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Abstract

During the operation of motor bearings, there are more irregular noise interference components,
which makes it difficult to diagnose the faults of motor bearings. In view of the above background,
this paper proposes a new method based on the complete EEMD with adaptive noise and optimal
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morphological difference filtering for the fault diagnosis of motor bearings. The effectiveness of the
algorithm is verified by using vibration data of faulty bearings from Western Reserve University.
The complete ensemble empirical modal decomposition can effectively decompose nonlinear and
nonsmooth signals and provide fine decomposition signals. Subsequently, the component signals con-
taining fault features are screened for reconstruction, and the reconstructed signals are denoised us-
ing an optimised morphological difference filter to enhance the fault signal features. The experi-
mental results show that the method has high accuracy and robustness in extracting fault features,
which is significantly better than the traditional method.
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1. 5|

B TR % B ZN AR FE B =y, AU 2% (R i 12 W7 5 0 R B AR A5 e 9 B . AL ) s 288 1)
T B MU B R AR, P R R R 24 5 B 51.1%, R B MO A o Fil AR A D R R G
AR, Ak R IF IR LR 5 2 R P A L A AN R R e . TR SR T e T B R, —
HRASRE 25 R B R T edi, R RN BT 1. RIS 5 347 0 W = WU
BWIEETFB 2 —, RIS & SIS W B AR G RS AT R I 2 G B2, 1 3 fE f b2 Wi
REFLBEAR TS A I T e n S, 2Rk 2 1) 5%7E 2]

WLAER, A9 A7 i (Empirical Mode Decomposition, EMD) K H B it REAE IR B 5 5 Ab R AT A5 5]
TTZRVE. BAIH EMD #H7 A SR IZ W AR AT, EMD 22— M7ERE 2SI RN R 2 1E 5 48R
J7ik, ReACIIAS I AR L I 345 5 2 Ao A 0 I 1) [ B2 25 73 B (Intrinsic Mode Functions, IMF) [3]. 5%
SLEE[A1RE T 5T EMD 43 iR Hilbert G128 1) 7778, I\ T MG REFRFRIEATIRE IMF 20 &, EHES
JEHEAT Hilbert fL4475 B EAFEMZ . (H EMD &7 — MEERSHIER, &% EMD HIsGE 5%,
XIFENT EEE[5]42 T it () EMD S35 (%% EEMD), 1ERFRE4T EMD 2 i 75 IR 4615 5 i\ [/ — iRl
IR, SRIEXT P2 A AR DG IMF BEAT R 038, WA R i) 7RISR S R AL, (H RS-l
BN e 07 1 e P AE O I AP AEAR B, R S EUER 5 EMIN BB TRBOR 7%

T AR B U/ iR (Complete EEMD with Adaptive Noise, CEEMDAN){E >y EMD #1 EEMD f£)£
BERRA,  REWS SE AF Hhfif R o IS B A S i MR A RO . AR IREIOK BLFER 2 BRI . AR TR
AT LAGAALATE EMD [2EA EAT OB I & N (S 1) IMF J0 5, IR ARk, BEARVER T E AR
7%, 5 EEMD #tt, CEEMDAN AMULRIE T 7 s, 1 HAphl T EME 5 P EEr Rz, H—Pis
T O R RS FE RN [6]

TEZ5 8 (morphological filter, MF) &3 T 45218 5 _E T IR SR e 0 —Fh AR & A5 5 83 7%
ERHBENSMITR SEBESHIESZEE, RIAFIRIUES SHAERE . RO HRER
HE), FULEA DR AT DL B T flA R 12 . Z29E55[7]456 EMD AR A H b5t tH %=
EIEP T, I U BEARAR SR A S — 25 e R RS, 22 U8 T DUA B EUE S e s,
e EA T X AR ENE 5 IRHERR L, ST T R RHEAER, B T BT R i R
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BT BIREE, AR T —Fh4E& CEEMDAN RIS S Z(H B I JT %, B E SR mp Uk
W R ENME 5 KPR FEAN G R o S SN A A AR 50 R R G £ R 2 W o R I 3 B B 3 Aok
BOAE, VPS5V AE SR B P (G R R AT S o B 25 AR BN S 5 AL BRI T — o i S B
WIHUR RS2 W HoR i R AR B T 7132 8F

2. CEEMDAN

CEEMDAN 27 EMD F:at ERALTT R, AEr FEAN9 EMD 1R H Z2f74E ok CEEMDAN [ 5
B, PR IMF 43 8 R fiiE 8 b5

2.1. EMD

EMD J7 AR B & LR I AE S AL BREOR, 0T i AR 2t AR R i I A0S 5 BT B IR A%
o BB RERE S EAE TAMIYSE S KE N, 8T EEE B S )RR T 0, B
A HIENAE . EMD B0 SAE T E o — M BIER  BE IR I i T, AR E e RS 5 1 7 Ak
M. XAERTIEA T AR S FRENE S, GRFIERENETFRES.
EMD I\ AEART 52 2% 7 91 1R I 438045 5 02 1 2 S B S 2 R A, IR IR 4615 5 W] DA i et T
AN IMF. B4 IMF AR JFIR(E 5 P IS RS 1 70 8, F 4 BRI e S I 247 4R 51, X a2
IMF (1438 & 3L
EMD Sk BT
1) B EE STONEMGE S (X), WE 1R,
2) HRABFEIAE T IR R (R EB s R R /ME), T8I X LU RUB R E R4 4.
3) MMHEEIHES S E FESLN TIME, 93— %HEMhZ%k.
1
mlza[bmax+bmin] (1)
A b, AT B R B L, b, AR TR RO S % 2, m AERIIME T2 .
4) FJF S S A M, WA i 2 (x) £ S 2 IMF (54 AN B BLA, (A A
T F SN ESAEAEE A AEENZ], EESEHN NEKLNTIENE, BRI, o
AN R E IR AT, WK AT th AR R R a5 S, HEBIR 2~3, 19300 2 K1 IMFL.
X =X—m, )
5) B JE UGS S0 R A AE I IMFL, EEBIR 2~4, EBE R EERM IMF £4, H4RA&Z2
RO G TRy B SRR R BNy, SE RO . 42002 e B HES
X:ZH:IMFk+en 3)
k=1
XHIME,  IMF, - IMR YR R RS 7y &, e, NIRE T &
2.2. CEEMDAN

EFXF EMD BE S R AE SAAERS IR B M R, 52 )5 8215 5 1 A FARER . O 1 R pRax S ) JE, 4
H 7 — RO ER e A BIE N R R S AR, NIRRT EE AR iR .
CEEMDAN 51 R B A0 R -
)M A GG A ERNEEGES x B, 53 M A5G 0EHES:
X =Xt&d 4)

new
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K o AT EAEES AT ARG S, =12, M, e NEAMM RS X, N § 45

RS/
2) WS SRR EMD 20l 03 RIS — A IMF 3 B3, $RI CEEMDAN )5
MEARES 7 &
M
K1=_§1:| MF, (X, )/M ()
3) KREUFE(ES 2Br IMFL J5 15k 2= -
o =Xx-K, (6)
4) FRE M ASASEE RN o, BE LR EMD 7%, TP, BinT{$E] CEEMDAN 15 2 A
[5G B 7y
M
K2=;|MF1(X;EW)/M @

5) TE LRIERE, MR RO R R AR o BN R e B, SEROT R, RS SRR

x:iKA+en ®)

2.3. FEENIEIR
2.3.1. IHE

TEMIA A SR, PR G S8 GBS0, BT PR, B R — 208 3 11 24 5h
AR, ey IR 2 AR E b, WERERE 2 B Rk, OB PEERRBR B OR N 515 S ek
TR AIRRREL, HIEEE KT 3 WRIIHAEEZ#EmEE S, ENTARKE S 2R
TR A SRR, HRIA R

Kurt — Zi:l[x(i);y:l (9)
N*o

KA NREGESKE:; X REESFE: o METHIREE.

232 FERME

A (R ARRMEAE A U TR AR, IR SI AT Z 0Tk (VAR)IX MEdR, VAR EHEAR T4
—RIE T P EAME T A E AL WA BB T 5% IMF 238 1077 22 TR R U 25 B IMF 7 &
MIEZREE, BT B m gt & R, 5 2 Bk A aT DU E R 7 AR 0 28], ([F o4l
CEEMDAN 73N K, Ky, - K 208, 58 &85 G S 177 Z ik 5 F

D(K;)
VAF, = — x100% (10)
Zj:lD(Kj)+ D(en)
A D(Kj)i%%%%ﬁj\%ﬁﬂ%% K, - 75 %; D(e,) AkESRMTI%. VAF IIBUEE A0, 1],
2UNT 0.1 B, IR OCEARE AR, RION 2 SRS 5 B E AR TS, SIUE ST 1 i), (S5 EE
PRy, SEIE A T PR AR R
LR LR, AITESEE W VAF BANERR, &8 VAF KT 0.1 50 & HIEEE(E KT 3 1 IMF 43
BIENER O E, Ktk FEES 5 EET ARG S ER.
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3. BSFIBE

TG IE S FIEPE — M TR AR S HE T RBEER, TR T EENE S A L
DATE SRR HEAREOBEAK . B, JH2EMAEE. e EA R, LoEE
SEPEP AT DA RO R A5 5 A RHIE, KBRS B A5

fn) e —4BWHES, ©X/E0L - N-1 L, g(m)2aEmdmtEEXEL - M-1F, H
N > M 5T R K G2 5 N [9]:

(feg)(n)=min[ f(n+m)-g(m)] (11)
(f®g)(n)=max| f(n-m)+g(m)] (12)
f(n) 5T g(m) & HANIE 553 5
(feg)(n)=(feg@g)(n) (13)
(f-g)(n)=(f ®gog)(n) (14)

AR IREAT T, X T TR defE 5 b2 Wk, 8 oz SE0F F A BB 1 el AR
BRI A R P PSR AR R S e, BN IE R PSR AR RN S v,
UERFIE Ay o

3.1 MUESEEEERR

RS TRA HAIE . ZABAERE . BZIBE IR v IR IR (5 S TERRHE, =
TG R e 3 T LA 5 Th RIS BT AR BT = # T B RE A0 1 BE AL 68 7 0w o o) Lk o g 75
BTGRP RIS SOl HANGEIR T 5 5 MR ATkt 7
—AHHEE, ERRERRFEA S ARAE, R ERRTE SRR R RE, 45 A 1 P AR AN AR
Mg Te R BT KRR ( 9, - 9,), ARG IR BT 2, SRSEBLIE SR A 2 L

AL G IER, RGO g b dy . PZSEEI 5 Ty, AT & A ORIE B 5%
WP A, B R DD

diff (f (n))=(f-g)(n)-(f-g)(n) (15)

MEH PRSI T RIS, [FAERT DA IE ZE IR, B U AN S M T R B e AT IE 5
fclose(n):(]c ®g1®gl@gz®gz)(n) (16)
fopen (N) = ( fOQ, © 9,00, @9, )(n) 17)

R EIRAE KRS s EMAEE, AT RBESHI RSy, T2 S 2 (E
W HARLWT:
fNEW (n) = 1:close (n)_ fopen (n) (18)

32. KEFLEMTERTIEZR

LR TC R NE RIS AR RSN 2 M B EZRER . SSHuR KRR SR, m A
K, G TTR AR E BB AR 10]. B S5 44 70 302 ELER TN, R A L) B F) 4 A A
FAITE AR ST, XA EARTS TR R AT RS T R R KR R, HREEK, W
RESORE T 5 5 A MR A TR IE RS 5 KA, AT RESR B KM, S EUE SRR N XE. X T
BTG e, HPAR A HUE 2 i RS ROR 1 E R 3K
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e FHE T A5 25 G 6 3 R 96 g

1. H&4imER: KR 5~15;

2. FRELRITER: F1E 3~10;

fiiiktabr: TEK (Teager Energy Kurtosis).

TEK s TEK HE47R 7S FE T Teager At 5L ML L3t A8 ook, b TR 5 bt s 6
AU, TEK H8H545 & IR Teager AEBESE TIMRBS, X 5 Hhao o I AU, I 25 58 7 i
i 55 RS A 25 (0T BSR4 47 26 SR EH RS5O et R, 5\ TEK (e 514
TOE BRI B R[] TEK HHELAR -

(N-D)¥ (o ()-,)
N —2\?
(ZIzl(goX (t)_(DX) )
Ko N WEEKRE, g (t) 95 S1ES tA MUK Teager ARt g, 9 g, () FF 4.
ST —4ERIRAES x(t) , Fe—sin kb1 Teager AERAITHE A XN:
0,(t)=0[x()]=[x(V)] ~x(t+1)x(t-1) (20)
W GINTEbR, MRRAR G A M T B RN TOVE G I e @, (RIS 6 T F Ul A RS R U, S A
WHIARE T 855 a4y, 06T Ja S90S it 2 0B A B .
4. BHIRIEREB DR

TEK = (19)
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Figure 1. Process of CEEMDAN + improved morphological method
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APR 2 A CEEMDAN SLF IS HIIREN(E 5 ik — DS AC BE, 33k U 5 A0 5 22 D ik = 7 4R b
ORI (0 IMF 735, FRREAE 5 FEA, 3 BT 57058 P Xk S50 K J 452 53 #7 ) L M A % HE 455 4 Ak
I H .

YR 3 AL JE RIS Z2 R A P PR 2 AL B (i 1k — 2D UE U, A BIR A SRR
PR E S BT H B, 58BN A 5 1 AR

DR 4 MR A FE S AT R T, S BRRFESEO L, SEIU R ) BR R SR HL
T AT DAAS Sk R A b ) B A
5. SRR BARSH

5.1. 3EBBEMZEE

Figure 2. Structural diagram of rolling bearing
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TE R 2B 0 2 R VR Bl 1 4 BB L s AR S FL SRS A e P WUB B4 O b, A
BEROTE, HFTER AT (R b, ML R, P — R it B & 17 2k 5 B B 4 1 £
MESE, IR — R . VREN RN BB, R PR A1 o B RSN 1] AR 32 )
A B N R B . T (2 0 PR UL R A I, I SR 9 L BLR

11 2 VRENBIAR I G RO, — Al R A B 2 2 B DA R L DRI R R O B B 2
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{08 A B 0 24 ) AT PO LGS — 1, S0P e 24 3l A i P B0
ﬁ@%m%%ﬁ%@&%%@%ﬁﬁ:%xm
ﬁwﬁ%@5ﬁ¢@aW%@mwﬁ=%xm
S R BB R BN RO B, B TF A a3,

n d
BPFI _E(Hscosﬁj f, (21)
n d
BPFO _E(l—Bcosﬁj f, (22)
RN RS
RN B e r) e n] DL i 2% B IR S AR 0 T A AT A1 B 1 12 3l R v 5
D d 2
BSF = E[l_ (Bcos ﬁj ] f, (23)
PRFF R e 4
TRAFIRBF L ) — IR AR 5 IR S RO AN A A ok
1 d
FTF_E(l_BCOSﬂj f, (24)

XN AAT LU T o0 Al e s 5, AT A b agE AT s 2
5.2. SEfILEUE

NP IEA SO TR A TR I B, BRATTE A T VG4 K ¥ (Case Western Reserve University,
CWRU) il AR 405 B2 AT SEBI 0 AIE . CWRU il H5Hfs S 2 U B2 Wi s b T 32 A P R b E R £
BAF 5 iR TR SR, v TR 2 W= r A 2tk . CWRU SSRGS TA
7 i e TR (A Ay BT A 71 e o A 8 0 s g ) A [ i o 7™ 2 P2 i (0 0.007.+ 0.014 A1 0.021 32~
ARSI SR L 2 S 0 AN R AL B (W IR Bh o XU i ) PR I 3 A 2% R4, R E SR i 2%
(0. 1. 2 713 B Fidsk.

5.2.1. CWRU $7&SLIE & /43

IERARAE B HIEARS

>/

Figure 3. CWRU bearing test stand
[ 3. CWRU & LI &
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RS WME 3 iR, FEARE A2 QA5 KWK HBEINL, —AMHELRE, TR
R RS0 ) el 7 S HE A F AL e, FROPLIR B il K 2 5y SKF6205, il 7R FH K A8 n T8 gy, 42
15 E A4 ~(0.007 Z&F =7 mils =0.1778 mm, 0.014 Zi~} = 14 mils = 0.3556 mm, 0.021 J&=} =21 mils =
0.5334 mm) e, SR SME B A AER S 3 A, 6 Bk, 12 Ak 3 MR BT IR E . B
By Yl A b T TS — A O B A R P SRR S 5 Bl A PR IR B I A 5« HR N5 5 R 16 @ iE B
WSRACRES R, RSN 12 kHz.

AR S B RERFAEATR IR

Table 1. SKF6205 bearing parameters table
7 1. SKF6205 jhEkSH%K

A B A2 /mm A1FE B A2 Imm BENEA L BHAESR dimm % D/Imm
25 52 9 8.18 44.2

WRAEEL 1 MR ZSHESSE 5.1 Hr BEIR T A T 15 B b b2 0 SRR A B o0 (R X 2 8 93 ) i
%), LEEE2:
Table 2. SKF6205 bearing fault characteristic frequency order
= 2. SKF6205 FHABIBEFFESTZR MR

M 41l Rk PRFEA
5.42 3.58 0.398 4.713

5.2.2. REIHREHA

e P Pl P A ) R AR B 2 BN 2 3 o -
Table 3. SKF6205 bearing inner ring fault data
% 3. SKF6205 H7& A B AP #i4E

BAGE S R AL W HAR(HER) PR H(rom)  BARRAER(HZ) AR B
105.mat 2] 0.007 1797 12000 8192

MG 2 M 3 AT R, R N R A A i e i LB R I A3 0 162.329 Hz.

JR RIS 5

3 1 . 1 L L L 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Figure 4. Original vibration signal of inner ring fault
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Figure 5. Spectrum diagram of the original vibration signal of the inner ring fault
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Figure 6. Picture of the inner circle signal after CEEMDAN decomposition
& 6. M {55 CEEMDAN & #Z2[E
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Figure 7. Picture of kurtosis and variance contribution rate of inner circle decomposed signal
E 7. AE S RIESHIEE R 5 ERKERE

03 . Enlvel ope and ylsis

0251 X 161.133 i
Y 0.259578

o
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a N
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g LT
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Figure 8. Spectrum diagram of inner ring fault vibration signal after processing
E 8. WEIMPEIRENE S LB EIEE

W EZ ] 8 ALk ] DAIR RIS IEE Ay 161.133 Hz, XIS e #E A 162.329 Hz, XfLbaff5
il AR R AR R AR AN R PN P
5.2.3. JI IR A &

B R W AR i B AR S 2 4 s

Table 4. SKF6205 bearing outer ring fault data
= 4. SKF6205 &Sl P Hi 2

HE 4 W or HEAERAEYN) S AL (rpm) BRI (Hz) Bl B s
130.mat 41 Pl 0.007 1796 12000 8192

FRAEHE 2 R 4 TR, 2kl Py P A= e g L i R RS AR AR Oy 107.16 Hz.
iR AR L P P B SR FE UL S AR S, HEIRANE S R P AR 2y ks ik, Bt
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VB P IR T Hh S BREARF AL SE I B 2, (BT A AE 2 AR 5 D0, TE i g BAR R sl bm 1 . 14 10 9 4h
Wl B A B, 5 N PR S DOAR AL, b TR A ARSI, R A R A B, T IR A AR
AR/, SOBRAAE AR AE LAR ], AR SRIEHER I Wi b e . s DA B #r, T DASE HE RV A ) b £
P AR D L TR R R AR, TR AR A AT AT M U A SR AR AL, AT X DA VB S W e
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Figure 9. Original vibration signal of outer ring fault
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Figure 10. Spectrum diagram of the original vibration signal of the outer ring fault
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Figure 11. Picture of the outer circle signal after CEEMDAN decomposition
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Figure 12. Picture of kurtosis and variance contribution rate of outer circle decomposed signal
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Figure 13. Frequency spectrum of outer ring fault vibration signal after processing
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