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Application of demodulation energy operator of symmetrical differencing
and empirical wavelet transform in bearing fault diagnosis

Xu Yuanbo Cai Zongyan

(Key Laboratory of Road Construction Technology and Equipment, Chang’ an University, Xi’ an 710064, China)

Abstract ; The working conditions of mechanic system in real life are generally studied by analysis of signals so that the exact conclusions
will be drawn. These signals emanating from mechanic system commonly contain a mixture of different oscillations. For a reliable
conclusion, it is necessary to separate a set of physically meaningful modes from the mixture and background noise. Based on that, a new
method for bearing fault extraction is proposed in this paper. At first, a novel decomposition algorithm named empirical wavelet transform
(EWT) is employed to decompose the fault signal into a set of AM-FM components that have a compact support Fourier spectrum. And
then, K-L divergence method is used to select the sensitive component. Finally, the fault characteristic frequency is extracted by a new
demodulation method called energy operator of symmetrical differencing (DEO3S) that can restrain the end effect, and the instantaneous
frequency is obtained at the same time. The results of the simulation and bearing fault diagnosis experiments indicate that the method can
effectively extract fault characteristic frequency, certifying its feasibility and superiority in comparison with the previous methods.

Keywords ; bearing fault diagnosis; empirical wavelet transform; demodulation energy operator of symmetrical differencing; instantaneous

frequency

S 7RI ST AT 2 B B A — E R A R
ik, PRt — EUARG I 4 52 e I sl 000 ) AR AN A 43 IR 3
BT B RLEE I BV AT E B A BB AT A S 1 DLk
XFHUREE AR UL, BRI R TARR RN AR FErei Bt BT AR 315 520 BTk © 28 7E ML I B 40

0 3

T

Wk H1:201702 Received Date: 2017-02
« SEA T o1 e P S B 25 Y T (jey16049,0012-310600161000) 7 )



-1248-

RIS R e R

3%

AT

— R  REAIRZ A 15> REEH
L, B3 R G S AN [R]  ZR ER A2, PRt — A 52 R 1Y
MU RS RAR T B0 . UHUMR G TR & AR
B, DA P BBl B i 20 1 5 AN AT R B — B B 4,
HMRAL T ML R e 3 5341 3 B 43 FIAS W] 36 A Y
MR T LB I ORI o R R — 25
I, AR 2238 B THE 540 B AR DG I 2 v, b e
A BBl T 12 43 900 i Sy 4y 3 A (independent
component analysis, ICA) 2 5 #5745 43 1) ( empirical
mode decomposition, EMD) , {H ICA — R ¥E £ T L7
FH O BB iy 37 2 DL TR Sy BE il TR i 7 K 244
SEBR TR A5 5 U5 A R B XE RAAS T, G 2 a) B R ) 1
ICA By H] o EMD ARy —FpAE Lk f e A2 45 5 i b
M5k, B A ES o 2 A AR R R
(intrinsic mode functions, IMFs) , &4~ IMF #FH A 2A— ik,
Gy B —BIURARE , JF H EMD 6 n] Q8 i 2% — e ik ok
IR AR R[N AR 222 EMD [R] ICA 445l
A AR SR R R T AE T, AT LA H EMD 75
RIS W SRR B N FH SNz . (H EMD Wi i — &
H BRI, Horb e RIS R 22 R AR IR S AR,
PR A B SO Y 23 B, IXRE S 5 i iR L B A
ARG . EFX EMD A, Wa 25 A 7E SR
BT 5 R4 5% 3 4 f# (ensemble empirical mode
decomposition, EEMD) %7 2 J5 #Lfa] £, HL A 3 A i 5
EMD —#, FURTERAS IS 8] v b 3855 43 A 1) 1 g
AR X —F¢ 5, EEMD 7E S IR IR S AR I R
UFRCR, DY 7 Ak 22 BB A B iz s E
EEMD {4 W s i B B 70k IR A AE J LA IRl 2 1) 7
SMETEI A IMF 2 A s A (s 5 2) B I
S0 11 R P R A BT A B T 3 1 A i Y
PERE— R A R4, PRI ™ 4% 5 ) ok, EEMD Jf:
ANJe—RhoE A B 3 WA RO 5 3) Bl A B MBI 1
fn, EEMD iz ) 24k B R, BTl A SCR ] —
Tl 0 A 25 o3 il B i ——2 9 /N B 7 48 ( empirical
wavelet transform, EWT) , B % F 2013 4 Gilles 55
TR R b RS AR PR RN
AT TARK AR , 7 1% i 0 JE AR 8 50 X {5 5 1 4
TEEAT AN S, F4 7 53 Y 1E S /NI DB IR A 4 L 4
R A R S A A R O S 1% 9 W A ( AM-FMD) 807
Hit# Rt/ EMD Fl EEMD' | $i% 84 0 5 = %t
2 i i B T ( eemodulation energy operator of
symmetrical differencing, DEO3S) 254 ,EWT 5 DEO3S 4%
SHFAHE 1) FH DEO3S ff 5 , DEO3S Al F 7
JRAA 4 48 # ( Hilbert transform, HT) F1 {8 B i 48 #
(Fourier transform, FT) , B A8 T 28 8, 25 TR

I, TR A A VAR, I L AE B B0 40 A i i K
7 2) R R, DEO3S J8 T B B 1 iy —F Oy
U5, DRI OGS B — B3R (5 S A ARG A VR T (A 2R
ST R RSN, DEO3S 1 K 2532 BIBR B
DRLEC RStk a5, T LIRE G g e A 285 0 i 06
SRERIE, 23 iff I 1) IME B 70 0 B — 5 A5 WGP il e
>, DEO3S (i F 2 WY 2, Sz =2, 822, Ji T B =
T ECAES . 5K EWT 55 DEO3S N FI7E ()
FAS S MBS R B 55 b I 50 AL B 17k
FEPERE_LHEATXT L B0 TiZA0E BA L 75 AP RE,
W HAL RIS AR L T RS %

1 EWT [Fi#

20 /N AR S BRI XHE S A A8 B AR R A T
315 N6 =% N E R A B MO AN S N AT | g g1
— IR — S G AR AT S /N E B A . XA
S B BTG R A T 40 A0 I, — RO BT A 1 A5 S
B AE AASE R R [0, ] o RIF St N AL
JRG32H R, $ ARG P e i A AR, AR B KA AN
MRk SRR KAB R 7 HES , WA AE PRI 0 <

D) M=N i, 240 B T R 68 i o fE, fr B
BN AR 5

2)M <N I, eI A5 5 35 1 B 03 S HUh T
B BN, R B BT BB R, JF BX N (31T
HE,

A DL PR OO T8 E A R A ECZ R
TEFEA [0, e ] 0 B I A5 30 43 B NV AN 3% 25 1Y X ), SR
JEHAE N +1 232, Horbr 0 A o 43 310 O 5 — 2R Rl i
JE—FMFL, SIAMEE N -1 F AL i w, ITHE
SAEARSR 2 AR 73 2 I8 A BT R

A, =lw, 0] n=12N (1)

UiT:lAn = [0,m] (2)

DI , AL SR T, =27, & LT —ad I
B, ARSI rnpE 1 R, Kb A FoR L o, A
O, SR 27, WEEEL, Hob 7, =y, .y HEREL

TEME 250 EI X ) A, J5, X HA/NEE BT, AR 46 Meyer
AN T A LR RO RBSURI 22 36 /1N i1 v 5553 )
R RER

0. lwl<(1-po,

o 1
o (o) = 128G (lal= (1 =y)e)) ],

(1 -y, < |lols(1+y o,
1, A
(3)



55 8 ] RURTRR 250 R R 5 2 /N R e A Tl 2R RS U e 1 P +1249-
i P(x) = 2" —ax (13)
P L o I Y(x(n)) =2"(n) —x(n-1)x(n+1) (14)
W N ‘ I N N . . < i A L 3 A L
> NN \ N A o Bl x 3 BIRER « (o) 09— B S BOR — B S 4
NN\ % W (o) B RERIRERY 251, DRI % 7 3 R B T
’% %“% - e A (14) W S, Kt (12) M S HOB R ARA
04$—$——§H Fﬁ_ R(13) 1
Ve e el el e s P(x) = o’ Y(3) = do (15)
s AR (15) B AU AT 2 0 T LA 5
SR I A LY 7 e S (D) oy 6
Fig.1 Schematic diagram of Fourier coordinates segmentation @ l//(x)’ ‘= W (16)
SRR 2240 g O A LR LT ROk, 1k
L (+ye, < ol -y, 5E X HAFH
COS[%B(ZW})M( \a)\— (1 -yao, )], y(n) = [x(n+1) —x(n)] ;' [x(n) —x(n-1)] _
lzn(w) _ (1_'}/)“)”1S ‘w‘s(l""y)wnﬂ x(n+1);x(n—1) (17)
PV S (1 - ] o SN
sinl 5By el= (=Y. ], TETSUBT IS RO SERI LT T, ) 3 () FY 22
(1Yo, <o/ (1+y) o, IYFP AN
- _x(n+1) =2x(n) +x(n-1)
0, HAth y(n) = 4 (18)
a0 e R (1T) F(18) FOAR (14) SIS 0RE RS
B(x) =x (35 - 84x +70x" —20x") (5) TR
A< minnM (6) p(x(n)) =
et wlx(n +1)] +2p[x(n) ] +ylx(n-1)]
R 20 ML/ N A5 ) 36 7 70 A 2 0 /N B A 4 (19)

A5 R R B 510
wi(n,0) = o) = [f(r) (7 = 0)dr =

(J(o) ¢, ()" (7)
Wi (0,0) = (frp,) = ff(T) o (r-1)dr =
(F(0) ¢ (w))" (8)

S BT A, F
fU)=MUU)X%U)+ZwﬂmwX¢AH=

(0 (0,0) ¢, (w) + ;&i(n,w) x¢,(w))" (9)
Wit (9) RN LA R EL S, , T TR FER
So(1) = w;(0,1) x ¢ (1) (10)
Si(t) = wi(k,t) x g, (1) (11)

2 DEO3S [Fig

2.1 DEO3S ###ER R HM =
AT EAE S TH, FEEET(12) 1
F A R RIE
x(t) = acos(wt) (12)
W —ABER T LT

B R H(2) =2(1 +22" +2) RAFHT A9 It
55T, A5 805 60U G806 (8 RO %K imstantancous
frequency, TF)f&i]{H,

2¢[x(n) ] (20)
Yla(n+1) —x(n-1)]
Yla(n +1) —x(n—l)}]

a(n) =~

w(n) = %arccos[l -

4plx(n) ]
(21)
P8 3 (20) F1(21) AT LLAS 2% A0S 5 B RE o
FIBERAAR 0, = fOXFR 22 20 RE B X0 T HT g i

PR I RN A A BRI VR L 1 2 Birzs 2y DEO3S
HT L 5e g 5 55 X i i 155 b LS B 25 2R X L, i i)
EReR Ul

f(t) = (2 + exp(—10t) cos(2ml0t) ) X
(cos(27100¢) ) (22)

M 2 (a) AT LA 3] DEO3S 3K fif# 153 2 (4 2 45 F1 HT
BRI AR LTI, LG R e TR Z 2 A NE 2
(b) ATLAFEF| DEO3S JL-T- 1A Hi B i £ 800 , 1 HT 11y
FE 45 R 1 B8 A i s BN 3R W 4k s AT 2 () AT LA W]
A 4 DEO3S YRR R TR ik,
2.2 DEO3S Ik MENH

M (12) 25 5 7 H Re 5 58 1 1RO R R d T 7



RIS R e R

%31 %

<1250+
[ A S (B
4.
Hilbert{1%5 —
1k TEOfL %% —
N DEO3S {14 —
2 ‘ ‘ﬁ\\ it Iliﬁ;f:ﬁf‘“c‘» :ﬁiﬁij
N AT T
AR
L LT
Innhn | Y
of |
_I-HHH “ ‘\,‘ \”‘ ‘HHH HHH‘ ‘ ‘ ‘
H H | VL IR IR I
) U\ Yy
|

3 . . . . . . . . . .
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
t/s

(@) F X

(a) Comparison of envelope

B AT A S
120 - Al B ST AR U AR

Hilbert4fi#%
80 - —— TEO#ji%
——DEO3S#i#%

instantaneous frequency
(=)
S

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
t/s

(b) BB AN H
(b) Comparison of IF

i S5k B 0P U A ) R 22

051
—Hilbert{d.4%
0.4 —TEOf4%
—DEO3S{u4%
0.3
0.2
0.1
0 Hl.wi\w&-w-vamw» A ——— iy \r"ﬁ’/lﬁ'\f -
01| T

-02 S S S ——
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
t/s

(c) IREXT L

(c¢) Comparison of error

K2 3 Mk mvERExT

Fig.2 Performances comparison of the three methods

B R A5 S AL, TR A MRS R YRR —
e, n] i R AT

x(t) =s(t) +n(t) (23)
P s () ARG SR MBI 51 (1) AR T H F

FlES, FHE T E N o R(23) MRERE T A
P(x) =2 —xx UIZAERE T AOWIERME A Fm N T
Ely(x)} = (& —xk| = E{x’} - E{xx| (24)
B2 (23) e ) — B S8 — B S EOE AR
(24) gt iz BAL 1
Ely(x)} = E{s(t)}| + E{n(t)} + 2E{§[s(1),
n(t) ]} (25)

s ()| = s(0n(0) == Dn(i+1) -

s+ Dg(e = 1) (26)

DRI s (0) il (o) 8 g 22 g AH ELAH B s ™ R L X

QS) i E{gls(e) m(e) 1} =0, B (25) 2 H4(27) .,

Ely(x)}| = Els(t)] +E{n(t)] = E{s(t)} +0o°

(27)

I (27) T LU H, 2GR AR AR I I 7 £ % fig

B TGS RS O, T (21) 75 Y 64 R I 95

SRS T ICME P I, 2ol M 7 7 25 R A8 1 2% 2 D 2

o R i S R A KGR A 25

MR 5 75 T AR ) B ek B T A ok, M 7E £

DTN, WIS AU — > L 05 20 0 40 i 3 ke e

ERELROEERIIN WA S=d S VAN =N PR N Ty

£ 7 B — A 64 43R, BT LR 2% 7 v 75 ) i 3
W I 5503 54 ) B, A, P S 6 B 3 T PR B e v

3 hESZR

ARGy E S EWT 5 EMD (EEMD #4747 B0 4]
F SR e AR SCHR S 1 O v 40 0 T 0 LA 5 AR S
AR REAR  h
3.1 SrfEMEREXTEE 238

SO R SCHR [ 15 ] B 50 BUE 5, %5 5l — 4
TR, — A Chirp {55 Fl—4> 40 BofF 5 AL, H
R rs, B 3 FR N RGES &5 (E
SWIE

Sia (1) = @j + cos(10mt + 10mt”) +

1] 4

{cos(601'rt) ,t<0.5

cos(80mt — 10w) ,t > 0.5
/

B EMD EEMD F1 EWT %HZ A5 5 #4740 f% , 118l
4 fItoR 3 BT TRTPASE 5 2 i f, S, AR RRAR 4T
o R R TG — A B 55 f, AT LA B R
i EMD (953 02 R W, R EEMD X F 43 Bef5 5 f,
H—E o EAE R BN B B o i O R AT SR 8
2,1 EWT 0] DRG0 3 B A5 5 o0 ok, Ui EWT
B ot RE SR T EMD Fil EEMD,

(28)




o 8 1] SRNFRZE S RE R T 5 A N A A R A2 T R B4 1 +1251-

10 - 4 6 A
5 4} /
0 2
-0 05 10 0 = 05 10
/s /s
LOF 4 “f? 1.0 /s
I
0sn H‘\ \\MH‘ 0.5
ot \ ‘ ‘ | || ‘ ‘ ‘ 0
‘0‘5\“\\‘““”““ 05
I | ‘\ | H H ” | |
-1.0 1.0
0 05 0 0.5 1.0
t/s t/s

K3 RS A S 0E

Fig.3 Waveforms of original signal and component signal

imf1

0 0.1 02 03 04 05 06 07 08 09 1.0
t/s

imf2

_20 0.1 02 03 04 05 06 07 08 09 1.0
ts

imf3

il

0 Ol.l OI.2 0:3 0.I4 0.|5 0?6 0.|7 O.‘8 O.l9 ll.0
t/s
(a) EMD/}fi#
(a) Result of EMD on f.\_lgl

imf1
10
st _—

- ——

0 0.1 02 03 04 05 06 07 08 09 1.0
t/s

imf2

-2 L L L 1 L L 1 1 1 i
0

0.1 02 03 04 05 06 07 08 09 1.0
t/s

imf3

memwwwwm

0.1 02 03 04 05 06 07 08 09 1.0
t/s

imf4

0 .Ol.l OI.2 0?3.0.I4 O.IS 0?6 0.I7 0.18 0.‘9 .I‘AO
t/s
(b) EEMD/}fi#
(b) Result of EEMD on fSlgl

imfl
10
5

e

S |
0 0.1 02 03 04 05 06 0.7 08 09 1.0
t/s

imf2

0 01 02 03 04 05 06 07 08 09 1.0
t/s
imf3

z R

0 01 02 03 04 05 O() 07 08 09 1.0
t/s

S

imf4

0 01 02 03 04 05 06 07 08 09 1.0
t/s

(c) EWT/)fi
(c) Result of EWT on f.

sigl

K4 SrfgtEREXS

Fig.4 Comparison of decomposition performance

3.2 IREEHMEXE

g P 8 A e o) B S 3 R SCRR [ 20 ] b B A R 1Y
AH BRI (LRI AR (1) 3 A 1E 5% I 20 i 19 15 5 Fn—
AN RTER RS {5 S AR A O BAS 5 R

Sun (1) = sin(2mw10z + %) +0.2sin(2m4t + %) +

7 A

0. 1Sin(21ﬂ - %) +f;n|ermiuen| (29)

NS
I

A S seminen RIS (55 o SRS A5 IE 520
{55 AN BRI P A5 5 AN IA] S BT,

[+
o e e
R e e

=
3
=
2
‘Eb
c
S
=

t/s
In

0 i’ﬂlh‘!fn&fi il 'ﬂ il ﬁ mﬂthWNmmhmub 11"lll’n‘ﬂu‘llii‘lﬂi‘l}'n%‘ﬂ’ﬂh%lllMu'n'1 i'l

x2

x3
.I—o.—
m{

turbulence
O.I—o.—
WF

t/s
Bl s JRIRE S MR SiIE

Fig.5 Waveforms of original signal and component signal

P EMD EEMD f1 EWT %1% (5 5 k474 i, W&l
6 iz, i LA HAE BB 75 155 52~ , EMD [ 531
SRR, &R TR ENRSIREIS, il EEMD
EWT WP ] 0] LU H BB AE 5 B0 16 43 i 1 ok, 3
AKRKEAERENS



-1252- HLF I 5 AR 2 %31 &
L E— A — . —

t/s

(a) EMDZ3 it

t/s

(b) EEMD4}ii#:
(b) Result of EEMD on f'

- ERR A RSO

f/s

0 1 2 3 4 5 6 71 8 9 10
t/s
(¢) EW T4} it

Jsig2

6 s Rt

Fig.6  Comparison of decomposition results

M 6 B¥ Y EABEH 4F 92> #F EEMD Hl EWT f)
PERELFIR, DR Ha HLR 1A 355715 42 H (1 DEO3S 187
IEARBERT 73 %, DEO3S 45 1 A5 25 0 4 1 1B 10 A
AT PR kX a] IR EWT 23 H RS
WIS AR L B T A AT Se e 3l e sl AR /N, 1

inatantaneous frequency(6/2r)/Hz inatantaneous frequency(6/2rn)/Hz

inatantaneous frequency(6/2r)/Hz

0 1 2 3 4 5 6 7 8§ 9 10

tls
(a) JRURAT T IR IN A%

(a) IF of original signals

imfl
——imf2
imf3

0 1 2 3 4 5 6 7 8§ 9 10

t/s
(b) EMDIB IR %
(b) IF of EMD

——imfl
——1imf2
——imf3

tls

(c) EEMDIpi i i
(¢) IF of EEMD

ST B

0 1 2 3 4 5 6 7 8§ 9 10

tls
(d) EWTIBFIN 4%
(d) IF of EWT

K7 BRI RS
Fig.7 Comparison of IF



o 8 1]

SRNFRZE S RE R T 5 A N A A R A2 T R B4 1

o3 fifk I (A ABE 28 43t B0 BN B — | A Ak R AR A T
EEMD 43-fiff tH A AR 25 B B A R i 28 B . % A T /N 3,
EMD 43-fiff H (A4S 25 ik B 451 23R 3% 4 ) kA 1 Al i R B
B3, [/l B — B0 . P B TE e R 1
EWT 1 HLA B W i AR5
3.3 EXHAMEESLE

AR SCR FH 1 Bl 7 e B 5 P S T G i R 2 ) s 4
ML 7 P RIS MR 11 e b S B SR R AR %6y 12 kHz, FELAIL
HY5EHR 1797 v/min, B T A0 f=29. 95 Hz, BURKE &
%410 000 A~ 7 Py P 1) ik B A %6 8 f; = 162. 18 Hz, 4b
Fel (il A4 f, = 107. 36 Haz,
3.3.1 N RS BEARAE SR

(&1 8 Jr Ay P Pl e g T 1 ROAL 3 51, o] DL HE
TR R R N BB f, =162, 18Hz,

1.5+
1.0+
0.5 I I

Al(m-s2)

0.05 0.10 0.15 0.20
t/s
(a) N1,
(a) Time domain
020

0.15F

Al(m-s2)

\rf‘L L s TS W b L T
0 100 200 300 400 500 600 700 800 900 1000

Frequency/Hz
(b) #k

(b) Frequency domain

P8 P Rl B o o SR A

Fig.8 Time domain and frequency domain of inner fault signal

L EEMD F1 EWT 43551 %5F 4 P8l B A5 5 R A7 40 i
(A EMD R 2%, 16 4 Ktk 47 EEMD Fil EWT (1) %f
o) AR KL AR (B e R A2 (BN, 1 56
BN Sl iy R =595 7% e = W VA S LI R
Ja A A E N K-LAH . 35 B EEMD 53 J5 1) 43
i imf2 F EWT 43 J5 (1) 5 5 imf3, 5 H DEO3S 431 %
KRN fE S A B A B RE B WK 9 PN, B
SRR 7 VL AR RE S I B iR (H EWT (9 & 3% i
BEE AT R 2 TN A 4

+1253-
*1 KL#EEE
Table 1 K-L divergence values
B H imf1l imf2 imf3 imf4 imf5
EEMD  0.1599 0.137 1 0.154 7 0.280 1 0.289 5
EWT 0.707 9 0.231 1 0.006 0 0.139 6 0.150 4
0.10
0.08
& 0.06}
£ /
S 004t -
0.02 i
‘\uLlll.n anu“lnhL L ol

0 100 200 300 400 500 600 700 800 900 1000
Frequency/Hz
(a) EEMDfit it i
(a) Energy spectrum of EEMD

0.10 -
0.08 |
~ A
7 006 J
g
S 004t
voz‘L l
.

0 100 200 300 400 500 600 700 800 900 1000
Frequency/Hz

(b) EWTHit it it
(b) Energyspectrum of EWT

K9 RERHEXSIL

Fig.9 Comparison of energy spectrum

P10 Jirzs >y DEO3S 3K H 4 9 1> 04 f) I A 4
AL EWT i i 9 0i imf3 509 13k 531 3 14 31 5 )
/N EEMD 3 J5 1535 imf2 (R BEIH50% , 3EE] EWT
HIRIR S R W] /N T EEMD #)

1000
900
800 |
700
600 |
500 }
400 |
300, | .

200}, “l‘ i‘ [T Aoy

_ L-L‘A<".",,,$"‘w$\ AT AN T
100 i oot V'T’UWM *wv“ﬁ A J"ﬁ""

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
t/s

B 10 BRSNS L
Fig. 10  Comparison of IF

imf for WET
— — - imf for EEMD

instantaneous frequency/Hz

3.3.2  HMREIEEERRAE HEE
P& 11 7R SRy N e e T2 Pl AR e [i) i) Pl — A T
PIE TS LA s R S NER £, =107.36 Hz,



-1254-

RIS R e R

3%

Al(m-s?)

0 0.05 0.10 0.15 0.20
t/s

(a) Ik

(a) Time domain

0201

0.15F

Al(m-s)

0.05F

\
A TN WV WY

Ao 1 1 A
0 100 200 300 400 500 600 700 800 900 1000
Frequency/Hz

(b) sk
(b) Frequency domain

BILL Sh R SRR o o SR

Time domain and spectrum of outer fault signal

Fig. 11

1T EEMD F1 EWT X S1 Rl e 5 BEAT 20 A , 113
ARSI B K-LO BB (E, W58 2 Bros. 239 ik B
EEMD 73 973 8 imf3 Kl EWT 23 )5 1) 734 imf2 , 2R
F DEO3S 73 51X i A7 A7 AR 3], 45 2 RE 35 40
P12 Jor7m i el b A B, 1 0[] 4 1) A 1 20, LA
A EWT B RE R il B i 4 T

®2 K-LH¥EE
Table 2 K-L divergence values

PS5 imfl imf2 imf3 imf4 imf5
EEMD 0.178 3 0.116 0 0.0360  0.2238  0.4611
EWT 0.3300  0.005 3 0.1573 0.1290 0.1504

P 13 [T 7 R P73 B BRI ARER , P S0tk ) I A
PARE LA BB L T NN TIRZ (H EWT 23
Jo BS540 3 3% £ ) 0 3 R AT AR /N T

EEMD,
0.10
0.08 -
&> 0.06 +
£
3 0.04 | A
/
d
0.02
L]
i e didid o L

0 100 200 300 400 500 600 700 800 900 1000
Frequency/Hz
(a) EEMDfit i
(a) Energy spectrum of EEMD

Al(m-s7?)
(=]
R

0.0ZH
A.u“_l abcesdo oot b o]

0 100 200 300 400 500 600 700 800 900 1000
Frequency/Hz
(b) EWTfit Hil

(b) Energyspectrum of EWT

12 Reiilxt Ll

Fig. 12 Comparison of energy spectrum

1000

900 imf for EWT
imf for EEMD

800
700
600
500 |
400
300 |
200 H
100 pehe—

instantaneous frequency/Hz

R R

R ) L . I .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
i/s

K13 BRI X L
Fig. 13  Comparison of IF

4% i

-

DEO3S #HIL T HT FlfE 58 1 fE 5 55 1A 4 MR A
L BB 14 25 53 sy a0 R A . 45 152 25 T/, DEO3S
HREXT I B B — A5 A AR G i A T (B AT AR 5
— AR B TEN], B T — R RPN A o
SRR BRI
A BUE S0 5T LUA 1, £ EMD (EEMD L
PIAS R Z Ak, nHTiR S AR A S & i 1, EWT AR B
SRT R PR, TR Tk PR R B R . 7 LS A
AR A S, A DL Y EWT #1 DEO3S Al DLAR 4
HIHEAT S G, FE ORI F OO0, REBEAR A A4 S I b
TR A Z1 RS R AR AE A 23, A b 7 28] B 7K il s 4
s H AU B2 B 7 ) 2 T AT
S 3k
[ 1] &, A5 Bk PSO-SVM B33 #9718 He i 43 45 0T
Kl sl [J]. i 7 I & 57 R, 2016,39 (11):
190-194.
WANG F ZH, SHI X L. Tap-changer fault diagnosis of
transformer based on improved PSO-SVM[ J]. Electronic
Measurement Technology, 2016,39(11) :190-194.



o 8 1]

SRNFRZE S RE R T 5 A N A A R A2 T R B4 1

-1255-

(2]

[3]

[4]

[5]

[6]

(7]

[8]

(9]

[10]

[11]

NG AT, IS, 45 LTI 55 M IR I5 1
TARRZS A E 5wk [T ], Ak 70 i 47 R, 2016,
35(8):15-18.

GUO X Q, LI D X, TIAN ZH H, et al. Vibrator rod
state determining method based on the noise signal[J].
Technology, 2016,

Foreign Electronic Measurement

35(8) :15-18.
T ST, FRAEAR 5K SO H RS W AR BRET DL 3
eI L] T A gh{k,2015,41(4) :36-39.
JINY S, GUO D W,ZHANG W B. Application offault
diagnosis technologies in coal mine machiney [ J].
Industry and Mine Automation, 2015, 41(4) :36-39.
TR, B, Ais 4R, A BTl SL 5 2 A iy NPC
JGAR 08 g w2 W [T ). d I 5 8% oA i
2016,30(12) :1915-1924

WAN X F, HUH L, YU Y J, et al. Fault diagnosis of
NPC photovoltaic inverter based on independent component
analysis [ J ]. Journal of Electronic Measurement and
Instrumentation, 2016,30(12) :1915-1924.

HUANG N E, SHEN Z, LONG S R, et al. The empirical
hilbert
nonlinear and non-stationary time series analysis[ J]. The
Royal Society, 1998, 454(1971) :903-995.

FLANDRIN P, RILLING G, GONCALVES P. Empirical
mode decomposition as a filter bank [ J]. IEEE Signal
Processing Letters, 2004 ,11(2) :112-114.

DAVIES M E, JAMES C J. Source separation using
single channel ICA [ J].
87(8) :1819-1832.

WU ZH H, HUANG N E. Ensemble empirical mode
data

mode decomposition and the spectrum  for

Signal Processing, 2007,

decomposition: A noise-assisted analysis
method[ J]. Advances in Adaptive Data Analysis, 2011,
1(1):1-41.

WANG H, CHEN J, DONG G.

rolling bearing’ s early weak fault based on EEMD and

Feature extraction of

tunable Q-factor wavelet transform [ J ]. Mechanical
Systems & Signal Processing, 2014 ,48(1-2) ;103-119.
CNOSSEN I, FRANZKE C. The role of the Sun in long-
term change in the F2 peak ionosphere: New insights
from EEMD and numerical modeling [ J]. Journal of
Geophysical Research: Space Physics, 2015,119(10) .
8610-8623.

CHEN X,LIU A, MCKEOWN M J, et al, An EEMD-
IVA framework for concurrent multi-dimensional EEG and
IEEE
Transactions on Bomedical Engineering, 2014, 61 (7).
2187-298.

Unidimensional kinematic data analysis [ J ].

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

KRINIDIS S, KRINIDIS M, CHATZIS V. An
unsupervised image clustering method based on EEMD
image histogram [ J ]. Journal of Information Hiding &
Multimedia Signal Processing,2012,3(2) :151-163.
TONG W, ZHANG M, YU Q, et al. Comparing the
applications of EMD and EEMD on time-frequency
analysis of seismic signal [ J]. Journal of Applied
Geophysics,2012,83(6) :29-34.

YEH J R, SHIEH J S, HUANG N E. Complementary
ensemble empirical mode decomposition: A novel noise
enhanced data analysis method [ J ]. Advances in
Adaptive Data Analysis, 2010,2(2) :135-156.

GILLES J. IEEE
Transactions on Signal Processing, 2013, 61 (16 ).
3999-4010.

ARbA R WY REAR A, A BT B0/ NI AR e i LA
HEES W )] AR 2441, 2014 35 (11) ¢
2423-2432.

LI ZH N, ZHU M, ZHU L L, et al. Mechanical fault
method

Empirical wavelet transform [ J ].

diagnosis based on  empirical  wavelet

transform[ J]. Chinese Journal of Scientific Instrument,
2014,35(11) :2423-2432.

s WY, 2. T X R 22 0 R A R 1 SR
PRESIE 53 A sy s S8 7 ¥R [T ] HUB AR 7 40,
2014, 50(13) .80-87.

MENG Z, LI SH SH, JI Y. Restraining method for
endeffect of local mean decomposition based on energy
operator demodulation of symmetrical differencing [ J].
Journal of Mechanical Engineering, 2014, 50 (13):
80-87.

HUANG N E, WU ZH H, LONG S R, et al. On
instantaneous frequency[ J]. Advances in Adaptive Data
Analysis, 2009,1(2) :177-229.

JABLOUN F, CETIN A E. The teager energy based
feature parameters for robust speech recognition in car
noise[ C .
Speech & Signal Processing 1999 :273-27.

HOU T Y, SHI Z Q. Adaptive data analysis via sparse
time-frequency representation[ J ].
Data Analysis, 2011,3(1) :1-28.
e, s, LT K-L AR B9 EMD R {853 3R
k[T P ERALT RS, 2012,32(11)  112-117.
HAN ZH H, LI W H. A false component identification
method  of EMD Kullback-Leibler
divergence[ J]. Proceeding of the CSEE, 2012,32(11) :
112-117.

IEEE International Conference on Acoustics,

Advances in Adaptive

based  on



-1256- SRR~ e T o 1

%31 %

TRITIE, 1986 4F HiE,2009 4FF#i T 1
TR ARAG 2 2 0, 2012 4F F P4 42 18 5
[ PHIE R ARG L2, B A 2 R E AR

- AR, EEMFTTT 10 AL AR S AE TN
\ ARAS Ui
‘1. E-mail :2016025001 @ chd. edu. cn
Xu Yuanbo was born in 1986, received B. Sc. from
Zhejiang SCI-TECH University in 2009, and M. Sc. from Xi’ an

University of Architecture and Technology in 2012, respectively.

Now he is a Ph. D. candidate in Chang’ an University. His main

research interests include mechanical condition monitoring and
intelligent mechanical system.

EIRBK, 1964 AR L A 00, K2
Rep %, 2 T5 10 9 B BEHL AR A, Bl
PR G REAL AR ZS B
E-mail ; czyan@ chd. edu. cn

Cai Zongyan was born in 1964, and now

he is professor and Ph. D. supervisor in

Chang’ an  University.

His main research interests include
intelligent robot, mechanical condition monitoring and intelligent

mechanical system.

o3

PicoScopeDeepMeasure " AJXf 3% REM FF AN X BFE R SHHTIE

——UIE T AR R D E AT B SRR A2 2 B A R KA RE

Y& [5 o 5C B} 42 (Pico Technology ) it H #E i}
DeepMeasure 4347 T.E.. YE} PicoScope 3000 .,4000 5000
H1 6000 Z2 51 715 i a5 A0 & IO ARE L -, DeepMeasure 1] £
PRI 25000 B 2D, 000 AT T O AN 2
TEE . R LA (o v 45 SR AT HEJF BT 0T 5 IO
TR RHER

Rl LA I H 25 6 24k, it TR I BA RS 22 0T
I T ESRIC 5% 0 B FAT AR T B e B D i e 4K
I 1 G SN ey o T N S N e 1 o | )
(] ot 28 PU AR K B e /I e 45 i LS 80 L 3h D i 1)
A8, (1200 £ ) e 5 Ry B T X 75 08 4 PR 7 Al 3R
MY FRASSEREFIE A I o [6]—UCR AR 1 )5 SR JE R 0K
WoRFERERE L AR RPN RS R L5 WS 5
(IR B/ N/ 27 ) A 50 3ot 22 R B A e 2
ELASKLI 4 (5B AR T fke 2 B 220

PicoScope 3000 Z %1 (512 M N 1£,1GS/s % 4E) Hi
6000 F351(2 G 17,5 GS/s SRAF) SEii AT TR )2 4 4K N A7
P 7~ i A AT AR AR B A BTN OE F I i e, LAk
filh 2 (1%) >R B 13 AT D) de KB R AL 3 B 64T, DeepMeasure
ALR [l —AN G5 R Fe s, Horp & A i 3R 0 A B
Ja, Z RS —Rb &+ BB S8 IF el il g
BASEO) FE TSR,

TGS A AR W] LU BRIy sl B 7 R A7 HE T, A
TR A B8 K B0 5 175 100, DA PR 3 ) 42 2 (] R )
R i, B b B S0 AR AR, AT LA £ 3k 100
TIASUE I J5 10 v sk 0 3] Je e (B 18 ) iy b i),

XU R SE 0 2 1] LT 735 J6 4 A0 I v 9 ) S 7 0 Y
Jil 19,

X TR PR i G A s P AR A T 5 AR Y 43T
AL I R A, LU T RC G Excel A1 MATLAB %5 T
AR M,

AT A LS AR S i TR > A1 2 AR PR AR
S, " 95 W SR ( Pico Technology ) W AT 461
W H AL Trevor Smith BV, “ DeepMeasure J&—
ORI TR, AT LAFES3F ] PicoScope T N 7718 I i Xif
S A WIE AT PR 23 B A K, 8 R BB AT BN T 2
SNk h FURLF Py PSS . W LA 5 ok I S IS T S
71N T A AT ARl A A 7 DGR

& FZ[E Lk 5= #1145 ( Pico Technology )

Pico Technology 7\ ] 1513 2 26 4F PN — H1E & 1 fig
PC 7R FIBCIC SRR Wi T & Rl 16 7 T b T 45
K, DN 1974 A5, ZR BRI % 1 TR B0 7
RF Ff iy T4

FATVILFETE THME K RS = A0 ™ FLER
1, A NENG B2, T BN 38 8 LB, a0, 4 98 &
ik 25 GHz f{) PicoScope PC RFf/R UK 4% R4 ; HA & ik
16 37 i 2 1 R 36 B3 BR84S 2 22 o N AF AR B
U RE Y S 7 A 5 TC-08 Al PT-104 3 B2 #0710 %
i s LLSOmAS A2 R IR RR TN A B %

A & Pico Technology )T £ {5 B, 1 1 1] www.

picotech. com



