o5 34 %45 5 1)
2021 4E 10 J

® z T & F #

Journal of Vibration Engineering

6 48 0 X 93 T 5 0 A P 0 W B
&= B, Minir’

(1. R B ARG KWL TR B, Kt 3002225 2. A 58 KA TR % 5, Wt A %)E 050043)

$78 FE 2 RH G Ay i 3Tl e 0T MR P A 3 — A A v A R SR v B0 R RN A e 20 R RS TR A R A2 T )
F T — il B AR OGO AU () 0 A8 SRS B 5 i o 25 25 R T i 3 AL PR BRI AR 58 42 Cholesky 3 il 5% 31
SR S AR DG, SR 5 TR TSR AH DG Y U0, AR R AR B XU R A U A RS O . B 3 R 58 42 Cholesky 43 i 5
HET AR S BRI A AR KRR AR T i, 58 10 1 I A8 e Ri ik, 0 LB i 13880 o 3o 7 0ROk A 45

Vol. 34 No. 5
Oct. 2021

AR B A5 5 40 2 SR TR WD < R SR MR 2 e A% 9 XS RIS T A AL, T T R K RIS 43 B 14 47 A e e
W TR RETE SRR A T P S b R IR K o O R A R A R e e, G R G T A 5 UL R )N R 7 45 B

T, Ry — A 2 1 R IR 3

KR WIS W N5 (5T HE FHOCR  XGE
hE4ZS: TH165 .3; TH132.41; TN911.72
DOI:10.16385/j.cnki.issn.1004-4523.2021.05.022

5l

i

WA SR ML AL 8 b i B R T2 —,
A A8 A {8 HROIR 2502 PRAIE DU A% 3 1E W 12 17 A9 B 2
2R, AL B TR S 5 2 R e RS IR — ATz
W AR, M0k 5 Hh B T S T P AR A
W SRR I AR B0 15 5™ A2 2 A% Y i 6 AR 329
MR A A AL AR w5 5 R AL, W HL A
PR B R T SR A A R R i 9 T8, X
PR T W e s s W o xERE . IR3h (55 AL
P AR W R AR S TE 5 B R R ITk
QAR OGO BT D 33 A3 T AR PR RE 28R, SE AR
TR m B g R S A BT G )
Fr R BB G PR RGP A A A )
TEARRAE AR {5 5 AL By A E R, B
2 N0 T4 RS R R AR SRR RO T R AR RICR o KB
D S RS T IR AR I B TR S A S UL A
KR TR AE , T F ] BP i 25 16 268 ) D05 1 %6 1
F T BB S MRS S AT T R K
SRR e S U (F T R | Py
AR e, 31 HR T 3 T UL I 1Y 147 5 S0 R R A
Wy AR ARG R I T BRESR I R A4
U R 23 figt 7 1 MOBLRE 73 B RO 14 e S bl e, 2
IR R P BRI A BT FORS B AR S BT X% 4
FEIE R O AT T O AR R ) A R 2 I

% B #3: 2020-03-14; 1&1T B #3: 2020-04-18

XRKFRERD: A

XEHS: 1004-4523(2021)05-1076-09

W e B PR Bl A5 5 22 R I 1 55 oo A AR 2 0
il B 4, BA U R AR AR AR AR R A
MG 23 B 5 5 A ) TR B R sE 2
il v i e RS (R XS AR m i 2R MRS R TR N ) LSS R
FETE AR i 30y M 75 2 X XU 1 T4 . PR AR SR AR
W s ST B TR 480U Y 1A s AR AR B
D7 M DL FRAR AR o A DGR 2 Ak BRI i 40 M S
B4 07, B AR IR AE G 5 SR 55 980
W3R T ) Akt R ZE A A5 Dy T A 3 8 A E
UM T RAFROCRT o A A S 12 7 3 1 4k
YR B 28 8 T, HAE B H 3 28 i 12 OB 651 5k )
FHIE AR R o A SCEE X A8 8 XU wE LA 504k 3 R
e S M R A A ) A, 25 R R DG R R )
SR T 3T A SR R OB 1 1 S R I W T T
TR 2R R R TR eR ECRD AN 52 4 Cholesky 43
i S TE SRR 5 A AR DG L SRS BT SRR DG i 3L
T Rl A DG B U R AE TR e R 9 R O
LA 5 F0 UG 8 B S A5 5 IR 1A% A AL
Fnr &k

1 EfEig

1.1 HXE

2006 4, 3¢ [ ffl 2 HL 3k K 22 Principe 24 0 52
B, 7 55 F) 5 A A R B B 2~ (IDL) J7

HEE&WB: BHFEHRPFE4RIWH (51375319) ;464 H A RH= 2 4% 8w H (E2013421005)



o5 5 B

W, 55« AT S0 R RS 40 BT 045 56 T 12 W A 5 1077

HR AL L, B R T A =4 (Correntropy ) BY
M
X AEEMABEILZ R 2,y ) L BT E A
SR (7 SCAH G BRI AT 28 Loy
Vi(x,y)=E[«,(x—y)] (1)
A k() TR E Mercer 514 1B R AL, 0 h #%
PRI K E NI T
X F SR T 2 (1)€ RIS [ AH 5 0] 7 SCh
Vit,o)=E{x,[x(t)—x(t+7)]} (2)
e, (- )38 KR FH v BT A% pR AR, AR GR =0
k[ x(t),x(t+7)])=

1 wpf“ﬂﬂ*xu+rm2 )
Vor o 20°

b || R R T

% T — 4K S N AR [ ()] A
SR (LA 5 6 8L, GRS K8 ) 9 T i £ 3
V,”(m) — ]\/v}?mfz\;lk‘g[l”(l’)r(i 777)] (4)

K m I IE PR B, m=0,1,2, -, N — 1,

2 (4) 2 AH DG B 9 2 T8 i Ak 11, PR R il K (3)
TR I R T A% bR BUR: IE S 1Y Mercer 2 pREL, I R
2 (4) R W AH A & — > 1E 58 1Y X PR R

E A R () TSR Viom), T B
R e, x(i)—2(—m) J(LLUT 5 B
M k) 1 50 B e S — A N XN B2 TE 8 6 FR A 1
N REE AR B e AN O3B AL, i B S
A EHLNAFAR K o Bt A SR AN 58 42 Cho-
lesky 43 fi# (Incomplete Cholesky Decomposition,
ICD) 5k 305 5 RO R 200

1.2 AR5 £ Cholesky 7 fi#

HE 4l 4 B Cholesky 43 i BRI , AEA1T N X N Y iE

FE XS R, 24 0] Ry
k=LL" (5)
A LE—ANXNBTF =M,

TE 52 B Ec e A 3 eb | 2 A% 56 B e R AR AR [
AR W e v A —A N X d(d << N)W T =5
W L83, B

HK—ZZT||<E (6)

X e B — TR/ B B[] | R A E A B

3 (6) B 4 H [ e 189 A 58 4 Cholesky 43 o 24
d << N} B R RN B A8 2 BR R B, w] L
AR bR A% B o (TG 03, BRI R (6) 318
i R A B L, R 0 5%

Bk [20], Hoas [\ & 24 O(Nd), i i) 52 2% Py
O(Nd*), I, 24 d® < N}, F] ] R 5¢ 4> Cholesky
O3 SRURH S o DR R e T B, R B AL
WA S &

1.3 ETFTHP—eEENERKEREE

TEF =R L b L4 5] 1 p, 3558 1 e 1Y
R AEAEL R /INBE P HE 51 o Dl it — 20 A R0 9 52 2%
Vi, 50 5% I8 P B2 0, 5 DA e i R R A, AR S i 1
— AL e Ty kB — B HIBRIT AR B R . N =R
W T 50 i 42k, 19 99— Ak B ik T R

S|
i(ibﬁ)

BE B AP =MD RN E, <A
(950, 3RE R = S B L 90 BOW 4080 o — 2
AR 7RO TUARE TR 4R T 8, 5 T 14 Fe ik e
FFAE

E, = (7)

1.4 MGt

B { x(n) ) RF Y EN R R, =R
ERER,, (1, )T RRN

R.(t,0)=E[x(n)x(n+r)x(n+1,)] (8)

MAE 5 {x(n) ) B XLE 7] Ro8 R = B &
R, (7, ) WA HL A2 46 JD

+oo +oo
Bl'.l'(wl’ wZ): Z 2 RJ'I(TI’ TZ)eij(wlrrszrZ) (9)
7, =—0o —oo

Xd o HEBE, Ho|<r.
‘U2’ <

M) ] LA H XU S A8 it o, Bl w, 1Y PREL

R B35 1 PR T, A P AR B AL B { () ) R0
{y(n)ygeit A sr , WIBEAL L R {2 (n) - { y(n) } 1Y
XE R B, (w1, w.)+ B, (0, w,). F I, HREE 5
B R LA 2440 4 145 e il e 4 20 15 5 v i) e B0 I
A RS VT R A R LR U A e G A A R B LR
U A A v T A o

UG AR 1A B2 vk R0 ) 29 P A, A SR A
P RAR S I RGE

w, <n,‘w1+

2 BT KU R XUE 4 4 0 i 2 E R
L5 R

ORI (2) M (6) T BAG S IERE o A SE
4> Cholesky 47t , sk N =M E L ;



1078

& @ L

R st

QMR ()8 F = R T 19BN
QMR (5) T E A% K B s

@R () H I E S A VI (m )

ORI R (8) (9 T3 AR A4 V7 (m ) IR 5
(O RR 412 LT3 110 5 1 45 0 31 04 2 i

3 (hE®IE

A THT A53 e S 7 A 2L 0 147 5 ) LR e
Wi 3 T A e 1 7 A I R A B G S R 3l L Bl 2
Az AR A I A R ) B S 5 I sl 4 A ) A
SIS 5 FC ) 2T A R 3 R AR Y
AR DL, A A RS T R LA R R B G 5 0 R
BT 19 2 5 45 5 D BIF 08 R, AR 0 1A 8 R o 30 el
A2 A A 0, SR I A8 RO M HROIR 2 o LR B0 15 5
U PN

x(t)= ZWJX,,,[1+a,,,(Z)]-

sin [ 2emf,,t + ¢, + 0,,(1)] (10)
Kb 7, R RIS m B WG 5 0% 5 ¢, 5 m B W
G AR P I3 WAL 5 @, (0) 25 m B W 5 433
TR 3 ) R R ) o £

A AL RV 5 K D R S R Y 5
v 8 9 AL 5 e, P R R0 4 R KR4 585 0 B 0 014
RIARAL 5 £, 0 Vo e b O B Sh R o b, (1) S 565 m B W

HAFL

AR A 23 B Rl R ke 1A A 0 SR 5 5 1R A
BN VR 8 [ Jr T 3 X 3 A0 30 R A A ) 98
N C R RN e TR S SN 1) B i ioB )
W o — BN OU R A AR R A A B 1A R ) el A
VA i B 73 v BT o Y L R

B WG A 5 A B I 9 A A Dl B — 8 i Ot
VR W AR A 1 52 R S S, D B L iR g3
B, A A 2 CLO )AL ALL AT 58 G 45 431 5 B T i A2 3 A5 5
BB S A U R 1B AR R R Ay il A
L2, 34, KX (10) itk A

a2, (0)=[1+ a(¢)]Jcos(2xnf,t) (13)

a(t)=cos(2xnf.t)+ 0.8cos(4nf.t)+
0.6cos(6mf,1) (14)

2o (t)=x, (1) + n (1)+ n, (1) (15)

K ny () R EIGE GRS s, () Ry ok i I 75
B f, = 20 Hz, f,, = 300 Hz, {5 5 R Ak 5 50 n = 2048,
155 RAEHIA £, = 2048 Hz, 1L iZ B 5 07 25 5,
B UE AR O A R

Pl 1Ca) FIE 1(b) 43 51 R 45 BAT 5 2, (¢ ) R B
IR FFT, ol LLE Wi & 2455 2, () 76550 50 N
SR 6 Wh A AR S, T B R L TN ) 6] B
g DR

0 02 04 06 08 10

tls
(a) WA
(a) Time domain plot
2.0
< 15r
£ 10
= 05
Ll .
0 200 400 600 800 1000
f/Hz
(b) KA

(b) Frequency domain plot
Bl (R 55 (O)KRILFFT
Fig.1 Simulative signal x, (#)and its FET

Bl 2 5 BAE 5 2, () e (o= 3) 1 8L
AP 2 w4 XA Y- TP T DA S R B AE S = £,
fr=Ff AR fo=—fi £, % 6 R ELR AL G4 [
L8V 56 WG 5 AR o, I B A A L SO 4 1) B
R AR £, AT R T IR A L I 3 4

Correntropy based bi-spectrum: o =3

800 —0.9
L= _
600 +\ f=t 0.8
L=t
400F . popl 10.7
200} . ' 10.6
N ] \ &
2 ot 0.5
g L=t
200F  f=-F, 0.4
-400} N 0.3
-600} 0.2
_800 1 1 1 L L 1 1 0.1
800-600-400—200 0 200 400 600 800
f/Hz

B2 P5FAE T 20 () A 5005 9 XL
Fig.2 Correntropy based bi-spectrum of signal x, (#)



W, S5+ R SR 90 0 XU 20 B 147 48k 312 Wi F 1079

555 %
Correntropy based bi-spectrum: o =3
360 - p):' - P - - 0.9
0.8
340
0.7
320
0.6
N
= 300 105
E E : 5 : 0.4
D0 ks ¢ e %o s O Y TEREE TEE I
E : : E E 103
260k - - e e FORRRE P
: : ; : ; 410.2
240 R SR S S 0.1
=360 -340 -320 -300 -280 -260 -240

fi/Hz
B3 5 EAR S 2y (2)FH I B9 80 (iR iR
Fig.3 Correntropy based bi-spectrum of signal &, (#)

(zoomed)

T AE (—f,, f) BEE B R R B N 3 R LU E
e B (—f, S vt o A G 5l LB L2 B il
AT 3 RO R AE e B T U B A R AR AL, 5 e
ST —2

FEAT HAR 5 20 (¢) oin A (A = B e S
ny (1), 15 Wt SNR = —10 dB, Z J& F-FE AL A
JUASTRAE A [R] B Bk b A5 5, ARSTARLIE o 307 fok e e 7
&l 4Ca) FHIE A(b) 43 5 R 5 BAT 5 2, (¢ ) B0 B S50 B
MFFT, T BAGS 2. (0) 58 P om s Wi,
LM E 4(a) B 58 2B A S5 IR E A8 L L, A
P 4(b) A B U U 5 0 w6 01 3 S L3 i

50
o
g 0
S
S92 04 06 08 1.0
tls
(a) A3

(a) Time domain plot

0 200 400 600 800 1000
f/Hz

(b) B
(b) Frequency domain plot

K4 EAFES 2, () LFHFFT
Fig.4 Simulative signal x,(7)and its FFT

MG 25 AL B0 BAR 5 A OC
W (0 = 3) BHXGE o 05 HAR S 2, () YA S5 14

57, BN S 0T LA H AH A 14 B 3 0 T 2 B0 H
VR ) A AR AE L 4 Ca) v 28 4 ik v e 7 2k
SE AN AH SR AR TS T R R . D
BT 5 2o () AH G KH B 8L an &1 6 Fn &L 7 s, DA
6 F11 7 AT LA Hh 7 5 ey H07 R 7 R g T MR 7 A 52 )
T, BT A DG B RURE AT 4R B A% TR A 1 R A
i, T 2 r (v 0 HR AR i 0 AR R 6 v Y LR )
M= o= U fo=—fi £ [, 55 6 5N
T 248 T ) 2 A S LR A AT Y BT RT DL  AE X 6 4%
BT £ N ] 8 1A e G 0, TR R 0 A R
2, AT T 2 0 1D B R B AR 0 B 0 . R 8 4
TAHE(—f,, ) BT 14 J 30 80K &L, DAL 8 T L 3 i
B S0 o0 A B AR 1Y (2 B
b2 A IR = o i R A S a1 'S
5 1) LTS AT SR e VA A 2 JBC U 8 10 3 B R AT

SRy i R DG 114 B M BE T R AH G XL S A%
G WL L T /0N I (L A e LR AT X L o 19
L1025 T R B4 2 5 005 A 5 2o, (2) R

Centered correntropy: o =3

0.10
0.08
0.06
0.04
0.02 -
0
-0.02
-0.04
-0.06
-0.08 -
-0.10

Correntropy

0 01 02 03 04 05
/s

K5 5 EAR S 2, () AT

Fig.5 Correntropy of simulative signal @, ()

Correntropy based bi-spectrum: o =3, SNR =-10

800 0.9
600 0.8
400 0.7
200 0.6
N
T 9 0.5
g
-200 0.4
-400 103
-600 102
800l 1w 0.1
£800-600-400—200 0 200 400 600 800

fi/Hz
K6 D7 FAG T 2o () SN0 9 XL
Fig. 6 Correntropy based bi-spectrum of signal x, (#)



1080 W oz T B % W o34 B

G i" W'ﬁ “ g

1000

L 00 .
21000 ~1000 g\\“\

K7 P55 2o (0 ) AR S0 (9 XL
Fig. 7 Correntropy based bi-spectrum of signal &, (#)

10 7 BAF S . (o) BRGE

Fig. 10 Bi-spectrum of simulative signal x,(7)

0.9
Correntropy based bi-spectrum: o =3, SNR =-10
60 - - - - 0.9 0.8
0.8 0.7
340
0.7 0.6
320
0.6 0.5
N
T 300k 0.5 0.4
w8
§ 5 0.4 0.3
0.3 0.2
260 . : e
0.2 800 2 : * E
-800 600 400 200 0 200 400 600 800
Mol —i i i 0.1 S/ He
-360 -340 -320 -300 -280 -260 -240 BT (7SS 2, (1) /0N 0 e e A

f,/Hz
E8 M EAFS x, (¢ ) FH A A B (R EBiR)

Fig.8 Correntropy based bi-spectrum of signal x,(7)
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Correntropy based bi-spectrum in gear fault diagnosis

LI Hui', HAO Rujiang®
(1.School of Mechanical Engineering, Tianjin University of Technology and Education, Tianjin 300222, China;
2.School of Mechanical Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China)

Abstract: Correntropy is an effective method to deal with Gaussian and non-Gaussian noise. Aiming at the problem of gear fault di-
agnosis under the interference of strong Gaussian noise and non-Gaussian noise, a gear fault diagnosis method based on correntropy
and bi~spectrum is put forward. Gaussian kernel function and incomplete Cholesky decomposition algorithm are used to calculate
the correntropy of the vibration signal, the bi-spectrum of the correntropy is calculated, and the gear fault is identified according to
the bi-spectrum characteristics of the correntropy. The incomplete Cholesky decomposition based correntropy algorithm not only
greatly reduces the amount of data, highlights the fault characteristics of the gear, but also improves the calculation efficiency. The
results of simulation and vibration signal analysis of gear wear fault show that the strong background noise will cause the failure of
the traditional bi-spectrum fault diagnosis method, while the gear fault diagnosis method based on correntropy and bi-spectrum anal-
ysis can extract the fault features of gear in the background of strong noise interference, accurately identify gear fault, and its perfor-
mance is better than that of traditional bi-spectrum and wavelet transform domain bi-spectrum, which is an effective method for

gear fault diagnosis.
Key words: fault diagnosis; gear; signal processing; correntropy; bi-spectrum
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