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Tab.1 Model parameters and their estimation results
b ¢ o f g 5% oy Ty, Ty oy
e 5K True value 0.2000 20.0000 20.0000 0.0150 0.0000 15000 0.0500 0.0050 0.0001 0.800 0
1 group of  f#}[{E Estimation value ~ 0.2030 20.3588 22.1986 0.0178 0.0025 15421 0.0597 0.0053 0.0001 0.791 1
Parameters  jqypin 9% Relative error/% 150 1.79 10.99 18.67 — 2.81 19.40 6.00 0.00 1.11
50 4158 FL52{H True value 0.250 0 30.0000 50.0000 0.0150 0.0000 10.0000 0.1000 0.1000 0.000 1  2.000 0
2" group of  Afi1{f Estimation value ~ 0.2505 30.0514 58.6210 0.0175 =0.0715 102900 0.1188 0.1017 0.0001 19861
parameters yia 9= Relative error/%  0.20 0.17 1724 16.67 — 2.90 18.80 1.70 0.00 0.70
3B HLSH True value 0.2000 10.0000 50.0000 0.0050 0.2000 30.0000 0.1000 0.1000 0.0010 0.800 0
3“group of  f#il{4 Estimation value ~ 0.1961 10.5005 59.3578 0.0059 02317 32.0106 0.1163 0.1026 00011 0.8100
PAraMmeters a0 5% Relative error/%  1.95 5.01 1872 18.00 1585 6.70 16.30 2.60 10.00 1.25
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Tab. 2 Prediction results of RUL under different parameters
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Mean-squared error Relative error/%
AN WHE N WHE
Without With Without With
update update update update
BIASH
1* group of 83.888 0 63.3513 6.1653 1.916 8
parameters
W24 S8
2" group of 80.934 0 51.773 3 8.593 8 2.965 4
parameters
3B
3 group of 86.3479 55.095 1 6.942 5 2.146 9
parameters
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Fig. 10 Comparison of mean-squared errors in RUL prediction
without and with parameter updating
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Tab.3 Parameter estimation and RUL prediction results for bearings under different models

R Models M, o, o, b c M, f g Moy, Ty
M, — — 0.212 4 -0.084 0 4977 8 -0.684 6 0.108 4 0.000 0 0.000 0 0.073 4
M, 0.958 2 0.0196 0.2370 0.014 4 — — — — — —

M, 0.000 2 0.000 1 0.2380 2.0955 — — — — — —

10 Models 7, Ta E(25%)  E(50%)  E(15%)  E(90%) E,(25%) E,(50%) E,(75%) E, (90%)
M, 0.000 0 0.000 2 10.26% 15.30% 18.77% 19.89% 190.877 3 183.072 4 126.756 9 108.009 3
M, — — 21.62% 45.77% 60.60% 74.61% 905.796 9 11213403 712.8324 857.608 1
M, — — 22.67% 49.22% 65.98% 79.30% 11422389 14222472 911.1613 1139.9325
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Fig. 14 Convergence trajectories of partial parameters
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Fig. 16 Predicted results of RUL based on M, model
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Nonlinear-Wiener-process-based remaining useful life prediction method for
stochastic deteriorating devices with multiple modes

LI Mengcao ZHANG Zhengxin SI Xiaosheng FENG Lei ZHANG Jianxun
(Rocket Force University of Engineering, Xi’an 710025, China)

Abstract: The challenge in predicting the remaining useful life (RUL) of multi-mode stochastic degradation equipment
lies in establishing a class of stochastic degradation models capable of characterizing multiple distinct degradation modes and
deriving the remaining useful life distribution of the equipment under such multi-mode stochastic degradation models. First, a
generalized stochastic degradation model based on the nonlinear Wiener process was developed, achieving a unified
characterization of multi-mode stochastic degradation processes. Second, a maximum likelihood estimation (MLE) method for
model parameters was proposed, utilizing historical degradation data from similar equipment. Third, an analytical approximate
solution for the probability density function (PDF) of the remaining useful life distribution of multi-mode stochastic
degradation equipment was derived under the first hitting time (FHT) framework. Finally, a sequential Bayesian framework for
model parameter updating was constructed, enabling online prediction of the remaining useful life of in-service equipment.
Numerical simulation analyses and an application case study on bearing remaining useful life prediction demonstrate that the
proposed method can effectively model the multi-mode stochastic degradation processes of stochastic degradation equipment
and accurately predict the remaining useful life, thereby providing predictive information to support subsequent maintenance
decision-making for the system.

Key words: Prognostics and health management; Remaining useful life prediction; Multiple modes degradation model-
ing; Nonlinear Wiener process; Reliability
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