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Fig.1 The position relationship between friend and foe tanks
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Fig.1 The analysis model of longitudinal train dynamic
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Fig.2 The measured rotor displacement signals
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Tab.2 Data set of axis trajectory
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Fig.4 Purified axis orbits
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Tab.3 Invariant moments of shaft orbits

br% M, M, M, M, M; M; M;
0 3.18 11.28 17.41 1541 —32.13 21.05 31.88
0 3.18 10.80 15.02 16.21  31.94  22.30 —32.03
0 3.18 11.48 16.33 16.38  33.86 —22.95 32.74
1 3.16 10.59 14.50 15.52 —31.06 —20.94 —30.55
1 3.17 11.29 15.26 15.11  30.30  21.07  32.17
1 3.16 10.66 14.52 15.32 —30.44 —20.86  30.36
2 3.16 10.33 14.24 16.21  31.52  21.39 —31.70
2 3.16 10.57 14.75 16.13 —32.82  21.90  31.57
2 3.16 10.26 14.28 15.68  31.31  20.91 —30.67
3 3.17 11.91 15.26 15.93 —31.54  22.60 —32.43
3 3.17 10.84 17.90 15.65  32.57 —21.56 —32.56
3 3.17 10.77 17.03 17.72  35.12 —23.19  35.52
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e 3k 2 f A5 e T ORE i A ) Al A0 30 ] i B 21 7
Y2 18], 2 4 R B2 DO Y B 53 G SRR AIE
FT 2 4 AT, 6 T b B P A (] 26 Y ) 4% B
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Tab.4 Encoding features of shaft orbits

bR h ) Js Ji g s i
0 170.89 268.42 —5.74 219.16 —177.33 86.07 —164.28
0 170.45 268.07 —5.49 218.62 —176.94 85.77 —164.35
0 170.40 267.69 —5.52 218.93 —176.78 85.87 —163.96
1 169.97 264.66 —6.22 216.44 —174.24 86.48 —161.91
1 170.49 265.81 —6.19 217.41 —175.21 86.49 —162.63
1 170.83 265.38 —6.35 217.37 —175.54 85.76 —161.97
2 168.96 263.28 —6.35 215.31 —174.39 85.02 —160.14
2 169.49 263.39 —6.20 215.91 —173.56 86.05 —161.23
2 169.66 264.32 —6.19 216.48 —174.32 85.89 —161.70
3 170.25 266.22 —5.95 217.69 —175.89 85.71 —162.80
3 169.92 265.48 —5.86 217.25 —175.48 85.26 —162.31
3 169.82 266.30 —5.88 217.09 —176.10 85.40 —162.55
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Fig.6 Training results of classifier model
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Tab.5 Diagnosis results of different models

WA BT DAE+

DAE-+ Hu+ Hu+

Ei= ) WiRiS BP SVM BP SVM
K% 98.70  78.20 75.60 94.10  93.20
HAMmHE  98.50  77.90 75.20 92.80  91.60
F 4% 98.50  77.70 74.80 92.60  91.60

MR 98.50  77.88 75.13 92.63  91.63
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Fig.7 Comparison of accuracy and F-score of different meth-
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Fig.1 Process diagram of fault diagnosis algorithm
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Tab.3 Time cost and recognition accuracy of two

methods
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Tab.4 Parameters of rolling element bearing
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Fig.10 Recognition result of normal signals for wind field
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Fig.11 Recognition result of inner fault signals for wind field
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B, JE T AR A5 5 X () 2E 4745 38 08 L 19 20 08 U
Ja B A5 5 2 (1 ).

(4)

K (/i M=

1.2 %Ko

B X VR Bl R IR S5 5 % AE AR R R IS,
Hilbert £, 4% i ] J5 3, %) 38 9 J5 & 22 i) 6] {5 5
2(2)% zfﬁﬁxmﬂwﬂﬁah/ﬂiﬁ%%m%ﬁﬁﬁﬁ HEEH

RS R B B ES A
) (z)+x2(t) (5)
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0= 60f/n (6)
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KB IR 3 B %8 0% 5 L5 5 A () #1755
AR ECRAE . S, A S AS B A T )
{2} HoU, M IE AR AR 5 X () BEAT = IOFE S5 4 {45 2]
BN ERAE 5 B m BT R A B A5 46 (fast
Fourier transform, fij# FFT) 23 #7145 2I40.2% B ik i .

T V& Bl il 7R T 2 A BN Tié iz | FE 45 R ARl
B R A 2R 8 2 AT 43 ) 3RO

1 d
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1 d
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d 2
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Fig.1 Improved variable speed gearbox rolling bearing fault

analysis method
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4 R AR S W L4
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78 T AT R TR Sl il R A2 IR O 0k B A R BT
T RAS ARG EZES R 6, AATT kR
R R G011 il 1A 58 AR P AL Bl A B R G A5 o)
A WAL 2 s o O BEARLIA He A4 52 Pz 47 1 A2 P i 3
EREAINICR/S d A VG SRR o Sb7ioy 1 Bk S S
e B A 5 2 R B 3 3 B 0 TR S R 7R O 525 il
7R RPN f T

P2 S22 P RO s 53 AR
Fig.2 Experimental platform schematic and measurement

point distribution
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Fig.3 Fault simulation test platform
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Tab.l1 Reduction ratio of two-stage gearbox

8 A TR EAT R R AR
TR 4.57 3.45

4.2 B R RE A0 R AL R G AR 4

SEE SR FH A T R A% B 43 ) R A Bl R
)l i iR B0 S (L3 v 38 RN K P-4 26 1 T A
R IRAR ) I AL AR 1 R AL 103 mV /g R
FH O H A% [ 2 0t S 6 5 A% R AR 2 R AE IR Bl L
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FRIE M, 45 - Pl 1 i

458 B U0 BT VR Sl Al R R 12 Wi 1093

Bl (2 il 1 2) 4R 3 15 5 R AR A R it
25.6 kHz, i /2 R AE . Bl Ak 25 AL S ER—
16K, HFESH LK 2, AR xS HCm g
BUE 3, 13X (10) ~(12) 3155 AT A5 il 70 3 e R F B vk
L33,

x2 FHWAEESY
Tab.2 Structural parameters of rolling bearing
R Ik 5 [ 2 fih
3 Ef&/mm A% /mm /(%)
9 7.94 38.51 0
R3I ORIH AR RFE
Tab.3 Fault characteristic of rolling bearing
TR A A S el ™ el RIS
AR AIE B U 0.226 4 0.344 4 0.144 8

TR Sl R i A B E SRR R R ST
3mm>X2mmXx0.5mm, W& 4 ffR o LR
FEN T2 4 o B vy Sk T R RS i T3k A S
B ik B, S 560 3 3k 58 9T R AL AR A 2 ) S AR e i s
5 AR BIL A2 o) ity A5 2 5 0l 6, WL 5 BT o

30 —
25} e
N 20+ : |
E 15 l |
~10}f o
5t P
0 ! il 10 ! 1 !
o ] 0 5 10 15 20 25 30 35 40
P4 RERRIME R t/s
Fig.4 Rolling bearing B15  FLALAE 4R
outer ring failure Fig.5 Motor speed graph
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Fig.6  Vibration signal time domain diagram
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Fig.7 Motor speed pulse signal
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Fig.8 Vibration signal FFT spectrum
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Fig.9 Unfiltered rolling bearing outer ring fault order enve-
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Fig.10 Fast kurtogram spectrum

0
1.0
1.5
2.0
2.6
3.0
3.6
4.0
4.6
5.0

0

*E%E‘H%i%i%mﬁﬁfﬁfﬁ%mB@f?nAﬁ,,xw??iﬁA
(CREEE AR -3 BN IE SR X R =i iy
By VR A5 3 43 A A5 20 40 1L BT s L 4% B Ok .
mE R LI B A 0.224 6 ik e B n G5Bk, 5
el 7 A1 P B SRR R AE B A A, R 2
TA, Bk e RAR2ZAUN 1.84% o H It AT K] & b
R AN FE) B ECRE B T A BF 5T B R T A

[2]

& /10°V
[=)
WK

2
Brix
TR Byl R S R 9 £ 4%

Order envelope spectrum of rolling bearing outer fault

E 11
Fig.11

x4 ZWIREDWR

Tab.4 Experimental error analysis table

HIE B ik W2/ %

11879 Sz PR Bk

0.226 4 1.72
0.452 8 1.81
0.679 2 1.69
0.905 6 1.81
1.1320 1.78
1.358 4 1.84
1.584 8 1.78
1.8112 1.81

0.230 3
0.4610
0.690 7
0.922 0
1.152'1
1.383 3
1.6130
1.844 0

[4]

[5]

0 N > Ul W Ny

i#

wn
1

1) SR P e S 335 0 32 345 b 6 o O U8 A
DBV LR Al SR R T SR N T2 g i
TERIA
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GMM K HMM 5 i Il 2 A i 72 52 2% 5 @ i
A BLR , 25 HMM S 45 5 DF Ak 450 89 3 W] i 0 A A
55 0 4 5 5 M ASE AU AR AL EE R R I A TR B A TR
56 4 HLIE R ROR A B9k O0 , BIASE A BR(H H T
B UHE

BT AR P RE 25 AL PP AR R A0 S R A
B 308 2k G e R AR R R AT AR, AR I s
M Ja Y 22 ok sk Re AL R R . AN R ST g
SEUTLLIE B RE A EE I 2 B AL SV G Bl 2 0 4% T
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U Qg 125 R B AT Al . EE AR Y B AR R K Dy i
AL i 125 R CAn B R ) ok o A 0 SRR A i s AR
B A5 B TR AR DL R T Al A R A AE Y A
ML

£ JC IR & Al 31 (multivariate state estimation
technique, & FF MSET ) 72 H1 3¢ [5 B /R o7 [ 5 5 4%
IR —FEAE S HCRE TR DR R
Ge s B A5 R R ORAS T AR S BB AL, X A W8
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RO R GOIR S LU, HLAE 08 R AE R GRS R
fiF, WO HAR 0 28 SRS A TR A S8
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ST IR 51 (49 p By AR BB ] L3RR
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Hr L) ARBER % 22 5 o 0 50 j I R ER

AR BRI SR 11 09 A BT 2E LA 35 1 AR &
BRI R 5% 25 L () R m e o B35 il /)
AR A AN UL 374 B ME U] ( Bayesian information cri-
terion, filf #% BIC) 73 5l 3 53046 51 2% O 18 456 45 Y [y
. HARLEMT .
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A GRS R 52 L(2) 5
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1.2 ZRETEEMIT
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B, 0 25 AR B R s 2 18] B N TERR R AT SR 2
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Fig.1 Structure diagram of boom system
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Fig.2 Diagram of vibration reduction algorithm
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Fig.3 Experimental device of vibration depression of boom
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Time-domain signal vibration isolation effect of random vibration of shaking table
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Fig.2 Influence of the number of vibration absorbers
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Tab.1 Front, middle and rear bearing parameters of

the spindle
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Tab.2 Bearing stiffness in finite element model
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Fig.3 Finite element model
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v(t,)=A, cos(wt,)— B, sin(wt,))+ C.t, + D, (3)

cos(wt;) —sin(wty) 1 ||A;L v,
cos(.culz) —sin (wt,) z.z 1 Bf | @ (1)
: : G

cos(wt,) —sin(wt,) ¢, 11D v,

Hr o hREMZ,i=0,1, 01,0 HRHEEKH .

i 6 (4) e T R BRI B S A,
B, C, B Dy, Wiz 2l 8l 8 B2 A% 5 L& 1M v, 590
A @, 53 5

v,=+/A.’+ B.?

oo B
, — arctan —
¢ A,

(5)

[ B, ol FH I 5208 3T % 40 BIORE N i R T i
5% A B AR5 W AH 0 S WA @, 53531 0

B B. (6)

gou—arctanAfS

0 3 R b BE R BB IE (B

_ bsg

L= 2t (7)

Horp o & ik & ¢=9.801 226

RAFE AL R
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Fig.7 The physical diagram of calibration system

EREEIEE/ (LSB » ')

T

&

i

50 10
(a) 1~20 HzARZETE [ P b B IR S50 P A e 45 2R

(a) The scale factor calibration results at frequencies
between 1~20 Hz

N
S

308

REEUEARLL / (°)
o 5 3

[
(=]

(b) 1~20 Hz$5 315 [l Py R ABUBEAR AL RO AR i 6 2R
(b) The sensitivity phases calibration results at frequencies
between 1~20 Hz
I8 1~20 Haz M3 33 B A A B2 N M0 S RE AR PR A v 24
Fig.8 The sensitivity calibration results at frequencies be-
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Tab.1 The standard deviations of the calibrated scale fac-

tor correction and sensitivity phases in the frequen-

cy from 1~20 Hz

PREEREE  AREEREE  REUZEMH  REUZM
f/Hz EAESFHME/ B ER ACFE AR/

(LSBeg ") M2/ % ) )
1.00  60692.2 0.040 9 1.6021  0.0131
1.25 60 505.7 0.028 1 2.0165  0.0118
1.60  60295.1 0.020 0 2.5637  0.0107
2.00  60279.3 0.033 7 3.2095  0.0132
2.50  60252.1 0.017 8 4.0240  0.0317
3.15  60229.6 0.027 9 5.0526  0.0133
4.00  60126.9 0.022 4 6.4155  0.007 8
5.00  60109.4 0.014 1 8.0234  0.008 1
6.30  60079.6 0.017 3 10.1070  0.0132
8.00  60026.2 0.056 3 12.8323  0.0470
10.00 59 969.7 0.0610 16.0299  0.0277
12.50 59 850.6 0.061 2 20.0200  0.024 8
16.00 59 700.4 0.036 4 25.6639  0.029 4
20.00 59 517.6 0.0236 321111 0.0273

R2 5~20 Hz BEMMEH AT HERBESER
Tab.2 The sensitivity calibration results of conventional

heterodyne interferometry at frequencies between

5~20 Hz
ey P BE DR B TE A T AR M/
M /(LSBeg ) )
5.0 60 219.6 8.1470
6.3 60 172.4 10.334 4
8.0 59 896.0 13.0215
10.0 59 963.5 16.306 7
12.5 59 908.9 20.494 8
16.0 59 590.3 26.097 5
20.0 59 616.6 32.729 2
T A UE ZR GE N AF S JE TG vk R AT SO 3R 0 Xk
oo ASF 5T 52 09 O AT T kAT R s R A 1 He

AT B9 B in i B2 A vl {EL ey 37 i 2 0 sk 2 3
P RE A BRI, BEAT BEAT BRI 4 A 5 THE S 56
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Tab.1 Structure layer parameters
Zik)2 R /m BEE/MPa RS H EE/(kgem ™)
[ 0.14~0.30 500~6 000  0.25 2 400
mZET 9 110~5500  0.30 1 850

1.2 ZEIR TN 7500 5 45 B IGF

O T TR (RS R A T A 2 R B3 S
425 05 B E A B 25 AT 1 XS L, A 1R
Fovb, B35 5200 3 7 18 R S50 2 S HUR i FWD
06 B AT B0 (UL 21 ), in 28 2 9 1 i Al Oy
T Bp A S B O BB OUAS L R TR Ol 800 kPa, 45l
20 m/s, B4 S5 0 B 25 RN 2 3 i A TR AR
O A7 T AL R L AR

O L
-0.1
ng
1= 0.3
[ iy
041 | — SME TS
sl - SR AR
' D
05T 0 1 2 3 4
BEZEEAMUBE RS / m
(a) Celll9
1) S
-0.2
E 0.4}
w -0.6 iy
\ — s Fian
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L B
NS0 1 2 3 4
R AMUEEES / m
(b) Cell34

P A s A A A R X L

Fig.1 Deflection of measured and model values

®2 HUBEINHERTEMESH
Tab.2 Structure layer parameters of asphalt pavement

in field test

TH s G 5 e I 2 )2 + 35
1o Bifk/MPa  2073.89  320.48 42.029
ce
JEJE /m 0.13 0.79 4.60
B /MPa  2060.11  108.173 58.565
cell34
JE R /m 0.11 0.31 1.18

Kl 1(a) Hr, cell19 £ 45 7 25 il 5 3 4% 52
250 Y Fe K 228 0.040 6 mm, 2 22 K 7.55% ;
P 1(b) H, cell34 i i 455 70 25 I5T i 5 B 37 52 0 245 350
{8 19 5 K 258 7 0.106 mm, %258 12.11% . 2
LY 5 B A AR YR 22 N 1390, U B %
TR i A - b F2 W T B 45 A 2 A e

1.3 8 B& 3h 2540 ) X 450 B 8

FE AT 1) Z2 B0 I I v, 38 H O T DR IE I 3
i 5 03 A 00 0 A SRR 1) 22 4, i BRUHE B AT I 4
95— 7 BB B 48 A N A B AR SRS RO K 3 A
Ror DU DX 8o PR Ut 3 BCTET 2 A8 4 S 2 000 MPa T )23
JEEESR 0.14 m FE T Y &[] 385 15 500 MPa i, g
T4 0 R B 1A Y TR PN ) 2 I B0 2 o 8 A A fr 2
FR AR S5 1 2 i s, AF 9 % 6 T 07 A8 ) 78 Ak R AR
It s A % st AR X

16.00
e o2
Z 880}
% 8.00}
= L
& 120

6.88 1=

™~ MR
0
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Fig.2 Dynamic test area
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0.8 m. IR I, 25 F8 3 42 40 1 K A Bl A vp e 1)
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F14 5 T 37 5 D L R N TR A 0.4 m R 3
ST g% 2y 285 G I DX 3 L 5 R O B TR 42 S i 0.4~
0.8 m Ak, IR 2y i DX 38 AN (S BE A% (3 3 A5 A6 T Y
i RE FIAE MR LL L 7 EL B % 6 % 22 AT 30 R0 A A R
LEIbE S

2 HWEERDW

31 J5 SR ERE, 53 330 2 71 18 )2 ] 56 A A
A HE T 24 (] R A 5 2 3R THT R R L 5 e RN 3R
F 027 5 f 3 78 HE M

21 MEEEMYEOEEEXH

D3 TO0 24 4 0] S HE S 1 500 M Pa B i B 48 Jif
~ I T2 firh 504 m R ) (UL T 3) K5 &1 3 b g iy £k 42
HANBEH T 33,00 R 3 AP il G &5 E
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Fig.3 Relationship between strain and surface parameters

F£3 HTEHEFPANXE (E=1500 MPa)
Tab.3 Regression formula of strain (E,=1 500 MPa)

E./MPa e=kh,+m P k m
500  0.042 7h,—0.0992 0.9509 0.0427 —0.099 2
1000 0.0526A—0.0857 0.9751 0.0526 —0.0857

0.0610 —0.0725
0.0636 —0.0655
0.0634 —0.060 5
0.0635 —0.0569
0.0638 —0.054 2

2000 0.0610h—0.0725 0.9984
3000 0.063 6A,—0.0655 0.9974
4000 0.0634h,—0.0605 0.994 8
5000 0.063 5h,—0.056 9 0.993 9
6000 0.063 8h,—0.0542 0.9941

I RE
0.07
0.06
0.05
e k=-0.001 4E+0.011 9E,+0.04
004k = R=09208
0.03
002 —— %3 4 5 ¢
E,/ 10’ MPa
(a) k
-0.06
E - -
0.08 m=0.018 2InE,~0.085 9
R'=0.998 6
-0.10f
0 1 2 3 4 5 6
E./10° MPa
(b) m

&4 kA m 0T 2R BCA

Fig.4 Regression coefficient of £ and m

A J2 R 4 000 MPa 34 in 3] 6 000 MPa, % % &
N AR B K e . ok, XTI 2 R
4 000 MPa (1) i 6 45 ¥4 , /N g 3 i £ = 1 2 A i ok
9 AT B 2 TR A

) B, AT AN E,F 4 81 2 808 2040 36 4 it
No X AP R LA FEAT IR, I 5 R .

x4 HERFMMALXRXR

Tab.4 Regression formula of strain coefficient

E/

b=aE +bE +c
MPa

m=dInE +e

VBRI EY i

H P 30, 2 T )2 IR — S I I 3 S A2 i
AT 23 A5 B 10 184 T 9 /0 5 24 1T 2 A e — B, B R R
N7 7% B A T 2 JEE B O 1 0 T 98N o 22 T AT AR A
500 MPa $ il ] 4 000 MPa, [ 3¢ J& i 28 3 K i3 2

—0.018 5E,*40.101 0, +0.471 3
R*=9 008

0.1473InE,—0.558 9

110 2
R°=9 841

—0.006 4E*+0.034 6E,+0.191 2
R*=9 149

0.049 3InE,—0.204 7
R*=9 916
L 500 —0.001 4E.°+0.011 9E,+0.0400  0.018 2InE,—0.085 9
R*=9 208 R*=9 986
—0.000 3E.*40.001 9E,+0.0330  0.011 2InE,—0.056 3

2500 ,
R*=9025 R*=9 998

—0.000 5E*40.004 6E,+0.015 3
3500
R*=9 717

0.005 5InE,—0.039 4
R*=9 687

—0.000 2E.*+0.002 6E.+0.011 3
R*=9 459

0.004 1InE,—0.031 7
R*=9773
0.000 09E.*+0.001 2E.+0.011 5

5500
R*=9 876

a,b,c,d el ZE

0.003 3InE,—0.026 8
R*=9510




o5 6 1) ik B, S5« F T I 3R N A R R AT A1 356 T 24 e [ LA B A 5T 1185
0.005 0.12 05
0.10 ‘
0.08 04
. o 006 , 03
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Fig.5 Regression coefficient of a, b, ¢, d and e

2 PRI FETH 2 & [l iR oy 110~5 500 MPa
Fsf 4 3% 3¢ 1 A8 A A =X (1) Birow
=kh,+m
(0.004 6InE, — 0.0058)E? +
(—0.025InE,+ 0.0327)E. +
(—0.117InE, + 0.158 6)

m=(—0.035InE,+ 0.048 7)) E, +
0.131InE, — 0.197 3

X T 22 2 AR R AT 4 IR AR AN R 4y 4
JRURZR P4 SCHR [ 15 10K A 5 T00 24 5 [ 56 82 B, B
AT (1) 3R fife e 3% g A%

I B, W] LS 5 B B A i - T 4 fik 0.6 AN
0.8 m A i1y % A2 3 A = (2) (A (3) s

e=kh.+ m,

bk =(—0.004InE,+ 0.0021)E’ +
(0.0114InE,— 0.0181)E, +
(—0.03InE,+ 0.0529)

m; = (—0.014InE,+ 0.0211)E. +
0.046 5InE, — 0.073

(1)

(2)

koh. 4 m,
=(—0.002InE, + 0.004 )E? +
(0.014 3InE, — 0.0353)E. +
(—0.067InE,+ 0.1199)
m, = (—0.008InE,+ 0.016)E. +
0.024 8InE, — 0.046 1

(3)

22 EMEEMYEEEEEXR

DA TO0 >4 Jt [m] U454 1 500 MPa g 1 (WL IR 6)
Bl 6 b g e 5 AT 5, 0F R 5 A
A UL S R BRI TR 7

13.70
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Fig.6 Relationship between fundamental frequency and sur-

face parameters
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x5 WMEOIFAARX R (E=1500 MPa)
Tab.5 Regression formula of frequency (E,=1 500 MPa)

=6
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Tab.6 Regression formula of frequency coefficient

E./MPa f=ph+q LIPS 2 q E./MPa p=AInE +B ¢=CInE.+D
500 —0.245 5h,+13.542 0.9997 —0.2455 13.542 110 0.046 OE.—0.248 2 0.059 8InE.+7.289 4
1000 —0.213 7h,+13.571 0.9999 —0.2137 13.571 R*=0.9309 R*=0.998 5
2000 —0.205 3~ +13.607 0.9998 —0.2053 13.607 500 0.039 OlnE.—0.236 1 0.057 1InE.+9.989 7
5 N ,
3000 —0.193 7h,+13.632 0.9997 —0.1937 13.632 R'=0.9100 R°=0.989 3
4 000 —0.192 4~ +13.653 0.9987 —0.1924 13.653 1500 0.030 4InE.—0.222 5 0.056 1InE,+13.575
5000 —0.166 32, +13.667 0.9996 —0.1663 13.667 R*=0.927 8 R*=0.9910
6 000 —0.161 7h,+13.680 0.9995 —0.1617 13.680 5 500 0.006 9InE,—0.1537  0.053 OInE,+14.337
Y PP ES | R*=0.9525 R*=0.984 4
0.009 7InE.—0.1381 0.052 6InE,+14.919
0 S0 0918 R*—0.977 9
4500 0.012 1InE,—0.142 1 0.047 6InE.+15.366
-0.1F R*=0.909 9 R*=0.969 3
01 p=0.030 4InE,-0.222 5 (
a R*=09278 . = =00 0.014 9InE.—0.155 5 0.046 6InE.+15.834
: R*=0.942 8 R*=0.989 1
-0.2F . "
A,B,CHIDNFH
~0.3; : 3 — L £ Fx7 ETESNNENMSEREEERELAR
E /10° MPa Tab.7 Inversion formula of equivalent modulus of elas-
@ p ticity based on fundamental frequency
13.70
I )2 )5 /m FETOU Y s [o] R 185K i A =X
13.65 0.14 E'= (0.003 5E(o_()g4l) e(—().ooxl]nl-; +0472) f
0.15 E/: (0.003 5E(g_0g4 1) e(—o.oo?lnh] +04718) f
s 13.60
[ 0.0841 (—0.007InE, + 0.4715) f
¢ =0.056 1InE, +13.575 0.16 E,;= (0.0035E™ e
13.55+ R =0.991 0.17 E/= (0.003 6E(0'074?’) o 0.007InE, + 0.4713)
13.5()0 3 3 3 7] : : 0.18 E/= (0.003 6 05%) o~ H00nE 04Tt
E./10° MPa 0.19 E!=(0.003 GEP‘%%) o O00BIE, 04708 1
(®) q 56 0.006InE, + 0.4707) f
; 0.20 E/= (0.003 6E 077 ¢! *0nE 1041077
BT o g R ( :
Fig.7 Regression coefficient of p and ¢ 0.21 E/= (0.0036E")¢ "ty
o h + 022 E,’: (OOOB 7EL(.]'(MGX) C( 0.006InE, + 0.4703) f
f = phe. q 0.23 El— (O 003 7E(]‘()_181)e(70,0051nE, £0.4701) f
p:(0.0027E,2—O.OZIE,+O.O494)IHE[— ’ ! ' ‘
0.006 3E} + 0.055E, — 0.263 3 (4) 0.24 E[= (0.003 7E}"") el My
g=(—0.0024E,+ 0.0594 )InE. + 0.25 E/= (0.003 7E 0424y g 000ME T 04098 1
2.252 11HE, + 12117 026 E,’: (OOOS 7ELO ()424) e(*(),OOSlnE,+Ov4697)/
@ﬁ%%%ﬁﬁ@ﬁ%%ﬁﬁif%ﬁﬁ(ﬁl),fiﬁ%‘f 0.27 E/=(0 0038Fo<>379)e(fo.ooslnf:ﬁro,ma)/
1 7 6 16T 0 T0 4 1 40 5 2 20 2 7 o
. 0.28 El/: (0.003 SEL. 0.02.%) e( -005InE + 0.4694) f
B 7R o
0.29 E,/Z (0.003 SEP (;288) e(f(H)Oél]nF‘ +0.4692) f
3 .I *él:li }E m 0.30 El,: (0.003 8E?'0288) e(—o.oomni-; +0.4692) f
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FEH 107 &g = B E KW B & AT

E B 107 5/ = 3 574K 38 Ak #ES 2 K301+ 900,
KA T RE RTHHS N K340+129, &K N
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0.05
A=0.002 7E-0.021E,+0.049 4
0.04 R'=0.9033
0.03 | .
~
0.02 |
0.01}
%1 2 3 4
E,/ 10’ MPa
(a) 4
0.07
0.06
0.05 ‘\.\.\
0.04 |
0 C=-0.002 4InE,+0.059 4
0.03 R=0961 1
0.02 |
0.01}
2 3 4
E,/ 10’ MPa
(¢) C

B=-0.006 3InE+0.055E,-0.263 3
R=09216

B S T S SRR
E,/ 10’ MPa
(b) B
18
16
14+
12+
10
_Q sl D=2.252 1InE,+12.117
R*=0.9886
6 L
4 L
2 -
%1 =2 3 4 3
E,/ 10’ MPa
(@ D

K8 A,B,CHIDulT R
Fig.8 Regression coefficient of A, B, C and D

38.229 kmo 2B SEG R — G B W) DY 4L B
T 96 4 18.4~53 m. 45 % L UL 5 K308+ 500 2 4
5 K309+ 500 19 45 1 e B i A7 i 3, 3% i B i 1H
FE 9.9 m, IHE M5 R 8 cm Wi IR #E £ .15 cm
TORWEAF 26 cm £ Kt o IR AEABAZ R A B
12 A 20 e KRB A7 56 )2 .8 em MR I
TR BE+ AC-25C B INYTE /R Al 6 e £ 55 T
1 B ESMA-13, H K TE P& 451 2 2 8 n 3 8 ir
A, HP FE R R A W T 2 S 0 TH 3 2 0 (] 5
B 2 3 of FWD i 56 S v A5 3 49, T 2 AR 2 A
O A 2 A T A LR B B S IR A A )2 A
RE A 1k 4 4% SR N U 3 A 7 1 8 L, R T >k [m] A
R I R B A R 2 R T S T 2 K e ML 9 R
e 5 B R BUE N 4 242 MPa ™, 3% T 73 5 55 0
MR % 252 5O 8 B A R 45 0P o A 9, 30T il
IR LA 72 km/h(20 m/s) 25 A5 ) 3 J V0 i 38 i 4%
(L8
*8 HMBRBEKEMESH

Tab.8 Structure layer parameters in field test

SR JRBEE/m #EEE/MPa JARM L BEE/(kgem 7)
v R 0.14 4000  0.25 2400
KA EEE 020 3000  0.25 2200
IH e 15U — 366 0.30 1850

3.2 AN EFiIEE

G o R AR 28 - 95 F BDI-STS
-WIFI STRUCTURAL TESTING SYSTEM ] izt
EX 157 93 e R AL (e kIR R 5 2 I V5 44
045 17 R N T B A2 i e ol o A% g
B TR AR TE B 25 R I Bl 0 EE AR S, X B AR
5 E AT PR A B A g n] A5 R 3 S 5 R AR L %
fr EEH T REMENEF S

33 HEARSHFELE

I 5 s - % 1 % ik 05 0.4,0.6,0.8 m 43 Bl A B
3% MNER , A5 25 TN & I 18] B 30 m 43 31 A B 2 41 % J
i, BT AR 1A 0 o A IR 1A e R AR
e IS B LA G\ o) 0] A8 A B 2 B, 3t 6 4 o ok
R AR L6 AN B 1] N A A5 B A% A1 6 A DA [ g AR AL J%
i HARA B 9 s .

O 2 5 %l A Al LA S T Sy B XU
5 R R 43 510 h 3 10 kg 10.7 MPa, 4% %
LA 70 km/h A2 A 0 o RE 38 Ao I i B i, R 4R #
B0 BE AT 5 AN AR {F S B 10 B . B T[]
V7 A ) Jom o R A A 25 L, A 4R A 1062 ik
JEALRAS S5, A& 10Ca) BF 7 5[] ik 48 S TRl 7
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Fig.9 Sensor arrangement
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AL R AR AR A B AE A, W B 10 () s o X ik
VA5 5 A7 D o A8 B A o A5 30 3 AR, AR 11
JIE 7 5 o ) — 0 28 1 2 4> B A8 % s Y R AR HUE R
SEHME L N 9 PR
W I 2 i 7% NS I R g S A 5 AR B 9T A
(D)~ (O THFEAEXT E, IF6F i 28 7 5 3 Ay 58 T Y
] A S SR A Y B T2 ] R e X6
H LAk 9 TR .
H1 3 O T4, BE 4548 0.4 1 0.6 m &b i 2 B 75 Y
SN AR RN TSR R 22 AN 10%, BB 4248 0.8 m A
(5 22 Rt 2096 0 ARBIF ST A 3K (4) K fife 1y FE A1

®9 ZMESIHEMEL

Tab.9 Correlation between measured and calculated

values

WX BH WERIEE/m el HEME RE/%
0.4 —12.08 12.34 2.06
B RN AR /pe 0.6 —10.15  10.89 6.82
0.8 —6.59  8.09  18.59
Fii /Hz 15.10  15.42 2.13

HETH >4 &[] 3
S /MPa 4242 4134 2.56

BAE SR SR 22 2.13% , R 7T B
BETO0 1t [ SRS 5t R 5 B 00 S DA 12 25
2.56% , i & MR ZEWTE 3V AN . Bk AR BFSE 7
%A 0 AL T B TR U TR RS I 2 B RS
BOK

4 & it
1) [ 3 107 75 It 25 T JE St T 2 JBE B R L T 24

[l SRE A 3G 0 e/ 5 E Y TE R R
4 000 MPa I, j# 3% b A% B 1 J2 A & 1 3 K A8k
218,

) A JH AT I A T R e R T Y o [ g A
et 43 o i G L v 2 S A RN 80 2
T J2 4 B 5 4 000 MPa I, 3 % 35 451 56 T 2 A6 ik
38 KA LA 3

3) 3 T K BOE AR AR A ST TR S 4 A A [ A
BN B 2 0 AR ) SR AR v (T B SR Y SR il kLA
T 1002 5[] SR o (14 B2 3 v IR 15 Bh I 4K 56
B T AR S 7 G AT REE R B TR Y R
TG 0 4 A B A AR
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Fig.1 Local section of a building (unit: m)
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Fig.2 Cantilever floor plan (unit: mm)
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Fig.3 Cantilever floor construction site

F1 BHBENGSH
Tab.1 Parameters of cantilever floor members
1 BUH A% /mm B A &
GL3  H1000X350X20x24  MREEHIE HEmks
GL4  B1000X400X20%X24  HIEMEE  Hmx g
GL5  B1000X400X20%X24  MHIEME  Hem 3
SC2 P 245X 8.0 PELTCHE KT

®2 BHUBEIHMRRSR

Tab.2 Cantilevered floor main truss system

¥ ALK /mm
RYis B 300X 300X 14X 14
%7 g B 1000 X400 X 20 X 24
R PRAT AL L AT B 1000 X 600 X 40 <40
PRI IE AT B 700 X 600 X 50 X 50
Ja& 18 S P 351X8.0

R3 VRERTEMHERSH
Tab.3 Model parameters of the initial finite ele-

ment model

ORHRE
L RTvE ¥ P AR A/ R/ .
- ('Y
(Nemm ) (kgem )
Shell181 3.15x10" 2 550 0.2
Beam188 210" 7 850 0.3
Link180 2X10" 7 850 0.3

EPRHTEEIZAT

SRCH:
6l 4 A BRRE 5 W) R A R T 3 R R R

Fig.4 Finite element integral model of cantilever floor

x4 BETREHSHILL

Tab.4 Parameter comparison before and after up-

dated
AR I S M AR A/
BOE T N M GBI
(Nemm )
1& IE i 3.15x 10" Uxyz + Rotxy
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(a) First-order mode
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(b) Second-order mode
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(¢) Third-order mode (d) Fourth-order mode
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Fig.5 First 4 order modal shapes of method one
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Tab.5 Frequency of floor corresponding to differ-

ent stiffness values Hz
SR WL/ (knem ™)
%5 0 2.21% 2.21% 221X 2.21X
10° 10° 107 10

2.801 2.802 2.803 2.811 2.822
3.015 3.015 3.017 3.028 3.041
3.543 3.544 3.547 3.564 3.582
4.289 4.289 4.294 4.318 4.343

=~ w =

£=3.04 Hz

(@) BIERES

(a) First-order mode

—

(b) F2BPRAY ﬁ;‘é

(b) Second-order mode

f£=3.58Hz

© FHREEE @ FARRERE
(¢) Third-order mode (d) Fourth-order mode
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Fig.7 First 4 order modal shapes of method two

f=434Hz
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Tab.6 Floor frequency corresponding to existing

curtain wall treatment methods

- ‘ BT (4% /Hz ‘
Tkl k2
1 2.80 2.82
2 3.02 3.04
3 3.54 3.58
4 4.29 4.34
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(a) Layout of field measuring points
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(b) Data sampling
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Fig.8 Field testing
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Tab.7 Analysis results of measured floor modes

(5183 M50 /Hz B/ % P AR
1 3.36 2.091 % ) 41 2)
2 4.13 2.325 U [ i 2
3 5.23 3.096 1% 1] % 2
4 6.63 1.735 1 ] % 2

f=336Hz f=4.13 Hz
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(a) First-order mode

(b) SE2M RIS

(b) Second-order mode

f=523Hz £=6.63 Hz
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(d) Fourth-order mode
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Fig.10 Experimental mode shapes
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Fig.11 Verification of modal correlation matrix
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Tab.8 Comparison of existing curtain wall treat-

ment methods with measured frequencies

- M 35 i 4% /Hz
Fk— JrikT s RE—/% wED/%
1 280  2.82  3.36 16.67 16.07
2 3.02  3.04 413 26.88 26.39
3 3.54 358  5.23 32.31 31.55
4 429 434 6.63 35.29 34.54
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Fig.12 Field diagram
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Tab.9 The frequency corresponding to the elastic modulus of suspension column with different series of finite el-

ement method is compared with the experimental frequency

. R A R TTAS R G B0R% 1 AL 1 24 S W
4% /Hz 1107 5% 10° 610 7X10° 810 9x 10 1X10°
1 3.36 3.30 3.37 3.45 3.46 3.46 3.47 3.47
2 4.13 3.76 4.06 4.08 4.10 4.11 4.12 4.13
3 5.23 4.64 5.15 5.18 5.21 5.23 5.25 5.26
4 6.63 5.70 6.35 6.39 6.43 6.45 6.47 6.49
5 7.38 6.85 7.46 7.50 7.54 7.56 7.58 7.59
6 8.08 7.86 8.31 8.34 8.36 8.38 8.39 8.40
BRI R 22/ % 1.8~14.03  0.3~4.22  0.96~3.62 0.38~3.35 0~3.58 0.24~3.69 0~3.81
IR % 7.69 1.93 2.27 2.08 2.01 2.09 2.07

REARA (/=336 Hz) HIRTHRE (£=3.37 Hz)
(a) P HRAIRA b

(a) Modal comparison of the first-order mode
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(b) Modal comparison of the second-order mode

A
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(c) Modal comparison of the third-order mode

EHRE (£,=6.63 Hz) A BRITIRE! (£=6.35 Hz)
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(d) Modal comparison of the fourth-order mode
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Fig.14 Comparison of finite element and experimental

modes
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Tab.1 M, displacement deformation rate

H 1 f R A/ (mmed )

20120302~20120430 0.001 0

20120430~20120529 0.000 2
20120529~20120629 0.001 4
20120629~20120729 0.000 9
20120729~20120829 0.0010
20170829~20120929 0.002 1
20161221~20170129 —0.000 8
20170129~20170222 0.000 8
20170222~20170321 0.000 0
20170321~20170423 0.000 9
20170423~20170521 0.000 5
20170521~0170622 0.000 4
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Tab.2 Monitoring and calculation results of each

measuring point of I-I section
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M, 0.6029 —0.0409  0.0512 1.80 Fax
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M 15994 —0.3101  0.0030 35.33 FaE
M, 0.5902  0.2180  0.0091 2.93 Fx
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M, —0.9795 09817  1.0121 1850 %%
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Fig.5 Prior distribution fusion at node X,
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Fig.1 An elliptical orbit of rotor precession
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Fig.2 An elliptic orbit of the rotor(forward whirl and back whirl component )
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Fig.3 The aera swept by the precessional motion of the rotor
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Tab.1 Inertial parameters error of the object to be

measured

PUIS 5L ZZM HIME w2/ %

i kg i 18.55 18.55 0
z, 80 79.60  0.51

JF L /mm Ve 50 49.89  0.23
2, 125  125.06  0.05
I, 0.423  0.423 0

e/ (kgem®)  J, 0529 0.528  0.19
J. 0.239  0.238  0.42
T 0.074  0.074 0

P AL/ (kgem®) I, 0.185  0.158 0
J. 0.116  0.115  0.86

23 RANERZMERSH

BBh B e ve BB AR ARIR £ 0 R
EE?ﬁ%ﬁﬁﬁﬁ)’i%%ﬂ%@?%&%ﬁ%m” H I — 1
ST B DA A 1 R A A AR TR 1 22 2 AR AR AN
IR — A, S A AR IR 25 . Rt TERR P IR
BF, 48 T AT 3R AR e R AR AR 3 i A 0.5~
5 mm (58 22 BEAT 1z B8, U AR 1 R AR AR R
ZHREMMESECOR B4R R WE 2 fE 3
fi s o

2.3.1

0 p—— H 1
05 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0
Pl R ARFR IR 2/ mm

P2 il e A A e 2 X IR RS B2 ) 52 TR
Fig.2 Influence of excitation point coordinate error on

recognition accuracy
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~m—x -~y ~z
r~J,~J_~J

w Y Yy

Jo— Iy

5
4

;Emz,
2_

E%1
0
0

15 2oA25 30 35 40 45 50
FERBAHEIRE/()

5 A It 22 2 ) 108 2 X PR I RS 2 1Y 52 o

Fig.5 Influence of sensors installation angle error on

.5 1.0

recognition accuracy

% F Y
TR R LR (T 1
S S AP AR R | DT 5 T 0 45 S B L
Fy 4905 0 1 B ﬁ%ﬁ$MAO&/5/%%Mm

2.3.3

2 A B0l 1k 22 55 0 e o AR B AL 1R 22 O &
&l 6 T .
25*m x+y-z—J ~J —J,
920—+J,,Jx, J,
ST ]
wIOf e A
S5p :
— eSS
95 1.0 15 20 25 30 35 40 45 50

A iR F AR ZE /%
(516 H M) pR 5 AL D 22 00 TEUNAE JBE 1) 52 Wi
Fig.6 Influence of random error of frequency response

function on recognition accuracy

3 IBRMESEHRAE
31 XL I

SCIR A A B IC A B — & BEK SR s
AN S (36 J7 B | = ) AR JRET T O OR AR

T MR R B R G HiEHR 2.2 79 B4 EL A
T S 00 S 6, 6 45 R0 T e 24 ok 3% T OF B O W



1224 B osom R 5 B W W41 3%
B AR B G 5 R o e ] R E — i, BT LA AE— I ==
o FE 308 0 4 AR R R B B E A R R AN 4R ;
T 7 RE S R . w
. ;‘A“‘“‘ I I I Il I I I I I
% 10 20 30 40 50 60 70 80 90 100
f/Hz

B 7 BRK AR sh AL &
Fig.7 B&.K vibration tester

8 Soime

Fig.8 Experimental device

3.2 HFGERSH
SO0 0 A5 BT A 95 il A R N7, 22 T 4 R 0

BRI, ST A0 ) A0 23R 0 7 R SR (L G P 9 B s, A
T PR BN 10 BT s o T A7 A5 S4B ST A4 451 ) R R
W LU A, DAL I 38 B 6 I MO AR A 28 I A7 0 R A 0T 114
W R AT IR . i 1O AR eR Bl AR T
WIS R AR T R KRR 2 1, T T I AT Y ) e K
BOATTEE . PR ARG LR AR LR ZEME 2P .
ST 5 DR AR R B 2 8O Y B By U 25
FARZEMFR 3R

= 00 10 20 30 40 50 60 70 80 90 100
f/Hz

R AR ) IS PR 41 L

9 Al
Fig.9 FRF for all measuring points

K2MEILEWEERRY, RGN ARG
ﬁﬁﬂ‘]iﬁ%ﬂﬁ:i@?’“SV LA, % s 150 S At 1k AR
WHIRZZIIE 9% LN . i T R GE 5% s B ik

FL10 BT i i AR T R L

Fig.10 Coherence of all measuring points

R2 RERGHBRESBIRE

Tab.2 Inertial parameters error of mass system

S 2% FOIlE  R2E/

i kg 33.06  32.77 0.88

. 9317 9226  0.98
JFo L /mm v 7634 7460  2.28
. 7452 72.88  2.20
J. 0708 068  3.11
BEERE/(kgm®) 7, 0814 0845  3.81
J. 0806 0.855  6.08
J, 0249 0265  6.43
A/ (kgem®) J. 0201 0205  1.99
J 0.132  0.121  8.33

=
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Tab.3 Inertial parameters error of mass block
U2 8 S Z%M RHME RE/ N
2]
i kg 18.55  18.26 1.56

N

x 80  78.16 2.30
Ji 0> /mm y 50 48.27 3.46
2, 125 122.84 1.72
J. 0423 0401 5.20
e/ (kgem”)  J, 0529 0.560 5.86

J. 0239  0.259 8.37
J, 0.074  0.080 8.11
R (kgem?) J. 0185  0.189 2.16
J. 0116  0.105 9.48
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Development and Application Prospects of Gun Vibration and Control

YANG Guolai, GE Jianli, SUN Quanzhao, WANG Liqun
(School of Mechanical Engineering, Nanjing University of Science and Technology Nanjing, 210094, China)

Abstract The gun is a multi-field coupling complex system, and its launching process has the characteristics of
transient and strong impact. The gun vibration takes important effect on firing accuracy, and therefore it be-
comes the focus of the study of artillery engineering. In recent years, modern artillery design theories and meth-
ods such as gun multi-body system dynamics, nonlinear dynamic finite element, multi-objective and multidisci-
plinary optimization and uncertainty have been proposed to model, simulate and optimize the gun system com-
posed of significant components, e. g. the recoil parts, carriages, chassis and the connection relationship be-
tween components, so as to reduce muzzle vibration, improve shooting stability and shooting safety. This paper
summarizes and discusses the achievements in gun vibration and system optimization, projectile-barrel coupling,
gun uncertainty analysis and optimization. Finally, the problems existing in the field of gun vibration and the ap-

plication prospect of gun vibration and control are put forward.

Keywords gun vibration; firing accuracy; multi-body system dynamics; finite element method; projectile-barrel

coupling; uncertainty

Seismic Damage of Base-Isolated Structure Under Main Shock-Aftershock

Sequences

LIU Jieya', HUANG Xiaoning"?, WANG Ning"*, DU Yongfeng’, ZHANG Dan"*
(1. College of Civil Engineering, Qinghai University Xining, 810016, China)
(2. Qinghai Provincial Key Laboratory of Energy-Saving Building Materials and Engineering Safety ~ Xining,810016, China)

(3. Institute of Earthquake Protection and Disaster Mitigation, LLanzhou University of Technology Lanzhou, 730050, China)

Abstract To quantitatively assess the damage of base-isolated structures caused by aftershocks, the seismic per-
formance of base-isolated structure under main shock-aftershock sequences is evaluated by damage index. The
velocity response spectrum reflects the maximum energy of the structures produced by the external force. A
main shock-aftershock sequence construction method based on the matching of force and energy is proposed,
and the artificial main shock-aftershock sequence constructed by this method is used as an excitation. Moreover,
the elastoplastic time-history analysis of the base-isolated structure is carried out, and the earthquake damage in-
dex is used to evaluate the seismic performance of the structure. The results show that the artificial main shock-
aftershock sequence construction method based on force and energy matching can effectively simulate the real
main shock-aftershock sequence ground motion. Comparing the damage index of base-isolated frame model un-
der each working condition, the peak acceleration of aftershocks increases, the damage index of the superstruc-
ture increases by over 20% , and the damage index of the lower isolation layer increases by over 15%. The after-

shock makes the damage index increases obviously, and the structure is severely damaged.

Keywords main shock-aftershock sequences; base-isolated structure; velocity response spectra; damage index;

elastoplastic time-history analysis
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Simulation for Longitudinal Dynamics of Freight Train Considering
Variation of Adhesion

LIBin', YANG Zhongliang', LUQO Shihui', MA Weihua', WU Qing’, WANG Chen’
(1. State Key Laboratory of Traction Power, Southwest Jiaotong University Chengdu, 610036, China)
(2. Centre for Railway Engineering, Central Queensland University Rockhampton, 4701, Australia)
(3. School of Mechanical Engineering, Shijiazhuang Tiedao University = Shijiazhuang, 050043, China)

Abstract To research the influence of adhesion coefficient on longitudinal train dynamics, the longitudinal dy-
namics calculation model for '1+1" type 20 000 t heavy haul combined train is established in this paper. The re-
sidual adhesion force is introduced to evaluate the exertion of locomotive tracting force, and the change of adhe-
sion coefficient under influences of adhesion limit, curve adhesion dropping and curve lubrication is considered to
study the difference of longitudinal train dynamic. The results show that, in the case of train tracting on straight
track, the maximum tracting force of a locomotive decreases from 380 kN to 272 kN due to the limitation of ad-
hesion, and the maximum coupler-pulling force decreases from 800 kN to 595 kN. When considering curve lubri-
cation on R400 curve, the traction notch must be reduced to the 6th notch from 7th notch to ensure the safety of
the locomotive on curve. When curve's friction coefficients are 0.075 and 0.10, the notch should be reduced to
2nd and 3rd, respectively; when curve's friction coefficients is 0.125, the notch should be reduced to 4th during
leading locomotive's curve passing, the notch should be reduced to 3rd during middle locomotive's curve pass-
ing. The maximum tracting forces of locomotive are the same.So there is no significant difference in the maxi-
mum value of coupler-pulling force. It can be seen that in calculation of longitudinal train dynamics, the exertion
of tracting force is closely related to the change of adhesion coefficient, insufficient adhesion between wheel and

rail will limit the maximum traction force that the locomotive can exert, and then affect the coupler force.

Keywords heavy-haul train; longitudinal train dynamics; adhesion coefficient; tracting force

Wind Characteristics of Near Strata Based on Field-Measured Data

WANG Xuepz'ng1 , LUAN Xuetao', LI Wanrun'?, DU Yongfengl'2
(1. Institute of Earthquake Protection and Disaster Mitigation, Lanzhou University of Technology Lanzhou, 730050, China)
(2. Western Center of Disaster Mitigation in Civil Engineering of Ministry of Education, Lanzhou University of Technology
Lanzhou, 730050, China)

Abstract Based on the wind velocity and wind direction data collected by the wind tower of the Nation Wind
Technology Center at different heights near the ground in gale weather, the wind field characteristics such as the
mean wind speed and wind direction, turbulence intensity, gust factor, turbulence integral scale and fluctuating
wind spectrum are analyzed. The results show that the mean wind direction will be low when the mean wind
speed curve has a large spike. The downwind turbulence intensity and turbulence integral scale are obviously
larger than the corresponding turbulence intensity and turbulence integral scale in cross wind direction and verti-
cal wind direction, and the ratio of each component is about 1:0.121 3:0.188 6. The empirical formulas can bet-
ter reflect the relationship between the downwind gust factor and the turbulence intensity, and the corresponding
empirical formulas are obtained by curve fitting with the measured data. The downwind turbulence integral scale
tends to decrease with the increase of mean wind speed, while the vertical wind direction turbulence integral
scale exponentially increases with the increase of mean wind speed, and the longitudinal measured power spec-
trum of fluctuating wind speed is not in good agreement with Von Karman spectrum and Kaimal spectrum.
Moreover, the power spectrum of vertical fluctuating wind speed and Panofsky empirical spectrum are deviated

from each other in high frequency band, and the empirical spectrum obtained by fitting is closer to the measured
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spectrum.

Keywords wind velocity and wind direction data; turbulence intensity; turbulence integral scale; gust factor;

fluctuating wind spectrum

Rotor Axis Locus Recognition Based on Deep Fusion Strategy

GUO Mingjun'?, LI Weiguang®, YANG Qijiang’, ZHAO Xuezhi’
(1. School of Mechanical and Automotive Engineering, Guangxi University of Science and Technology
Liuzhou, 545616, China)
(2.School of Mechanical &. Automotive Engineering, South China University of Technology =~ Guangzhou, 510640, China)
(3. School of Marine Engineering, Guangzhou Maritime University ~Guangzhou, 510725, China)

Abstract Aiming at the low accuracy of traditional intelligent fault identification methods of rotating machinery
with artificial features as input and the strong dependence of deep learning methods on data volume, Hu invari-
ant moment has the characteristics of telescopic translation and rotation invariance and the advantages of unsuper-
vised learning deep learning model in feature extraction of small sample data. A deep convolutional auto-encoder
fault diagnosis model (DCAE-FDM) is proposed, which integrates Hu invariant moment and DCAE features.
Firstly, the effective singular value method is used to purify the original vibration signals, and the purified axis
orbits are obtained, which are divided into training set and test set in a certain proportion, and the Hu invariant
moments of them are calculated respectively. Secondly, the constructed DCAE-FDM model is used to extract
the deep auto encoding features. Thirdly, the two features are fused together, and the fusion features of training
set are taken to train back propagation (BP) neural network. Finally, the fusion feature of test set is used to test
the trained model. Results show that the recognition effect of the proposed method is significantly better than
that of the deep learning method and the traditional recognition method. The average accuracy of the former is

98.5% , about 6 percentage points higher than that of the suboptimal model.

Keyword feature extraction; deep learning; convolutional neural network (CNN) ; auto-encoder (AE) ; shaft

orbit

Fault Diagnosis of Wind Turbine Bearing Based on

Morphological Multi-fractal Analysis

FANJi"*, QI Yongsheng"?, GAO Xuejin®, LIU Ligiang'*, LI Yongting"*
(1. Institute of Electric Power, Inner Mongolia University of Technology Hohhot,010080, China)
(2. Inner Mongolia Key Laboratory of Electrical & Mechanical Control  Hohhot, 010051, China)
(3. Faculty of Information, Beijing University of Technology Beijing, 100124, China)

Abstract This paper presents a fault diagnosis scheme based on morphological multi-fractal (MMF) analysis
and improved grey relational analysis (IGRA) for rolling element bearings. In this scheme, firstly, the multi-
fractal characteristics of bearing signals are illustrated by quality index and partition function. Secondly, the pa-
rameters of generalized fractal dimension and multi-fractal spectrum in different bearing operating conditions are
calculated by morphology, from which some parameters with good discrimination ability are selected as fault-re-
lated feature. Thirdly, maximizing deviation is employed to improve the reliability of the classical grey relational
analysis. Finally, the effectiveness of this method is verified by simulation analysis and application example. The
results show that the proposed scheme can recognize the different fault categories, which is more stable and high-
er accurate than the traditional method, and the operation time is shorter, which is suitable for solving practical

engineering problems.
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Keywords fault diagnosis; feature extraction; mathematical morphology; multifractal; maximizing deviation;

grey relational analysis

Improved Fault Diagnosis of Rolling Bearing by Fast Kurtogram
and Order Analysis

ZHANG Xuhui'®, ZHANG Chao', FAN Hongwei'®, MAO Qinghua'®, YANG Yiging'
(1. School of Mechanical Engineering, Xi'an University of Science and Technology ~ Xi'an, 710054, China)
(2. Shaanxi Key Laboratory of Mine Electromechanical Equipment Intelligent Monitoring ~ Xi'an, 710054, China)

Abstract For the variable speed condition, the vibration signal of the gearbox is characterized by non-stationary,
strong interference and signal modulation, which make the rolling bearing fault difficult to be accurately diag-
nosed. Therefore, a fault envelope order spectrum analysis method with fast kurtogram for rolling bearings is
proposed. The fast kurtogram is used to adaptively determine the filtering parameters, meanwhile, the time do-
main signal is bandpass filtered and enveloped to improve the signal-to-noise ratio. Furthermore, the time do-
main non-stationary signal after the envelope is resampled and converted into an angular pseudo-stationary signal
to eliminate the “frequency ambiguity”. Finally, the spectral analysis of envelope signal in the angular domain is
used to obtain the order envelope spectrum, and the fault diagnosis of rolling bearing is realized by comparing
with order features. The simulation and signal analysis experiments of the outer ring fault of the gearbox rolling
bearing during the speed increases from 600~1 500 r/min are completed. The experiment results show that the
proposed method has a maximum fault error order of 1.84%, which can effectively extract the fault characteris-

tics of rolling bearings under variable speed conditions and judge the fault types of them.

Keywords variable rotating speed; rolling bearing; fault diagnosis; fast kurtogram; order analysis

Performance Degradation Assessment of Rolling Bearing Based on AR
Model and Multivariate State Estimation Technique

ZHANG L()ng1 , WU R()ngzhen1 , ZHOU Jianmin', YI Jianyu1 , XU Tianpeng' s
WANG Lz'ang1 , ZOU Meng’
(1. School of Mechatronics &. Vehicle Engineering, East China Jiaotong University ~Nanchang, 330013, China)
(2. Nanchang South Car Depot, China Railway Nanchang Group Co., Ltd Nanchang, 330201, China)

Abstract As the advance and foundation of prognostics, the bearing performance degradation assessment
(PDA) is of great significance for online condition monitoring. Aiming at the problems that similarity-based
methods are complex and time consuming, an online PDA method for rolling bearings is proposed based on au-
toregressive model (AR) and multivariate state estimation technique (MSET). The coefficients of the AR mod-
el serve as feature vectors to depict bearing performance states and the MSET model is used to reconstruct AR
coefficients. For that purpose, firstly, the historical memory matrix of the MSET model is constructed with the
AR coefficients of vibration signals under normal operation, and then the AR coefficients of the signals under
consideration are input into the MSET model as observation vectors to obtain the reconstructed estimation vec-
tors. By inputting the signal into the two autoregressive models, which are composed of original AR coefficients
and reconstructed AR coefficients, respectively, the corresponding residual sequences are obtained. Finally, the
performance degradation index is constructed by exploiting the difference between the root mean square values
of the two residual sequences. Hence, artificially induced defects and run-to-failure data set from rolling bearings

are processed to demonstrate the advantages of the method in terms of the trendability, consistency and sensitivi-
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ty of early failure.

Keywords autoregressive model (AR ) ; multivariate state estimation technique (MSET) ; rolling bearing; per-

formance degradation assessment

State Evaluation Method of Performance Safety for Complex
Electro-mechanical System Driven by Multivariate Causality

XIE Juntai'?, WANG Wei?, GAO Zhiyong'?, GAO Jianmin'?, JIANG Jiadong’
(1. Western China Institute of Quality Science and Technology, Xi'an Jiaotong University ~ Xi'an, 710049, China)
(2. State Key Laboratory of Manufacturing Systems Engineering, Xi'an Jiaotong University ~ Xi'an, 710049, China)
(3. Key Laboratory of Quality Infrastructure Efficacy Research of AQSIQ Beijing, 100028, China)

Abstract Aiming at the problems that the traditional state evaluation methods focus on the key production units
and do not consider the influence of the causal relationship between the monitoring variables on the evaluation re-
sults, which leads to the inaccurate results, a performance safety evaluation method for system driven by multi-
variate causality is proposed. The generalized partial directed coherence method is used to analyze the causal rela-
tionship of monitoring variables in the frequency domain, and a causal network model reflecting the running
state of the system is established. Based on this model, the key characteristics of the system are extracted from
the perspective of multi-dimensional statistics using the average path length, clustering coefficient and network
structure entropy. Besides, a multi-dimensional feature fusion index reflecting the performance state of the sys-
tem is established and the validity of the proposed method is verified by utilizing the fault data of a chemical en-
terprise. The result shows that compared with single index, the fusion feature can reflect the performance state

of the system more comprehensively and accurately.

Keywords causal network model; state evaluation; performance safety; complex electromechanical system

Method of Rotor Fault Identification Based on Strong Differential
Ensemble Neural Network

MA Sencai, ZHAO Rongzhen, WU Yaochun
(School of Mechanical &. Electronic Engineering, Lanzhou University of Technology ~Lanzhou, 730050, China)

Abstract Aiming at the problem that the difference among BP neural networks as the base classifier in Bagging
ensemble learning is small, a feature perturbation method is introduced to improve the classification performance
of the model of ensemble learning. Firstly, the Relief-F feature evaluation algorithm is integrated with the im-
proved roulette wheel selection algorithm and the number of base classifiers is set to thirty. Next, thirty feature
subsets, where the feature dimension are thirty, are selected from the rotor fault feature set. Then, the training
set and the test set are respectively projected on the corresponding thirty fault feature subsets to obtain a series of
training and test subsets corresponding to the thirty base classifiers, which realize the feature perturbation. After-
wards, each training subset is processed using the self-service sampling method (bootstrap sampling) included
in the Bagging ensemble learning machine. Thus, they has certain differences in the feature space and sample set
when they are finally input to each base classifier, which indirectly makes the trained base classifiers show higher
differences, so as to achieve the purpose of making the final classification results more credible. Moreover, a
low-dimensional double-span rotor fault data set is used to classify in the ensemble learning method. The results
show that this method can significantly improve the accuracy of class identification of the BP network. In addi-

tion, it also has good performance in terms of anti-interference.

Keywords ensemble learning; neural network; rotor; fault diagnosis
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Experimental Research on Vibration Depression of Pump Truck Boom

Based on Parameter Identification in Frequency-Domain

HUANG Yi, LIU Jianwu, HU Yong, FAN Jiayuan
(School of Automotive and Mechanical Engineering, Changsha University of Science and Technology =~ Changsha,410114,China)

Abstract Aiming at the vibration of the boom tip of the concrete pump truck and considering that the dynamical
characteristics of the boom system change with the variety of the boom positions, the active control strategy
based on parameter identification in frequency-domain is adopted for the experimental study on vibration depres-
sion of the boom system. Firstly, the vibration signal of the boom tip is selected as the feedback variable and the
actuator cylinder providing the force of active control is optimized. Also, the global model of the boom system
under the active control is established. Then, the parameter identification of the global model is conducted based
on the dual normalization method. Moreover, the expression of the optimal control variable is derived and the ex-
plicit condition of convergence is provided. Finally, the experimental for the active vibration depression of the
pump truck boom is built, and the effect of the vibration depression concerning the control algorithm is verified
according to the results of the test. The experimental results show that the vibration acceleration amplitude at the
end of the boom obviously decreases about 59% by using the above algorithm, which verifies the feasibility and

practicability of the method.

Keywords vibration depression; frequency domain; parameter identification; dual normalization method;

boom; concrete pump truck

Dynamic Characteristics of Inerter-based Quasi-zero Stiffness Vibration

Isolator

WANG Yong"?, LIHaoxuan', CHENG Chun’, DING Hu*, CHEN Liqun’
(1. Automotive Engineering Research Institute, Jiangsu University ~Zhenjiang,212013,China)
(2. School of Mechanics and Engineering Science, Shanghai University Shanghai, 200444, China)
(3. School of Mechatronic Engineering, Jiangsu Normal University ~ Xuzhou,221116,China)

Abstract Based on the layout form of damper, spring and inerter, which is applied to the quasi—zero stiffness
(QZS) vibration isolator, the parallel-connected and series-connected inerter-based QZS vibration isolators are
proposed. The dynamic characteristics of the two inerter-based QZS vibration isolators under harmonic force ex-
citation are studied. Utilizing the harmonic balance method, the dynamic response of the system is obtained. Be-
sides, the influence of two main structural parameters (inertance-to-mass ratio and stiffness ratio) on the dynam-
ic characteristics of the system is revealed and four performance indices, which are peak dynamic displacement,
peak force transmissibility, isolation frequency band and force transmissibility, are defined to evaluate the isola-
tion performance of the systemin the high-frequency band. The results show that compared with the QZS vibra-
tion isolator, the parallel-connected inerter-based QZS vibration isolator has a smaller peak force transmissibility
and a larger isolation frequency band, while the peak dynamic displacement and force transmissibility in the high-
frequency band is larger. Moreover, the series-connected inerter-based QZS vibration isolator can widen the iso-
lation frequency band and the force transmissibility in the high-frequency band approaches to zero, while the
peak dynamic displacement and peak force transmissibility are larger. Hence, the study provides theoretical guid-

ance for applying the inerter in the QZS low-frequency isolation area.

Keywords inerter; quasi-zero stiffness; vibration isolator; dynamic characteristic; isolation performance
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Dynamic Model and Band Gaps of Locally Resonant Phononic Crystal Beams

TANG Lujia'?, LYU Yanjun'?, LIU Cheng', GUO Cheng'
(1. School of Mechanical and Precision Instrument Engineering, Xi'an University of Technology ~Xi'an, 710048, China)
(2. State Key Laboratory of Digital Manufacturing Equipment and Technology, Huazhong University of Science and
Technology  Wuhan, 430074, China)

Abstract The paper aims to construct a theoretical model on locally resonant phononic crystal beams with
boundary conditions. In the model, a simply supported beam is attached to periodic spring-mass systems. In
terms of the Hamilton's principle, the dynamic equation of the model is formulated in theory. Further, the dy-
namic characteristics and locally resonant band gaps of the model are achieved by using the Rayleigh-Ritz meth-
od. The numerical results agree well with the experimental data in the previous literature, indicating that the pre-
sented model is feasible in theory. According to the presented model, band gaps of the phononic crystal beams
considering different beam lengths and lattice constants are investigated. When the lattice constant of the period-
ic structure i1s smaller than the beam length, band gaps in {requency response curves are distinctly observed. Be-
sides, there are anti-resonant crests located in the band gaps which correspond to the natural frequency of a
spring-mass system. On the other hand, the band gaps are complicated and heavily influenced by the boundary

condition if the lattice constant increases.

Keywords simply supported beam ; phononic crystal; spring-mass system; locally resonant band gap

Fault Degree Identification of Rolling Bearing Based on QPSO-HMM

YANG Zhengzin', WANG Minggang', GONG Bo®, DANG Pengfei'
(1. College of Mechanical and Power Engineering, Shenyang University of Chemical Technology ~ Shenyang, 110142, China)
(2. Geological Team of No.2 Oil Mine of No.6 Oil Production Plant Daqing, 163400, China)

Abstract Based on the global search ability of quantum particle swarm optimization (QPSO) and the excellent
time series classification ability of hidden Markov model (HMM) , a method of fault degree identification of roll-
ing bearing is proposed, and the performance of the method is verified by the measured vibration signal. Firstly,
the measured vibration signal is decomposed by the variable mode decomposition , and the signal feature is ex-
tracted by the singular value decomposition. Then, the hidden Markov model is trained by QPSO algorithm and
the sample signals, the trained hidden Markov model is used for bearing fault degree identification. Finally, the
test signal is input into the model to identify the fault degree of rolling bearing. The results show that this algo-
rithm can solve the problem of local optimization of parameters estimation of hidden Markov model, and can get

high accuracy of fault degree identification of rolling bearing.

Keywords fault degree identification; hidden Markov model; quantum particle swarm optimization; rolling bear-
ing

Vibration Isolation Design and Experimental Testing of UAV Laser Radar

LUO Haitao'?, WANG Haonan®, YU Changshuai'?, LIU Guangming'*
(1. State Key Laboratory of Robotics, Shenyang Institute of Automation, Chinese Academy of Sciences
Shenyang, 110016, China)
(2. Institutes for Robotics and Intelligent Manufacturing, Chinese Academy of Sciences Shenyang, 110169, China)
(3. Institute of Mechanical Engineering and Automation, Northeastern University ~Shenyang 110819, China)

Abstract In the mission of unmanned aerial vehicle (UAV) survey, aviation rescue and power inspection, laser
radar is an essential technical means. Because the laser radar will be subjected to complex vibration conditions

during the flight, in order to ensure its normal use and high precision work, the laser radar must be designed for
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vibration isolation. The vibration response signal of the laser radar installation position is obtained by flight test
of the drone. A rubber vibration isolator is designed according to the vibration isolation theory, and the numeri-
cal simulation is carried out by using the time integral method. The vibration test of the vibration isolation sys-
tem is carried out. The vibration test of the vibration isolation system is carried out, and the response curve of a
certain point on the laser radar can be obtained. The analysis and test results show that the vibration isolation per-
formance of the vibration isolator can reach 90% in the x and y directions, and the vibration isolation perfor-
mance in the z direction is 80% or more. The simulation and test results are in good agreement, which can meet

the requirements of the environment of the drone laser radar system.

Keywords unmanned aerial vehicle (UAV ) system; laser radar; vibration isolator design; numerical simulation

analysis; vibration experimental testing

Active Vibration Control of Pipeline Based on Direct Velocity Feedback

CHEN Zhao"*, HE Lidong"*, JIA Xingyun"*, YANG Jianjiang"®, YAN Wei'*
(1. Beijing Key Laboratory of Health Monitoring and Self-Recovery for High end Mechanical Equipment, Beijing University
of Chemical Technology Beijing, 100029, China)
(2. Engineering Research Center of Chemical Safety Ministry of Education, Beijing University of Chemical Technology
Beijing, 100029, China)

Abstract As the common equipment in petrochemical enterprises, pipe vibration brings serious risks to the safe
operation of the equipment. Based on the principle of direct velocity feedback control, the control force is applied
to the vibrating pipe system through the active damping device, which realizes the active control of the pipeline
vibration. The stability of the control system is analyzed by the root locus method, the influence of the dynamic
characteristics of the inertial actuator on the stability of the system is verified in the experiment, and the instabili-
ty of the system is observed when the gain coefficient is too large. Using the acceleration level as the judging cri-
teria, the control effects of the active damping device on pipeline vibration under different feedback gain coeffi-
cients are compared, the effective frequency range of the active damping device is also explored. The result
shows that with the reasonable selection of the feedback gain coefficient, the active damping device can control
the pipe vibration well in the linear working range of the actuator (20~50 Hz) , the maximum vibration control
effect can reach 80% . Finally, the reference opinion of the design and use of the active damping device is put for-

ward, which provides a way for the further improvement of the vibration control effect.

Keywords direct velocity feedback; active damping device; inertial actuator; pipeline system; active vibration

control

Vibration Reduction Method of Multiple Dynamic Vibration Absorbers
Considering Vehicle Body Elasticity

QI Hui', WEN Yongpeng'*, JI Zhonghui'
(1. School of Urban Railway Transportation, Shanghai University of Engineering Science ~ Shanghai, 201620, China)
(2. State Key Laboratory of Traction Power, Southwest Jiaotong University Chengdu, 610031, China)

Abstract Aiming at the obvious difference of the vibration of each position of the rail vehicle body, and the vibra-
tion damping requirement of the rigid frequency band and the elastic frequency band, the elastic vehicle body
model with multi-vibration absorber is established, and the evaluation of multi-vibrator damping of the rail vehi-
cle is proposed. The limitations of the single vibration absorber in suppressing the vertical vibration of the vehicle

body are discussed. The design steps of the multi-vibrator based on the elastic vehicle body model of the rail ve-
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hicle are proposed, and a multi-vibrator design method capable of simultaneously suppressing the elastic vibra-
tion and the rigid vibration is formed. Furthermore, the superiority of the multi-vibrator is clarified. Finally, the
Sperling stationarity index is used to verify the damping effect of the multi-vibrator. The results show that the
multi-band, full-length rail vehicle multi-vibrator damping index can effectively evaluate the vibration-absorbing
effect of the vehicle body absorber; compared with the single-vibrator, the multi-vibrator can simultaneously
consider both the rigid frequency band and the elastic frequency band. Moreover, the distributed mass distribu-
tion has fewer requirements for the free space under the car and has better superiority. The work of the thesis has
certain reference value for restraining the vertical vibration of urban rail vehicles and improving the ride comfort

of vehicles.

Keywords multi-vibrator; flexible body; vertical vibration; multi-vibration absorber vibration reduction index of

rail vehicles; Sperling stationarity index
Design of Reflective Optical Fiber Temperature Sensor

ZHANG Ping, MA Jixiang
(School of Mechanical and Electrical Engineering, Xi'an University of Architecture and Technology ~Xi'an, 710055, China)

Abstract For the real-time detection of liquid temperature in special environments such as strong magnetism and
small spaces, a reflective fiber-optic temperature sensor for real-time detection of liquid temperature is designed.
The sensor makes use of the law that the refractive index of a liquid changes with temperature and combines the
characteristics of light propagation in a liquid. Based on the rule of liquid refractive index changing with tempera-
ture, the temperature measurement principle of reflective optical fiber temperature sensor is proposed; Accord-
ing to the temperature measurement principle of the reflective optical fiber sensor, the sensor probe structure is
determined. The mathematical model of the sensor is established based on the characteristics of the approximate
Gaussian distribution of the optical fiber's fiber end light field. The influence of different parameters on the sen-
sor output characteristics is analyzed. The experimental platform of the sensor is set up and static calibration is
performed. The experimental results show that within the measurement range of 30 ~ 120 ‘C the sensor can de-

tect the temperature with a sensitivity of 0.71 mV /°C.

Keywords fiber; temperature sensor; liquid; mathematical model; characteristics

Modeling and Experimental Research on Vibration System in Turning of

Flexible Workpieces

WANG Yongqgiang'?, LYU Kaibo', LOU Peisheng', WANG Yuhao', PANG Xinyu',
CHANG Zongxu'
(1. College of Mechanical and Vehicle Engineering , Taiyuan University of Technology Taiyuan, 030024, China)
(2. Military Representative Office of PLA Rocket Force Equipment Department in Changzhi Area  Changzhi, 046000, China)

Abstract Considering the moving tool position in machining processes, the chatter model of a flexible workpiece
is formulated to investigate the time-varying stability during a straight operation. The finite element model of the
spindle-chuck-workpiece-tailstock system is established to analyze the effect of the supporting conditions on dy-
namics of the machined workpiece. Accordingly, the stiffness distribution and the natural frequency variation of
the flexible workpiece under different boundary conditions is obtained. Finally, turning experiments are per-
formed to verify the theoretical analysis. It has been shown that the stiffness of workpiece exhibits time-varying

characteristics at different cutting positions and the minimum stiffness locates approximately at the midpoint
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close to the tailstock side. And increasing the spindle bearing or tailstock support stiffness can effectively im-
proves the eigenfrequency and the dynamic characteristics of the system to a certain extent. The cutting observa-
tions demonstrated that the state of the turning operation of the clamped-simply supported flexible workpiece
generally underwent shift from stable to chattering then back to stable states, showing the time-varying nature of
the process. Furthermore, the workpiece is with chaotic trajectory of the shaft axis when chatter happened. The
proposed model and analytical method could be useful to guide the turning operations of the flexible components

in practice.

Keywords flexible workpiece; turning; chatter; time-varying system; modeling; stability

Digital Accelerometer Calibration Method Based on S/PDIF Signal Decoding

WANG Zhao', CAI Chenguang®, YANG Ming’, KONG Ming'
(1. Collage of Metrology & Measurement Engineering, China Jiliang University Hangzhou, 310018, China)
(2. National Institute of Metrology ~ Beijing, 100029, China)
(3. College of Information Science and Technology, Beijing University of Chemical Technology Beijing, 100029, China)

Abstract The heterodyne interferometer manufactured by Polytec is able to output the sony/philips digital inter-
face format (S/PDIF) digital signal with 24-bit precision, constant output delay and quantized sampling rate.
The dynamic calibration of the digital accelerometer with conventional heterodyne interferometry has the prob-
lem that the processing data is large and the time cost or system cost increase. Use the field programmable gate
array (FPGA) to decode the output S/PDIF digital signal of the Polytec heterodyne interferometer in real-time,
and further accomplish the shaker dynamic calibration of the micro electromechanical systems (MEMS) digital
accelerometer with other transmission protocols using the S/PDIF digital signal. Experimental results show that
the investigated method effectively reduces the data processing amount of the calibration system and has higher

calibration accuracy of sensitivity amplitude and phase.

Keywords digital accelerometer; shaker dynamic calibration; heterodyne interferometry; S/PDIF digital sig-

nal; field programmable gate array (FPGA)

Equivalent Modulus of Elasticity Based on Surface Strain and
Fundamental Frequency

ZHANG Xianmin"®, LIU Xiaolan’
(1. Civil Aviation College, Nanjing University of Aeronautics and Astronautics  Nanjing, 210016, China)
(2. Airport College, Civil Aviation University of China  Tianjin, 300300, China)
(3. Civil Engineering College, Tianjin Chengjian University —Tianjin, 300384 ,China)

Abstract Based on the dynamic response of the whole vehicle model and the elastic layered road model, the dy-
namic test area of highway is the distance of 0.4~0.8 m away from the contact point of tire-road. The influences
of surface modulus, surface thickness and equivalent modulus of elasticity on surface strain and fundamental fre-
quency are analyzed. The results are that surface strain decreases with the increase of surface modulus, surface
thickness and equivalent modulus of elasticity. However, the fundamental frequency decreases with the increase
of surface thickness, and increases with the increase of surface modulus and equivalent modulus of elasticity.
The fitting formulas of surface strain at different distance away from the wheel outside, fundamental frequency,
and equivalent modulus of elasticity are established. Finally, the feasibility and accuracy of methods in this paper
is verified by comparing with measured values in field testing. The method provides a reliable foundation for

highway testing and maintenance.
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elasticity

Influence of Curtain Wall on Vibration Mode of Cantilevered Floor and

Equivalent Simulation Method

ZHU Qiankun', LIU Kaifang1 , RUIJia®, ZHANG Jutao®*, DU Y(mgfeng'

(1. Institute of Earthquake Protection and Disaster Mitigation, L.anzhou University of Technology Lanzhou, 730050, China)
(2. Gansu Institute of Architectural Design  Lanzhou, 730030, China)

Abstract Taking the cantilevered floor of a gymnasium as the analysis object, the influence of the constraint
stiffness of curtain wall on the vibration mode of the floor is studied by numerical simulation and field test. First,
the field modal test of the cantilevered floor (including the curtain wall) of the gymnasium is carried out, The
stochastic subspace identification approach is used to fit the test data and obtain the vibration mode of the floor
under the ambient excitation. Secondly, the experimental mode is compared with the results of finite element
simulation, and the finite element model is modified according to the test mode and an equivalent simulation
method of curtain wall. The results show that the relative error between the first six frequencies of the measured
floor and the first six frequencies of the finite element is less than 5%, the average error of each order is less than
2%, and the mode coincidence is agree well, it is further verified that the support system with high strength
such as cantilevered floor contributes to the constraint stiffness of curtain wall and the rationality of an equivalent

simulation method.

Keywords curtain wall; cantilevered floor; vibration mode; equivalent simulation; constraint effect

Surrounding Rock Stability Monitoring Based on Cusp Catastrophe
Theory and MWMPE

ZHANG Jianwei', LI Xiangrui', YAN Peng”, WANG Yong’
(1. School of Water Resources, North China University of Water Resources and Electric Power  Zhengzhou, 450046, China)
(2. Key Laboratory of Hydraulic and Rock Mechanics of the Ministry of Education, Wuhan University Wuhan, 430072, China)

(3. Pearl River Water Conservancy Research Institute of Pearl River Water Resources Commission Guangzhou, 510635, China)

Abstract In order to monitor the surrounding rock operation of underground powerhouse of hydropower station
in real time, a monitoring method combining cusp catastrophe theory with multi-channel weighted multi-scale
permutation entropy (MWMPE) is proposed. Firstly, combined with the deformation monitoring data of under-
ground powerhouse of a hydropower station, the daily average displacement in different time periods is taken as
a series of special solutions, and the nonlinear dynamic model is obtained by inversion; secondly, the cusp catas-
trophe theory is used to establish the cusp catastrophe model of surrounding rock deformation rate, and the sta-
bility criterion of surrounding rock is proposed; The deformation range of surrounding rock is determined by the
fusion of MWMPE and deformation information; Finally, by comparing the change of entropy after fusion with
the traditional multi-scale permutation entropy (MPE) method, a new stability early warning line is proposed to
monitor and warn the surrounding rock on-line. The results show that the method can effectively extract the de-
formation characteristic value of surrounding rock of underground powerhouse, and conduct on-line safety moni-
toring of surrounding rock according to the real-time MWMPE value, which provides a new idea for the sur-

rounding rock of underground powerhouse and other structures to maintain safety and stability.
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Keywords surrounding rock; stability; catastrophe theory; multi-channel weighted multi-scale permutation en-

tropy; safety monitoring

Indicator Dynamic Evaluation Method Based on Testability Growth

WANG Kang', SHI Xianjun', NIE Xinhua', LIQi*, CHEN Yao’
(1. Teaching and Research Section of 310, Naval Aviation University = Yantai, 264001, China)
(2. The 3rd Institute of China Aerospace Science & Industry Corp  Beijing, 100074, China)
(3. The Unit of 91776  Beijing, 100161, China)

Abstract Aiming at the problem that the existing testability indicator evaluation method fails to consider the
characteristics of the testability dynamic growth at different levels in the equipment development stage, which
leads to the low confidence of the testability evaluation, under the testability growth conditions, an indicator dy-
namic evaluation method based on hierarchical Bayes network model is proposed. A hierarchical Bayes network
model for testability indicator evaluation could be established by equipment structural characteristics with the
testability indicators as transmission parameters. When considering the testability growth test strategy for delay-
ing correction, the testability sequential growth constraints are given. Meanwhile, the testability data of each
stage at different levels of nodes are used to check the testability growth trend by Fisher's exact test method, and
the number of growth stages can be determined. Then a priori parameter estimation method using the maximum
entropy model and the improved Gompertz model is proposed, so that the Bayes theorem and the prior informa-
tion of the nodes at each level in the development stage could be used to determine the prior distribution. Final-
ly, the posterior distribution of the top-level node testability indicator is determined based on the hierarchical
Bayes network fusion reasoning algorithm in order to realize dynamic evaluation, and an actual case is given to
prove the effectiveness of the method. The results show that the method has more accurate and reasonable indi-

cator evaluation conclusion than direct application of Beta distribution.

Keywords testability; indicator evaluation; testability growth; hierarchical Bayes network; Fisher's exact test;

maximun entropy model; Gompertz model

Improvement of Theorems on Precessional Motion of Rotors

LIAO Mingfu, ZHAO Qingzhou
(School of Power and Energy , Northwestern Polytechnical University ~Xi'an, 710072, China)

Abstract In order to reveal the features of precessional motion of rotors, two theorems on the precessional or-
bits of rotors are developed. Theorem 1 shows that the area surrounded by an elliptical orbit of rotor precession
can directly be obtained in terms of the determinant of matrix constituted by components of rotor precession at
the same frequency. Theorem 2 stats that within a same time the precessional vector of a rotor running at con-
stant speed sweeps always a same area, regardless of the origin of the time, that means, the time rate of change
of area swept by precessional vector is constant. Furthermore a new operation of inner product of complex vec-
tors is suggested, that is, the inner product of two complex vectors in Euler-form is equal to the product of two
magnitudes with cosine of their phase angles. In terms of both theorems and the new operation, the theory of
precessional motion of rotors is improved and extended. The result of this paper is an interesting improvement

for rotor dynamics.

Keywords rotor; orbit; theorem; precessional motion; area surrounded by orbit of rotor precession; complex

vector; inner product
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Identification Method of Inertia Parameter for Rigid Body

GUO Xiaohang', WANG Pan', DENG Zhaoxiang'?, LUO Yuan’
(1. School of Automotive Engineering, Chongqing University Chongqing, 400044, China)
(2. State Key Laboratory of Vehicle NVH and Safety Technology Chongqing, 401122, China)
(3. Chongqing Chang'an Automobile Company Limited Chongging, 400023, China)

Abstract In order to obtain the rigid body inertia parameters quickly and accurately, the identification method of
the inertial parameters of rigid bodies based on frequency response functions is studied. Firstly, the inertial pa-
rameter identification algorithm is studied, and verified by multi-body dynamics simulation analysis. Then the
main factors are deeply analyzed, which affects the accuracy of the identification method and the law of influ-
ence. The analysis shows that the coordinate error of the excitation point and the response point and the excita-
tion direction have a great influence on the recognition accuracy. Finally, the design of the inertial parameter
identification experimental device is completed, and the experimental research is carried out. Experimental re-
sults shows that the rigid body mass and centroid position recognition accuracy is within 4% , and the moment of
inertia and inertial product identification accuracy are all within 10%. The recognition accuracy and efficiency

meet the actual needs of the project.

Keywords vibration; rigid body; parameter identification; frequency response function

Performance Monitoring of High Speed Train Predictive Controller
Based on Subspace LQG

LIU Bohong, LIAN Wenbo, LI Wanwan

(College of Automatic and Electrical Engineering, Lanzhou Jiaotong University Lanzhou, 730070, China)

Abstract In view of the performance degradation of subspace predictive controller of high-speed train in complex
and changeable environment, a performance monitoring algorithm of train predictive controller based on sub-
space linear quadratic Gaussian (LQG) benchmark is proposed. Firstly, the performance benchmark based on
LQG is designed by the subspace matrix, which can be obtained during using subspace identification to process
the historical train operation data. By solving the real-time performance index of the train online and then compar-
ing with the established performance benchmark, the evaluation index of the train is obtained, and the train pre-
dictive controller can be evaluated on line. Then, when the evaluation result is degradation, it needs to diagnose
the concrete type, that is, to establish the performance degradation mode database of controller, and a classifier
based on support vector machines is designed to train and study the four performance degradation sources,
which are noise variance change, process model mismatch, output constraint saturation and control parameter
setting improperly. The accuracy of the test set input to the classifier is 95.63% ,92.49% ,90.52% and 97.56%,

which shows that the classifier has high reliability and accuracy.

Keywords high-speed train; subspace identification; predictive controller; performance monitoring; support
vector machine (SVM)
(End of the Volume 41)
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T 7 WANG Ning

T Z WANG Pan

T Wy WANG Panpan
T M WANG Peng

£ # WANG Qian
58 WANG Qiang
FAFEE WANG Qiaoyi
TS WANG Qiushi

T 417 WANG Shaoging
T4k R WANG Sheliang
£ £ WANG Tong

T HE WANG Wangwang

M oH M H

(2-220)
(1-33)
(6-1132)
(1-56)
(2-354)

(4-741)
(2-304)
(3-552)
(1-182)
(3-487)
(2-385)
(3-470)
(5-847)
(5-1021)
(6-1143)
(5-999)
(1-49)
(4-747)
(2-354)
(6-1206)
(4-701)
(5-970)
(6-1138)
(6-1052)
(6-1221)
(5-841)
(4-730)
(3-601)
(3-476)
(5-991)
(4-762)
(3-547)
(3-571)
(4-797)
(1-62)

£ i WANG Wei
T30 WANG Wenlong
F T WANG Xiaolei
T8 e WANG Xinlong
LB 5 WANG Xinyu

T i WANG Xuan

T 55 F WANG Xueping
F W WANG Yaping
FHEM WANG Yanwei
£ WANG Yin

¥  F WANG Ying

T 5B WANG Yong

F ikt WANG Yonghong
E kit WANG Yonghong
T k5 WANG Yonggiang
F 41~ WANG Youren
T E# WANG Yujing
T2 WANG Yuanxing
£ B WANG Zhan

T+ #H WANG Zhao
TP WANG Zhenhua
TEE WANG Zhilu

T &3 WANG Zhigiang
T WANG Zhongbin
AN WEI Jianfeng
) Fi WEN Guangrui
) H WEN Guangrui
IR % WEN Guangrui
ki WEN Yongpeng
Xk i# WEN Yongpeng
%7 WU Guanghui
S WU Jiajia

5 @8 WU Jiande

#{ b WU Jinglong
ff = WU Qianyun

7 2. WU Rongzhen

Mo Mo

Ho

55 WU Wenliang
S WU Yaochun

SHO

(6-1105)
(4-778)
(5-904)
(5-863)
(3-519)
(5-964)

(6-1066)
(3-481)
(3-558)
(2-399)
(4-695)

(6-1124)
(4-806)

(5-1014)

(6-1170)
(3-495)
(3-439)
(4-812)
(1-164)

(6-1176)
(2-211)
(5-847)
(4-688)
(2-220)
(2-341)
(1-133)
(3-421)
(5-880)
(5-888)

(6-1155)
(3-421)
(2-292)
(2-267)
(2-377)
(3-503)

(6-1096)
(4-715)
(2-362)



S A WU Yaochun
S A WU Yaochun
i & WU Xing

i Pl WU Kai
K ZE WU Yajun

H W XIA Yu

E A XIA Yubin
587 XIA Zunping
] ¥ XIANG Ling
H % XIAO Biao
B XTAO Zhong
fit 2% XIE Mengtao
4K XIE Juntai

i Bk XTE Zhongqiu
T4k % XING Jichun
5 XIONG Ke
i XU Cheng
it XU Jian

# XU Xiang
i XU Yizhe
ik ML XU Zhangfan
YF # XU Hui
XU Jin

¢ % XUE Yang
B ME XUE Y aohui

= # YAN Ke

= #TYAN Ke

I=] /7 B Y AN Fangqi
F  # YAN He

= # YAN He

I #E YAN Linjun
= %5 YAN Shengyu
FEARAE Y AN Genhua
7= % YAN Peng

P2 6% & Y AN Zhanyou

(4-667)
(6-1112)
(5-868)
(2-392)
(2-327)

(5-945)
(3-495)
(4-797)
(4-644)
(4-723)
(5-855)
(3-566)
(6-1105)
(2-377)
(4-673)
(2-236)
(3-481)
(2-377)
(1-69)
(3-527)
(5-855)
(2-211)
(2-242)
(2-299)
(5-956)

(2-348)
(4-660)
(1-114)
(4-818)
(5-976)
(1-190)
(5-939)
(1-176)
(6-1199)
(2-260)

J% & Y AN Zhanyou
#i2# 42 Y AN Xuejun
B EXK YANG Guolai
# B YANG Ming
AV YANG Qijiang
AT Y ANG Qijiang
¥ B YANG Qun
Pttt Y ANG Shihai
% 454L YANG Shuyi
¥ ¥ YANG Tao
Bk 45 Y ANG Yiling
¥ T YANG Yu
¥ FYANG Yu
¥ B YANG Zhang
¥ # 3% ANG Zhengxin
¥ R YANG Zhongliang
Wk T3 YAO Weixing
1% F YE Xiaoping
Cimin YOU Jingjing
F £ YU Changshuai
TH ¥ YU Yangyang
firdi Al AYU Ruili
FAEC YUAN Zhengwen
1 YUAN Qiangian

oy
¥ #£ YUAN Xiang

AW ZHA Zelin

ik ZHANG Bo

7k # ZHANG Chao
5k # ZHANG Chao
i i ZHANG Di

ik WLZHANG Fan

7% E 42 ZHANG Guojun
ik %t ZHANG Huixian
ik @M ZHANG Jianhui
K H M ZHANG Jianhui
K #H ZHANG Jianwei

XX

(4-681)
(4-631)
(6-1043)
(6-1176)
(5-919)
(6-1074)
(3-503)
(2-292)
(4-652)
(3-571)
(2-311)
(1-182)
(3-487)
(3-527)
(6-1138)
(6-1059)
(5-951)
(3-511)
(4-701)
(6-1143)
(4-747)
(3-453)
(2-304)
(2-348)
(1-49)

(3-447)
(1-164)
(2-228)
(6-1090)
(2-249)
(1-1)
(5-841)
(4-772)
(1-1)
(1-56)
(1-170)



sk @l ZHANG Jianwei

kA2 41 ZHANG Junhong
ik BT ZHANG Ke
k37 %2 ZHANG Lijun
K5t 5 ZHANG Liangliang
i B HANG Long

ik # i ZHANG Mengcheng
ik B L ZHANG Mingyi

ik B X ZHANG Mingyi

ik FZHANG Ping

K 3 ZHANG Qiang
K38 % ZHANG Qiangbo
KB I ZHANG Qiubo

ik M ZHANG Sheng

ik & A ZHANG Shengdong
ik M ZHANG Wendong
ik A E ZHANG Xiyu
KK ZHANG Xiamei
Kk’ ZHANG Xianmin
5k /M ZHANG Xiaodong
KB ZHANG Xuhui

ik A& ZHANG Yan

ik FHZHANG Yang
KB ZHANG Yina
ik £ ¥ ZHANG Yuqi

7k B ZHANG Zhao

K AR ZHANG Zhongchao
& [ ZHAO Guoye
B3 i ZHAO Qingzhou
X742 ZHAO Rongzhen
B ZHAO Rongzhen
B2 2 ZHAO Rongzhen
#4212 ZHAO Rongzhen

(6-1199) & 72 ZHAO Rongzhen
(4-747) #4282 ZHAO Rongzhen
(1-164) X B ZHAO Xiaolin
(2-283) 1 e ZHAO Zhenglong

(5-1007) A5 ZHENG Jinyang

(6-1096) HHEHE ZHENG Juju
(5-956) HHEHE ZHENG Juju
(4-806) A E TG ZHENG Yugiao

(5-1014) J&l il ZHOU Can

(6-1164) JAl# K ZHOU Jianmin
(2-242) Ji #h#s ZHOU Jinsong
(3-566) J& 37 5% ZHOU Lixian
(5-991) J& i ZHOU Wenhai
(3-429) J&l 48 ZHOU Xianghua
(4-756) Jil %4 ZHOU Xiaojun
(5-841) Jilli% % 7ZHOU Yijun
(2-283) % 4 7ZHU Hua
(3-566) & 4EZHU Hua

(6-1182) % ZHU Haitao
(5-999) R4 ZHU Hongbo

(6-1090) % ¥lLZHU Kai
(5-984) AT ZHU Qiankun

(1-76) K ZHU Tengeng
(3-581) R 3CHE ZHU Wenhai
(5-933) R ZHU Xiaojin
(4-710) AKFIEZHU Xuefeng
(3-462) kA= ZHU Yongsheng
(4-681) 47k 4 ZHU Yongsheng

(6-1216) B ZHUO Yaobin

(1-13) 4B 1 4> ZOU Yingquan
(1-126) 48 £ ZOU Yu
(2-362) 2148 ZUO Hongyan
(4-667)

XXI

(6-1112)
(1-62)
(4-681)
(1-41)
(3-519)
(4-818)
(5-976)
(2-341)
(5-970)
(6-1096)
(4-762)
(4-710)
(3-453)
(3-429)
(3-511)
(2-392)
(3-588)
(5-913)
(1-120)
(4-730)
(2-341)
(6-1190)
(1-105)
(1-142)
(1-96)
(2-267)
(2-348)
(4-660)
(3-511)
(3-606)
(5-888)
(3-539)
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