o5 35 445 5 1)
2022 4E 10 H

® z T & F #

Journal of Vibration Engineering

Vol. 35 No. 5
Oct. 2022

BENFIFHNESHERTAZERE
T % 7 B BE 12 BT R R M A

Kok, EHEE, BERE, HOR, TEE, KEE

(L IR R BB S8 2 Be , VL958 950 2151315 2. Ao U EE R L 4 423 L ZZWF S Ay IR |l L J0305 364 213011)

TR 55 Wi 28 19 3T 58 A 7 MLAR B 4 325 5 5003 D A BT v R 2 o) S ML RO S o AR T L R T RE L 1O
PR FEi8 RIS S R W KRR e L R TN G B S| RPN e IS 2 A I S| AR <ot (S
VLB AR5 R 13 B M I 2R >0 ke, & BE VRS o 255 15 5 P ECRE 0 B0 i) SO /N R M1 570 e B, i o T
T B ST AR S M R 5 i ot T K-SVD Bk PR A I P RO AR 8 U7 2 b T s B O HL A
FHAR B SR AN T 2 > 57 B0 MR P IR P B 22 B i o R 78 B Z S R RN 25 1R 1, 0 A R (9 07 B4R 5
NS A5 5 B o A i B v, 32 P48 1 5 3k 52 B 2 T

KGR RIS W R B RN s KISVD A B Tz o) s GMC ) pR A%

hES%S: THI65 .3; TH133.3 Xk ARERD: A
DOI:10.16385/].cnki.issn.1004-4523.2022.05.026

5l

i

b 7R A S e PR HIL A Y S B SR R A BT
T R shBL RSB L R IA e A A R . SRR
B Bl RO foe A o e A SRR R A 2 — o DL, A
TR HEA TR I LK

2 T R T e A J S AR I 3R T R 2 S
42 o v A A RS wh o — O T AT Rl R AR
S0 B )RR AR AN WL, 55— T T 32 FR T S B 1R A
e TR A RABORE A5 DA BRI 0 1 T I A A 7 S T
PR AN B B IS I B MR R

o RS R A 3 B I A Y B S o i 2 A A
B, T H 5 e R R TR R BEAL A (Y, AN BT
P DRI R 2 8 T 1% Al S AR )T T T il R i
BRIZWT . Wang S5 1 — 007 i B A0 AL SR g 7
IE——F X BEHLIE S DL LA R (AROMP) 8% o Li
S5O R A s A RO BR R S5 S, D AR T
TR sl i 5 A SR U SOREARAE o Zhao 557 7E G iR
ANHEZR TR S LT A 5 T R i T A
P4 352 (GSSA) . Huang % Xt il R Ik s (5 5
e 2H N RTZ 8] B9 A i 1, B Hh T — O B B A 1S
ORI . LinSE TR T ARG ) 2 1R A A
AR 92 KM (FMT VD) RT3k , LUl % 7 S 3 (]
75 S i A

& B H#3: 2021-01-20; 1&1T H #5: 2021-06-18

X EHS: 1004-4523(2022)05-1278-11

o T B 2 7S T IR AR 2 R T A ROCRAR
KRARBE EAHOBE T3 78 & F i 45 . A 1 i i
BB SRR — i AR (H R 3 o AR v
JR R AR SR ARB S 30 MR e 4 . HOR L F
S 5 RS i B AT AR B [ RS Y
AR 218 R A DE T 19 7 S P R i 3R s R B 2% L 1
PR 22, 7> FHLRR IS TR kb IX SR BRI . BT
3 3 ) AR ARA e 50 AR TR B S il 25
o] A& NAE S N AR IE R i S A, H LY
582 2] J5 ¥ 45 MOD (Method of Optimal Direc-
tions, e A J7 17 5 ) B kY \K-SVD(K-Singular Value
Decomposition, K- S {E 50 ) Sk W4

B X i 2 7 iR AT S i S A 22 Y [ R
A SCHE T IS N A 2] F IS S R R R
Beo ZITEE SR T HT X /MR M (General-
ized Minimax Concave, GMC) §3 PR R 15 H 5 oA
B, GMC i R BB RAFE S R ERE ST,
LA 0 S A 5 P R A 4R IR g 7 T A R
MR, HWREGH T K-SVD 553k i B A I 25 55 B
F14) ) 35 55 H8) R U /0 3 B I [R] |, 42 25 38 ok A A A Tk
P A 27 2] - B4 s 0 e P B IR BT RE ), A S R Ay
e B0 3 SR Aok A i D0 A A AR % i 7R I AR AU A 2
> M B AR s, DT S B R A A 3 4 IR
2 W, U B A R SR O kA
RV A B

HEEUWB: BHE A KRR 4% H (52075353,51875376) .



o5

A AN AR ) T A S R B R Jr vk B A il R4 T b Bt T 1279

1 EEHBERERT=

i 28 75 1) A JEL Ay < 3 g X i I 2 s A
Y0 Je ML A K A, A5 BIE 5 78 1 58 % - 3 B
i B 2R 7R B, 456 7 BRI g o R A E L E
bRk it

B v 0T SRS (R IR B (5 5 y e RY, B
B R AR AT DL IR R

y=x+n (1)
Kb zeRY N HIFFRE S5, n RoR RS T80 75
i, MR 1Y H ARt 2 R IR S5 5 y A AL
Moy H AR R S i 2o R B R R 43 i 2 7T
DA AR5 A € RS L RS2
xr=Ac (2)
X e HRRB RN REC MO T R s 158 ]
D& B R
m(_inR(c) s.t.Hy—AcH§<é‘ (3)

A R(c) A5 s B, SR 45 BOFR B, 6 S R
TRz, LIRAR RN RS T — TR
i 1 U A 2 P P (1] A

¢’ = arg min lHy*Acher/‘LR(c) (4)
cery | 2 2

X A= 0 0 IE WAL Z 8, 2 il £ EL 000 (5 — 300) Al
FE AT I CHE 00 18] (4747, 76 DR TR B v A 0 i
P g 14 ] AL AT RE 25 B I A (BT 1k UL i AU
)Mo a4 R AMESR S BIAG T R B, B
FRFFAE 23 B e W] LAl I = A,

2 P E

2.1 B R Hg T

155 Wi i 322 78 J7 1 1) — 1> D B [n) U7E T 3 1)
PREI BT . B S eR R B R s A R H AR
PRI AR 1) O FHE R 43, L2 52 W o W B 2 O W B T R
A R Al 7 i A AT i BB T A 1

LG TR LA S pR AR pR R IR S T 1
— 0 X 13 S Y PR I K XTI P ) AL PR IR AT R R
B (A=1,a=0.5), H P {H (solt) K
L1Ya B W B . A 1(h) i, vl LA H S iR
MR, B MC 5} ok 5 X 7 1 10 o 25040, 45 1 {H
PRELHER 5 y=x fEE—E IR E . AR T L1
B, SR AR ™ 5T R B A — 2 R (E O ECRE T,
MC §i} eR A B DR RO o R 57

Selesnick 75T MC JE ™ 57 pR AR H Y T SO

x1 BELBRIIABREIHERERX
Tab.1 Common sparse penalty functions and their func-

tion expressions

L1 norm | z|
. 1
Logarithm —lg(1+alz|)
a
A 2 i:t 71(1+2a|1|) T
tan an (——— )——
av's V3 6
1,
|z|——2% |x|<a
2a
MC
a
E B | X ‘2 a
4 4
— L1 norm ——X=Yy
-—-Log —— Soft
o T W Atan 2 Log
MC PR Atan
’Q . . = MC
2 g s
1 \\% / Lo sl 7
A\ A
0 -4
-4 2 0 2 4 -4 2 0 2 4
X ¥
() Wbl & B (b) BIEREL

(a) Sparse penalty function (b) Threshold function
1 i DA g 1] e i R HG 1R (R K
Fig.1 Common sparse penalty functions and their threshold

functions

/N K M (Generalized Minimax Concave, GMC) i
PR, GMC i R BCH AT R S IR LR T, T DA
TELRFE H A5 eR E50™ Ve 1 8] B AT 28000155 5 7 i 1k, 32
o {5 R AR 4R B R
GMC PR 1y 22 LN -
gp(x)=] x| — Su(x) (5)
A S, b X Huber pREL, & R -

. 1 :
Sala)=min{|v| +|Bz—o)] ] (6

P o UM B — 5, B o R 45 ¥ 28
TR

2.2 BENFHFET

T i B A R 7 IR B 93— A G ) REAE T
PR T IR IE o B R UL B A s AR OR AR B
S A (5 2 i 3278 O 45 SR ISR 12 W O ROCR o i
Hr 7 i iy 2 R B, A TS NP 22 N RERE A 15 5
R 00 R T I O R i S o)
56, AT LI o R 5 5 SO Y 2 T SEORS ME A
H VT BE AR 5 AR SRR AR (9 3 56 47 4
2.2.1 My HEH KA 5K 5

Tl o) B AR RN GRAE [ O HA A



1280 o3 T OB % W 95 35 %
JEGVEE I R TAT RN GRZER o A IS FEAS I 250 o ol 7
G S PR R R T O O O O G O O O U ¥
MR RO RCRIE LIE T SISkt rrrrrrrrr
KRS R, N TRSEERAE SRR E 7 . . . .
FE AR SO R [ T 53 3 A 5 0 =B T BE S
B 7 A 1 IR A b o E B3R 3R B O R B2 A B ek B
007 QUL NS BT N N T 7 N R 4 7S Fig. 2 Periodic fault pulse components
o3 0 R B B R By B B L 28R Tk
TR J90 T, G o S B £ 5 0 L9 T T LR BRI S y =y v o ]S EY
Fan 452 (9 B0 M 75 AH DGR (NRC) A3 i FE G R
[ Y1 Vr—i+1 Yh—vyxr—(h—1)xet1 YixT hwvl_
y,— Vr—# Yot — 2k VixT—hxk yhr—({wl)m (7)
Yr—w+1 Yor—zet1 Yixr—nxk+1
. I
L Yr Yor— Yt —(h—1)x 0 i
y=[y 0 i v =12, (8) rr}Iin{Hd,-Ho}s.t.Hy,-—Ad,-Hz<s, Vie[1.N] (12)

A THRRUEEAW s e=n X N X i kFRETE
BREnRAEER;NERGFESRE; (=
0,1, v, mBIRBERG RN H BBy, R
W g — ) e M) o A

1 G () i e — S R R S M
B RO R g B (D BS R

Rl Vo= 10)X T—(h—1)x k+1
Y/=| (9)
Yr YVt —(h—1)x
i 28 A TR AR I 5
Y=Y/ Y/ Y, ] (10)
HEREAGEMWES R, AR HEX(10) R

b ) 2 H G AT RIS 0 BB SR R AR I R B
2.2.2 K-SVD %

K-4r 5 8 4 f# (K-Singular Value Decomposi-
tion, K-SVD) 5 ¥k &  Aharon 55 "7 #& ) (19 — F 1z
Mz W i2E S gk . K-SVD 5 B el e
R AL

min{|d, | | sLVi, [Y—AD| <e (D)

L Y RIRG SRR G RE ; A R 52 &
FH s D={d.},i=1,-,NERES W & EE
MsefanMmmmmminisz., L, YER Y,
d,ERF, DER NV AECR K,

K-SVD 55 1 40 45 # 5 2w 5 1 57 82 505 97 4>
W

1B A 5 W AR i [ A 3 o8 25 7 3 B i R OR
A B0 B 2R B0 [ 0 L R L B O R R AR A . B 4
fish ] LB 3 O R Ak ) R

KLy, €R

2. AN W 355 AT T 97 2 5 M v 9 J ol G T S
e A5 5 PR ARFAE 3 A 2o B 4 Bk Sy 7 B . X1
T MOD 53 (9 8 AR 0058, K-SVD 583 19 7 31 5 5
JERGNIEAT Y, XAEASGE A7 A S e B TP, i L
I 2525 5L 0 Mk A

TR 58 £ T WA S kB IR a7 LT
FEAE A A— 1300, T4 5K (11) 9 H AR 43 iR

2

Iy —ap| =y —Nad;| —
i=1 B
| E.— aud? ], (13)
E;=Y > ad} (14)
JFk

Kb d R B R BUE B D R R 5 kAT
il E, R R ad i A k— 1R 2 (8

N T A R BT R R ECOREC IS I
520 (13)

|E,— adf|,  (15)

A QERVIHRRMNIE(w (i), i) A, HET
Lo, ={i| 1IN, di(0) 7 0 |22 7 B 3 2000 4 2
£t di=diQ,E R dEXTRL Q1S 4

X E g 47 A 5 E 53 f## (Singular Value Decom-
position, SVD), {58 Ef=UAV", H UKy —5 &
B oa, FIEE VARG —3 A AL, 1) 4 R B8 d,
B H T, B A B 25 )
2.2.3 BMA K

W 7 o B K AR 5 1

adie, |, =] Ei—

1 AR A S U



o5

A AN AR ) T A S R B R Jr vk B A il R4 T b Bt T 1281

AR R MR R RN 2 B 2 A H AR R IE — AR R
R T FBRAE S U MR TS By R AR TR
B O (R AR L 2 o) i A AT AL 15 3
fEf2s 2] i A
A'= argmin%HA’*A,, “Z+T“A,‘|l (16)
) A ) By b =2 (16) 3R 473K A -
A'=s0ft(A,, 7/2)=
Sign(A,<)max{|A,l|* 2'/2,0} (17)
A sign MRS R

1, x>0
sign(x)=1¢ 0, x=0 (18)
—1, x<<O0

2.3 EMBRES

K (10 Y& T3l R IR 3 15 5 19 50 B 8
R % Y Bk 0 A7 b B BOE BE AR IE T A 5 5 Al 52 3
P, SO R s /D T s S i

HeT GMC il rRBUE A H A5 pR AL :

1 2
J(c,v):EHy*A6H2+2{¢B(6):

1 .
EHy*AcHer/l”cHl*
. A el
min AHUHI+5BHC NES
1 2
mvax{zy—Acz—O—)tcfl—

A .
AvI—ZMR—vq (19)

Horb, HAR RO A B =y AL
R T A5 B AR 5 R R R, BV GMC
1E Ak fe /s 3 H AR R E(19)

(¢, v )= arg min max J (¢, v)=
!

v

1
arg min max {ley — Acllz + Allell —

AIIvIII—}Z/IIA(c—v)IIE} (20)

A O<<y<< I AR HEE LA y=0.5. K
(20) J& — A a5 1] =, A7 D 3o o™ P A 53 1SR A o
A S F R 0 A R i B Rk R T W S ) g 2
(Forward-Backward Splitting, FBS) % 1k,

FH FBS 8 kK i 28 (20) AR S Yo 78
Ak 5 2] 5t A G g R ok 15 3 3 & 5L
HilE C's

HIFESHEY KRR R Y =AXC, w#%
¥ Y'WRE R — eIk 3055y, U0 iy B A4
fiE 5342 -

!

yé y/T+1 y(//y—l)x T+ 1 Y1
y'=| : : =>y'=| | (21)
Vi Yer e I V&

25 L FTIR R T IE Ny ) M B R R O
MR 2 7R o IR 3 AL T A I N7 T IS
B R 7 7V Bl AR R A2 R AR

®2 ETHENFIFANBRRTAZE
Tab.2 Sparse representation method based on adaptive
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based on sparse representation method of adaptive

learning dictionary
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platform
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Signal sparse representation method of adaptive learning dictionary and
its application in bearing fault diagnosis

ZHANG Cheng', HUANG Wei-guo', MA Yu-giang’, QUE Hong-bo*, JIANG Xing-xing',
ZHU Zhong-kui'
(1.School of Rail Transportation, Soochow University, Suzhou 215131, China;
2.CRRC Qishuyan Institute Co., Ltd., Changzhou 213011, China)

Abstract: The over-complete dictionaries of signal sparse representation can be divided into analytical dictionary and learning dictionary
according to the construction method. The analytical dictionary has a fixed structure and poor adaptability. The construction of the analyti-
cal dictionary needs to fully analyze the oscillation characteristics of the vibration signal and obtain sufficient prior knowledge. The learn-
ing dictionary gets rid of the shackles of prior knowledge and can be trained directly from the signal, with strong adaptability. Combined
with the generalized minimum maximum concave penalty function, which has strong signal fidelity ability, this paper proposes a signal
sparse representation method based on an adaptive learning dictionary. The proposed method improves the construction of the sample-
training matrix in the K-SVD algorithm , reduces the computing time, and makes up for the shortcomings of the learning dictionary's
poor resistance to noise with the soft threshold algorithm. Without any prior knowledge , the method proposed in this paper is used

to realize the fault diagnosis, in the process of analyzing the simulation signal and experimental signal of the bearing.
Key words: fault diagnosis; bearing; sparse representation; K-SVD algorithm ; dictionary learning ; GMC penalty function
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