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Abstract: Aiming at the problem that bearing composite fault features are difficult to be separated and extracted under strong background
noise, a new compound faults diagnosis method is proposed in this paper based on fast independent component analysis ( FastICA) ,
beetle antennae search algorithm ( BAS) and maximum correlated kurtosis deconvolution ( MCKD). Firstly, FastICA method is
introduced for blind separation of rolling bearing multi-channel fault signals. Secondly, the deconvolution period T, filter length L and
shift number M of the deconvolution algorithm for MCKD are simultaneously optimized by using BAS. Then an adaptive analysis method
based on BAS-MCKD for vibration signal of rolling bearing is constructed to achieve noise reduction and feature enhancement of separated
signals. Finally, the Hilbert demodulation method is used to analyze the envelope spectrum of the signal processed by MCKD to realize
the identification of different types of rolling bearing faults. The analysis results of simulation and measured signals show that the
proposed method can clearly extract the single fault characteristic frequency from the composite fault signal, which provides an effective
solution for the complex fault characteristic extraction of rolling bearing.

Keywords : compound fault; blind source separation; beetle antennae search algorithm; maximum correlated kurtosis deconvolution

Wik H 1#1.2020-12-04 Received Date ; 2020-12-04
* FEATH . FE R A RRHEEES (51765002,61663017) = F A RHE T RHL I H (2019FD042) ¥ 1)



- 108 - LSRR R e o

LURRE

0 35

il

VR Bl AR A Ry e S BB B 78 TP i S B 2 — |
IBATIRAS B HE R 0 2 AN 5 00 TAEMERE ) i ELh
TR TAEPRREAR I 5 4%, b 70 R0 300 DX 3l g P — i s 25 P
PR Ry 22 N a2 (CBRRE AR ) . SR
— AR LA, BB A R R 2 A B AR BRI 4
SO ol A A AR AR AR T R 2 L DA A
KAHEIN T BB REAE 2 B a2 Wi e, Rk, &2
BB RRIE A9 43 B RN P AR Sl R S a2 W b A S A
FEMME

HT, 5T 5 IR0 B B i 2 Wy ik & g e 2
B EZW R AR —, BIRSE JTIL R
i 2 SRR SR T, AN S X A% SR AR IR A L)
fH5 #AT A LR AT 14 25 5 A IS S5 Ik, |
VR TR Z 3N T )2 e, Ay A i it 2 545
AR SRR | SR 5 I FH 249 SR ST 8 53 43 AT O k58
BT 5 e AR 2 A SRR R SO IR B, AR Rl
G T AR B S R S R R R, S T AR R
SRR A AT R B RSB, SRV A R R
PEAA B U5 53 B8 1 e AR 2 B i B A5 B e o B
fie WSS T AR TS B U85y 85 077 (B Tk
BIFT 32 AR B AR S DALV | T S5 M T RN 2 B
MM A XA SRR R Z B m R4 B IR 5
b PR AR5 B — B ARAE I A B S | 23 5 ) i s A
FRTHEPE DR, I T X 4 B A SR R AT A 3 DI B
HF T3 AT P B — B B ARE A

I K AH FEUE B % 48 FH ( maximum correlated kurtosis
deconvolution, MCKD ) 53 7% 18 1 it 45 FH 32 55 HE 98 T8 bR i€
EENUAIR SIS 5 h 0 T4 TR 28 R A5 55 rh s p i
Ay AERUES W AR 2] T T B R
FIFH MCKD F35 58 A5 5 v 0 i s o s 1l 93 9 o e, 442
T S S IERR L, B TR S TR A
AR LA 3 3 i B o] 8L, R MCKD X5 5 i 17 B
eI IR BNE 5 Ho0 8 ARy, SEE T R R
BB W, TR O -k B A RS R
Jeil it MCKD X555 5 M I 42 BUbK vb 5 0 4, SR 5
KRN BAR 5 BT A G A R 20 B, S 30 04 %8 A 7
BB A MBS W, FrmkA % e FH MCKD KRR 5
FR RS BT, 2R )5 FI F Teager fit 25 F SR A S 5 Bk
Avpd, SCHRRE GRS, (H MCKD 5.3 b g )k
K L RN T AR5 M R L O R B
FIEMERERIE S, Lk ik A MCKD B #5 2AR 4 22 56
RIERSEL, W, 1P 222 E5 5 AS BT i A 38
Mo E MCKD F AR 5C 2 88, o 107 i3 MCKD Skt fE

s S A FHHES R AL 4635 5 43 93] % MCKD vh
FIDEN K BE L A sh s A T, Liu 25 R FH R s A
AR SEL T F LI 1 T 240 T e G L (H 2 D
TR R MO A ORI R R, T
SEU RN T AR S N BT B4 L ML {H
TR 7% B R A BRI T 0 B X 1S3 25 R 1 5
W, FIRIEAE—E AR AR T MCKD Jr ik PR,
{EBERE R E MCKD 9 3 S50, ok HER S 500 iy
EHAEHIX A EPERE M, T sk MCKD 72 4L
PR RN, 7845 ) FH K 45700 ( beetle antennae search,
BAS) FvE 42 JR 18 2 B8 Ty 5 PRAT TR7 B 48 AR PRS2 v 1Y
PR X MCKD =S40 AT AP A 38 1 310, 3k15
MCKD # BRI S EEH G

gi b, A SR G D S B A3 43 AT 7 B (fast
independent component analysis, FastiCA ) , BAS #1 MCKD
FH S $E T — B FastICA-BAS-MCKD (7% 2 il
RIS B R AR S HOT 15, 4% FastICA A Hi AL 2207
2, JIAL BRI 3 1 SRS LASRRORR S i B2 A 07
LR AL 38 0 R AR ARV A 3 LB R AR ] BAS B3 X
MCKD f#& A T IE P 4 KB L AR 0 8 M k4T
P A E T BAS-MCKD J7 5 X 43 25 47 5 5 M 0 RR A1E 34
SR I FHRADM SR B R R £ SR Y S R £
PR, i 5 AR SE T A L (1) FastiICA-MCKD
T3 R LR T R B OE AL 3 NS BN LB, 5 AR
H FastICA (1) BAS-MCKD 75 2 % L4 75 A FastICA
TR EEE

1 E-F BAS B9 MCKD 7%

1.1 MCKD i#ig

MCKD AR A2 3 #8 — A~ FIR 38 0% 2%, il 1 15 8
iR o, I A5 5y, DTS B0 i e 1 2€
Wb s B B R B

Y = ;.kau—lf-v-l (1)
Kow, HEIALGS 5y, WSS f S UB R 1 R 8L
L AUE AR B AL,

MCKD DIAHIGUE BE CK,, 15 RV i 45 FRAICR 1Y 48
b, IR HAE AR g e 2 SR i BAR AL, XRS5 y,,
AHOGIN BE 5 =X (2) iR,

N

> (Hy) 2

CK,(T) ="——"— (2)
( Y v
M ORBREG T, =1/ T WEES RS WIREE(f, N
TREIAR T IR

¢

¥

g



5 8 3]

FETF FastICA-BAS-MCKD 7R Bl R &2 A i AR E 2 55U vk - 109 -

MCKD 583 ) die 2 A2 M) g A AL HH T Wl o
kb5, i Ak B H R R Bk fe R AR AR OG0 fn 5K
(3) P,

z (Hyn—mT\) :
MCK,(T,) Zmax_/‘% (3)
(Xr)
AT AEACUEEE CK,, B3 K8, T 28 2 X (4)
d
dfkaKM(T)—O k=1,2--,L (4)
19308 I 28 R B I ARk A
lyll : PR
= (X, X, X a, 5
TR YRR IR )

1.2 BAS EEMERFEE

HREBFNBEIEM L, BAS V5 —Fh A &% H fa g
BT 2%, AR — R4, EATR L2 T H
br R GERE BIARIESC, L, BAS FHL BT H5 1K
B S T ST TR,

BAS Bk ik KA AMARTE AT A7 25 6] th O I B8
KFHER A, BOEAERTE D 425 [ i 7 & R

X=(X,,X,, X)) IR PIAAE X, FX, 7T
e SR
X, =X +d, b
_ (6)
X, =X-d, b

iW%%%%¢%ﬁZE%E%J=T%%%%%T%
FHAIL BT[] i, 3 K2R T i s ) o B B AL 1)

RAEARTE 23 R W T3 20 A 20 B0 o7 B 1) 3
R, MR A B PR B ) R/ NI T o B, - [ o 1o 3
B E T M, MR X, IR (7) BRI AL 3
BT —E

X =X, +8 %b#sign(F, - F) (7)
b FoRBEEIEH RS F Rs X HE N E M, 6 J2i8
R, DL 0. 95 10 Ak 3 Bt 1 A YR BR AR M 0, sign ()
BTSRRI E RET =B TN, HAN
R 3038 7 B R, A5 pR A 1, KA AE b IIETT
M ELIERK § Bah; iz, Wm b W5 e 8 3l 8
PA7R N
1.3 E-F BAS BitA) MCKD

5] A BAS R BifE W2 MCKD 28 T.L f1 M &Y
LA A, $2 /5 MCKD 5503 19 o 1 15 i n] 5 0 AR 40
MCKD HEits, MCK A F /N o] LAAE B 3 b PEAN 3 #r i
FRZE LAY JE0 PE s MCK BB, 78 1 8 i A A5 5 0 34
2 IR B A E R (3) BRI
{5838, 7 6.4 B ( square envelope spectrum entropy,

SESE) A] LAPEAN 45 38 i 4 30 7R3, SESE 8], Ji 3
PESLRRRAE AR 2, (5 M bl O dn =X (8) B
o BIE, 8 T ORIEZ 5 18 IR 3015 5 v B BOA R0
SAE, R MCK 1 SESE #4 BU) 52 G S FERENEFE R Rem
MR T T 12 B 38 O B e A R O ik n st (9)
Fi7s .

SESE =- iPFZ(i)lgPFZ(i) (8)
K. PFZ (i) =7MF—ZU) , F_z(0) MES y(n) WF T
ZF_z(i)
FULRGE hz N F_z(i) BB,
Rem = SESE x| 1gMCK | (9)

W RS Y B MCK< 1, A, %5 MCKD 75
RS BCRRAER , W ff6 BRE 5 S5 W1 0 S 1) Pk o
i B, BRI &, L Rem {E A% /)N, JE 30 b o R
R PR U 3 (R e N A B S L2 SR AR

454 BAS \MCKD HJF LK Rem [ E X, BAS-MCKD
PSRN 1 R, BRSSP TR

1) W1tR1k BAS H S HL, I 0 5 A A A2 o 938 L
JE R

2) FERLA G —4[ T\ L M VER R A FFTEBOE G
FEl N BB 38 AR A I 204K

3) MG K AR 14 57 B XHE 5 8 MCKD 42 55, AR 405 =X
(8) THIA R A 22 47 WA 20 119 38 o7 J3E AL, AR 08385 17 5 L 17 K
ANEEHE T L M M

4) PR T A 3 7 A R RS B8 A A Ry A A

5) R (7) B R A &K

6) TEIEAR, H RO o R e 8, i i /N
VAR RS A N N A

PR ESH

MCKD

v
BT | stssese |
[ I

BB B BRI R

WSS
B KA SRR

Fig. 1 Flowchart of Beetle antennae search



- 110 - LSRR R e o

2  FastICA-BAS-MCKD £ & =45 fF IR B
ik

T FastICA-BAS-MCKD F4 78 sl 7R & A il B ik
BRBOT AR IIE 2 FiR 45 6 N EEAL T,

1) X 5 A R A 5 2 Y (B AN A AL B AR A 55 i)
BIAHDCPE SR 5, 0 ] FastiCA 5 1 %o 2 4 Wi % HE 4T 43
B PREUE 2

2) MRAEVR SR 32 1T 2 BOR Sl R 1 e R A 9
HEAR NS THBUL, T, =f/f Hrh £ JRFERR,
S AR 2 PR S R R AR 5 B TR 2 (R
MZES WE THEEN[0.8T,,1.2T, ], L K5 HE N
[2.57,,37,],M WFEREINIE2,7]"

3) WAk BAS IS H, AR SO iR KRB AR IR B E
20,7 L M W8 R MR LTE 2) 585

4) PiAT BAS SLTHE, 38 i A 18 R B A 0 500 %ot A
A PR R A R R R S BB T, LM

5) Kt BB A4 I E MCKD | 43 55 %6 46 A5
S HEFT MCKD i 35 FRAL B, W58 {5 S 41, 3046 Mk 75 1Y)
S, HE RO A A P — SRS

6) Bl AZ/RAAAETE MCKD Ab 3G 15 5 0 45 1%
DU i 2 2 335 = L0 A1 5 il 7 0 R A A1 23R, o i iz PR e e
KRR W,

gg > féﬂf > FastICA > hl/?éIED >

SR
i)

FWr
fRRAY

2 FastICA-BAS-MCKD i fi
Fig. 2 Flowchart of FastICA-BAS-MCKD

3 KIS

T B UE TR A R, A 3 TR AR A SRR 4
FLAF 5 VG4 2830 K 2F 5 A MR SEE1T T FastICA-
BAS-MCKD 773k B PEREXT H 540 #7 .

3.1 EEHBEHEESHH

FH P RIS [RBUR AR5 R S, .S, , DA S AN [F]
FMEREIE S, A S, SRR 78 W 7 b R s R 15 5,
Hor S ()= —e"™"sin (800w, ) .S, (t) = —1.5¢ **"sin
(600m12) \S,(t)=randn(1,n),S, JEA5MH H-3.2 dB
BT IS LS, SR 0. 04 5,8, AU 0. 025 s,
REESA R 1 000 Hz, 4 F05 5AF 5 1 I BT an &l 3
FiR

B 3 TR S 5 4x4 BIBENUAERE A lx (1) =
As(1) " =Als, (1) ,s5,(1) ,s5(2) ,s,(0) ] BIT XIEATIRA,
MENRAE SRR BRI, nE 4 iR, XFHE 4 F 3

$35%
-
1o 02 04 0.6 08 1
t/s
-1
1
“0
41 )
0 0.2 04 06 08 1
/s
1
w0 | ‘
-1 , . . . .
0 0.2 04 06 08 1
t/s
1
1o 0.2 04 0.6 0.8 1

K3 EES
Fig. 3  Source signal

Al REE B 4 PGSR S, .S, XTI B M5 S RRE 2 ol e A
T, M Y B Ok RN IR G S RS
SRR 4 PR A AR5 3 AT A AR AT AR R 4 AT, A5
FEAE S AR A5 5 Mg, s al e 5 fe fir,
WELE S F 6 X EL AT, B 6 rh iR AR 5 A % A i
TETHAR | Tk AT IR S B AR

2
-2 . " N ,

0 02 04 0.6 0.8 1
t/s
2
=0
,2 ) X . ,
0 02 04 0.6 0.8 1
t/s
2
=10 FMM#WMWMWWWW
~2
0 02 04 0.6 0.8 1
t/s
2
=0
,2 ‘ \
0 02 04 0.6 0.8 1

t/s
M4 RARS

Fig.4 Mixed signal

N TR T MR AR5 238 Ok AU FastICA
X 6 MR-G5 AT 5 208, 4 B A AG T 5 sl 7
P o NIELT WT LA Y, T 32 I 25 FIAR AL 22 B2,
B AR S HES T IR AL, E & ok EWA 5
FSSMTHE S B REE R 1t — 2D IR 5
SRS Z B A 5E R, 51 S R B H 20 88 i



5 8 3]

FETF FastICA-BAS-MCKD 7R Bl R &2 A i AR E 2 55U vk

<111 -

& {H/(m-s2)

0.05

0.1

25

50

il

Mllln.lﬁx“
400

100 200 300
PR /Hz

500

R 1 FastiCA HiEEROLEAXME

Table 1 Linear correlation of FastICA algorithm results

B

S

Sy

S3

S4

Y1
Y2
Y3
Ya

-0.103 4
-0.082 8
0.401 3
0.786 9

-0.783 9
-0.108 0
-0.796 0

0.384 3

0.783 3
0.867 2
0.014 6
0.011 9

0.733 6
0.479 0
—-0.067 8
0.198 2

(a) A 25 Lt

(a) Envelope spectra of score signal S,

0.05r
40

(=1

80
120

st lif§ i

0 100 200 300 400 500
PF/Hz
(b) A S At

(b) Envelope spectra of score signal S,

K5 IR{E S a%E

Fig.5 Envelope spectra of score signal

& 4E/(m s 2)

PR AR IS S AR S Z A SC R Bk 1 i
Ao METATLUIE My, 5 S, AR, y, 5 S, AR,
W FastICA DK IRMES S, .S, NIRAE S e,
XHE 7 BIMGHEZ BEAT A 2K AR R R 2 AT, AR B TS
SHIELAIE AN 8 s, BT 8 AT LI i, FastICA C £
B IRE S IR A5 5 g ik, [ 8 (a) 55
1 R 2835 P T LURBIE S S, B9 25 Hz SHATH, 4] 8
(b) fiHES 2 WA AT LR ENE S S, B4 40 Hz
L HAT AR 2538 v A7 A R A TR

“n 0.05

g

o

= : ) . !
<0 100 200 300 400 500
£

E

2 )

=<' 0 100 200 300 400 500

S /Hz

=
o
G

100 200 300 400 500

ﬁ%/l—iz
0.051

XEE(ms?) X HEEms?)
(=]

0 100 200 300 400 500
HiE/Mz

Ko RAFESEHKIEHA

Fig. 6 Envelope spectra of mixed signal

R T BN A b R BCRR A A5 % B BAS-MCKD %if
BT B G MR S5 3 TS UL B, B S MCKD
SASETEE, R 2 iR, XFES S, BAS 1E5R
16 Q3 N7 pR R I /N A 3. 065, SR BNt T.L. M
4 [102,253,5], [WFE, X F155 S, BAS 7645 8 1t
A 7 BRI B /N 3. 145, FHR BN BRAL T.L .M A&
HK[27,74,5] S, .S, Xt I A58 o7 B (L s st 2 an &l 9 e
7No XTI 8 HEAT BAS-MCKD fif 45 FUAL B S (1) 40, 45 33% 4
B 10 s, 5K 8 ML, I 10 {5 B4R ETE A i, TH
GYEE,

0 0.2 0.4 0.6 0.8 1
t/s
2
=0
,2 ) :
0 0.2 0.4 0.6 0.8 1
t/s
5
,5 i L i i I
0 0.2 0.4 0.6 0.8 1
t/s
2
0
-2
-4
0 0.2 0.4 0.6 0.8 1

tls

K7 fhitfEs
Fig.7 Estimate signal

F2 S,.5, 585 T.L.MIZEBGEE
Table 2 Selection range of S, and S, signals 7', L and M

Rl T L M
S, (80,120] [250,500] [2,7]
s, [20,30] [60,125] [2,7]
3.2 EAWMEXESN

R T WUE SCHR YA TE SRR sh il R B A TR 2 K
PR A0 AT S e | S BRPG 2 38 38 R 2% XUTU-SY VR sl
AN F5 A LR A AT, SR A AR R 11
iR, o 2C T HL Bh AL | R Sl AL A s ) L B S A
RO TN 2% 28 g0 A0 3k A R 25 4 R 56 il Rl LDK



S112 - CENERINI= g O 23 7 %35 %
04 0.1 40
25
50 g0
03 « 90
& 50 -
£ 02 75125 £ 0.05
Z 150
: 2
iz =
=01
0 100 200 300 400 500 0 00200 300 400 500
J Y. /H
e HI/Hz

(a) fTHE S 1023

(a) Envelope spectrum of estimate signal 1

40

Wl m“v_vnqjﬁn‘
0 100 200 300 400 500
PH/Hz
(b) flitH 552843

(b) Envelope spectrum of estimate signal 2

K8 RSk

Fig. 8 Envelope spectrum of estimate signal

—#— Signal S,
—O— Signal S|

%% 5 10 is 20
ERIRE
Ko {55 S,.S, N s

Fig.9 Fitness value convergence curve of signal S, .S,

UER204 V& shilik , HAHSSHn % 3 s,

# 3 LDK UER204 (7R S
Table 3 LDK UER204 bearing parameters

BT A SR Ml

PElVR I H A%/ mm 29.30 RERHAR/mm 7.92
SMNEFIE AR/ mm 39. 80 RN 8
H7RH4%/mm 34.55 s (°) 0

FEABESIHMA/N 12820  FEABEHEA/N 6. 65

W 1 B, o T AR UK B4R 315 S, A

(a) {115 51 BAS-MCK D& J5 .45
(a) Envelopespectrum of BAS-MCKD filtered signal 1

W) ¥l ! ;.‘.J...._A.L‘..J. ot b A S A b A
0 100 200 300 400 500
P /Hz
(b) #iH+15 52 BAS-MCK Dy J5 6.4% it
(b) Envelopespectrum of BAS-MCKD filtered signal 2

110 MCKD JEMJR 555 R4
Fig. 10 Envelope spectrum of BAS-MCKD filtered signal

By B

UL BIHL || 32 Hhh R

A

Bl 11 HRmEE A &
Fig. 11

Bearing accelerated life test stand

PCB352C33 B[] il B 4% Jk s 43 ol 368 sk 0 e 1 o )
IR A KCE AN 1 5 1) b, 388 DT9837 {45
KABME T RESRERNE T . 550 i &R R
Hf,=25.6 kHz, RAEEM G A 1 min, 5 KRR KR
1.28 s, RHEEE %k N=32 768, TEJfi /{217 ) 12 kN,
FEHN 2 100 v/min B T80T, T LATEE. Sl a5 Sl 4R
N 35 Hz, N R RGBSR g 172. 09 Ha  SMETBRRAR Ny
107.9 Hz, LA Bearingl _5 %048 4E 1956 48 2H i 471050 53
B, AR SRS 3 A B AR ] 1213 s

PR IR R B TR A 55 B Ik B ] 12 o
XA TR A (5 5 8 IR A RR AL 45 A 8 430 B, 4 2]
13 fitzs, 13 oA, AL B 145 5 R mT LA
MR ) 109. 4 Hz BRRIEN R | H 5115045 2 1 41 P
T BE AR 107. 9 Hz 323, HAFAE 2~ 5 £i5450, v H
VR Bl R A A A AR A R R, EAE 13 R



% 8 1]

FETF FastICA-BAS-MCKD 7R Bl R &2 A i AR E 2 55U vk - 113

0 05 1 15 2 25 3 35
/s x10*

(=}

AR (m s 2)

I
(=}

|
3%
=4
(=}

0.5 1 1.5 2 2.5 3 35
t/s x10*

K12 RS SRR
Fig. 12 Mixed signal

0 200 400 600 800 1000
IRF /Hz
(a) BEBS 1%
(a) Envelope spectrum of mixed signal 1
545.3
0.5 109.4 327.3 436.7 6547
04
& 03
& 02
=
0.1
0 200 400 600 800 1000
H Hz
(b) BAFES2REE

(b) Envelope spectrum of mixed signal 2

K13 REE SRS

Fig. 13 Envelope spectrum of mixed signal

RE ELREFR S P B s, 2 ol T e SR AR i R P A
T 1 R AT A TR R, S 5P P i A 5 /0, s T A
W rh ) N FastICA X5 5T 0 5, 45

e 14 iR, B 14 (a) S 1 455 4 1 W e 4
B4 e 41 3 B LA 4 B o T 4015 5 ik, 11 14 (b ) £l
55 2 g igdhn] LI #] 170. 3 Hz S5iFE A2 0N
P R BEAE A9 2R 172. 09 Hz 2301, B B 3 595,
& 14 A, N FH FastiCA kAL T H A FE S5
B (HE 14(b) Lt 80T S B A AR R 0 T3, R L
o B — IR AE AR, AR TS SRR, i,
E—25 2R BAS-MCKD J7 35 30 386 538 5 i RRAF | 45 T o —

BCBERFIE IR A PERE , 42 b B b Ul vl SE

436.7545 3

654.7

0 200 400 600 800 1000
S /Hz
(a) fETHE 5 1 4%

(a) Envelope spectrum of estimate signal 1

0 200 400 600 800 1000
i /Hz
(b) a5 24

(b) Envelope spectrum of estimate signal 2

14 FastICA 7388 )5 i 4% 3%
Fig. 14 Envelope spectrum of FastICA speration

SEARIEE B R 1932 17 S 50M MCKD 28008 72 J5
PR HINEISRE T L M YE R, angk 4 frs, X T4
WeRE BAS B3k 000 A rp o 17 B PR S 222 A vk R
PRI RN 16 Fios  AE5 17 ACHE 38 I 3 pR A(E Fe /Ny
2,95, FHBIEM T.L .M HEH[239,598,5], FIH
BAS-MCKD XT &l 14 (a) fliit{55 1 GLLE 1T A I Bl A5
S TAC R i RS MBS S A g5 R & 15 (a) Br
75, BN 15 (a) R, A1 P i B RRAE 43T 4 109. 4 Hz Je e
2~ 3 AU 0 b B BB R | AN A A HL A I R
43, ARSI R SRR AE A 5 B 4 5 R

x4 SNELNEMET.LMBEERE

Table 4 The fault range of outer and inner
rings is 7', L and M

S H T L M
ShE [191,287] [370,745] [2,7]
5] [118,177] [598,1 195] [2,7]

DAL 1) 7 30 356 JC PN P IS e MCKD S48 L, 4
Fe 4 PR, X TN Pl R BAS A4 vE 00 2 AR o e
PRI RS PO B HE AL O R AN 16 Tz, BAS 7656 14
AR 335 7 pR A BN R 2.9, I T L M B R AL A
M 148,742,771, XFHE 14 (b) 55 2 A48 %R 1Y
551547 BAS-MCKD Ab 75 31| 4 JBl {5 5 1Y A 4543
WE 15(b) B, L 15 (b)) 7T P R e e 2 46 T 7 i
b TP SR vty g O R LA Y BT o P B



- 114 - LSRR R e o #5035 %

0.1 109.4
0.06 109.4

2 s é 0.04 218 602

a 2

= = 0.02

0 200 400 600 800 1000 0 200 400 600 800 1000
R /Hz $HiZE/Hz
(a) 5551 BAS-MCKD J83 J5 a4 (a) MCKDE J5 453 |

(a) Envelope spectrum of BAS-MCKD filtered signal 1

(a) Envelope spectral of MCKD filter 1

0.04 0.02
320
0
~ 0.03 o
A £ 0.06 152
£ 0.02 =1 A
@ 2004
iz =
= 0.01 0.02
0 200 400 600 800 1000 0 200 400 600 800 1000
HiZ/Hz SRFE Mz
(b) MCK D& J5 045152

(b) 1552 BAS-MCKD & J5 1.4
(b) Envelope spectrum of BAS-MCKD filtered signal 2

& 15 BAS-MCKD JE %5 L4418

(b) Envelope spectral of MCKD filter 2

B 17 T 34K MCKD A2

Fig. 15 Envelope spectrum of BAS-MCKD filtered signal Fig. 17 Envelope spectra of T increased MCKD filter
FEAEARR 170. 3 Ha S HARAR (2~ 3 00 A4y, SR i ANIRT 17 7R, 181 17 (a) STl e i X B 4 1) HE g o 4 4
WO (S SR I B ok ASe Sz s S 2 A5 BT 17 (b) P RS P A R A R A, AN
BB A T A B AN B — B (5 S S TRy HEFIBTH R,

L I N P R T R 1 - 0.1 109.4

3041 _
% 218
ﬂ% 0.05 3273 436.75453
-

0 200 400 600 800 1000
/M2
(a) MCKDJE# f5 EL4% 1% 1

(a) Envelope spectral of MCKD filter 1

{E(m-s?)

L]

0 > 10 13 20 0 200 400 600 800 1 000
HARKH .

P16 ARl e i 1 R RSO S £k (b) MCKDIS /= S 2

(b) Envelope spectral of MCKD filter 2
Fig. 16 Fitness value convergence curve of inner ring

18 T J/NK MCKD f1.45% 3%

H T HE— TN L MCKD S50 S 0iE T Fig. 18 Envelope spectra of T reduced MCKD filter

L M B /NG BB % 3h 4% MCKD 1 BeE s ma 4 T L
M HETE S JEEA S RO 22 109 H7E Bl N R 2

1) LA M B REARAE O TAE

(1) TAETESAR S BOLRE F+109% 70 B Py 5% 6y
R 1Y) T (ELFR 239 &0k hy 250, AMNE Y T {E 148
Bk 160, HEMEMSEUSE MCKD 2345 5 1) 4% 3%

(2) THEFERAE S BUEAE T -10% 5 B P9 22 K
PG T (B 239 1Bk 220, MBI AY T (E 1 148
B 128, MEERSEUS MCKD Kb B 500 A1 2% 5
W&l 18 Tz, Bl 18 (a) AIMREl e i v i e 3] JHL e o A4 %6 I
HAFAR (2 ~5 550 (HA TS50 MCKD (14 kb Hi45
SR AT R M (5 /N LM P 4 225 [R1 18 (b ) P i



5 8 3]

FETF FastICA-BAS-MCKD 7R Bl R &2 A i AR E 2 55U vk 115 -

FLZE T P PR BN/ (R A BB FREA33R 170, 3 Ha,
TSR MCKD (4 BRES R R A

0 200 400 600 800 1 000
PF/Hz
(a) MCKDUEW J5 B4 1
(a) Envelope spectral of MCKD filter 1

TE{E (m-s %)

0 260 400 600 800 1 000
F/Hz
(b) MCKDJES J5 4512
(b) Envelope spectral of MCKD filter 2

BI19 LR MCKD 8t 2% 3%
Fig. 19  Envelope spectra of L increased MCKD filter

2) T F M R AE 28 LA

(1) LAAETEFAR S LR T+ 10% 35 Bl N 8% 4 4
FEl B 1 L {1 Fh 598 1B A 608 AMEI B 1 L {E i 742
Bkl 760, BT MCDK AbFEZE B 40 & 21 Frs,
FE 19 (a) A1 B A 4% 1 v ] L 80 0 P i s At R %
FERI(2~5 F5EH) |, (EAR BE 08 202 50 m L i (i 50 /D i
AR, B 19(b) Py RIS A 45 1 rp i LABEIR L P R
BEATR 170. 3 Hz (A AEHR B HASAR4Y , A it g7 e b
B i e S ELATE AT, AN BE IR I e 2 7

(2) LAEAE B AR B LR 1 - 10% 35 Bl N 8 3%
FEll B 1 L i Fh 598 1B h 578 AMBI Y L {H i 742
BHCH 720, 1B 2505 MCDK AL B4E 5L a0 &l 20 %,
P 20 a) AR i B fa 2 3% mh ] LA 39 41 B e A4 3 R
FERI(2~5 F590) , P 20 (b)) P R i I A 285 5 vt T AR
3] P P il PRt 5 R AR (2 ~ 4 A A30) AT AL b ik
A (HARFE IR, HAFAE P H T s

3)T AL BIRHEAE e As M (H

SN M B S Bk 7,8 P B R M
B 7 MR 5, B 2805 MCKD Ak B4 5 an &l 21 fs,
(&1 21 () AN R A 2 33 b i) LK 30 40 B e R LA A
(2~4ff5H) 18 21 (b) [F] B A7 AE S B T PN Pl i e A A5
RO P — B ARS RRAE , A BE T S RS A

X HESZBR 45 R LUE T L A M /NS R 3 36
RS MCKD U8 J 20, Il 55 T g vk e, 3 28048
WK AR S JCHAE B ARE S iR 5 /N HL S ok

FEL T, 2806 MCKD Skt RE s m o K, A SCs|
A BAS B3ES2 T MCKD W T L M =4 KRGS 500 [
AL, A7 BT Rk MCKD 4055 v B 3 R mT S

094,218 3273

0.06
% 0.04
g
g 0.02

0 200 400 600 800 1 000
/M2
(a) MCKDIEB 5 B4 11
(a) Envelope spectral of MCKD filter 1
0.04

109.4 3273

0 260 400 600 800 1 000
B /Hz
(b) MCK DIE J5 E.45152
(b) Envelope spectral of MCKD filter 2
F20 LI/ MCKD B8 AL 4 1
Fig.20 Envelope spectra of L reduced MCKD filter

0.1

9.4
218 3273

400 600 800 1000

0 200
E/Hz
(a) MCKDJE B f5 E.45 1 1
(a) Envelope spectral of MCKD filter 1
0.03 1094 | 3273
218
0.02 170.3
£
E 0.01
1 I |
0 200 400 600 800 1000
A% /Hz
(b) MCKD¥EW; J7 .45 152

(b) Envelope spectral of MCKD filter 2

B 21 MBS R) MCKD JE 2% 3%

Fig.21 Envelope spectra of M changed MCKD filter

AN, R TIBIES]A FastiCA 4355 094 & K IR &
55 HA%EF BAS-MCKD 4bH | 25 1401 22 fis, | 22
() HNEIE A 45 33 i LA 1 B R R T 01 R e LA A5

AT (2~ 5 A5A0) | A1 R B i D) b B Ok 5 161 22(b)
T [ B 2 LE SRR PN P I B R AR A 23R ST B — i e



- 116 - LSRR R e o

535 %

(G545 E , SCIRZE X b & B, B3R H BAS-MCKD 4b
PIARELME AN TS, XWisiE T 5 A
FastICA 7355 iy A5k

0.06 109.4
a8 3723

0.05
% 0.04
=
 0.03
Jlaz:
= 0.02

0.01

200 400 600 800 1 000
PR /Hz
(a) MCKDJEY J5 .41 1
(a) Envelope spectral of MCKD filter 1
0.04
: 340.
170.3 0 5100
0030 5453
‘f‘n : 218
£ 00
b
= 0.01
0 200 400 600 800 1000
PF/Hz
(b) MCK D& 5 0. 4512

(b) Envelope spectral of MCKD filter 2

B 22 EE5H) MCKD A4

Fig. 22 Envelope spectra of score signal

4 & i

-l

BEXFSEhR TRE A, R & 2= AL 25 S BUR £ 1Y

WNES & " 2R T2 MR E S A1
[0, B 1 T 3T FastICA FlEefit MCKD AHZE A (1l 7k
B SRSk A ROh T 2 A TR A T
MR R T SR S A SR LA B Y IR A, A SR &
R FE A B AT LAAS H AR 4538, 0 FastICA X JR 46
(ST HAC B SEBUE T 5 iR G, e i T B A s
SRR R, T BAS BMUEAY MCKD L RERS H
S R IE AR AL L S# S BRI T LA RS 5 M,
fifi MCKD J5 3k B A7 [ 38 P HLAE % A7 R0 M 1 5 o4 gt A
HEIR AR A5 S R (S SRR AR, R T JE T FastICA Al
MCKD MR sl il A& 5 & B2 W 7 ik i on ik a1
FastICA BN 22 573 25 F1 MCKD BEA 505 HIERE AR
B, Rl ST IR T FastICA 3k LA X 20 AH 5615 5 ) TR &
BRI FRYE . {H FastICA-BAS-MCKD 773 1, FastICA J7 1%
SERTIEEE LTI, A% IR B P 1 8 (), 3
BT S TR S 2 —,
S 3k
[ 1] VPESE R R RN 5. 36T VMD A MP kA

THEG DL B e AR SR I T . B A 00 i R

2017,36(8) . 11-17.

XU A H, YAN J Q, WU X C, et al. Fault feature

(2]

(3]

[4]

[5]

(6]

(7]

[8]

extraction of rotating machinery based on VMD and MP

algorithm [ J ]. Electronic  Measurement
Technology,2017,36(8) :11-17.

kN e, ok &, Z AL, SF OB T ITDJE 25 UR I A
Teager REm I I AR B BRI T [ )], AR AR 2 ),
2016,37(4) .788-795.

ZHANG X L,ZHANG Q,QING X R,et al. Bearing fault

diagnosis based on ITD-morphological filtering and Teager

Foreign

energy spectrum[ J |. Journal of Instrumentation, 2016,
37(4) .788-795.

P Sl FRESE HHLIR 55 3T GP-SSD [ HERL HLIK
AR O A [T ], I 5 AR A
2018,32(5) :17-24.

SHU W T, CHENG J SH,HUANG ZH Q, et al. Gp-ssd
based composite fault feature extraction method for rotary
machinery [ J |. Journal of electronic measurement and
instrumentation , 2018 ,32(5) :17-24.
UNT, ZHH Ak ZET EMD Al CICA (1) 503 15
HEE TR TR AR & SR s Wt e ()], Ik
sh 5, 2019,38(8) :225-231, 262.

HAO R J,AN X J,SHI Y L. A single channel blind
source separation method based on EMD and CICA for
hybrid fault diagnosis of Gearbox [ J].
impact, 2019,38(8) :225-231, 262.
DR B Ak, LT TVMD B 5 38 5 IR 5 28 5 ik
RILRH [T]. da RS A 3 46 T # K,
2018(7) :25-30.

TANG J, CHENG J, YANG B. Single channel blind

source separation method based on IVMD and its

Vibration and

application [ J ]. Modular machine tools and automatic
processing technology, 2018(7) :25-30.
SRVLIE, 2 Ha e, B TR0 7 REOL A6 5 I8 23 9 05 15 1 1
PUR SRR S A sz Wi (1], HUR S WUE, 2019,
47(1) :167-172.

ZHANG J Y,LI Y H. Composite fault diagnosis of motor
rolling bearing based on particle swarm optimization blind
source separation method [ J ]. Machine tools and
hydraulics, 2019,47(1) :167-172.
LI Z, JIANG Y, GUO Q, et al.

variational

Multi-dimensional

mode  decomposition for  bearing-crack
detection in wind turbines with large driving-speed
variations[ J]. Renewable Energy, 2018, 116; 55-73..
BUNE , FKA. BT HARSC/ 5 MCKD #4973l il
AR IZ W ()], R3S, 2019,38(24)
183-188.

ZHU X Y, WANG Y J. Early fault diagnosis of rolling
Bearing based on autocorrelation analysis and MCKD [J ].

Vibration and Impact, 2019,38(24) .183-188.



5 8 3]

FETF FastICA-BAS-MCKD 7R Bl R &2 A i AR E 2 55U vk S 117

(9]

[10]

[11]

[12]

[13]

[14]

[15]

oA EAE RIS, 45, BT MCKD Al 43 L /)
P RS R TR BB B2 Wt sE [ 1], ksh S
i, 2015(7) :156-161.

ZHONG X Y,ZHAO CH H,CHENG B J,et al. Study on
composite Fault diagnosis of rotating machinery based on
MCKD and redistribution wavelet scale spectrum [ J].
Vibration and Impact, 2015(7) :156-161.

TR, FRIT, R, 5F. MCKD-1E ¥ 8 J5 ik
e 15 %8 A dk R 2 Wb B9 R [0 ). HLAR A% 3,
2017(1) :183-188.

WANG ZH J, WANG J Y, ZENG ZH Q, et al
Application of MCKD-Cycle domain demodulation method
in gearbox fault [ J]. Mechanical
Transmission, 2017(1) :183-188.

FEmkAE, XK, 4, AF. 3T MCKD F teager AE &=
T RSN R I GRS W[ 1], K TR 22
#iz, 2019,59(1) :35-44.

QI'Y SH, LIU F, GAO X ], et al.
diagnosis of rolling bearing based on MCKD and teager

diagnosis

Composite fault

energy operator [ J]. Journal of Dalian University of
Technology, 2019,59(1) :35-44.

W, 5k & B, R, 5. IR i 8 MCKD 5 ELMD
TER AR B 2 Wb R BT B SE (1], ksl 5 np
i, 2019,38(11) :59-67.

YANG B,ZHANG J W,FAN G R,et al. Application of
MCKD and ELMD
composite fault diagnosis [ J]. Vibration and Impact,
2019,38(11) :59-67.

LYU X, HU Z, ZHOU H, et al. Application of improved
MCKD method based on QGA in planetary gear compound
fault diagnosis[ J]. Measurement, 2019,139.:236-248.
)5 28 ) & L BIL A 7R 5245 W R fiE 2 O 16
T[], Jesh 5 ubidi, 2020,39(9) :144-151, 187.
XIANG L, LI 'Y. Research on extraction method of
composite fault characteristics of wind turbine bearings [ J].
Vibration and impact, 2020,39(9) :144-151, 187.
JIANG X, LI S. BAS: Beetle antennae search algorithm
for optimization problems [ J]. International Journal of

Robotics & Control, 2017,DOI; 10. 5430/ijrc. vinlpl.

optimal parameters in bearing

[16] MCDONALD G L, ZHAO Q, ZUO M J. Maximum
correlated Kurtosis deconvolution and application on gear
tooth chip fault detection[ J]. Mechanical Systems and
Signal Processing, 2012,33.237-255.

ANTIONI J. The infogram; Entropic evidence of the
signature of repetitive transients[ J]. Mechanical Systems
and Signal Processing, 2016,74.73-94.

HONG L, LIU X, ZUO H. Compound fault diagnosis of

rotating machinery based on adaptive maximum correlated

(17]

(18]

kurtosis deconvolution and customized multiwavelet

transform [ J ]. Measurement Science and Technology,
2018,29;1-16.
WANG B, LETY G, LIN P, et al. A hybrid prognostics

approach for estimating remaining useful life of rolling

[19]

element bearings[ J]. IEEE Transactions on Reliability,
2020, 69(1) :401-412.
EEE N
RITHE,2018 AR T R W B TR 24K
[ ot et A s =0 B e o2 e o ) B
FEWSETT 0] N e A i s W
E-mail ;20192204024 @ stu. kust. edu. cn
Zhu Jiangyan received her B. Sc. degree

from Kunming University of Science and

Technology in 2018. Now she is a M. Sc. candidate at Kunming
University of Science and Technology. Her main research interes
includes composite fault diagnosis of rotating machinery.

SE(EEEHR),2016 F TRHMT
R ARAG T2 e o, B BB T
L0 oA B T B € e s AN FE PO R
RS RE RIS W 5 TR HUBOIRZS
-5 B2 WO BT
E-mail ; mjun@ kmust. edu. cn

Ma Jun ( Corresponding author) received his Ph. D. degree
from Kunming University of Science and Technology in 2016.
Now he is an associate professor and M. Sc. supervisor at
Kunming University of science and technology. His main research
interests include dynamic signal processing, hybrid intelligent
fault diagnosis and prediction, mechanical state monitoring and

fault diagnosis research.



