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Benchmark-problem investigation for seismic response of a large-span
cable-stayed bridge based on nonlinear stochastic optimal control
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(1. CCDI Group Shenzhen 518057 China; 2. School of Architecture and Civil Engineering Xiamen University Xiamen 361005 China;
3. College of Civil Engineering Tongji University Shanghai 200092 China;
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Abstract: Investigation of vibration control for benchmark problems on largespan cable-stayed bridge is one of the
most important research topics in the current International Symposium on Structural Control. This paper studied second-
stage benchmark problems on the Bill Emerson Memorial cable-stayed bridge. In terms of Hamiltonian theory for nonlinear
stochastic dynamics and control the benchmark model under seismic excitations was investigated using MATLAB
simulation analysis based on the stochastic averaging method and stochastic dynamic-programming principle. Comparison
of analysis results for optimal forces and performance-evaluation indices between the nonlinear stochastic optimal ( NSO)
control strategy and the linear quadratic Gaussian ( LQG) control strategy revealed that the former control strategy mitigates
the seismic response of the cable-stayed bridge more effectively than the latter thereby enhancing structural dynamic
stability and earthquake resistance. In conclusion the NSO control strategy demonstrates better control effect and presents
instructive references and practical significance for vibration control of bridge-engineering applications.

Key words: NSO control; seismic response; cable-stayed bridge; benchmark model; LQG control

= 0 Hamilton
(LQR) . ’
Gauss( LQG) . H, H, ( NSO)
: ( 2008F3100) . . .
© 2014 -12 -16 12015 -04 =21
1986 7 ;
1984 3 NSO

E-mail: 6yux@ tongji. edu. cn



42 2016 35

o LQG
s-12
Bill Emerson Memorial o
Benchmark
Harmilion 1 Benchmark
Benchmark
o ( Cape
Io Girardeau)  Emerson Memorial " 1 o
Emerson Memorial 128
Mlinois 12 o
Hamilton 1205.8 m 350.6 m 142.7
m 570.0 mo H 2
102.4 m 3 108.5 m
. 1LQG 64 o
NSO LQG o
142.7 m 350.6 m 142.7 m 570 m
(468" (11507 (468") (1 8709
HFIL O A1) !
T T rrrirr—
I |
B | B 2 e Bl 4 B [
DES
1 Emerson Memorial ('m)
Fig. I Emerson Memorial cable-stayed bridge model( m)
N 13 & 128 o 50 43 Beam
ABAQUS Emerson Memorial 74 o X VA
2 o Y o 2. 3 4
B31 T3D2 1
N o 579 Y.Z o [linois
420 134 162 Beam 4 X o

2 Emerson Memorial

Fig. 2 Finite element model of Emerson Memorial cable-stayed bridge



Benchmark 43
14 4 (-1 ilﬂcilciz = a;
6 iy +ip=2i (3)
I 2 (-1 [l”dildiz = b,
i 4y =2i
JIl} o 24
4 1 X = &0 (4)
8 2 8 ® nxn (1)
3 4 4
3 3o
F=1500 kN. Q0 +2£00 + Q0 =-BX, +u (5)
0= ¢ 0, - 0, !
Pl e @ =diag 0> =PKD o, i
e 1 | 26D =P'CP £ =diag & & i
g | ] == i . .
| bR i B=®'MA,u=®'PU u, i .
& - ol . .
[ ‘ Z= QTQTFT F: fffrfl) T
T . Aa—— i 3
P == e (2) (5)
\ s dZ = (AZ + Bu) dt + CdB(t)
Z(0) =12, (6)
3
o , (6)
Fig. 3 Diagram of typical tower actuator R
Ito
4 323 dV = (DZ + Gu) dt + a,(7) d B, (1)
63 45 23 V(0) =0 (7)
dv/di= o' d" " B,(t) m Wiener
! I B(1) Z, o(7) (1)
323 63 DR -20EQ 0
60 D(/1+12) x(2n+1) Po[ ]
(/] 0 0
b
63 Gy n = Po[ ] (8)
0
2 (NSO) D (7)
2.1 NSO
Benchmark 6 1 .
J(u) =lim— | AQ Q u)d (9)
tpro tf 0
MX + CX + KX = - MIX, + AU (1) (5)(7) (9)
M C K nxn N f g 00 u
I A U= U1 Uz o LQG o
u ' u j . :
L fe Q0
X, (1) Gauss i
2.2
r—1 :
d/
X, = (3o )
j=0 dt]
7 (2) o
( z c. i = o 1) W(1) V(s) 0<s<t  Kalman-Bucy
=~ J d¢ R
W( 1) e d Z( 1) Z(1t)
! 7
a; b; dZ = (AZ + Bw)dt + F(1) o,(t) dB(1)



44

2016 35
200) =2, (10) @ =E f’}ngf (20)
if(l) m .
F(1) = R() D'S;’ (11) - S
S oot R ey s J=fH) s @R g = aH)) (20

1ty t/ 0
2.3
(10) 0.0 2n
N Hamilton
o= (Q?+0200) 2 i=12-n (14)
i o
wi@i = /\/2ﬁ]iCOS@i
Q = — \/ZESin@i @i = wit + @, (15)
o @ T (10) dfl.
d¢i 6 - N
A, H,
no w, kw;, = o &)
k, o( &) £
Hamilton
. ) o, R _
dH, = | m,(H. 1) +( Qui) dt + o,(H, ) dB,(1) (16)
aQ
B,(1) Wiener
mi( IA{i 7') = _2§iwif{i + 0'12( ]A{i T) /( ZIA{i) (17)
olH 1) =HY o (Fo)l, +(Fo)l., +
=
BHSS (o 7) (18)
St (o 7) X, X,
SQg(w T) =
r=1 " r
2 2
‘Zdi(Jw)L Zz ‘Zci‘(jw)'l‘(F(Tl);nnk
i= o=l =i
o(1) —= — ;
‘ ZC,‘,‘ (jo) ‘
i=0
(19)
2.4

a;{z"”})”(m” (2)

0
(22) U
. s Ll
W o=- S @PR'P'OF 2R (24)
o aon
R,=P'®RP'P & & z
. (24) (22)

v _ ’ﬁ(H) + Y e Y-
at i=1

P,=PR,'P". (25)



8 Benchmark 45
A "ooA A i S i=12--5 j=45 (26) o
V(H) = Z Hi[Pu + Py Hi] + ;Pb,j H; H,f (28)
iz i#)
(27) S1nSy Sy . 50
(26) o (28) (24) 73.3 kg/m’ 24. 4 kg/m’
o 97.7 kg/m’
3 NSO 3%
:0.290 0.370 0.468 0.516
0.581 0.649 0.669 0.697 0.710 0.720,
:0.279 0.356 0. 449
I I 142.7 m I I 0.497 0.559 0.623 0.641 0.681 0.682 0.697 Hz
350.6 m I \Y 142.7 mo
3 km/s I 4.38% »
Io. I v
0.05s.0.16 s 0.20 s.
19 1
90. 6% LQG NSO Benchmark
‘n, =5 0 =10 R =501, 2,

5;; =0.5 55, =1 55, =0.8 55, =1 555 =1 503 =1 5,; =0.5

1

Tab.1 Explanation of performance evaluation indices

Ji max

Js max

{ max ‘ M/,f,( t) ‘
J3 max{ -+

Wi
max | M, (1) |
Js max
My,
‘ T, (1) =T, ‘/Tol
Js max{ max——————————
) it Té)(‘
5, (1) e
Js max{ max | ———— X
v Xob

{m‘dx I #:(8) |l ]
J; max{ —*
[ Fo,(2) |l
{m.ﬂX I Fault) | }
Js max{ _°
Il Foal 1) |l
{mﬁx | M) |l ]
Js max{ _¢
| Mo, (2) |l
max || M,( t)
N { ax | M, |}
| Mo, (1) |l

-]13

-]14

Jl7

-]18

-]19

max{ max | 7.(8) =Ty | /TOi}
i I Zoc |l

dim( x})

¥l 1)

0b

max{ max

}




46

2016 35

Simulink

wmat '—

i AL
LSTR

- _—
e = . |
— 0Pyt uw\cJ» LQG K4 LQG 12
e Lr | ]

ol gy E g e o
: RS W G

'AD - DIASEHS:
B ) Ulimit !

LQG Wik
—Ax+Bu

[ ’1 Cx+Du [
FHJ[urhl” a‘lhvlllf

¥L

xmat 1
. i - X uvec -Cq Lhec
FINE % /
L =Ax+Bu ;

TR

o 1,-;__] :I‘ el !Ju __J_‘:‘u.tll ) ..f..nlP =
PR TEIR Al FHILH '”] vy - HO mec
—— fnma } h‘.m’t‘l
Lo yzm ‘

|

| +ols 1t wee l

i ™
»-Ls'l' u:é;:" ~ ) ik
e

- ___E'ﬂ Wil

e o
Bl

- Uy ty
siqs2” wec - .L

/ k0
i of |

~Jt2 :

~— |k 1
,,?wac/):-qk.m I e .- (—
il y Matrox
r~Jiis . P12 l__ Multi
+eigs3° wet "UU". L |
922 i s 3 ik

I8 e "
2 ik 2

-W ‘ s
~ s
1

JEe ]«
i S
1
| +

7 B i ———
<__y0"Pu’ wec <i ¥ g
I8 35 1 . 'l "
D I o
et TR
NSO
4 LQG NSO Simulink

Fig. 4 Comparison of Simulink models

based on LQG and NSO algorithms

Bill

Emerson Memorial Benchmark

LQG NSO

2 Benchmark

Tab. 2 Performance evaluation indices for benchmark problem
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