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tion Ry (r) curve obtained by hard threshold

function coefficients shrinkage

Al LLE 24 A AR B 0w 390 Y B (E A K R
M =68, 8§y = amax{| STFT (m,n) |} + MAD =
3.027 ABF, Ry (r) 42K EHE. Hik. £k
TS BIE 04 =3. 027 4, FF LA S5 A B o4, &
HxE STET 3% 22 B0k 47 18 (3 f oR B0 4  fie ) A
STFT 3 4% #6544 75 3 I BB 15 5, BV AR %5 5
griE s MERAEMITHES s° O JanE 4 FioR .

XF AR B o6 B STET B 4 3 2 500 4
Ry(r) RFHRKE MR MLmE 5 fix.

A RLE 2 A AR B 0, 1 AY AR (E 2 K L
M =60, 8, =amax{| STFT (m,n) |} + MAD =
2.671 28F, Ry () Ikt TR, B 6 Frs iy 22
31 dRy (1) R T LAE .24 M =60 B, 22 {H 3
dRy Cr) Ml 2 g s 22 KB, Bt Al i i B i
BIME on =2. 671 2, 88 )5 T LA B S A B 0 2B XS
STFT i & i A7 % B {4 ok B0k 45 . B Ja AL
STFT 36 2% i 5 k4 75 31 i 3 5% e 15 55, BD A % (5 5
g s ERAEMITES s @O B 7 iR,

U5 B L X e 2 4 R 7 e] gL T
STFT 451 22 B0 | %K 15 {8 oR 50000 40 19 15 5 e e
TEWEBNREFERGES o0 FRBRAZES
s MEAEMIHES s (0 0 BARXPIF O ik
BENW s O WEAE - ERE LRk E, BE &
WL 2 LB Ay 7 E L (H 5K o B (L R BT U



%5 6 1 SRt 55 BT STET B4 3% 2R B 4 1915 5 e e 7 1k 1093
X10° X10°
1.8 10 8 10
i ,
~12 3
N A~
<06 53
0.4 2
03 ! .
0 0.02 0.04 0.06 0.08 0.10 0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90 100
t/s M M
B4 GERERERBRESRIREZEE K5 (HHRIGSHREERERE B 6 by BRI E 5 ot KB 564
T s Mk EMIEES W gn 3 By B HE XL B R B Ry (r) A5 0 2 473l dRy (r)
5T (D R () 2k Hh £k
Fig. 4  The optimal estimated signal  Fig. 5  Emulational vibration signal Fig. 6 Difference spectrum d Ry (7)
s™ (¢) of cosine signal compo- modified risk function Ry (r) curve obtained from emulation-
nent s(z) obtained by hard curve obtained by  soft al vibration signal modified risk
threshold coefficients shrink- threshold function coeffi- function Ry (r)
age cients shrinkage

Lo
“a 0.5

‘g 0
E-05
e ]
_1’50 0.02 0.04 0.06 0.08 0.10
t/s

RPN RZE TR s

B7 5 {E e R IR
A ES s @

Fig. 7 The optimal estimated signal s (¢) of cosine sig-

nal component s(z) obtained by soft threshold co-

efficients shrinkage

9 T A A i T R 55 BORAE R LA S5 SR 2.
FhO7IE P REBLAR 4R B Dk, £ O 24 2R 06 i
THET STET W o £ Ol s O 50 T 15 5 FE g
A B o

4 30 HIE P R A TE

ik — 2 B IE L F STET B4 2 50k 45
T T S PR iR B0 15 5 R R A e S S A
KM E PHM Society 2009 4 i i F 5 fd B &
TPk I (1 15 0 AR DG HRE AOHE AT IR . R
?smi@;@ﬁﬂﬁﬁ%,@%%ﬁ%%ﬁéﬁﬂﬁﬁﬁﬁcﬁwkw%u
AN A 24T 4558 19— DA B A Bt 5
HIA SR A ARE B 3 ke/min, AL, RIS SR
4R RETR K 66. 666 7 kHz, FiL) 6. 666 7 kHz [y
AR R AR B 05 5 B R AT R A

XFF 5 1 BB R 1O o R Al A i o ok 4 )
TR S5 5« (0 WK 8 PR,

5% () By STFT W4 3% & B KB (H

%0 0.05 0.10 0.15 020 025 030
t/s

B8 M AL EERIES o0 (O

Fig. 8 Bent shaft fault vibration signal x; (¢)

max{| STFT(m,n) |} =0.060 3, 7fEiaz H+ K%
R R, OB R A Lo, p] = [0. 2,
0.7] I XK 4r B M =100 A, Fe Mgt
H )R 43 590 SRe T RGE 15 L R 50 0 40 I 1 pR KK

Xof A ) PR AL 2R s Ry () e T REM
KZR ML E 9 Fis .,

B {E AR i O B S KB M =61, 10 6, =
0.030 5 B} s Ry (r) MZam 2 1 KB, B,
£ 31 1 AR B 0 o, =0. 030 5. 4R J5 5 LA I 55 16
B o X STET B4 % 87 47 A 15 1 oK 50 3R 201
45 . I e MR STET 3 A% 46 5 4 45 31 B0 s 3R 3h 5 5

99710 20 30 40 50 60 70 80 90 100
M
B9 BEEIRSES « (o B B E & E0CR B0l 15 201
WU RV BB Ry () TR
Fig. 9 Fault vibration signal x, (¢) modified risk function
Ry (r) curve obtained by hard threshold function

coefficients shrinkage



1094 & h. W

N %35 %

() WS EMAES 57 (o L WWE 10,

XFF AR B R LM Ry () KT KRB M B
KR MLLE 11 o,

M AE AR 0 W I A BLE P K M =41, R)
8w =0.024 4 Bf, Ry (r) 4320k 2 H BLK - Bt
M 12 i 7R B 22 433 dRy () BRZR AT B . 34 M =
45 I, 2% dRy (r) i1 2K RZE BEE &1R
AN B AR TR R AL BIE 00, =0. 024 4,88 )5 LA
BE AR B ME 04 XF STET B} 45 3% 558 ik 47 %K 59 {E 2R
BR B o A STET 386745 4 7 A4 45 2] i

WEES o (O WEHEEWRAES 57 (O L ILE 13,

Xt 2 MECROR O, B 24T %58 19— A B
A WA PR LB TE BT AR B 55 2. (0 K 14
Fimm. 5% x (o) ) STFT B 5 3% 5 85 i K E
max{| STFT(m,n) |} =0.028 4, iz LK E
TR A R OB R X A [a.p] = (0.3,
0.8] I XX 43 B M =100 A4, Fe Mgt 7
o [ A 3 S90S RS 5 (L oA 500 K 8] £ o B

Xt TR B R E M Ry () XTFHRBE M)
KR ML 15 .

9 -10
s*’: 4.0X10 3.0 x10
. 2.5
~ 3.0 S
S 2.0
E E 2.0 %S 1.5
[y 1.0
=1 1.0 0.5
3 80 0.05 0.10 0.15 0.20 0.25 0.30 00 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
t/s M M

Bl 10 WEERIIMES o (0 SEERE B 11 SERIES 200 FE KL Bl 12 Wik fEIREMES o (O 8GR
PRER R B0 A A 3 A B R FBOIC 45 A5 B 1Y B Bk X RS eR B W bR BT R () 3R A5 19 25 40 3
E5 si (D Ry () &k dRy () i £k
Fig. 10 The time domain denoised sig- Fig. 11 Fault vibration signal x; (¢) Fig. 12 Difference spectrum d Ry ()

nal 57 (¢) of the fault vibration modified risk function Ry (r) curve obtained from fault vi-
signal x, (#) obtained by hard curve obtained by  soft bration signal x, () modified
threshold function coefficients threshold function coeffi- risk function Ry (r)
shrinkage cients shrinkage

4

' 3.5

c 3 30

g 1 < 25

g0 = 20

o -1 1.5

=2 1.0

S 05

0 005 0.10 0.15 020 025 0.30 00710 20 30 20 50 60 70 80 90 100
t/s M
B 13 BMEEIRShE S 2 (o) 2 4K 3 {E o 50 2R 500 45 75 B 15 SRR ShE S . (o) 6 13 1H PR 50 R B0k 46 15 20 19
1 S R A 5 57 (0 i XU R Ry () il 4%
Fig. 13 The time domain denoised signal s;* (z) of the Fig. 15 Fault vibration signal x, (z) modified risk func-

fault vibration signal x,(z) obtained by soft

threshold function coefficients shrinkage

-0.06

0 005 0.10 0.15 0.20 0.25 0.30
t/s

Bl 14 S s R R S5 5 2. (0
Fig. 14 Chipped tooth fault vibration signal x, (#)

24 5] L R 2 0 B8 I AR 2B K B M =75,
Bl 64, =0.019 2 B}, Ry () IR T FW £ 2/, I

tion Ry (r) curve obtained by hard threshold

function coefficients shrinkage

HR R 8 e /ME . R Al T 0 Je f A o =
0.019 2, 4K )5 F DA s fe U B &4 % STET i 45 1%
T AT A R AR B e L B Je R STET 3
S E A A B R R S5 S 2. (O W RS 5
s () LUK 16 7R o

XFF B E R, Ry () T REM
KR ME 17 iR,

> 13 1 1 1 722 o O 3G A BAE AP KB M =50,
Bi 64 =0.015 6 i}, Ry () fhk#a T /K. MIE 18
Fr7s 18 22 33 dRy ) fi R PT & . 2 M =50 i, 22



%6

RIL kLG5 JE T STET WA 2 B0l 4R B9 15 5 M 7 vk 1095

Ei% dRy (r) &R 2AKFRE I HEC AR B/,
B L AG T B B A B 60 =0. 015 6.4 AR5 P LA 5%
PEBIE o X STET B 45 % 58 147 5K 158 oR 50 R
ol 55 IR STET 06 75 e 2 4y 75 1) ik [ 4% 2
5% . () MBS s (O JanE 19 FiR.
o P AT DL S A Al R R B 1 S
() Gl STET A5 2 BhE | 0 13 i oA Kk 46

B BRHR RS S 57 (0 W —PIERES. 5
T SRR AT 2 il 7 A A R R B R A S — B
M6 A R IR S5 5 . (0 Gy STET B 4%
FRRORE 1 L R WA 4 A ) 11 I S TR A AR
S IR A5 S 5 A R A A T AR A
L BRI B R A5 5 — 2L

5 -10
~ 4 35.X10 X 10
i 3.0
§ 2 25 =
=< 2.0
T 0 <15 §
) 1.0
N 0.5
% 070,05 0.10 015 020 025 030 % 10 20 30 40 50 60 70 80 90100 0010 20 30 40 50 60 70 80 90 100
t/s M M
16 WEERANES (0 Sl EME B 17 WEEDHGES O REEAE B 18 WERANME S 2. (0 Sk KBS %

B AR B A 5 B A T R

5% s (0

W 45 15 2 B Bt X B BR R
RM(}") FFH%%

Fig. 18

B Ry () AT 22 533 dRw (1)
il £&
Difference spectrum dRy ()
curve obtained from bearing
fault vibration signal x, (1)

modified risk function Ry, ()

Fig. 16 The time domain denoised sig- Fig. 17 Fault vibra tion signal a,(#)
nal 57 (¢) of the fault vibration modified risk function Ry (r)
signal x, () obtained by hard curve obtained by soft thresh-
threshold function coefficients old function coefficients shrink-
shrinkage age

Do o=
Suounounouno

5/ (10° mm « s7)

0 005 010 015 020 025 030
t/s
E 19 SRR SHE S o, () 2 6l 3 (8 o6 50 &R Bl 4 19
B B I SRR RS S s (0

Fig. 19 The time domain denoised signal s; () of the
fault vibration signal x,(z) obtained by soft
threshold function coefficients shrinkage

5 & it

1) etk XURS: bR B Ry Gr) 5 BT 536 DAL o B
L,-RISK fE52 P S AL B A9 A a5k . DA
DRI BR K5 180 (LD A & 20 106 AR 3k BB 05 v
AR 0 B STET I A7 35 2 R KA 19 X [H]
AL T3 2R RO BT /% 10 B 0 R o0 - BRI iR
DEEE 00 B9AR B AT — 5 B9 0 (E A 208 1Y
HERAIE L B0 IR 1 S XURS: R BN P KR AURE A
k5 S

2) STET i Hi 3 28 Kl 46 75 35 RE 9 MW 7 41

HAF 5 PR I I MRS . BT R N TR g
R A M B AR Bl 5 5 A b B, AT LA RIGR BUE 5 ik
BRI A 5 — B30 B IR M 15 5 o DTG 4 3 4 DG i
B F) 12 1K

3) STFT i A i3k 22 B0 | 4K (59 oh B0 45 10 15
SRR RS AR — B EX T4 1 A5 F ek KUK R
Ry () ST I R AR 1 4R X T B B A o
(10 3 5 5 Ok BOUL T {5 5 A 2R Aok i i 2k oh
0y b A T e P B AEL O - AT 0 B A Bl T C kAU o
Ry (r) W2 dRy () Wi L. BLAk. PR 7 ik
A5 1) (1 B Sl o R A5 5 9 AE A — R B Y W (LR
L {FLTE 5 (L o BIOMC 4 R  h BEARL L P F A
B R B 4G T . BE— 28 T DAAR L STET B 40 %
R B T A 0 1 B SR A MR A R R R R R
S o1 I A PR HI0TT B o PRI B R R T A Y R
{EL bR 50, A AR WL/ BT AR BUA 5 19 I (1 SR

s % X K

[1] Donoho D L, Johnstone I M. Ideal spatial adaptation
by wavelet shrinkage[ J]. Biometrika,1994,81(3) :425-
455.

[2] Donoho D L. De-noising by soft-thresholding [ ] ].



1096 & oo oK 5 & W %35 %
IEEE Transactions on Information Theory, 1995, 41 Vibration, Measurement & Diagnosis,2011,31(1) 74~
(3):613-627. 77. (in Chinese)

[3] DonohoD L, Johnstone I M. Adapting to unknown [11] Xia Xianggen. System identification using chirp signals
smoothness via wavelet shrinkage[J]. Journal of the and time-variant filters in the joint time-frequency do-
American Statistical Association, 1995,90(432):1200- main [J]. IEEE Transactions on Signal Processing,
1224, 1997,45(8) :2072-2084.

[4] Donoho D L, Johnstone I M. Minimax estimation via [12] ChristiansenO. Time-frequency analysis and its appli-
wavelet shrinkage[ J]. The Annals of Statistics, 1998, cations in denoising [ D]. Norway: University of Ber-
26(3):879-921. gen,2002.

(5] mhRP.@aEm, FHRL. 3& T SURE LW fhit ) B id [13] Nezamoddin N K,Paul F. A gabor based technique for
/NI BIE MR LT]. H T 2#4R . 2002,30(2) : 266-268. image denoising[ C] // Canadian Conference on Electri-
Qu Tianshu, Dai Yisong, Wang Shuxun. Adaptive cal and Computer Engineering. Waterloo, Canada:
wavelet thresholding denoising method based on SURE 1EEE,2005:980-983.
estimation[ ] |. Acta Electronica Sinica, 2002, 30(2) [14] Walker] S,Chen Y J. Denoising gabor transforms [ EB/
266-268. (in Chinese) OLJ.[2013-12-05] http: / www. uwec. edu. /walker-

[6] Nezamoddin N K, Paul F, Edward J. BayesShrink js.
ridgelets for image denoising [ C] // Proceedings of In- [15] ParolaiS. De-noising of seismograms using the S-trans-
ternational Conference on Image Analysis and Recogni- form [J]. Bulletin of the Seismological Society of A-
tion (ICIAR) . Verlag Berlin Heidelberg, Germany: merica,2009,99(1) :226-234.

Springer, 2004 :163-170. [16] HonT K, Subramaniam S R. Georgakis A, et al.

(7] Z=),. 2R %, FEN. T Morlet /Nk 5 % KUK E STFT-based Denoising of Elastogram[ C] // Proceed-
O ny R B R [T, P8 3h. i 5 32 Wr, 2005, 25 ings of IEEE International Conference on Acoustics,
(1) :40-42. Speech and Signal Processing ( ICASSP). Prague,
Li Fang, Li Yourong, Wang Zhigang. De-noising tech- Czech Republic: IEEE,2011:677-680.

ology based on Morlet wavelet transform and maxi- [17] skWEak . e A FRfGES o W S4B M]. Jb & EH B
mum likelihood estimation[ ] ]. Journal of Vibration, Tl M At 1998 :20-25.
Measurement &. Diagnosis, 2005, 25 (1) 40-42. (in (18] BRuC & . B . e 4, 46, LT S A8 3o iif 3 1 2= e Ay
Chinese) (ﬁlﬂnﬁ%ﬁﬁfﬁxﬁ‘/ﬂﬂ. & 3h 5 vkl 2014,33(21) : 44-

(8] RMTE X TF 4k, B A, die 3 /)N I A A ok 3 4 1o {RL 1) 50.

T W 5 KR R LT . }JﬁZﬁJ ik 512 Wr, 2008, 28 (4) : Guo Yuanjing, Wei Yanding, Zhou Xiaojun, et al. An
366-368. impact feature extracting method based on S-transfor-
Hou Xinguo, Liu Kaipei, Wei Jianhua. Application of mation spectrum threshold denoising [ S]. Journal of
improved soft threshold noise eliminating method Vibration and Shock,2014,33(21) :44-50. (in Chinese)
based on optimal wavelet packet[ J]. Journal of Vibra- [19] IEEE PHM Society. 2009 PHM challenge competition
tion, Measurement &. Diagnosis,2008,28(4) ;366-368. data setl EB/OL]. http: //[2013-12-05]. www. phmso-
(in Chinere) ciety. org/references/datasets.
[9] ﬂ@Z 7 T AN MR vk T G AE VR Bl R
WA R (1. LA T2 A 27 i 20104, 46 (15) - 76-
81. FE—IEFE B /v W &L F L1987 4 10
Zhang Xian, Wang Hongli. Evolutionary wavelet de- AA A, EENF T L
noising and its application to ball bearing fault diagno- Wish 122  HLMUAE 5 A0 B 5 s 2 .
sis[ J]. Journal of Mechanical Engineering, 2010, 46 L E-mail: gyjyn@126. com
(15) . 76-81. (in Chinese) -
S
[10] XXZ. % % . % — b3 /N BT R T iR

LI 43l ﬁ%@%f‘r,zon,m (1):74-77.
Liu Wenyi, Tang Baoping,Jiang Yonghua. Research on

an adaptive wavelet denoising method [ J ] . Journal of



