control on the center of span. The results of experiments proved that the Lyapunov control and
clipped—iptimal control were effective to decrease the displacement and acceleration of the structure, and also to
decrease the power consumption to a great extent. Finally, the semi—active realtime feedback vibration control system
constituted in this research was proven to be an effective way to control and manage the vibration generated on bridge
structure.

Keywords : MR damper, Vibration control, Lyapunov control, Clipped—optimal control, Real—time feedback control
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AP E 95 7)40] F03F o7} Ha 9tH(Kobord,

1994; Spencer, 1996; Jolly et. al, 1999).

AukA o 7 FxEof HhiE HEe] Aloj= XEy
A7 e we 34 58T 558

S 9t

o, vf

L%

A]

o

1

=& g glon ojuf ZF i U R] kS
=] (damper) 7} HEE 27Fh WA AebA
9y, T iy 9 7|24 AR S-S o83t
F9 AoPHLS X9 27} htsle] A H2E
fo] go ]O}J- A7} 2h= s dledes =& 4l
, 58] 7= AsAdS 9
dl 71421 ﬂ AYE Q7] Lethe Hollx dA
M = ekt FEjR o] - 3851 Qlrk FEst ARk
57 }‘?"170“”\]/\9] = O]%Zfl
o

o

LU N

1 oieaqw ww
Av-g:3} 73]
3 ol e WA
oI A WAL SIE F Sick A el 1

_FUJ.‘

o= XﬂoPE]O*E‘r(Dyke et. al, 1998; Spencer et. al,
1997). 583 AP AnfE A5l A
(MR) ‘ITXﬂ7}’ 7% MR #HE o]&apH, ojuf MR ¥
HE 83 F55F AP MR 1412 A5 A
& WAYUST A A4S o5 AdEERte R w2 Aloja
o} WhE AlojgHHE 7|t glom, ESE MR H¥ 9
ZIAAR wd W AR T ol E - ti@ske A
g&2 0% Aojebr] 918 W
Moz B7w 3 ok (Heo et. al, 2005(a), (b); 31°43]
S, 2010; &% 5, 2008). ¥, o5 Ao B,
Zmol WEE Wsg AAREe R Aojaka, o Ao
a3e] S SlsixE MR 999 s tiEo] A4
gk AlojdarelFe] Aol Fod Ao FrhE.
weba] 2 EelAE A 7 7 AljgagE
(Lyapunov A|o{tar2]s 2 Clipped—optimal Aol
g5 = HEORE 553 AR 9= XgAo] ’\V\
s TSIl 4 Alejdaels E xlEAlol s
Ao w Friegietk 07|14 lEAlol A qf

o
o o

86 Txz=FcEte|x| M58 M15(2010. 1)

3 WPTEET} DA Ak, 19
3 MR B3E AHgakglon, olu) 15Ale]
27 37K B ECEATES), 2T
& Taslh A5d0n & ek
W9l A AejdagEon FHE F

A2 SIS Qo] AAHS FEES e
52 A0 Ajs] Sletel wsHow

L

(=Nl

o o2

7

off R e

L=

NEE off

[e)
T, 273

N
W

oA

[ oft
\:lgu o
R =
_o‘L

N

X0
rl

N
3t
o
o
2
>,
_0|L
2

Of
i
4

N
rtr

2

2.1 Mo A|AEIS| HEf S7F &

r

MHow x| AgIHs AL xﬂl°1
ol 2w, ol Alo] TFsE AlAR (P TED) ©
TS SEPRAL e A9 S} @o] aE
o1 9 7l olel 30 Aole & 541l ejo

e £ Qlon o5 F e At AJAHEIL] ¢l

A Mz s ofof Sk

FSL'
m%
1o 1o iy

o

il

_|.|.4

lo

o=

M (t)+Ci(t)+ Kx(t) ==Myx, () + Af (£) (1)

N

Aol M, €, K = AAEe] A 7k e,
3 Adelan, z(t), x(t), x(t)= ARkl gk 2 H
J‘iﬂ TR, S, elm bl =, £, (1) 9 [t

= ARkl st fdeje] o 7RE 9l o]ef o3¢l Ao
of, ojuf 4 W A= 7} & 7= Aol vt
A dE ot} o714, A1(1) 7 Zo] xdE Ao 7k
Sk A|2ER> 54111474]94 Aoy =, ko] IATH
A7 9] S =, JEgkol]l SR o]= Aojo]&
o] oA %X—q/*]i‘%ﬂ (dynamic system) o= Azt
T qlom, Ax olydt FAAATEE ARk o® v
@28 2 el A2 (state—space
equation) 2.2 ZFHAHTH(Soong, 1989).

o

a

~—

1 rle

y(1)=Cz(0)+Df (1) @

o7, TS 5 5, AR £ m, 9
S8 rolea ah, ol 2 A2Ee] e (nx 1)



olal, yiz FHHE(rx )0tk T3 A & AR Y
(nxn), B d8¥d(nxm), O 9L (rxn),
DE ARAGHED (rxm) 183, EE= B9 28 =3
7 (size) @] - 7Fdef| digt $1%] sHo|t}, o]F WH
2 o 21(3) 3 o] yeRd 4= Qltk
ok e 2 ) 50
4= -1 el B= g, E=
-M'K -M7'C M2 —y
C:[—MIK —MIC} D:{M%} 3
0 1 0

2.2 Lyapunov@FHE 7[Hto| Ao ¥12|E

Lyapunov 24 HEHS 1839 Brogan, 1991).
o] AW Lyapunov ¥ V(2)E ARSI, o= Al
2E10] ] 2ol diEl] kel gHd (positive definite) &
Frolofof st} ojul, 917 (origin) < ¢HY 38 $IXgkar
g3it}. o]7|A4, Lyapunov 3°9] #lgl&-S 1(z) &
b, Lyapunov QFYLE o] 202 RE V(2)E &
—314 (negative semi—definite) 3017, ojul] ¢
2 Lyapunov®] #dellA <kgolt}. A= Lyapunov 2t
o]L ] -4°H xﬂoﬁjﬂo HuhsL-J %{-:Lx%o] 2y
V(2) 7} 7Fs8 & (negative) o] A2 ZHe= 7} g0
gk Alo] P& Adesk= otk 1714 Lyapunov &
T ksl delE = QI Leitmann(1994) 2 55
F(semi—active) #|o17]12] AAE 95l Lyapunov 2
A ATHE Agatalen, ojw AdElE Lyapunov 37
= = A 4) 8k 2

ﬂ![ﬂl _YL

ol mx 1o pd
! Fo (L r_ao.n{." _;I
—|—4

F

1 Lt rp
) =3, =572 0

AZIA, N2 |l = A|E A P
ol olw P *e-’F 1WA gl ko] s sidoltt.
AGPAAFNA V(z) & %] QA Az} Sroln g,
Al2~Ee] A )PY/dE fI8iA= Lyapunove] el

(P—norm)

A3 V(z)= &9 dololof sttt wekA ()7t &
At 59] shdo] HEF vy 4(5) 2] Lyapunov ¥4
218 A ga Y pE Felof st

AP+ PA=-0Q, (5)

o714, @, ¢l ¥4 Aotk A (1)< siE Tt
7] 93l Lyapunov &2 w23 e)= Abelart W sl
sk, the 4)(6) % 2tk o] Lyapunov 572
17 WSk (A V= V)oltt.

KR
=

>

V(z)= —%ZTQPZ +z" PBf, + z" PEX, 6)

7|4, P Al2Ee] tigt Lyapunov W7g241¢] gjo]
1, Q% 7FeH (weight matrix)& YR, $] A
7= A9 A (transpose) & LFERALE o]uj, A]AE]
of thgh Allo] Heke] Wstol] AHAR Fie nA= FL
oF 2 3 Wy f 7 23k ke o R shyech 4
= Al2Eo] 9FdshEY] 913 =, MR ﬂfﬂ—e‘ Ol%a hn
V(z)E H23pA717] 13 Alo] Mk v, 21(7)
o o3l AJdE 4= olom, ofwf (7)< Lyapunov Aol
duE|Fo] 289 FoEd v XEAojA 7L A
oJ¥1 2] (control law)©o] ©ch

v =VouH ((=2)" PB.f) (7)

3714, H(« )& Heaviside ATt =2 Aoj7]=
A7k Mool A7E 0 V,,, = SHIAIATE Trol
3L, off HAb i vl AoYE ARk A Ao
19] 5 adsp] gt xdoln, v, A DAl
Z} Aoj 7)ol == ojof & o] ﬁ%‘ B x7] 2
g2l B3l Ao)7] Froh e S Zh= pyEL W
o, f, & ol WACNA A Aoz A - o
S Alold, wpreto® v = dA DAlelA Alo)7]
o] Aekxel wet Alof7lel fdElofof & A gt
(maximum voltage) ]tk =142 Lyapunov A%
darelES AlAglo] QP Wi st @ WES A
ojgto gy Aole s AT + ck

N

>

Trexcsts|x| A58 152011, 1) 87



2.3 Clipped—optimal M| &102|&

MR 99 & o] &3t F55 Aojdeks flsh & v W
HOoZE= Dyke et. al(1996) S| Agkst Clipped—
Optimal Ao} 418Fs 1 F vk o)A,
Cilpped—optimal Ao LuE|&ES E}—O— 21(8) 3} 7o)
TEREZHH A5 Aoy o} 2= 39 yE ©l
3] MR ®52] &7 Aefd f, = [fd,f(g,...,f(.,l,]
= APgeb] flste], A8 HA A7) K(s) & AASH
= Aoltk o714, £} A ‘?i%‘roldr.

=1 K(.,(s)i{?}} ®

MR HHZ5E #5E Aolg SRR
om o] 77k MR HHENH IAE Aojgo] g
Aol FHeteR stz el nole] P-v=w Fz
£ F7ksl7] 9t Zoltk A= MR ¥ 25E d54
Aot f,7F 27 Aol f ol Hulgk ZAeH=S §1)
D3l Aot At v, = v 29l g8 AT = e
ol 2](9)+= Clipped—optimal #|lo]&arg]Fo] A4
¥ FoEd vuE AgAoja 58] Aol A (control
law) o] €t}

714, ith MR ®¥ 2] Q- AofgS f .2, ith
fii 27} 3 e 4 9)

v = VmaxH({fci_fi}fi) ©

A7IA, v;= @ WAIA 2 Alof7]e] |l olof &
AoJtol AL, V. A Al Aloj7lell 5o
of & Hoj H(maximum voltage), H(s)E
Heaviside step 37, 32t i & tre] #0715 AMES
= A5 Ae|e] F= aelsh] fE 19, f.v 8
Alejd], wiR|Eko R f = o]d wAloA A Ao}V
FE #3538 Aojgoltk MR Hu7} & Ao AlE
A, £ = f), MR B9l @A 280 4
Be]] -8sh= Alofgs M7= Alo] Hste] 17F
wojop &b, f., = f,2 _Cl)‘oﬂl: H]Z 24 09 Ao 9t
A5 7F 7k & Alo] AYAIE e Q7 231 MR
HHENY A58 Alefgo ] S Aol Hep 22 A5

vi = Vmax

v

Fig. 1 Conception of Control Order Signal to Clipped—optimal
Control Algorithm

Shaker

Excitation ).

(El centro wave) Structures

(Bridges)

—
AID

D/A Acceleration
Control Force

Damper #1 Vi Control law
Damper #n .
(Shear type MR damper) (% =TouH((~2) PBE) % =ToH (£ =1} 1)) AID

Control Algorithms Based on Lyapunov Stability Theory & Clipped-optimal

Fig. 2 Flowchart of Feedback Control System based on Lyapunov
& Clipped—optimal Control Algorithm

1S 807 YehdE vk Fig. 13 2tk

E =FoMe MR 99 E o] &3] FxEo] #Ae A

S AN7o R Zﬂoﬁ}jj} o|Ae] LyapunoveF4& 7]
A

2.4 TSHO gsXls

B e Aol dd 21 Aleavks 97t
&17] $18lod, Dyke et. al(2003) 5] APgaL ZEA]o]
ek EA A o] 8 AEAATATE &

{0

O

Joich 288 ABAIEEATE HolHIE (),
ARAUHE(L) T3, ALY AR 5
o% olF H¥BMTE FATEEY AEANE 9
8 DTS 1 Aol e wAYle] FEAOR 3
Falok & 712 FEEoln, 58] Qb AL
O 44 o] A8 F5F Aol Lol
29 9% AATFE QTR FH G AojAlzgle] A
ge) Slo] F0E AAsolt & A Yol



wEh 2 =Tl o] HrNE niEe R Aol
Ntﬂ 274 tﬂ ;.”o%/\-] E \37].01. :1'7 ]oﬂ ;Hz;]. g_@_%

thr 21(10) ~ (12) ol WreRd 213 e

]
Jy= max)——— (10)
20
]
Jy= max)——— 11
L
= il (12)
J; = max SV,

A (10)olAM, am* = wl=AlejAe] ) W9 S,
o AZE SARE W9 Selar, A1) oA, x>
H|—Alo|A1e] Ao 7R5E §45, 2 & ARE A TR
sHelth =3 A (12)0Me v, 2 FE—on “JEelA
o AA(full) 17FASYe] =171e]ar, V= Lyapunov Al
o] daE|Fel &gk Aol ] I7FAY 7ol

i AARE ZAsAle] de= H7kek] et
3 BYTEEE Al st ol oy
i= e}

kA T7e ok 1/200 7]
2 7R3} st AAdo] 4.2m, wF 0.17m 181, F
g =o] 0.70m = A, ojwf FHEwe] AAEA
s fﬂxl g Efd &, ¢ %1% BAZRAE BF =

3@ﬁ4§ﬂ 7W3WH#EHB?IF§E%?E%%
Fig. 3(b) ¢} Atk of7|H, FAaRFel ©E zojAI g
of AAl Al A e tiFt 284ds 1] fleto

o wrelMe 7Aoo m Madia AAREE Farst
o] 7= 724 540l NtgHE=S AL A7)
thet Fastel] FAEIIAL, o FAR G FATt 54
= AEE A - AREgi e, o2 Qlslo] s
of w8 WY (7)< TN H Hg AlolE
o] FEe £ o R Tolale] ARRFRES] M Pt
AA WY HFD) }lo] =87 EE Xl* I e R %

Erdse

) e B
‘ lasal

I 1 I I

(a) Design of Model Bridge

(b) Fabrication of Model Bridge
Fig. 3 Model Bridge for Vibration Control Tests

J’}‘ETH ”EHE{P%}X Ao 7 BHUA~D D=
A7) flate] FAlsA S Aol FAlsA L e
TRy 2Rl UGSAE] [-DEASE &-8-8131aL
ojuf JHTFE 2D GR Shell 24, 7hER 9 FE2
1D Beam 84 718]31, #Alo]52 1D Rod 45 A3}
Ak o714 FEEE] AAZAS Ut Pin, BRd Roller
2, 4 S AAIFALS BF Roller 2 2 47431901,
ojwf 7F=2] AHFE(DOF) & 2 Tl thato]
T INEAED E Folale). et s FaefAnt
H2 710l -§5 (Guyan reduction) ¥ E-83813111, 9]
EHE 259 4 sEhe ek, Beg 4
= 4, A B 5 E ARESRlTE o714 4% FE
B2 Fig. 4(a) 9k 20, ol Ak Al a4
2k 221 FEE) Adk= v Fig. 4(@), (b) 9k 2k

2.7 MR HHE 0|2

ok
]
ol
el
=)
=
oot

B eRole 5 PEEe] MHs 15S 57

Trercsts| x| A58 152011, 1) 89



3%%1:_

(©) 2™ bending mode(13.31Hz)
Fig. 4 FE Modeling & Analysis results to Model Bridge
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(c) Accel. & LVDT

(d) Current driver
Fig. 5 Vibration Control Tests Setup of Model Bridge
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Fig. 6 Control GUI for Real—time Feedback Control System
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Tirme-Applied Woltage Relationship
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(b) Applied Voltage for Clipped—optimal Control
Fig. 8 Distribution of Applied Voltage for Vibration Control
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Table 1 Maximum Response and Performance Index to Vibration Control Methods

Estimation Maximum Response Performance Index Control Effect
Results ) Input . Input
| e e | | || e ] e
Control Case e (Circle) (%)
Un—control 1.40 2.54 - - - - - - -
Passive—off 0.97 1.94 - 69.0 76.0 - 31.0 24.0 -
Passive—on 0.45 1.61 3000 32.0 63.0 100 68.0 37.0 -
Lyapunov 0.47 1.15 1993 33.0 45.0 66.0 67.0 55.0 34.0
Clipped—optimal 0.42 112 1933 30.0 44.0 64.0 70.0 56.0 36.0
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