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~< 10
EEe 10 ) ) :
0 0.5 1.0 1.5 2.0
t/s
(a) INERER S
(a) Mixed signal with noise
~< 1.0 T3
@ ogs5) b IECZO
= g/ 0 | \Hi
0 500 1000 1500 2000
f/Hz
(b) T EAE S
(b) Simulation signal spectrum
=, 02 N A R A
@ P 01
g :
0 100 200 300 400 500
f/Hz
(o) HRfE 5 B&IE

(c) Envelope spectrum of simulation signal
B3 IR A Ry A S R L s A 21
Fig.3 Mixed fault simulation signal and its FFT and

envelope spectrum

RS Y 2 B A (A 4 (a) v 2T £ 05 RITZR TR )
MALSECH N7, W, #E MVMD 83 w4 5
RSN ECN K =7, K5 , e ETH T o R
Fil 24 [1500,40007] , 2R FH i B2 $5c KAk J5t 00 3 BB It 2
oo, B ACD) R A8 5T R T 5 0 B fe KA Z 18] 1 ¢
Z. WK AD) A AL, 2 o = 3000 AR B A KA,
I A E MVMD i i AR ST I 28 o = 3000,
ERESHEAE[K, o 1=[7,3000 5 , ¥ IE-&
15 BAF 5 24T MVMD S RS 43 i, I 7 44
AT AN S TR o AR AR R A 2 O 0 o DU 32 B g
JE e R RS wo VE N USRS o Bm , R TR i
ANOGS B35 5%F w, HEAT 17 38 I 5 B o e, o2 M S A 245
S AT W] 6 BT 7R o F L 6 R o8 R 8% 1 B
B TE v e o AR AR A B0 R L T A 2
Sk, W 5 At T o3 B A A 5 R X



1298

%34 %

0 500 1000 1500 2000 2500

f/Hz
(a) REZ[AE S EIE R
(a) Scale space spectrum segmentation results

dek —o=3000
ﬁ 33

32
giid
£ 31

3.0 :

1500 2000 2500 3000 3500 4000
fETH A Fa

(b) TR F 5 IHERRMEZ BFIRER
(b) The relationship between penalty factor and maximum kurtosis

B4 MVMD H e fE 53 i 5 500 o
Fig.4 Determining the optimal decomposition parameters in

MVMD algorithm

2 w2815 5 K284
S0 0
_2 . 5

P 5 2—3334] ~ 5 K291
'w X0 'm0

! -5
& &
i 5 Ki=2.761] i 5 Ki=3.005
B o0 HEs 0

-5 -5 1

0 1 2 0 1 2
5 RKa=3.136 e
S0
-0 1 2
tls

F5  RA R EAR S B MVMD 23 fif 5 5
Fig.5 The MVMD decomposition results of simulation

signal
2
Eo
0 0.5 1.0 1.5 2.0
t/s
(a) BUBHEAS B ANOG SHi i P e
(a) ANOGS sparse noise reduction for sensitive mode
03T : :
w02t £l 5 i
= 0.1 ST 2:f; 3}
E 0 MWW\JMWV JW M ls‘
= 0 50 100 150 200
f/Hz
(b) PS5 K24

(b) Envelope spectrum of noise reduction signal
F6 AL MVMD-ANOGS J5 i % i B A% 5 A B4 2R (p=
0.18,y=0.13)
Fig. 6 The processing results of simulation signal obtained

by MVMD-ANOGS method (p=0. 18,7=0. 13)

25 i v A K BH A R R A AR B AR I nf, (n
1,2, 3) K BH e 2 X 5 1, Ak iy 30 S i e, 4l okt T
FI KBRS & AR T R, X 5 5 BLAS AW

N UE AR SC 5 3k IR B VMD A S B4 A
[ K", a'|=[7,3000 ]y Al 52, AN BEPL 8 — 455
fift Z % (10, 25000, H % 2k 2 % J5 VMD #l
ANOGS B MR & 8 7 555 #1703, K7
FAE RS T AR /A g R . i B 7 A RS
552 ANOGS MR 5 | B AR I A 5 rp s o o
TG 15 AR BB ke A G A 2% 4% b T O B4 1 T AT
SRIZ A ™ FE,ARE A BN AS 58 11 K BH 48 50 B R i 450
B A Y TILIL € S NI NS - M e T
B, NN 5 U2 5030k B2 %) VMID 43 i 72 A 7™ 1 5
M), 5 35000 fife 1) AL 25 v R BE i BT BT E B Y ORE A
Ko T AR SCT7 4k e AT % b dkt fo ik B B 42, 1 o B
1y 1, S R A AR RS A0 M L B T IS SR 4 B S AR B

YR %t B, 43 50 R EEMD J7 36 fil FSK 32
SR A MR BAG S T A0 H . & 8 S EEMD 43 fi#

02
)
O AL Ll
0 0.5 1.0 1.5 2.0
t/s

(a) BB M ANOGS [ 45 SR

(a) ANOGS sparse noise reduction for non-optimal mode

£0.10
£ 0.05
g 0 [0 L L LA X i
0 50 100 150 200
f/Hz
(b) P55 HIELEE

(b) Envelope spectrum of noise reduction signal
K7 BEMSHIERSIER (p=0.49,y=0.22)
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Fig. 18 Analysis results of sun gear fault signal by FSK
method

{55 ALk AT DLE 2047 B 20 5 0 5 i )
4/ 3f AT R K BH 5 ke B 4R AE AR o X AT, EEMD
J7 1 AU FSK J7 3 B M LA KE K BH 48 e R 3% & 1) 1 55
JEVIA P e o R A T AT M BB Ok Ak B 25 SR n 1A
15 WA SOy B AR
5.2.2 FTRBUEAZT

P19 SR A7 A A D AR 4 S0 1 5 s S D OB e
FFT 5% FAL 453 . i B 19 af 0, i 3l A 5 p A7 A2
0 S AR | R 1% s S e © i M R T A
5, LT R A 2 33 vp 35 T8 v R B B R AR AT AL AR K
BRI AR B . TR, A 8 Y B BB A BT B A 2% ik
T3 JC AT B AR R R A T A R B I2 8T

-2
1; OMMWWM
£,

0 020406 0810 1.2 14 1.6 1.8 2.0
t/s

(a) ITEHCHIRIE
(a) Planetary gear fault signal
2
10+ 2
05t 3,
0
0 500 1000 1500 2000 2500
f/Hz
(b) 1T BRI RAE S
(b) Planetary gear fault signal spectrum

e /

il

'

EE /

(m-s?)

ol ¥ oas
5

I sprtr
0 20 40 60 80 100 120 140 160 180 200
f/Hz
(o) ITERMIEE S REE
(c) Envelope spectrum of planetary gear fault signal
K19 AT RE IR ALK EE S

Fig. 19 Fault signal of planetary gear tooth root crack

XPAT BB B AR 5 I R AR Sy 1k AT RRAIE 4R
o 1 20Ca) AT B 5 MO RE AR 5 1Y 25 ) R B 3 3R
No B 20Ca) AT A AR PEAT B AR SRR AR TR AR, 28
() RO 3% 3 N R0 A3 AR S 1Y) 43 1 10 O E 8 A
AHE WA, Wi, & E MVMD 95 445



1302 & o T OB ¥ R 55 34 %
015 05
:E 0.10} § 0 “ " ‘I
5 o
@ 0 05 ]E_n _0‘5 ! L L
= IR ; 0 0.5 1.0 L5 2.0
0 i i i i 1 H1 I t/ $
0 500 1000 1500 2000 2500 " .
1Hz (a) BURBLS (I ANOGSHi i [
. (a) ANOGS sparse noise reduction for sensitive mode
(a) RPEEZ A1 43 B 45 R
(a) Scale space spectrum segmentation results o - i i 3 ! . -
g |k o | -
o002t 2, " g P
< 9. R Lo, 13415,
@ 9 20 1 E 1 1 lg 0 y —
g 85l (™7 1600 1800 2000 2200 2400 0 50 100 150
z°> \/*'_,_,_;_4_\_.—4—!—0% f/Hz
8.0 . , . . (b) BEMR{E 5
'1 500 2000 2500 3000 3500 4000 (b) Envelope spectrum of noise reduction signal
ENHEFa Kl 22 A MVMD-ANOGS J5 i 47 B 58 i b 1% 5 Ab 38 2%

(b) TEHHETF 5 RKEZ RIRR R
(b) The relationship between penalty factor and maximum kurtosis

K20 MVMD Hh i A3 fifk 2 B0 i
Fig. 20 Determining the optimal parameters of MVMD

BB K =8, K 20(b) A 51 155 0 B e K
{H 2 18] i 56 5, 24 o = 1800 iF BUA5 Ui i e KA, B
DL E I AR AR T I 7o o = 1800, 7 e 2 8 4l
GLK,a 1=[8,1800]F , FIJHH MVMD X 17 £ ¢ ik
WA 5 HEAT SR LA 0 M L AR Y 8 S BEAS 43 it
21 7R o RS 40 Rt 285 0 32 o U, 3 BB 32 A K
WA we VB N SRS o iF — 20 1, F) 42 1
ASCSD 53R wg 47 75 b1 B W, B MR BE S (5 5 I
HALK W 22 froR o o] LOWER B, BRI R AEAT
A ] A0 e oo R A 2 58 0 L DI I b £
TR ofe e 7 R JF At T B B 8 i 5 TR B 2E AH
£ 4% 1% AT BRSO R AR R 0 RS af, (n=
2,3,6,8,9,13, 15) b 2B W W i i g . iR gy
M e FER AT 58 B0 T MOBE  3X 5 S0 50 3 B A AT o

HEIERAESBA G K, o 1=[8, 1800 ]1E 5%
BRAT 2450 L0 B 12 W7 rb i BT 1 BE ML IR IS 4K

1 K=3.724 1 Ki=6.052
< 0 L 0 i
1 ; - ;

0 1 2 0 1 2
1 Ku=5.730 1 Ku=4.138
0 S0 g
. —1 L . —1 1
0 1 2 g 0 I 2
= 1 K338 o 1 Ki=8.558
m s 0 m s 0 ¢
= =~
-1 , -1 \
0 i 2 0 I 2
1 2=3.001 0.8 Ku—9.249
< 0 < 0.0
=) . 0.5 -
0 1 2 0 I 2
tls tls

F21 47 2R S 0 MVMD 4 45 1

Fig.21 MVMD decomposition results of planetary gear fault

signal

H(p=0.23,y=0.01)
The processing results of planetary gear fault signal

by MVMD-ANOGS method (p=0.23, y = 0.01)

Fig. 22

HA[5,1200], FIHE BSEU5 1 VMD Fl ANOGS
T X AT B SR AE S AT A B . 18] 23 D AR SR AR
SHCFARB AL FRLE S . W LA B, AR PR AR S
OB RS A UG TR TR (R NORU LS T (W oy AR o)
KRG P AEAEVE Z TG TR R AL RE PN H 345 1 6
A5 AT AL W e A TR 0 8 B 4, L S 4 T o R i
KR T E 22(b) o 43 B B, B AL 2 50k IS 3L
VMD 45 fiff 45 5 0 1245 2R B, DTS RE 7E 43 i
RSS2 e i BT O E B AT R AR AR S B T
AR SC Tk gk Gk SE I, 1 3 7 1 B b 0 B B A
R A3 ik, DT T A 1) B 0 e e AR 1 U

i 05

é 0 L{M“hl ;:Hl ; T%Jlllw | ““ {“} | ”Il
At L A L
= 0. : : :

= 0 0.5 1.0 15 2.0

t/s
(a) RIS M ANOGS [ 45 SR

(a) ANOGS sparse noise reduction for non-optimal mode

<, 0.03

= 0.02

< 0.01

o h

=z 0 - -

0 50 100 150
f/Hz
(b) BFRE(5 5 HELE

(b) Envelope spectrum of noise reduction signal
F23 WU SHIEAPTEE R (p=0.81, y=0.04)
Fig. 23  Analysis results of simulation signal after changing

the optimized parameters (p=0.81, y =0.04)

Y % b, 43 591 5R T EEMD J7 5 Fll FSK 7 5 %
1T BRI IR NG5 AT b 3, 18] 24 5 EEMD J5 %
SYFRAET 74 IMF 43 it f ] 24 1T, 2R 00 o 1) i
WY b R IR R B & X R IMF 1R IMEF 3 43



FRI A R VMID R R 2 AR 9 R ) A R AT A A DT IR R 4R T 1303

IMF,
(=]

2 0.10
e B
=2 L 0

0 1 2 0 50 100 150

IMF,

o
o
3

(=)
—
[\

IMF,  IMF,
I

wno — =

oo oo

SO SO

TE{E / (m * s)
e
(3]

IMF,

(=)
—_
[\

IME,
NON
SO
fe R}
;

[=)
—_
|8

o o
oo S g 5

oo oo

omRD _o~R _oFRR o=l _olk _o
3

I
S o o o o o o o

IMF,
!

1 2 %0 50 100 150
t/s f/Hz

K24 EEMD X 47 B854 5 00 4558 (F 74> IMF)
Fig.24 Analysis results of planetary gear fault signal by
EEMD (the first seven IMF )

[=)

(1 A 26 i A AT R W R A 3R ) 5 AR AL o B
ZINTIE W (L HC Al TG DG A 2R 114 W (B Ry 2 Y, R R T
BERRAE ER BE IR . 8] 25 R FSK T a4 2R . LA
FH U P IS v BT e (R A K A
LAY DR AE 5 WAL 45 % v, BEOAR W] DUBR BB AT A
o R R O 0 6 A5 AR, (LB AN 3 [ v 2 LS 4R 4K
2, THRHESUR ARG . 5K 22 hA SO gkt AT
L, EEMD F FSK 5 5 2 n] DL BGH 43 B R AE , {H
LA RS R R W RIS AL TR B 1Y)
A1 A0 R 1 T BT M B B R

05
) OWWMM
i ~ < -05 L . .
. o 0 05 10 15 20
e O t/s
s H0 ; (b) BRI S
I 4 N’;: (b) Filtered signal
1.0 ¢
o £ 00100 3’%‘51; 107
! s 0.5 =0.005 W\.‘ﬂ"‘"\}‘h’i’n’\‘ﬁ'\d‘y‘ﬁw"nJJ““EA-Ml.!‘n\‘.,JL;\,w/w,‘ww:\

E 0 50 100 150

0 E

0 1000 2000 f/Hz
/I Hz (o) IERAE SR BL
(a) PRd T U 2 ] (c) Envelope spectrum of
(a) Fast spectral kurtosis filtered signal

[61 25 PR O B 7 VR X AT B A SRR S B A AT 2R
Fig.25 Analysis results of planetary gear signal by FSK
method

AR T —F 5 F MVMD-ANGOS #y H.3
B2 W s, JF 0 L T R SR s R AT R A
RO TS SR R AR AR IO . SE A {E S O ELR AR S

95 BOHE 16 3 B RT A L 2T T R S I S B T S 1 R
1 W e b o R AE AT R R B0 A R 0B 12 W R
T B —E A

(1) MVMD Jr ¥ g % [ 36 I 4K B A3 ff BT it 1)
RSN B K RS A F o H A B RYE . A
BUFPE T VMD Hp R 5 ) S 5000k BT BN R
205 5 S I N AN A ST RS B A A A

(2) $2& 1 ANGOS 535 58 6 X 5 BB 285 1 17
[ 3 IO B AR T A DR R b T B M 7 R L A T G
LA 1 T AT 2 J AL v B0 355 1 i s o o R AT
Pk v T SRR 12 TR ) R A R R R

(3) it 551 VMD , EEMD HI 8 3% il 5
T3 V6 H AR SC O 1% R B RS T 3 AT A R
I A0 5 R 23 L B 2 F RE T A9 B0 L LB T AT
1A A0 R B R ) o B TR 2 W, O S B TR
7 FH 4 T — R

S E 3 k:

[1] LeiY, LinJ, Zuo M J, et al. Condition monitoring and
fault diagnosis of planetary gearboxes: A review[J].
Measurement, 2014, 48: 292-305.

[2] Guo Y, Zhao L., Wu X, et al. Tooth root crack detec-
tion of planet and sun gears based on resonance demodu-
lation and vibration separation[J]. IEEE Transactions
on Instrumentation and Measurement, 2020, 69 (1) :
65-75.

[3] DybalaJ, Zimroz R. Rolling bearing diagnosing method
based on empirical mode decomposition of machine vibra-
tion signal[J]. Applied Acoustics, 2014, 77: 195-203.

[4] Smith J S. The local mean decomposition and its appli-
cation to EEG perception datal J]. Journal of the Royal
Society Interface, 2005, 2(5) : 443-454.

[5] Yang Y, Cheng J, Zhang K. An ensemble local means
decomposition method and its application to local rub-
impact fault diagnosis of the rotor systems[J]. Measure-
ment, 2012, 45: 561-570.

(6] FHEE,fLEER 4 T908 , 55 . [ N AT 1 2 30 8 X

3 fifp B HAEAT R UG 0 R 0 G 00 o g R [T ). AL T
R, 2014, 50(3) : 64-70.
LeiY, Kong D, Li N, et al. Adaptive ensemble empiri-
cal mode decomposition and its application to fault de-
tection of planetary gearboxes[J]. Journal of Mechani-
cal Engineering, 2014, 50(3): 64-70.

[7] Gilles J. Empirical wavelet transform[J]. IEEE Transac-
tions on Signal Processing, 2013, 61(16): 3999-4010.

[8] Dragomiretskiy K, Zosso D. Variational Mode Decom-
position[J]. IEEE Transactions on Signal Processing,
2014, 62(3): 531-544.

[9] Wang Y, Markert R, Xiang J, et al. Research on varia-



1304

& @ L

034 %

[11]

[12]

[13]

[14]

[15]

tional mode decomposition and its application in detect-
ing rub-impact fault of the rotor system[J]. Mechanical
Systems and Signal Processing, 2015, 60: 243-251.
LiZ, Jiang Y, Guo Q, et al. Multi-dimensional varia-
tional mode decomposition for bearing-crack detection
in wind turbines with large driving-speed variations[J].
Renewable Energy, 2018, 116: 55-73.

Wang C, Li H, Huang G, et al. Early fault diagnosis
for planetary gearbox based on adaptive parameter opti-
mized VMD and singular kurtosis difference spectrum
[J]. IEEE Access,2019,7: 31501-31516.

JESIE, e . B A AR Sy LS O i T R AR TR
o R L SO0 a2 W b B R L] P 22 B80S AR
2015, 49(5): 73-81.

Tang G, Wang X. Parameter optimized variational
mode decomposition method with application to incipi-
ent fault diagnosis of rolling bearing[ J]. Journal of Xi'an
Jiaotong University, 2015, 49(5): 73-81.

Zhang X, Miao Q, Zhang H, et al. A parameter-adap-
tive VMD method based on grasshopper optimization al-
gorithm to analyze vibration signals from rotating ma-
chinery[J]. Mechanical Systems and Signal Processing,
2018,108: 58-72.

Gu R, Chen J, Hong R, et al. Incipient fault diagnosis
of rolling bearings based on adaptive variational mode
decomposition and Teager energy operator[J]. Mea-
surement, 2020, 149: 106941.

Zhang M, Jiang Z, Feng K. Research on variational

mode decomposition in rolling bearings fault diagnosis

[16]

[17]

[18]

[19]

[20]

of the multistage centrifugal pump[J]. Mechanical Sys-
tems and Signal Processing, 2017, 93: 460-493.

Pan J, Chen J, Z1 Y, et al. Mono-component feature
extraction for mechanical fault diagnosis using modified
empirical wavelet transform via data-driven adaptive
Fourier spectrum segment[J]. Mechanical Systems and
Signal Processing, 2016, 72-73: 160-183.

T oWtk H, B, S ETESHAER/NEE
e b RCHL A 8 A R R AR R IR [T ). PR3 5 e i,
2020, 39(8): 99-105.

Ding X, XuJ, Teng W, et al. Fault feature extraction
of a wind turbine gearbox using adaptive parameterless
empirical wavelet transform[J]. Journal of Vibration
and Shock, 2020, 39(8): 99-105.

Chen P, Selesnick I W. Translation - invariant shrink-
age/thresholding of group sparse signals[J]. Signal Pro-
cessing, 2014, 94(1): 476-489.

Antoni J. The infogram: Entropic evidence of the signa-
ture of repetitive transients[ J]. Mechanical Systems and
Signal Processing, 2016, 74: 73-94.

Zhang M, Wang K, Wei D, et al. Amplitudes of char-
acteristic frequencies for fault diagnosis of planetary
gearbox[J]. Journal of Sound and Vibration, 2018,
432: 119-132.

Feng Z, Lin J, Zuo M J. Joint amplitude and frequency
demodulation analysis based on intrinsic time-scale de-
composition for planetary gearbox fault diagnosis[J].
Mechanical Systems and Signal Processing, 2016, 72-
73: 223-240.

Incipient fault feature extraction of planetary gearbox based on modified
VMD and non-convex overlap group shrinkage denoising

WANG Chao-ge', L1 Hong-kun®, CAO Shun-xin’, ZHOU Qiang’, LIU Ai-qiang®, REN Xue-ping’
(1.School of Logistics Engineering, Shanghai Maritime University, Shanghai 201306, China;
2.School of Mechanical Engineering, Dalian University of Technology, Dalian 116024, China;

3.Institute of Mechanical Engineering, Inner Mongolia University of Science and Technology, Baotou 014010, China)

Abstract: Aiming at the problems that the incipient weak fault characteristics of the planetary gearbox are difficult to be identified
under strong background noise, and the mode number K and penalty factor a of variational mode decomposition (VMD) must be
set in advance and cannot be adaptively determined, a modified variational mode decomposition (MVMD) algorithm is proposed.
The MVMD method determines the mode number K by adaptive scale space spectrum segmentation of the fault signal, and estab-
lishes the maximum kurtosis criterion to automatically select the penalty factor a. On this basis, a novel method for incipient fault
diagnosis of planetary gearbox based on the MVMD and adaptive non-convex overlap group shrinkage (MVMD-ANOGS) is pro-
posed. The collected vibration signal of the planetary gearbox is decomposed by MVMD), and then a series of narrow-band modal
components are obtained. The proposed ANOGS algorithm performs sparse denoising on the sensitive mode with the maximum
kurtosis, thereby highlighting the fault impact characteristics of the mode signal. The envelope demodulation analysis is performed
on the denoised mode, and the obvious fault characteristic frequencies are extracted from its envelope spectrum. The feasibility of
the proposed method is validated using both the numerical simulation and practical experimental dates of planetary gearbox. More-
over, compared with the traditional VMD, EEMD and fast spectral kurtosis methods, the proposed method can extract clearly

weak fault impact features and improve the incipient fault identification accuracy of planetary gearbox.
Key words: fault diagnosis; planetary gearbox; variational mode decomposition; overlap group shrinkage algorithm; feature extraction
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