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A Fine Spectral Negentropy Method and Its Application to
Fault Diagnosis of Rolling Bearing

XU Yonggang, TIAN Weikang, CAO Jingxin, MA Chaoyong

(Institute of Intelligent Monitoring and Diagnosis, Beijing University of Technology, Beijing 100124, China)

Abstract: A fine spectral negentropy ( ASNE) method based on empirical wavelet transform
(EWT) is proposed to solve the problems that it is difficult to determine the central frequency of
the resonance sideband and the determination of the bandwidth is susceptible to noise when
extracting fault features of rolling bearings. The proposed method constructs a filter bank by
using the characteristics of empirical wavelet filter to realize the scanning filter in frequency
domain. Then, the filtered components are screened by combining the feature of spectral
negentropy in time domain, and it is easier to detect periodic impulse components in signals. The
accurate central frequency and bandwidth are obtained after two scanning cycles. Then the
optimum fault feature components are extracted through EWT, and the fault feature information
of the bearing is finally obtained through envelope demodulation. The method is validated by the
experimental signals of inner and outer races of rolling bearing. The results show that the method
quickly and accurately determines the central frequency and bandwidth of resonance sideband, and
effectively extracts the fault feature information of inner and outer races. The performance is
better than that of the Infogram method. The proposed method overcomes the limitation of
traditional method in frequency band division and immunity to noise, and extracts the central

frequency and bandwidth more accurately.

W B . 2018-12-04,  fEH A HARIA975—) B fl#HE. HEWH. ERAREEILEEBNH (51775005,51675009)
[0 £t BRBFT] . 2019-06-03 W 4% HY B AE : http: // kns. enki. net/kems/detail/61. 1069, T. 20190603, 0913. 006. html



32 [ . ]

Ko

R

Eird i 53 4

Keywords: rolling bearing; spectral negentropy; empirical wavelet transform; resonant side

band; fault feature extraction

R iR Z T T & R LA & Bl R Y
fdt FR TR O 52 W 45 BILAK 5 45 19 AR PR L PF It xR 3
HoRPEEHEITCHAEAREZEE L., RAFETEE
EFERARSE BN AW T TSRS E 4
P Al R IR AR AR TR R A, R AT R 1]
L 5 B R R AR 09 42 B ok T AR KA IR HE . i 4
e ot P A A BUERE L BE RS TN A 5 v i 2 AR
B TR R B2 Wb . Antoni K 5L T AT I
e FEL P72 e 1) % i B 5 AL 02 T Ak L O
i PR T Y R PR (PO B s L IR A (1 v
TR 5 O ST OB AR AR A R AR M. BEJS
MZHN FK 5 HAL I B A LS G T L
F BB S W TR T X U B B A7 W Y
[F) R, 2% S it — ol B 1 0 i L 190 i B AR kA
J5 ¥ Sparsogram' ', If- 45 A 8 % B B FH 2 Sl R
fEi2 W 'Y . Moshrefzadeh %53 H Autogram J5
B XHE 51 7 B 45 1 B AR ORI B2 38 2o 0 32 fe K
{H 1 J7 2% ok B2 IO 0 1 o ik g3 i OF AT SRR 2
Wit DAy AR A R FK A Rl 4y
Ja FRAE AN REAS SIS 1) 0 4507 5 B A b O B 38 L 3
PRI A9 5 1 {5 M LI, Barszez 2 3L T
AL 28 5 IR (B 1Y Protrugram J5 ¥ 9 47 g B R Ak 45
R ORI T FK Fik M e ZE R E
T A fig 45 2 B AR 19 &CRYY . Antoni 42 ) Info-
gram J7 ik IF 5| AT TR A9 A S TR B 2 AT S g o
i PR R PR TR o DAIBORS: T Sy 38R0 55 B3 R A 4
PR ML B A BRI R A R (A
AETEA SE 1 L3308 AT B8 A 5 T R)

Ry TR SR OB | B 0 B G A A TR0 AR
G0 [ T 63 A0 M 75 o) A4S A1 412 LAY 52 ) s AR SCHR Y —
ol i 28 6 /)N IR A6 B R A T CASNED 5 v
I 28 56 /N U e e A A S A TR AT AR A BE
T X A AT B A 08 e o B AT I SO A
i B I A7 90 X6 7 19 A48T B 14 AT A 2% 35 43 A, S R
WORR B2 B, A2 ISR B R B T FK A
Infogram J7 MU 1) 43 [ 5 1Y Jay B 5 335 97000 O 2%
FE B A8 0 A 45 5 v %) ) 390 P AR E 0 oo < R SRR AR
e T HTRE

1 % G s
Antoni AH 3 3 5 5 el o ofi AR 63 19 11 B0 7T

http: // zkxb. xjtu. edu. cn

N RGBS T AR A B e rh 3 B JR S BE
FR I 3, H T I A S 7 40,46 (SED 35 0 B AR 5 4 SR
AE 2t 14 U 2 52 B0 ) 300 1 A A R R B 1 o i) L e
TEALZE S b AT LA R S0 bt B0 T R 3 BE A 10 Ik
Bl (FE e — W A bt IR R D IR e 8 7 19 °F- 7
£ 25 1% (SES) (4 135905 18 it 2 B A
SE i 5 SES w4 (1 2% ik 2043 51 4
H.(f;0f) =

e, (s fLAF)" e.(ns fLAf)?
- - 5 1
<eI(n;f,Af)2>ln[<€J (n;f,Af)“>}> (L

Hpj(f§Af) -

_ E‘z.(a;fsA][>2 E»,(a;f"Af)Z
<<E,,-(a;f,Af)2>1n[<E,,~(a;f,Af)z>}> =X

Ao Co) AT e, (ns fL A I — DB
Fa) =0, L)EFRLF—AS/2. fT+AF/2]
e A Ry RO P =8 W (1l

e (s LA = 2(ns fLAf) |? (3)
E,(a; LA NEBIES 2(n) (n=0, -, L) {E i E
Lf=Af/2, fHAf/ 20N B J5 2% 3% H 3R A
A

L—1
E. (s f-Af) = Dle.(ns frafle /™ (4)
n=0

I FE A NS 5 vhde M O 38 45, 24 H 3 b o 1
St U EEAE AR L X S A T A . A T
AR AL LR — 2, Antoni F XTI B G R ARG B
B, BRI ES T H % aiEfm AL fJ5 s
L RS U AL 43R

AL —— H. —
) ; s 2 L (n " N\ 2
<::.EZ;}(,§£2>1“[<Z,En;?igﬂp )
Aly —— Hyp —
Cas [ z E. (asfs :
<§ﬂ1§a;§-,§‘}[§z>1“[<E‘Z.§Z;f,i}[§2>}> X

TER AL W B 5, R FRERES  IRME
SIS R B XN B AL 5 ALy B/ G5h& H 3
BRI A, B 3l 8 T A S B R 0 o ik L R AR N
YRR AL 5 AL BEZ A8 1% T REALYE vk 78
5T B ALY (SE) Hra] DUAR B H R L E RS £
WiEp A S . Wik, AL 5 AL G4 5 1
Pewpsl [BEF, AL WEER T B B AL v . 5 B4 AY
T B AR G A 0 % 0 R TR 5E TR A TR
SRR LN AL WAFAEIXRE A IR R, 7 R




%84l

KM 55 R A0 AR B A R B R 2 8T e 33

B2 W b A E 0 AR IR A ) 2 Ok — B
I3 FAT 8.+ 52 i X B 7R R R 12 T .

HE— 2B B 5E e I SR AR 5 A B 135 67005 5 R T
BRAT A IE 1Y AT T8 DA B2 BT Ry T A R AR S
E SUIE 5 A B (35 748

x(n; f, : a(n; f, ’

AL = <;E::;,i;;2>ln[<1‘§71;;,i§;2>
AT B AT AL S 0 S 30 o Y S AR S
PEH AT, VR RRAE 53 5 1 0 e 48 45 .

2 Bk /NI AR R

2.1 ZBENETHRIFE

Gilles &% EMD J5 ik A 2 45 G /N ik A8 e
P T AR /INE AR )T N AL
MRS 2 W Rt %5 B3 T Little-wood Pa-
ley I Meyer /]y it A8 e , #3405 0l FL o455 55 030 335 A
HEAT 3 N30 43 o 1 N7 — A U8 I g A DL AR O [ 1Y
AM-FM it 43 o AR Af B B8 S50 [0 e ] 43 1)
N A BELTR G AL 8 L w, AL 53 130
oo 1 s, BLw, AL R AR Meyer /i AR
i e 22 50 /N R o BORT /N B R B O ) 1 28 5
AN UE B AR AR

L Jol<w —1,

} (7

cos[gﬁ(%mﬁ w |—w,,+z',,))]

¢ (w) = (&)
w,— 7 <lw|<w +r1,
0, At
1, w11+f71<|w‘<wn“_fﬂ}]
cos 58(50 o | = + o) |-
g}},,(w) _ W1~ Tptl <‘ w |< W1 "‘ Tt

. [x 1

sm[ZB(ZT_”H w ‘*qurT,.))}
o, <l ol[<o +1,

0, HAth

D)
A ple) ATELO. LTI I 2 K B & 4F 5 pR AL
o, 5 R F AR

Ty = Yw, s O<y<1ﬁ}’<min”<w>1

w1 T w,
B(x) = &' (35 — 84x + 702" — 202*) J
1o
MR 28 M/ N R W A i TT RS f(O e
56 /0N B A 4 0 Y 2R BRI T R AR B O
wi(n,t) = (fy¢,) =

http: // zkxb. xjtu. edu. cn

qu>%<r—wdf:<fm»¢xw»v (an
w (0,0) = (frgn) =
[ @@= = G g’ a2

s ) g I LI AE s (o )Y O 4 B B AR
CONEEE T, & 2 Fis 25Nk uE i 284
XA 04 43

w,
— 1
Si1;
! 2TI<L
: [
<§0 T

I A R

$,©) (@) D) Pyo-2m) P @27) b (0-2m)
31 ! l »/
&
5
0 T 2n

P2 g /NI I I e 2H 0T BT F)

SE DS S/AS= W K ¥ EEX o ) 2 D O D A
So() = w5 (0,0) * ¢ (1) (13)
Se () = w5 (kyt) % ¢ (1) 14)

2.2 SEAFREIK 5

A 301 530 43 SR 28 38 /DN U A8 46 v B DG B ) A
Gilles 7E3CHR 17 Jvh &5 s 7 2 Fdai it &l 43 Oy 2, 5
BT 28 5 /N A A X AE S U I B Ry X T
R IR S 15 5 EWT £7 78 808 2 73 A & B )
Bk EWT S R 43 7 ik 14T w0 R R
SCYE R A RE Mk B D B0 RE A A 3 22 A DB D
s X i AR B 315 5 HEAT A R A U AL B O XA
) Y U o3 B FEAT 0 3, SRAS R rh O R AN 9
DA B d5 e L 4R S AT

SO EWT el &) 23 5k an o #EL0.n] I
JH o), — o, e+ aon XHEEAS I — 1410 10 5L 0505 i
18043, I LU A Wy, T W Wy, Jﬂvlsj o) 5 25 56 /N %
2% XM B [0, — aon s, o, 1K
HEATUR WAL IR . w, R HO TR B 3 45 T AR R
S, P o, =, e, FEDE R
SEIT R S DR 2 i AR A R D DR A B
ST NSRRI 71 SO /) & o L AN = Sl D
Daon, +BERE 2 1 A H/NE KBS A, 1L AK 15 0
oAy 58 . an e 4 Fis




34 [ . ]

R
4

Eird i 53 4

0 /4 /2 3n/4 T

P 3 AR Rl o LR A

2w5/+Aw,7
—p
2w5/

1
g
&
S
<

0 n/4 /2 3n/4 b

9n

B4 ug A i 5E A2 4

3 ARANIG T Tk

T S s i HOCH JR A by 9 S AR SR
FH S B4 22 56 /N A 45 X 45 5 R AT S [R) 4 98 B 49 4
D SE U — R A [F) JAl7 i A2 2 o AR R X i
673 SR U A S B 1 O AL L JREXE AL #EAT
ARG 0 o T G0 K 0 P 2% 0 3R T A B
J 0 b ol 45 R 2 o R R R 67 08 6T B A S
gyt JF X AT Hilbert 28 #5R HUAL 283 . REAE 52
PO i A B ORI T . TR 5 4 RS A R £ O i
VR AR 1A T 6 & 1A A3 B0 0 5 0k B4 P Rl 4 4
DU L AR L ] 6a [ A L AT 31 40 08 D . ol i O
T d R T AT LA B e 5 3 0 P b R 1 6D

il

i [F 5 7 0 41 ik D T —
(] KA, BRANR
H RIE, T
i I
7
* DAE gt i, A
,?é P CL LA G2 AD,)
5 KB,
}
- - PO ERNY By S
] LB, FEL 5 1 05414 Pl
il IR VIR IEAL), (A T 4
it REF,, N E
i f) 4 £
- ! I
Ti PAE R D ARER , AR i SKREf 481
J SR (B S AL AD,),
s KELB,, -
[

5 RN SR 7 vk AR 1A

http: // zkxb. xjtu. edu. cn

O 38 R i A B PR R R AR A S IR L 0 1o i

e e K5 U AT LA 2 B el

VIS KB
J7B/2

Zole N i Gl N
S A P Tt iR A B
! |
PP WEB R
SAf+Af X(i) B~B+Ab X()
! !
RN RN RS
A Sk U

i i KAL,
SRx RS E =,

iz KAL,
SRXSNLH BB, =B,

Cao A SE T B () ofo o502 1 2 A A 5 08
L6 A G o 0 R i

ARSCHR Hh RS AR DU T ik A BRI
FEL OIS AG T ORGSR R
TR AR BE By, SCHRL14 182 A 98 3~5 £ 4y
AEA AR & B 3xX B By =3 £, (fy Ay B R fiE A5
). B IIEE . ORI A B KRS
FREUE D, SR U AL i 2k, 75 B ok AL X
LA GBI F o AR5 L Fo R [ b AR Aby
Rty B AR AR XHF T I AT g A BE L A5 B AL A 5
Bl » 52BN HR 30 30 AT R S A 3 X4 i 7R
PRONES 1 IR A
FE2 G PO PR A TE . A A G
RELAAR R AL 8RN D AE 48 B d fE Al
i R AR B AT 22 YA i Ak B 5 22 4
OGP0 23 39 0 5 i e R % 5 vk s AT AR
ZEIAIE PTG 205 45 21 575 58 A Ot Bl el
BB, 5 2 WA G 2R A0 A Y 8 Al
Af:=Af/104F T8 R Ab, = Aby /10,55 2 IRH
S0 PR A8 AL AR AT AR I B0 A AT B E L A SE AL
WAGY B R Buo Fo » WO AT A0 R S AL 4R
F]3  BERHESR AR LD Fo bR,
B, 3l G0 A 5 1 AT 8 e b B 4R B R4 AE 3
o P e 2 2 AT S B R Y 12 T

4 iR R0 BAR S Bk

F4) 1 — 21 il A A B R AT AR S TP IR
2 700 Hz, SBEFRAEMCR £, A 100 Hz, ff EAKWR




KM 55 R A0 AR B A R B R 2 8T e 35

y() = x () +n() 1

() = p(0) * Dt —nT,) (15)

p(t) = acos2xnf,(t —1,))

K () NMEFEE S 50 () K & B Ty 53 5
R I A HSCRD ik o 3 5 p (o S R AR S O
A fro

K7 25 th Tl R A e 7 AR S B A
KA A F, =10 kHz, RAE G N=10", HKE 7
AL UL, LR T A Y BRAEAE 98 B, 297 700 Hz, $2 1K
B L 0 4 A B R RS R R e

JER DAYl
. PR o

0.0 0.1 02 03 04 05 0.6 0.7 0.8 09 1.0
t/s

()P IE

f/kHz
(b) Jii %
BTl s R T A S R A

VIR Tk 300 Hz(3f) . Aby 5 Af ¥k
50 Hz, [ 8 % 2 AR I 144 J5 15 2 1 49 #53
T £, th & 8 %1, 24t ASNE J7 ik 8 % (1 rh
D% F, =2.695 kHz, 4 58 B., =0. 63 kHz, [
9 Sy SR By X A B gy . W9 BT LUE Y 4R
3 0 B S TR v R A0 s AR B S 5 A A
1) 1) i i 0 A 5 B S e B AR — 3 B
AL T BT R Sl P R R AR S A R A

Infogram 773 R FI 5 %5 9 SE #F 17315 7 4 11
S HJE LN SE W3 0 VR ok A3 70005 09 0 18 45

EOOO ’./(2,695 kHz,0.86)
{30‘80’: N

*9070 1 L 1 1 1
0 2 3 4 5
F,/kHz
(a) [8 2 5 98
0.63 kHz,0.86
4q}_,g().()() — 2,0.86)
=085 N
£70.80
075 L L 1 1
0.3 0.6 0.9 1.2 1.5
B,,/kHz
(b [ %E H o 43 %

Kl 8 ASNE Jr vk i vh L0504 547 98 A 451 i 33 600 i £

http: // zkxb. xjtu. edu. cn

N

7]
7o :

O A T A 1
= b ot et
ALl A LI L (P
= 00 0.1 02 03 04 05 06 0.7 08 0.9 1.0

t/s
() P
202
+go.lF
EEEO'OO 1 2 3 4 5
f/kHz
(b) #i i
J010F  —0.1kHz
50'05[ L 0.2kHz
PP e R 0.3 kHz : : :
= 0.0 0.2 0.4 0.6 0.8 1.0 1.2
fkHz
()%

B9y EAR S B BeRR AR 42 B> i

FREVAE A BEAR R . 18 10 S SE B9 3% 7 oo
R M 8 A A 2R T AR AR R O B
B 52 B O B %k 0. 25 kHz, 45 58 R 0. 30 kHz, X
5 PRAR Y LR A A A Y S AR . TEMEFS T
5o AR R AL H SE BUIE U AL ER S
Rt R o Ay . O LA SRR ITL AL B
A R B I R B (55 v B T O AR L

2.5
s 0
& 20k o—(025KH22.01)
o \
M b
1.5 L - 0 | . Y |
0 1 2 3 4 5
F,/kHz
(a) [& 22 58
0.85
£ 80 (0.30kHz,0.78)
#10.75 — o
0.70 - L L 1 Il
0.30 0.34 0.38 0.42 0.46 0.50
B,,/kHz
(b) 5 0 iR

P10 SE By bS53 55315 98 047 1 15 60 4 Hh 2%

K11 25 T 240 10 RIER s B3 B/ Fo Al
B s KB ARG P 2 )5 90 R AH AR AN AE S BOH R

3.0
2~5’2.723\i
N L
o 20p 208 T 8 6 10 cen g
SE = :
= 0.64K B,
0] SR i bererrer———
23 4567 8910
0-5 1 1 I 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
718 7R I K

P11 R [RE B0 OO B Y b 3 Fo fIA 58 B




553 8

36 W% o M EE
G P 5 A5 321 B4 7 g A O AR BRI AT R B A . @142 s e,
1.0 /\
5 R AR SL 5[5 5 B Bos ) -
0.6 .
R B il 7R B AL S B0 B IR s R 5L IR R 0 G 9 j‘kHZ g 4
A SO R T e e — A5 AE B, P 12 Sy il R i B AR Co B 55
LS5 & L R RS 6307, R ML E M 1 496 r/min,
REEHR F, ol 15 360 Hz, RHSEC N S 6 192, 1.2 — (0715KHz 112)
1 Gyt T RO L0 R O 5% Siof - .
IE % e a . . . ;
a3t THE WR w7 bk 083 0.6 0.9 12 1.5
B,,/kHz

S :

Bl 12 R R SE 5

A 1 6307 %bAR¥TE 4F AR IR F
A1 P i g P i e TR Sh iR
Ij\]f@/ﬁﬁ HRAF A R FEAE A R HEAE A R
o f./Hz fi/Hz fv/Hz
24.93 76.73 122. 74 51.17

TR A B R R BN A5 5 B OO An 1 13 B
KB 2 000 Hz 247 I BLSL 4R M0 . ] ASNE J5 %
X AT 5 BEAT R 4 4 0 I b B, ) G Y R R
300 Hz,Ab, 5 Af) ¥R 50 Hz, S250 %5 5 &
14 7R o A5 BRS04 oG A5R 1 916. 25 Haz, 4 9

k715 Hz.

o 40
‘m 20

o
=
=
g
e
—_—
T
=
e
=
—
=
- —=
—
=
=
=
el
=
=
=
==

E 20
-40
E -60
=-80
0.00

0.15

N

M4 /m s :

fkHz
(b) Ji i
7 A R R R B A S B L g

Bl 13

P15 Ay e B R i 8 JB 3 6 9 0 T i B ) 8%

. B 15 P AT LA % A TR I
JEV I i o R AIE S T ARG v 000 B AR 4
PRI K, B g g B BT 76. 88 Hz K 2~
6 F5H, 1 oy Hz i AP BB AR £, B 16 45 T R

k

(b) [ % e 4 3

PR L4 K Bl A AT 98 A0 o B0 A 4 i 00 it £k

e

2 20
\E O’;‘y%«,wm,rw,{w4{,@)%;}»}:} ‘ ‘w)u
4
£
E 0.00 0.15 0,30 0.45
t/s
()T
2 2
=
g
= { vl ,
E 2 6
fIkHz
(b) $i 3
o
: ——————0.076 88 kHz
B2 [ [
ﬂ;_ oL Y plo Y L L '
E Qo 02 04 o6 03 10 12
f/kHz
(o) L4 3%
&l 15 ARl B R AT 42 B A3 1
i 50 i#41
1.0 0.8 1.0,
2.0
%_8 0.6 %Z%
5 b
i 0o 48
: o 0o 38
D 12345678 ; 6001234567 8
f/kHz f/kHz
(a) Al (b) Al
lu 71 Jiti
1.0 1 0
2.0
26
b
=120 H
46
50
56
6-001234567 8
f/kHz
()AL,
B 16  Infogram J7 4k BE Y Gl 7K A1 s 45

http: // zkxb. xjtu. edu. cn

0.6



5 8 1

37

KM 55 R A0 AR B A R B R 2 8T e

H Infogram J5 ik Xt Al — {5 5 24T AL BRI 25 5 . 3 4>
TR A3 0 2R B 0 OB AL SRS SO AL
HF- 238 57U AL,

Z W R, AL B E A R0 AR AT FE 43
2 160 Hz F1 240 Hz, %F %55 B k47 4> & 32 01, 15
FanE 17 prongs 5. BT i A e A
15 Hr R R, 1 LA 3 ) 4 45 i v I BB e B0 R
TEAT MY L ASAR . & 16t AL B AT, 8 19 Tt
SRR A 540 B R 1 680 Hz 1 480 Hz, XiF 1% 4 Bt
HEAT 43 B PR IR BN W 25 SRR 18 frR . Rl 18 1]
L B 35530 T v 5 0 R s AR AR AL U L (R
FORAT B8 FE A o A 25 33 v A 5 1) A1 Bl e B A 32 4
AL~ 3 A5A, L P A X 0 4 ORISR LORS AN

* \ l ’ 1
\; (;ﬁ (N ﬂl i j"\l \)‘1\\’4” ”'A ji )“ l\ ’r M {WW ‘% “MMW wmnw;
£ 10
E 0.00 0.]5 0.30 0. 45
t/s
(a) I
21RO
EO.S’: |
Eo0 L.
= 6
fkHz
(b) S i
Nv1l 0
. ‘4— 0.076 88 kHz
Eos ,
L‘E P ALE AT ) ) ) )
= 0.0 0.2 0.4 0.6 0.8 1.0 1.2
flkHz
(o) L4
K17 AR SE S04 $2 B0 45
2 10 |
\E 0 {“'I,V”‘W ’v{,m H*’\\h AN r ) ) I
Z-10
E-15 s -
0.00 0.15 0.30 0. 45
t/s
()
22
<
1o A N
E 6
fkHz
(b) i %
i .
. «——0.076 88 kHz
S0y
g 0 e r— . N N .
= 0.0 0.2 0.4 0.6 0.8 1.0 1.2
flkHz
(o) fL 45 1%

B 18 MBI SES. S 143 G0 $2 B 40 i

http: // zkxb. xjtu. edu. cn

2= .

AR TRV ST % 6307 il 7K Py L B 4R sl £

T3 03 H A0 20 b 7 oA el e B 4 20 1% 5 T e HOA
ﬂﬂl’&"l 19 frzs . 2R ASNE J5 ik (S 80 B A1 ED 1%
I A Rl o F O SR A 5E 50 S O 3. 661 875 kHz
50.94 kHz, W& 20 Fron. & 21 45 07 %R $2 K
(R RFAE 0 A L L2853 P R B R f, = 24. 38 Hz

50
p M WMWMJW il rﬂuiwﬁ{hnw i WWWWMMMWW
& -50
=190 015 0.30 0.45
t/s
() I
r.m )
g 1l: |
~ . |
fo Lok ol toini el ke i o oty
E o 2 4 6
fkHz
(b) 43 1%

F19 JhR P R R R 3l £ 5 B0O8 BT

g] = ST (3.661 875 kHz,1.45)
F 1.0 B
o . —
0.0 . . L ;
0 2 4 6 8
F,/kHz
(a) [ 5 ¥ 5
(0.94kHz,1.45)
= L5 77;7777+47/777 -
= 14 —
s 131
12 L 1 1
0.4 0.8 1.2 1.6
B,/kHz

(b) [ 5E o 45 %

P 20 PRI ot 8 R B 8 43 i 3 AR ot 2k

o

\(MW bbb ,-Lwhwwln A Mf{«rm Mnm» MJMWWMM

WA/ m *s
=N (3]
(=]
= _'T|

0
— 0 1 1
0.00 0.15 0.30 0.45
t/s
(D) W I
Tw
o "
fo et i)
E 9 6
f/kHz
(b) $i 3
- 1tk
)
|l f‘j/f}zf
g 1H
~ A 3
o ok Vf[x"! Wt ﬁ// ) ) )
= 0.0 0.2 0.4 0.6 0.8 1.0 1.2
f/kHz
(o) L4

P21 PR R AT 1 oy 2




38 W% o M

N

553 8

N

(RIS {H 24. 93 Hz) FIpN BB AR AE A R £ =121, 9
Hz(He(H 122. 74 Hz) . [REE 7 W & BL f 19
2.3 f5 0, Lh R B S i R S — 5
fit foo TRIFERH Infogram J7 vk b #4574 Py P8 i e
WG5S AR EN AN 22 FroR 45 5. X HH R A5 X35
HEATHR I WL 23 551 24 v (8] FB 43 4 4533 AS w2
P PIA AT 55 2B L ASNE J5 815 31 (45 55 35 5%

i il 47 0

2 : 1.2
— : !
L Ho.c
012345678 00
f/kHz

(b)Alg
i 4
5

1.
i |
1.0
0.5
I 0.0

012345678
f/kHz

(o) AI],’Z
Infogram Jy ¥k b B () il 7K P P i 3z 45 2

—
k
N B LIUININI—

SNONONONDO

k
QNN NE U —
ONONONONOO

0

0123456738
flkHz

(a) Al

(=YeX=leN=Y-N¥=Y-N=t=

k
AU BB L WIN —

[ 22

W 23 FroR i AL 48 BUR FRAE 4 5 o A 5 55
AW RSy P A g R R B S S R
fim, L i f 5 f MR 4 H 1 ASNE J7
BRI RS THREZM TR, h Al Al
AL R RRAE 2 B A 24 B HOU 3% b du
THEZMT IR, RS RiaE R, L4,
W] ASNE J7 i b A 230 i 2 il R 3R 30 5 5

50

E 0 MHWWWWWWM\fw»w:\m.wwww»ww«’mJwgﬂw}"rh»«a
o -50
=8
=-100 s s s
0.00 0.15 0.30 0.45
t/s
(D) PWIE
@2
<
|
gL sttt g b .
E 9 2 4 6
fkHz
(b) Sk
S f
A
S AR
E 1P | [
T TEFTN Y i bl ek a4l
f% 0 LAY hhyhd V‘-tv’r‘r‘~“‘.§wWsf*A:'m")s»,wﬂ‘J,»‘H\J‘«\Wrww\‘N‘wlw. Mo oy
= 0.0 0.2 0.4 0.6 0.8 1.0 1.2
fIkHz
(o) 4%
Bl 23 pyRETREE SE O 4 B 4 5

http: // zkxb. xjtu. edu. cn

50

! w
z 0 Avﬁwmmuwwvmw.wmlm.w-wwmmwm-w\w}'%
= 50
=-100 . . I
= 0.00 0.15 0.30 0.45
t/s
() LI
N.m )
o "
= T L e X
E 9 2 4 6
f/kHz
(b) Joiis
A
5 2f; -
J | // L3,
=1 [ | — i
2 W ikt o dadosd ‘
= WA A G ot uh).»M»M,q‘w\JM\W"nuwmxlvy'm‘vw'r\»‘\u‘u’u’wﬁw‘u’
= 00 02 0.4 0.6 0.8 1.0 1.2
fkHz
(o)t 2% 3%
24 PYRE MR SES. 23 0 £ B0 4

(1 T AT o i HOCEL 5 B Oy = 0 R R A £ S L T
TS5 I AR R A2
6 4

ASSCH G S AL, AR S U 256 16 A« 38 2 X
AL BRI FE AT 8 1 45 B A0 & SRR AR B
Z IR A BOBHEBR A L. R &S
250 /N e D B ) TG e e A i T O M S
AT T P 41 il B A S X IR Bl 4R 5 R A B i 4
B DL B d 3 15 09 PO R AR . %5
B 11 2 I 3t R S iy 7K 0 [ 0 3 X 07 94 9 Y
ARAT A A ) IR 2 AR o I X I R A 2 ik 3
A3 0 18 Xy BAF 5 ML g5 5 E 47 0 Hr . 7803
TEW] T AT R %07 86 B 3 BOSOCR L T Infogram
Tk S A 5y S IR S il R ) SRS W

AT, Ty SR b ot A L e R 2R Ak B Al
A B 15 5 v A7 1R B 1 i K b i L AT RE 23 5 W
R A0 3R A i BBORCSR + DA T 52 Wi il 7 i e 26 TR0 ) )
T+ AT 5 2 4R — > T A A+ ol AR 2 3 £ 00
7 A B T UGRE ST (8 4R wh ol ) T 40 ST LERAR
T Sy R 9 O AR AT 9 DT 32 B T Al
B FRS W

%

S 30k
[1] RANDALL R B. Detection and diagnosis of incipient

bearing failure in helicopter gearboxes [J]. Engineer-




%84l

KM 55 R A0 AR B A R B R 2 8T e 39

[3]

(4]

(5]

[6]

[7]

[8]

(9]

ing Failure Analysis, 2004, 11(2): 177-190.

ZHANG Yongxiang, RANDALL R B. Rolling ele-
ment bearing fault diagnosis based on the combination
of genetic algorithms and fast kurtogram [J]. Mechan-
ical Systems and Signal Processing, 2009, 23(5):
1509-1517.

TR, PRk, O, & BT PR kurtogram ik
B S IR A 18] 7 ¥k 7 R Bl Bl Rl IR R E 42 JBC b Y 10 ]
[JJ. #&sh5rhid, 2013, 32(1). 35-37.

WANG Hongchao, CHEN Jin, DONG Guangming, et
al. Application of resonance demodulation in rolling
bearing fault feature extraction based on fast computa-
tion of kurtogram [J]. Journal of Vibration and
Shock, 2013, 32(1). 35-37.

ANTONI J, RANDALL R B. The spectral kurtosis:
application to the vibratory surveillance and diagnostics
of rotating machines [J]. Mechanical Systems and Sig-
nal Processing, 2006, 20(2). 308-331.

ANTONI J. Fast computation of the kurtogram for the
detection of transient faults [J]. Mechanical Systems
and Signal Processing, 2007, 21(1). 108-124.

LIU Haiyang, HUANG Weiguo, WANG Shibin, et
al. Adaptive spectral kurtosis filtering based on Morlet
wavelet and its application for signal transients detec-
tion [J]. Signal Processing, 2014, 96(5): 118-124.
WANG Dong, TSE P W, TSUI K L. An enhanced
Kurtogram method for fault diagnosis of rolling ele-
ment bearings [J]. Mechanical Systems and Signal
Processing, 2013, 35(1/2): 176-199.

XU Yonggang, ZHANG Kun, MA Chaoyang., et al.
An improved empirical wavelet transform and its appli-
cations in rolling bearing fault diagnosis [J]. Applied
sciences, 2018, 8(12): 2352-2377.

SAWALHI N, RANDALL R B, ENDO H. The en-
hancement of fault detection and diagnosis in rolling el-
ement bearings using minimum entropy deconvolution
combined with spectral kurtosis [J]. Mechanical Sys-
tems and Signal Processing, 2007, 21(6): 2616-2633.

[10] TSE P W, WANG Dong. The design of a new sparso-

gram for fast bearing fault diagnosis: part 1 of the two
related manuscripts that have a joint title as “two auto-
matic vibration-based fault diagnostic methods using
the novel sparsity measurement: parts 1 and 2” [J].
Mechanical Systems and Signal Processing, 2013, 40
(2): 499-519.

[11] TSE P W, WANG Dong. The automatic selection of

an optimal wavelet filter and its enhancement by the

new sparsogram for bearing fault detection; part 2 of

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

http: // zkxb. xjtu. edu. cn

the two related manuscripts that have a joint title as
“two automatic vibration-based fault diagnostic meth-
ods using the novel sparsity measurement; parts 1 and
2” [J]. Mechanical Systems and Signal Processing.,
2013, 40(2): 520-544.

MOSHREFZADEH A, FASANA A. The autogram:
an effective approach for selecting the optimal demodu-
lation band in rolling element bearings diagnosis [J].
Mechanical Systems and Signal Processing, 2018,
105 294-318.

BARSZCZ T, JABLOUSKI A. A novel method for the
optimal band selection for vibration signal demodula-
tion and comparison with the Kurtogram [J]. Mechan-
ical Systems and Signal Processing, 2011, 25(1); 431-
451.

H¥E, TWar, 8, 4. JET Infogram 1% 3L 4 fif
PH 5 R AE VR Sl R R R AR SR B b iy R (0. dRBh
b, 2018, 37(12): 29-34.

XIA Junzhong, YU Mingqi, HUANG Cai, et al. Ap-
plication of resonance demodulation in rolling bearing
fault feature extraction based on Infogram [J]. Journal
of Vibration and Shock, 2018, 37(12). 29-34.
ANTONTI J. The infogram: Entropic evidence of the
signature of repetitive transients [J]. Mechanical Sys-
tems and Signal Processing, 2016, 74. 73-94.
MRAZE, MBI, B TORLDRE A 515 B IR 58
#WIRAE BA TSRz 1], ka5, 2012,
31(22) . 24-28.

CHEN Li’an, XIAO Mingqing, ZHAO Xin. Fault di-
agnosis under condition of incomplete test information
based on rough set and information entropy [J]. Jour-
nal of Vibration and Shock. 2012, 31(22). 24-28.
GILLES J. Empirical wavelet transform [J]. IEEE
Transactions on Signal Processing, 2013, 61(16):
3999-4010.

XU Yonggang, TIAN Weikang, ZHANG Kun, et al.
Application of an enhanced fast kurtogram based on
empirical wavelet transform for bearing fault diagnosis
[J]. Measurement Science and Technology., 2019, 30
(3): 035001.

AR, KW, WA, & BT EE/NEES L
WK R W R g L], AR A R4, 2014, 35
(11). 2423-2432.

LI Zhinong, ZHU Ming, CHU Fulei, et al. Mechani-
cal fault diagnosis method based on empirical wavelet
transform [J]. Chinese Journal of Scientific Instru-

ment, 2014, 35(11). 2423-2432.
CHEE55 128 O




