& 3 5 o &

JOURNAL OF VIBRATION AND SHOCK Vol.33 No. 13 2014

55 33 &5 13 )

ETHENZNEHRHERENBTREFHEEZHAR

T, iAsE
(L. FA s AR TARE IO TG, 22 7300505 2. 2 HIBETORS: B KATFE i, M 730050)

8 . R KL HIR SR R G R AR B T ST 2 RBENN (45 i 32 40 8l ) R HEHHR K
PR BB I T 35, SE B T R T AR S M ) AR G A% Tl RN O BB T sh A sl o L JEAR AR BB 5 20 ik
LR ST RGEHAR, SBT3 1, 3 G 1E AL I 15 i R A S 22 18] PO R FL 5 2 % R IR AR 4
il A B PP A S P 7, 24 22 s RBENN G S5 e Ao R, Y] R G0k A sh B R iz (LI AR 7 5, Vit
325 T AR TR A A0S ) R s T A A e 4 0 o ad sk X AMID 4% | Benchmark A58 BEAT 05 523 Mt , B0k 1T $ A
BT Z 3 RBENN A2t Al £ A LR B8 = 5l 70 B 2 ) SR 1) i Pk A I e e

RS : AR ST 5 B AR A A s AMID $2 ] s MR WA ; 14 B0k

FESES: TU352.12 XEtFRER: A DOI:10. 13465/j. cnki. jvs. 2014. 13. 021

Smart active fault tolerant control algorithm based on
neural network for structural vibration control
LEI Yong-qin'* ,DU Yong-feng'”
(1. Northwest Center for Disaster Mitigation in Civil Engineering, Ministry of Education, Lanzhou 730050, China;
2. Institute of Earthquake Protection and Disaster Mitigation, Lanzhou Univ. of Tech. , Lanzhou 730050, China)

Abstract; In allusion to the sensors failure in vibration control system in huge engineering structures, the methods
of dynamic characteristic identification and sensor failure detection of control system were proposed based on multi-channel
RBF neural network, and a smart active fault tolerant control algorithm was presented for huge engineering structures. The
mutual interference between normal sensor and failure sensor in the process of sensor failure detection was solved by
decomposing the sensor feedback signals into multi-channel signals in dynamic characteristic identification. When sensors
work normally, the controller calculates the control force according to the preset control algorithm. When any sensor fails,
the control system will get rid of the failure sensor signal automatically and the controller will switch to the control
algorithm which considers this sensor’s failure. The effectiveness and superiority of the sensor failure detection strategy and
the presented smart active fault control algorithm based on multi-channel RBF neural network were proved by the
simulation of Benchmark model controlled by AMD under earthquake.
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Fig. 2 Dynamic characteristic identification based on multi-channel RBFNN

XPREA KO HEAT 0 — P AL B T7 05 J2 5 < bn if
ik CEHTUE bRk R RO R L B 40k SF . L IR
R IR R BB e, AR e~ 50

T T

T — T . max min X _ X } 12
min + X _ Xmin( mm) ( )

max

A XN AR 5 X s s X 1 SRR S8CHIE H ) 5 R A

R/ ME 3 T S5 AR 5 T R T 9 A2 4800 K580

(1 KAE AN e/ IME, T H UK 0.8 ~0.9 F10.1~0.2,
P25, Bt i) S A — A a0

X X .
min _ ) 1
TR =T, (13)

min

KB 1 LR (12)

max

X = Xmin +

3 ET & RBENN By =5 4a

HEAMMERAR AL T IEH TR R, R LG
PR AT BN GREE , SR AL IS 1 HT T 2T n
A AR BRI AR T S e AR S A, AR
R X4 TN 20 By 00 AR A i L R 22 ¢ RBE
ER AT AR LBl R R, S A AR SR 2
P 200 ) 87 5 224 i 220 AR n 2 A 000 0000 s o T B
B NAERR R S BRI S 15 3 £ 8%
RBF, JET 2 RBENN (14 15 [R5 il i 52 sf A 00 ok 7%
W 3 s, i aed i A oSt M0 1) 24 I 220 LA A 1
i A ) Lt A 28 22 i RBENN 3153 5 Bij i %)

fERBIEBHE n P RBEN

5 (n—q) Bl(n-1)FH BEH »

\4

If |E, ()| >0, % m*f&
2SS

5 (n—q) Fl(n-1)BH#1 57

\ 4

% B% RBFNN

ERBNEHE n-1 P RIFER

Y

B3 T 2k RBENN () f4 Rl b S A

Fig. 3 Sensor failure on-line detection based on multi-channel RBFNN



120 & s 5 &

2014 4E45 33 %

RIS I PERE, WA R B PR 5 2 A s 2 i et
Z A LI AT LS, M Z 2 E, (D) ME £ o
TR Z AR, A DA 32 A e 2R A8, 75 U4k X AR AR
B Hb o METZHTHEE , RNt A XL . an 2R
o WK, b3 Bl s DU ATLAG) Yo e 2 15 1R B AN
S ATREH B WA s ez, 2 B B, PR, sk 4
{EFE I SO RBE TR A RER B

e F A A AR B A I i R R, R R B
IEEA ARG LART S 220 09 1E 5 050, X 25 i 14 e 15
TR IS W, M0 H., B R R I AR A B S,
K HE A, P, o] PLRIIE 2 s RBENN 7E 2K 52 I
X A TR A I ) R

4 ETZi% RBFNN &g E 3035

FT 2 RBENN B RE Lol A st a5t [ an e 4
iz, Herf FTC Controller A5 5R Sy % E T2 3 7 4 i 42
il o AL R I 5 B 24 T AN 221 A R R £
P BE 2 S A B A o e, AR R R o 2 T
Z % RBENN (1) £ J2 i e e A A5 HR X 45 5 02 70 A i
B REA AN , E RGN S A Sl th) B B e, 2 42

PR TR AT 2 A2 TR 5 e 11 42 ) 4% EE A, % 1)
e 2 PRI 1) 2 A4 1% S i Pl 4% . 7EI 4 rp FTC
Controller LM TN E 6, [ 6 H State determination
R AR AR A% SR S Ak AR i o A AT 4 R
FraAl IR A O P g S ek 50 B 2 i 512
I, B 6 H Sensor failure detection A& I K7 [ 25 #4 & 40
K7 s, A 22 % RBFNN A% [ i i A6 ) 64
B, FHARAGIN 25> AL [t o A5 ) BRI RS, v LA Hh &% 1%
SRS AN AH F ST, BN T, i A% B R AT
B, BB A2 B A B 0 OC , PRI, AT AR IR 24 A% IR
it U F5 | AN 2 X8 J31) ) A7 JR e g s ) G 0 7 2 52
W, AT SKL ™ “SK2 1 SK3 ™LA Y 1 X
PR R AR S B, O 22 s RBE W 25 42 1 R 48 8l ) 4
PEFFSUEIL, R 5L T 22 % RBENN f) £ St e I <2 i)
Kl 258, B 7 7 Sensor failure simulation £t i I 5E
AT AT EAL SR R A I 2 AR A S TA] M
AR DT T I8, G2 R B A AT RE TR/ HLRR R

SIARTE, PR, 78 2 50 220 B8 I, A 98 1) i
A5 5 BEALME S (5 5 R R BUL B I 15 5 = i
DURAGAUNE IR AL

p|UUE)
output
nmse
Output Sensor1 @—b
0ut1
»{UU
Dat X' = Ax+Bu » (E)
- oy PP VE
Earthquake wave —p» Y Sensor2
Controlled structure
noise.
p|UUE)
: In2 zhao Outz
Unit Delay| - Sensor3
z In1
output < * Out1In2 noise:
Control force In3 |n3 Zhao Out3
FTC controller

K4 JLT 2 RBENN B BE 3 sh 7 gt i il 45

Fig. 4 Smart fault tolerant control based on multi-channel RBFNN

b X' = Ax+Bu
outt y= Cx+Du
Reconstructed controller

xuanluyc3 “

state determination

Sensor failure detection Sensor failure simulation

K 6 FTC Controller fit 4544 K]
Fig. 6 Structure of FTC Controller

Bl S ARl By B

Fig. 5 Simulation of sensor failure

D

t1 In1
sensor1 failure detection

e e

- . In2
sensor2 failure detection

- ) In3
sensor3 failure detection

K7 Zi% RBENN {2 J8as S FRefs A
Fig. 7 Sensor failure detection based

on multi-channel RBFNN

Out2

Out3




5513 1

TS HE TS SR SR AE T2 Sl AR i RA B SE

121

5 HEMESH

AR F Y A7 3 )58 O 6 [ Notre Dame K 7
Spencer FIFFEZH AMD #5411 3 JRAE QLN 45 A i g i 1Y
R AMD 4% ] Benchmark #5432 AMD 4 il £ 2 &
Chung 45 A S5 FHACRL A B/ NG ROLE (iR R, 5 i Y 4
R LA FEEARRIEE - T B 1: 60, 5T i [ 1 200, Hif ]
W15 R8I 4: 29 MG BE L 722, AEAY Dl 158 em,
FIEENUR T 227 kg P C SRR ERAE 77
kg, BEBRLHT = By A 53 5] 5. 81 Hz 17. 68 Hz F
28.53 Hz, #H v FH JE kb 4 %1 & 0. 33% . 0. 23% Fil
0.30% . AT i — A2 EAETIUZ B /NEL AMD 2]
For AMD py — A9 s AR 3l R — 4 o 2 G S v 1 4
M ot i B4, MR d AU O EL Centro | Sylmar
Kobe Erzincan Rinaldi Newhall , #£47{/5 B4 i, #55H1]
TR LQG il Sk, P2 il I B 45t it Dl 540 4 2 1Y)
T E Wi 0L, 1# ~ 3#AL R o0 R L S5 M 55— ~ B =
JEINTEEE , DL Kobe i 52 I 3 il 246 14 Wi 17 1) 2544 , 3

X =AXFBU
y = Cx+Du

Out1 I—

—]

=

controller1

X' = Ax+Bu
y = Cx+Du

controller2

1 fen1 uz 1—L

Function3

X' = Ax+Bu

y2 fon2  uzpg—

y = Cx+Du

=

controller3

X' = Ax+Bu
y = Cx+Du

controller4

Function1

3 fen3  uzjg—

Function2

X' = Ax+Bu
y = Cx+Du

controllers

y4 fcnd  uz |

uanluyc3«

I state determination

Function4

lys fecns uz‘-l-

X' = Ax+Bu =
Function6

y = Cx+Du
controller7 y6 fcné uz

Function5

X' = Ax+Bu
y = Cx+Du

controller

=

99T

1

y7 fen7  uz g

Multiport
Switch

Function7

i Z % RBF W25 H R AT S Rt PR . % 1&
P AR I A, s A 8 Al a (45 42
FEIER I W 5 R %) , 1T FTC Controller Simu-
link {7 AR ANIE] 8 Bz, Hoe IRl 4 4 AL A 2R
RAIE N - A2 i 15 5, BEPLIR 75 155 ROK, 1%
BEEAFES . TENZUT 9 b LR, 85T
LA T RER BT L. L0 1: 1 #4528 15 24
1RIRRAS T IAE 2.0 s F1 3.0 s J5 M A 3ot KRR T 2
2L IS 5 3L AR SN TE 3.0 s F1 3.5 s JE MRS i
KRG L 3 1 #4L s 5 3#AL IR 73 HITE 2. 0s Al
3.5s JEME R R KRR T00 4 1 #5185 245 IR A TE
2.5 s f13.5 s J5f5 5 B 0.5 MfwFs; TOL 5. 245K
P 3HERAAE 2.5 s F13.5 s JSfE S HH B 0.5 Mt
B UL 6 1 #4528 5 S#ALARAE 2. 5s F13. 55 5 {5
SHIO0.5 ML ; TO0 7. 1 #L R 5 2#1L G 78
2.1 sM13.6 s J5 25t 0 {55 L0 8 : 245 i 5 3#(%
JRERTE 2. 1 s F13.6 s JF M5t 0 {55 s 00 9 1 #1524
5 3#MEIREAE2. 1 s M1 3.6 s JFRIRO 55

Out1 In1

< Out2 In2

Out3 In3

Sensor failure detection Sensor failure simulation

[ 8 FTC Controller {5 ELfH 3k
Fig. 8 Simulation of FTC Controller

K9 FIE10 N O 1 — 55 SRR G A Mg
R K &1 205028 T80 1 EL Centro M AR
ISR BE T2 3l 250 o 56 et A 00 81 % Je e 2 A8k vy ek
Z), AT LA ) 2 % RBEFNN A 5 K6 00 31 2% 20 ) 14
i BOZ AR I R R I 240, Bl W AR SCHR Y 1 4k T 22
RBFNN 1) £ St e e A B A IR 09 nT S (4]
12 S5 T80 1 EL Centro it 52 P A HIMS R A S5H (@ BT

Rt ) R B PE (FRARHERIE ) A0 3l A i 1Y
=R R, nT IR S M T S LR R
ROF B AR T 2l 5 s ) SR AT T DA R Y 4
RO, e T 2 2 A o SR ] DL PR UE A% B R R
R RGN e, e T e RE T
AR I 285 2R B P RO ANE— —BUE R A L.



& 3h 5 b & 2014 4E55 33 45

& 11

S <
o EN

FI ML /(m - s2)

+

&
o
o

-0.4

0 1 2 3 4 3
t/s

K9 — SRR I AR A RS (00 1)

Fig. 9 Noise of sensor 1# ( Case 1)

0.4

=3.0s

S
&)

FI ML /(m - s2)
[=]

4
&
'
=3
)

-0.4

0 1 3

t/s

K10 SRR g AR 55 (L0 1)
Fig. 10 Noise of sensor 2# ( Case 1)

=3.0 5, B _AMRIEES R

=2.0 s, MEIBERRAL

(RIS SVEIN

t/s

Fig. 11 Sensor failure detected by
multi-channel RBFNN ( Case 1)

Z e RBFFNN 450 (149 2R 20 s ( T80 1)

10

—— ERhehEl

5 o | Hl ‘ | ‘II 1= Fahm

t/s

12 25 = )2 s B e e ( i 1)
Fig. 12 Acceleration of the third floor ( Case 1)

6 % it

ASCHEH TR T 2 8% RBENN 4 14 J8 2% i [ 6 )
Jrik KA BE 3 2 2 B 4 o SR e i e % AMD 5 4]
Benchmark #RBEAT (5 H oM, A2 LA N E2EEIE

(1) $RHIET 2 8% RBENN [ 14 863 i A )
7 BEMER Y A6 I 21 22 A2 AR R B I O, il TR
PRI 7 1 , B A5 T 1) A5 A EL b ST, ARG
HATH, I, AT AJRAIERE T 2 # RBFNN (142 2% 4%
W RREAGIN 7 1k R S I Xof — A B 22 A% S i il e i
FTHERTE R

(2) B RE 2 ol 204 o SRt 2 A% By 1B W AR
I s ] A 4 B2 1 45 1 B 3k o 1 R O, X 2 g
RBFNN A6 I 2151 s < R0k, 221 3R 5o A 3 5
BRZAE AR5 5, DI 3125 1 0 % JEdis R 28T 14 i 5
Pl Sk )y, BV AT P A A A . (7 ELAS
FAR YA G AR R R AT RE L 3h 7
B T SRS AT B A R O PR ROR , AT RLGRIE R S 1Y
L N BA R ENE.

AR SCATANONS A% a3 5 S B Xk 295 4 2 Bl 2 4
A TERIT , W2 & S AT 4 S B2 W B 7
XTSRS BUR G RGN &, 50 8 LT A
89 IR TR 2 o 25 A8 1) 22 AR, 2 il 8 2R 20k 3 e
E AT RS O B Ak, IR, B B 2 sl A
SRS AE S b AR AR A4 i 0 2 1 A7 P i 7 2
2L AT A T IR B

2 £ X o

(1] ZERS il 3T 20050 BP Mz M4 A9 450 RGEHER
[J]. TH#E 1% ,2006,23(2) ;23 -28.

LI Hong-nan, YANG Hao. Structural system identification
based on multi-branch Bp neural network [ J ]. Engineering
Mechanics,2006,23(2) :23 - 28.

(2] RE RGN MRE N B IEAHE VRS PTR &% H.,
M) ] MR TR S TR RS, 2008 ,28(6) :226 - 232.
SONG Gang, WU Zhi-gang, LIN Jia — hao. Robust H,
control for earthquake-excited structures with parameter
uncertainties [ J]. Earthquake Engineering and Engineering
Vibration, 2008 ,28(6) : 226 - 232.

[3] EPn ik, #Hel —REUEATERIMNEDHE
G H PEHILT]. 0 TR ,2008,15(4) 1474 - 477.

HUO Ze-yun, ZHONG Mai-ying, DONG Quan-chao. Active

fault tolerant H_ control for uncertain linear systems [J].
Control Engineering of China, 2008,15(4) :474 —477.

[ 4] @AM BT RS Esh s amiEfasiatl]. #
SEHOR 5 TRE,2009,9(10) :2774 - 2777.
MENG Ling-ya. Active fault-tolerant controller design based
on feedback linearization [ J]. Science Technology and

Engineering, 2009,9(10) :2774 — 2777.
(T2 160 1)



160 & s 5 &

2014 4E45 33 %

[ C]// Proceedings of the First World Conference on
Earthquake Engineering. Berkeley, California;: Earthquake
Engineering Research Institute, 1956 1 —12.

[ 2 ] Housner G W. Behavior of structures during earthquake [ J].
Journal of the Engineering Mechanics Division, 1959,
85(4) . 109 - 129.

[ 3] 8, Mz, THE, & SET4 eI P

AP [T]. SR T, 2003, 19(3): 62
-67.
WEI Xin-lei, ZHOU Yun, YU Jing-hai, et al. Research on
new methods of aseismic design of structures based on energy
concept[ J]. World Earthquake Engineering, 2003, 19(3) .
62 -67.

[4] BTH. NAREE ARSI T R ORI 4T
FEID]. dbat 3R, 2009.

[ 5] Fajfar P, Gaspersic P. The N2 method for the seismic damage
analysis of RC buildings [ J]. Earthquake Engineering and
Structural Dynamics, 1996, 25(1) : 31 —46.

[ 6] Chou C C, Uang C M. A procedure for evaluating seismic
energy demand of framed structures [ J |. Earthquake
Engineering and Structural Dynamics, 2003, 32 (2). 229
—-244.

[ 7] 7O, f8FY, XIEW, 5. BTk Park — Ang #81 RC

itz shini s Ko mAERe R e oE [T ], PR3h 5 ot
2012, 31(5): 97 - 105.
JIANG Hui, SHEN Dan, LIU Xia-run, et al. Seismic
damage and hysteretic energy dissipation characteristics of a
RC bridge pier based on improved park-Ang model [ ] ].
Journal of Vibration and Shock, 2012, 31(5) : 97 - 105.

[ 8] Moy, #ouss, iy, 45 BETReRPuRiat s

FHACN L EREBR A rp i i ()], B ES M 2 4R,
2012, 33(11): 36 —45.
YE Lie-ping, CHENG Guang-yu, QU Zhe, et al. Study on
energy-based seismic design method and application on steel
braced frame structures[ J]. Journal of Building Structures,
2012, 33(11): 36 —45.

[ 9] Akiyama H. FEarthquake-Resistant Limit-State design for
buildings[ M]. Tokyo: University of Tokyo Press, 1985 70.

[10] Connor J J, Wada A, Twata M, et al. Damage — controlled

00800800800 S00800S00S00S00S00S

(E#EFE 122 W)

[5 ] XI5, Xhgte. 2T GPC i LA HRHIBI T[] E&ARK
R (AR 2011 ,27(1) 27 - 31
LIU Jing, LIU Xiao-huab. Active fault tolerant control based

00800800 S00S00S00S00S00S00S00S

on GPC [ J]. Ludong University Journal ( Natural Science
Edition, 2011,27(1) ;27 -31.

[ 6] B4, RUET. IE& M EINELEH RS H,, SO 88
Wit [ ], fiias 2441 ,2008 ,29(5) ;1281 — 1287.
BAI Ming-zhen, WU Huai-ning. H_ fuzzy controller design
for nonlinear active fault tolerant control systems[J]. Acta
Aeronautica Et Astronautica Sinica, 2008, 29 (5). 1281
-1287.

[ 7] #hate, B 07, EEM, 5. Z4RENTEMIRSI RS
A EEFERI[T]. JR3h 5 ik ,2010,29(2) : 69 -74.
SUN Jin-long, TENG Qing-fang, WANG Guo-lin, et al.

0090000 S00S00S00S00S

structures; preliminary design methodology for seismically
active regions[ J|. Journal of Structural Engineering, 1997,
123(4) . 423 —431.

[11] Shen J, Akbas B. Seismic energy demand in steel moment
frames[ J]. Journal of Earthquake Engineering, 1999, 3(4) .
519 -559.

[12] SpREF, BRI, 258507, HEZRZEMIHT M FERETESS A2 ]

YRR [T ] PR AR HURR B R~ 2 4, 2005,
37(2): 174 - 178.
SHI Qing-xuan, XIONG Zhong-ming, LI Ju-fang. Calculation
analysis of the storey distribution of hysteretic energy for frame
structures| J . J. Xi” an Univ. of Arch. &Tech. ( Natural
Science Edition) , 2005, 37(2) :174 - 178.

(13] Bk, WiAlar. T MPA J7 kRO 45 il n FERE T3

[J]. Hbs2 TR S TR S, 2008, 28(6) : 33 -38.
MAO Jian-meng, XIE Li-li. Computation of structural
hysteretic energy based on MPA procedure [ J]. Journal of
Earthquake Engineering and Engineering Vibration, 2008,
28(6): 33 -38.

[14] BRE%, miE. ST REMMESC S SDOF (A& g
IR T]. SRS uh, 2013, 32(10) ; 36 —42.
CHEN Qing-jun, YUAN Wei-ze. Energy spectrum of SDOF
system based on long — period ground motion records [ J ].
Journal of Vibration and Shock, 2013, 32(10) . 36 —42.

[15] Krawinkler H, Seneviratna G D P K. Pros and cons of a
pushover analysis of seismic performance evaluation [ J].
Engineering Structures, 1998, 20; 452 — 464.

(16] MRk IE. AR5 ) 550 00 1 b 5 S 7 o 1) ek 8 B v
(] BB R4, 1998, 21(5): 9 ~16.

YE Xian-guo. Energy expressions of earthquake response and
damage in inelastic structures and applications[ J]. Journal of
Hefei University of Technology, 1998, 21(5): 9 - 16.

(17] FEBE. PRl v e pAoin o B SO e [0 ). 4iksh 5
whifi, 2011, 30(7): 1 -4.

YAN Shu-ming. Sensitivity analysis of vehicle acceleration
during impact of a barrier [ J]. Journal of Vibration and
Shock, 2011, 30(7) .1 —4.

(18] skt MAIREE LRSI ARZAE [ M]. Jbat: B

2R, 2003.

$00800800@00400400400400S00400400S00S00S00S00S00S00S00S

Fault-tolerant control for a structural vibration system with
multi-constraint [ J]. Journal of Vibration and Shock, 2010,
29(2): 69 -74.

[ 8] DuH P,James L.,Kam Y S. Non-fragile H,, vibration control
for uncertain structural systems [ J]. Journal of Sound and
Vibration, 2004, 273(4) :1031 — 1045.

[ 9] Aok, SREIMT. F2T RBF 122 00 2% (1 4544 5y g o 1oz $53 00
[J]. 22 M P TR 272740 ,2006,32(2) : 111 - 114.
DU Yong-feng, GUO Jian-hong. Prediction of structural
dynamic response based on RBF neural network [ J]. Journal
of Lanzhou University of Technology, 2006, 32 (2): 111
-114.

[10] X3 Baedbl [ M]. Jtat: 7 Tl ik, 2006.





