TR MF HHAR

ERTESE AR Vol. 56 No. 1

2024 4F 1 A ADVANCED ENGINEERING SCIENCES Jan. 2024
> =4

Bk TAZ.

X

IS

AT

ET XN il R MI R E I NZ ERBNH A E 6 W IR 7
xEp' A& BT gEE, EAE, BHAK

(LU R WA TR A6, DU AR 610065; 2.8 P K 2% HUMAL 3 [ 5% & 5 50802, 5K 400044)

DOI:10.15961/j.jsuese.202300291

O R BT RIREARR oA 22 5 K AT IR T AR L B A ] 543 i B B Ao AR 250 ek S 45 267 3
114 25 ) Sl b 7 A i 7 BV ) 1 3 AR ) PR A, it — o I M B A% 2 ) T i ——2R0 LU B S A 1T R o
»J (CAHTL) . 7ECAHTLHY, il 3 S A4 L #% 2 >0 4 Iy sl 00 A B AT b AR A 21 i T80 A JC AR A A (D
FRIAREAS ) XL RS B A SLRHE 23 (8] P9, A5 AN R] 00 RE A 22 ] 89 70 A1 22 S die /M 5 10 IR 26 A by st I e
ASRFAE AR T S RE AR S B0 SR AR 1 K000 P 43 G, NS T 35 B R AR R AT 0T b 2% 2T DA R I RE AR 43S M S5 5
AR IR A 5 R SRR S8 R R AR 7 28, Bz 2eid B Tods 2807 >, Dl i e e A AN 14 45
T8 BT Xk T AN ] 24 i B B A AR SRUR i ff 230 22 B 5 AT AT ZE AR B IR A 0 T I 2% 1 B 4005 1 1) At s 1)
FHBERURS BN K& A 3l SR X CAHTL S BtE A7 AN A 40 B8, DADREFREAS o ik 1) — EME 42 R CAHTL R WL S0H
J o CAHTL ] 1| Fi1 25 (8] sl il R Dy 52 T 00T 1R 20k | AR 35 25 1) 2 00 73 i B B 1A DI R A 0 2 7 T 00 A9 15 I 4 AR

PEAT R A B 14 A3 i B BERUR o 25 18] Sl il R A i B B SS9 Uk T 32207 125 B A 38t
KGRI IR~ W Lo o 5 S BRI 25 (W) IR shAlR ; 75 iy BER i

hE 4SS TH113; TP391.4

23 (6] R AT A% B HUBRCHS 1F RE 75 1E ¥ 15 % | S B
SE T RE TR ) U1 IR A% 75 i, AR R AR BE b MGk T %
Fr e b A ARG 1 P9 VR gl b R B9 7 i AR SEHE o R
TS M s ] R AT AR AEPIB AT RS T ARl R A A
IRAS AR 7 5 FLAR X R B o B 4 s A it
T PRUE 225 B 23 6] QAT A% 9 7R Sl R BE T AT 55
iR, FATFE Y AMIETE LG (e [ SR R | 58
[ G TR A BT K SR 55 ) 368 >R HH M
HRADL 25 [ R T J 2 [ 7 S b 2 Ik 75 i U6 o 0
9 2 [V Sl A R A 7 i 7 B, 2 1 A K A 3 = T
TR 2l b 7m0 2 R DL 7 i ik R (R ER 53 O D
B Be iR ) e B 2 8] AT g .

T (HE TR LD ) 25 A AE B BE T, 2 8] 7R Sl 7R
PR R 28— P2 T AT 1 S 35 S R 8 2R 2L

ks B H#A:2023 - 04 - 16

XERARERD: A

NEHES: 2096-3246(2024)01-0256-11

R BT S0 il e e R e R P i IR s 23 TR B
b ARG JBE 2R AR A B HE Z I B8 28 i B B A Y
AR Bl R A S A R o — T T, AU S ) PR T B R A
(hn: FAH) NI N, AR/ NAS Rl TE
22 A b R [R] p sy, S B80S ) il R AR 30 155 52 315
U PRSI A LA IR Bl | R R O A T, X
LSe35 25 ) il R B SER 3 {5 5 i RO B i
A HAUT 505, 2 16 R Sh il R — ik T AR
AR T HLAAE T « BEAUL A ) BRI T 4R gl il R A 1 2R B
Ao i) JC M A Al e i 2Ty OF RN 7 A i, B
b B AL, T R 8] BSOS, s TR) il 7 T 52 i 1) 28 4
R AR LR AL AN, TR s A R, A
DA 52 e WL 39 1 DT A o U, g2 ) i 7 1 2
FATERE o HiL 1AL 2 ) PRI 2 [ 9 3 il 7 o e

EE B R S SEARIT L 55 2% (2022CDZG-12) 5 HUMUL 21 [ 52 5 55 52 96 % JF ik 45 98 B3 H (SKLMT-KFKT-201718) ; 14)11 4%

TEHE BT XIE R (1998—), FB, W= WF5E J7 ] HLAR I A& RS WE 5 #5232 1. E-mail: 1562021338@qq.com

*BEEE D &, BIZUZ, E-mail: lifeng19820501@163.com
[0 4% HH B B 18] :2023 — 08 — 01 15 : 00 : 57

http://jsuese.ijournals.cn

P 4% 4 B 3 21k <https://link .cnki.net/urlid/51.1773.TB.20230801.0926.001

http://jsuese.scu.edu.cn



https://doi.org/10.15961/j.jsuese.202300291
mailto:1562021338@qq.com
mailto:lifeng19820501@163.com
http://jsuese.ijournals.cn
http://jsuese.scu.edu.cn

513

X R, 26« LTINS HURR 3 B0 5 M A% =~ 1 2 [RIVR sl il A A i B B AU 257

75 i 1 58 1 AR IR 2 [RDR s R a2 4T L IR AR A
AT B 5 b DR IR BE N WAL 58 7R shil AT B
225, TR LR ZS [ A58 T 25 (AR shih 7K 75
B B RO B R R PR R

by TET AR FL 2 [R) PR 85 T 25 ()R sl 7R 77 iy By BE R
W BIF ST A A B, A SEBIF O i 4 /D, S AR
2 LR 0 5 42 4 ST WAL AR 1 22 23 2 2k vl k24
i o A 30 E, P Rtk S A 2 o A1 3 e X A R) TR
SR HEAT % A B B FE T A R 2 2
M A | IR A vk LA A R 22 R 4% (ICNN)
X 23 [ 728 Sl Al 7R HE AT RS T . Dong 25 I T 70 A1
Wi (TEK) 45 2R oR 55005 5 W RRAE , B E2 B 15
T R AE 28 3 B30 W7 I i A B4 T AR o 22 {4 A
(OFCM) "tk 47 25 [B) V& h il 7k 5 i By B iR 1] o R
R 2LVt 2 28 P R U] 23 AL HES (LLTSA) 2 8 2 i
TR 5 30T 208 43 2 A %o b T A5 400 25 [B) PR B 1Y) 28 ) R
S AR ST A By BEIR B o SR T, B A IR B T
{14 2% 5] VR 2l i 7K 75w B BE U2 78 8 T 4 TR
JEFFHY, LA 3 T EE R o A — SOt R L g
27 ) J5 VT R BEAR I M il 0 AR T 0L R BE L AN, DA
LA R B K R AR DT R T (R
30 BOHE AT YIS, T LR SR A% FF i By B 2R B0
7 U445 H 3273 6 JE 3 A B i, b i AR L S
(B PR 358 T A I 38 5 i 6 A B AR A5 4 D s T
T A3 [R]VR Sl R 4 5 AR AR T o R A
AN ZE, 23 E) Sl R AN ) 75 i DR 245 104 B[] 855 B 1

A DL R R B A A o A A B R A B RE AR
B AN P45 (R 0 25 5 i ONS B 2K R0 1Y IE H
ARSREA B £, A BE 25 300U I REAS Bl i e ) U701,
0 2y B Ml T A48 2 i) PR R 0 S 1 R 5 T L AL
w5 ) 7R T S 18R sl il R 75 4 B BEE Y )R
FRAE .

TR > (TL) VO IR RE A 340 A5 R — B 4%
T BEA RArnasz tetEse, 28 To &0
B 2 (8] VR sl A 75 i B BERUs B0 T 458 i e SE i o
X e 37 (CL)M L —Ffr (g Wit 2 ST 3 X, ol i
Eb A8 B X 22 [R] A AL B3 AN TR LA AR ORI
B v B 15 B R X o AR B 4R AT A IS 22 2], HL
e R SCIE SRR AR J T ) SR 6 P A5 e DR AR I
BUT AT DU PR SR AR i 47 R 3 e, DAL HH T
DL/ DAREAR Sy 2R AT W o R, AR SCZs BT Re 2
SR e T L, R —Fh R B B S T
2% e o i M S 24 2] (CAHTL) H 25
(] VR Bl & F5 A By Be iR 1) o CAHTL AT DLAE P8 A 28
FREREA R 2 DL K AN [R) S8 A AR Bl i AN 2 45 A D
X H ARk CBP 2 [V sl A Y /T T80 ) BRI AR
PEAT 3 R B9 3 o B iR )

1 CAHTLIEI&ER
CAHTL M 28 5 f EZL N E 1 s, Bl 544

TE R 27 ) W46 | [) 302 % bE 2 T 19 2% LA K 7% 7326 )
s

T
/ Wit T E#M\
i fi} CyG VR = 4 .
s Sy X %?JI/"}/’ RN L. s
- \ oy L .y S
----------- - Transformer _,,|' < 'l_’ o ke o — TR f,
G() G() L. it |\ mone) el s
O 0 ;@ B g Nt [ 5 :
el i R NP =T ; 7
R 5O E\AOE*_*}O pkom g EmeE IO T o :
SR B B 20 10! 2@ | fit . t
,, O "0} WO M N - i (o
ERZE S N ! Transformer e '|_. O % ; - -
A T B4\ AL 2 — L > e
X Hbis T ' NE% 0 WERE S R g g7 R
a3z — WEWE pE A P Da
’ ST | Nt st oos o ot | @(9[)-/
/ TR el S A B
- JCAHTL itk s 8k 0,] 2 2
0 Ve 0, e zzzzzzzzzazs o <(0) ——
‘| _ BIELE (g BRI
(ERHEiTE  EHRESE g e e e o
EETIE T3 G S PRI iy B

B 1 CAHTLHIMELEHIHESS

Fig. 1

T 5, % A TR Bl il A s 0n A 3 e B A S A
A 1Y Transformer4 it & i AJE 2000 gt FiAb 2
FF A S AR AT A 2 2T I 28K YR SR E A 3 e B )5
AIE S 21—~ 8 JLRRAE 25 8], 38 BPRAS[] 43 A i A
AR FERFAE 25 (8] 4 8] 43 A1 0y H Y, [R) s A8 32 R AR

Structure frame diagram of CAHTL

TR0 R pRBON S K ST #7245 BEA T Tl 2ok 5
% M 2% B LS B, LI CAHTL LS I,
ISR ST i b F T SRR AR S B8 2 [] o g el e
AR B BCa 743 TC , 700 T S8 BRE AR R AT X LY
S 2] RS R D REAR IS A B, TR R AS



258 TRERESHEAR

% 56 5

55 5 20 a5 AL DA TUI A A A 11 Oh R bR 25 5
Fa 3 3 JE PR BR B, DLBT 1 FE AN B 54 DL T AN TR
F3-1iir By BORE AR YU M 30 2 R ) R RNTE /DA b %
YIGAEAE BT P25 H B A B TR A5 SR )5, 45
Bl BTLASE 88T I 12 A gl BB X R I 25 ) CAHTLAR 724
SHHAT AR NG FTE 8T s e, B B bR e+
Ay AV Zrlg- 1) CAHTL I 4% 58 B o A AR 75 i [
Byl 4y o
1.1 RHEYFHETH

1025 [H] VR Bl il A U5 el 4 3 e BE AR AR 4 R S
H A 3R 20 in s B AR A S R T o 430 BRUOR 3 Sp I M
A RAREEFEA TR A To 9 L TCRPREREANE R
CAHTL R R 5 A o 1B 15 53825 25 [6] Yo il H An el 2
25 [0) Yo A7 AE KA 251 CHD KA T3 B B ) o B T 3k
FEAFN A H AR A S 58 -

xg = (1,02, iy nttsine2, i) ,m € (1,2, M);
{sz = (ups Uz, Uns U1, Upg2, 5 un), L€ (1,2, L)
(1)

A, i wsr AR B AR A R AR TR,
nREARI TCE AL P FA E, NAR R IRk H A5 ek
FEA IR A4

e, B2 [RR SR R G IR S s B AR A A
FeHRI IR T Y153 RS IR, 10 T2 = (T, T, -+
T}, Ty, [ 1Y) 43 J5 A IR AT B AR 808 X Sl
AKRS ={S,rel,2,---, R} . T={T,|re1,2,--- R},
BEAS/NXIF A BE IO R d o iR AR I U] 43 o R T
NN

G_ _
xs —G(xISIl)—(S],Sz,"',Sj,"',SR), (2)
G _ 1) —
xT _G(xT)_(T19T29”'sTj,'”9TR)
N, — 1
K, GORREYI 3 #84E
X = 01,00, iy ael> 5 de1 T S IN=da 1T HIN
—
. T T; Ty
Xp = UL, U2, s U, Ug 157 7 s Udd+ 15 s UN—d+15" " S UN
] T; Ty
(3)

PO MG PR NS EA x| X i B
— AR AR AR C = (C,lre 1,2,-++ R},
f1 F Transformeri % '  S1EOK Z A/ NX S RE AR
PAZE R —A 028 RIS TB R R A ] B C
Z A /N X SR AR A [F] TR 1 2R BIE B i A T AR
A LAFRIR A
{ng = C(xc) = (Clsl’czsz’... C8yeee ,CRSR),

ng:C(xg):(ClTl,CZTZ?'”’CrTj’.”’CRTR) (4)

;TZEI:P, C()i‘%i‘m%ﬁ/\ﬁ%{/ﬁ, xg; =(S],S2,"',Sj,"',

Sk), x§ = (T],Tz,m T, ,TR)O

VI3 I 0 /N DX R A B AR 2 4 R s Sl o 5 )
41 5 %5 A TransformerZi i 4% , {H TransformerZi i &%
1 22 3k 1 B IR ANRE AR B/ XA 2
) 67 A5 U2 o BRI, A /N DX SBURE AR 38 im— A4~ AE X7
5 G AR AR SN K ISR AR AR 7 17 L %
AEXS A7 i G e R AN T

Py, 2 = sin(T;,/10 000%/4),
{P(m,-ﬂ) = cos(T/10 0002+ /d)

K, Py« Parypivy 53 9 R R AL BT, (T, e (T},
T5,--+, Tg) ) RE A B G i ) 552 Py B 56520 L i+ DA 53
i, dJR 0 YA ) i I 4ERE

IR A T B P =P, P P
PR ARIPI={P, P Py o P Y S 23 BN 5p 1]
TR A SFAC B E B REASAR N, 2GS B AT LR A

(5)

_C ,G_|[C C C, C
%Wﬂw%{ﬁ&ﬁ&wwﬁymﬁ&y
T 7 T A

c(a(
(Gl )er =5 ={ 15 T 1, 5 1
o Tl
LIS 19 45 5 oS 1,67 B AT 53 5] £ 9 Trans-
formerZit fi%h & 1Y) — -5 ORI H ARt AREAS S0 6 x§
CxHiy A B Transformer%i % £ En () 5T 753 1 I35k
A BR BB AERHIE £ L £ A g W65 S
IER 7 ) W25 1 S BAE S R 0, WZ A BRI 3ot 7

FIKWF:
f5(8¢) = En(G.x$.6,),
£(8¢) = En(SxS.6,)
Transformer#i i #% i T H: 2 3 v & 1 UL AR
T R T REAR TG R 22 8] 8 AH S, DAL ke HE iy i B
F14) T A I AT S5t A 2 ) B 1
¥4 , B4 TransformerZi it 5 $ B P58 AT H b ek
o AR AR 3 o M T R 2 T N 455 A B [l — A 3
FEAEZS [ P, B P 238 A 4 AE o A 25 5 B R T )
S G R AR T AL 5 45 R

Jg (ag) =T, (f§ (gg)af% (eg)) (8)
2 (8) 2R H e R M {1 25 5 8 i R ROV Ry A 22 5 J3E
HRET () ARG, DA IZ R ST B8 461 2% pREIOR:
2 2] SRR 2 2] 45 1 S8, LS B IR SR A
AEFFAE ] H AR SR AS 5 4E R AE 1Y 3T B8 (ol 2 I
AN A e 4 AR AR AT AL B[R] — A 2 MR AE 23 ]
W), A BT 2 1) AR 38 00 A1 22 5 de /M o A AR
TE ST R 45 25 R B8 1Y) o A 2 FH BEAILA B2 T Rk %o 5
FIE RS 2 2 25 1) S 500, 077 BB I 3 /2, X 6, 30
17— RIB T

(7)



513

X R, 26« LTINS HURR 3 B0 5 M A% =~ 1 2 [RIVR sl il A A i B B AU 259

0g+1 :0g - a’Vng (0g> = og - Q/VGTg (fér (ag) ’f'if (0g>) =
—aVeTo(En(5.x5,0,), En(Gx$.6,)) (9)

Kb, oy SFHTE RS 2] 4 B 2% ) 3R,

FEPATR(7) ~(9) FronBF L 72, H 204 5+
F IR RS 2% 2] W 45 1 S B0 21 2 08I, il 58 7 T %
TEIT RS 4125 pR A B Ak, 0 RS8BT 0T S 4 T A% 2
> 24 BTN 5 o ot T I 4 9 ) S0 o b2 ST I 4%
Tp— BT W) 10 S HO 2 I 2k S A 1A% 22
W 2545 B 1 4 Jra S O At O L LA S U BT P 4 )
A CEN BN 250 1) S AL DA o ) R 28 2404 6, )
VB g TRl 48z %k 27 ~F 0 2% 1) i s (BRI AR ) 2577
22 L2 2T 26 19 S B B D AR R B
RE A [F] 4832 X Fb 2 T I 268 3k B8k, RIS ST
R0 12 2T AT 55, DRI T 240 Py S5 A 2
o] W 2% BAT RGP AP NS B e
1.2 ST S

W 23 1) VR 3 il R R A 28 bR 2 CHDE 55 1w
BB ) BEAR Cox§ (me 1,2, M) (FEXT I 1 2845 2y
Yo =M m e 1,2, , M) FIH BRIRIC IR ZE R AL A
Cx§ (e 1,2, L) A B U215 10 53 H 3E B 2 2
o0 2 g 2 P s AE AR s (O:) L fr (), R

5(0,) = En(5.x5.6;).
fr(6:) = En(x{.6;)

SRIF, H AL PSR R MR ) 0 A1 22 S P R
KLY 3 S M AL 2 2 I 285 (4 5 D A% 0 O R BN T

J(0;) =T (fs(6-), fr(6:)) (11)
T AU 25 (R PR 58 1 25 (6] VR 3yl 7 A Sl e A v
ERAEAE R FU M 205 5 T, 45 2 [l il 7K 9 A
[R50 (AN [R) i B Bt ) AR 76 A TR AR AIE 253 (1] P4 (] B
WAER BRI WSS, B FEH I (b
By U )R BEAS 5 [R)Bs Hl F Jsk nT R AR A8 A FR
S EON 25 8 U 2R 25 5 B LA TR) A8, AT ke R
SR w5 RN 2 ] 3832 X bl 2 20 X6 JRRRAIE 25 [] Y
) R SBURE AR 1 2 R AE 2R 77 450 T BC RN 231
5 A A 22 ) 2% B Y U SR 4R R AR
fs@)RERM K, B KAZ3 52805 BRI
L (RRPREFE ), Z BRRB T
[Cnl,an,'-- Cn.-.. ,an] = Cn(fs(6,))
K, Cn()FRk-meansRAH L
FHAS 2 5 B2 e Cnd e Xt B bR BUREAS 45 41E 1F
AT IE L SAEASH ] o X T8 —A~ B AR IR A R
TEfLO) KV, IEFEAR fo MR HI BIRE AR 5 T2

(10)

(12)

Hl Cnd —— W 2 S5 AL S R I SR 2y, D
[ = Cn/ T
5(fer,CnY) = max{6(f1(0,),Cn"),6(f1(0,),Cn?), -,
S(f1(8).Cn), -+ 6(f1(6,),Cn"))
(13)
K o) FRMBIE B R R, Hdh o) e[-1,1], 2R
FHAR 52 AR RS pREICVE SR AEARLRE B 2 R R0 ()5 T TR
AR fo- MR BR 22 IEREAR S M T He g TR 5 AR aiee
ARFAE o 3l DL F I SRR AR ) 2 (A H AR AN [R]
FMMFEAFEES A T 5 B AR ATME— IEAEAS for
FACA<M+L=-2) D rEA, il H Ar A R 2
SRR AR FR AR A B0 e 1) T 2 M Ak, SRR A 4 M i i
T PR SREAS B T T )
MENE AR Z G, F5E WT [F 3z X s )
P PREL" (6,):

L
L'(0)=-) lg—
T exp(fiB0) - fro /1)

i=1

Ao, iR S8, RIS A A TR AR 8
i A iz R B3z X 2 2T 3% pR &, T DAL AR LAY
TE R AR X g B A A A BT, T L AS AR AR A £ R A A
B R A B A7, SRR R T X B AR A 2 B RE AR R A
AT,
1.3 fEmk

T bRl o IR A 1) v R AIE 5 AN [R) SR 280K
HCn (je 1,2, K)RMILEE, I B A LR 5 K Y
IR ST R L 1 A 2 1 Sk 25 B VR Bl 7 B A ds
T I REAS 1) 00 O A5 25 Ky (kg 1036 H ARIRES 1A #
AXE R R IEhREE ), Z it R IR I T

y’T = k; = argmax 5(an,f{“(0'r))
je(12, K)

T B AR SR RS A T8 T O 2805 25 b A AR
wr.

exp(fL(B0)- f /1) ()

(15)

5(ky, f1(O-
PG = kil f1(8,) = ;XP( (ki f1(6:))

> exp(tk, f1(6:)))

k=1
A PTAT EL B BUES TUAE AT T HXE 1 0 B 2
B3 149 670X e Ry 5 260 2K R, 1240
RS T

(16)

L
D(6:) == ) 1e6h = k| f{(0)) =

1
g exp(6(ks, fL(6:)))

= (17)
b X exp(6k.f1(6:)

=
L
=



260 TSR

% 56 5

RIG, @A AR5 ) W4 W RRE T B 2k
PR T (6,) | IR I8R32 6 F 2 3T 451 25 pRBLLT (6,) L) B 4y
HA K PR D (0,)VE N CAHTLIYBE A1 25 s B L7 (0,),
ZERA R REGE T

{7 (8:) =pJ (0:) + WL’ (0:) + D(0:) =

PT(f5(8:). f7 (6.)-

L S8 felt
lJ/Zlg jxp( T Z ) _
=1 Zizlexp( f10) - fr- /1)

Ly exp(6ths, f1(6:)))
Dl

K

T expotk, £1(6)

k=1

(18)

K, o W BRSBTS 8, o B
T YR SEA AT FE 2 2] 2 T[] 382 K Eb 27 2T 25 11
JREBFEATH o
1.4 CAHTLESHWENEEFH

it BTSRRI (00 HEAT AL T BLAEAR
[ YR Y 255 FEXF CAHTLEE 5 M 28 240, th T8 T
& GE BEMLER T B 1 2 800 3y =X ok B 12 i L
Rt Cnd 2 BE R VISR IR B A ) Sz A2 A T) 22
(RSO T — > PR B AR 118 3R 28 s 2 PR AR IE 7y
FEAEAE 25 TR IE | SRR i — B (X L — 2K
PEJE 8 B REASRAE A9 1E | SRR A 0 35 PR RS
A5 ), A CAHTLME LS I 1L, A8 SC LA 3 3
14 7 2R it D A S R U I o i v R 26 P A8 1k
I R ECCAHTLAE LI S [ 5, 7 — Uk B ATL A
TR SERCZ R, KR 25 b 15 60 1 Bt
W GRS 5 YA, B IF AR 37 B B 2 808,
MR ZIENE A T — WU G Atk S50 617 o)
BN XS SR o R T

o, AL BT R A AR 25y IR 1)
CAHTLZHU4E 6, , B iEA7T 6 B 215z ik Il 25
JG CAHTLS S 3140, , 1l

B=3 [0,V (0)] =
[0, -aVilps(0) i (5) <2 (0)] (19)
A, o HCAHTLBE % 2 K,

BB E— U B S 2 1 BB,
FRYET U (RIES Uk ) B 545 21 1 S 508 K1 6, Al 45
B R Bl B Y AT B R S BUEE Y E T

61/:7757—1+(1_77)6y (20)
K, nel0, )R ahESE, n(EER K, S 508 B ik
0%, X (20) AT AL, FEE—RERIGad T, &
TEAR KRR BE BV b — RN R or 7= A () S U i A T

SR, [T 2 — R B b N S mr vk I 25
FEA S BT, X R A A
KIZEAE, [l i X REAIECAHTL AR S

B A AT (19) ~ (20) sEfiEffiCAHTL
Bk, 5E T CAHTLAY S 506400 , b3 E]CAHTL
X253 AT 55 1 B e S 84K 6y, R 58 BUXFCAHTL
HIYIZ

5, PR 23 [ VR Bl iR B bR 3801 A AR S A
YZRGF B CAHTL, LATHE H H AR AR AL AR (1 2545
2y (RN FAnBBe ), B

yi = argmax 6(Cn’, fL(0y)) (21)
je(1,2,- K)

IXAE R 52 TR P 2 11 R Bl il s 6 4R 2l i
AR 5 AT 23 18] 7 Bl il 7 7 i B B B 4z ad 72
A a0 (15) ~ (18) B 2 BLAY#E 702 CEI 73 26451 K bR
ok i ) ik 72 LA KX (20) B 238 1% 25 1) 78 2l il 7k
F B DA A 4 e 2 0 S ad R AR R 5 | AR ) 7 22
PSR SR, T Fp AR A 70 28 10 2 i AR AR G
SR

2 ETCAHTLHYZ [EREh4H&F e E IR Al

JITHE 19 3 T CAHTL A 25 8] VR ol il AR 75 B B
WU 1 B SE B FR QR 2R, AT

1) X623 )R gl R P 5 R B bRl s 46 IR 3l 55
FEA G N Transformer it 25 i A JE X 19 2 5 T b
P P U5 R B A sk g 9 S5 9 BE A i A Trans-
formeri fith 7 15 2 AH 7 1) 7 38 02 4R P A0, 38 5 R AE 43
AT 25 57 3 5 PR BSOGT T 3 15 24 R A A s AR I T RS i
PRV 38 AR Al i A0 % pR B D I 2 S A AR R 2 2
W 25 LLIK B1K5AS [R] 43 A0 A REASTE 2 SRR AE 23 1] P4 #
KAL) 5070 09 H B, 5545 21 A4 3 B8 27 > 0 45 1) B
e 3 &

2) W5 Rk D B AR AR AR L S H bl T2k
B 25 A REAS B A TN St ) S AG T A% 2 2 R 2 Sk g
T SR TR B m 2] 4% () R AE T B 451 4k R

3) X S RA AT RS 2 2T X 248 Bt T R SRR AR o A R
TE R A B & AR MG B0 RIFE A, Dhix sk
B AT SR B AR SRR F B AR ACRRAE (ED B bR
DA AS () 3 AR R AE ) HEA T AE SRR AR 53], il B A
H AR A FRAE AR AT 2] — A5 H O R ME— IE R
AFNANFREAS, FHGIZ AN B 45 AP TE R IR A7 i e
AR EIE  FEAR Z S, A 1 R 2 X Ha 2] Bk
PRVESL, A5 A 2N FLREAE 25 1] P RE R0 1 L6 A X A BE
MR MG, A S AN TR 28 B RE A BRI AR SO, DA
FIFXF HARFEARHAE ST 202



513

X R, 26« LTINS HURR 3 B0 5 M A% =~ 1 2 [RIVR sl il A A i B B AU

261

4) T 2 AR Sl R F AR AR AS A9 o 24
ik 5 AN TR) SRS A s RO ARMRLEE , I 8 A BUE e K Y
TRESH 1 IS IO 14 AR 2 A A R AR A 11 T £ A
B, [R) PO T O AR 2 A A 18 0 A S pR AR

5)E55 SRR °7 2] I 28 B RFIE I o401 2 R KL
() 832 X b 2T 45 % pR R LL e 245 G bR RIOR A S

R AR IR BN T A A

CAHTLAYBE A 11 2% sREL, R BEHLAES B T B A sl i
AN T2 Ty OB BB 458 2 R A 25 R 8, Do
WX CAHTLS AR 0, Bl B CAHTLI) &2

6) F U 2l O CAHTLH -5 H A dsl o T RE A )
G338, SE RO A )R sl 1) 5 i o BER I

(2 e R s ﬁ]

VR e A Xy | F BRI AR A x)

T

g o . FERTRRA| |

i Loxg Pl XT H bR A i

E Bz | Transformer Zwhd 2% |_'IWE
___________ Ey‘)ﬁﬂi%—é&%ﬂ 1 | HARBLR AR £

.

S8 RS (A R Bl il AR
73 Al BOR

E 2 CAHTLRT=ELRENH &S M BRIR A 755K
Fig.2 Process of using CAHTL to identify the life stage of space rolling bearings

3 B HR

31 LBFE

S YR R [ T K R E LA oh [ S
S 5 4 7 ) T R AL LS PR T 25 ()R sh R AR
By W RV n e A i ) - 15 SR SR A9 2 (R VR Bl
AN A i B o R i A A (] DASE B
YL BBE S Bl —50 °C~—150 CHIERRIEE10° Pa( KS) ~
107 Pa( 5 1025 ) BT 23 A B35S ) | b 3R 5 W ) 52
¥ Eae R s AL SR LANCE LCO151T . LANCE
WM S VR B NI R4 R NT 9 234 R A AL
N, ANEI3 TR o LI T 00 UL 26 1, 43 8] 7R S Al R Ik
S5 W R RSB AR I T RS
C3601814) 25 [a] 7R sl il 7K 1 FI2°42 2% T B 25 T Pk 3
WIS G50 1 S BIEW BTG, HEESHE T
7 LR 2350 0 287 e %) Bl 1) 282 (i o b 7 B 4
i, i ) ey 2 A R R PEAR AL ), A BIAE 201 0000
293 000 r/minf) 2R HE PR ol (B HURFR e & th i

LR A Rt | A B ekt e)
1 T 33l 0t 5 5 0, ======= e
............. 5
BHHA e E SR I 5
.......... | RLLE SRk RS L) |
|Eﬁ*¥2!§%ﬁﬁﬁ%%§|—{ RIS 0 2% S K mmmmmm %
G RBUR IR D(0) <)
------------------ .
A . CAHTL 4 25080, [WLBa T W
2| JIIZLF i) CAHTL %% A 3 B
CAHOTL 234

ARy (5 5 A

aaasaass

|
|
| e |
| [
| | ‘ NI 9234 ¥t R4 F/NIT ¢DAQ915S B
! | ETED
| - ‘fﬁf!i’?éﬁll

amiele '-:-:.,‘f?‘ s
| “o O el [FERLGERERm
|

g S

(c) ZE (MR BN fh AR B W W-F &5

&3
Fig.3 Vibration monitoring pl
bearings

AR T AR N T &

atform for space rolling



262 TRERESHEAR

% 56 5

MLAE 3§51 ) Tisfr (R 1P dERE TALCL
FIC2), IBLHLZS (B shih R 19 2 8] IR A IR 2 -3 il

t0 2 Rl 7 1 i 2l e 0 A o SR AR R =X R B A
SRR SRV 5 5 PR S  NIECE SR 55 R A AL
i 5 11 255000 R 4 B4 X 3 TP A3 0 8 Bh il 7R gk A7 41
WS, F5BF2 h1L25.6 KHzIR) R REST 27 4 — R IR 3l
TG FE A5, 283X W Sl A 58 4 1k 3l R 0 R
BE1 0247 3% 22 W 4R 30 n R B A — AR, B
ZORAE RN A2 AR Bl il 7k 4 75 i 10 1 AR AR 4K
Y3 R744,

=1 TWITRE

Tab.1 Detailed working conditions

ST E T i Sy W%t 5
C1 #1000 t/min (iﬂ%?ﬂk?ﬁiiﬂi) AR B K 1

R
€2 %93 000 t/min (iﬂalz»ﬂl%%%i) 2= R B K2

6 000 Ibs

FEEIKZE C3 2000 r/min () 155 WUR B b 7K

T, TOLC3MER K A 2 IR K 2= 1R sl
AN F iR LS &, % B N E 4R B4l
T RZA-2 V1SN R+l & e A a6 5 (e
b - {d A 3 A2 000 r/minfY A HLIE 15 52 715 DK Bl
SEAh, 0 L SN AR L Sl AN K L6 000 1bs
(292092 721.5 kg) AR a1 far , SRAES2R 4120 kHz, B
10 minZR 5 — YA R A 41 I 0 B8 o X6 4 R 4R 1 4
P AT 1 02440 7 22 S — M AEAS, JEERTH 145 0

YR Tl 7R 4 F A 1 984 FEA

I T

A ) A
R %X

4 FERRRFRIMWAMEFFRUSEEE
Fig. 4 Accelerated rolling bearing life cycle degradation
test platform in University of Cincinnati

1 77 By B S 55 F 4R R X 34 T F 934

25 [8) ) V& Byl R 4 75 B AT R e B B o3 o
%X¢L3A%%B@a/\#$%ﬁx% F B 3k A 355 s
BT ) 274 5 By Be R AR, SRS R SR PR i A
(LLE)ﬁ/zE”XTFJﬁEEXE’Jﬁ T BRRAE ST T 42

, PR B R FAEAREAR 1 14E AR B, FRB A1
?’ﬁ}: S AF A i A 3 SRR JR 4 A T A R s )
ARAFIX 3 A B ] 5 B PEAR B4, QIR ST R R AR
93 I 5] ) B 3 51 2 b, 2 by 10 ming fy AT 5E B PEAG #h
Aof 2 A A B ) 43 BOE B RS RUR AR B L R
WIHR ALY B | 58 22 R 30 o B A 4 B B IS [ TR 3

ORIBITR M R R, K TSR 0958 LI
PR 7 14 B[] A A Rl 43 TE B o B AR 3 R R B B
4 B TE) A, 2% a0 A A0 Sy 2 () VR st i AROR R A 3 1
(5 5 5 T 4 B2 0,555 10K H B X 7 A9 R 1] 5476 Ay )
SR Al B B 0138 AL B BEAG 23 S 22 T
HEFEO. 155 10 H 30 0F 137 14 i 1) 4 hy Rl 2 vh 4993 4k
B BRI 52 4 e U By 23 R 122

10 RS
0.9 i
o8t i | |
07 o I|JA L LP
1®
w 0.6 F & \ ﬁﬂ]
P it
@ 02 i “ ) ,
=04} it bf ?;
ok MM % .
21 & i
0.1} ; B
A
100 200 300 400 500 600 700 800
HFA1/(2 h)
(a) 2 1R 1
1.0 .

",

09 | Wwf’f*ﬁ’i L
i

0.8 } iE
o7ty )
o6t &\ }%
Hos| W
ﬂﬂ I? L | Lﬁ | =4
T 04 ﬁi)? ;.“ ‘ Tj
L P
03 L k ﬂ 7\
0.2 B ﬂ | L“

1 W
0.1 = ‘J“LM B
0 R s STI

100 200 300 400 500 600 700 800

BT 1A)/(2 h)
(b) T [RRBNHh 2
1.0 .
09 [,
08| ‘\\
0.7 j
0.6 L4 "
2os N i N
I = Jo
T 04 1] ﬁﬁ i
B vl 2
03} " o %
0.2 b B
0.1 e o
. M“\

100 200 300 400 500 600 700 800 9001 000
BFI11/(10 min)
(c) Cincinnati KI5 2 2236 1 55 MR shi i
5 AENRDHHA T S E L%
Fig. 5 Reliability curves of different rolling bearings
3.2 CAHTLHZHIZE
CAHTLIZHBL ST - /N d =32, /)

X 35 U] 73 A~ % R = 32 ; TransformerZi 5 4% 19 /\7355(
a=4xe, s N2k HIEE TS B4k, &



513

X R, 26« LTINS HURR 3 B0 5 M A% =~ 1 2 [RIVR sl il A A i B B AU 263

4l

Sk O A 1 LA PR320 5 ST RS2 5T s B
[19% 3 Har = 4 x e A BRIZ X 1L 2 04 o g B
BRI K =4, IR 28 = 0,05 ey 128 bR

M RS Koy —RAEAS A A SR IX [l p € (0, 1)

we (0, 1) PHUE, X Hp =03,y =0.6; CAHTLE
)22 Fa = dx e i T FLRHE 23 ] v i 5 s A
H s 35k 55 2 5 A1 AT A2 p A [ %) D9 2% 285 44 ( Trans-
formerZm M 4% ) Zm A 45 2, A 16 P SR A R 11k — 2 vk
B0, WOR H— XK W 3l i 24k, Bl =0.92,
XFEREFEEAST A KR, FFFCAHTL X fig
Wesk . 5 S S E U LA - B0, A FASUE AT o
3.3 SEI1(C2—C1) Mo Hxftt

TELE1(C2-COH, K THLC2 T 1Y 25 AV Bl
HR2IIEH RSB BE(ST) R HE LB BE (S2) | i
IRAEB B (S3) LA K 58 4 R A B (S4) 1) 4 751y J 1
FEAAE A IR IRE A SR T CL(H AR T 125 1)
BRI 275 AR A I F5 A B B o SEIR T UR AT, 4351
A2 [e) i A 2 0125 [B) il 7 1) B — 5w B B P 45 B AIL
BEH100FEAAE A IR A H AR A BAEAS, BV T
SEIE YR AN H AR R RE A S R 400,

VRIS A F 123040 LAY HL )0 BUSS By BERE A
VEIRIRA AR NN ZRFEAS . S1.S2., S3FISAR BLtfEA
B0 019.30/9 . 40/9F10/9, i I 2Rk A 5
UM (0 < 225); 18 B AR H A AH R 7 i URE AR
T REAR BB R Q o 5 FEER 2795 BT ik () S BRI A
B IR IR H BRI REAS S A CAHTL, %t H AR 2s 6] 7
S AR T A B BEUN L SRR 25 R, K CAHTL
FIAG R ) E A R At 4 L R ST RS 24 5] 5 vk
PR, AT o I AR VE IR (CMD) P BT R £ 8
%3] (DTMKL) P! SR 4 DE RS (TIM) 1043 % T
Wi 4% A (DME ) 00 i F k7 32 SUB6IE J7 15 2k 1 4k
CMD ., DTMKL . TIMAIDME 4 2 55 L) B {5 GE % 3575
T LIRS B AR AL S BB 80n R . X FCMD, 2%
RNy = 72, PR S EON0.30; 4 FDTMKL,
IEME S50 0.30, 725 [MI4E%0D = 3; X FTIM, 1E
ML S%0R0.25, F25 B 450D = 4; X} FDME, &1
HF40.25,

h B BE ML A7 O i 35 22, BT 30K S 56 4%
1) S-S5 (B AR A B b i B i I S 36 285 1 o AN TR) O vk
1) 54 B BT X DR B 2R 6] L A L 6 BT 7 o 2 iRk
A BRI GAEA BB Q = 270, CAHTLAIH & 45
75 1 B PR AE R 20 FL AN B 7 i s, AS TR 75 et H bR
SRR IR AR P 41 25 i [y BER I 285 3 WL 362, itk A1, A
FH Y i BEHLAB SR % A (t-SNE) & 1: P74 0 = 270 7
a3 B8 27 >J i J5 CAHTL S 1 1 25 4 45 11F (5 2k 1) 2 24
ST, LA R S48 i A 2% 20 Wi s CAHTL A R 3k B K
AR I) A ARG RN 2R, 45 SR A RIS T/

—_
(=3
(=}

F3 b BOF YR 1%

90
80

70 b o,

60 - -

e T owp

;‘3 L = DTMKL
[ TIM

20F DME

10 —CAHTL

0 1 1 1 1 1 1 1 1 1 1 1 1 1 )
9 18 27 36 45 54 63 72 81 90 99 108117126135

VRSB JRPR R AL O

6 ZERTNEA B4 F A I BB IR B R R
Fig. 6 Comparison of the average identification accuracy

of four life stages of space rolling bearing 1
= IEFCIRESH B = SR ALK B = IR ALY B
BOT e AR B = TR

CMD DTMKL TIM DME

CAHTL

B 7 o=27RtE i BORAERE
Fig. 7 Life stage identification accuracy of space rolling
bearing 1 when 0=27
R2 TEFEBIREFENERNEFGNEIRAER
Tab.2 Lifetime stages identified by different methods for
target domain test samples

FERRE A IUREAS TR NGV RENAVIEES
A5 HELHF@HE CMD DTMKL TIM DME CAHTL

1 S1 S2 S1 S1 S1 S1
2 S1 S1 S3 S2 S1 S1
3 S1 S3 S2 S1 S3 S2
4 S2 S2 S1 S1 S2 S2
5 S2 S2 S2 S2 S2 S2
6 S2 S3 S1 S1 S3 S3
7 S2 S2 S3 S2 S2 S2
8 S2 S2 S2 S3 S3 S2
9 S2 S3 S1 S2 S3 S3
10 S2 S3 S1 S3 S1 S3
11 S2 S1 S3 S1 S3 S3
12 S2 S2 S3 S1 S2 S2
13 S3 S3 S3 S3 S2 S3
14 S3 S2 S3 S2 S3 S3
15 S3 S3 S3 S3 S3 S3
16 S3 S4 S2 S2 S4 S2
17 S3 S2 S4 S2 S2 S2
18 S3 S4 S2 S4 S2 S4
19 S3 S2 S4 S3 S3 S3
20 S3 S4 S2 S4 S2 S4
21 S3 S2 S4 S2 S4 S3
22 S3 S2 S2 S3 S3 S3
23 S3 S4 S2 S2 S2 S4
24 S3 S3 S3 S3 S3 S3
25 S4 S3 S3 S3 S3 S4
26 S4 S2 S2 S4 S4 S4
27 S4 S3 S4 S2 S3 S3




264 TRERESHEAR

% 56 5

80 -
70
60 | -
Wl 44
30 9
[ e 0G0
%8 [ % &, 0
o] 0F
S% -10 ¢ + 3+
& :58: . it ;jﬁﬁmrﬁﬂﬁﬁﬁfﬁi
“aol Th < Y5 LR AL B BORE A
401 ofn O g EAL B B
50 ' e o YRS 5 A R AP B R A
—60 f k O HAEIEFIRS A
70 | + HARB R AL B BURE A
-80 | o O Hpmsd SRR Bore 48
o0 | . £ F BRI e 4 0 R Bt 2
-100 . ; : ' ’ ’ y !
-80 —60 —40 20 0 20 40 60 80
FHAE 1
(a) SERIERE 5 2T Wi
80
70
60 |
2!
30l X i‘;r xX
20 T
10}
o 0F coofl
g 10} 0580
Tl x Y LR (o BREAR
O R LR AL BorE A
=50 : o YRS e AL R AP B R A
ol s s FARERIE i R ASFEAS
70 | I + HARB R AL B BURE A
80 % o H AR R AL B R A
I(9)8 £ FBRIBTE 4 0 R Bt 2
-80 —60 —40 20 0 20 40 60 80
RHIE 1
(b) FMIER 2] )5

8 RHEFEF SHTE - SNER24E 8] = [
Fig. 8 2D scatter plots of t—SNE before and after hetero-
geneous transfer learning

H1 6~ 7 B F2 20 % Fb 4 S vl i, B 5 AR 34 46 11
IR AR A A B B 1 /b, CAHTLAIH 4
Tt B 27 21 T 125 (40 S0 0 RS A 1R 0 v A R
TR 1B AR RR EE (0 B, F2 B2 X s [l Al 1
()41 75 i B B R M R AR I R8N ¥ 4 R 5848 o (H
CAHTL R A iy i By o vy 3 R 7 35 R B R 11
T AR 2 AR LB AR5 0 R /M s HLCAHTL
XiF 44~ 5 A [ B3 110 TR0 o A 23 RS- 1 3 3 o R
L B ARN R, A TR R A i B B i
DA A R 31 M A 232 22 B 3k DR RN 2D AR 5 i B B
A ARF IR A () TEU HE R 8 A ) [a) 8 it A1, H 1#18 (a)
FI8(b) By X} He 45 T T, CAHTLH 1) A 1B # 2 )
I 26 ARAX i foff VR SR T ) B3 P BR AR L S A B T G
— 250, I R A ) S8 001 1 R A B G b 3R A T
— 2, [7 B SR A PR 3 AN [ 28 31 ) A AR X By
S3HL, Pt CAHTL A RE 8% 0 /N 5S8R B s A A
(14 53 A1 2 SR I 2 % AR Sl A5 0 A A g 43 28 CRD
FFi B B ) RS RE o

3.4 SEIS2(C3—-C1)FHxtEE

HEEE2(C3->CO) H, ¥ THLC3 T I 1SR 3
) 4 T FEARAE R PRI AR U T LCL T 128
)l 1A 4 e A AR ( EARIBUREAS ) 19 5 i B Bt . 552
IO, 43 A T C3 R A 1SR shil 7R Al T CL R Y
2% [B) gl 7 1A B — 7 o B B4 BEBLEL SO FEAAE Sy
FHAF 5256 W W5 8RB bR 38045 75 A B B %) AR AR, B
T 5255 IR R B AR Bl S AR 320,

TEVRI i 84 1222 379 HL A1) 358 BRUAS B B RE AR
VEA BB GAEAS : 17 RS R WER b R
b 58 A R B RE AR 3 3 20/5 . 0/10. Q/5F
30/10, R E S8BT A VI 2R AE A 1Y SO 0 (0 <200);
1€ BRI T EFRAS R AL R g 4
JROX AN B B IR 3 140 1 200 o ) g 4T BE L
FEAE A B AR SRR IAEAS, R DA A S8t 0 . 4%
CAHTLX H R 3s R E AL AR 14 54w B B 1R o i R
S H TR ME A R S A AR T RS 24 2] O vk AT AR,
X E 25 RN EI 9T 7 5 Y YR A bR 2 I R AR Bk
O =301}, CAHTLHIH & 4%k L4 7 vk i) 5 A By B
TR AE B R AT SO AE R SR A 10T 7

120 ¢
=
| 100 F
¥ 80t .
& 60 / e
K 40 = =
Sl DME
i - CAHTL

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 )
10 20 30 40 50 60 70 80 90 100110120130140150160
VA HAR R AR O

B9 =iENRENEHA R4 F I BB TR AR R
Fig. 9 Comparison of the average identification accuracy
of four life stages of space rolling bearing 1
= IEFCARESHBL = BRI B = IR B

SEATR AT BL = ST R A R A

61 *67

~
S O O
T T 1

WRIUER R %
—_— N W s W N
o O

[
T

S
T

CMD DTMKL TIM DME

10 O=30RIE M EIRAERE
Fig. 10 Life stage identification accuracy of space rolling
bearing 1 when 0=30

FH PE1 9~ 10AY X Eb 25 5 vl 21, Bt 25 A 34 55 A 5 ek
A RIRZ AL R 8D, BIRCAHTLAIH T4
B 2 2] J5 okt 23 [l il 7K 1A 44~ 5 4 B Be A o 1
FEA 1) 75 iy B BE R S5 VA 230 R 7 27 TR0 v A R A

CAHTL



513

X R, 26« LTINS HURR 3 B0 5 M A% =~ 1 2 [RIVR sl il A A i B B AU 265

R AN [ AR B AR R, {H 2 CAHTLAY 45 i B BX
TN E A 22 AP S U0 ME 24 00 T B B2 AH L e
AR5 AT RSB/ N 3 H.CAHTLR 44 5 o BEAG 4
SR N KU AER HR AR 28 L B AR 2

4 45

1) AR SCHT 4 4 1 CAHTL A i) S 4 3 B 2 > I 2%

REA S 13 52 00 By AT bR AR AR 2 i T 00

TR REAR I 7% B 23 JLARAE 23 6] Y, 52 B AN ]

I3 AT RIREAR AL 23 ILAFAE 25 ) P4 [ oA 1) H Y

2) P R SR S AR A Y R R AR AT 19 1
TUREAS AT 52 I P JORE A 1) Bt P TR, %) R ERAE 170
FEA AT X bE 2 2T T DU R DA A HAT B0 3 26k

3) CAHTLI# i #4328 M 28 TR A AR A 5 2R 2%

7 KR ARBLRE 58 IR AR A 732, HoaZor 265 B T

s S8 2], AT By 1k PRI R 2 I R A

PR O R T A ) 25 i B BEAR DA A TR o Af

2P R AT DA ARSI GRFE AN O T P 255 H 2

S TR

4) F1 FHBEALAE BE R [ A0 5l i SO A CAHTLZ 4K
HEAT A [) 25 BT Al DR 15 R AS R AIE B9 — v IR 4R
CAHTLA I SIGH B

CAHTLHY LA_E ALl & al 1T (25 18] ) 7 3yl

AR s AR A R38N A B Byl

GRREAS X 23 (8] 7R S AR S 1 T 00T BRI RE A R 47

BN L A5 a B B b Ui o

B2 R

[1] Xu Peng,Gao Jun,Shao Xing.Fault diagnosis method for
rolling bearings based on AMCNN-BiGRU[J].Journal of
Vibration and Shock,2023,42(18) 71-80.[14 M8, 5 72 HR .
3T AMCNN-BiGRU IR sl il R B2 Wi 7 i85 9]
Pesh 5 it 2023,42(18):71-80.

[2] Han Baokun,Zhang Xiao,Wang Jinrui,et al. Hybrid distance-
guided adversarial network for intelligent fault diagnosis
under different working conditions[J].Measurement,2021,
176:109197.

[3] Wu Haonian,Chen Renxiang,Hu Xiaolin,et al.Life stage
identification of rolling bearing based on improved BDA
method[J].Journal of Vibration Engineering,2021,34(1):
194-201. [ AR, WA, /bR, 25 It 2148 70 A S i)
TSN iR i B BRI [1].48 3 TR 410,2021,34(1):
194-201.]

[4] Dong Shaojiang,Pei Xuewu,Wu Wenliang,et al.Rolling
bearing fault diagnosis method based on multilayer noise re-
duction technology and improved convolutional neural net-
work[J].Journal of Mechanical Engineering,2021,57(1):
148-156.[F#AL, 3L 5,5 305855 LT 22 FEMEHR K
e A R o 22 10 2% 14 7R 0 il R SR A2 BT 125 (D] LA T

TE24%,2021,57(1):148-156.]

[5]1 Dong Shaojiang,Sheng Jinlu,Tang Baoping,et al.Bearings in
simulated space conditions running state detecton based on
Tsallis entropy-KPCA and optimized fuzzy c-means model
[J].Noise Control Engineering Journal,2017,65(2):62—70.

[6] Chen Renxiang,Chen Siyang,Yang Lixia,et al.Life state re-
cognition method for space bearings based on sensitive time-
frequency features of vibration[J].Journal of Vibration and
Shock,2016,35(17):134—139.[BA—+E, B As M 2285 55 3%
TR Sl BRI AR I A 00 DR At R A i IR SR T 2k ],
ezh 5 hid:,2016,35(17):134-139.]

[7]1 Zhang Yan,Tang Baoping,Han Yan,et al.Life prediction for
rolling bearings utilizing both failure and truncated samples
[J].Journal of Vibration and Shock,2017,36(23):10-16.[5k
7%, R AE, S Bl E R AS S R AR AR BTR Sl R
FEr B [0].4% 80 5 #hh,2017,36(23):10-16.]

[8] Xu Guanji,Hou Dongming,Qi Hongyuan,et al. High-speed
train wheel set bearing fault diagnosis and prognostics:A
new prognostic model based on extendable useful life[J].
Mechanical Systems and Signal Processing,2021,146:
107050.

[9] Wang Xu,Wang Tianyang,Ming Anbo,et al.Semi-super-
vised hierarchical attribute representation learning via multi-
layer matrix factorization for machinery fault diagnosis[J].
Mechanism and Machine Theory,2022,167:104445.

[10] Mei Xueyan,Liu Zelong,Robson P M,et al. RadImageNet:An
open radiologic deep learning research dataset for effective
transfer learning[J].Radiology:Artificial Intelligence,2022,4
(5):€210315.

[11]He You,Tang Hesheng,Ren Yan,et al. A deep multi-signal
fusion adversarial model based transfer learning and resid-
ual network for axial piston pump fault diagnosis[J].Meas-
urement,2022,192:110889.

[12] Liu Guokai,Shen Weiming,Gao Liang,et al.Active feder-
ated transfer algorithm based on broad learning for fault dia-
gnosis[J].Measurement,2023,208:112452.

[13] Song Xiangyu,Li Jianxin,Lei Qi,et al. Bi-CLKT:Bi-graph
contrastive learning based knowledge tracing[J].Knowledge-
Based Systems,2022,241:108274.

[14] Wang Biao,Lei Yaguo,Li Naipeng,et al.A hybrid pro-
gnostics approach for estimating remaining useful life of
rolling element bearings[J].IEEE Transactions on Reliabil-
ity,2020,69(1):401-412.

[15] Yang Chun,Zou Jianxiao,Wu Jianhua,et al.Supervised con-
trastive learning for recommendation[J].Knowledge-Based
Systems,2022,258:109973.

[16] Adewoyin R A,Dueben P,Watson P,et al. TRU-NET:A deep
learning approach to high resolution prediction of rainfall[J].
Machine Learning,2021,110(8):2035-2062.

[17] Yao Dechen,Li Boyang,Liu Hengchang,et al.Residual life
prediction of rolling bearing based on attention GRU al-
gorithm[J].Journal of Vibration and Shock,2021,40(17):
116-123. [ B EL A= FH, X e g, 5 A T4 8 GRUS %


https://doi.org/10.13465/j.cnki.jvs.2023.18.009
https://doi.org/10.1016/j.measurement.2021.109197
https://doi.org/10.16385/j.cnki.issn.1004-4523.2021.01.022
https://doi.org/10.16385/j.cnki.issn.1004-4523.2021.01.022
https://doi.org/10.3901/JME.2021.01.148
https://doi.org/10.3901/JME.2021.01.148
https://doi.org/10.3901/JME.2021.01.148
https://doi.org/10.3397/1/376426
https://doi.org/10.13465/j.cnki.jvs.2016.17.023
https://doi.org/10.13465/j.cnki.jvs.2016.17.023
https://doi.org/10.13465/j.cnki.jvs.2016.17.023
https://doi.org/10.13465/j.cnki.jvs.2017.23.002
https://doi.org/10.13465/j.cnki.jvs.2017.23.002
https://doi.org/10.1016/j.ymssp.2020.107050
https://doi.org/10.1016/j.mechmachtheory.2021.104445
https://doi.org/10.1148/ryai.210315
https://doi.org/10.1016/j.measurement.2022.110889
https://doi.org/10.1016/j.measurement.2022.110889
https://doi.org/10.1016/j.measurement.2023.112452
https://doi.org/10.1016/j.knosys.2022.108274
https://doi.org/10.1016/j.knosys.2022.108274
https://doi.org/10.1016/j.knosys.2022.108274
https://doi.org/10.1109/TR.2018.2882682
https://doi.org/10.1109/TR.2018.2882682
https://doi.org/10.1109/TR.2018.2882682
https://doi.org/10.1016/j.knosys.2022.109973
https://doi.org/10.1016/j.knosys.2022.109973
https://doi.org/10.1016/j.knosys.2022.109973
https://doi.org/10.1016/j.knosys.2022.109973
https://doi.org/10.1007/s10994-021-06022-6
https://doi.org/10.13465/j.cnki.jvs.2021.17.016

266 TSR

% 56 5

{9 2l b AR A% 7 i U [ 9] 4% 3l 5 7, 2021,40(17):
116-123.]

[18] Wang Yida,Tan D J,Navab N,et al.SoftPool++:An encoder—
decoder network for point cloud completion[J].Internation-
al Journal of Computer Vision,2022,130(5):1145-1164.

[19] Duan Yiqun,Wang Zhen,Wang Jingya,et al.Position-aware
image captioning with spatial relation[J].Neurocomputing,
2022,497:28-38.

[20] Ye Zhuang,Yu Jianbo.Deep morphological convolutional
network for feature learning of vibration signals and its ap-
plications to gearbox fault diagnosis[J].Mechanical Sys-
tems and Signal Processing,2021,161:107984.

[21] Montoya J A,Diaz-Francés E,Figueroa G.Estimation of the
reliability parameter for three-parameter Weibull models[J].
Applied Mathematical Modelling,2019,67:621-633.

[22] Zhang Xiaoli, Wang Baojian,Ma Meng,et al.A review of life
prediction for roller bearing[J].Machinery Design & Manu-
facture,2015(10):221-224. [5Kk/INai, A, Do 0, 45 . 7R ol

ARFF A BN ZEAR ] WGBS H1E,2015(10):221-224.]

[23] Yahia E,Premnath K N.Central moment lattice Boltzmann
method on a rectangular lattice[J].Physics of Fluids,2021,33
(5):057110.

[24] Rahimi A,Gonen M.Efficient multitask multiple kernel
learning with application to cancer research[J].IEEE Trans-
actions on Cybernetics,2022,52(9):8716—-8728.

[25] Peng Jiangtao,Sun Weiwei,Ma Li,et al. Discriminative trans-
fer joint matching for domain adaptation in hyperspectral
image classification[J].IEEE Geoscience and Remote Sens-
ing Letters,2019,16(6):972-976.

[26] Jin Xiaona,Yang Xiaowei,Fu Bo,et al.Joint distribution
matching embedding for unsupervised domain adaptation[J].
Neurocomputing,2020,412:115-128.

[27] Chen Peng,Li Yu,Wang Kesheng,et al.A novel knowledge
transfer network with fluctuating operational condition ad-
aptation for bearing fault pattern recognition[J].Measure-
ment,2020,158:107739.

Life Stage Identification of Space Rolling Bearings Based on Class-contrast Cluster-allocation
Heterogeneous Transfer Learning
LIU Fengliang', LI Feng'", TANG Baoping”, WANG Yongchao', TIAN Daging'

(1.School of Mechanical Eng., Sichuan Univ., Chengdu 610065, China;
2.The State Key Lab. of Mechanical Transmissions, Chongqing Univ., Chongqing 400044, China)

Abstract: Life stage identification accuracy of space rolling bearings is low due to the large difference of sample distribution, the small number of
available training samples, and the unequal number of samples at different life stages under variable working conditions. Therefore, this paper
proposes a novel unsupervised transfer learning method called class-contrast cluster-allocation heterogeneous transfer learning (CAHTL). This
method firstly transfers a small number of labeled samples under historical working conditions and the unlabeled samples (i.e., the testing
samples) under the current working conditions into a public feature space through heterogeneous transfer learning, so as to minimize the distribu-
tion difference between the samples under different working conditions. After that, the positive and negative samples of sample features in target
domain are constructed by using cluster points in source domain to achieve the number redistribution of two domain samples, and then contrast-
ive learning on the positive and negative samples in two domains is carried out to make a better classification characteristic on the testing samples.
Then, the classification of testing samples is completed by calculating the similarities between the testing samples and the cluster points without
parameter learning, which can prevent the large difference in identification accuracy of samples at different life stages in the case of unequal
samples and the over fitting of CAHTL in the case of few labeled training samples. Finally, the stochastic gradient descent and momentum renew-
al are used to asynchronously update the CAHTL parameters to maintain the consistency of sample features and improve the convergence speed
of CAHTL. CAHTL can use few and unequal training samples at known life stages under historical working conditions of space rolling bearings
to identify the life stages of testing samples under the current working conditions with high accuracy. The effectiveness of the proposed CAHTL is
verified by an experiment of identifying the life stage of a space rolling bearing.

Key words: transfer learning; contrastive learning; momentum renewal; space rolling bearings; life stage identification
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