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Simulation-to-reality fault diagnosis based on multi-level joint adaptive
network in virtual and real domains of rolling bearing
LIU Xiao-feng', JIN Yan, BO Lin

(State Key Laboratory of Mechanical Transmission for Advanced Equipment, Chongqing University, Chongqing
400044, China)

Abstract: Aiming at the serious negative transfer brought about by the excessive domain discrepancy of virtual-real
data in the simulated data-driven transfer fault diagnosis method, this paper proposes an unsupervised fault diagnosis
method based on a virtual-to-real domain multi-level joint adaption network (VDMJAN). First, the dynamic simulation
model of various types of rolling bearing faults with irregular patterns is established, and the virtual signals of the faults
are generated and analyzed in terms of transportability modes in combination with the fault mechanism. Then, deep
convolutional neural networks with different sizes of kernels are constructed to perform feature extraction at different
granularities for virtual and real domain signals, which enhances the domain invariance of the features used for state
discrimination. Finally, based on the pseudo-label labeling of the simulated samples using the probabilistic fusion of
parallel outputs from multiple classifiers, the samples are finely aligned with domain features at different levels. By
introducing the effectiveness loss, the class-aligned measured samples are filtered and used to calibrate the classifier to
better adapt to the target domain classification task. The results of experimental analysis show that the proposed
VDMIJAN, driven by bearing fault simulation data in a single source domain, can realize effective simulation-reality
fault diagnosis and has good application prospects in the field of equipment fault diagnosis where samples are scarce in
special environments.

Keywords: rolling bearing; fault simulation modeling; domain adaptation; transfer diagnostics; multiscale feature

extraction; multiple classifiers
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REFR s A A E 35 500.

step 3: B VDMIJAN HJIIZR4E 1K epoch 24 100;
Batchsize N 64, i% & Adam L4k 28 31T S F ik,
2ESJRYEE N 0.001, BEEN, « A\, HHL 0.5 K D@ 5D®
i NFRIEIRELAR G 1, SREUCERFR1E, 854 DO )&
HRHIES 2 RARHE D N R G . ~ G, 1HHR
X (12) R XK L, , 181 s AR S8 G, 1)
ZH00. MG, [N550.,.

step 4: ¥ DO B ASIE 5 4 R E 7 Al N 2
step 3 FNZRIL I Gy, RT3 RBAFREE P, R
(8) A1 (9) T I e A kR Y, HARBER (1) i
HXTFBK Ly, RIER (14) ~ (16) 5026 2k
WKL,.

step 5: KK ¥ 5 H bR I8 205 A0 [F) (19 45 /K
A B X HARSEE BT AR IE, B AR EALD,
B

) {1, pS, > 0.8,k € {1,2,3,4};

0, otherwise.

(18)

Hrrpe RN JA H RIS 73 AAE G 453 2R
W2 E T e R, %Hﬁiﬁﬁzliﬁ’]@@ﬂﬁﬁlf%
WAL 22 53 R ARIRAF I 73 FAn 2 A0 5] B T35
MR i, EATESZH B Eljﬁﬁ*mﬁubj«lﬂuj\j
B, B3 WO, B 1Zhs B AL H AR ISR A g
M 5 bR — i T E R ESR L, I H
SIAAERERN ZH O 0, 0., HEAT R,

step 6: W 25 Il 2k B BIEACRBOE B N, &3t 7
R Ta, SRR L E &k, vl LA R RS2 HX
A8 R0 73 S 9 2H R PR 2 TR AR, S A S i AR A
A AT R ).
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) S AT BB IR 6 S B LBE S IRGE N 69 IR A AR DT Ak 895

3 SRR
3.1 HEKEHER

ARGy AAE I P K% (CWRU) Bl HE £
FS 56 = il AR B s B AT KR SE R 12 W sz B, DA
U BT 77 ¥ 1A 28 7 ik SI 56 14D 0K 250 it el 7 284
54 SKF6205, JC 51 #0841 1797 t/min [ i etk
SHE NB LLAIREESSN 0.54 mm 1) IR, OR. BA —
S B U S0 B AR N R SR B0 T S B 3 B
7, MR 2 A A S 43 B A EH NTUSB9234
% 2l I P A R DL K = bR Bl 4% %8 PCB356B21
AR, AR Labview S22 0E (S S R
R, W Wl R AL S 72 SKF6025, HMLEE#
2040 r/min, SKFEAE N 12.8 kHz. K FH B K AE7E i
7N B AR YR B PR 3 Sl I T R SRR, P
Pl A1 Pl i Bk 5 A /N 0.5 mm %8 0.5 mm PR 46
Tk, VAN )Y 1 mm B4R PR3 FL IR b

[0kl | (Lol | [k | [Tt ]| st b [ o 2]

B3 FFih&SEiy

3.2 FEHERAER

456 SKF6025 BLVR 5 i 7 1 JUA K B 77 22475
HZH (WL 1), WE SR NL = 0.54%
1072 m, G HRKRIRER = 1 x 1072 m, 42 LM
A5 T 245 B 7 I 5 077 L ABE AR o N AS [R] 288 2R i o 453473,
1R BB PR S P FORAS N IR 55 5.

"1 RoA-ETREANNZENESH

S8 Bl 8 Hifig
R,/m 3.97 x 1073 my [ kg 31.25
R,/m 19.52 x 1073 my, [ kg 2.0

N 9 ¢s/ (Ns/m) 2100

0y /m 2x10°¢ ¢ / (Ns/m) 1050
k. / (N/m) 13.34 x 10° k/(N/m) 2.7 x 107
2 0.01 e/m 5x 1073

SR FH A S0 ST R AN U g e 7 A R X e i

1797 t/min " SKF6205 i 7K 1) %5 g BOR S5 5
BT B, F05 S2E S5 AT 25 2 5 Lo ar, &5
R 4 For. fEIEFRE T, i BG5S E S
RIRE 22 25 B A A AR AL FE LK FE MRS T, BRI
LA 5 A S 5 B RO M B R A AR, (ELFE
WEZR B A AR W B2 5

0.4
b SR
-o- fitikiE P
03¢ 5
9
£ o
=
0.1
04 .
-4 -2 0 2 4
G
(a) IEWHfhk
1.0
—— SR
0.8 t o i EdE
ficd
B
o
=
-15 -5 5 15
G
(b)  TEH 4P e il 2
1.0
—— S
0.8 | o i E%dE
ficd
L o4
0.2}
0
-15 -5 5 15
G
(c) P Pt o il
b SIS
0.6 1 o prersesn
fid
X 04 ¢t
M
£ o)

0
-10 -6 -2 2 6 10

HE
(d) IR
B4 (FEESSTNESHEREREL

N E B EUBT AR 5 S s < TR R AR BL I,
K H Wasserstein #H 55 > FE 5 = R0 /60 00 5k B3 47 52
55 5 SIME T I IR AR R B B A B2 R
SRR 2 fros. B3 2 AT, SRR Sk 1 5SS



896 = % 5

*x R £40%

HH EE RIS g 7 AT 5 5 S D K dE (1) Wasserstein
ENC SR NS A D S SR (S5 S WU VR 27 52 ]
T AR R B (R A5 5 0T AR5 2
S Aea Pk kit

+F2 (HESSENES 28R Wasserstein 125
R EH S ] S TILIN
EIFSWEE 0.0731 0.3567 0.2693 0.1254
UK g6 0.0842 0.4169 03126 0.1637

3.3 EHASEMEREX T

Hilbert 28 462w A = 491 [ HR 2 Hh 52 U A9
R R AE AT %, LA W A5 EAS L 5 T Thig,
I Hilbert A2 # n] {F 43 8 8 47 BAG 5 5525 5
(AL 28 5 T B AR 5 v PRI ARV BLRE . TR bk, AR SO FH R i
95 1) Hilbert (2515 514 % VDMIAN HJ I ZRAE A
£ SRAASCEE ST A5 77 AR AL 1797 r/min
12040 r/min #533# F ) SKF6025 #fi7Kf) NB. OR. IR,
BA W5 ST, 454 CWRU HiZK7E 1797 r/min
BT (SR S E I SEEE B 7E 2040 r/min 3R
) SN B, 4 B VDMIAN 52 step 1 Al step 2
PR A T8N IR { D@, DO YK G4, P45
PEEE() D HR R A EAS LIR30 B (1) Hilbert £.4515
XU, D = {X, Y9100 v e {1,2,
3,4}4R% NB. OR. IR. RB P& FeiR A, Hbrii%
a4 DO 2000 N TEARZ S 455 XD ALK,
DO = { X},

N T B8k Hilbert £, 2% 15 5 1£ fE S I80IE )37 1)
IERS AR, SR FH A [ 25040 i N\ FH A 2 o 24 ok 5 A
SCOTVETEAT O L S 56 . P 265 A58 220 0K )y B 40 114 B A\ A
S I 3 (T)- Fourier 28 # J& B H1E (F)-
Hilbert 7% # f5 1] €0 45 % J¥ (H). Hilbert £, 2% i 1%
(HF). W25 BRI A5G £ 55 CNN., 2 R 6 B 4
K 2% D b 25 55 s (MSCNN). R J¥ 45 I8 ¥ M 2%
(DCC)"*, 2 R IR Fi 0,38 35 1o 4% (MSDCC)"” %
JEE T3 R 4% (DSAN)'™ 22 R VR B - B S oA
2% (MSDSAN)"Y, % ¥ CORAL(DCORAL)™". 1 %}
P2 4% (DANN)?Y. 5 DCORAL 1 DANN A3 &
ZHINGY B 4 R 25 Ah, HoA S AL E S B
R 0.5, & 5 iE A R AE 52 HL 2% G 70 2K 48
G UL K HAh A LS H s A A R B 7 iR
“E NI + PR BT R
3.4 SERTEER

BLFE kK 1797 v/min #5E F 9 {D®, DO} K
K5, T+CNN. T+ DANN, T+ VDMJAN. H+VDMJAN
VU Fh B I Rl SO A2 B S(a) B, AT 5(a)

A %1, T+ VDMJAN A1 H + VDMJAN J5 3%, b & T
XTHUH DANN J5iE S SCE R, HllZRid 7+ DANN
SEOVE IR I T i 28 AN A ME AR5 ; H + VDMIAN B
VEAHAET HoAth 3 PRy BoA fem IO HER 2, T + CNN
BRI BREAR AT IS, A B e, sk
TE B % AE 50 %; T + DANN 55 1) f 28 e i 2 48
25 % Ak, HOHEL 7 ST #8 1 L.

100
.75
N
= 50
=
25t
0 1 1 1 1
0 20 40 60 80 100
VER€
(a) TPHfi s IR 3N
100
. 5%
N
= 50
& Ml
25| MAA A A~ A N AN ]
0 1 1 1 1
0 20 40 60 80 100

VIERV€
(b) SE5 A HHE RS

— T+CNN — T+VDMIJAN
T+DANN —— H+VDMJAN

El5 MAHERATEGESRIIRAERE

DL i S2 56 6 il 7K 2040 r/min F53E T { D),
DWYRIRF), & 2 b B I 2Rl S0 72
Kl 5(b) A, AT L, T + CNN JEiL#% g, FHl SR
FERR, (22 Wi K T 50 %; T + DANN 12 Wi ife
B 2R B 5 1R AR U B 14 I A 18 s B, L v A o it 2k
BN, A A I R AU 28 % S A
JRE T+ VDMIAN e A WHER R 29875 %, (A58
i F H + VDMIJAN f#E 1 3R 88 %, i M1 515 5
Hilbert €028 % T HLN 18045 5 B n] 3L 7% B .

K 6 4517 T+ CNN. T+DANN. T+ VDMJAN,
H + VDMJAN PU Ff 75 7% (1) 12 W 45 SEIRE FEFE . M\
6(a) A1 6(b) AT %1 T + CNN. T + DANN 5k 3 A
ANBEXT BRI A T R02 W, XTEEE 6(c) AT 6(d)
R, 5 ma PR v A R ) o R A R R OR (1 4y
%%, fE1# ] H + VDMIAN 5% 5, B8 242 T4 Fel
B OR [ IE #2025, OR A HERI R M 0.77 £t
F 0.95, IITHETF T A (1) M B HE R 2.



34 )k S A BB IR0 % R R 5 IR E B YR B AR T ok 897
1.0 ok, X 3 222 KA Hibert 6,48 56 RE AR BL7 B I 5
BA PN SN = Y N VA VrZen 57,
o0 0 0.8 SR 1 5 o R S RAE, 0 R B
2 IR 0 0 0 0.6 FERIHLEE L AE. 042 ) VDMIAN B2 75 93 F)
2 N8l oo o - 0 0.4 FH T AR IR 2 G0 R S 46 135 5 A FU B 4 43 A1 00 55
oR - . . 0.2 DiRe, 1 m T R SR G RO, A A T 1
- - - 0 BRI 55l 2R e SEAR A — BURT SR I SR I A
BA IR NB  OR
predicted label 100 oT OoF oH OuF
(a) T+CNN = 30
1.0 5 60
£ 40
0.8 # o0
2 0.6 Oeoeo@ewee
- > Q> P& S ar
£ 0.4 ¢ L P Qc}’%o% Qo% USRS
0.2 » 9 L
0 ESNEWiRS
(a) PHAEEHEIRS)
predicted label 100
(b) T+DANN o 80 OT OF OH OHF
1.0 2 60
0 0 0 B
0.8 ;*Eﬂ 40
% IR} o - 0 0 0.6 -2
3 s s & SRR
0.2 CEE O
OR} 0.18  0.05 0 ' < <
) ) ) 0 SN
BA IR NB  OR f Attjfz )
predicted label (b) S5 & HURIE)
(¢) T+VDMIJAN E7 RARRGEFBERIRAERRE
1.0
) 0 0 0.8 4 gg %
3wl o - o o 06 2RSS R VR AR B i R, 7E 7 48 B
3 Nel o 0 - o 04 iy v IR B S Tl k= YA - S m |5 W KK T2
- 0.2 AR BB, ff v 1 SRR AR sk R v R
R . 50 SR B A . L Hiilbert %% (3 5 9 ATXERS

predicted label
(d) H+VDMIJAN

El6 CWRU BUEEFRIHEZNRAREMR

3.5 HWESTER

B LB TT R AE £ B AR 2 A 00 Ik
SRR 7 Fros. PEAE S B H A A S IR I H +
VDMIAN (1) 32X 75 1 2% 73 501 9 96.88 % A1 87.66 %,
376 i T HoAth Lb 2 77 925, Hilbert 0,28 15 54 oy A
FE 4 B0 IR 2 vt 2t 38 v T A o AR L
CRA R I EU AR s AR, At N 252 (F. HF) 1
)Y Ay % LU B 3 N R Y (TS H) P HER 2K T
25.47 %. IS A N B, JLF B S o\ 1) iE
B EIE LT FUE BRI R, #ERR /N F50 %. AT
WL, Hilbert £3 25 % ¥ £E e S0 B A B A e Tl

PERES, 256 BRI R AR I ENRIT RS, @ 1 5k
T VDMIAN [ #1277 5. A S 2 2R R,
AR TTEAE T B AR S FEAR S FIER IE T,
TE TR S AR 08 1 S 36 A0 FE D0 SE2565 w110 A B 1 5 HE
LRI EIA 5] 96.88 % A197.66 %, B % J7 LA g
S AT BB ISR A ORI W, TERR BRI T
T A7 5P 1) 18 5 #5512 T AT L A 0 0 1 7 P T 5%
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