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Abstract: To address the problem that feature ambiguity caused by concurrent multiple faults in me-
chanical meta-action units leads to difficulties in diagnosis and controls a method based on multi-fault cou-
pling modeling was proposed to analyze fault characteristics. First, taking the worm rotation meta-action
unit as an example, key faults were extracted. Looseness of the support was simulated based on a piece-
wise linear spring-damper model. The coupling misalignment fault was simulated based on an additional
combined misalignment excitation force. Second. integrating a rolling bearing dynamic model, the worm
dynamic model was established. The above fault models were integrated to establish a multi-fault coupling
dynamic model for the worm rotation meta-action unit. Then, the acceleration responses of the worm un-
der normal conditions, single looseness fault, single misalignment fault, and the coupled fault state were
solved using numerical analysis method. Spectral analyses were performed on these responses. Finally,
based on the existing experimental platform, actual acceleration time-domain signals under the above four
states were collected and analyzed. Spectral analyses were also performed on the actual signals. A compari-
son between simulation and experimental results verifies the accuracy of the established multi-fault coupling
model.
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Fig.1 Structural diagram of worm rotation

meta-action unit
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Fig.2 Worm rotation meta-action unit test bench
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Tab.1 Fault frequency statistics table
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Tab.2 Simulation parameters
S8 Bl
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Tab.3 Beam element parameters

I 1 2 3 4 5 6 7

K /mm | 65 20 15 15 15 15 15

H#&/mm | 40 20 25 20 20 20 20

G 8 9 10 11 12 13 14

KE/mm | 15 15 15 15 15 15 1
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HAE/mm | 20 20 20 20 20 20 25
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Fig.6 Acceleration response amplitudes of key nodes at different speeds
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Fig.7 Time domain and frequency domain diagrams under normal conditions
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Fig.8 Time domain and frequency domain diagrams under misalignment fault
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Fig.9 Time domain and frequency domain diagrams under looseness fault
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Fig.10 Time domain and frequency domain diagrams under coupled fault (misalignment + looseness)
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Tab.4 Characteristic frequencies of node P, simulation

acceleration response under different faults
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- 137.7
i
e 0.60 0 0.61 0 27.3

4 LIl
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RUECHE SR B R 3% A% I8t 5 A R B 2o SR A
BR N 1 kHz, 4338 414 0.001 m/s?, 3 13 74 i 3%
ORI AT Al B ORS B S € AR B bR §E 1649 1/
min, T 82 178 5E (29 1 min) J& . 2R 50 5 4b
B Y. ZJ7 ok RS S, BRI .

1) #EAT s A1 56 3 oo S A B oo B R ORI SE 56
Ty R IO Bl 28 2 2 X o R

2) kA7 % KT e 2 oo sh A 5 T I b A% S X
R R 1Y W R 5% B T Zh AR BT SE B L i 11
IR ZE M Ry B AR ST B AR BT R, 43 5 B 3R B AL
W Tt 28 AT | A R SRR 2 R, SR PO AR L
K Jly 25 g 25 1 B OIR 100 1 R M L £ G AN X o i 4 1
7 0.001 ms A7 Sy 750 K 4 10 ety g AN X ey ] DA
UL L I ) O Bl 28 N X v R T

3) HEAT W T 20 5T 2 VE B0 il 2K SR A Bl
B S0 AN 12 TR 22 R S AT 5% 2 e sh VR o
F AR R A R LW T R S e 4 R 5

- 2150 -

.20 H AL — ’iﬂliﬂé —_—

B 11 BRHSS A X i pE S ae

Fig.11 Misalignment fault experiment of coupling

RS R
£ z

E12 M ExRE
Fig.12 Looseness fault experiment
A A TR ) R A A 2l T ST B PR ] R B R S
JAE R MR A T 2 Al il K AR 5 R e 2 ) 7 AR A B
(] 52 0.005 m » UIHORS Bl A5 $0Uth 74 S J3E A% Bl i e
4) BEAT WA AT e B T SR B TR A R S
5) MR A B 4 D 4 fin 3 B2 A A 5 R A
1 s RS Be b A7 AL B . A0 45 2 BR 100 O 7% | A0 22
I EAT IR . O B Ak RS B RS S I B S B
FH AR S Ao L A e, T LG A 13~16
fis .
6) DT 121 Hh 45 BOOG B R i 03T 25 4 I L O

s — Y}l — ZJ
£ 0.5
= |
® 05
pi|
B
-5 | . A . .
0 0.2 0.4 0.6 0.8 1.0
Hsf 1] /s
(a) IF eIl
iR a6 (28, 0.532 268)
fon) 204
EE o2
{ Py a " _—
0 100 200 300 400 500
Wi f/Hz
(b)Y Jj 11 45 ki <l
0.8
m“’m 0.6 o(28,0.539 557)
= £ 04
= 02 ‘
0 100 200 300 400 500
Wi f/Hz
(c)ZJ5 Iy S Il

B 13 EFERESTIREEESHNEE
Fig.13 Experimental time domain and frequency

domain diagrams under normal conditions



PUBRIT S B0 2 S B i 5 1) 3 ) 2 R SR i —— R4 | IR L %

— YJi  — ZJif

I JE X/(m » s7)
o

0 O.IZ 074 076 078 l..O
ISt #/s
(2) B Sl
12
(26.973, 0.802 735)

0.8
0.4 l I(54.9451, 0.280 035)
adaslos 7Y A abd Kk Bictad

0 100 200 300 400 500
Bi# [/Hz
(b) Y5 T S5

=

i
A/(m * s2)

(26.973, 0.798 878)

. S-Z)

cooo~

MR A
[} NN O

(54.9451, 0.333 081)

A/(m

100 200 300 400 500
B f/Hz

() ZT7 by $Figi ]
14 R3F PR T 5206 B i3 B 55 0
Fig.14 Experimental time domain and frequency

domain diagrams under misalignment fault

o~ 3 — YHE — ZJiH
g
>
!
=
E
2 0.2 0.4 0.6 038 1.0
B 1] /s
(a) I} S
08
T 06F ¢(27.972,0.594 345)
.
= g 04
= 021 |/(34.965,0.094 831 9)
0 100 200 300 400 500
HiA f/Hz
(b)Y J5 RIS
08
m"'m 0.6 ¢(27.972,0.581 307)
= £ 04
5 021 |5(34.965,0.108 304)
0 100 200 300 400 500
Wiz f/Hz
() Z 77 Iy B33

15 FAZNEFE T L U6 A iE B 5 85
Fig.15 Experimental time domain and frequency

domain diagrams under looseness fault
ISk FEEPUCRSr . EBAY N PAL Y Z 5 Y
L5 AL L 2 3% A0 W A R 32 A0 i oy B dls = 5
PEAT X Far A . F 2 5 RN WA T 5% 3h o Sl A B
JCIEF WA T LIRS 5 LS Ry = (6 A7 0 (A 15
) s 4 KT 2 8l 5T Bl AR BRI Al 4 AN X bl R

~ 3 — YU — ZJiR
‘V) 2
2 |
S o
2|
P
_3 1 1 1 1 1
0 02 04 0.6 0.8 1.0
i i) /s
(a) Ikl
2.0
sk (49451,1371273)
w o
@ g 1.0
< 5L @7p72,033475)
< 1 Q(109.89, 0.128 997)
0 100 200 300 400 500
W% f/Hz
(b) Y 77 Iy S 14l
2.0
ol (5494511397 69)
g : l'O
EE (2772, 0.342 716)
<

1| Q0900163 502)

0 l(.)O 260 3(.)0 460 560
P f/Hz
(c)Z T I il

E16 R3S E RS T LA E S it E
Fig.16 Experimental time domain and frequency
domain diagrams under coupled fault
(misalignment + looseness)

2 A% MR A I 35 R SR L o3l o5 R A 3500 N
4196 - RIS XF il B T 2 8% A0 )V 5 89 AT
2y 7 ) /F B 7T il R S JRE P 2l IR I A (L
AT 0 5 9 AT e 8 70 20 1 B TR 5 e B I 2 450
1 2 T HOIRAS BT 25856, i 2 v T I A i
(B ] I 14 4 A% L 508 o Y i 3R T o 3 4R 5

{55 BURE I 1] = SRS 3
R 5 AREEFET LU 00 FE NG B B9 45 4E 37 %
Tab.5 Characteristic frequencies of experimental

acceleration response under different faults
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