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Denoising of Rotor Vibration Signals Based on
Improved EMD-Wavelet Analysis
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Abstract : A method based on EMD and wavelet analysis was proposed for denoising of low SNR rotor vibration sig-
nals. Firstly, the noise signal was decomposed by EMD, and the IMF components were classified into high-frequency compo-
nents and low-frequency components according to consecutive mean square error (CMSE) criterion. Then, different thresh-
olds were determined and the useful signals of high and low frequency IMF components were extracted respectively based
on the wavelet analysis. The extracted signals were superimposed with the low-frequency IMF components and reconstruct-
ed so that the noise of IMF was removed efficiently. Numerical simulation and rotor vibration signal analysis were carried
out to evaluate the performance of the proposed method. The results show that the proposed method is better than the individ-

ual EMD or wavelet threshold denoising algorithm.

Key words : vibration and wave ; chaos signal ; EMD ; wavelet analysis ; CMSE

JVE e B A 1 38 8 A AE A Hh AP AT DL S
JEL R 3h S B, 715 5 R AR AR T, BT
W RN AR R, 13 2 R3S 5 5 52 2|
FHEI, ME T R R R . H
Tl Bl P A — S8 52 25 0 i 4R S 5 25 T 1R A
T RERFFTTAE ", Ho /N g o A B B4 I 43
R M PERE  FERR S S I R R 45 3 )iz 1)
R R /)N R 25 e {8 R e o — b s T
WA RN 2T . H R R HLE T TAE ISR
S HHEE T MRS A 2805 5 IR B AR /N, A e 7 <
B RIS SR /N o A e ORI AN AR W B
1525 43 it (Empirical Mode Decomposition, EMD) j&

s BHEA:2014—08—16
TEZE N ZWR1979— ), B I FHIMA 4, WFHUM K
FORAS LI,

E-mail: daweilll @hotmail.com

—MEr A B AL AR AR T T, 5N
HTAH LG, EMD & — 5 36 (1) A 38 7 75, A/ 2k
R R, H & IMF 7> AR A e ik, (1
/& , Boudraa 5§ "% EMD yH M 55075 A1 /N B 7%
AT HEEUR I, EMD 4 MR SR B AR AN /)N ik 4B
Tk BRI 7155 % EMD 4 J5 % IMF 7 &
Ve, G5 /N BE 2007V, R o KA T AR
RO SEIL T AR S IRENE 5 1) AL, I
¥ H 5 EMD . /)N R 25 W 07 VA8 T LR T L 4
SRR P U7 iR B AR BT EMD /N ) A 2 e
7o

1 U EMD—/)ViE 9 Hh[RIE N 18
1.1 EMD—/)\ii BI{E PR [R I8

LG T R GEAF i Do B i) R R e e LA, £
e ST AR EEAE . AR, B isiT L



%23

ik EMD-/NE AT e TR BIE 5 KT ik 171

MBI REINRETEAREGRS HTIRNET
AR RN

x(t) = s(2) + n(z) (D
K s() N TIRNE T, n(e) 075 T, o ik
g N P I Py B 0

x(0) 4 LW B 73 iR J5 45 304 FRAN I s &2

I [ 45 1545 4> & (Intrinsic mode function, IMF) 43
=, Bl

x(t)= ici +res 2)

K CFRIRZ IMF 4 &, res RoR AR T

BT EMD 25 M 1) 32 S AR < M A5 5 L1135
=, A G 5 B Re B T AR P AEAR AR , B AT v A
B EH G SR ESD, K, —EFE 1 IMF
oy %A B2 ERIMF L5 58 ESER,
I H T & > IMF 73 £ o g s Dy 3 SRS, 0 1 & A4
IMF 73 S 34T BE 2 AL 2, SR J5 ¥ 52 I A HAE
AR IMF 73 28 I s AL, S 2

N T Bt L ANB M K EMD AR B E RS 5 )5
1BV IMF 73 503 8 =28 55— IMF 73 i (H imfi 3R
KD EAUIME 73 8 DL AR 7> & Sl H N5 —
IMF 778 o W 75 g 18, (B BE A B FEIR N, R
A& EIESHTEE T, N TR )&
YRR PRI L MRRACR , A SO0 35— IMF 73 B AT
KIRE NG iR, 5 25 A0 ) N SR 88, R IR
BIINIE ZRBOIEAT EAE , ROBEOR , RE AR 73 1 L ) e A
M P 2, A B /D B IR AU 5, AT A AR A0
IR R EHESER, TUMRE . REH
FH % 25235 77 157 22 #HE ] ¥ (consecutive mean square er-
ror, CMSEDXM&E S /r & X FEHBS 5 AR+
AR B HEAT X 73, K ) 42 () IMF 3 873 Dy =
IMF 73 & RS IMF 735, s 7y B v S5 g 5 22 1Y)
W8 75 8 73 5 A /DN IR AL A B T e ECRE o 5/ 1) 18
18, R RE 2 1 5 BRI RS B gy o AR M5 5 &
SERGY AT BB Y BRIAR. , 25 B /b B 7 ) [R] i
ARG TR
1.2 EMD—/NR H{EPE R R 12

SCHR[OTR I “3oik S8 T imf, A IS B 1)
FEHL, B2 imf, oA FAE B & B R AN, it
WAE[-301, 300 Z MG SN N2 A G B B ARA
%o imf, P E S AR R TG 5 &R
JRUEE 73 it mT LUK AR AR AL 73 5 08 B K, AT
NG P 3 B 2%, DRI, AR SO FH DR RUBE /)N ik 9 i Sk
Pl imf, A G BRI TR RER KIS R
Mg 7 O OR B A 5 40T, 20 RO B O HL B 2
Al LA AR U, 4 imfy & /N J+1 R i fe , J R4

IS A B R S+ L R A A
P REE, T LU AEE TR TR IR S 345 15
EEB B AR, N T R E R,
A4 IR RO N .

ASCASE PR MRS B0 B TR AT 16 R K
Boo BFFHIx(i=1,2,,N), 3 EARGER B il it
ENE)

N-K

Z (o, = ;C)(xuk - ;C)
2 (o, = 5;)2
SNy N AR 5=

ENE R B EIE B m B 5~10. HENRD K,
M55 N (0,0, +p,,) AL A m 2 A5 1 1E 25 43
A 75 N(p? +pi+ -+ +p2) IR x*(m) 5345
JAT 7 571 A2 15 A2 W R 2 5 1P Bl 2 A Dk ) 1
N(p; +p3+-+-+p2) A& 73 3 LR AN H B BN m 1)
X (m) 734

Y RRIZBLT I8 22 S AR5y i B 7 g 4y 15
I &, R0, B0 J 2 AL 43 18 AT S2 B R
imf, A P15 B I3

1.3 EMD-/|\iff B 4B P& I JR 3

B 5, 7 R IMF 7y B AT R X 7y, e s
FLOPAAE S HIME 73 & _E, TS 5 22 A (R
IMF 77 8 b, DR b R AR S8 8 22 75 o 22 1 U x5
TR I IR MR L SR RS AT
X gr, BRI — ARG HE L, R iR 5 R E A
f¥1 IMF 73 8045 5 HEAT B A AR ZE 85 /)

~ ~ \ ~ ~
CMSE (yy,,) = Xl )=, 0)F =

p,= , k=12,--m (3)

N 4)
%Z[IMF,C(Q)]Z, k=1,.n—1
i=1

Hoh NS SKE , n A IMF 23 B AL IME (1) %
TN kAN IMF B2 6450 I E R R 22, 2k Tt
W, 28 51E j, AT B R U4
j.=argmin[CMSE(y,.y,, ) 1<k<n-1 (5)
argmin 7 B A 5 2 WU /DR E. APk
imf,~imf, 4 Bk imf, 2 404 (14 =50 IMF 43 &, imfi.
~~imf, AEATIME 43 5. o F-0e A ke 3 4 F I
Aoy &, TERT /NG 20 5 40705 350 7 dE AT BUE Ak
PRI, 75 W BOR I BIE A BR B A Rt 25 Bk v A
Mk s U, 5 HLBE & 0 il ROBE (R 3, 45 5 /N AR 46 1)
AT AL Bt 22 388 0 7 e 7 ) 8 73 4 PR AW KL B
Z AR /IN TR R P 152 R 7 B 20 A FRUPE PR3 o i
PN, 254 LA B AT, B BUE N



172 moFE 5 R oz &M $35%
A=o /2logn/ln(j+1) (6) B 2 A /N oy B 2 e ot LI, B rp N R 3R R B

o o NS AT 22 n NESKE,j N ik
R
X FAE T 2 TR A B & fEX /)
U0 f J 40T 0 o EAT BRE AL B, TR W e BN
) (B A REAE A R 2 Bk A 75 1 [, AT e AR B
A HAS S, B ME 5 R E, R H AR N
A=c [2logn /[ @)
1.4 EMD—/\i I {EPEIRRIE
224 UL _E T, et EMD— /)N B s B Ak A 5%
wr
(1) A& A5 5 34T EMD 20 i , 15 31 &R 25 7
imfi;
(2) XFimf AT JJE/ANE S S SR BT 43 ase
(3) I FH I B 45 7 5 22 vE U 6HE 5 32 AT (R A
X 43, ¥ i — 1 9 IMF 43 89 imfi, % imf—im-
i 20 (6) B BB EAT /N A AL B, oy e
IFRE T 22 s n RAE 5 KB j N/ N il RO X
imfi., ~1imf,, [ (8 b BRI AR HE 2 (7) 8 B {1
(4) (2 GO A G5 40T IR T res &
TEE AL, B 20 5 1S 5

2 EERERES

9 T Bk 4R 7V A v B 2 0 g3 A B
1EBIFRELS 5 RS R 23R S04 5 AT I E AT
K MG W LE 3507 R 22 VA A VR R
2.1 EMD—/\i BB FEME R IR

F| H Matlab 1 [1] wnoise B8 % 4 1% [ “Blocks”
“Bumps”, “Heavy sine” F1“Doppler” M (5 Z 347 7>
B A5 5 K EEH 2 046, 15 EE Dy 2 dB I A ) &5
WA SR 1 s

10

0 pnfemror s s

-10

fein

10

OWWWWWW

-10

{H/mV

10

0 MMMMMMW”MWWMﬂMMMWWWwWWWWW%

-10

10
0 WWWMWWW
-10 : ; ; :

0 5 10 15 20
i 18)/s <107

=
H

!

Kl 1 A wnoise 724 15 B (5 5

HREFH “db 57 /N iR B, IF HLEAT 3 RN i, R
PR BRAE 5 3% BIAE R Y B 3 L 2 45 (Stein) o fi il
IEEELR

10
OW
-10 ‘ : ‘
10
0 Lt W™ e
Z -10
o
e 10
OW
-10 : : ‘ -
5
VAV AN
5 ; . : :
0 5 10 15 20

B x10?
2 NS BT Fe g

K13 Jy EMD 25 g 45 SR 1], Ho A 445 9 N IMF 73
BN ROres. B4 NARITEM 8RR,
¥ —JZ IMF 73 8 246 K355 2 e 75 , it DLtk ie BRI
IIRIZHS, DME R AT A 2 ok e s o B 250 R A
A 357 R ZERE NS 5 AT MR X 45, 2 H
k=4, %} imf,—imf, K F “db 57 3/ 3EAT 3 2 0 A
) B R 28R BB BIE B D #5E , 1T imfi—
imf, B8 20 8 i 2 o 48 EL A A S 924 5t 4 |
TR IR T E T RSN, AL B S T B A
BUNB MR EMD i . R 1A H T =Ror ikt
HJE 155 B 45 M Eb (SNR) AT 34 77 1% %5 (MSE) f %}
e, AT LA N A A £ TV SRS LT EMD %
W78, AR ST 3 7R AL B G 15 5 138 O iR 22 B
N, HoKGEME LS R T2 dB, P A SO VR AR T
N W T VAT EMD 25 e T

10

0 me
-10 . . . .

10
0 MM ™A

-10

i /mV

&

5

OW

-5 L . L L
0 5 10 15 20

fisf 8] /s x10?

3 EMD £ Mg



252 W 2t EMD-/INEE S T (5 TR 05 5 22 77 vk 173
20 0.5
0 —/'Tr”“’“u‘wﬂw
220 : ; ’ :

Z .10
i
IzE 10
Ow
-10 ‘ | | ‘
10
OW
-10 : ' : :

0 5 10 15 20
i 1A)/s 107
B 4 AL F
2.2 EMD—/|\if F{EREIE R IR
B B R R T v N T R IR S S B
M | Al 7 3 3% 2 700 t/min, S RESEE N 10 kHz, 31
PEAE 40 000, Ho Sy 2 B B 5 B, flca
BT TR . 52BN S 0, MO S AR

2
%
= ’
o
e = _2 i b
0 1 2 3 4
TR <10°
15 SIS TR (5
2

&8 /mV
{3

-2

0 1 2 3 4
PREIE x10*

6 AICTTIEE MR

Y77 AL RS /mm
(e}

o
W

52 -5 48 46 -44 -42
X7 AL /mm
Kl 7 Sl RS 5 O 3

HMEVERR RIS 5 RHE , 24571 UM ) R LU, 3% 1
2 IR G, FHRAS B DAAE A7 1 1 (7 20 A7 7
T 7RG 5 R BRARE 5 o AR R HI e
S ER IS 5 R ), BT R A 1 A
A, R 2R AE T ) W L SO B (R A7 A, T X 43
B AT SR ACLRRAE R B . B 6 R AR ST Tk
(1) 2o 4 5L, 6P LU S AT 50, 55 159 21 7 B M, RRAE
TEMT, AT LLE 1, AT 10 000 A S S /N IR AB e
31, 1 & 30 000 A S5 A5 S5 AT 84T , & TN
AREFTE. B8 NEME(E S M OHE, Rk
155 RS oy B R I T s AT RS AR
TEBN R ., £ A IE FOIRAS I I 1, R R TR Y
WLBERE 7820 HREL & 2 IMF 23 5o 1 e 75 B4, I i
KN R OR B 15 5 B S B, A R 1 1 B ANME

y77 A4 % /mm
S S
oo

O
[\S]

5 48 46 -44 -42
xJ7 A/ mm

Kl 8 M) e IR 5 Lo sk

1 ZRINE R RELEL

Blocks Bumps Heavy sine Doppler
SNR(dB) 16.338 6 16.268 3 152953 14.580 7

BT T
MSE 0.1957 0.1299 0.1190 0.142 8
SNR(dB) 16.172 1 15.796 4 15.1492 14.146 6

EMD

MSE 0.208 7 0.1299 0.1275 0.1429
SNR(dB) 17.795 7 17.6455 17.053 3 16.238 2

AR5
MSE 0.183 1 0.116 9 0.108 8 0.1327




174 W

5 Ik

il #3545

3 % iE

EEXMCAE R L AR M5 5 MR OR AN AR 2

1 o EMD—/N e A i S S LR T . >

T 715 5 2 EMD 43 fif J5 & IMF 43 5 (1) 0 75 23 A RF

P, R e P S RN L BOE A . SRR A

NS AT i AR A IMF 73 B R 4T A IS 5 B2 5L,

W 52 B A 5 AR A IMF 43 8 & b = A, 52 30

W BEAT T BCA T EAE T ARENE 5 R AT, A

BB, Frig 7 iR AR AT EMD AN R E 25 16

Tiko

SE -

[1] BREAE, 5, B, BT R 200 EEMD ¥ TR
A5 T T E). fR3h MK 528, 2012,32(4)
542-546.

(2] ERA, R, 545, 55 DN E R EORER S S
SAbER R[], BREE S#REhEEFD 2008,6:9-12.

[3] Tejas H P, Ashish K D. Coupled bending-torsional vibra-
tion analysis for rotor with rub and crack[J]. Journal of
Sound and Vibration, 2009, 326(3-5): 740-752.

[4] BRAER. — Pl W5 = 00 /N B R 7 ik [0). #Rah T
B5¥3R,2010,2003):285-290.

[5] Boudraa A O, Cexus J C. De-noising via empirical mode
decomposition[C]. Proceedings of the IEEE International
Symposium on Control Communications and Signal Pro-
cessing, Marrakech, Morocco: IEEE, 2006: 4-8.

(6] HiAGE, BRAEAR RS . — Rt 2R IO RS o i S HLAE
F RPN HI)). BEIEEHR2010,36(1):67-73.

[7] HUANG N E, SHEN Z, LONG S R, et al. The empirical
mode decomposition and the Hilbert spectrum for nonlin-
ear and non- stationary time series analysis[J]. Proceed-
ings of the Royal Society of London Series A- Mathe-
matical Physical and Engineering Science, 1998, 454:
903-995.

[8] Donoho D L. De-noising by soft- thresholding[J]. IEEE
Trans. On IT, 1995, 41(3): 613-627.

[9] AN, BRICHH, RE . —Fh bt BRI B 7 il LA

S5 R[], BEEEHR,2010,36(1):67-73.

[10] Z=)ch, BRIeRE , BHGAS . /N BBV R 505 v | o L s

B JE B e ). it B AUAE . 2009,26(3):311-313.
[11] 8 XKL, SR, 55 . F: T /INB AR 4 B 8 SR IR
iS5 LT[ [BREHEH,2005,34(5): 543-547.
[12] TKRIBAR, AR, DK 5 ARG 5 00N AR 46 26 0 07 Vs
[J]. BRI ENIR . 2007, 42(S): 118-123.
[13] XAk, AR, 848 . — Mtk e TR S5 51 47
VEWEFCLT). BRI R IR 1 2011,32(9): 1961-1965.

O 0 0 0 0 0 0 0 0 0 0 0 0> 0> 0> 0> 0<_> 0> 0> 0<_> 0> 0> 0> 0> 0> 0> 0> <> 0> 0> 0> 0> 0> 0> 0> 0> 0<_> 0<_> 0<_> 0> 0<_> 0> 0> 0> 0> 0> @

(E3FEZFE 17050

10°

10

RE
=
IS

10 +

ki

10% +

10

0 50 100 150 200 250 300
A

K 8 BP #1425 W 25 1| i 7= Hh 2k
4 45 iF

X R BB AR AR 5 R R BB LR 5]
155, FFAE Bl /N BB X5 5 HE 4T TH e, S BURFAE
fH o 12 FHRUR e 22 X 28 0] e s bl ik e idt AT 12 I,
TR A T AP X 2% RIS R SE i) 25 B U, SEER

TR EAN £ R AR BT AR G R 2 B 3L
o MEETALGE 00 BP #h & M2 77 1%, ToIRfES
WokS 2 _L B 12 W b, RO b 22 I 2 BE B 3
NEIR ARG WHR B T4 R0 TR,

S 30k

[1] Befhul, ARE . T 1 IE B 4 ) 45 B R 40
S AL R B [C). 58 =T U e R E 2 08 ST
2010:3842-3845.

[2] ZEE 5, R . B T RO 2 W 45 10 4 T R Sh DL R
WS R 4] REHFEZEIR,2007,(3):1034-1037.

[3] FAEE R, VFHEA . JET H IS BB 2 19 248 11
BEi2 W7k [T, SRZETIIE2006,28(4): 398-400.

[4] EXBRIE. SR /0N A R AR DR A BT (0], R TR SR BN
£451,2013,(2):117-127.

[5] M, TR BE T /N o b FOASERA 1 258 Do) 265 1) 15 e it
FEiZ T 7T T]. BRFS S HREhIER 2010, (4): 64-68.

[6] 2k, XUk 4 . BE T heidh /N i 4o 5 X 448 (1 g e AL AR e o
W] #R3h MR 528, 2007,27(1):32-35.



