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Fig.8 Grasping process based on visual and tactile fusion
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Fig.3 Comparative results of undulating motion
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Tab.3 Frequency of rotating component in first gear

P T 5% P R4 2/ Hz
(i=%il3 — —
KBH%E Ty 115
2 HE 25.02 8.20 24.36
3HE 8.25 3.10 12.39

Fr 27 LR Y 4R b B R op i SRS T R4S 3N
PR 4R . B4 o RIHEE 517 R AL
B L, s AT B A 1B AT B A RTR
B u WG LHE 5 Ay, by s oy 53590 R 147 B AT R AR R
BH A y J7 18] 19 SCHE NI 5 e, A 0 3010 D 147 FEL A
FEAE 2 07 1) B SCPE W BE 5 &y ey 53 500 DA 1 LR B 8
(1 FL A T 2 5 e, e 20 3000 R0 55 1A A o 7 B B
BH 6 1) k5 R e, o 23 0010 D 585 2 A4 2 R 1T
B KBRS B 05 5 W BE 5 &y, Ry 53 00 AT BEBEAE 2 Ly
7 1) b B STHERIEE o

Vi el
K4 HEAT R 8 ) s Al

Fig.4 Dynamic model of single row planetary gear
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Fig.5 Coupling diagram of multi-row planetary gear trains
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Fig.6 Engagement relationship between planetary

gear, solar gear and gear ring
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Fig.7 Result of fault identification
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Tab.4 Diagnostic results of different methods
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Industrial pipe racks
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Tab.l Comparison of x-direction wind loads kN

L

AR Ik . AT K 56
¢ 7k .
}/’15 ahF I
xm oy
2 1] y I
GJ1 908.21 908.21 560.06 2055.91 567.58 22.46
GJ2 937.54  937.54 560.06 2085.24 583.77 48.06

GJ3 1778.50 1778.50 936.90 3777.90 843.01 57.15

R2 ymEREHT L

Tab.2 Comparison of y-direction wind loads kN

. . AL -
" AR IV ik AT 56
o o ERD!
- y Il E—— V1A xl oy
1] Y

GJ1 1120.10 454.11 1120.10 1663.10 48.20 1 241.60
GJ2 1289.90 454.11 1289.90 1832.80 10.40 1 357.50
GJ3 3202.50 754.88 3202.50 4600.990 26.77 2609.03

IR RS A I g RGI 6 A5 F B BE R BT A7/
T RTS8 T WA AR T RS B B A 7
T XA 2, TR 52 B v, R T BRAT RV 2 O T 2 4
Mo T8 TP ANt B AT O A
IR 285 AT 3 8 45 SR o AL B A X 1) 445
ey A JSCH) 384 0, 0 T R B 2 9 o ) BRSO
E SR A R 2R, HIEN A E R
BRI Z AAT HORE AT BT 3, 33k 156 It A AR X T 2%
IO 75175 L N R I R A 28T . F BRAT MLV T
5 2 1 SCHE R 198 2R (GI3) AR 280 8 I K
1o 0 Y T X 2% 26 i DR A T 5 1 A 2R A
B, R XU 1 56 0 o B A B A A S
B AU 2K

4 EXGEIK S

A Ao I A A KRR B 1 AN R A R A
DU AR PAT i Y AR R AR R

PP B P B A E N [8] 0L R, KU 3 S O° R
JRCTET T AT R 280 28 Koy A n 1B 9 AN 10 B o /T
VAT H i 470 61 A7 2 i 25100 8 a5 288 1z 3 K 3
DR TH P 2 2% KA T A 7 /) o A T i XL T 7 A
AN

AR T BLS 20 A o9 B DA s 2 P R TR 2R



258 oo WK 5 2 W

A1 %

(a) TCiEHS
(a) Without periphery pipe rack

(b) IARSMEESE
(b) Single periphery pipe rack

(c) 2AMAMEE B (d) 3MmoMEE SR
(c) Two periphery pipe racks (d) Three periphery pipe racks
L9 3 R THT 478 R 5053 A1

Fig.9 The distribution of shape coefficient on windward side
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Fig.10  The distribution of shape coefficient on leeward side

e 3R, i R PR AT LLE R R
WA PR Y 28 B G A ] A5 240 A 5 B T e/

®3 AEAIRTHERHER

Tab.3 Shape coefficient under different conditions
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Fig.5 Tire rotation axis diagram
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Fig.1 Blockage detection system based on acoustic tech-

nology
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Fig.2 Experimental platform of blockage detection
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Fig.4 Six-level wavelet

decomposition tree
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Fig.5 Energy spectrum of pipeline operation state
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Tab.2 Comparison of calculation errors of meshing stiffness
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Fig.10 Vibration response of gear system with different crack depth
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Fig.1 External force equivalent indication of fixed atti-

tude
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Fig.2 Sketch diagram of cross-section bending moment

of loader boom
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Fig.3 External load equivalent results for different mate-

rials
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Tab.2 Expansion frequency data of load
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Fig.4 From-to rainfall flow matrix of 1 000 bucket sam-

ples synthesized from different materials
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Tab.4 2-D load spectrum based on kernel density method kN
e A R
45.9 101 156 211 266 312 349 367
—58.6 12182 172 0 0 0 0 0 0
—10.7 337 068 13 380 2317 13 0 0 0 0
37.5 252 768 31371 12 111 1511 483 0 0 0
85.7 144 206 7 260 5226 8 554 8 056 12 489 4989 0
134 24 521 7697 7793 6971 3147 5450 5051 1906
182 28 177 10 253 6 365 1569 8 0 0 0
230 29 602 4 098 950 0 0 0 0 0
279 2 060 0 0 0 0 0 0 0
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Fig.7 Fatigue damage verification points

R A 44 SCRE A7 3k AT 0 55 I 05 31 58, IR 4R 2 A
Ak A SHE T IO 7 A 2 R X I 308 3R 4 T T
I] b A JRE 2.2 % Kb 5 0 4 T 5 T 4 R TEDRS N ) R
Fr, DA I 3 A SR 4 SORE 37, In 8] 8 B R

. g» i A AR LR AL
i Ak AR AL,
£ SR et
t - JT' ’ wE
2205 MR BB S

K8 IG5 H 4 SO 1 E
Fig.8 Nominal stress determination of welded struc-
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Tab.5 Transfer coefficients of fatigue damage verifi-

cation points

BiEs S KN # N1/ 1 2B/
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Tab.6 Parameter values for calculating fatigue dam -

age in BS standard
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Tab.7 Damage calculation results load spectrum

and fatigue life results of load spectrum

e R
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" i ot
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ZH
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el
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. L-1 0.0126121 79 31 954
o
. L-2 0.010 797 6 93 37 323
fiiF
L-3 0.015284 3 65 26 367
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Fig.9 Relation between amplitude range and cumula-

tive frequency

P4 o 5040 5 4 ) ) 28 8 S B T 28R
RO 1) XL 1) S0 e 8 | 2 B0 73 A Al 3 30808 A58 25 44
] A 16 T e i - 2R BRI A R A A DX P Y 2
A5 AR AT A3 BN PR BT R AR 1, X 2 T AEAR
H B /N BT IR BRI 22, 6 R A 2 A o A U S S
B a5 R o B AR B o A UL T AR AR g
SR AEE S W00 A U /N 8077 A9 400 R I
TR, M (5 /I 1 2T JRROR , X 28 B2 34 73 A
ST AU e A — i )RR B 0 A R A RE 8
4 IV 28 AT T AL T8 4 R (R U O | 7 i A 2
a5 73 A7 F0L 5 AR B JE O B R

A 5 LA TR Y LU R A O A R R
O A7 A 19 R A S R RS A Y R A A
A6y 27 AL [R) 25 X 10 o 982 57 453 03 B TE i g 4 SR R W
T 247 25 BRI 57 158 2800 3 20 A B A% 25 2 ik S
B A58 80 JC 5 {15 28y 40 (M {81 94 20 A 20, P 4%
AT T 9 W (- SR U O AR M e S B T X K 2
/IS B [ A5 RO B, A JRE AV T A 2R 4148 1Y
AT T 45 2R REAS TR D 2 B o0 A 1 Y rh o A UL xR
HIURR R 3346 52 0 55 AL O AN A2

5 #RIE

A JEE A VTR R 2 M0 A A B R BE A% AR B T
V2 AT 3, 2 55 10 O S e g 45 SR R W], 2 800)
A 5% 0 4T i 040 45 2R S /N A R A A R
AT DA 3 45 2R T A B 4 0 4 7 B A 1R 55 7 A
B 3T 9 95 T A i 30X 10° hy A% B B Ak A L
TR AR R R A BT A 3 DAY B R R A A
JEE bR B A 2 2 e A 28 A X W (L[] 28 X I,
A5 AT 1 235 5L BE 608 Wk b 2 K0 A A Hp 23 A UL X
AR 114 2R 28k A 52 M 5385 A ) AN A2, L IG5 X R A A

O3 A B 5 3 S 2 B0 A Al R A T R
AR TR L K i il 49 28 A i o e B 45 4 P 1 9 95 ] B
PR AT AR BEOC M . T — 2PoRE O R 2 ML A F 1
92 55 F7 fii U R B8 AT 5T

Z % X M

[1] WANG J X, WANG N X, YU X J, et al. A method
for compiling load spectrum of transmission system of
wheel loader[J]. Advanced Materials Research, 2010,
108-111: 1314-1319.

[2] FARINAZ S, CASSIE C. Material nonlinearity in
asphalt binder fatigue testing and analysis[J]. Materials
and Design, 2017, 133(5): 376-389.

[3] YAN C L, LIU K G. Fatigue scatter factor of whole
life and reliability of aircraft structure service life [J].
Advanced Materials Research, 2008, 44-46: 739-744.

[4] mzmdl, 28, B, B B RE F RS 07 5
Al B4 AT T] R TR, 2010, 32(1): 7-9.

GAO Yunkai, LI Cui, CUI Ling, et al. A simulation
analysis on the fatigue life of fuel cell bus body[J]. Au-
tomotive Engineering, 2010, 32(1): 7-9. (in Chinese)

[5] o, mzmdl, MR . 4 B9 o5 26 3% 19 0 72 I

LT E P R i (A AR BE R0 L 2013, 41(6) -
895-899.
FANG Jianguang, GAO Yunkai, XU Chengmin. Dis-
placement back-calculation of body fatigue loading spec-
trum [J]. Journal of Tongji University (Natural Sci-
ence), 2013, 41(6): 895-899. (in Chinese)

[6]  THEf, MRAM, BALKE, 45 8 4 N IE PR 056

JH A 8 1 2 5 O R T ST L] HUAR TR "= i, 2015,
51(14): 93-99.
YU Jiawei, ZHENG Songlin, ZHAO Lihui, et al. Re-
search on spectrum development methodology for vehi-
cle indoor road simulation test[J]. Journal of Mechani-
cal Engineering, 2015, 51(14): 93-99. (in Chinese)

(7] weilg, 2o, WIABAN, % 40T 45 45 4 o7 100 4

T B g ) O s L)L BRE A 42, 2017, 38(2)
105-110.
XUE Hai, LI Qiang, HU Weigang, et al. Compilation
method for fatigue test load spectrum of coupler on
heavy haul freight car [J]. China Railway Science,
2017, 38(2): 105-110. (in Chinese)

[8] ZOUGAB N, ADJABI S, KOKONEDJI C C.
Bayesian estimation of adaptive bandwidth matrices in
multivariate kernel density estimation  [J].
Computational Statistics and Data Analysis, 2014, 75
(6): 28-38.

(9] mzEl, AR, 78t . 4 5 & 48 57 40 7 P 4
B SELT]. HLAE TR 240, 2014, 50(4) : 92-98.
GAO Yunkai, XU Chengmin, FANG Jianguang.



310

/) I

w5 2

W 041 B

[11]

[12]

[14]

Study on the programed load spectrum of the body fa-
tigue bench test[J]. Journal of Mechanical Engineering,
2014, 50(4): 92-98. (in Chinese)

ik, EREE, EARR, & A AL B i
o 1l Be 9 55 F m T [T ], 35 AROR 22 R T2 )
2011, 41(6): 1646-1651.

ZHANG Yingshuang, WANG Guoqiang, WANG Jix-
in, et al. Load spectrum compiling and fatigue life pre-
diction of wheel loader axle shaft[J]. Journal of Jilin
University (Engineering and Technology Edition)
2011, 41(6): 1646-1651. (in Chinese)

Ti—dh, SO0, AR, A AGARHL AR B A A e R
Mr 5 iR T 5E[ 1], HULBKGR I, 2016, 38(4): 772-776.
WAN Yipin, JIA Jie, LIANG lJia, et al. Structural
strength analysis and experimental research for working
device of loader [J]. Journal of Mechanical Strength,
2016, 38(4): 772-776. (in Chinese)

T—fh, RET, AR, % AL AR % 97 1K
5 2 A 3 2 R 7 % [T). T E OBLBR TRR 2017, 28
(15): 1806-1811.

WAN Yipin, SONG Xuding, YUAN Zhengwen, et al.
Compilation method of fatigue experimental load spec-
trum of loader working devices [J]. China Mechanical
Engineering, 2017, 28(15): 1806-1811. (in Chinese)
Ti—iil, REET, BT, 4 3 aRL AR E A 4
fip IR 77 vk S W [T ] MU s B2, 2017, 39(1) -
26-32.

WAN Yipin, SONG Xuding, YU Luping, et al. Study
on load measuring method and test of the pin-shaft in
loader working device [J]. Journal of Mechanical
Strength, 2017, 39(1): 26-32. (in Chinese)

T, RET, MRRT, 55 BB T AR B il
AL RL G AR AT I MO ¥R LT]. PRgh ik 52, 2019,
39(3): 582-589.

[15]

WAN Yipin, SONG Xuding, YU Luping, et al. Load
identification model and measurement method of loader
working device[J]. Journal of Vibration, Measurement
and Diagnosis, 2019, 39(3): 582-589. (in Chinese)
Ti—dh, REGT, BRI, 5 T8 E00 R
SRR 1 H 5 O g [T ], % R e i (A AR B
20R) , 2019, 39(2): 117-126.

WAN Yipin, SONG Xuding, LU Pengmin, et al. Ex-
ternal load equivalent and load spectrum compilation of
loader based on moment equivalent [J]. Journal of
Chang'an University (Natural Science Edition) , 2019,
39(2): 117-126. (in Chinese)

XUHFRY , TR SCHE, TRE, AF . SE TR AN T RO R A 4
9 A% 2 o 2 A7 % o o [T). 2R TR, 2017, 38(9)
1830-1838.

LIU Haiou, ZHANG Wensheng, XU Yi, et al. Load
spectrum compiling for transmission shaft of tracked ve-
hicle based on kernel density estimation[J]. Acta Arma-
mentarii, 2017, 38(9): 1830-1838. (in Chinese)
X5 A5 . T B A B0 07 A I R B BT A AR MO 07 B R T
MWFFELT]. Bl 4249, 2017, 55(2): 1-4.

ZHAO Fangwel. Research on the fatigue strength evalu-
ation of railway carbody based upon transient dynamics
[J]. Rolling Stock, 2017, 55(2): 1-4. (in Chinese)

E—EEB AT, H 19884 12
AT R F BRI 5 ) S 2 A AR
air P03 PO O it . W R ARG EL
A 2 T AR A T A A 5 R A I IRy
) (KPR 3 L5 12 W7 ) 2019 4£55 39 45
EERE UDE 37108

E-mail: wyipin@chd.edu.cn

* - * * * * *

il

ILIT AR K 512 )

(I3l K512 W) ol AS BB A 1 e AT 2 A R R 2 R 2 e A LA T o ) s A F 5 2 B
B EI TR BRSNSl A e S W R A BT R B R T SR R PRI . R TIEE N
S AR 3l I 35 B2 W DA o 1 3 25 BEE O vk AT B i 0F 5 K T 5 THT ARG BER SRR 6 47 S5 46 I 1K
oA I BB 73k R G ST b B b B 2 MO ) 5 R W DL RO A B R B il
P b R FORS S S e T ATl At F
A F 2 ET Compendex 405 4 Wi s 39 TR b SORCG 301, XU I 38 XU R R, B AR i 30 T, 4248
18070 WA VT Be) B AR , Wl 76 A ) T8 24 26 ) i FIRHE AR R .

i i 0 b ik < e R T ARV i 29 5
g & A5 . 28-239

E-mail:qchen@nuaa.edu.cn

MR B 4 i - 210016

L1 £ (025)84893332

M ik < http : // zdcs.nuaa.edu.cn



541 B4 2
2021 4F 4 A

Pzl 52 W

Journal of Vibration, Measurement &. Diagnosis

Vol. 41 No. 2
Apr. 2021

DOI:10.16450/j.cnki.issn. 1004-6801.2021.02.015

EREAHBHPHERENHEHDMERS

HEE, WERAN, £EFER"

(LT RFNM TR S S22 be T3, 315211)

Lok, £FEH', KRER"’

(2. Wi R F WA S bl i B R B SR & Aedi, 310027)

FE I T H TR E 4k (macro fiber composites, fif 7k MEFC ) 8K 2y 1) 22 14 75 45 B 2 68 4 33F 7 20 250K 2% U 4t 1Y
R AR ) B R T T AR TR 0 Al R AL AR TR SNG4 e 0 e A ) s T4
o, G o M B S B0 o 45 AR 5 BT AR B AR W) G L KR R 42 Bl G 4 2R SR ] M C B3l 1% 22 P 05 A= 2 B8 7 )
B 2R 7,8 Hz I 43 91 HUAS f5c 2 R e e 5.08 mum IR KA 104.3 mm /s 88 5, P T Z2 1 e 06 7 e K452 i K de
FABHCIR AT 77 Az 09 SO i 07 Sl A I S S0 06, 45 S Sl s 20 1k R B 7 A A HE B T AE — AR 42 2 S P R BT O
AR AR, LA 76 A IEIAD 7 LS [ 0 4 E AL S P DT FIOIR A . S5 R R B I RIEHUCRAS R, Rt B R e B 8 i R 1
65.6 26 14 JE I P A A RS L ™ A 04 R I dme A 1 ) RO A ) 43 50 6.26 R — 2.50 mN, B BR 4345 B Y JE 1S 1
HEE T3 1.90 mN, 1 25 P 2 8 fe AR RS T 77 R i X4 U1 0 0.26 mN . Jir $2 1 119 22 M 7 2 8 0 M i g

KB R G BB S BN

KA TR R A R 5 B N0 A 5 R R 5 R 5 B A/ A A A 5

HE4SESE TP24;THI113

51

i}

ARG B SR 3 R R T AR Y A1
O iE S BE 1o MR A £ 2 1 B (A R R i 2 A5 =X
AR I 72U 0T B 5y Ry B A/ 2 8 (body or cau-
dal fin, fif#k BCF ) Fl1 v /% % (media or paired fin,
fa] 7 MPF) % Fh . 65 F} £ 25 1) BCF #E i 45 5 0 2
NIRRT s LU 55 S
W8 B 4 2 1 KT AU AT B A L, B SR £ 26
BCF # i 85 2 1 7K F 05 A 4 0 2% B 84 i K R
I8 B RE ), TE VR IR R A L A LA
KR TR AU R AL T A A R R R Y
WEME .

B Re MRS S5 R 1Y K TR R K ) A i AR L
TR IR 37 2L A B T S E R AR R G /N
B AL FIE BEAL . Nguyen 28 F) ] 4 20 15 o B %
Fr 9K 2 4 AT HILAG B4 0 R A A #E Bl L 3T T R L
2R A K T LA . Coral 5% H £ & R iC
146 4 22 YRS Tt B AR S5 A 2 BT L 48—
Foft 05 iy 48K B HEHE &% . Cheng ™ it T — Ff g5 1 3%
RE VIR0 £ R8I T KT AL i ik .
T AF K, 3% [E Smart Material 23 & Bl 4L T 2% [#©

NASA B & () % 7 2F 4 56 % i 2 & M OBH(MFC) .
BT AR R A MR AR MFC A
MG 9K 3h K B A e R G AR Y BE ) 5 L Bl K
LW 5. Shahab %8 58 1T MFC 3K 3h i 22
B R AE R R KR sh A R, HE ST T 4 A - -
REE A B J 2R Lou % H2 A9 MFC 3K ) i1
D7 008 7K T #7514 U 80 38 0T 3K 174 mm/s(0.58
BRK L /s) IS T MFC 3K 3h #% 76 Z2 1 45 44 75 B
il K 7K 5 A B st A8k ) LR AR AR A 25 AR
eI T3 0 A8 A5G 2 B B A S 4 A M RE Y
TG AR o Nguyen R I ATTHY 6 il g £% B 25 Il
St T P B B 1 2K 5 A BIL A i e S [R] 5K 3 A
R PR e ) AR R . Gao S5 R R
T AR AL R I B T IR R A A 22 3R s 4
Az 28 e S 2 0 8 7 S [ 3R s H R 1% 4 2 g AR
BB o [RBE R ATT Y 7S %l ) £% J& 4% , Hubbard
A L2021 B 1 B A W UK B (0 K T 5 4R R 6 1 5
b B 7 AR I B KO- 4 HEE T 0.4 mN L (EJE TR
1 B Ay HE R ALy 0.149 mN, {1 T8 RE 4R 3
(9 7K T 7 A 1E g 7 AR AR I ) R 2 A = R
JOART 152 T 0006 A R 4 A T B T A L Ty

*  EFEHRF A4 W H (51505238, 51805276, 61703217) 5 Witl4 A KRB 34 %W BT B (LQ15E050002)

Y i H 31 - 2020-08-25; & 11 H 18 . 2020-10-15



312 &2,

w5 2 W

A1 %

B K SR 2 0 R G, R IS OK T O A
1 20 25 4 TR R 0 R R 40 AT I L O
1 H BB

28 A5 B 4L 1) B R AR A B BCF HE 7 20, 1%
T T —Fh MF C 9K 3 (1% 22 1 45 4 0l 2 668 , O 45 & 2 1k
K RSB Z BN R TR
fl A 0 g LA R R bR S 8 R TR
P A R 8 4 11E 0 2 250K 25 0t i) B SO 0 )
D 2R G0. SCHP T PR A R 06 ol e o
RGP AT T S 80br LG S5, i o A As 8] T
MFC 3K 3l (1 Z2 45 AE R B8 K T R sk . JEF ik
THAYHEDE 7B T T MFC 3K 3l i 2 PR 45 4E
JR2 8 TE AN RV 9K 8l 25 A4 1) Bl ot 0 sh A5 D S

1 MFCRIHWEHEFTEEESEW
ik

MF C 4 5 JE % 1f e L 2 2F 2 F1 3R S8 i DAy
S B HEF J7 2ORS WG 72— &, I R AR IR T 206 48 X
P A ol 20 7 A R I B TR | e R AT A LR AR
WRE M HEA 7 e @ TE A YRR AR S 1
IR MG P Dy 2, b 2 R R T MIFC Y FH 75 4 s 48
S AW A I S T A P ) e ) e T R 37 it R A
JEHLEFYE 2 RREAE doy TARRSE N 3045 4 v P
F7 A SR B BB g A LA . LI, MIFC 3R 3l
PEAT R R IR B K BB K P AR A AR
AR M A S A Rk BRAR R BR B oo . I
FEAR G K S B 1R o

SR . f v

R A I H AT 4E

(a) MFCE R E
(a) Structural diagram of MFC
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(b) Physical and microscopic photograph of the MFC
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Fig.1 Structure diagram and photograph of the MFC actuator
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(c) Propulsion model of flexible bionic caudal fin
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Fig.2 Structure diagram and working mode of the flexible

biomimetic fin driven by MFC actuators
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Fig.5 Experimental setup of the micro-force measurement

system for the flexible biomimetic fin
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Fig.6 Power spectral density of the cantilever
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Tab.2 Relationship between the weights and cantile-

ver deflection
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300 9.8 1300 43.8
400 13.1 1400 46.9
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700 23.8 1700 56.2
800 27.1 1800 59.8
900 31.1 1900 63.2
1000 34.3 2000 67.1
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Fig.9 Oscillation displacement and velocity of the fin
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Fig.10 Variation of the thrust generated by the oscillation fin

with the excitation frequency of 8 Hz
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Fig.11 Comparisons among the input voltage, oscillation dis-
placement and thrust with the excitation frequency of
8 Hz

T B B A5 A R 86 A MEC 3K3) T By
AR R A EUE AU I B R R AR A — 2
2l 39 P 9 B4 2 g, R O

Foy= Jif(x)dx/’[:

b—a dy, .
T 2 (e )=
b—a Y

ONT D)+ 2f (a)+ o+ 2f (2,00)

(12)

Hov s a~6 N WAL R] B 5 T o8 301 5 N R 45 05 19 4
B () Mttt I 4k .

AR, (13) MR a5 R 2 1 12 P Rl D) 1

Y 77 i £ Bl A i TR L e s (e 40 ) S5 R Al LT



%521 Tl A R A R IR Sl 14 05 A R S RO ) D e R 4 317

S R S o

41 4+

1.9

g 2 g
20 R0
2V VUV - \/
gopy V. VM YV N VM #£-2

-4} -4}

-6t . . —6

NT (N+D)T (N+2)T (N+3)T N+1)T / N+2)T (N+3)T

t/s

t/s
K12 8 Hz T etk R 6 77 A5 1 S i 3037 4 4 32k 0
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Fig.1 The cross-correlation results for three sound sources
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Fig.3 The spectrogram of four sound sources
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Tab. 1 Coordinate position and frequency band in-

formation of the three localization scenarios

Y KR 7R IRAL (x,y,2)/m il /He
(—1.200,4.000,1.700) 1~1 500
Y14 2
(1.500,4.600,1.500) 300~2 800
(—1.200,2.200,0.800) 1~1 500
Yt o6 3 (—0.100,2.800,0.500)  300~2 800
(1.500,3.00,0.800) 600~6 500
(—0.800,2.200,0.800) 1~1 500
(—0.100,2.800,0.500)  300~2 800
Yy 3= 4
(1.500,3.000,0.800) 600~6 500
(0.400,2.500,0.300) 300~5 000
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Tab.3 The comparison of the localization results

- IR R 25 VLTS FENLKE
BN
(x,y,2)/m (x,y,2)/m IH/ %
(—1.030,3.456,1.512) (—1.284,4.273,1.799)
Y518 79.04
(1.203,3.709,1.260) (1.624,4.991,1.615)
(—1.213,2.146,0.791) (—1.231,2.168,0.791)
2z (—0.094,2.608,0.494) (—0.095,2.708,0.494) 86.04
(1.335,2.676,0.744) (1.456,2.910,0.781)
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Fig.9 The experimental results of the initial real sound source obtained by the proposed method
0.09 ‘ - LB 2 7 IR 34 5 6 158 25 LG 40 2 A6 A SR R AR AR
0.08 - Mg EEFIR B S LA e A —d Y Y = N
‘:l%%ﬁgg:b% ’f{ltlg(]%}]ﬁﬂg%g}:a%Epi/}jm{imiﬁlj\o z&j‘j‘%?ﬁ
0.07} laralie e e s
R T B8 & K, IF A R T T 2 EE A7
0.06} ‘
& o005t ] LS
3 004} 3) 3 4 7 U 6 7 Bk 00 52 00 0 i A 2E 25
S| O B T AT L 1 55 SR I 0 LA T 4 7
0.02} iy 58 /0 5 ] AN SE B 3 22 7 IRE A o 4 e AT BIE 5T
0.01} H FEAEZZ 50 AL 1R 25 DA KGIE 3 R AR Z) e P A58 T 1Y
u 1 n A7 == YE 22 f2r Y
O E ren oy Z IR EN T .
% 10 IIE]%%f%é@ﬁiﬁ?ﬁﬁﬁﬁ%ﬁﬁﬁifu‘iﬁﬁ{ﬁﬁ 5 % x -
B35 5 oL 1R 22 4 L

Fig.10 Comparison of the average positioning errors be-
tween the final real source position and the initial real

source position under different scenarios
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Fig.3 3D printing model used in the test
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Fig.1 Outline of planar membrane antenna structure
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Fig.2 Schematic diagram of modal testing system (in vacuum environment)
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Fig.3 Planar membrane antenna structure installed in

vacuum environment simulator
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Tab.1 List of characteristic parameters for mem -
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Tab.2 List of testing conditions
TS 2 1T 5K WU i
TH 6 B
BN s mm
K1 4 2.5,5.0,7.5,10.0 o
K2 8 2.5,5.0,7.5,10.0 Ko
K3 12 2.5,5.0,7.5,10.0 B
K4 4 5.0 K=
K5 5.0 K=
K6 12 5.0 K=
4 MiKLERnM
4.1 EFHEHRH—MHRNKER
2 2 T K1~K3 & 78 H 25 B BT H 58 Wi

25 I 3K« i % T K By g O 4, 8 R 12 N
m, AAERAKETIT, 20 0 B4 A AN 5] 0 00 46 06
PEAAE (2.5,5.0,7.5,10.0 mm) ZEF7 03K, 045 i —
B 4 R AE A0 % 3~ SR .

% 3~3& 507 LA B, Y # % mok B R
AR, i 2 ) Ui S b A A B T, — B AR R A AR AR AN
TR, 33K U B A0 G 5 87 B 1) AR Ak B AR R 235 e — By
AR R 25 R

O3 WX 3~3R 5 A — B i O B, T
MR AT KRR R EKE T W

R 3 REAKEHHNI NmBPIRXER

Tab.3 Testing results with surface tension of 4 N/m

e FTH K IR B — B
%J)/(Nem™') i/ mm Wi/ He

1 4 2.5 15.66

2 4 5.0 16.15

3 4 7.5 15.91

4 4 10.0 15.73

R4 REAKZHAS N'mBPlikE R

Tab.4 Testing results with surface tension of 8§ N/m

s Kbk 1t i —
BH/(Nem ) BB /mm SR/ Hz
1 8 2.5 19.57
2 8 5.0 19.24
3 8 7.5 19.45
4 8 10.0 19.53

x5 REKENAN12 NmpglifsER

Tab.5 Testing results with surface tension of 12 N/m

- EHLIS o1 Wl —br
E0/(Nem ) fif/ mm YR/ Hez

1 12 2.5 24.36

2 12 5.0 24.59

3 12 7.5 24.52

4 12 10.0 25.01

— B AR A R R 6 R o R, 3R 638 51 i
TR AR AR T B — BB iy BT A
A AR SIS R IR 2Z T I .

* 6 EEMEPHNKERMAELERILE
Tab.6 Comparison of testing results and simulation

results in vacuum environment

poy KUK —WURCR/H BB/ e )
To(Nem ) (RZER)  (FEIHEAE) %
1 4 15.86 15.31 3.59
2 8 19.45 19.79 1.72
3 12 24.62 23.96 2.75

122 6 7] LA 31, B 25 2 1 5K 25 77 (938, 4K
A5 21 (9 — B A58 A BT 39 O, o A7 BT B2 SR
A — B o A0 AR R SR E T T, —Br
W R R A5 AR Ay L B A R R R 2
A 4%, Fe oy Bk T I R G B AT R R
AT
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25 T3 v R 2% 1D R R 0 A O 4, 8 R 12 N/
m, F T 400 86 Bl 57 A% (8 X — B 1 5 114 4k 45 L 5
Mg AN R, PRI i B 6 o7 B (B M 5 mm (1) T 450 o 47
T WA — B RS CR A AN R 7 PR A R
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Tab.7 Comparison of testing results in atmospheric

environment and vacuum environment

RMKET)/ —IR/ He —WR/ He R/

=}

=2

(Nem ™) (RAG3RED) (L35 %
1 4 7.63 15.86 51.89
2 8 9.21 19.45 52.65
3 12 11.60 24.62 52.88

4 7 AT LA B, 5 223 SR o 10— B
S LA L, 91 2 4K 385 o 0 19060 — B
{2 WA G0 1235 9 5006 4L, 356 76 43 it
)T 2 SR T MR 28 5 T % 0 A
R AT R T R AR £
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SO BRLA , H 0 BT R P TR F RO R,
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) 3% 4R 56— 52 00 4052 A, 2 0 69— BB
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53 A 7 SR L1 , 805 4550 7 0 B 25 51 2 )
SR 066 56 3% 5 B 00 IR 07 8 BBk
i 1 A0 AR €7 5 T A0 5 19 50 % 0
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A AL 1 K R T S O 30 17
VAT BT o O 0 2
A 8 2 8 WA
HESTOR S 1 R SR, 5 T X
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LR L AR I 0 10— B A 5 15 B
ELEE B2 1 7E 169 BLE 57 6 b 18 2% T
AT BB B , 50 £ ST S 2
OB AS 5T B T 2 A B R 981
FE 3 % 6 1 3 5 2% PR 6 0 0, 1 R e
G PR A — SRR I
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Tab.8 Comparison of testing results and simulation

results in atmospheric environment

. RMIKE BB/ He —BR/ He  iR22/

B/ (Nem ') (WHAZR)  (DFEIFHAR) %
1 4 7.63 9.72 21.50
2 8 9.21 11.09 16.95
3 12 11.60 13.91 16.61

4.3 PR EREE A AR A5 R 5T U AN R AR AR B

X B DL T 7K T 4 N/ m R 25 R
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B (8 12 N/m) 453 5 i 3.8 45 2R B A 2 Bl
o TR R BRI 3 PR g R R B A i £k
TR S IR AU AT

P 6 JIT 75 J2 - T 58 K 2 45 4 A R UER B b Y
RS A (T 5K 5K 00 4 N/m) BT DAY WA
B B T — B A B R AR, R SR
BN 7 Fros, Hovh Ca) B — BB 25 R 28, (b) T
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Fig.6 Modal testing spectrum in atmospheric environ-

ment
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Fig.7 First-order and second-order mode shapes measured in

atmospheric environment
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Fig.1 Flowchart of Multiple linear regression modeling
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Tab.1 Normalization of SCADA data
TRy FHOR OB
i 3 T EE T EE
0.1590 0.3443 0.7692 0.0407
0.1632 0.3376 0.7436 0.0380
0.2240 04737 0.7436 0.0320

ez O

1 00:10
2 00:20
3 00:30
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F2 MLRERISEETNERE
Tab.2 Temperature prediction results of MLR model

®4 SVREHMSEBEWNERE

Tab.4 Temperature prediction results of SVR model

© ©
s SCBRE MLR {4 R 2 s SCBRE MLR 2

1 59 58.913 0 0.087 0 1 59 59.244 2 —0.244 2

2 60 58.914 3 1.0857 2 60 59.247 5 0.752'5

3 3

60 59.848 2 0.151 8

60 60.238 2 —0.238 2
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B 2508 R (8) , 45 EI I 18] 40 W p& 2L, 1M
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A R 5% 22 W36 3
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Tab.3 Temperature prediction results of GM(1, N)

model C
A= SEBRAE MLR T {5 B %
1 59 59.141 3 —0.141 3
2 60 58.130 0 1.870 0
3

60 60.903 6 —0.903 6
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Tab.5 Temperature prediction results of Combined

model C
75 SR AE MLR i il {& B 2%
1 59 59.244 2 —0.244 2
2 60 59.247 5 0.752 5
3

60 60.238 2 —0.238 2
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Fig.4 Forecast figure of wind turbine main bearing tempera-

ture

4 R TE4S 48,1 220, 1 928 K 2 206 # M it
Aib = Al RO R A L A A FORAS H R TR
TIWUAFHLE B )G sh s . b NE T & 3], A
[ A% 0 iy SR = Bl R 3 3 000 (-5 52 o {125 b 34 A
VT, 00 R B A i 5 (ARG ] 4 O 5 U 4] B WA e 5



346 w® s KX 5 & W
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Tab.6 Comparison results of each model index

. . B GM(1,N) "
PEM TR MLRE R » SVRHLE 4 A
LAY
RMSE 0.489 4 0.464 8 0.4346  0.4339
MPPE 0.005 2 0.004 8 0.0042  0.0040
MAE 0.349 1 0.318 4 0.2722  0.2654
R? 0.9325 0.979 1 0.9816  0.9818

i 28 5 19 &% 35 A BOHE X5 bRl A A A B A Y
RMSE,MPE ;. MAE f/), R e K, & W 41 A A A
Pt 25 S sl MR TR N A 45 AR i LA o e ) T A
R P A A AR ) R (43 0 B AR B 2 55 0.049 3,
0.002 7 #10.000 2, PN, & P8 7F 21 A T I A5 7Y I itk
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Fig.5 Residual window mean and standard deviation
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Fig.6 Residual window mean value of simulated fault state
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8 0.870 6+0.09 0.895 340.05 0.998 04+0.01 0.953 3£0.02 0.916 6+0.02 0.926 7£0.01
9 0.5353+0.07 0.722 6+0.03 0.832 640.03 0.428 0£0.10 0.4853+0.02 0.600 74-0.01
10 0.824 6+0.03 0.862 040.03 0.900 640.02 0.913 3+£0.03 0.820 640.05 0.864 2+0.02
11 0.943 940.02 0.934 040.04 1.000 0=£0.00 0.947 9+0.02 0.870 6+0.10 0.939 4+0.02
12 0.993 94-0.01 0.884 6+-0.03 0.876 64-0.02 0.940 040.01 0.697 3+0.03 0.878 54-0.01
ST 0.993 440.00 1.000 04=0.00 0.999 4=+0.00 1.000 0==0.00 1.000 0%=0.00 0.998 5+-0.00
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Fig.8 Performance comparison of different algorithms
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Fig.1 Equipment of vibration assisted drilling
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Fig.2 The schematic diagram of test measurement system

1.3 RIBARGHNFHXESH

R T RS % TR G Bl D) SRR AR A AR R
R1PRMSECT il U8 SR #5471 1E W)
(2050 Hz) M2 1] (5035 Hz) FA 5 i 56 . 78 1%
B b B R TR AR g TI6AIAV , 1 3 B0 Ak 2 5
F2Hm

x1 AMKESHE

Tab.1 Parameters of swept frequency test

E B e
FAFE# n/ (remin ') 600
P45 £/ (mmemin ') 12
20, 23, 26, 29, 32, 35,
IEFAS
N 38, 41, 44, 47, 50
HIRIR w/Hz
50, 47, 44, 41, 38, 35,
&SR

32,29, 26, 23, 20

R2 HREEFTEMHESH

Tab.2 Major properties of titanium alloy

E o
HE/(geem ) 4.44
PP & /GPa 108
MER/N A 0.33
HE A 232/ 94 10
Jit 25 B /M Pa 860
FHER/(Wem ek 1) 7.5(20 °C)

1.4 RSB RFEHHNZRBST

R TR SE YTk R X T R G R R, AR
F 5% 3 3k SR 4 % 3 B 14 Jon 8 B 1 5 oF I e 3 AR B
B AR SR . B 3(a) A1 (D) 2 BB R T R4
FEVRARA % R 35 Hz AR TR 180 N &4 F , 4
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Fig.3 Characteristics of vibration acceleration in Time-

domain and Frequency-domain
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e [A) 45T BUR AL T T b T 5 25 53 P i i o ]
I 2 A I, 3 Rl R RR AU 23 R B R e R L T
1 G4 5 T8 73 M B8 1 AAE TE SR AR 3 T 5 3 7 A
AN A L XE S A R () I S A I R T RS R TR A
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Yu Yz ot Y
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Hr o WA SO
B [ 11 yor, sy | TR 1 4L RE A FUE 56
m A4 BT AT R . R R w,
55 1A 5 TC T8 A REAR BT B 09 B (4L A
AR 18]
wy = (W, We, ~+, w,,) (9)
B R AR TE 3 TR BRI EE A s E
T BT 4% A {15 10 2 ) R 975 5 Shewhart [ , 3
VI b (A A T 6 B DO DA v e A 2 T
BB

2.2 EHIEIE

A 3 4 v Bl AL e B SE 36 B4 L ] NFODCA
LT AT B2 B, IF 012 B 45 R 55 e s A5 400 5 5
JIT 2R £ K05 9 4 B 4 S LE 8 IR ABS Y ) T R

HRHE 22 1 b iy il v 2 B R 5 0E JR ] ¢ & M
EE" f /N s, % 4k 58 2 IE R M X 4 D=
{d\,dsy -, dey T B 3HAH W IEZ B 74 )
PxC(6) , FEAEE Y Al LISR IRy

Y=DW,+D,W,+D;W,+FE (10)
B Al 58 42 1E A A D Rl 43 Dy 342 YR B IE 38
AR T SR, Y Al i & B A S RN
Bt AL 8 L — 2 S 90 Kt , 730 6 T D, Do, D3 i
5 %€ TL 7B, ARG 2 (7) T 38 HE 2 21 58000 X I ) 454
5 B U B TN 2 B .

F2 WHEEEEXANBEEH
Tab.2 Corresponding to the saliency of each desig-

nated mode

M d, d, d, d, d; d;

di/ % 0.36 0.02 0.03 0.45 0.10 0.36

N 28] LUE 1 4 B X Y 6 R e
K, dy,dy, do X RGN FE R J5 AT U] 25 )
Wr ZR 48 Al R A T R 4 HLR HE SIS R IR e AD
AR R AL/ I R A S S SRR L S T
WEIZ 7 V6 1 A B AR i IE F T OB B AR TN
95% 1Y Z&AF T I I A A TR e B o By AR TR BR
L& ERRU K

d,:L,——5.918;U,—5.907

dy:L,——6.687;U,=—6.745

ds:L,——3.902;U,=—3.821
d,:L,——4.536;U,—4.372

ds: L;——5.554;U;—5.563

dy: Li——3.924;U;=—3.798

¥ Y TE A 4R 8 oo B T RO RS ST
L 1 42 ) BR 7 8] 2 v 45 S &8 22 JC Y Shewhart &,
I U, Loy 5l b TR, A bR A AR 5,
PAtr s (), (DML i M EETT T n
AN FEAS BT X5F 07 B 5 2 Bl ) AR A ) R SRR AR AR L %
HICHAL

MWE 20T LLAE WM, 8 1,4,6 482 T
Shewhart [ 76 55 270 > R4 & LLJE 8 T #HBR
M55 2,3, 5448 & 7o BY F¢ 1E A8 A7) B2 e 7 42 1 FR LA
N, E B 12 13 25 NEE 270 S S F R R B T 4, d.,
o 3 Fh S Y f L B

V4 B 12 T 2 SR g e A AL S 5 SR R A 1Y
R TE S X b, 25 R R B 12 W g R Ok 4R B e
M I sk — B ) AT A5 2 H ok 4R B A &
NFODCA #5853 §r J& 12 W 25 3L, I 5 i e A 41
S0 SR A B HE 0 R TE S L, B 415 1 NFOD-
CA BB 1 5 B8 12 W7 HE 16 % 96.94 %6, i & R
0.48% , Uk W] 3C 42 it (9 Al 58 42 1E 58 48 5 JT 43 B o7
1% FE ME ff ) B TV A Y O Al 2 — R
Z LW T .
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Fig.2 Shewhart diagram of each designated cell

3 XFEmEN
31 SVM#EREY

) SVM KR Y 12 W S0 7 5 T A
NFODCA RIS EE A7 R iy i F 2/3 B0 5 0 i 50
P F02/3 1 H T OCECE AR N 2R, O Al B E s
FFE T A 1/3 0k Wik (1/3 1E T 00 804 1 SR il ik
8ol XN VAT N2, LA SVM S 4, 1 57
R, 3 FH I X 4R B8R 96 i SV M AR B i AT S

SVM 1Y £ 2 2504 & 2631 S50 c LA % iR 8L
SR g, N TR P S HO £ 40T K Y
S S AT A T R RE ) o S T PR A B B Ak
28 e Al g Ad SVM 19 43 B ROCR T4, R ] 4% -
PE A K47 28 IR T7 % o A% 00 B Je 7E — e
Rl ML S PR o R g RIS TE ¢, g I Fl 04T S 8K
MRS AR PR K338 LS UE 7 v 1) R B S A 3
BUHK, CHRK =55 rxc XEmiErik. &
S Ve B B AR A 73 2R S TR K T 4 40
FEARAE RN R4, e Jm 1 AEAS T 008, 8 ) 1 36
4R, BRI AR H— A J7 1% 2% (mean square error,
il Fk MSE) o #8048 347 5 el 2k, B4 Ul 2605
H 45 2 1 B HEAT B AT, AR5 8 5 UK MSE Ji
MBI JE LA MSE S/ i 003 3 e (BLFD g (ELAE
SVM B R S8

R T 18 A5 A e O 2 B, e R IR 2 0
WU, R R AR AR AR Y T e e o R A D IE A (B
A od WBEFEA ) E, MR CR & d, R FE AR )
F o SRIG R XA ZAH 5y JE I B 57 SVM — d, 43 28
el L R Y S RO oL d L d L ds d s FREST
TAHAT S MR YR EASRIBSWON A E K
B, DDA Al 2R e BT ) ORREAE AR Y S 2 A
R,

BORFEARBIE Y & A do, ds W08 o
e SVM-d, 43 5 28 % FL k4712 W, Y 38 i 12 W 3R
A o HORE 0 L SR BRI R, R LLE R 0588
JE# Y FH SVM-d, sy Kdm iz, Yl il 2 Wi R &
A d, BRI H S R R R, AT LLSE N 15 R RS 2
PR BREL R, Ry, Ry, Ry . X FEIZWT FORZEA 1)
PERE DR R A R R B 0/1/1/0/0/0, | g vl L 45
B UL S Y R I SR d, d R R B AT LA
1) by 45 S8 R FIr X6 I 114 PR 5 PRI

3.2 SVM#&EBIIGIF

B ek SVM Y 32 52 B R 9 2 80 e F A
PRELS B g, SVM 5B 7 K dfs b B 72 v ) 2l 2 %
T 28 c=10,g=0.1, X EHEHLIF R R &5 2R, BAT £
WLE o PR e RS O R O ik e 2, 3
SR T g B REL IS DG A ORS00 Fe il A, B A 7R
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(a) Rough optimization process
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Fig.3 Rough and fine optimization of parameters

3 (a) Sy 250 c il g 1 KL ws P Ak 2k 72 < 7F 275~
28 M B 15 ) c=8.0314, g=4.358 97, MSE=
0.109 92, MBS B 52 T ¢ F1 g BB H Y5 1 1 3(b)
K A Ak A A - i /NS L AR 27 ~2 v A 4k e Fl g, I
Jo S B B e Fl g N ¢,=6.062 9,8,=2.297 4, IF
K HAE R SVM LK Z B S8, HH 598 XK
TE 7 % I & BB R AT 2 W, R R R 2 i i
AL A 00 S 56 SR A A A I B S0 S X B A S e Ay
HORAEE R, R3XLT 59738 LRAE T 4 M %
P Ak S5 il Y 2 8O0 Ak i e 6 O & R 12 W
I

i & 37T A, 6 PR RN B (c=10, g=0.1) i},
il ¥4 15 £ R 12 W 1 OF- 2 1E 1 % 8 46.75% , MSE
Y3 E Sy 0.634; 1 fE A P AL A B 1 S 8 (=
6.0629,g=12.2974) J5 , il ¥& B & HC 12 W 1 1E
AT WA TN BB B R IE
RO Rk ] T 96.80% , MSE F ¥ {H N
0.027,, 1IE B 3% SVM 5 X6 i ¥ 15 45 5 e 12 Wi B A7

R3 SHXXRIETSHRAUAMIEHESHER
Tab.3 Fault diagnosis results before and after pa-

rameter optimization under 5-fold cross vali-

dation

Pk c g E#R/%  MSE
) 10 0.1 43.58 0.584
6.062 9 2.297 4 97.98 0.012
) 10 0.1 47.97 0.691
6.062 9 2.297 4 96.47 0.027
3 10 0.1 47.38 0.723
6.062 9 2.297 4 96.14 0.037
A 10 0.1 45.67 0.547
6.062 9 2.297 4 96.94 0.023
5 10 0.1 49.15 0.627
6.062 9 2.297 4 96.47 0.035
g 10 0.1 46.75 0.634
6.062 9 2.297 4 96.80 0.027

B e I HER R

4 EEmME
41 SVM#EZ 5 NFODCA #R8IXTEE

K 00 454 R0 HIE o o) T S 18] AL (SVMD) A 7Y
FIAE 58 42 1E 52 46 2 JL 7 AT (NFODCA) BE RS2 W, 4%
B e i R ORI R RS LA R 4 T

i 4 Al WL, 4R 58 42 1E 52 45 52 J0 73 B (NFOD-
CA) FI S5 ] 1 AL (SVM) P A A5 3 Xof 1 v B 45 1Y
A 257 A 0 e B R, EL T ol 5 X AN ] i
B BEA ], 44 3 75 A [] 2 B Rt (4 UM A — 2 o3

42 MIEREEEEEME

XiF T ¥ 2 B 0T R R 2 W, R HUR
— W W g, W S i RS . AT A 0 AR 58 4
1E 3245 5E T B (NFODCA) 52 35 6] S HL(SVM)
P R SR T TV A R O R R iR R £
L RE WAL W1 7 26 R [E iR 2 W g e dE 1T
Tl DR SR I 2 £ TR R4 v T V2 T 12 T 4
Y A o A P A P

SCik [ 13 13F B 3% F IASGIE 95 BEE Al A B 354
(1 2R A5 A8 7, DRI R FH A O ¥k 6 3E 56 42 1F 28 48 22 JT
3BT (NFODCA ) Fl 3 457 ] 2 HL (SVM) 9 F 485 714 (1)
W BT A B G o K IR AR P g A AR S
SR — AN UEHE 4 B 16 i AS 7] 288 Y 11 ] 4 15 A% I B
YR —AZE W] O{F |, Foy ooe, Fio MENBHRAESE, © 2
A L HE R i R AT BR A 4R . 2° N @ YR
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&4 SVMFAINFODCA#ERNEXHEHPRMEER
Xt bk
Tab.4 Comparison of SVM and NFODCA models

for various failure hit ratios and false alarm

(m{*(A)+mi*(B;))

ANB=C,
Dimi*(A)+ m*(B)
PHLUE , JIBGUE 4 BE3E fl A 28 Xk
m'(C)=

a;—

(13)

mi(A)my(B)+a, K (C,#¢ C,CU)

ANB=cC
0 (C/:§0)
(14)
¥ NFODCA 5 SVM 8 A [y ik 45 K 2 F ik Oy
TR A5 AR B (4 SRR IS W 4G R S R AR L S 50 R 4
B 0 R 0 SR EE AR R 2 W R R
RUNE S PR . B 50 LUA 6 34 i e iR
S5 S 2 N BGIE 38 BES (5 Bl A 5 BN K L T3
AT RIRE] T 99.10% , F I B MK E 0.21% .

R5 EERMARSEHMBORRMEER

Tab.5 Hit rate and false alarm rate of various

rates %
NFO NFO

. . SVM . SVM

[q e DCA i DCA .
d, 98.94 95.93 0.27 0.39

d, 98.07 97.04 0.29 0.40

d, 94.56 97.37 0.37 0.26

d, 94.59 96.67 0.56 0.31

d; 97.37 97.92 0.29 0.34

d; 96.36 95.18 0.32 0.52
d,+d, 99.21 95.64 0.25 0.76
d,+d; 98.48 95.65 0.89 0.67
d,+d; 97.94 98.35 0.74 0.48
di+d, 95.65 98.63 0.92 0.43
dstds 95.67 97.42 0.39 0.94
d,+d; 97.65 94.67 0.24 0.68
ds+ds 95.57 98.12 0.67 0.33
d+d,+d, 97.37 94.38 0.42 0.87
di+d,+d; 98.33 98.64 0.38 0.44
d,+ds+ds 95.33 97.21 0.74 0.25
RS EELE S 96.94 96.80 0.48 0.50

. RROFTHE TENESR . 7F2° 1w LA R
Y EC PR B m:2° C [0, 1], m i e F 5 41

m(g)=0
Stm(A)=1 (1D

EHRH T WA e s R b A
PR 4B UE TR E\, E 5, X5 0 3 AR 48 2R 43 fic 2R 4R
G350 R my my XL EE T AT BN AL B AL B A S
FEIL N Cromy, myZ A Ph R P R BN K. R ¥
A TR UE Hf 5 A9 T S R R 0 T AR R A, X AR R e
I 5 1 P A B VR TR LA v AL, 3 — S AR
Wt DA AR 1 B, FLAR AU 1R 22 0k 52 58 5 6 HE P 3
AR R Y W E, EL AUE &AL
SN W, w,, R w, + w, =1, 8 X NAEE R
Xif 45 0 1 7 289 SRR R Ol

m= Zw,riz, (12)
TR A g 1 S Y BN, A B A R 4
TiE BB B R my =y my = 2m — m's (A3

FETT AL 5 R0 o LUK o R R R B K 2 I 4
Xt LAY £ G, vh oo Bl R R @, E LINT

faults after information fusion %
e B 2 7 i SRS
d, 99.54 0.17
d, 99.28 0.21
d; 98.64 0.19
d, 98.67 0.24
d; 99.23 0.18
ds 98.54 0.22
d,+d, 99.86 0.17
d,+d; 99.32 0.28
d,+d; 99.92 0.24
dy+d, 99.07 0.31
di+ds 98.65 0.21
d,+ds 98.79 0.18
ds+ds 99.64 0.16
d\+d,+d, 98.53 0.27
dstd,+d; 99.59 0.20
d,+d;+d; 98.38 0.14
- Hy g 99.10 0.21
5 & it

1) 4B 58 4248 %€ J0 43 BT (NFODCA ) Fl 32 35 ] £
BLOSVM) P Fi 508 42 48 J7 125 6 U1 25 46 T 9F & il e
B AR I A A O R R BN 1 A 0T ke
il ¥ 15 25 T 80 02 DT 349 A A v T ME R R, R I X
T 5 v 35 EL AT X o S O e B 2 TR R AT 40 18 14 g
1o HordE 58 4 IE A2 46 2 JT 43 BT (NFODCA) 1 °F
B h Rk B T 96.94% , ¥ R N 0.48% ;5 %
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Fig.3 Principle diagram of Doppler measuring system
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Tab.1 Material parameters

E W/ (kgm ™) AR SRR /Pa
QSn6.5-0.2 8 800 0.33  1.13x10"
PZT8 7 640 0.31
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Fig.8 Measuring the mode distribution of nodes
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Review on Key Common Technologies for Intelligent Applications of
Industrial Robots

SUN Lining, XU Hui, WANG Zhenhua, CHEN Guodong

(Robotics and Microsystems Center, Soochow University Suzhou, 215000, China)

Abstract The 13th Five-Year Plan for National Strategic Emerging Industries points out that basic theoretical
research and core technology development should be promoted to realize the industrialization of humanoid neural
computing chips, intelligent robots and intelligent application systems, and to embed new artificial intelligence
technologies in various fields. China’s manufacturing industry is in the stage of development from digital manu-
facturing to intelligent manufacturing. The intelligent application of industrial robots is the core technology of
manufacturing transformation and upgrading. Firstly, by analyzing the application of industrial robots in different
industries, the typical technical route of intelligent upgrading is determined. Secondly, the technologies involved
in intelligent perception, pose estimation, compliance control and motion planning are reviewed and analyzed.
Finally, the team's intelligent application of industrial robots in the fields of spraying, polishing, assembly, pick-
ing and other fields is taken as cases to analyze the innovative technical achievements in the integration process
of artificial intelligence technology and industrial robot application, so as to provide case reference and technical

guidance for the upgrading of intelligent manufacturing in different industries in China.

Keywords industrial robot; intelligent manufacturing; intelligent application; intelligent perception; pose esti-

mation; compliance control; motion planning

Position and Attitude Calculation Algorithm of Shearer Based on

Differential Inertial Sensors

SI Leit, WANG Zhongbin', TAN Chao', LIANG Bin'?, WAN Miao'
(1. .School of Mechatronic Engineering, China University of Mining and Technology ~ Xuzhou, 221116, China)
(2. Xuhai College, China University of Mining and Technology =~ Xuzhou, 221008, China)

Abstract The shearer is one of the key equipment in the fully mechanized mining face, and its accurate position-
ing is the premise to realize the intelligent mining of the mining face. The deterministic drift and non-determinis-
tic drift errors generated by the inertial navigation positioning of shearer are analyzed, and the data fusion model
of the differential inertial sensor module is established to study the differential calculation method of the shearer
position and attitude. The shearer operating condition of undulating motion is simulated, and the simulation anal-
ysis of the differential calculation algorithm is carried out. The simulation results show that the proposed calcula-
tion algorithm is superior to the original method in terms of the cumulative error and the maximum error. An ex-
perimental platform for shearer inertial navigation positioning and a motion condition simulation test platform are
designed and built to analyze. The experimental results verify the feasibility and effectiveness of the proposed po-

sition and attitude calculation method.

Keywords shearer; position and attitude calculation; inertial navigation; precise positioning
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Structural Damage Localization Based on Lamb Wave Packet Aliasing

Separation Method

GUO Yu', ZHANG Chao', JIHongli', WU Yipeng', QIU Jinhao', WANG Yong
(1. State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of Aeronautics and
Astronautics  Nanjing, 210016, China)

(2. Structural System Research Laboratory, Aerospace System Engineering Shanghai  Shanghai, 201109, China)

Abstract The delay-and-sum structural damage imaging method based on LLamb wave has the advantages of ac-
curate result and low computation cost. However, in complex aeronautical structures, L.amb waves are very
prone to reflections because of the complexity of boundary conditions, especially in case of multiple damages.
Due to the Lamb wave dispersion effect, multiple wave packets are aliased to affect the positioning results. In re-
sponse to these problems, this paper proposes a separation and compensation method for dispersion wave pack-
et. Firstly, the aliasing wave packet function considering dispersion effect is theoretically obtained, and the
method for solving the sum function is proposed based on hidden variables. Then numerical simulations are used
to verify the effectiveness of the algorithm for wave packet separation and reconstruction. Finally, the damage lo-
calization experiment of the composite stiffened panel is carried out to demonstrate the capacity of the proposed
method. Experimental results prove that it can remove the pseudo-damage projection of the reflected wave under
complex boundary conditions, thus improving the accuracy of the damage positioning and the resolution of the

image.

Keywords damage localization; LLamb wave; wave packet separation; dispersion compensation; hidden vari-

able model

Design of Flexible Hole Detector Mechanism Driven by Shape Memory Alloy Wire

PAN Hao', XIONG Keé', LU Jiyun®, WANG Rong'
(1. State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of Aeronautics and
Astronautics  Nanjing, 210016, China)
(2. College of Civil Aviation, Nanjing University of Aeronautics and Astronautics Nanjing, 210016, China)

Abstract Aiming at the working requirements of the automatic bending and obstacle avoidance of the hole detec-
tor, an autonomous bending mechanism driven by a two-way shape memory alloy (SMA ) wire is designed. The
SMA wire actuation characteristic test platform is built, and the driving behavior of SMA wire is systematically
analyzed. It is found that the shrinkage rate of the SMA wire with a diameter of 0.5 mm reached 4%, and its
load capacity reaches 83.23 N, satisfying the driving requirements of the hole detector bending. In addition, the
kinematics model of the bendable hole probe mechanism is established, and the reachable space of the end
mounted optical lens is obtained. Furthermore, the control experiment of the mechanism is carried out, and the
result shows that the maximum bending angle of the mechanism is 22.3°. The autonomous bending mechanism

designed in this paper has practicality.

Keywords hole detector; shape memory alloy; bending mechanism design; kinematics analysis
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Vibration Characteristics Modeling and Experiment of Multi-row
Coupled Gearshift Mechanism

ZHANG Qiang, XU Jin, LIHongwu, ZHANG Yudong
(Key Laboratory of Vehicle Transmission, China North Vehicle Research Institute  Beijing, 100072, China)

Abstract Multitow planetary gears are used in the gearshift mechanism of high-speed tracked vehicle to realize
the shift function. Due to the coupling between different planetary gears, the mapping relationship between inter-
nal excitation and vibration characteristics is still unclear. According to the design scheme and shift logic of the
planetary transmission mechanism, based on the second LLagrangian equation, the differential equation of mass
coupling vibration of planetary gearshift mechanism is derived, and a general multi-row coupled planetary gear-
shift dynamic model is established. The results show that the time domain simulation value of the input compo-
nent acceleration is basically consistent with the experimental test value, and the frequency domain characteris-
tics of the acceleration of the planetary transmission mechanism are also basically consistent with the experimen-
tal test results. The simulation and experimental research results can provide the theoretical basis for the dynam-

ic optimization design of the planetary transmission.

Keywords planetary gears; dynamic modelling; vibration analysis; frequency domain analysis

Rolling Bearing Fault Diagnosis Based on Graph Modeling Feature
Extraction

ZHANG Di, LU Guoliang
(School of Mechanical Engineering, Shandong University Jinan, 250061, China)

Abstract Aiming at the early fault detection and diagnosis of rolling bearings during its successive operations, a
fault diagnosis method of rolling bearings based on graph modeling feature extraction is proposed. The signal is
modeled by the short-time Fourier transform and graph theory. First, the time-frequency map of the signal is ob-
tained by the short-time Fourier transform, extracted the spectrum map of each window. The frequency range is
divided into a certain number of frequency segments, to calculate the energy of each frequency segment and to
build a graph model with it. Second, the Martingale-test is used to fault detection, computing an adjacent matrix
entropy value as a feature vector training support vector machine (SVM). Finally the SVM classifer is used to
identify the fault type. Two public data sets are used to validate the proposed method on the fault detection and
fault diagnosis, respectively. The results show that the method can effectively detect and diagnose the bearing

fault, and the effect is better than other methods.

Keywords rolling bearing; fault feature extraction; graph structure; fault diagnosis

Wind Tunnel Investigation on Shielding Effects of Wind Load
Characteristics for Industrial Pipe Racks
HAN Xiaoyu', LIBo"*, LIU Zhenhua’, XU Longhe"*
(1. School of Civil Engineering, Beijing Jiaotong University ~Beijing, 100044, China)

(2. Beijing's Key Laboratory of Structural Wind Engineering and Urban Wind Environment  Beijing, 100044, China)
(3. China HuanQiu Contracting &. Engineering Corp  Beijing, 100029, China)

Abstract The shielding effects of the wind loads acting on the industrial pipe racks are significant. It is urgent to
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investigate whether the wind loads of the pipe racks based on the current standard are safe or not. According to
the common industrial pipe racks and the cracking furnaces located in the petrochemical plants, the shielding ef-
fects of the wind loads on the pipe racks have been investigated, based on high frequency force balance (HFFB)
and high frequency pressure integration (HFPI) wind tunnel tests. The application scope of the standard is given
by comparing with the current standard. The results show that the wind loads acting on the pipe racks specified
in the current standard are safe. For the pipe racks with and without the pipelines, the wind loads obtained by the
integral calculation method match with those drawn from the HFFB wind tunnel tests. Since the shielding effect
of pipe rack on internal equipment is not considered, the wind load of cracking furnace obtained by the current
code is obviously larger. Based on the HFPI wind tunnel tests, the shielding coefficients of the internal closed
equipment shielded by the periphery pipe racks are given in the paper. Those coefficients can extend the scope of

the applications of the integral calculation method.

Keywords shielding effects; wind loads; industrial pipe racks; high frequency force balance tests; high frequen-

cy pressure integration tests

Dynamic Response of Bridge Deck Pavement Layer of Steel-Concrete

Composite Continuous Beam Under Tire Loading

YAN Zhanyou'?, CUI Xiangyang’, CHEN Enli*, WANG Qizhi’
(1. State Key Laboratory of Mechanical Behavior and System Safety of Traffic Engineering Structures,
Shijiazhuang Tiedao University ~ Shijiazhuang, 050043, China)
(2. School of Traffic and Transportation, Shijiazhuang Tiedao University = Shijiazhuang, 050043, China)
(3. Shijiazhuang Jiaojian Highway Construction and Management Co., Ltd. ~Shijiazhuang, 050052, China)

Abstract The stresses of the pavement systems of the steel-concrete composite continuous beam deck are very
complicated, and the early damage of the deck pavement systems is closely related to the dynamic response un-
der the vehicle load. A rubber tire finite element model and a three-span steel-concrete composite continuous
beam model are established in this paper. The rubber tire adopts the Yeoh model, and the bridge deck pavement
material (asphalt mixture) adopts the generalized Maxwell model. Moreover, the dynamic force of the rear axle
suspension of the vehicle is applied to the rubber tires. The vertical deflection, vertical stress, longitudinal
stress, transverse stress, and displacement spectrum of each pavement layer of the bridge deck can be solved
comparing with the moving load. The results show that the vertical deflections of each span of the three-span
steel-concrete composite beam are 21.3%, 4.7%, and 8.0%, respectively, larger than the moving load under
the action of tire rolling; the vertical deflection of the longitudinal beam is 8.9% smaller than that of the deck
pavement. The stress change trend of the upper layer is similar to that of the cement concrete layer, and the
stress changes of the lower layer are more complicated. The displacement response frequency of the upper layer
is concentrated in the range of 0~6 Hz. The above data have great guiding significance for structural optimiza-

tion of bridge deck pavement.

Keywords rubber tire model; steel-concrete composite continuous beam model; bridge deck pavement; general-

ized Maxwell model; response
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Acoustic Based Approach of Sewer Blockage Recognition Using
Information Gain for Feature Selection

ZHU Xuefeng'®, FENG Zao'?, WU Jiande'?, MA Jun'’
(1. Faculty of Information Engineering and Automation, Kunming University of Science and Technology
Kunming, 650500, China)
(2. Yunnan Key Laboratory of Artificial Intelligence, Kunming University of Science and Technology
Kunming, 650500, China)

Abstract Regarding the difficulties of detecting the different degrees of blocking in buried sewers and efficiently
extracting effective blockage characteristics, a blocking detection method using acoustical characteristics based
on information gain and extreme learning machine is proposed in this paper. Firstly, a sinusoidal sweep signal is
used as the excitation signal, and the sound pressure data are collected at the receiving end to measure the acous-
tic impulse response of the pipe. Then a six-level wavelet decomposition tree is applied to obtain eight decom-
posed acoustic signal components in different frequency bands. After that, the information gain is introduced to
quantitatively characterize the eight components, and the components that contain the most information about
the pipe conditions are chosen so that the effective feature information can be kept. The sound pressure level is
calculated to form the eigenvectors from the Mel-frequency cepstrum coefficients. Finally, the extreme learning
machine is adopted due to its advantages of simple structure and fast learning speed. So, the pipe conditions can
be effectively identified, as well as the different degrees of blocking of the pipe through the above methods, that
the experimental results verify the effectiveness. Furthermore, it can also eliminate the interference of pipe com-
ponents such as lateral connection to improve the accuracy of blockage identification, which has both theoretical

significance and application value for condition assessment in sewer system.

Keywords sewer; blockage detection; information gain; acoustic characteristics

Analysis of Meshing Stiffness and Vibration Response of Tooth with
Root Crack in Different Depth

LIU Jie, SUN Yufeng, LIHuanyu
(School of Mechanical Engineering, Shenyang University of Technology = Shenyang, 110870, China)

Abstract First, the models of tooth with root cracks are classified into three types according to the relation be-
tween the distance from the crack tip to the centerline of a tooth and half of the tooth thickness. For each model,
the expression of meshing stiffness changed with the crack depth is derived based on the energy method. Then,
the meshing stiffness are analyzed by the finite element method to prove that the proposed models are effective.
Finally, the dynamic model of gear system is established based on the expressions of meshing stiffness to ana-
lyze the vibration response of the gear system. The results show that the meshing stiffness decreases as the depth
of crack increases. The deeper the crack is, the faster the stiffness decreases. When the parameter that repre-
sents the crack depth is larger than 50%, the stiffness decreases sharply. The vibration response intensifies and
suffers the periodic impact as the crack depth increases . Furthermore, when the frequency is close to the mesh-
ing frequency, small clutters occur, the trajectory in the phase diagrams extends and the aggregation region of

discrete points in the Poincare diagrams expands.

Keywords meshing stiffness; root crack; energy approach; finite element method; vibratory response
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Analysis and Optimization of Robustness of Noise Control in Vehicle

ZHANG Lijun'®, ZHANG Xiyu'*, MENG Dejian"”’
(1. School of Automotive Engineering, Tongji University ~Shanghai, 201804, China)
(2. Collaborative Innovation Center for Intelligent New Energy Vehicle, Tongji University =~ Shanghai, 201804, China)

Abstract The robustness of the secondary path of the noise from the adaptive notch filters for the multi-channel
vehicle is investigated. First, the mathematical model of the system is established, and the convergence rate and
the error gained at the steady state are defined to evaluate the system’s ability in reducing noise. Then, the sec-
ondary path robustness of the system, including the boundary conditions of mismatching, are derived, simulat-
ed, and verified by experiments. The results show that the change of secondary path doesn’t work for the
steady-state error, but influences the convergence either positively or negatively. Based on these rules, the ro-
bustness is improved by increasing the convergence rate of the system through the optimization of the secondary
path. Furthermore, the suppression of the feedback and leakage algorithm on the secondary path robustness of

the system is proposed and analyzed.

Keywords active noise control; vehicle interior noise; secondary path; robustness analysis; robustness optimi-

zation

Novelty Faults Detection Method Based on SVM Observer and Its
Application

LI Yun"**, YANG Shihai'?, WU Jiajia"**, GU Bozhong'*
(1. National Astronomical Observatories / Nanjing Institute of Astronomical Optics & Technology, Chinese Academy
of Science  Nanjing, 210042, China)
(2. CAS Key Laboratory of Astronomical Optics &. Technology, Nanjing Institute of Astronomical Optics &.
Technology Nanjing, 210042, China)
(3. University of Chinese Academy of Science Beijing, 100049, China)

Abstract In light of the lack of prior information and the difficulties in characterizing when detecting novelty
faults of the driving systems of astronomical telescopes, the method based on the SVM observer is proposed.
First, the principles of the proposed method are introduced and a diagnostic model of the general state observer
is established in terms of the driving systems of astronomical telescopes. Then, the telescope’s operation data
are used as samples to test the proposed method. It takes 0.047 s to detect novelty faults and the accuracy is
94% . Meanwhile, the back propagation (BP) observer needs 7.628 s and finishes with a accuracy of 85.5%,
and the radial basis function (RBF) observer only reaches a accuracy of 58% within 1.985 s. Compared with
them, the method based the support vector machine (SVM) observer has obvious advantages. Finally, the pro-
posed method is implemented on a fault diagnosis and self-healing semi-physical simulation platform, which

proves its feasibility in engineering applications.

Keywords astronomical telescope; support vector machine; observer; novelty; faults detection
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Research on Crack Diagnosis of Pitch Bearing Based on AE and STFT

LI Tz’ngl'2 , FU Deyil'2 , XUFE Yangl'2
(1. Renewable Energy Research Center, China Electric Power Research Institute  Beijing, 100192, China)
(2. State Key Laboratory of Operation and Control of Renewable Energy & Storage Systems, China Electric Power
Research Institute  Beijing, 100192, China)

Abstract It is difficult to monitor pitch bearings with methods based on vibration signal or strain. In light of this
limit, a method based on the acoustic emission (AE) technology is proposed to obtain signals, and the short
time Fourier transform (STFT) method is introduced to analyze and diagnose the signals. First, the AE tech-
nology is studied, and the principle and process of STFT are deduced. Then, the experiments are carried out on
a wind turbine pitch bearing. The data of pitch bearing with and without cracks are compared in time domain,
frequency domain and time-frequency domain. It shows that the STFT analysis method works best in detecting
the cracks in time-frequency domain. Finally, the characteristics of cracks are determined by new data. The re-
sults show that AE signals perform better in grasping the state information of pitch bearing, and STFT analysis
method is prior in identifying crack faults. The STFT method maintains its performance when the working con-

ditions or other factors change, which is more practical.

Keywords acoustic emission technology; short time Fourier transform ; pitch bearing; crack detection; wind tur-

bine

Load Data Model and Spectrum Compilation of Loader Working Device

WAN Yipin', SONG Xuding', YUAN Zhengwen®, TIAN Weibo'
(1. The Key Laboratory of Road Construction Technology and Equipment of MOE, Chang'an University
Xi'an, 710061, China)
(2. Engineering Machinery Research Institute of Xuzhou Construction Machinery Group ~ Xuzhou, 221004, China)

Abstract In order to study the load data model and load spectrum characteristics of the loader working device,
the cross-section bending moment of the moving arm plate is introduced as the intermediate variable of the equiv-
alent external load of the working device. Based on the measured load of LW900K loader, two equivalent load
data models, namely the nuclear density estimation and parameter distribution estimation, are established. The
fatigue test load spectrum is compiled and the fatigue damage verification test is carried out. The load spectrum
of the working device can be obtained both by the kernel density estimation model and the parameter distribution
model. Furthermore, the damage of parameter distribution model is much smaller while the fatigue life of the
welding position calculated based on the load spectrum damage of the nuclear density estimation model is closer
to the designed life of 3>X 10" hours. The results show that the damage results obtained by the nuclear density es-
timation model are closer to the reality. Based on the rainflow matrix, the load spectrum obtained by the nuclear
density estimation model can make up for the weakening effect of distribution fitting in parameter distribution
model on low frequency and large load, and can better reflect the real characteristics. The established data mod-

el and spectrum results provide a basis for fatigue life prediction and reliability test of loader working device.

Keywords loader; working device; load data model; load spectrum; fatigue damage
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Cantilever Micro-thrust Measurement System of Flexible Biomimetic
Fin Actuated by Macro Fiber Composites

MENG Haofeng', YANG Yiling"*, LOU Jungiang'®, MA Jiangiang', CUI Yuguo',
CHEN Tehuan"*
(1. Faculty of Mechanical Engineering and Mechanics, Ningbo University Ningbo, 315211, China)
(2. China Key Laboratory of Advanced Manufacturing Technology of Zhejiang Province, Zhejiang University
Hangzhou, 310027, China)

Abstract A cantilever micro-thrust measurement system is proposed in this paper, which is used to measure the
generated dynamic thrust of a flexible biometric fin actuated by macro fiber composites (MFC). Based on the
bending and torsion deflection theory of cantilever, the design parameters of the cantilever are obtained. The ex-
perimental calibration result of the bending rigidity matches well with the desired index. The underwater experi-
ments show that the proposed fin achieves its maximum peak-to-peak oscillation magnitude of 5.08 mm and ve-
locity of 104.3 mm/s in the steady state, with the excitation frequencies of 7 and 8 Hz, respectively. The gener-
ated dynamic thrust of the fin in the cases of the maximum oscillation displacement and velocity are experimental-
ly obtained using the proposed measurement system. It can be seen that the generated thrust is fluctuated with
two peaks within one oscillation circle, and both the thrust-producing and drag-producing pattern are observed in
the oscillating periods. In the case of the maximum oscillation velocity, variations of the measured thrust shows
that the MFC-actuated flexible fin is indicative of the thrust-producing pattern in 62.9% of an oscillation circle in
the steady state, and the generated maximum instantaneous thrust, drag and mean thrust are 6.24, —2.50 and
1.90 mN, while the generated mean thrust is only 0.26 mN in the case of the maximum oscillation displacement.
Accordingly, the feasibilities of the proposed MFC-actuated biomimetic fin and micro-thrust system are demon-

strated.

Keywords macro fiber composites (MFC) ; flexible biomimetic fin; micro-thrust measurement; cantilever;

bending rigidity ; body or caudal fin (BCF) propulsion

Multi-source Localization Method of Eliminating Phantom Sound
Sources Based on TDOA

LIU Haitao"®, CHEN Yonghua', LIN Yanming', ZHOU Xin'
(1. School of Mechanotronics and Vehicle Engineering, East China Jiaotong University Nanchang, 330013, China)
(2. Suzhou Automotive Research Institue, Tsinghua University Suzhou, 215131, China)

Abstract It is difficult for the multi-source localization method based on time difference of arrival (TDOA) to ef-
fectively associate the actual sources between the TDOA values obtained by array microphones. In order to
solve this problem, this study developed a multi-source localization method based on TDOA. By using the cross-
correlation algorithm to estimate the TDOA values of sound sources, and the locations of multiple target sound
sources are solved based on Chan algorithm. In order to eliminate the phantom sound sources, the array micro-
phone is divided into two sub-arrays: localization array and check array. Then the localization-check model for
grouped microphone array is constructed. The microphones of localization array are used for locating all possible
sources. The microphones of check array are used to eliminate the phantom sound sources and obtain the initial
locations of real sound sources. According to the initial locations of real sound sources, a full array TDOA se-
quences check model is constructed to obtain the final locations of real sound sources. The simulation and experi-
ment platforms are built to verify the proposed method. The simulation and experimental results show that the
proposed method can effectively eliminate the phantom sound source based on TDOA , and make full use of ar-

ray microphones to improve the localization accuracy of multiple sound sources.
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Keywords multi- source localization; time difference of arrival (TDOA) ; false sources; cross-correlation algo-
rithm; Chan algorithm

Comparative Study of Core Temperature Between Polylactic Acid and
Carbon Fiber During Additive Manufacturing Process

BAO Chengzhi***, HONG Chengyu’*, WU Yajun', ZHANG Yifan’, FU Yanbin®*, LI Cao'
(1. Department of Civil Engineering, Shanghai University =~ Shanghai, 200444, China)
(2. College of Civil and Transportation Engineering, Shenzhen University Shenzhen, 518061, China)
(3. University Research Facility in 3D Printing (U3DP), Hong Kong Polytechnic University Hong Kong, 999077, China)
(4. Underground Polis Academy, Shenzhen University = Shenzhen, 518060, China)

Abstract To measure core temperature change inside the models during additive manufacturing (AM) process,
fiber bragg grating (FBG) sensor is inserted into the model during printing process to realize the purpose of this
measurement. Two kinds of materials including polylactic acid and carbon fiber are used during the printing pro-
cess for exploration of the properties of 3D printing materials. Also contrastive analysis is conducted among the
two materials. Five infill density values are used including 20% , 40%, 60%, 80%, 100%. Based on two kinds
of materials and five kinds of infill density, 10 kinds of different samples are fabricated for comparative study.
Test results reveal that the AM process of the model can be divided into 5 typical stages. The higher the infill
density of the model, the higher the core temperature of the model. The maximum core temperature of the mod-
el in AM process with 100% infill density is 10 °C higher than that with 20% infill density. The maximum differ-
ence of maximum core temperature between the model made in carbon fiber and polylactic acid in AM process is
at 60% infill density with the core temperature inside model of carbon fiber 5 °C higher than that of polylactic ac-
id.

Keywords 3D printing; fiber Bragg grating; temperature measurement; carbon fiber; polylactic acid

Modal Testing Method of Membrane Antenna Structure in Vacuum
Environment

LUO Jie, QIU Hui, CONG Qiang, XU Zhe, SHANG Aihua
(Beijing Institute of Spacecraft System Engineering  Beijing, 100094, China)

Abstract The membrane structure has good application prospects in large spacecraft membrane antenna, solar
sail and baffle because it has the advantages of low quality and small folding volume. The modal characteristics
of membrane structure directly decide or to large extent affect the surface accuracy maintenance and vibration
control of the structure. The correctness of modal analysis needs to be verified by ground tests. Because the
membrane structure is light and flexible, air has an important influence on its modal analysis results, so it is very
necessary to carry out modal tests in vacuum environment. In this paper, taking the planar membrane antenna
structure as a research object, a set of modal testing system is designed and built, which is suitable for the vacu-
um environment. The modal test under various working conditions is completed, and the effective test data are
obtained. Through data processing and comparative analysis, not only the effectiveness and feasibility of the test-
ing system is verified, but also the specific influence of air on the modal test results is analyzed. As a result,
some useful conclusions are obtained. This experimental research lays a solid technical foundation for the modal
characteristics investigation and design improvement of the membrane antenna, which is of great engineering sig-
nificance.

Keywords membrane antenna structure; vacuum environment; modal testing; electromagnet actuator; surface
tension
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Fault Monitoring Method of Wind Turbine Main Bearing

ZHENG Yuqgiao, WEIJianfeng, ZHU Kai, DONG Bo
(School of Mechanical and Electronical Engineering, Lanzhou University of Technology Lanzhou, 730050, China)

Abstract Aiming to the problem that high cost and error of traditional fault monitoring method, a fault monitor-
ing method is proposed based on the temperature model for fault monitoring of the wind turbine main bearings.
The multiple linear regression model, grey model, support vector machine regression model and their combina-
tion forecasting model of main bearing temperature under normal operation are established respectively. Based
on the combined prediction model, the sliding window method is introduced to analyse the change of tempera-
ture residual mean and standard deviation in the faulty condition of the main bearing. The failure of the main
bearing is judged by comparing the confidence interval of the mean value or standard deviation of temperature re-
sidual with the set critical value. The results indicate that, the determination coefficient of the main bearing tem~-
perature combination forecasting model value is 0.049 3, 0.002 7 and 0.000 2 higher than that of the multivariate
linear regression model, the grey prediction model and the support vector machine regression model, the combi-
nation forecasting model by introducing a sliding window method can reflect the abnormal situation of main bear-
ing temperature in time, which provides high-precision monitoring of the main bearing fault state and formulat-

ing scientific and healthy maintenance strategy .

Keywords fault monitoring; main bearing; combination forecasting; sliding window method; coefficient of de-

termination

Radial Measurement of Rotor Axial Displacement Based on Single Pulse
Width Method

YUAN Qiangian', ZHU Yongsheng', YAN Ke', CAO Penghui', CHEN Kaida', GU Jinfang’
(1. Key Laboratory of Education Ministry for Modern Design and Rotor-Bearing System, Xi'an Jiaotong University
Xi'an, 710049, China)
(2. Shanghai Tian'an Bearing Co., L.td. Shanghai, 200125, China)

Abstract The radial measurement method of the axial displacement of the rotor often suffers the changing shaft-
ing structure and the complicated installation and debugging of the rotor. In light of this problem a measurement
method based on the single point pulse width variation is proposed. The axial displacement of the rotor 1s calcu-
lated by the bar code geometry, rotor operating parameters and the pulse width before and after the axial dis-
placement of the rotor is measured by the optical color-coded sensor. First, the basic principle of measuring axial
displacement by radial pulse width method is derived. The axial displacement and pulse width calculation model
of the triangle print bar code considering the contour error is established. Then, the influence of the bar code
structure parameters and the rotor condition conditions on the test results is analyzed. Finally, the effectiveness
of the method is verified by the test platform of the precision rotor bearing system with air bearing support. The
results show that the measurement error is greatly affected by the tilt angle of the bar code. When the rotor diam-
eter is large, the method maintains the accuracy by increasing the bar code width and reducing the number of bar
codes. The method provides a simple and easy new idea for the radial monitoring of the axial displacement of the

rotor without changing the shafting structure.

Keywords axial displacement; rotor system; radial measuring; single pulse width measurement method
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Comparison and Application of Frequency-Reassigned Synchrosqueez-
ing Transform and Time-Reassigned Synchrosqueezing Transform

HE Zhoujie', TU Xiaotong', WANG Kai*, LI Fucai', BAO Wenjie', BAO Jun’
(1. The State Key Laboratory of Mechanical System and Vibration, Shanghai Jiao Tong University
Shanghai, 200240, China)
(2. Bosch Huayu Steering System Co., Ltd. Shanghai, 201821, China)

Abstract Synchrosqueezing transform is a time-frequency analysis method with the reconstruction property,
used as a post-processing step for the short-time Fourier transform (STFT). This paper introduces two different
methods of synchrosqueezing transform: the frequency-reassigned synchrosqueezing transform (SST) and the
time-reassigned synchrosqueezing transform (TSST). Their differences and applications are illustrated by com-
paring the STFT formula used by the two methods. For the numeral calculations, discretization implementation
algorithms based on the two synchrosqueezing transform processes are provided. In this paper, the rubbing fault
of the rotating machine and the impact fault of the bearing outer ring are used to validate the effectiveness of the
two algorithms. Moreover, this paper points out that the SST method can better identify the rubbing fault in the
rotating machine because of its characteristics of compressing the STFT coefficient in the frequency axis direc-
tion, and the TSST method can detect the impact fault frequency on the bearing outer ring because of its charac-
teristics of compressing the STFT coefficient in the time direction.

Keywords time-frequency analysis; fault diagnosis; feature extraction; synchrosqueezing transform; instanta-

neous [requency; group delay

Mechanical Fault Diagnosis Method Based on Multi-sensor Signal
Feature Fusion Using Deep Convolutional Neural Network

WU Yaochun'*, ZHAO Rongzhen', JIN Wuyin', HE Tianjing', WU Ji¢’
(1. School of Mechanical and Electrical Engineering, Lanzhou University of Technology Lanzhou, 730050, China)
(2. School of Mechanical Engineering, Anyang Institute of Technology Anyang, 455000, China)

Abstract  Using multi-sensor data fusion for mechanical fault diagnosis can obtain higher accuracy, but tradition-
al shallow fusion models have a weaker ability of nonlinear mapping and feature representation for complex data
sets. Therefore, a multi-sensor data fusion method based on deep convolutional neural network (DCNN) for
mechanical fault diagnosis is proposed. Firstly, multi-sensor vibration signals are extracted separately, and the
feature vectors are obtained as one-dimensional feature surfaces to construct a set of multi-sensor feature surfac-
es, which is used as input of DCNN. Then, adaptive hierarchical fusion and extraction of multichannel features
are realized with the deep network structure. Last, diagnosis results are output by softmax regression classifier.
The experiment results show that this method has a higher ability of fault classification and identification, and a
good robustness and adaptability under different noisy environments. This study provides a theoretical base for

solving the multi-sensor information fusion problem of complex mechanical fault diagnosis.

Keywords fault diagnosis; vibration signal; multi-sensor; feature fusion; deep convolutional neural network

Nonlinear Study on Low-Frequency Vibration Drilling of Ti6Al4V Plate

HOU Shujun, PEI Tengfei, LIKai, QU Yunxia, LIKun, LIKai
(School of Mechanical Engineering, Hebei University of Technology ~ Tianjin, 300130, China)

Abstract Titanium alloys are widely used in aviation because of their excellent properties, such as high specific
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strength, high specific stiffness and strong plasticity. However, these characteristics also bring big challenges to
the high precision hole making operation. Vibration 1s proved to be an effective way to solve the problem. In this
paper, a vibration drilling test bench is set up. Through the vibration drilling dynamics test of titanium alloys, it
is found that the system has nonlinear vibration characteristics like a hard spring. The key dynamic parameters
and dynamic models of the system are obtained by dynamic modeling and experimental parameter estimation.
The nonlinear average analysis of the dynamic model is carried out during the near-resonance operation. The av-
erage equation is calculated and the results show that the amplitude-frequency characteristics agree with the mea-
surements, which proves the correctness of the dynamic model. Based on the nonlinear characteristics of the sys-
tem and the near-resonance operation, a large range of steady vibration is observed under low excitation, and
the stable and efficient vibration chip breaking and drilling operation are realized. It shows that the vibration drill-
ing process is more stable, the power consumption is lower and the hole quality can be better by skillfully using

the nonlinear cutting process through proper dynamic design.

Keywords vibration assisted drilling; nonlinear; chip breaking; thrust force; drilling dynamics

Analysis of Mechanical Characteristics of Prefabricated Pipe Gallery
Under Traffic Load

XU Jian, XIE Zhongqiv, WU Jinglong
(Department of Civil Engineering, Central South University of Forestry and Technology ~Changsha, 410004, China.)

Abstract In light of the mechanical characteristics of prefabricated integrated pipe gallery under traffic loads, a
3D numerical model of pipe gallery, considering the influence of socket joint and tension of prestressing ten-
dons, is established based on the non-linear interaction between pipe and soil. The numerical model is proved ef-
fective through the comparison with the field prototype vehicle load test results. Then, the mechanical properties
of longitudinal and interface sections of the integrated pipe gallery under different vehicle loads are investigated.
The results show that the longitudinal Mise stress distribution of the pipe gallery is discontinuous at each socket
interface. The peak value appears at the middle of the socket interface, and gradually attenuates to both ends.
The longitudinal influence range is close to the adjacent two pipe galleries at the loading position. The inner side
of the roof, the outer side of the left and right walls and the inner side of the floor at the pipe gallery interface are
pulled, while the outer side of the roof, the inner side of the left and right walls and the outer side of the floor are
compressed. The concrete at the bottom of side wall and the inner midspan of roof at the socket are the places
where the maximum tensile stress occurs, which should be paid attention to. The stress of the pipe gallery struc-
ture 1s positively correlated with the load amplitude, and the change of the loading position has obvious influence

on the stress of the bell joint.

Keywords integrated pipe gallery; socket joint; traffic load; numerical simulation; mechanical characteristics

Extraction of Degradation Feature for Rolling Bearings Based on
Cointegration Theory

LI Yaolong"*, LIHongru', WANG Bing’, YU He'
(1. Departmetn of Missile Engineering, Army Engineering University =~ Shijiazhuang, 050003, China)
(2. North West Intitute of Nuclear Technology ~Xi'an, 710024, China)
(3. Logistics Engineering College,, Shanghai Maritime University =~ Shanghai, 201306, China)

Abstract By analyzing the root-mean-square (RMS) and sample entropy evolution on the run-to-failure data of
rolling bearing, it is found that there is a certain cointegration relationship between the two features, and a meth-
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od for extracting degradation feature of rolling bearing is proposed based on cointegration theory. The proposed
feature has a good two-stage property, and it can unify the run-to-failure data of different rolling bearings and ob-
tain a consistent evolution process. By using several run-to-failure datasets of rolling bearings, the advantages of
the proposed feature are verified. At the same time, the reasons for the two-stage and consistency of the pro-
posed features are studied in depth. Compared with RMS and sample entropy, the proposed feature has better
monotonicity and better prediction ability in non-stationary stage. Finally, the differences between cointegration
fusion and common fusion algorithms are compared. By comparison and analysis, the proposed feature has good
two-stage property and consistency, and has better prognostic ability than RMS and sample entropy.

Keywords rolling bearings; cointegration theory; degradation feature; trend prediction

Fault Diagnosis of Refrigeration Equipment Based on Data Mining and
Information Fusion

ZHOU Yijun', WU Kai', SUN Yu', YANG Xiaoyan’, LOU Xiaohua’
(1. School of Mechanical Engineering, Nanjing University of Science and Technology  Nanjing, 210094, China)
(2. Nantong Square Cold Chain Equipment Company Nantong, 226300, China)

Abstract Traditional monitoring system of refrigeration equipment is accurate in detection single fault, but diffi-
cult to judge concurrent faults. In light of this limitation, a data mining method is proposed based on the informa-
tion fusion method combing the designated cell analysis and support vector machine with weighted evidence the-
ory. First, a non-fully orthogonal designated cell analysis method is proposed to make up the limit of traditional
designated cell analysis in the non-fully orthogonal mode. Then, experiments prove that both the non-fully or-
thogonal designated cell analysis and support vector machines models can identify concurrent faults, and each
model has certain advantages in identification of different concurrent fault. Finally, the weighted evidence theory
is used to synthesize the diagnostic results of the two models. The hit rate of the post-fusion diagnosis raised to
99.10% , and the false alarm rate is reduced to 0.21%.

Keywords refrigeration equipment; simultaneous fault; information fusion; designated cell analysis; support
vector machine

Modal Recognition Method for Linear Ultrasonic Motor Using In-Plane
Coupling Longitudinal Modes

CHEN Ziyan', WANG Yin', CAO Jun', SHI Yunlai®, HUANG Weiging’
(1. College of Mechanical Engineering and Automation, Huaqiao University ~Xiamen, 361021, China)
(2. College of Aerospace Engineering, Nanjing University of Aeronautics and Astronautics  Nanjing, 210016, China)
(3. College of Mechanical and Electrical Engineering, Guangzhou University =~ Guangzhou, 510006, China)

Abstract In order to identify the working modes of the stator of ultrasonic motor using in-plane coupling longitu-
dinal modes, and to provide a basis for their stator dynamic optimization, a modal recognition method for stator
is proposed by means of local mode correlation analysis. Firstly, the working modes of stator are analyzed, and
the difficulties of in-plane vibration mode identification are analyzed based on the principle of laser Doppler vibra-
tion measurement system. On the basis of the dynamic analysis of the stator, the method to identify the working
mode by the local mode shape at the bottom of the vibrator is proposed; Finally, the feasibility of the method is
verified by the frequency response results obtained by the laser Doppler vibrometer. This method can be extend-
ed to identify the working modes of similar ultrasonic oscillators composed by a pair of longitudinal mode vibra-
tor, and also can be applied to extract the working modes more efficiently from multi-modal analysis results ob-
tained from the finite element analysis, which lays a foundation for the dynamic optimization of the structure.

Keywords ultrasonic motor; modal test; laser Doppler vibration measurement; coupling vibration mode
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