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Bearing fault detection based on coupled piecewise symmetric tri-stable
stochastic resonance driven by dual-input signals
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Abstract: In order to solve the problems of output saturation and signal amplification difference of the traditional two-dimensional tri-
stable stochastic resonance system driven by dual-input signals ( DTDTSR), a novel system, coupled piecewise symmetric tri-stable
stochastic resonance system ( coupled piecewise symmetric tri-stable stochastic resonance system) driven by dual-input signals, is
ingeniously proposed. A novel system is proposed: coupled piecewise symmetric tri-stable stochastic resonance system driven by dual-
input signals (DCPSTSR). Firstly, the problem of output saturation of the system is studied in depth, which provides a key theoretical
foundation for the optimization of the system performance. Secondly, the output spectral amplification (SA) function of the system is
derived within the framework of the adiabatic approximation theory. The influence of system parameters on it is analyzed in detail, which
provides theoretical support for deeper understanding. Further, a comprehensive comparison of the DCPSTSR, coupled piecewise
symmetric tri-stable stochastic resonance system (CPSTSR) and DTDTSR systems is carried out through numerical simulations, and the
results clearly indicate that the DCPSTSR system is significantly superior to the other systems in terms of output spectral amplification
function. Finally, the system parameters are precisely optimized by genetic algorithm and successfully applied to bearing fault detection.
The experimental results verify the excellent performance of the DCPSTSR system and provide strong theoretical support and feasibility
verification for future theoretical research and engineering applications. This design and its successful application in bearing fault

detection provide a new direction and example for further research and practical application in the field of resonance systems, which has
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important scientific and engineering value.

Keywords : bearing fault detection; stochastic resonance; SA; DCPSTSR

0 5

il

FE #1132 PR ( stochastic resonance, SR) F 1981 4F
Benzi S ¢ K HE HFHRSC T SR 0k 51645
HIE S AL IR AN E] SR RERS K M P RE B 56 AL A FH Y
Fehes, I LITEAR KRR BE BORA HIE S A4 &
F AL DR, 7RSS A5 S AR R R SR
LTS SR BRI O T AT M S AR AT L
IR, SIS T A2t s by 44
A T2 RTE

Zhang 55 WFE T — R ARG RGBEAL B = H
RO 5 PR ARGUE T MRS TS R T RS
M SA, Xu VB T RBHE =R RS, ST
MFPT ( mean first pass time) , 5% TS S5h Tz sk &
MISEHR . Zhao 5 WHIE T —A4r B HE = Fa R 58, 5%
TR BB R BE 98 9 A2 AL, DL S S B SPD ( steady
state probability density ) BRELAYFE I, FRRIE - H T
—Fp R B TR EON =R LR R 58, JF BT 1 AN
FIMERE N R R . L O T R R R 4
HYHLFNIR) e i T —FE RN Z SR 2 S
BRG] AR 55, e IRE DR RGE Y
TAYE, Cui 45 BFSE T —FhoBT 0 23 BEAS I BN 25 Bt
PRI R | 1 A R 38 2k A GHRR R 2R ) 45 R/, i
R T AR 4R S T A, Ma S
NEIRSSREIE RSG5 M ETE T SR RGBS S
FREAE AN AR PRI, 2RS4 T | AR R A
ARG SR, T4 S W6 A5 5 I RR AR5, DA O
SEVOVER I T Bl oy B R A R A, P S R R T T —
TR R LR 320 R K, R2% 3R GEAE AN [R) Y M 75 18 2% R
AT THRIE . IPEEREIY T — i 4E SR RS, AR AL,
T 4E SR R Ger, Lk th (5148 LAy A e B, i 2o —
PR T4 B 8 AR BSOR AT S5 1 B R S A T
Jiao S RSE T —Ff FH THRE B8 S 5 5 A 1 35
SR RGN AR 7 ¥ T A R E S BT AL, F
Wk 7 B S AL O M ST (S S AR A, NITTICRAG 5 B 5%
WFFE T —FhB A F iGN 2 250 SR R4t 43l fd kLT
RO CRE S RN Y e fh 48 RO S e LS 5, o
R DB H & R AR, Zhao P BFSY
T MR TR e SR B AR T R 4 B = FR SR R G
A AR AR TR T R TR A O TR T e
Zhang %G T MU A SRS S1E M A RS —Fa
SR R4t , &I AF T L A IR S5 5 A R

HHA T3 B =4 SR REARRN T 4L R G
A v iR AR A Pl RS R b, BU A 5K
TR AT EARE, BTG ERRGE L,
ASCHEH T —FhoSUi A M55 SRS AR5 0 B =% SR &
%, Bl DCPSTSR, 5 1 15 i 40##i& T DCPSTSR & &t
BRI IR AR T R G iR mm i, 265 2 e
BT RGO REL(SA) IFRAR T R %S
BT ENIREEm, 55 3 s EER R TS S
PIAERfTE . 55 4 R TRk A AR JF R
T DCPSTSR RGknill {55 il 78568 5 4, A 3¢
AL DCPSTSR 2 46 1 FH Tl s B iy ke i, e Js —
AT ES B AR SCHYZE TS FASR I 7T e 2 it TR &R
G ARG AN R T IR R 5T 4, [ )y
AR R AR T E R R A B S R, BT B ARl
TR,

1 BREGEHER

1.1 DCPSTSR RZ1&5
DTDTSR W EIZ 5 AR a] IR A (1) .

d aV(y)
d%z_ ayy - m(y —x) +Aycos(w,t) +&,(1)
dx U («x)
LT (-0 A yeos(@) +Eq (D)
61> 3 2x°
U(x)= 5 =t 5y
¢ +d  d cd (¢ +d)
1
V(y)=qu2 (D

Holtoe, g, d, m HRGESH, HREh 2 ML8
Xy ,%s H1 3 AR X1 5%5,%30

%, =—x, =d,x, =0
Xg == x, =c
DCPSTSR RS IMEHZ 7 T FE ] LARR A
d aV(y
d—yz— (7) —r(y —x) +A,cos(w,t) +&,(1)
13 dy
oU
g=— (%) +r(y —x) +Acos(wt) +&,(1)
dt 0x

(2)

A £ Fmlr AME A, B GR N D, 2

<Ep(t) >=0 M < é(0)é(r — T) >=2D5,(1) .

Viy) RABEHRARG, U (x) BRABERGE,r RniHE
Up(x) F1V(y) 735008 :



- 100 - LSRR R e o

1 ( 2hb* - Shb) 2
—alyx+b+——
2 a
ahb®(8 = b*) — 4R°b*(b* - 4)? <
2a "
- , '
U,(x) = 14hx —7—b$x$b
1 ( 2hb* - 8hb) 2
—al\x — b -
2 a
ahb*(8 = b*) — 4h°D*(b* - 4)° o
2a "
(3)
o,
V(y)=7wy (4)

HA,a, b, h, w, r J DCPSTSR RG1S%, il
LR A TE R DCPSTSR £%t, K11 5 DCPSTSR R4t
FRAL,

Si(1) x
D—P—a—*
AU N ) -

- r(x-y)
SO N v
NN
Zoa(1) V()

1 DCPSTSR RZEHIA
Fig. 1 DCPSTSR system model

U,(x,y,t) 4 DCPSTSR M550 bRE, 3R N«

Uaap) U0 + (% 05" + o
U (x,y,t) = U,(x,y) = Acos(wt)A(x,y)
B=w,/w 0 =A,/A A= m,
AMaxy) = (¢ + ay) V(1 +d),0 =
S +0,7)/2 (6)

TE4R1S DCPSTSR RGE A mBMIRBZ )5, K
2 BN TR G = AE LB AU AL
DCPSTSR #2GEA 2 DR A (2, ¥u) M (2,
Yugz) 3 DB (20,700 5 (20,700) 1 (2,5,5,5) o
(8h +7r)(w +71) -

_ 2h(w +r) ’
\1)1 (x<pl’ys1)l)
_N/(r+8h)(r+w)—r2 r
2h(r +w) r+w

P2 (xspz ’ysﬂ) =(0,0)

Up(xy)

(a) A RH

(a) Equivalent potential function

N N R R

X
(b) ML
(b) Top view

Pl 2 DCPSTSR FRGE 44434 bR
Fig.2 DCPSTSR system equivalent potential function

(8h +r)(w +r) -7

2h(w + 1) ’
Uy (x\pS ’y;[)3> =
J(8h+r)(w+r) - r
2h(w + 1) w+r

— (ab + 2hb* - 8hb) (w + 1)
(a+r)(w+r) -7

[ - (ab + 2hb° = 8hb) (r + w) ]r

[(r+a)(r+w) —rz](r+w)

(ab + 2hb* — 8hb) (w + )
(a+r)(w+r) -7

[ (ab + 2hb> - 8hb) (w + 1) ]r

[(a+r)(w+r) =r](w+7)

(7)

’

Uppr = (xlwpl’ympl) =

>

Uy = (xmpz ’ym'pz) =

1.2 {afEsH

Wi & 3 % DTDTSR F1 CPSTSR & 40 /) %t Lt , 45 3%
B DCPSTSR Z 40 v il 1 % th AR R e s, 77 A T 5 5
P4 IR E . DTDTSR 22 46 i)t i {8 A8 fh 2215 H %
MO, T CPSTSR F1 DCPSTSR 2 4t 14 i ) I {1 12 ¥ 484
T, DCPSTSR & 4t (1% th 45 5 e (B 55 e H AN



54 HET XU A5 BB AR5 3 BOW R =R BERLILAIR A i AR e B G - 101 -

20t d AU, (x,y,t)
diy:_pi +§cz<t)
t dy (8)
dv _ U (x,y,0) v E (D)
de - ox e

RBE, po (1) .po(t) .ps(e) F& 40 WKL 71 3 3B
FRYSE AR AR s . SRR

— =PR 9
" (9)
il R WIFE N,

,20 L —_

0 100 200 300 400 500 600 Ri(t) Ra(®) 0
s R=| R,(1) = [Ry (1) + Ry(1)] Ry, (1)
(a) CPSTSREHIf5 5
(a) CPSTSR system output signal 0 Rz}( t) - R32( t)
20r (10)

A PR PO BRIE A2 T LR

(11)

j=1,2;i=1,23
o, A, R, SRR HRRIEA, Ao, A A

us,

AR AE(E . Hessian 2EFER]HE R .

_er
H, = (12)
—201 Lr—(r+w)
0 100 200 300 400 500 600 _ _ _
t/s a r, X=X
(b) DTDTSRAf 45 5 - 8h +6hx > -1, x=x
(b) DTDTSR system output signal uspl ’ uspl
— 2 —
30 P, =9=-8h +6hx,” -1, 2x=2x, (13)
2 —
—8h + 6hx,," =1, x=%,,
-a~-r, X=X

3 AR AR RN «

A P, —(w+r) i[(w+r+PX)2+4r2]V2

i B
X=X 5% 5% g3
(14)
2 A SRR
230 ‘ : . : : . P —(w+r) +[(w+r+P)> +47]"
0 100 200 300 400 500 600 A =
tls " 2 ’
(c) DCPSTSR# 1455
(c) DCPSTSR system output signal X=Xyt 9 Xy
K3 RamfhiEs (15)
Fig.3 Output signals of the system MAIKSF S5 ,Rij( 1) TERA(16) !
R — s+i s_i I-L:[)j ex _ AU;]
2 DCPSTSR Z&4EHY SA MU ) (16)
j=1,2;i=1,2,3
H : N . N
Horat () iR MEFPT ik, B A — 84 BB 1 55— A 34 o

WXE, o T %EFRPE, ] DCPSTSR 1 MFPT (1) H {4 21k
KPR (17) L (18) fioR



- 102 - LSRR R e o

38 &

I A

T.(1)=R,'(t)=2m Ayl Xp(ﬂ) ,
! ! ADAAL D (17)

j=1,2;i=1,2,3

T,=T, =R, ", Ty=T, =R, (18)

H(16) AT B 2 RIT, Al 5 R .

R,(1) = Ry, + ARAX jcos(wt) /D, (A<1)  (19)

Hop, Ad, R uy, Mo, MIEZE,

K (10) IR FRR R .

P = AAP + P, (20)

40 (20) FRASEL(10) 7175

% = ARP,cos(wt) + R,AP (21)

,E\EP, AP =[Ap, ,Ap,,Ap 1" HERIRMHALG S
WRE, Py = [p%,p5,p% )" FRANTIMANERIR 3 {5 5 A e
7"5’1 ff&% Mo i, AP TG Y

AP = Ksin(wt) + Ncos(wt) (22)

Horp i (22) AT

1,2,3 (23)

_ 2 2
{Xj =AVk; +n;, j=

¢, = arctan(n,/k;)

Hrp X, fl o, RonpyRIERIAARS , 1H50(24) .
{K =— w(R; + o’E) '(ARP,)
(24)
N =-R,(R; + o’E) '(ARP,)

Ry FTLUTRHE( A, UEFIER R o, Fo, 2 (24)
LB (25) .

k, =- 2 N M0

i=1 )\12 + w
(25)
3 A,
-3 e
Hrr, m, %mﬂ%%ﬁ,ﬁ%ﬁ?ﬁﬁ ARP, =
23 me, .
i ANIKSF S5, RGLHF-0a RA «

(X 1 xgy0ety) = [ayPCeoyat | w3000 dady  (26)
IR 20 1, BT 30 526 AT Fm b

(X(1),) = iSI.PJQ + SA[ksin(wt) + ncos(wt) ]

(27)

S g0 7 W (LTS A

[(SIRI -ssz) (qb1 - <i>2”
Y, = arctan tan
SR, +S,R, 2

T, =./S:R* + SR + 25,S,R,R,cos(p, — ¢,)

Q= JT? + SIR: + 2TIS3R3COS(¢] ;—d)z +, - (i);)
(28)

DCPSTSR R4e1Y SA = (29) #E , ARG .
n = Q/A (29)
WA =A/A . TEEI4 (a) ™ BEE D AT, SA £
PUACHE RGN R B B — AN e, X R kA T
SR ML, BEE o MR, SA BTG, PR WA BIE 1)
TR EE ARV R0 25 5 1) v ] S4BT, DT 3 58 1T L HR%8
R, TEE 4 (b)H,SA B b RS IMTEIN , UL & 085
TIPRE . TEE 4 (c) 1,k BIIEINRARE 2 380 SA 1Y

901 4

801

i 05 10 15 20 25 30 35 40 45 50
D
(a) SABEaE AL
(a) Variation of SA with a
60
—A—-h=272
—-p=24
b=2.5
50 —A-h=2.6
—A-h=2.7

05 10 15 20 25 30 35 40 45 50
D
(b) SABELZELL
(b) Variation of SA with &

180
160 | 4

L4 —2-1=0.10
140 =011

1 _A_ng }%
1201 e h=013

05 1.0 15 20 25 30 35 40 45 50
D
(c) SABERA AL
(c) Variation of SA with /



BT XU AT 5 IR R £ 43 BV Bk =Rt AL B 1 A R i e A ) - 103 -

TIISF
[glgiyiyl
Coooo
RRTNI SN

SA

05 10 15 20 25 30 35 40 45 50
D

(d) SAREwAE AL
(d) Variation of SA with w
250

—A—p=(.5
—A—r=0 4

=03
—A-r=(2
—4—pr=0.1

05 10 15 20 25 30 35 40 45 50
»

(e) SABEEAL
(e) Variation of SA with »
2501
—A—;=02
—A—;=04
A =08
200 =16
—A— =32

150

SA

1001,

50 i 52

g 24 AR MM AL A
05 1.0 15 20 25 30 35 40 45 50
D
(f) SABH/ 4L
(f) Variation of SA with 1

4 SA MR Ak

Fig.4  SA variation with parameters

FEAR, BEBATE KA A Xt SR A IIHRIMER . 7R 4 (d) H,w
3 I T30 SA BB, VB BE R w A R T SR
BN, FEEL 4 (e) K r 500 SA BT K LR A
FEoH R LIRCR R, FEE 4 (f) h,SA BE A (3

K/, VI LSRR, SR o w . r 808/ b
h A ARG RAER SR SR,

3 EEE

i T 55 UE DCPSTSR R 4e M Pk Rl (555 43 1
A =M REHATEUERLL, FEA/NT T SA B HERE
BEFRFR, N SA )& SR R S8 HhH UL 1) P RE E S 45 AR
Horpr ERAE 5t DA R B =

5,(1) =0.02cos(2m x 0.01z)
5,(2) =0.0lcos(2m x 0.01z)

WE s Fizs, DCPSTSR R4EEIH SA WA i, Hoo2
CPSTSR 1 DTDTSR %%t JH] DCPSTSR F 4¢84 Wi
HKAF SR ik, SRS BEE D 3N, 3 i
Si#Rr=H T SR B4, i DCPSTSR R 4L SA TE A &
Sirhiesr , UL DCPSTSR R4t HAT e {5 s he

LI =

YT ERE ST,

(30)

—+CPSTSR
——DCPSTSR
~+—DTDTSR

0 2 4 6 8 10 12 14 16 18 20
D
€l 5 CPSTSR.DTDTSR F1 DCPSTSR HY SA FL#
Fig. 5 Comparison of SA for CPSTSR, DTDTSR and DCPSTSR

4 =FEEE(GA)

RGESHSA RGN SA S AR K 75 R4
WM, AR SR FH A B ) AT AR I T B S B AL
AR LTI T -

1) ZHPON N RIER S HORT L) B AR I A 4
o RS ECN a b b r, HAReREGESE SA, SA W]
WA
_H
B My

Forb e, 1 , SRR R A AE S B DR

2) FRRERLAL Dy 600, 5 HE RN 0.3, 52 M A
0.4,

SA



- 104 - LSRR R e o

38 &

3) wEEE, EOT, MREALTR 1) R Ry H bR R BOT B
AARIIE B, J5 AR B EE TR TR 2 — 5 I 24
P AR TR S PR 5 R PRy . TERRIR L HE
Z v, 2 PR R AR AT RO

4) MARNW 2 S A S, B R A
QR R RAL A AT IR S) o

5) 85, AT LRUHR R 5 A8 M SRR W A A AR R K
TR,

6) EE bR, HEIAE] [ bR R A FORE UK
B, WTMiAHE] T R G w2 8, IF K 51 A S SR
A4,

MG FRF PP R DCPSTSR & 4t #2 MU 155 i Uit
PRI NS 6 s

Max /=h M = —p
B SHANE] e ool
DCPSTSR &% .
R

|

|

|

|

|

|

|

|

|

|

|

Y |
SHR a=at0.1 ||
O-USNR = SN b1 ||
| Max g=a Max b=h h=h+0.1 |
|

|

|

|

|

|

|

|

|

|

|

|

|

I
I
|
I
I
I
THEES |
|
I
|
I
|
I

Ko kA
Fig. 6 Algorithm flow chart

5 AR E RS

SR T2 N T AR LA, (E A 1 B 61 5 5
FOE R, 51 R H L, SR EE R kR
KHE . ASCH FH DCPSTSR £ 4 % A [7) 25 1 1) A 7 il
et 47 0, O R 2 56 85 25 43 % (empirical mode
decomposition, EMD) XH{5 5 #47 FiAb # | H[F 40 T &
R 3 PRGNS
5.1 6205-2RS JEM SKF %l 7 & fE 4 il

TEARTT Y SE g Y +% 6205-2RS SKF fl 7k 1) 14 Pl
FANEVE RS st 4 . ki & 8k A 25 = P ig R
2 (CWRU) , HiRMSEINE 1 fin,

&1 6205-2RS JEM SKF &k EESH
Table 1 Main parameters of 6205-2RS JEM SKF bearing

2% WIEIE  AMEE B/ RLER, B W/
- 1%/mm 14/ mm mm mm ANE mm
BUE  25.001 51.999 15. 001 7.940 9 39. 040

S LI LA, 75 0 B A S AT R AR
TIAL B SRAEAIREAS N 5 R R AL B £ = 12 kHz, —
YCRFESIR N f, =5 Ha, RAE £ N =10 000, 5l 7K 5%
M R=1797 v/min, A3C 3 LRI A Al il B 26 700 Ry VR
LA RPN T R e PN R g e S e
A (31 4

Soprr = %f’(l + Dilcosao)
(31)

nf, d
fapro = ?(1 - chosao)

R o =0, R BEFE IR fr=29.9 Hz,
BB A S (31), AT LATF B 40 B 000 R £ =
107. 6 Hz, BRI £, = 162. 11 Hz,

1) P R il e S22 41

B 7(a) b Tk ARARNBRGES ., 550
ALY, SRR A5 R R /DN, AR 5 M P s 38, LA
P,

R T AT AS IR A 5, A SORHESE Y EMD {55
K7k SR kg & A58 T AR AR . X
T3 R EMD B — 8 2405 5 i A BRAS I 5T
FIZSpREL (IMF) B BT A IMF 3= S i 25 1415 5,
XiF IR S AT 0 i, An B 7 (b) B B IMF 43
SEAUHEIN, AESE 5 A IMEF AR A I B REAE A5 %2 | L (6
0. 126 2, UG . X B4R 15 5 E A7 Fl Ak B 5 53 51 3% A
CPSTSR .DTDTSR .DCPSTSR %%, WS %N : CPSTSR
5 h=0.0601, b=2.312, a=0.1601, w=0.6011, r=
0.4202; DTDTSR &% ¢=10.047 3, d=20.2358, ¢=
1.5209, m=1.007 8; DCPSTSR % h1=0.0712, bl =
2.3851, al =0.1657, wl=0.658 5, r1 =0.428 8,
7(c)  (d) (e) BT 3 MRGANE SR b5 1 5
LM 7 (g) (h) JB/R T &ad EMD il SR 435
FA G S RS, 3 F RGEXHRA G S#1T EMD
F1 SR AbFRJS iR AL A WA R 4T EMD A PR
BN, N TS SR I AOR (B SRR,
DCPSTSR 7 4t 2 90t e 4 i A i 3 SR, He v DCPSTSR-
EMD ARG HEfERAE, Lk CPSTSR RGi 425 1 iT 40 1%,
[t DCPSTSR &R 4 & 13 20 5, X % B DCPSTSR-
EMD Z 4t HLAG W i (1940 1 A RE 1 A 14 45 -5 ik
Bed,



55 1

BT XU AT 5 IR R £ 43 BV Bk =Rt AL B 1 A R i e A )

- 105 -

005 010 015 020 025 030
t/s
50 1.5
40 El‘()
1 300 s
20 }%n 60 170
10 Hz
°e fle..
1000 2000 3000 4000 5000 6000
fHz
(a) MINES

The 1st IMF

(a) Input signal

The spectrum of the 1st IMF

t/s

t/s

2087
20
03 = 2000 4000 6000
fHz
g’0.0S The spectrum of the 2nd IMF
03 = 05000 4000 6000
fHz

The spectrum of the 3rd IMF

t/s
The 4th IMF

2000 4000 6000
fIHz

The spectrum of the 4th IMF

0 0.1 02
/s
The 5th IMF

2000 4000 6000

fHz
The spectrum of the Sth IMF

=
<o. £161.9 Hz
& O»Hd?& Amplitude—0.126 2

0 01 02 03 02000 4000 6000
t/s fHz
The 6th IMF = The spectrum of the 6th IMF
© 05 010
= QMWMM E 0.0(5)k
() 0.1 0.2 03 = 2000 4000 6000
t/s fIHz
The 7th IMF = The spectrum of the 7th IMF
=05 £0.04
g e 500
= -0. = 0
0 0.1 0.2 03 2000 4000 6000
t/s fHz
0 {5 The 8th IMF §0‘10 The spectrum of the 8th IMF
<, NS~ & 005 [
- 2() 0.1 0.2 03 — 2000 4000 6000
t/s fIHz
(b) P4 B A= 5 R EM DI 72
(b) The EMD process of inner ring fault signal
4
3
g,
LS
1
0 " L L L J
0.05 0.10 0.15 020 025 030
1
150 s
100
g furm =162 Hz
= 50 Amplitude =122.7
0 " L s
500 1000 1500 2000 2500 3000
fHz
(c) CPSTSR & 4%

(c) CPSTSR system output

25
2.0
= 15
10
0.5
0
0.05 0.10 0.15 020 025 030
t/s
150
100
9 Syppr =162 Hz
p&é 50 Amplitude =138.7
O il
500 1000 1500 2000 2500 3000
JHz
(d) DTDTSR £ 4tk
(d) DTDTSR system output
6

005 010 015 020 025 030
/s

300
200
Jluc:s
@ Fop =162 Hz
100 Amplitude =208.9
0 4 L n L n 3
500 1000 1500 2000 2500 3000
fIHz
(e) DCPSTSR &% H
(e) DCPSTSR system output
10
5 -
2,
i
-5
-10
005 0.10 015 020 025 030
3000 s
2000
lg Surm =162 Hz
Hg 1 000 Amplitude = 2580
0
500 1000 1500 2000 2500 3000
fHz
(f) CPSTSR-EMD Z St
(f) CPSTSR-EMD system output
10
5
E
=
-5
-10
0.05 0.0 0.15 020 025 030
t/s
3000
28 2000 Sorer =162 Hz
I3 1000 Amplitude = 2902
0777500 1000 1500 2000 2500 3000
fHz
(g) DTDTSR-EMD £ 4t

(g) DTDTSR-EMD system outputs



- 106 - LSRR R e o

38 &

5000
4000
12 3000
2000 S =162 Hz
1000 Amplitude = 4 504
500 1000 1500 2000 2500 3000
fHz
(h) DCPSTSR-EMD £ i1 th
(h) DCPSTSR-EMD System Outputs
7 P
Fig. 7 Inner ring fault detection
2) SMEIHCRE S

E 8 (a) /s T2k AMERINERES ., SNEGESTE
HRBEAT AR A A — A /N UEAE, I ELCHR 7 4 i M P VE VL
SEIE RS, B 8 (b) i EMD Ji5 4h Rl ik
HEHIAE S, I IMFL ~ IMFS | 76 IMF6 H A6 I 2] i [ 45
ORI 0.359 8, AL AR 5 4 WAL 31 i A &R
i, WA S BN CPSTSR 248 h=0.321 5, b=2.252,
a=0.6212, w=0.0925, r=0.589 6; DTDTSR & %; c =
5.0274, d=8.2369, ¢q=0.5301, m=0.1105; DCPSTSR
8 h1=0.401 1, bl =2.315, al =0.702 1, wl =
0.1251, r1=0.702 1, 7EE 8 1,5 6 T RE LI
HE L R ) 2 SR R A R A B R 0, JHrh
DCPSTSR-EMD 3 4t 3% Bl fie 4, L e s i 5 0 (L =5 3k
70 920, M T HAM R G A W2 $¢ 5 . DCPSTSR-EMD %
G A M BT 23R o S0 18 A Al 0 4 1 W (L o A5 e A R
Sy TR, X EB DCPSTSR-EMD % 4t HL43 38 K4t
THERE T, A 2R G0 7 5 5 % B 3 2 L AR K B T
o, U AT BT IR RE I AR R 2%

5.2 LDK UER204 %=

SEEGHEFH LDK UER204 ARl il i e 20 i
VG238 KBRS R S Bk 2 B, 4/
1 Al AR R 2 R Sy A B A 2RO R A, BB AR f =
107. 91 Hz, BEAS P4 25 0 R BE A5 N =20 000, SR B4 %y
25. 6 kHz, " VRREESR (=5 Hz,

%2 LDK UER204 HiFR T ES %
Table 2 Main parameters of LDK UER204 bearing

S WREE  AMEE Hokh O REBRE ORI B
= Z/mm Z/mm B/mm B/mm A (°)
B 29.3 390.8 34.55 7.92 8 0

K9 (a) R T IR AR AR S A5 5, I rhilie e 3 b
B R AELRE 24708 I M s 52 AW 8 T MO 5, i J Ak f e
E M HE— T30 T Hs (55 R, 7E1& 9 (b) Hh, dad
EMD J7 AL HR IR 5 5, DN IMFL ~ IMFS, I 7 32 37
WS, AE IMF7 B A S A I B — A AN (B R
0.044 13, FUAE S A BAL G , SRIGHI A SR R4,
RIS BN CPSTSR 24 h=0.009 1, b=2.625, a=

0 005 010 015 020 025 030
t/s

03
150r o2
=100+ 0.1

501 /00 105 110 115 120

. . N ' . .
1000 2000 3000 4000 5000 6000
fHz

(@) MIANES
(a) Input signal

The 1st IMF —  The spectrum of the 1st IMF
20 SO TR . S0
S Ot * £o00]
) 0.1 0.2 03 = 2000 4000 6000
ils fHz
The 2nd IMF _
a2 202
S Dttt 0T
=-2 2 0
0 0.1 0.2 03 = 2000 4000 6000
t/s fHz
The 3rd IMF & ( Fhe spectrum of the 3rd IMF
£} = 07
s 7(1) Fn%«*«»««ﬂﬂw’m =%
0 0.1 0.2 03 2000 4000 6000
ils fHz
The 4th IMF —  The spectrum of the 4th IMF
T ———
2 20
0 0.1 0.2 03 = 2000 4000 6000
t/s fHz

The 5th IMF 7= . The spectrum of the 5th IMF
2 2 =04
S 78PW~N\MM~NVWWI“VW\/'NM’W\/W "z" 0-2HL
() 0.1 0.2 03= 2000 4000 6000
t/s f/Hz
© The 6th IMF o he spectrum of the 6th IMF
S O A EO e 35
= =70 Amplitude =0.359 8
0 0.1 0.2 03= 2000 4000 6000
t/s fIHz
The 7th IMF =, .The spectrum of the 7th IMF
£ 053 Spar P
= ghﬂwvw\/\/\/\/\,v 0]
— 70 0.1 0.2 03 = 2000 4000 6000
t/s fIHz
The 8th IMF 7= The spectrum of the 8th IMF
® 05 =05
s b B
= 70 0.1 0.2 03 = 2000 4000 6000
t/s fIHz
(b) SR HIEAE 5 FEMDIE 2

(b) The EMD process of outer ring fault signal

0.05 0.10  0.15 020 025 0.30
t/s

Syoro =108 Hz
Amplitude =72.34

1500 2000 2500 3000
fHz

(c) CPSTSR & 4%
(c) CPSTSR system output

500 1000



%5 T Wi A5 RSN ARG 3 BOW Bk = A2 BE AL A eyt R A D - 107 -
151 101
I —10k

0.05 0.10  0.15 020 025 0.30
t/s

2000,

1500}
12 ,

1000} Jiazo =108 Hz
ll,,é Amplitude =1 828

500}

YN . . . , .
500 1000 1500 2000 2500 3000
fHz
(d) DTDTSR & i th

(d) DTDTSR system output

005 010 015 020 025 030
t/s

2500

2000
= 1500 Suero =108 Hz
1 000k Amplitude =2 469

500

0 ‘ ‘ ‘ ‘ . ,
500 1000 1500 2000 2500 3000
fIHz
(e) DCPSTSR R Zi#i

(e) DCPSTSR system output

=108 Hz

Juro

=
Amplitude =5 991
% 2 000
0 500 1000 1500 2000 2500 3000
fHz
(f) CPSTSR-EMD 2 4t 4
(f) CPSTSR-EMD system output
101
= 0
£
-10+

0 0.05 0.10 0.15 0.20 0.25 0.30
t/s

4:10*
31
o S =108 H
2l ro z
% , Amplitude =36 550
0 ‘ ‘ . ‘ . .
500 1000 1500 2000 2500 3000
fHz
(2) DTDTSR-EMD £ Gi#i i

(g) DTDTSR-EMD system outputs

0 005 010 0I5 020 025 030
t/s

8 %10
6k
=
45 Jorro =108 Hz
ol Amplitude = 70 920
0 500 1000 1500 2000 2500 3000
fIHz
(h) DCPSTSR-EMD Z Zi 41

(h) DCPSTSR-EMD System outputs

8 Hhel B Freks il

Fig. 8 Outer ring fault detection

-4
0 005 0.10 015 020 025 030
t/s
150705
04
03
Fg100 o
0.1
B 50
00 110 120
0 A Lo L b bl
1000 2000 3000 4000 5000 6000
fIHz
(a) NS5
(a) Input signal
The 1st IMF

2'['116 spectrum of the 1st IMF

5000 10000 15000

t/s fiHz
a The 2nd IMF ) Ol'he spectrum of the 2nd IMF
= ELU
T 0.1 0.2 03 = 5000 10000 15000
t/s fiHz
o q The 3rd IMF =) Oél'he spectrum of the 3rd IMF
= : Z0.0] L
T 0.1 0.2 03 = 5000 10000 15000
tls fHz
<1 The 4th IMF o Olil'he spectrum of the 4th IMF
s " =0
S0 - vo2[.
R
- 10 0.1 0.2 0.3 % 0 5000 10000 15000
t/s fiHz
w ] The 5th IMF %) 0lil'he spectrum of the 5th IMF
£l =
0 0.1 0.2 03= 5000 10000 15000
t/s fHz
2 The 6th IMF =) 0lil'he spectrum of the 6th IMF
= 9 2002
% 0.1 0.2 03 = 5000 10000 15000
t/s fHz
~ 1 The 7th IMF = ¢ spectrum of the 7th IMF
0 M/_MNWMW_ A =0. [=107.8 Hz
E 3 E 0 Amplitude = 0.044 13
0 0.1 0.2 03 = 5000 10000 15000
t/s fiHz
w The 8th IMF

1 (')l' he spectrum of the 8th IMF
5
0

IME(D)

2
O N L S
S

0.1 0.2 0.3 5000 10000 15000
tls fIHz

(b) LDK UER204 i 7% 22 P # [ 15 5 M EMDAL B 72
(b) The EMD process of LDK UER204 bearing fault signal



- 108 - LSRR R e o %38 &

4 [ o
3 S s ot At
2z
LS
1+
O L L n L L 3
0.05 0.10 0.15 0.20 025 030
t/s
5r
4
1 3t £=1075Hz
ol Amplitude = 4.501
1
0 Lu I l N X B
500 1000 1500 2000 2500 3000
fHz
(c) CPSTSR & it
(c) CPSTSR system output
5r
i ottt o
e
O
=5

0.05 0.10 0.15 0.20 025 030
t/s

f=107.5Hz
Amplitude =18.38

500 1000 1500 2000 2500 3000

fiHz
(d) DTDTSR & Zi#i
(d) DTDTSR system output
6 [ TR k e
st e
j&
P
07005 010 015 020 025 030
t/s
25
20 C\
1
;*c-é }(5) /=107.5Hz
st Amplitude = 21.06
ol J“ﬁ‘)ﬂw}wm i |
500 1000 1500 2000 2500 3000
JHz
(e) DCPSTSR & Gtk it

(e) DCPSTSR system output

5 M
a;MWMW\WM/\»MMW W

|
ﬁag 0
75 n n I n i 3
0 005 010 015 020 025 030
t/s
150
100
= £=1075Hz
5 50 Amplitude =139.4
0 500 1000 1500 2000 2500 3000
fHz
(f) CPSTSR-EMD Z Zefr

(f) CPSTSR-EMD system output

4
2 &l

1z I iy

B OWWWWWW MWW‘
-2

,4 n n x n n )
0 0.05 0.10 0.15 020 025 030

t/s
150

100 C\
‘ = 1075 Hz

]g
Hg 50 v Amplitude =142.7

0 ‘ILN‘M

500 1000 1500 2000 2500 3000
f/Hz
(g) DTDTSR-EMD Z 44 it}
(g) DTDTSR-EMD system outputs

3 N o d et
T W oA
f—'é 0
750 0.05 0.10 0.15 020 025 0.30
t/s
200
150
I
% 100 £=1075Hz
50 MM‘UL Amplitude =161.3
ol

500 1000 1500 2000 2500 3000
fHz
(h) DCPSTSR-EMD £ 4t i
(h) DCPSTSR-EMD System outputs

19 LDK UER204 17 (s 55
Fig.9 LDK UER204 bearing fault signal detection

1.163, w=0.0089, r=1.362; DTDTSR &4t c=3.8242,
d=6.701 6, ¢=0.8225, m=0.602 3; DCPSTSR % %;
h1=0.0112, b1=2.513, al=1.052, wl=0.0192, rl=
1.2019, 7EE 11 9, BrG 19 22 Gl LRSI 1) 5 B A1 %
(RIS R 107.5 Haz, 12254 0.38%) ,A#3Z 2] T K
HT M, 5HALZRS A L, DCPSTSR-EMD Z 4 45l
FAYIEMH 161. 3 W EH M, XWIEW] T DCPSTSR-EMD
R GA T HoAh RGP
5.3 HAAREEA AR R RIRA R

AN R X AR A AR R S 3 ) TR 3R R e A 6
T4, LA 6205-2RS SKF %l 7K (1) P4 Bl i1 4 P, LDK
UER204 #1FE il K A 52560 %F 4, SR 4 1 000 4152 56 50045
L S B B A Bl R BB A S SR R 2 4 S
Bl oy BIHEAT 10 WL, AR A BEHL PR & Ge it
AT 5 U

PE] 10 2 Fh R g s 05 I T 30) 538 A s A 36 11 285 SR 40
EH LDK UER204 {31 LDK UER204 Hli/& A1 &l i p {5
SH MBI E | 6205-2RS SKF1 1826 19 & 6205-2RS SKF
AN B A S K R S 2 6205-2RS SKF2 AR 3 1) &



55 3

T U A S WKl R 5 23 BOSH R = A B AL A Al A e B - 109 -

6205-2RS SKF P 8l i B A7 5 A i 4000 %6, 3 ek S 00 &
B, R BETT R BEHL IR 2R G534 RE A R R M Al AR R
B, HARA RS E , NI T R SR se R

(=3
TETE
100 (
95 //\\///\/\
90 \/\/\/\/
85+
S g0t
‘l?‘__\k 75+
R
K 70+
65 —~LDK UER204
60+ --6205-2RS SKF1
6205-2RS SKF2
55+
V%3 4 5 ¢ 7 8§ 9 1o
I 8] /s
(a) IRHIER
(a) Recognition rate
50
45¢ —LDK UER204
a0l ~6205-2RS SKF1
6205-2RS SKF2
35+
i 30
s 25
&
I 20+
15+
10 /\/\/\/\
5 TN N

I 8] /s
(b) IR =

(b) Rate of missed detection

K10 flRES RG2S
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ASCHEH T DCPSTSR R4¢, H % Halb 4T T IR A5
AR, &, SR EURTT TR 355 3 R &%
B IR RN BE AT T 0T R T R SA IR T
RESHT e, Ra LR S EMD M4
&, DCPSTSR F eI H T HliR B Al , JF 5 CPSTSR
I DTDTSR #4171 [, LR aMHRER, CEABILLT
SRR IR T ARSI T I,

1) TERR R AL S B AR 9 B0 T, 3 538 243 K &R
BB a w.r, R B/NRGESE b h A AT LI GR
DCPSTSR Z 4t 19 18 ik M, AT 42 7+ & 48 9 15 5 & il
GEWANS

2) K FH i 4% 3 % CPSTSR . DTDTSR il DCPSTSR
ARGt AT AL, 45 & EMD AT OB s S A, 45 R 3%
B R A R G0 WU A DK B (5 5 1 EMD B REA A5 b 42 =
(R R

3) 3R J 38 44 4 % CPSTSR . DTDTSR 1 DCPSTSR

RGES HOE AT UL AL, I R FC N T T il AR R AR
DCPSTSR S A7 0k sl e 5 5, ELAGHIN 21 i i f
S5 T CPSTSR Fl DTDTSR,,

4) TR A L8 CPSTSR . DTDTSR 1 DCPSTSR £
BRI 3 (485 B A o W AR, IR X AR 5 25 4T EMD 4y
fiff, 3 A 2 3 Tl 2R GG I B s AR S (R, S5 OR R
W, XU A SRS & R SR PEREOL T 5l A SRS AR & &
45, H456 EMD B85 L MR ) H SR i HL R
BB TERE

AR R T A T AN 2 G 4 R A A P AR
VA IS IR T AR SR B B

JEEARBIWFFE T 0] A BT TIRAWITE = 4E SR &
i, T—AMiHRLE T HA ARSI SR R8¢, Jf
e IR 2e B B 5 SORRE NI R GE . X — W58 07 1wl
A YRR B v 4 T 2R G i M RE S 4t S LA, O
BB O 5 R A 5 K 2R G B8 A
5% 3k
[1] HEL F, LIU Q L, ZHANG T Q. Research and

application of stochastic resonance in quad-stable
potential system[ J]. Chinese Physics B, 2022, 31(7):
070503.
[ 2] 2=t whMg, ARAE. — RNl i) BE AL 4R H A e FR A Sl
WG SR e R [T A R
2021, 40(4) . 130-134.
LI J, HANG P, ZHU Y. An improved stochastic
resonance technique for the detection of axial frequency
electric field signals in ships [ J]. Foreign Electronic
Measurement Technology, 2021, 40(4) . 130-134.
[ 3] FEmfe L, 78, 5. JLT [ 0 s A4 B L
PRk VR Sl b R s SR [ ]. AR TR,
2019, 42(20) . 40-44.
WANG L. H, ZHAO X P, ZHOU Z X, et al. Fault
diagnosis of rolling bearing based on adaptive genetic
(1]
Technology, 2019, 42(20) . 40-44.
[ 4] JESLI BRIEME. BIF 90 AE X B 5 BE AL IR A9 il K
WS W i [ 1], B2 H R TR, 2018, 18(14) .
197-202.
TANG L L., CHEN G B. Bearing fault diagnosis method

based on stochastic resonance induced by well width

stochastic  resonance Modern  Electronic

asymmetry [ J]. Science and Technology Engineering,
2008, 18 (14): 197-202.

[5] 5RNIEEM, AT e dE 3 FR0da BEHLIL R R 50
B HAER RS W BRI [T]. AR IR 4, 2021,
42(1) . 228-236.
ZHANG G, TANG CH L, HE L F. Two-dimensional

asymmetric bistable stochastic resonance systems and



- 110 - G R - C I T 38 &
their application to fault diagnosis [ J]. Chinese Journal based processing of weak magnetic slippage signals of
of Scientific Instrument, 2021, 42( 1) . 228-236. bearings[ J]. Entropy, 2022, 24(2) . 147.

[ 6] MR, #8718, 5. b2 3R e S ahi% [16]  BUFITY  XIBKFE sk @i sr B s BEAL R 7E A

AT SOOI R B R [T]. 9 B 22 4, 2020, [RIWE P R A R B2 W (0] 4R 3h 5 by, 2023,
69(23): 1-9. 42(3) . 30-42.
QU L H, DU L, CAO Z L. Conductance perturbation- HE L F, LIU Q L, ZHANG G. Bearing fault diagnosis
induced coherent or stochastic double resonance by Gaussian potential segmented bistable stochastic
phenomenon in chemical autosynapses [ J]. Physics resonance under different noises [ J]. Vibration and
Letters, 2020, 69(23): 1-9. Shock, 2023, 42(3) . 30-42.

[7] ®FE MR, % LTI ELEENRRENIR [17] LI M, SHI P, ZHANG W, et al. Stochastic resonance in
EILYRSCE [ T]. Y BESEER | 2022, 42(6) ; 1-7. a high-dimensional space coupled bistable system and its
GAO Z Y, LIN H SH, ZHONG Y. Chaotic resonance application [ J]. Applied Mathematical Modelling,
experiments based on nonlinear bistable systems [ J]. 2023, 113, 160-174.

Physical Experiment, 2022, 42(6) :1-7. [18] JIAO S B, GAO R, ZHANG D, et al. A novel method

[ 8] Z3%, FeibH, &4E. JLFREOLILIR 0 W0 I Rt 4845 for UWB weak signal detection based on stochastic
MG SRS EHE ] MIREFSESET. resonance and wavelet transform [ J]. Chinese Journal of
2, 2017, 30(5): 313-320. Physics, 2022, 76 79-93.

WU J, QIAO Q L, JING M H. Stochastic resonance- [19] SHI P M, LI M D, ZHANG W Y. Weak signal
based enhancement of retinal ganglion cell signal enhancement for machinery fault diagnosis based on a
detection and transmission [ J]. Aerospace Medicine and novel adaptive multi-parameter unsaturated stochastic
Medical Engineering, 2017, 30(5) : 313-320. resonance [ J]. Applied Acoustics, 2022, 189, 108609.

[ 9] ZHANG G, XU H, ZHANG T. Method of rolling bearing [20] ZHAO S, SHIP M, HAN D Y. A novel mechanical fault
fault detection based on two-dimensional tri-stable signal feature extraction method based on unsaturated
stochastic resonance system [ J]. Journal of Vibration piecewise tri-stable  stochastic  resonance [ J ].
Engineering & Technologies, 2021, 9(1) . 61-72. Measurement, 2021, 168 108374.

[10] XU P, JIN Y, ZHANG Y. Stochastic resonance in an [21] ZHANG G, ZENG Y J, HE L F. Tri-stable stochastic
underdamped triple-well potential system [ J]. Applied resonance coupling system driven by dual-input signals
Mathematics and Computation, 2019, 346 352-362. and its application in bearing fault detection [ J].

[11] ZHAO S, SHI P, HAN D, et al. A novel piecewise tri- Physica Scripta, 2022, 97(4) . 045202.
stable stochastic resonance system with time-delayed [22] ZHANG G, ZENG Y J, ZHANG T Q. The characteristic
feedback and its application [ J]. Chinese Journal of analysis and application of a novel time-delay feedback
Physics, 2021, 73. 288-303. piecewise tri-stable stochastic resonance system [ J].

[12] Gk, Eel8E B R, Levy MeA T /R FHJEFRER =F2 Journal of Vibration Engineering & Technologies, 2022,
BEMLIR RGN [T ], B 7D 50844k, 2023, 10(3) : 949-966.

37(1): 1-15. [23] kW, fa, sk KRB —4Eputa s R G R HL AL IRALIROT
ZHANG G, BI L J, JIANG ZH J. Study of underdamped FEERELT]. AR, 2020, 41(4) : 229-238.
exponential tri-stable stochastic resonant system under ZHANG G,XU H,ZHANG T Q. Research on stochastic
Levy noise [ J]. Journal of Electronic Measurement and resonance mechanism of two-dimensional four-stable
Instrumentation, 2023, 37(1) . 1-15. potential system with applications [ J]. Journal of

[13] ©Li M, SHI P, ZHANG W, et al. A novel underdamped Instrumentation, 2020, 41(4) . 229-238.
continuous unsaturation bistable stochastic resonance [24] S8 el fel. B FREARENAENBEYILIRS
method and its application [ J]. Chaos, Solitons & VMD 43 A i R Wi s ik [ ] . HLaAL 3, 2018,
Fractals, 2021, 151 111228. 42(4) . 156-163.

[14] CUI L, XU W. A new piecewise nonlinear asymmetry ZHANG CH, HE Y Y. Adaptive stochastic resonance
bistable stochastic resonance model for weak fault and VMD decomposition based on genetic algorithm for
extraction [ J]. Machines, 2022, 10(5) : 373. bearing fault diagnosis [ J]. Mechanical Transmission,

[15] MAJ, LI C, ZHANG G. Adaptive stochastic resonance- 2008, 42(4) . 156-163.



55 3

[25]

[26]

(27]

(28]

RIS, AR SR NI, 55, Levy MR AT T 37 8 35 ok 40011
BERLIEAR R I A7 S b i A I [ )] iR 3h 5 bt
2019, 38(12): 53-62.

HE L F, ZHOU X C, ZHANG G, et al. Analysis of
stochastic resonance characteristics of a new potential
function under Levy noise and bearing fault detection [J].
Vibration and Impact, 2019, 38(12) ; 53-62.

VR, ARESE , B s, 5. B T A A5 5 1 VR 3 il K e
BWiER [ 1], #ik3h S pdy, 2023, 42(21) ; 237-244.
CHEN J, XU T L, HUANG ZH, et al. Research on rolling
bearing fault diagnosis based on acoustic signal [ J].
Vibration and Shock, 2023, 42(21) ; 237-244.
R, T, & 3, A5 T 4k B A LIk 4R
AR SRR 2 W 7 R BE ST (0], 4Rk 3h 5 by, 2018,
37(4) . 7-12.

LUS L, SU Y SH, ZHAO J] W, et al. Research on
bearing fault diagnosis method based on two-dimensional
complementary stochastic resonance [ J]. Vibration and
Shock, 2018, 37(4) . 7-12.

PRTG  AAR, TRRBE. 43 Bl X AR BEAL I IR 22 G5
SR ]. R T b, 2022, 41(5) : 114-122.
HE L F, ZHU W, ZHANG T Q. Detection of weak

signals in segmented asymmetric stochastic resonant

FET BTG IR 1R B 23 B AR =R A LH 4 1y il 7 e e A ) <111 -
systems [ J]. Vibration and Shock, 2022, 41 (5);
114-122.
fEZE B

BEHIF, 2001 47T 94 g 5 0E KA AR AT
S0, 2004 4F T P4 FE A KA AR AT A
BRSNS B € e s
FEIT 0] R s 5 S R I S R vl R i1
E-mail ; helf@ cqupt. edu. cn

He Lifang received the B. Sc. degree
from Southwest Jiaotong University in 2001 and the M. Sc. degree
from Southwest Jiaotong University in 2004. She is now an
associate professor at Chongqing University of Posts and
Telecommunications. Her main research interests include weak
signal detection and chaotic secure communication.

tRERE A 1EH) , 2021 4F T 5
HL R A ARAR 2 0, B T PR R H R A4 A
RS, FEDFETT 0 SR S A
E-mail ; 1833460048@ qq. com

Xu Jiaqi ( Corresponding author ) received

f

Posts and Telecommunications in 2021.

the B. Sc. degree from Chongqging University of
He is now an M. Sc.
candidate in Chongqing University of Posts and Telecommunications.

His main research interest includes weak signal detection.



