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Mechanical fault diagnosis method based on time-delay
constrained potential stochastic resonance

LI Zhi-xing'*, WANG Guang-jin*, BAO Hui-ru’

(1. Beijing Key Laboratory of Performance Guarantee on Urban Rail Transit Vehicles, Beijing University of
Civil Engineering and Architecture, Beijing, China 102612 ; 2. School of Mechanical Engineering, Inner Mongolia
University of Science and Technology, Inner Mongolia, Baotou 014010, China; 3. Baotou Vocational and
Technical College, Inner Mongolia, Baotou 014030, China)

Abstract: Aiming at the problem that in the actual working environment of mechanical equipment, the useful signal was usually weak and
submerged in strong noise, which made it difficult to extract the fault features, a mechanical fault signal detection method of time-delay con-
strained potential stochastic resonance was proposed. First of all, a time-delay constrained potential stochastic resonance model was estab-
lished, the structure and functional characteristics of its potential function were described, the mathematical expression of the output signal-
to-noise ratio was theoretically derived, and the influence of system parameters, time extension and feedback strength on the relationship be-
tween signal-to-noise ratio and noise intensity was investigated. Then, the optimal matching of the stochastic resonance system was achieved
by using the parameter optimization capability of the ant colony algorithm. Finally, the proposed method was applied to the experiment of
simulating the fault signal and the actual rolling bearing outer ring fault signal. The results are compared with those obtained by the bistable
stochastic resonance method. The research results show that the proposed time-delay constrained potential stochastic resonance method has
higher spectral peaks than the classical bistable stochastic resonance method at fault frequencies of 60 Hz and 143. 08 Hz, and is less dis-
turbed by noise. The fault identification effect is obvious, which improves the weak fault diagnosis capability of the rolling bearing and other
mechanical equipment.

Key words: mechanical fault diagnosis; rolling bearing; time-delay constrained potential ; stochastic resonance; signal-to-noise ratio

s B #8:2021 - 03 - 08

ESTUR L [H5 [ BI04 T 40 2 Ve 00 H (51805275 ) 3 it Bt S 40 A P B 5 7l 7 45 50 % FF RCRAIE D31 H (2020102)

TEZ BN 25 (1986 — ), 55 W ALE KON o PEIT B A S0, 322 SR LB B a8 P IR W MR 5 IR 155 b B LA R PR 2 2Rl ik
FEIIFSE . E-mail ; onyxlzx@ 126. com



5510

B S T I 2 R B IR AU RS W T I A5

- 1239 -

0 51 5

Bl R H AR &SR A Tk N A8 V) 2 M
RN L 28 R B LA R 45 T35 R B A S ) SR
K BT, R BG5S A
fife ) NS AR IR i) S Xy
1 FE B A O R AT A A B 2 B A O = ke Sk
AR A I, (R AE R BRI S I [ R 8T
G S5 NIMFEAC TR IR B . P, 581
F R vk B SRR TG S MBI I 7 R T Hh BB LA
PR TS B A = I 2L

R T I BRAL S5 1k i X R R RIS ) B AL AR R
FHAE RS e L B A5 T BB R Ik PR TR
M B I A A RO A5 5 4R E, B ORF BENZI R
e T 1981 AR IR BRI T RENLIIRBLS
DA A R pACH T 1A 3 1 g ] T

SR, BEAIL AR 6 A2 40 G0 RIS, FE2Z BN S
ZAFRIRRE S (R R AR S PR A TR R, R 255
SEERSEAE S, X B LR TR 2 4 G
PIFE, R T RBX — R PR, LENG Yong-gang 5
NIRRT —Fh R BE M BEHL IR 5 2, S T K
SEUFZ M/ NSEUE T W EEAS ) T 2 T 48 $G0 {p
IR, LIN Min S8 AUV BESE T — Rl il AL
PRI K e A VA AU 55, SE T RS 805k
PETR, DA M 4 B 8 e 55 1 B

H T AT L SRR 2 E R T
— ST 7 iR X BE AL AL AR AT R AR SE . LEL
Ya-guo S5 NI T —Fh [ 18 R EHLIER 7 vk, R
WRERIERIDEARRE J1, S B0 T X T B R A A TR 12
Wi, HE Qing-bo %5 A" HE HY T 37 i 22 JUE W 7 1 4%
T e T eGSR R B RE T, I SE PR A 4R
HE S RMHEAT T I0IE, R 2 A1 F) AR
R A DR AR IR 4 58 T BB R AR A5 5, X 52 PR
HARBEEIERT Ti2W, 25 R BT T SRR B
BLIARSZ I AT T AR g O bt 4 s T
TR R A B RS (Y i R BE T

HARE R, LR 5T #R 2 D 28 SRR S B L
YRR IR Tk, 2 LR — N e e
FRG5 WSt PR 2888 22 o SR, S B R 2 At
RS RGN EME AR, B, BA%E
Xof Hh FIE S5 5 BEASS T — BE B 5T, AT % B AiE 2 5% it
PUHHR AT LA R 69 5 5 AR 2R . LU Si-liang 45
USRS T — e A S AL LR 04 15 5 SR B 75
IEK I T I MU Y i 5212 B, ZHOU Bing-chang

SENORIRGE T —Fh = A R T IR Bl 4 B BB S AR
i i BEALIER B S: . SHAO Rui-hua % A7 BF5E T
55 JET I A 5 OIK St 1 st OB A5 R 4 1 B AL G PR 1k i
BERA S U HE— 2B BF 5T T I AT = R 25 0 JE ) BB AL
PR I AR AR S W S T B AR

PRI, A X B ML PR A S A Ak, i — 25
TFF 55 s 48 A0 2 155 R 38 b i 8 £ M L O i ) Sk
AR SCHR S — b s HE 24 R AR A BEALIL R 5k, )R
PSS AT BN B R TS

1 SE 2 S AL I IR 5 ik

1.1 EEEARSE ML IRERE

T a2 OB S BEAL AL AR 1 R SR RE , AR ST
PR T I SE 24 B A g XU A SRR A | ek Ky
U F7R «

U(x) :xz—n+gnzexp(—zzj (1)

K g, n—RGESE, HEH I IESEL
IR B 24 R F4 UG 285 B AL 3 4R 1) 320 ek B, 4151 1
B

[
1
|
!
g
Il
S

??
I
S

4k —*-g=3,n
——g=4. n

U(x)

(a) [E5E n BOFEL, SARIATY ¢ BOMH

——-g=2,n=0.6
——g=2,n=0.8
—H-g=2,n=1.0 A
—2—g=2 n=1.2 f‘

,‘

U(x)

AAA
YA AV

(b) g (EAR T n HIH
B I SE 2 R XU S 5 bR

HIPE 1 (a) AT [ 5E n BO(EL, BRS¢ AOME AT
AR S 22 (e 1L, BT o PR3 R 3 2 v LB AR R



- 1240 -

51V R N

38 #

TEE 1 (b) 1,2 g (ERNAEET, P45 n YA AT DLk
AR SRR AR A R B IR n B3GR A B R N
B A2 1 P A T T 1 K (SR T X T 2 i OB 2 B pR B,
HBGEMZER S o b IEFHE, Tork M 07 S5
R AR FEABARAE A [R] I, PR HAB AR AEANAE ) |

25 L AT AT AT B A 24 B SRR A e R B AT LA
1 S ARk S I A e B AN B T R S
fifow: + B BRARAS SA Bz B A8 S AR A B iz 3, 5
JRCERL RIS B 2 [R] 0 2 e, ELAT B A7 R R

KT AR —FE , A a=1,b=1,p =0 KT
fEfEIToA

FE 2 BB PR A 3 fin A ZE 0 R A5t L7, )
TG R

dx (1) _

de

X B— IR B T— I I

ARG AR REA H A EL S BEVLILIR R 40, B X
(DHARAK(2), 7115,

dxd%: - 2x +2gxexp[—xzj+ﬂx(t—7) + Acos
n

(£x) +m(t) (3)

X (3) & — MR RBE I i B, ) FH AR 30 9% v
AR B R FF IS

LA IE Fokker-Planck 5240 T 2" :

aP(x,t) _ _ILhP(x,1)] WD 0*P(x,1)
ot u o’

K h,— AP

h, AT RIRA .

h, = fi:dxrh(x,xT)P(xT,t —rlxt) (5

Hox =x(1-7),

x—x +PBx(t—7) +Acos(X) +n(t) (2)

(4)

WA
h(x,x.) = —-2x +2gxexp( _sz +Bx, +Acos( Q)
(6)
SLAIEIESS

2

h(x) = -2« +2gxexp[ —sz +Bx +Acos( Qi) (7)

TN P(x, 0 =7l 0) AR T B L S KB K
RO HO Rl

( (x, -« —h(x)T)zj
exp| -

P(x, ,t-7lx,t) =

47mDT 4Dt

(8)
I IRAI(S) ] A

h,=(1+p1) ( -2x +2gxexp( —f;jj +
B(1 +B7)x + (1 +B1)Acos( ) 9)
i — AT HE S AER 2 T T R Rk K
% = -2x +2gxexp[ —f;j +Bx +Acos () +
Br| -2« +2gxexp( —zzj +Bx +Acos () ] +m(t)
(10)
X (10) A (3) PEAE AT, i 4 B 45t Bl BIL 3L 4k
Rl TR A,
TEAZE BRGSO, 20 (10) #5524 &
PR TR

U,(x) = (1 +ﬂ7>[x2 —n+gnzexp( _’;D_

%,8(1 +B7) %’ (11)

EC(10) ITRLTAE R G 1E (2 - B8) <2g BFTAYAR
FaE M ox, = 0, MW A E A

. o[ 2=B)
_J 1( 2¢ j

SRIE L7 (10) OB T 76 A3 2 ] B BT 25 ]
SR,

] (1 +BT)J(2 —B) (2 -2¢ _ﬁ)ln(<22:gﬁ))

X, =

v. e X exp

[ (1+6r) [2gn2+n2(2—B)(ln((22;,B>)-1)]} y
B 2D
* D

Xy, vy —RTNEB BB HBRIBRIT R, R Z
TE/NSHRBRB AT, TR (12) ATy

L o). 2e-pn GE ]
B NoX s
exp{ (1 +,BT)[2gn2+n2(2—B) (m((zzj)j—ljw
- 2D
(13)

T Ok, R G000 B S T R % B eR BT A RN
B,
S(@) =5, (@) +8,(w) ==

2Ny O



5% 10 #1 R A T ZE 2 SR BE LR A PR B2 W R Y - 1241 -
M? 2x°. N 230 2355 e
1- = - n=3. e N
sra) ]+ 1= g [y (9 TR e
K. S, (w),S, (o) —f5"5 S 4 D3, ‘/"
NI M SR F st
N=y, +y_= “ ok fl
2040 [ -p) 2 =26 - P st /)
X Y/
T ) 0.0 0.2‘ 014 016 0‘.8 1‘.0 1‘.2 1‘.4 ll.() ll.8 2‘.0
(1 +8r) [2gn2+n2(2 -3)(111((2;3))—1)] D
expl _ 5 g (b)2 g=0.88,8=1,7=0.85,A=1.5 I, {FMLLFE n 17351k
35F
(15) 20
M:%(l+ﬂr)|x1IN (16) ’s
Hh A<, 3% Q,S (o) REEHCIEAE, X (14) ;2‘0

AR

T, M’
S (w) :m[é(ﬂ—w)] (17)
2x° N
Sz(w>:N2+w2 (18)
BERD, 225000 i A5 R L T DASRIA A .
f:Sl(w)dw

(17, 18) AR AT (19) |, By H (5 M e e KT 1)
HH.

SNR =
L, \ (2-B)
J2x% A (1 +Br) J(z—f;SZ—Zg—B)ln( 22g,3 )X
exp[ (1+B7) [Zgnz +n*(2-B) (ln((zz_gB)) _1)]}
- 2D
(20)

A2 (20) AT A5 FE SR INVZ B[R BB
Bt SNR 5 GREE D R R ML, K 2
FIF7R o

0204 06 0810 1.2 1416 1.8 20 22

D
(a)Y n=3.558=1,r=0.85,4=1.50F {5MILEE g B725 1k

(¢) g=0.88,n=3.55,7=0.85,4 =1.5 i} {5UE LLBE B HY7E1L

301
—=- 7=0.70
25 —>— 7=0.85
—— 7=1

.
.
hS
hS
.,
.,
.,
..
..
~..
..
..
~..
~..
'~

()2 2=0.88,n=3.55,8=1,A=1.5 i (M ILKE + (735 4k
P2 OR[EZSECT {5 M bR 5 B 1Y) 2 3R

HhZeAs b a3Aoh . SNR Fifi 2 e 75 B3 I im 186 K
iR B R KRS PR, A B BEALE R

M2 (a,b) A%, % H SNR IE(EFE S 28 g
FSE n B3GR, IF B G 80

M 2 () AT %N, B2 R s B B R BE I, an Hh A
M LU AR /N 0 D — A BIF BR AT 21 ) — S Bk il 2L 1
RERLIOIN, 15 SR AR AN I & ;

L2 (d) AT, Bl 5 I R 7 A3, S AR
M ARG AR 2 ) 3 o 4 22 Y LAY, SE BRI 22 1]
FIBRIE , 3+ H. SR AYRLCE A &,
1.2 BHEAFRBHNEIRNFEEE SRS E

FE SRR R MR S R 0 R  E RE Y R



- 1242 -

MLoH T

i 538 35

I, BERLER A 15 SR AR 222 BB PR,
B RN FEA AR SR 2, it BN
AT (RN A S R R R B YOG R 2 R TRl 24
HISZIR | I IESHL S SRR FIL RO |
IR IR B e f:

N TREBAST G /NSRRI TS S, T 2
HERGAETY I DU e - 2R T R 2 e i

ASTOR i Y SNR A SR DA i SE 24 B S Bt #1 3
PRIOHERETE bR . % SNR 2308 SLANF

2

Ad
SNR = 10log,, — -4 (21)

DA -4
RN B R AT, X AT - A —f B A
W BT %
Bk SIVR {1 S 174 543 FELA 135 5 g e
o 24 AL 10 5 135 5Ky 5 3
B,

IS

¥

| e sosesBpL I [~
¥

| itsmove |

=
SNR > i KSNR?
i

% KSNR=SNR
e Kg=g BAg.n, Bt
E’ijtn:n
BRp=p

mRkr=1

g.n, B,7T
ETE R 2

il

&5

P13 I SE 2 SRS BT IR (4 13 15 S R

PORBRR T

(1) BCBAbRY, P AR (E1 R 25 i VSR 3 5
PRV | B X413 5 AT R 9028 R b
WIREA NS

(2) WU SRS A, FRLCRESE MR
AL B B4 B, W AE B - M BEL ¢ n 1315
S

(3) TTRAGRMR L, ad Je ks PR B 7 R T4
HAE S IO AR (21) ML

(4) e . 133 O Hh 15 1 L LA S AR B FY
RIS

() EZ R, F RSB S A B HE 2
PBENLILHR R G, e 245 L I SIE 24 T 4 B ATL L 4R 1 P
Sl TR R | DT S BT BRI 55 R TR

2 fFELE

R T B UE R A 24 B S B ML IR Tk A R, AR
SOl AT Wt 0 JST K T 5 51 O 2073
WSS T TR ik T T Ab 3,

P il AR 5 R DL ARG A
s(t) =Asin(2mft)exp| —d[t-—n(t)T,]*} + /2Dn(t)

(22)

K A—1F S WA — IO d—E W R sn (1) =
[ ¢/ T, ] — T4 ok o Ja 300 10 B 5 T, — ok e ] Bt 5 f,—
FRIEIIR s D—ME R o i s m (0) —F AR T 2210
1o T T SRR R 1 s,

i EA R A 4 FR

F TV YT YT T YUY TR YT

N AU A

= 0 0.2 0.4 0.6 0.8 1.0
t/s

_ () TeMR I

‘w5 T T T T

R ————

= -5 . " A A

= 0 0.2 0.4 0.6 0.8 1.0
t/s

_ (b) MM

2o ' '

= 0 1000 2000 3000 4000 5000
f/Hz

P (c) Hi 1%

7 0.05 '

o A

< 0 1000 2000 3000 4000 5000
fHz

(d) it

F4 fiEfGES

4 (a,b) 73 A A MR R RTII A E 75 1) il
ARBEAT o RIS IR 07 B4R 5 A0 0035 R, 28 3
WK 4(c,d) Brzn, BT s R o 5 BUR IR 32
60 Hz # eI , TOVEMERR SRS AR A il B A A3 3

ARSCR A 8 24 o A BEAIL AR 7 oAb B fin A Mg 7S
HI5 B, T A B SR S L an & 5 R .

FEREL 5 (b) v R REAE AT 2 0 T M o 3, L
JIE sk IO B4 3 W1 R 0. 169 9, J& 28— 785 A5 BB
0.046 86, i FH2Z 0. 123 04,



510 19 2 B A A AE 2 TS BT R B LA R Iy 1 BT 1243 -
ol BEIE 7 s,
=
-0.5F
0 OTZ 0{4 0{6 0{8 1.0
t/s
(a) I3
0.20 - T
-1
0.15 -

0.10 0.123 04 E

Al(ms™)

0.05 -
000 1 1 1
0 500 1000 1500 2000
fHz
(b) H i

K5 e R BERLILR T7 ik

N T A AR PR T I SR BOSCR AR SO 2
AR S AT LR 7 PR AL BRVR B R IR AR 5 . 1%
53 B ISR [ 18] 6 BT

0.5 T T
£ o0
<
-0.5 1 1 1 I
0 0.2 04 0.6 0.8 1.0
t/s
(a) B ST
0.08 fa—=7, ' '
¥, 0.06H 10.040 95
E 004
<
0.02
0.00 L L
0 500 1000 1500 2000
fHz
(b) Htis

Ko MUK T4

FEE 6 (b)) o] S A A5 R AL 1 A % i N
0.078 41,5 — i s I (B 0. 037 46, W I H 19 22 Ny
0.040 95,

25 T . 2 MU UURR A Bt WL IR T 9 6 B e R AE
AR A B AT T (ARG T T 4 18 09 7 5, O ELARRE A%
JEI IR S TR 25 (E /N, PRI, i s 1) vk
Tl 83 e PR A B EBUSSK SR B e

3 SCE IR

N T LR SR A A5 R, S F A BT A i
(477 1 R 22 SRR A BE L IR D7 vk — 2 I T AR A
P ) B R B IS

S PR BB B A (R 1 P ) R £ 5

K7 PR AL G m G

S T % FH A TR shl &R TS ER-16K, H %L
farZBansE 1 fin,
®1 FHMANIE/LASE

AR RohlhEHRE  RaEMH Hefsh
/mm /mm /A /E
38.5 7.9 9 0

SKRERIEN 2 560 Hz, Sl 5534 4 2 400 t/min , il

HRAS TR BB R AE AR AN 2 TR
K2 RFHANNERSERE

i 2k 7 Pl Y] Ik
kB A %/ He 5.432f 3.577f, 2.334f,

Hodr £ =40 Hz, 31545 25l AR 5 M E 0 B4R AE 45
# 4y 143. 08 Hz,

TR UG 30 15 5 4 B 3 A8 3% R 40 4% 3% &1 4n %1 8
B

5

Al(ms™)
f=]

0 0.2 0.4 0.6 0.8 1.0
t/s
(a) B3 T
r{-\ T T T
£ 0.05
= 0.00
0 200 400 600 800 1000 1200
Jf/Hz
(b) 4
—~ T T T T T
i, 02 .
E o1 ]
0.0 "
0 200 400 600 800 1000 1200
J/Hz
(c) fug i

K8 IsiriRslfE S
M8 ol LA H TR AS 5 52 51 5 e A )
T, JCIEAEAIE A 28 B3T3 rh TRUR L AR 71 P g
ARFIEAR
XHTEL 8 ICEE TN SR AR A 17 B0, 2635 B2
JIT 4 Y D505 | SR BRI AR B B AE AR, o )
A S5 A P TN AT 9 s



- 1244 -

51V R N

38 #

1.0 T T T T

A/(ms™)

~0.5
-1.0 1 1 | |
0 0.2 0.4 0.6 0.8 1.0
/s
(a) W IR T
T T T T T
0.15F .
N 0.086 03
H 0.10
= 0.05F .
000 n L 1 1
0 200 400 600 800 1000 1200
fiHz
(b) Ht i

K9 e R IR T5 1k

AL H (R A48T P2 Al 471 R ) B A A
7 142.7 Hz, SRS (H 143. 08 Hz ARAHIT , Skl 5
JE IR 75 i v 1 22 2504 0086 03, 31 e 1T A4S M il
(AN A TR, R I 120 L RE RS HR B
R P B AR AT

h T AT B AR e | 285 R 4 R A
BEALIEAR 775 | A B U AR () 5B AR A A% | o o 1)
sk 5 A5 P Rl 10 s

1.0 T T T

Al(m-s™)

t/s

() Mg

0.04 T T T T T
. 0.03} i
£ 0.009 76
£ 0.02r .
=

0.01F i

0.00 - .

0 200 400 600 800 1000 1200
fHz
(b) #iilk

K10 M XUR SRR T %

FERL 10 (b) v AR [ ) A B e il ARt e 2 L B AL
FEPRTTIESE, (R G s R0, 009 76,

TERH ARSI A5 B A5 AR B2 OS2 8, SR F LA 7
M7 ¥, A I R AT 25 ALk 75 81 A 451 33 08 {53 1)
0.154%010.031 39,

T LA AR T vk B X Al R LA A i B
ARSI T, i 488 H (9 75 3 H 8 S SRR S B HL 3L

3R LA T R T A R
4 ZERIE

TESEBR TAEPRIEE b AU 8 A4 0 P e i AR X
PRI, IS P ) 7 — bR T I S 24 RSB AL
SEPR A WU R (5 2 A0 05 3% . 1 5, 1S T I IE 24
FHAFEHUIARBRL, BFE T RGES R I A R 15
5 2 X {5 MR L RTISR 7 50 B8 5 2R ARSI SR, R IR
LS EAALRE ), 923 T BENLILR 2R 48 i B fE DT
Be s e, KAt A D 3 0 P T 05 B e 5 A S B
TRONE AR 5 i 2 g

ST O EL AN SR S IE AT AR A5 IR IR

(1) S0 RS HA 55 AT LAAS 3] 22 Fh s gl
G5K LB T R G RELIR S A AR SRR S B
PR BTG

(2) ELR B BENLIL R 2R G i Be a5 1A T B it
SR BRI AE A BE  JF H IR HES: T L R M L, i i
TS EOEE LERY R 5

(3) I R AR B v LA AR R LU AR D PEAN 5 4 ,
AR GESEL R BRI A T, AT LASE S 4
14 PR E

(4) 52 MRS LILIRTTIE AR L, B 2 Y
T AL AT LU 2t 41 UK B e ik, i LI R i
BN, BAT BB Sl R SRR .

£ LAl 205 AR AU B2 W (4 15 5 S BOT
TS T —E kR, e 2Ly TAE ) 28 5 A e 3
TR 3 3B LA B 2 B0 AL A VB TS L 4 252 4 E — 25 i
e

5% Lk ( References) :

(17 L, W07 K, Rl 55, B TREDLIR Y2 B %
WE A FEL )] BRI 5 42 77 ,2020,320(9)
63-65.

(2] AR, X SCHL, ME IR 42 . BE T REHLIL IR I B G5 (5
R 5 R[] HLE TR, 2008 ,25(4) :71-74.

[3] XING Zhan-qiang, QU Jian-feng, CHAI Yi, et al. Gear
fault diagnosis under variable conditions with intrinsic time-
scale decomposition-singular value decomposition and sup-
port vector machine [ J]. Journal of Mechanical Science
and Technology ,2017,31(2) :545-553.

(4] EMS & B, RRORR S5, T/ MBI A iR i B 12
W B BTN 5 R T (7] HUUOTR,2020,58(3) :23-29.

(5] Ui, TNl R S o] e AL AR 20 Bl R I 12 W
[J]. HLH TR ER ,49(12) <4.

[6] LIU Xiu-li, ZHANG Xue-ying, LUAN Zhong-quan, et al.



5510 B S T I 2 R B IR AU RS W T I A5

- 1245 -

Rolling bearing fault diagnosis based on EEMD sample entro-

bration and Acoustics,2015,137(5) :051008.

py and PNN[ J]. The Journal of Engineering,2019,2019 [16] ZHOU Bing-chang, LIN Dan-dan. Stochastic resonance in
(23) :8696-8700. a time-delayed bistable system driven by trichotomous noise
[7] BENZI R, SUTERA A, VULPIANI A. The mechanism of [J]. Indian Journal of Physics,2017,91(3) :299-307.
stochastic resonance [ J ]. Journal of Physics A: Mathe- [17] SHAO Rui-hua, CHEN Yong. Stochastic resonance in
matical and General ,1981,14(11) :453457. time-delayed bistable systems driven by weak periodic sig-
[8] LENG Yong-gang, LENG Yong-sheng, WANG Tai-yong, et nal[ J]. Physica A . Statistical Mechanics and Its Appli-
al. Numerical analysis and engineering application of large cations,2009,388(6) :977-983.
parameter stochastic resonance[ J]. Journal of Sound and [18]  HHFAK . Fh T Ak GE A AL e A 10 (1) T 26 AL A 553 i it
Vibration 2006 ,292(3-5) :788-801. CWITE LD ] WS B R AHL TR 7 B,
[9] LENG Yong-gang, WANG Tai-yong. Numerical research of 2020.
twice sampling stochastic resonance for the detection of a [19] XAEFS | FHEESE. ZETF ANSYS (950U 24 30 F0 285 1 1Y FE AL
weak signal submerged in a heavy noise[ J]. Acta Physica PSRt ], s S5 E ML ,2019(1) .57-62.
Sinica,2003,52(10) ;2432-2437. [20] TSIMRING L S, PIKOVSKY A. Noise-induced dynamics
[10] LIN Min, HUANG Yong-mei. Modulation and demodula- in bistable systems with delay[ J]. Physical Review Let-
tion for detecting weak periodic signal of stochastic reso- ters,2001,87(25) :250602.
nance[ J]. Acta Physica Sinica,2006,55(7) :3277-3282. [21] HU Gang, NICOLIS G, NICOLIS C. Periodically forced
[11] LEI Ya-guo, HAN Dong, LIN Jing, et al. Planetary gear- Fokker-Planck equation and stochastic resonance [ J ].
box fault diagnosis using an adaptive stochastic resonance Physical Review A ,1990,42(4) :2030.
method[ J]. Mechanical Systems and Signal Processing, [22] FRANK T D. Delay Fokker-Planck equations, Novikov’s
2013,38(1) :113-124. theorem, and Boltzmann distributions as small delay ap-
[12] HE Qing-bo, WANG Jun, LIU Yong-bin, et al. Multiscale proximations[ J |. Physical Review E, 2005,72 (1Ptl) .
noise tuning of stochastic resonance for enhanced fault di- 011112.
agnosis in rotating machines[ J]. Mechanical Systems and [23] HE Li-fang, ZHOU Xi-cheng, ZHANG Gang, et al. Sto-
Signal Processing,2012(28) .443-457. chastic resonance in time-delayed exponential monostable
[13] BFEEEE, PN MG, = AFE. JET IR AN A AR A R AT 3 system driven by weak periodic signals[ J]. Physics Let-
B B AR 3 BB 5 S A I T IS [ ]. T ters A,2018,382(35) :2431-2438.
#2,2018,39(3) :373-376. [24] LOOS S A M, KLAPP S H L. Force-linearization closure
[14] ZERA. TR 5T BENLILIR 05 B 12 Wy for non-Markovian Langevin systems with time delay[ J].
EHFFEL D] AEBHE R AP T AR~ B ,2018. Physical Review E,2017,96(1) :012106.
[15] LU Si-liang, HE Qing-bo, ZHANG Hai-bin, et al. En- [25] MCNAMARA B, WIESENFELD K. Theory of stochastic
hanced rotating machine fault diagnosis based on time-de- resonance| J |. Physical Review A, 1989,39 (9) .4854-
layed feedback stochastic resonance [ J]. Journal of Vi- 48609.
[ 4REE M IRVE
A5 AR

ZRiE AL, Ot Ol A BT S 2 SRS LR A AL B2 W IR (T ). HLH TR ,2021,38(10) 1238 — 1245.
LI Zhi-xing, WANG Guang-jin, BAO Hui-rul. Mechanical fault diagnosis method based on time-delay constrained potential stochastic resonance[ J]. Journal of
Mechanical & Electrical Engineering, 2021,38(10) ;1238 — 1245. (UL T#) 2435  http . //www. meem. com. cn





