% &

Journal of Mechanical Strength 2026, 48(5):117-125

E T R ME TQWT B R R BV RS R 12 B

BEM AANX' HEHK'
(1. AT L KRF fEFR, L 710072)
(2. BaaFHEKRSY LSRR FR, &% 710126)

KA

FEE: [HM] B iR I 2h SRR AE 38 IORS BE R 16 L 5018845 2 20 s W s T 8 AR 5 1 3 g A A sl = 5 O
P8 bR LA BB B T AR S5 )8, T R Sl R I B R AE 1 0 5 SO 2 W T IR EOE o BRI T — A a1 AR M 1E 30 R
Wit 43 i O vk PR T 2 AR B R MR SE 55 A pi A o [Jrik] &5, 8 i tunable Q-factor /] i 7F 46
(Tunable Q-factor Wavelet Transform, TQWT) % {5 5 HE AT 7 B 43 , 3RA515 5 A9 I (87 235 , M9 B M AR5 R 4 LA $2 7
TR F 5 B M () IR O B DG B R AR R, s LU, SR 5 1 U 5 MR P BB L 0 AR L B R A L R
FRSBOERE , T 00 nT IR/ S8  BAE T ;i , MU ILE S B R 5 L S F A, FEXT =M 5 5o
THR AT AR B AR SR AR IEF B . [S5R] FEES 5SS R, AT 7 % BE087E AR B AR 5L 1 g s o o

RFAE, S5 Bk 7R AR Sl 39 ) o Af 12 W

KR : AR TR RN /NG Wi B2 5 S E

hE4SZEE. TH212; TH213.3 DOI:

0 55

WA T2 WA IS AR B TR
FU ML S5 45 FEMLAR s £ S8, 7R shlk 2 % 52
PN A 3B il v 28 AR T o AR AL Gn & B AL
1Rl R G R T R Bl RS A TR A L 30%1
TR I VR Sl il AR R R 28 AU T DA A& | mT Rk 4
18 AR, SE R HILAR Y (F FH  , $2  A 7™= aoh A 1) T
PE 52k A F R B SO TR R A

2 A W W R S P s A R A 1 3 ik 2 A
o A2 I s SR s S I T T il R i Bl AR
Ao HA /NG 53 A HF S AT IROW 53 B 38 G
R FE B #GE 4 SELESNICK * ' 3 T 85 /)N il A8
#t (Discrete Wavelet Transformation, DWT) 45 #4) , 2 H
TR Gy TR 0 B EET R AE S B NI AR AR BR R
Al JE i Bt A F /N AR # (Tunable Q-factor Wavelet
Transform, TQWT) o X F k32 17 P AL /NI & T
K7 I RE 1, AT X S5 B R o ik G 17 S kA7 3k
& B T F o SO ) ROV A RO B
MIEFIRE ST o JH BT 5ERH TQWT 455 il i

Yk HI: 2024-07-08  f&RIH]: 2024-09-29
HEWH: FEZRARPEIEETH(11972314)

10. 16579/j. issn. 1001. 9669. 2026. 05. 014

U 32 7 0] B A G R BOAE W B AL (55 AR SR A (5 5 1)
AL 45 % VR B D B IR VR Bl R B TR S SRR o
2 TESET W0 FH S 0 R A R R0 L B TQW'T 19 e
LR PR RRUBE A 3l 2o A AT EE A A A 4 T A
SOP7R S v N R VG A A (S

A JE 2 AL A 7 R 30 10 5 RS ), — e
R R R IO 2 5 B R A 8UE B B AR
A B S 5 SRR K R U IE W A5 5, A B
RGN R TH R E T, A T AR mITA
B AR 2 Wy ok 12 WERS , 74 3 4 fie 28
WAEX FPAF I S T 22 8 WA o BB R Jr ik i 3
AR AR R LR MALLAT 4R Y o i i 36 7m 7 1
HAMCRAER RE W EMMRSERES, T Z AT
FUZ AN S A PR . LIU 25 OBF5E T Hi - B
UEWE T IR WL FIHLAS B2 W, o T 45
i M 9 5 IR L, 3 5500 WAk 4 ok 1 78 4 L XU
AEMRL 7 AR Y B i 1E ) 4k (Nonconvex Sparse
Regularization, NSR) 77, |12 H T 4 f& BRI {5
AhFE, SR, KZEINSR J5 0w T A R M
WBL T el e /M . SELESNICK %5 2 F 5 1 2%

PEHRIA : SRIEHR, B, 2000 4R A=, BV R, 015 2 BERT S5 1) A e e MUAR I B2 87 5k A2 > KB AR ML 5 E-mail : QiangVD@mail.nwpu.

edu.cn,

T L GEAEHEH) , B 1973 452k BePTi2e A, {4, BIEUE, EBMITE 7 10 TR AR 5 A BEAe 3 e hT ety Mot RIBFAREN

PRI ;. E-mail: fwan@nwpu.edu.cn.
SRR 2 3mSR, 7 S, SRR, 5 L S T 2R R R AL TQWT M

7 B RS RIS M [T ], AR IEE , 2026, 48(5) : 117-125.

QIANG Yudong, WAN Fangyi, ZHANG Chunlin, et al. Bearing fault diagnosis based on multi-index optimization TQWT sparse E P

representation[ J |. Journal of Mechanical Strength,2026,48(5):117-125.

o gk W



118 HL Ui

G i 2026 4F

BRSO 1, LA BT AnT A T DA R A 18 P
WANG S B T — il JE T SO /) M1 2
(Generalized Minmax-Concave penalty, GMC) 19 3F 'y
Hi g 1 DU AL il R e a2 W O i 4R T — A g — 1
NSR A PEAHERR o 1207 20 Fs T g (E Ak /) —
Fe AR RREC P (5 A S SR A 42 ) e /IMEL
FEGIAT — iR g B A, F W e P E AL S5

g5 LTk, B AR TR Sh R R I2 Wik AT T
FZ AW, RS T R R . AR, F B
FoR 1 TQWT X g B A5 5 FEAT R AR 52 U 7 ¥ A 51
PRI, AT i e AT 4 T TQW'T A i 3 18 2
F 3 e SR (R R, X6 T 52 2% 000 T Sl i R A
MEARIBUSCR 2% . AR SCEE X DL B R A DR 1 0] 70, 45
B SR AR R, 32— b A R T D02
i 8 53 A J7 1k , IR T 248 bR AR JE B R A T 9 35 0 B
P A Y R B2 W 5 125 o A TQWT B #i i 22
AT | 3 A~ 2246 B (14 B8O PR/ D 6 R RO
M 0 A5 1 S RS AT 19 A R, X A S
At ] EAT S B2 W, TR0 1 23 ) B 305 1
HORRAR S AR (5 54 IR 72O e R AT ATE

1 BWRORELRE

1.1 TQWTEAKIEE

SELESNICK %5507 JL F DWT &5 44 , 32t T
— G TR Y 0 B E T 5 00 /N AR A, el o
KT QFIUR T r S804k, % AR T 228 /N
i J5T KL BB 7, B X I S 5 B 3 ik 7 4 7 ok v
TPt $em 1 it A 8 OB o i ) RS PE SiA
I ARLH B e S A MR T o

TQWT & HH XU 18 U8 % # 41 X5 5 47T 2 2 %
R o g d by, 3 2 AU X i A 7R a8l 1
FIiR o

D= LPS 1/0. =~ Hy(w)
i|~LPS 1/oc = Ho (@)

w=HPS 1/ = H(w)

:|—~ LPS /ol H, ()
o —{HPS 1/B [~ Hi(®) }y

W(l) — HPS l/ﬂ-— H.’(w)

E1 3ERERABERTEE
Fig. 1 Schematic diagram of three-layer iterative decomposition and

reconstruction

BT X A 53¢ 0’ NS j RS AR AR 5
9 ] A B/ NI R BG H () FVH, () S A8 AR
WL LA H,y (o) L H] (0) KX RS 2 o 1B
O AR 388 R e 38 114 JUEE TR 5 S TUAR PR, 6 L A 5E S
S V)

B g 2
a=l-T b= (L
0= (2)

K, B, WES T 50, M0 H R, (DR O <
a<l,0<B<lL,a+B> 1,
TQWT i KA fift) 2 8 i =X (3) e, B
N {g(ﬁW)J{ lg [ N/4(Q + 1) ] (3)
" lg (1/a) le [(Q+ 1D)/(Q+1-2/r)]
X N RIESKE,
1.2 HERoHRIEISER
XF TR R S it R 0 2 W, A I R AR 5
PRV VL AE T S M 7 v A I, T — P 1 2 My vk
A2 R BR B A RS B, HAEREL R &
REWIURE S SRR S ek T
— RN, g 2 A R SE e LA, DL
R ) B A T R N TR A2 W SRR, BB A AL
F BRI TU A ) R, A 5 i 0 174 2o 7 2 DA 2 1) 7
i e TR B D B R 3 R B R A R A
G5 1 e fa it e 2k | RIS 10075 (%) 7 oy il R o
5 TENEE DY B 6 A TR 38 2 AR AR RO R
IR e A . ST BB S R AR AR, Oy
y=y,tn (4)
Ky, WHIRBEAS Sy, € R sn AT G5
WFIE R, AR RS S , 1 AT 30 R AR e 1) 7
iR A

yo = Ax (5)
x=A"y, (6)
AP, A e R FRRLE LM« e RV M EA
i P 119 722 4 R
R UR AT 5 i 8 ik B % M 1 4 B Rl B A
B, OB TR 3 A SR A e ORI A I U A R
B TE U Al BRI S W R R 2 R AR A
Iz Ad Y FAR 2 fe /A E WA i/ 3 19 AR
BRI
it T DU A T DGR P 35y v e 30 7 i 30 L e
xo L JEECR EAT )2 ARSI, RO L, S5
TEMA R e/ Z 3 [l R AT LA Sy

1
min | F(x) =~ [ly = Axll3 + Allel], (7)

o, Il 9 LS & A N IE I S50, 1 TP i 2k



5 48 B4 5 1Y)

SRR, A ST ZARPAMIL I TQWT 5 5 27 1l R B2 119

TR T A0 22 [6] A AL
& RS TN

) :xmax{|x|—)\,0}

soft(x; A) max {1 A} (8)

2 (7)) K i A5 AL 5 A Sy 56 L Y B0 AR 19 1

PEALTRL, R g It 1 14> HAR R
2 ZIERMUTQWT MERR R E

2.1 TQWTIEEIEOIENTHTRR

S ook Sl SR [ AN S 57 N =1y £
AN A ) T3 = R B E . X TRl R R
W, AR SCR I TQWT 1V Rk AR B A

TQWT A LAAS &4l 3% 7 Jo] 30 i o Jod S0 JDk v v 37,
I — P B /N A e, G AR O B S — 1 Tl R R
W, T T30 4 2 o P radix-2 3 pRERCEA bR 1
FEL ARG, A DAAT 50 B B W A A U A 1]
) R ) PRESR A . S5 AR GE R/ N AR L, TQWT #Y
i IR O MU IHF r 5 TS 46 28 , W] AR FF
Qb FRAF5 BYHR AT A /N RE R IR A T DR L4, A
T2 T+ i A5 5 s IR B

TE 52 PrRAE SR AR A 5 v (8 L Y o A
FITUAEAE— S0 W 0 o LIS IR A 55 1 e i
MR o3, MAE R Z BB LT |, 3X 243 i AR 1E 2 i e (s
SRy, R, 2 AR YRR M A AR 0, DA
BIESRA B O OR BB RS SR

— B K AR T AR 8 B/ —Sfe Il AR Sy

min F(x)=%||y—AxH§+ A (x) 9)

Ao, (o) AR AR B PR

TR 25 P, AR SO ST — FURE IR B R o R i

TS, PRy GMC RG-S , & AT LATR A5 pR B0 ™ e sl 4
PR AEE R/ MEL . GMCIETTTRIE

1
ol = T <
= 10
o) =1 o (10)
RN
2y Y

oy SRR BB TR L.
it 3 Moreau 285 2 A L5
e () = [l = min ol + 57 e = oll3} (1)
2o AL B M AR
PR A E T B/ — e B
F(x) =l = A+ Al = Amin { o], +

Yo 2
2)\||% o3} (12)

GMC F& 5 T A 4 i) 53 5, DR e fe JH 0

b8 &= BN INBES AV RP A R I B2 N S e
A O2)FeAl = (13) 8 g ], B

(2™, v"™) = arg min max F(x,v) (13)
Hrr,
LT _ “ YUk = )P
F(x,v) = o lly = Auxlls + Allelly = Aflell, = 5 A(x = 0)l3}

(14)

GMC BT R A T

initialize +*,v”,0 < < 2/max { 1,/(1 =) } |A[];’

@for i=0,1,2,-,do

B’ = ' — uA"(Ax' = y) + uyA"A(x' = v'),

@' =o' + pyA"A(x - '),

& &Y = soft(ws ),

© "V = soft(x"VsAu),

@ end for

return ' * Y

TEFEEMRGE BRPIA T pyA" A(x - o) I, H
Hw B (7 20 30 A T L TR ) 25 R ik
LAY EREE USRI i
2.2 ZIEMRBENAE TQWTHHERIL

TEB 7E H T TQWT BYHi B 2 78 #5012 I 3ok Ji
JINIHE FHE BRI S B0R GMC AT 0 11 B4 y B, 38 5 DA
TR R BIREE Ml 3 = 1o RO B R 7 R e 2500, I
A7 S R b o A A A R, B A R U
RRBIE T oo T8 X R 7 1 R4 1 i S He o x)
AL AR AR — 2D B AL 2 T T i

% I8 B T B RS PR N R 3 e N
Hy (o) F1H, () BYACHRE R XS 327 I HL /N Y I s
LI BRAR & sl Jmy Ak, B3/ (o r=1) I 23 3L
NP AG sine /N, AR TR S R, O T
U5 S PR A IR B A5 S ARG, B T A 1 r RO R
EHH3.

MR O=1 1, 233805 1R T mdl o A i
2 B8 i 2 R, JLT Tk DL R R AE , 172 O
(EEER /N R4, o PR o i 2 38 s, i S e I Bk
URBI AHAR 2417 22 1) A i 25 J3E U AR, /)0l A o
SXELAVE LR 5 BOAR G R E I A 3 05 5

0=1,=3

KA H]
B2 MNEERHTEE

Fig. 2 Diagram of the signal wavelet basis function



120 L Ui

G i 2026 4F

20 (3) Af 0, e RO R Ao 2 i B2 PR O
FTCAR R r D 1Y, PR S3fiff J2E8J,,, B B AR
T S B Q MOITAR A F o SHARIESS 5 B R B
PE AR B AT B (R y B3 FEIACE O 0. 3~1, PRI
SRR BN G B Ty R B O il 2 R T RN B
TESTI SRS y AT H S

XL B ZHGH T S N E R, S AR EH
T4 7 Ik B R AR B AR T R A DG U E A
2% 18 I M 7 Lt (Envelope Harmonic-to-Noise Ratio,
EHNR) %, {H X $E48 47K 2 B = 704 PR S T (1 & 45
PRI Ik i B AR AR %) B

UIE B8 KX i A5 5 £ B — info ot S o e, L gk
XH
Sha(n) - ul’

a'N
K u WG S 0 AP HIbRIER

U EEJE 1 D2 Rdabn , TTIE X R EfR 5 E i
A AT FAE , X0 i M P T S PR T 194l e A 0
JERLE o A SO U B HEAT S0k, 1A B2 i AR L K
PRI EE , HoE S

K = (15)

K=§ (16)
s:z‘[x(rjlv)—u]‘ (17)

A (16) (3 (17) ] 0, iy B i A HE B4 58 1 iy
BT o i (5 B BURE  25BR TR S AR S X bR E Y
FEMA) A RO T R

EHNR Z R 18 3 5o 5 e 75 TR 0 i fe b
I HLAE JR B B R AR AR AR B 238 K. b4k, EHNR
BTG 5 T AR 25 5 Mol ol 318 H A G R BCR AN T -

¥ EHNRICVE E, I

[ e Pre.(r+ punr
E=-7 : 12 (18)
[ Car= ] e e+ poir

At e, () ALETE sy PRSI 5 £

(R FE RN v, TRTRR S f 0 W P -t s 6
TEAERI, 1% EVR R bR & R

PRl IHE A S i 1 0 26 00 1% 1 8 0 15 MR 7 RE L
(Harmonic-to-Noise Energy Ratio of the Envelope Spec-
trum, ES-HNER) 2t EHNR , 1F 3 £ /N1 5 e 50 S
TSRV 7 A7) 200 B {EL A 4 b, BRI

2 ef(fim)
E,= R (19)

et Y 2w

j=1,2,3,

k
o, DT e (f) R AR AT T e 3 U
i=1,2,
NI2

B > () ML B AR

j=1,2,3,

INECF )y T % JE , ES-HNER 8 5 5T & B8 9%
S I R RE B S AL A0 ) A B4y . L, BS-
HNER & —F g PRI 48 05, #87R T il 7R e e R A
B Fm SR ZIME . EC(19) AT %0, ES-HNER X7
RS B R TR A O UK, > 7 AR K B B, ES-HINER
SRl 3K TR AT DAAR A S R SO
Fis i B S 0] LA R 7R A 5 O 0 B i R B, 3Rk
X H
o2
> lx(n)]
KM SEGER N A AR T O s BT IS
BB y S TR S 0 43 ik J2 BT Pt R 1) A0 A
Fo B 3 FEARMETF K [0 ,y(j) . J() 1 HE—[O
(i),y(),J() 1 ASLOG) vy (), J (k) It IRz A8 bR 7
G AE R RS SRR, M

(20)

K.(1) K(2) - K/(n')
M:(xgjk)()x'yxj = EH(l) EH(Z) EH(n’) (21)
S(1) S(2) -+ S(n)

Yy, Al BT R O JBUEL V5 2 20 A 2 B i A
i T 2 B (B y B kBT DR () 248 B 2 BUIRES
FELF
B E 3 R AR XS T AR R AR R BE ST L I A
FRVE RPERIARIE . (5 BRI KAl
H(x) == p(x)lgp(x) (22)

Ab L p ) BRI

15 SRR 705 B AR v RN T E
S S A B EB/MURSABRZNELR,
B 7R %48 b T LASE 7 B 2 RSB A5 S o IR, e fil
FISBOIRASHE W HEA T 19 38 180 7 PR RSO, 17 37435 6
W N AR FI R HIAL AR .

PR, 36 3 (21) 19 2 RO ASHE R R — 245 Fm ok
HEME R

’ k
Z X z X _:Z: X i (23)

j=lLk=1 i=1,k=1 Jj=1

E, E,', E,=- zpijk In (pijk)
THEAR 5 0000 B2 A R 1 O 55 R 75 B et LG RN A
G BE I 2 A B ] b 22 5, PRGOS 3-SR bR it AT



55 48 5 5 ]

SRISAR, 55 BET 2R ILAL TQWT Wi 227 (Rl 7Rl B 12 Wi 121

A —AR S, R R A8 0/ NG R A, de i 14T
N NI (7 2 N T R Bt e R R e

wo1-E
n

_ xy —min(xy,) %y — min(x;)
Xy =

max (x; ) — min () '

(24)

max (xﬂ‘) — min (xfk) ’

Xy — Min (xlj)

max (x;) — min (x;)

1= in;k
=1

A, WRPIRESSEOE ; LN RE S 5 BIAE bR S ROER

FEENITA RN 1 O i 2 K A g 7 5] 20
SHRBE y P MRl S ROE R R R Rl &
B AR S B X R Oy M FLIE L PRI I B /)i
HR S BRFIETI SO . e Ja R kit s
14 25 SR IO FH 51 TQW'T A9 s i % 18 v, 0o i o 5 45 2k
FTRHIESR I

3 RIS ET R R

A SCHR B ELAE AR 1 U3 2R 8 A
18 FH 238 B R A0 20 B4 R AT 3 0 1 R 15 5 0 il R
R 32 7 i N 3 s, LA B TR AT

KERINES
'

ff 2 /1N ik R B0 S 40

'
BN GMC FE T IG5 5 R
¥
LIS ERE T2 BIERLEFESEL
!

g i EAE S
!

AL AR S HT
[}

PR AE SR EL

B3 W RsrEiseiRiEE

Fig.3 Flow chart of sparse decomposition fault diagnosis

1) fufi A% JRtie S5 o8 SR AR Sl RS B {5 5, W R AR
(1) 7 MR B0 15 5 AT 230, AR s LR e M e 4%
it JoE R - O Ko W A S IS B y S . 5 2.2
W QH AT EAE—E N, 2GR RV, 0
(B 1~10 B, X i o A 2 BRI B 4, TR I AR S
Jox K B9 A 1~10. MR ISR E 19 O Fly 53
fiff S22 K0 T 3 BB B S R G 2H B 2 B b i
(G 3R HEAT AT BT DR /NI il A5 3 25 A 1Y

IR w (1 <i<])e

2)EEXF /N R B w, ST AR BR pR AR, 1A
74 TE AL S50, 51 GMC FE S0, AL 3 Rk
S 0 , RIMIRARR 5 1555 /N 3R B0 A B s

3)FIASBORES R, 6 1 4/l RS BUR
PEIEAT A5 0 e, fre 20k e L 1 5 R 7 O R4y
fift JZ L R B A ST P S By, FE A L 5 W 0 o
PE .

4)%F (55 FEAT Hilbert 725 45 21 HiA 283 | WL
M BT L 5 B SRR L, A5 VR sl R
ORI DA

4 fHEEFESKE

4.1 FEESHERKE

M 3 A8 3 E T AR S, AT DA IR T 8 S
AR AT SR Hor M 3 AR S B E A T T
A SR R R VR S R OT R o p BAR S b
BT H

x(1) = e cos (1 2507t ) (25)

BB AT BT 5 BRI £=10 000 Hz, Hi s %
£, 2916 Hz, ] 4 JF 7R R 05 B BUBEAT 5, g PE AT
oA A SR IR R B E AR — AL 3

o
NannnsanSannAsAns

0 0.1 02 03 04 05 06 07 08 09 1.0
I 4] /s
E4 FEBERES
Fig.4 Simulated fault signal

SR B UEAR SCHE O iR A A et | 0% i SR h
RIS S5 2 0 ek, ) vh il 5 5 o A B 4t
#4500 Hz L5 A% 1 500 Hz BZRPERSE S &
TR 1000 Hz 2504 2 500 Hz i iR AEZ
PRI  IRG L ATARIRLR , HER B4 1 000 Hz |3
il 3 R 50 Hz, % i U8 N B8 Lo -8 dB A s i 1
it 7 ] T AR ADL BRI e 7, LA 32630 52 s B3R s il R AR
iE5.

P 5 T 7 R Vs I s I 0 B A 5 o

MR e

(=}

1A

05 06 07 08 09 1.0
B ] /s
Bs5 SRHFEMEES

Fig. 5 Simulated fault signal with noise

03 04

0 01 02



122 HL Ui

G i 2026 4F

H P& S RRT, S e 30T e A5 s A 5 O TR AL, e
AP RHE R R 7S o, TR B R RS R . K6
JI 7R R 5 WA 5 AL 2% 3, T I A Fp o B B 8 23 1)
ARAE S i — 2 Ab

0.02
b
Ei 0.01

0 100 200 300 400 500 600 700 800
B Mz

Blo &RESHE

Fig. 6 Frequency-domain of noisy signals

i SCrP ) 7 YR R HE 5 A T A B AR W SR
AR AR S S y L 0.3~1, R AP K
0. 1; SR T Q WVE M 1~10, R K R 15704
FH0r B3 5 VTR T R LS 8 B K i 2 B

FRAE 2238 bi 2 BIODR 25 50 B X T A5 —F 40 5 0 £ 7 0
o AN R PR I/ NERR B SEC 0=2,1=3,J=1,
T I A 51 I S B0 1 y=0. 85, & 7 ik (i 2k KR itk
BERFAIE B 43, 2160 KB 28 3 /R /Nt 3 R 8, Fh 1 7 BT A
3T IO 3 1) /0N D 5 oR B80S 5 1 G R 0 A AL

B

A

I ]
B7 BiEREERNEESRE

Fig. 7 Adaptive constructed wavelet basis function
I AR S5 1 0 SR A 5 HEA T B B 1, 74 2 )
FS M 8 R .

ok | WO
= o} e
8k 9 ! ! ‘l: :S;
0.0 015 020 025 030 035 040 045
I 18] /s

8 EKRESHE

Fig. 8 Time-domain of denoised signals

H P21 8 AT T, AR SCAY 7 vk Al UAR 5 0 i A 55 I8 5
AR BCH D SRR AT o

Xt 25 MR A5 S HEAT W 0 A, AP 9 B o i IAT 9
AR R AR AR AR S AR R R R B, HLAA g%
TREBN I, Z5BR T RAEE AR T

g LRI, n] RINEWIAS SCOT i ml LAAR B i e
il , BAT A SEPEAA
4.2 /INEBIERERTTERT

ZINE B A M T P AR DE PR S B T L2 e i i3
1 1 75 32 B MR P s R 7 ) /N bl R B, (o R

W 180 5 P T 0 22— o A1 A0 /DN 0 A e e O vk
Fridtss .

0.08r 168z 35 1y, 48 1z
0.06
Z 004
o
= 00
Ly

0 50 100 150 200 250
e
B9 EBRESHE
Fig.9 Frequency-domain of denoised signals

Sl H AR ST 1 S M S SR /I R (R R
I 3R 43 vy B (P 10) | (B vl Ji) 39 91 A B
AR T E AW 5 - 11 0 /0N B e M 4
Sl o phn PR 10 AT RS AT AR S W . R R
R

05 06 07 08 09 10
i JE] /s
B 10 /NE F{E MRS S B

Fig. 10 Time-domain of threshold-denoised signals

0.02 16 Hz 32 Hz 48 Hz
o /
= 0.01 /
==

0 50 100 150 200 250
B Hz
B 11 VK EERERRE S 5

Fig. 11 Frequency-domain of threshold-denoised signals

TER 5 BLAR S I, A il (55 B E B
A8 AELR /NI 15 AR MR D7 v AT X LA A A il o A
fiE o TS T BN A2 2% B B SR 5, /N IR (L P 18 7 1k
(4 38 P 3 — 2D B AR, T v L B AR AR 4 TR

5 MG S L

5.1 RI&HEAA

FEAT EUAF 5 IE R A LR L, 3 1l F P 22 523
K R AT B ZE (XITY-SY) filt [ 5 42 o 3 iE A
SO EAESEBRR R T T

TRl 7K Bearingl 2 33056 8098 A iR A5 5,
HR VR B il R FR AP R e 32 s TR X
Tl 7R AE BT e T 00 A BRI SN B AR 4 107. 9 Hz,
[F) s LA A0 A 4

X2 55 60 min B W55 647105, an &l 12
fis o B3 iR R 205 R 5, B 14 Rk
ZME S AU B .

Pl 13 DB 358 TR A Sy 17 W b 3RS s 42 B ] 40
PERCEEAE 5, 0] 14 DA W85 55 A a0y T 26 1A A%

03 04

0 0.1 0.2




5 48 B4 5 1Y)

PR, 4 LT 248 E TQWT R B 3675 il R di 12 e 123

WA o5 PR BB R A AR R ) 45 e P A v, UE R T
W75 VA RERE BRI e 5 R IR AR R

5
0
=5

i
[
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
I 1] /s
12 60 miniX1ES
Fig. 12 60 min test signals
4 " } | | ’ |
|
It 1]
E13 ZRAEES
Fig. 13 Denoised test signals
G 111.3~107.9

4 111.3 Hz 2239 H< 352Hz oo gieg
=02 3352 2=1323.7

50 100 150 200 250 300
B Hz
BE14 ERKWE ST

Fig. 14 Frequency-domain of denoised test signals

5.2 kXt

350 400 450

5.2.1 TQWT 7 kit

— i) TQWT J7 ik A B R v, JH ot R = [
R TR AR P A N TR O TR I
RS R RS2 T, B 5 87 AT 30 X e el 2 1)
R B RO A 2, i 15 &1 16 Bt 3l R
— 1) TQWT & B 7 1645 2] 14 e B s S 475 2, R0 s

2N

(G

B

&

0 01 02 03 04 05 06 07 08 00 10
ff1a) /s
E15 —MEITOQWT FiEEMESmHE

Fig. 15 Time-domain of reconstructed signals by conventional

TQWT method
111.3 Hz 223.9 Hz
o 76.85 H< N 3352 Hz

1=
0 50 100 150 200 250 300
A Hz

El16 —MEITQWT 7 EEME S
Fig. 16 Frequency-domain of reconstructed signals by conventional
TQWT method

&L 15 T, R4 H il W A S S50 TQWT J5 ik
A RO M B B T e ) i s b T 1S S R

350 400 450

Z (MW 75 A5 B, Tk BB SO 5 5 17 P 18] 16 AT
M1, FETE 76. 85 Hz M5 15 Bl R0 445 %2, A it fifi A —
e TQWT Jy i 23 52 W 75 Y 52 M, T2 A Hs 4 B0
RS S o PR, BEAEIE B A SO 7 15T DUAT 350
SRR 18 N PR ), H 5 AR B S v LA S0
F R M P XA 5
5.2.2 Fiedrgr kAt

A FH BN HE AR X 30 A5 5 A T B A 5 PR
DLBSEAS SO W S EOERE Bt . A=K (19)
1) EAE e bt AT 8 0, Hak g 45 R an & 17 s .

N

W 8

1] /s
E17 BRigRFEEMRESHIE

Fig. 17 Time-domain of reconstructed signals by single index method

i F ES-HNER A i _I & X5 5 1 e 12 4 P 14 43
B A T A HE AR TC 15 58 A R AR E 5 1 oAt Ry
P CHNAS A i 2 3R AE HE 5 X6 PRy ok 114
JE) o B 18 AT, AR USR5 BB A5 AR 1Y) 22 BE 4K
K, HIREBREZWEEER . B, A5
FIASHOE TR A

1.0 113.5 Hz

" 05
EIE

225.5Hz 338.7 Hz

ool i At . )
0 50 100 150 200 250 300 350 400 450
B [Hz

18 HigtrAEEMESHE

Fig. 18 Frequency-domain of signals reconstructed by single index

method
5.2.3 4 akiXIEafrt
SRUE B AR SC T vk GMIC AR A A 51 0 A o 2
PR B Rl R AT XS L, (8 L e BV by 1 A
B ARSI, HA g 25 SR an s 19 # 20 FTw o

O et - t—+—

OI.4 016 O.I8 110 1|.2 114 1I.6 1|.8 2I.0
I 18] /s

E19 L &G EENESHE

Fig. 19 Time-domain of signals reconstructed by L -penalty method

T L S BV o AT 0, He Ry R 5 B
155 19 i B B A5 5, L i LA JE 38 2 ) 00 2 A ek, #C
LRI B BRAE . PR, AR SO R I GMC
VRN ARSI TS AT P, ol AR G 3 it F A (5 S Bk =

0 02



124 IR S S 3 2026 4F
[—J]jﬁrpmrfﬂ L e i, [3] TSENG L M, CHUANG C Y,CHUA S K, et al. Identification of
coronary culprit lesion in ST elevation myocardial infarction by
- 107.3 Hz 214.6 Hz 3339 Hz using deep learning[J]. IEEE Journal of Translation Engineering
= | ; ici .70-
2} Juwwh w /y”v\‘u\w, WWM ‘V”WMv”“w“WV‘W”W‘MMu SN AT NT—— in Health Medicine, 2022, 11:70-79.
[4] KHALIL N, HIPPENSTIEL R. Wavelet transforms of correlation
0 50 100 150 200 250 300 350 400 450
% Hz functions of frequency hopped signals [ C ]//Conference Record of
E20 L ESTSEEME S The Thirtieth Asilomar Conference on Signals, Systems and
18 1 A
Fig. 20 Frequency-domain of signals reconstructed by L, -penalty Computers. New York:[EEE, 1996:1205-1208.
method [5] SELESNICK I W. The double-density dual-tree DWT [J]. IEEE
Transactions on Signal Processing,2004,52(5):1304-1314.
6 it (6]  FEUEIE,EWEe. LI TP T/ N AV SR S B
FEFRIC A NI ]. o A L TR 4312, 2016,36(3) : 746-754.
H I z:I:A F YA 1] /4
%\Eﬂj T ﬁF HH }ﬁ Lﬁﬁ?* E L J ﬁﬁ*ﬁ E/J TANG Guiji, WANG Xiaolong. Application of tunable Q-factor
5 . S b b A2 1 kA 1L
ﬁ/f ,ﬁ‘x—]‘ﬁh%ﬁ& lgilé%ﬁ EF'E/“'I:: 7:7‘51\}% ]?J b TE:]:/TEHX& wavelet transform to feature extraction of weak fault for rolling
ﬁ? T {%AE}% s %@ﬁiﬂ:g’ﬁ%\lﬁ T ﬁﬁi VII_ ll:[—Jl LA bearing[J]. Proceedings of the CSEE, 2016, 36(3) : 746-754. (In
ER S Chinese)
1) 4 o By R il s %ﬁy@aﬁ%xg,_ﬁgﬁ%gjg (7] REZ AR KT EEMD A A AC R ECRE Y 1138 5 e
B3 A0 AT R A L I 2 B T4y B 1) 1, A HEO] FEHIATIE, 2015,32(1) :206-209.
SN N AN = 9
. o N YU Fajun, ZHOU Fengxing. Adaptive de-noising method based on
et FHI A 20 A 1) 7 05 AT DAAR G i fp ke ik B[R], 5
s - " ) ’ EEMD and autocorrelation function property [J]. Application
1) T
% GEUEW T AN e, AR o 1 D50 35 R 0 7 i 49 Research of Computers,2015,32(1):206-209. (In Chinese)
1<) [2] 2 1 = [ N
FE SE L MR B AR SRR A 5 T s A R i 7 R H At 1 [8] MALLAT S G. A theory for multiresolution signal decomposition :
éj\ E/‘J :Fj:jﬁ s E% %}I‘Tﬁh%ﬁﬁ Bﬁ{%‘?[ﬁq{ﬁﬁ‘ﬂ%}z{‘ o the wavelet representation [J]. IEEE Transactions on Pattern
2) &P TQWT B35 i 22 78 12 B 2 00 i R Analysis and Machine Intelligence, 1989,11(7) :674-693.
[9] LIU HN,LIU C L, HUANG Y X. Adaptive feature extraction

TP P O B O AR B EL B D 5 M R RE e LR R
{ELAE B 2 F8 bR S BCIRAS JE ], X /N J 2 50 K A i i
TS BBRE AT B S N R, FE RS BT
BOA—fbfl G o R bR SEa e, v LAY
SR B B — A 10 SRy BIR P, Al A 22 B O A B
SR TTIAER .

3 XITY-SY % 48 47105, If-fli H 2455
X IR A5 5 A7l R IR, X 25 SRR A SR
Y L BB S T A b B IR A 2 T T A s
HHEAR B,

2 % 3Lk (References)

(1] EUAs . A= K S LR Sl R a2 W 5 B OC B 5 R WF 5
[D]. Biat: At iR K2, 2015 1-160.
WANG Hongwei. Research on key technologies of fault diagnosis
and prediction of aero-engine rolling bearing [D]. Nanjing:
Nanjing University of Aeronautics and Astronautics, 2015: 1-160.
(In Chinese)

(2] PhNERRL, 2B, AL i, 45 . B R AR R AR TR Sl AR A e
LWL ] BRI Tk R2A244%,2023,55(1) : 106-115.
SUN Xinwei, JI Aimin, DU Zhantao, et al. Fault diagnosis method

A

for variable speed of rolling bearing in EMU gearbox [J]. Journal

of Harbin Institute of Technology, 2023, 55 (1) : 106-115. (In

Chinese)

[10]

[11]

[12]

[13]

[14]

[15]

[16]

using sparse coding for machinery fault diagnosis[J]. Mechanical
Systems and Signal Processing,2011,25(2):558-574.

CUI L L, WANG J, LEE S. Matching pursuit of an adaptive
impulse dictionary for bearing fault diagnosis [J]. Journal of
Sound and Vibration,2014,333(10) : 2840-2862.

XU Z B, CHANG X Y, XU F M, et al. L1/2 regularization: a
thresholding representation theory and a fast solver [J]. IEEE
Transactions on Neural Networks and Learning Systems, 2012, 23
(7):1013-1027.

WANG Y, ZENG J S, PENG Z M, et al. Linear convergence of
adaptively iterative thresholding algorithms for compressed sensing
[J]. IEEE Transactions on Signal Processing,2015,63(11):2957-
2971.

SELESNICK I, FARSHCHIAN M. Sparse signal approximation
via nonseparable regularization [J].

Processing,2017,65(10):2561-2575.

IEEE Transactions on Signal

WANG S B, SELESNICK I, CAI G G, et al. Nonconvex sparse
regularization and convex optimization for bearing fault diagnosis
[J]. IEEE Transactions on Industrial Electronics, 2018, 65 (9) :
7332-7342.

SELESNICK I W. Wavelet transform with tunable Q-factor [J].
IEEE Transactions on Signal Processing,2011,59(8) :3560-3575.
WANG B,LEI'Y G,LI N P, et al. A hybrid prognostics approach
for estimating remaining useful life of rolling element bearings[J .

IEEE Transactions on Reliability,2020,69(1):401-412.



5 48 B 5 1Y RIS, 5 FT 2P TQWT A i 22/ (1 il AR e o 12 125

Bearing fault diagnosis based on multi-index optimization TQWT sparse

representation

QIANG Yudong' WAN Fangyi' ZHANG Chunlin' ZHANG Changxing’
(1. School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China)
(2. School of Advanced Materials and Nanotechnology, Xidian University, Xi’an 710126, China)

Abstract: [Objective] Aiming at the problems of low precision in bearing vibration fault feature extraction, fault
information easily submerged by strong noise, lack of reasonable evaluation indices for adaptive signal construction, and data
redundancy, a study on bearing fault feature enhancement and fault diagnosis was conducted. [Methods] A sparse
decomposition method with non-convex regularization coefficients wass proposed, and adaptive signal reconstruction is
realized based on a multi-index feature matrix. Firstly, the signal is sparsely decomposed via tunable Q-factor wavelet
transform (TQWT) to obtain its most concise representation. A non-convex penalty function is constructed to improve the
sparsity of the reconstructed signal while retaining key fault feature information. Secondly, a fused index parameter matrix was
established by integrating harmonic-to-noise energy ratio, kurtosis-skewness ratio, and sparsity, which was adopted to optimize
the parameters of tunable wavelets and the threshold of sparse penalty terms. Finally, signal denoising and reconstruction were
completed using the optimized parameters, and demodulation analysis was performed on the reconstructed signal to extract
bearing fault feature information. [Results] Simulation and test results show that the proposed method can effectively extract
the impact features of early bearing faults and achieve accurate diagnosis of bearing vibration faults.

Key words: Multi-index optimization; Tunable Q-factor wavelet; Sparse decomposition; Fault diagnosis; Signal
processing
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