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Intermittent fault prognosis under imperfect maintenance
and degradation coupling

Yu Ming  Chen Junjie  Lu Haotian

(School of Electrical Engineering and Automation, Hefei University of Technology, Hefei 230009, China)

Abstract :In order to solve the problem that existing degradation models for nonlinear electromechanical systems under intermittent faults
fail to simultaneously consider the effects of imperfect maintenance and degradation coupling, which leads to a decline in prediction
accuracy, a remaining useful life prediction method based on intermittently composite degradation model is proposed for nonlinear
electromechanical system with intermittent faults. Firstly, the bond graph model of the nonlinear electromechanical system is established
for fault detection and isolation, and an augmented water flow optimizer algorithm is developed for intermittent fault estimation.
Secondly, a hybrid intermittent fault feature is extracted based on the tumbling window to comprehensively describe the intermittent fault
trend. The intermittently composite degradation model is proposed to predict the remaining useful life of faulty component in the situation
where the imperfect maintenance and degradation coupling effect exist simultaneously. The model divides the degradation process of the
faulty components into internal and external degradation, and describes the effects of degradation coupling and imperfect maintenance
through coupling factors and a geometric reduction of intensity model. Experimental results show that the proposed method achieves
cumulative relative accuracy of 97.53% and 96. 80% in predicting the remaining useful life of multiple intermittent faults, which is
superior to the particle swarm optimization algorithm and the water flow optimization algorithm. Additionally, in comparison with
degradation models considering only degradation coupling effects and only imperfect maintenance effects, the proposed method
demonstrates significant improvement in prediction accuracy.
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Fig.2 BG model of the nonlinear electromechanical system with inverted causalities of sensors
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Fig.3 Block diagram of the proposed method

HLARS I T ir, AR ML RS 02 bR ARl
W4 Fiw, LR BT Mg . B, 1B, YITE
3.53 s KA BGERE, TW K2R 10 s(BP A=105) ,2 Ik
FELE IM AYIEIBE R 80 s(EIN A, =8 s) , KFEIAIFE M 0. 01 s
(EP7=0.01s), BLAN, 7256 34~ TW XF B, fl B, AT
W IM,

F4 FLREVERFESERRE
Table 4 Nominal parameter values of the

nonlinear electromechanical system

S8 FRFRIE S8 FRFRIE

q 1 A/V q 0.053 Nm-A™!
I 0.000 1 kgm? J, 0.005 kgm*
K 0.3 Nm-rad™’ M 10

S 0.001 Nms-rad™" fo 0.06 Nms-rad™'
F,. 0.08 Nm F, 0.15 Nm
F, 0.061 Nm F, 0.151 Nm
o 0.06 o, 0. 02

Vi 4V R, 0.38 O

FR 220 R AN 4 B Herp 218 i 2k R B A K
MG, EE 4P $3.53shbev=[1 1],#dE
CV=[1 1]H172 H FSM T UL I, FSM il ot
PR T BIERR R T AT RE M4 45 v o LS
BEICIF, UG ST AWFO (8 Al T2 2R 17 oo - S 500
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Fig.4 Residual responses
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Table 5 Designed and estimated values of 8,

19.29 s 0.891 3

BeIHE
hoood Ag! g5 Fy! Zg (h)
1 3.53s 4.53 s 0.920 0
1 0.018 0
2 7.61 s 8.61 s 0.900 0
1 11.74 s 12.24 s 0.772 4
2 2 14.28 s 15.25 s 0.880 0 0.043 3
3 17.06 s 18.06 s 0.800 0
e
Thii Shil ~hl o~
h l Af & Fy; Zs (h)
1 3.55s 4.52 s 0.920 7
1 0.018 2
2 7.66 s 8.69 s 0.898 1
1 11.71 s 12.26 s 0.772 8
2 2 14.33 s 15.29 s 0. 880 4 0.044 5
3 17.05 s 18.08 s 0.801 1
*6 B, WgHEMGITHE
Table 6 Designed and estimated values of 3,
WITHE
ool A g Fg! Zg,(h)
1 3.53 s 4.53 s 0.930 0
1 0.0120
2 6.38 s 6.88 s 0.900 0
1 13.83 s 14.43 s 0.653 0
2 2 15.67 s 16.67 s 0.900 0 0.041 8
3 18.25 s 19.25 s 0.890 0
fiiH
N Sh,l hol o
hoool AB o Fy Zg (1)
1 3.55s 4.54 s 0.9303
1 0.012 1
2 6.37 s 6.89 s 0.900 5
1 13.85 s 14.41 s 0.6525
2 2 15.62 s 16. 68 s 0.898 4 0.041 4
3

TR W R T2 5, TS b A PR
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Table 7 Designed and estimated values of

degradation model coefficients

Vg, Dg, Tg, g8, 5g,
WIHE 0.03 0.6 0. 002 0.3 0.6
AhIHE 0.027 8 0.605 6 0.002 2 0.3091 0.5935

Vs, @, T, g, 3,
WA 0.02 0.9 0. 003 0.25 0.8
AbIHE 0.021 4 0.904 5 0.002 7 0.2547 0.808 4

®8 AEMAEZETHL, 76, ¥ RUL MALER
Table 8 RUL prediction results of 8, and

B, using different optimization algorithm

RUL  RUL i

E/s CRA
BitHE/s ¥a/s

SDPE/s

B 325.72 33219  6.37 97.53  8.06
AWFO
B, 249.34 242.68  6.68 96.80  8.39
WFO B 325.72  341.10 15.46 94.92  19.41
B, 249.34  237.18  12.33 94.77 15.32
PSO B 325.72  344.75  19.51 93.64 24.12
B, 249.34  235.04 14.66 94.01  17.93
RUL #%1{{/s RUL{EIE{E/s AE/s RA

B, 325.72 330. 00 4.28  98.69

AWFO
B, 249, 34 240. 00 9.34  96.25
B, 325.72 340. 00 14.28  95.62

WFO
B, 249. 34 230. 00 19.34  92.24
$S0 B, 325.72 340. 00 14.28  95.62
B, 249, 34 230. 00 19.34  92.24

BT IR AR R R HA B PR A 2R 2818 L ( B
thry =0.8,thry =0.8) ,BFITHE B, 1 B, Y RUL il
{E M RUL B IEAE AT KLl i X (11) L (20) AT (21) 358,
N T IRUE AWFO B33 i D08 | A SO T X L 52 56
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WNAE & RUL B IE(H AN 8 Fi7n . #FXF RUL Fi £y
1B, SRHISCER[ 7 ] b B PERE TR B , B F- 227 266 X5 5% 22 ( mean
absolute error, MAE) , 2B XK B ( cumulative relative
accuracy, CRA) DL i I 1% 22 W) 45 #E 22 ( standard

deviation of prediction errors, SDPE) X RUL ol % S 3t
FPVTAl . B X RUL A& IE {BL, 38 & 48 XT 1% 2% (absolute
error, AE) | #H X1 K5 & (relative accuracy, RA) 3X I~ fiE

EPRIFAG RUL TR0 45 253, 5O R EF X RUL B IE R E
T HSCHE 100 Yz 17 b H BUBR S i 9 RUL B IE
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Fig.5 Convergence curves

#9 FREEMEERTHE, 76, H RUL Tl R
Table 9 RUL prediction results of 8, and 8, under

different degradation model

RUL #iH#E/s RUL BNME/s  AE/s RA
", B 325.72 334.58 8.86 97.76
B, 249.34 240. 63 8.71 96. 51
", B 325.72 253.07 72.65 77.70
B> 249.34 51.27 198.07 20. 56
", B 325.72 361.43 35.71 89. 04
T, 249.34 298. 61 49.27 80.23
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