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Abstract: Recently, the estimation of remaining useful life (RUL) for two-phase nonlinear degrading
devices has shown rising momentum for ensuring their safe and reliable operation. The degradation
processes of such systems are influenced by the temporal variability, unit-to-unit variability, and
measurement variability jointly. However, current studies only consider these three sources of
variability partially. To this end, this paper presents a two-phase nonlinear degradation model with
three-source variability based on the nonlinear Wiener process. Then, the approximate analytical
solution of the RUL with three-source variability is derived under the concept of the first passage
time (FPT). For better implementation, the offline model parameter estimation is conducted by
the maximum likelihood estimation (MLE), and the Bayesian rule in conjunction with the Kalman
filtering (KF) algorithm are utilized for the online model updating. Finally, the effectiveness of
the proposed approach is validated through a numerical example and a practical case study of
the capacitor degradation data. The results show that it is necessary to incorporate three-source
variability simultaneously into the RUL prediction of the two-phase nonlinear degrading systems.

Keywords: degradation modeling; nonlinear Wiener process; variability; uncertainty; remaining
useful life; prognostics

1. Introduction

With the rapid development of technology, the equipment in the fields of aerospace,
high-speed rail, and ship manufacturing tend to be large-scale, complex, sophisticated, and
long-life, which puts forward higher requirements for system reliability [1,2]. Recently,
owing to the important role in realizing predictive maintenance, improving system reli-
ability, reducing maintenance costs, and avoiding catastrophic eventualities, prognostics
and health management (PHM) has obtained extensive attention both in academia and
industry [3-5]. As an essential part of PHM, the remaining useful life (RUL) is defined as
the length from the current time to failure [6]. RUL prediction results provide sufficient
information support for decision-making and maintenance scheduling. The performance
of RUL prediction primarily relies on the degradation modeling approaches. Generally,
the RUL prediction approaches can be systematically classified into model-based methods,
data-driven methods, and hybrid methods [7]. More detailed discussions about those three
types of methods can be found in [8-10]. As one category of data-driven methods, the
stochastic model-based methods have been widely used attributable to their great potential
in characterizing the stochastic dynamic degradation process and providing the probability
distribution of RUL [11,12]. Stochastic process models mainly include the Wiener process,
the Gamma process, and the Inverse Gaussian process [13]. Among them, the Wiener
process model has attached increasing interest due to its explicit statistical interpretation
and illustrious mathematical properties in describing the non-monotonic degradation
process [14-16].

In practice, the degradation process of many engineering systems occurs in a stochastic
way. Thus, the RUL is a random variable, which is difficult to estimate with certainty [6].

Sensors 2024, 24, 165. https:/ /doi.org/10.3390/s24010165

https:/ /www.mdpi.com/journal/sensors


https://doi.org/10.3390/s24010165
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0003-1811-4308
https://doi.org/10.3390/s24010165
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s24010165?type=check_update&version=2

Sensors 2024, 24, 165

2 of 35

Therefore, in the Wiener process-based RUL prediction, the commonly used approach is to
estimate the probability density function (PDF) of the system RUL by modeling the sensed
degradation data. Due to some unobservable internal and external factors, the degradation
process of a system is often influenced by multiple sources of variability, which leads to
uncertainty in RUL prediction. Typically, the degradation process is affected by three
main sources of variability: temporal variability, unit-to-unit variability, and measurement
variability [17]. To be specific, temporal variability depicts the inherent stochasticity of
the degradation process over time, unit-to-unit variability indicates the heterogeneity of
degradation trajectories among different units, and measurement variability describes the
inevitable measurement error caused by noise in condition monitoring (CM) data [18].
Hence, to improve the accuracy of RUL prediction, the multi-source variability should
be incorporated into the degradation modeling process simultaneously [19]. Over the
past decade, various published works have described such variability in degradation
modeling [20-24]. However, most studies only focused on the RUL estimation with one or
two sources of variability, which limits their adaptivity.

Recently, for RUL prediction with three-source variability, Si et al. [19] presented a
linear Wiener process-based degradation model considering the three-source variability
simultaneously and derived the analytical expressions of RUL distribution. In this work,
the random drift coefficient and the underlying degradation state were updated jointly via a
state-space model and the Kalman filtering (KF) technique. To deal with nonlinear patterns,
Zheng et al. [25] extended the work in [19] and constructed a degradation model based on
the nonlinear Wiener process, integrating both nonlinearity and three-source variability
into the RUL prediction. For newly developed small sample systems, to address the lack
of historical data and prior information, Wang et al. [26] proposed an adaptive RUL esti-
mation method with three-source variability based on the expectation maximization (EM)
algorithm. Aiming at the unbalanced historical degradation measurements, Yu et al. [27]
established a nonlinear-drift-driven prognostic model considering three-source variability
and formulated the approximate analytical expressions of the RUL for both online and
offline estimation scenarios. On this basis, the MLE method in conjunction with a down-
sampling strategy was utilized for parameter estimation and the underflow issue averting
in this study. It is noteworthy that the aforementioned linear or nonlinear Wiener process-
based prognostic methods with three-source variability only focused on the single-phase
degradation cases. However, in practical engineering, owing to changes in the external
dynamic environment and internal degradation mechanisms, the degradation trajecto-
ries of products such as batteries [28], liquid coupling devices [29], and light emitting
diodes [30] exhibit obvious two-phase characteristics with evident inflection points. Under
these circumstances, the traditional single-phase model is insulfficient to track the dynamics
of such degradation processes. Therefore, formulating two-phase degradation models to
guarantee the accuracy of RUL prediction is practical and necessary.

In recent years, researchers have reported various RUL prediction approaches consid-
ering multiple sources of variability for two-phase degradation processes. Zhang et al. [31]
proposed a two-phase linear degradation model based on the Wiener process and derived
the analytical forms of the RUL estimation. Chen et al. [32] extended the work in [31] and
presented an extreme learning machine (ELM) algorithm to adaptively detect the random
changing time of the two-phase degradation trajectory. For two-phase nonlinear degra-
dation patterns, Lin et al. [33] formulated a nonlinear Wiener process-based degradation
model and obtained an approximate analytical solution of the lifetime estimation. Hu
et al. [34] constructed two RUL prediction models based on the nonlinear time-scale trans-
formation model and the stochastic process model with purely time-dependent parameters.
The commonality of the aforementioned works is that the unit-to-unit variability is con-
sidered. However, a common deficiency shared by these models is that the measurement
variability is omitted. Taking into account the variability of measurement, Wang et al. [35]
proposed a change-point Wiener process model with measurement errors to fit the two-
phase deteriorated OLEDs and adopt the hierarchical Bayesian method to implement
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parameters estimation, but the number of change-points was assumed to be known a priori.
Guan et al. [36] established a two-phase degradation model with measurement errors and
random drift terms for RUL estimation, however, the changing time of the model was
fixed, and the nonlinearity was not considered in this work. To achieve RUL prediction
in the case of imperfect prior degradation information, Chai et al. [37] proposed a linear-
nonlinear two-phase Wiener process-based degradation model considering measurement
errors and the unknown degradation state at the change point simultaneously, which is
a pioneering work. Nevertheless, the authors only described the unit-to-unit variability
in parameter estimation, while ignoring the random effects of drift coefficients in the PDF
expressions of RUL. In addition, the first phase of the proposed model is linear, which
limits the method’s adaptability.

The above-mentioned research achieved promising results in the two-phase linear or
nonlinear degradation modeling with multiple sources of variability. However, most of the
existing works about two-phase patterns only considered one or two sources of variability.
In contrast, the research on RUL prediction using two-phase degradation models taking into
account three-source variability simultaneously is very limited. Furthermore, degrading
systems exhibiting two-phase nonlinear degradation patterns are extensively encountered
in practice [38,39]. Therefore, determining how to achieve two-phase nonlinear degradation
modeling and RUL estimation considering three-source variability simultaneously is a
compelling practical issue, which motivates our research in this paper.

To achieve this goal, several issues still need to be further investigated. First, the
degradation state at the changing point of the two-phase degradation path is an unknown
random variable until the changing point appears, and it is related to the changing time
as well as the degradation rate of the first phase [31]. Thus, it is natural to incorporate the
uncertainty of the degradation state at the changing point into RUL prediction. Currently,
the state transition probability function is often applied to solve this problem in most
studies [33,34]. However, these works did not consider the random degradation state at
the changing point and the three-source variability simultaneously in the PDF of RUL.
Second, it is noted that the changing points and the degradation rates exist difference
for devices of the same batch owing to the unit-to-unit variability, and the degradation
states are underlying due to the measurement noise. Therefore, determining how to
realize parameter identification and real-time degradation state updating in the context of
three-source variability poses an interesting challenge.

Motivated by these practical issues, the major contributions of this paper lie in the
following aspects:

(1) A two-phase nonlinear Wiener process-based degradation model is formulated, where
the drift coefficient and the measurement error of each phase are assumed to be
random variables to describe the three-source variability.

(2) Taking into account the nonlinearity, the uncertainty of the degradation state at the
changing point as well as the three-source variability simultaneously, the approximate
analytical expressions of RUL estimation are derived under the concept of the first
passage time (FPT).

(3) Based on the historical degradation observations of multiple units from the same batch,
the offline parameter estimation is conducted by the MLE method. Subsequently, with
the newly obtained degradation data of the certain operating device, the random drift
coefficients and the underlying degradation states are real-time updated by combining
the Bayesian rule, state-space model, and KF technique.

(4) Finally, a numerical simulation and a practical case study about the degradation data
of the high-voltage pulse capacitors are implemented to verify the effectiveness and
applicability of the proposed approach.

The remainder of this paper is organized as follows. In Section 2, the two-phase non-
linear Wiener process-based degradation model with three-source variability is formulated.
Section 3 presents the approximate analytical solutions of the RUL estimation consider-
ing three-source variability. The model parameter estimation is conducted in Section 4.
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Section 5 shows the implementation details and results analysis of the experiments. The
conclusions are summarized in Section 6.

2. Degradation Modeling Description

To describe the degradation process with two-phase nonlinearity and three-source vari-
ability, the nonlinear Wiener process is employed in our work. Inspired by the single-phase
nonlinear degradation model considering three-source variability discussed in Ref. [25]
and the two-phase nonlinear degradation model with unit-to-unit variability presented
by Refs. [33,34], a general nonlinear Wiener process-based degradation model can be
described as,

X(t) = xo+/\1f0ty1(p;191)dp+01B(t), 0<t<t 1)
Xt + )\zf; (o —T;0)dp+mB(t—1), t>71

where X(t) denotes the actual degradation state at time ¢, xg is the initial value. For
simplifying later calculation, we assume xp = 0. T represents the changing time, thus,
x¢ is the degradation state at the changing time. A1, A, and 07, 0 represent the drift and
diffusion coefficients of each phase, respectively. Meanwhile, y1(p; 91) and 2 (p — 7; 92)
are nonlinear functions with time t and unknown parameters 91, ¢, which are used to
describe the nonlinear characteristics of X(¢). B(t) denotes the standard Brown motion.
For simplicity, we assume that the abovementioned parameters are independent of phase,
meanwhile, the two phases are independent of each other [33].

Owing to the dynamics of {B(t),t > 0}, the temporal variability of Equation (1)
could be described. Such a modeling approach has been widely applied to character-
ize the stochastic degradation process of dynamic systems [27]. Further, we assume that
A1~ N( ylp,alzp) and Ay ~ N(pzp, azzp) to describe the unit-to-unit variability, and they
are statistically independent of {B(t),t > 0}. Moreover, ¢y, 9, 01, 0, are fixed parameters
used to characterize the common degradation features of all systems from the same batch.
In addition, due to the influence of the dynamic environment and the non-ideal instru-
ments, the obtained observations inevitably contain noise. Therefore, to characterize the
measurement variability between observed values and the true degradation states, the
degradation measurement process {Y(t),t > 0} is formulated as follows [25,37],

X(t)+e, 0<t<T

Yt = {X(t) +e, t>7T @

where €1, €5 are the measurement errors of each phase, and assumed to be independent
and identically distributed (ii.d.) with &; ~ N(0,0%.) and &, ~ N(0,03,), respectively. It
is further assumed that the measurement errors are independent of X(¢).

Generally, the lifetime is usually defined as the FPT when the degradation process
exceeds the preset failure threshold w [40]. Based on the concept of FPT, the lifetime T of a
degrading system can be defined as [19],

T =inf{t: X(t) > w|X(0) < w} 3)
Then, the expression of RUL at the current time #; can be defined as [25]:
Ly =inf{ly > 0: X(tx +I}) > w} 4)

where [} represents the time from f; to the failure time, L is the RUL with conditional PDF
ka\YLk(lk Y1), and Y is the observations up to ty, i.e., Y., = {y1, Y2, - - , Yk }-
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3. RUL Estimation with Three-Source Variability
3.1. RUL Estimation with Temporal Variability and Unit-to-Unit Variability

Initially, we only consider the temporal variability in lifetime estimation. In this case,
the degradation process {X(t),t > 0} described by Equation (1) could be directly observed.
If the changing time and all parameters in Equation (1) are known fixed values, the PDF
of the lifetime T, which only considers the temporal variability could be summarized as

follows [33,34],
1ifo<t <,
fr(t[Ar) .
L Ww—xo—M (fot H (P;ﬁl)dpftm(l‘ﬂ’l)) (W*XO*AJ& F‘l(P?&l)dP) (5)
- \/27'[(712t3 eXp |- 202t
Q)ift <t

W—xr—Ay (th yz(p—r;ﬂz)dp—(t—‘r)yz(t—r;ﬂz)>
t|A,y, =
fT( | 2 XT) \/ZHU%(f—T)S

6
(w—xr—/\sztHz(P—T?ﬁz)dP>2] ©)

X exp | —

205 (t—7)

It is noticeable that the randomness of all parameters is neglected in Equations (5) and

(6). For the two-phase degradation process with a random changing time, the degradation

state at the changing point is usually unknown and could be obtained through a transition

probability density from x( to x; under an absorbable boundary w [31]. Thus, taking into

account the unit-to-unit variability and the randomness of the degradation state at the

changing point jointly, the PDF of the lifetime T could be obtained via the law of total
probability as follows,

fr(t) = fjc:ofT(tMl)p()\l)d/\l/ 0<t<Tt @)

[ (72 fr(tAg, x0) p(A2)he(xr|A1p, 01p)dAodxe, t>T

where hr(x|A1p,01p) is the transition probability density function considering the ran-
domness of the first phase model, i.e,, A; ~ N (Alp, (lep).

Then, according to the relationship between the lifetime and RUL [19,25], the PDF of
RUL that considers both temporal variability and unit-to-unit variability could be derived
as follows,

Theorem 1. For the two-phase nonlinear degradation process in Equation (1) and the definition
of RUL proposed in Equation (4), given the actual degradation state x; at the current time t;
and Ay ~ N(Aqp, alzp),/\z ~ N(Azp,03,), the PDF of RUL with a certain changing time T
considering the temporal variability, unit-to-unit variability and the random degradation state at
the changing point jointly can be formulated as,

Case 1: The current time ty is smaller than the changing time T (i.e., ty < T)

: 2 . [w Xk~ ( tika 1 (e; 01)dp — Lepa (b + I 191))
\/27rlk2 ((.f[lk+lk 1 (s )dp) 012p+0.121k>
2
(W7xk)(712”f*;k+lk 11(0;01)dp+Ap07 1y exp (wixkf)‘lp.ft;kﬂk 21 (P;ﬂl)dp)
2 - . 2
(i (pidn)de) -+t 2((1:2”“ 1 (o591)dp) v%,,+a%1k)

S—T, T <+t

O<lh+t <7

®)

where S =51 — Sy, T =Ty — Ty, and
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_ " (A2 —Apa
51 = \/27t(tk+lkr) 202yt ex p[ 1722+c7ﬁ2)}

Jmtsriads o dpivoiads \ | B (et
7 7
T t0p 022052 (00 +0F,) Tt 0305 (02,+0%))
A Ag202,+Ag203
Sp = rbzz exp|— (az ;32) <1 _of— ﬁzaz AZﬁz
2t (t+1I—7) (Ua2+17/32) 2+L7ﬁ2 2, ﬁZ( u2+‘7/32)
i (A2—A2)
Ty =1 x ) ex =AMy
1 2 \/27I(tk+lk—r)2(0§z+aéz) P|— 2(022+Uﬁ2)

y /\720,,%2-4-/\042‘7%2 % P )‘72‘732"‘)‘“2‘7;%2 + ‘752‘7;232 ) ’\72‘70%2"'/\%2‘7;2
R p— B e e e 2 2 R R e e
T2t T2 (05 +03)) %2t 00275 (0 + %))
2 A A A 2(72 +A 2(72
T, =1 x o exp — e 2 - -
27t (t+l—7) (aﬂﬂf&) 2oz + ﬁz) %2%2(%2+%2)
e+l T
Aoz = Agp [ u2(p — T3 02)dp, App = w — xi = Ay [, 1 (i 01)dp,

2w—x)e3, i i (it )dp

2 7
71

fol 2 2
0%, = o3, (i o = T 02)dp) + ot + I — 7),0%, = oF, ([ (o 0)dp)” + o3 (T — k),
(tetle—T) ((T%-HTzzp#z(fk+lk—T;l9z)ffk+lk ﬂz(P—T;ﬂz)dP)

Ayp = —w+xp — /\lpft: pa(p;B1)dp —

rﬂZ - 172 7
2 a2
(et e—1)03 (Aaa—=Agp (e + =) pa (e H i —T382) )
rbZ - 0.2 7

a2
I, = exp p(0-x) | 2<(w_x")2‘7ﬁ’f?; ”1(p”91)dp+(w_x’<)z‘712p‘712)
= ; :
v (o3+03, Ji 1 (301 )dp) ot

Case 2: The current time ty is larger than the changing time T (i.e., tj, > T).

fully) = 1 X [ w— Xy — (ftﬁlk P—T; 192)dP—lkﬂ2(fk+lk—T;l92))

b+l 2
\/ankZ((ftkk kyz(p—‘[‘;ﬁz)dp> U'Zp-‘r(lek)

t+1 e+l 2
”%,;(w_xk)ﬁkk k112 (=302 ) dp+A2p 021 (w*xk /\Zthkk K pa(o— T”z)@)

©)

X exp | —
b+l 2 t+l
73, (ftkk ¢ F‘Z(P*T?‘%)dp) +o3ly ((ftk K pa(p— Tﬁz)@) ‘72p+‘721k>

Proof. See Appendix A. [J

It is worth noting that the aforementioned results assume that the degradation state x;
could be directly and accurately observed. However, measurement errors are inevitable
in practice. Therefore, to consider the impact of measurement errors, the measurement
variability should be incorporated into the RUL estimation results of Theorem 1.

3.2. RUL Estimation Considering Three-Source Variability

Owing to the influence of measurement errors, the true degradation state x; at the
current time f; is unknown. Therefore, we assume that x; ~ N (£, Pj) and x; could be
updated based on the degradation observations Yy, = {y1,¥2,- - - ,yx} via the updating
procedure proposed in Section 4.3. Then, the PDF of RUL with three-source variability
could be derived based on x; ~ N(%£, Pjx) and Theorem 1.
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Theorem 2. For the two-phase nonlinear degradation process in Equation (1) and the definition of
RUL proposed in Equation (4), given the degradation observations Yy up to the current time ty,
the PDF of RUL with a certain changing time T considering the random degradation state at the
changing point and the three-source variability simultaneously can be formulated as follows,
Case1: tp < T,
Difty <tand 0 <+t <7,

b+l N
(w*/\lpff,f k ﬂl(ﬂnh)dp) Prjto1 ()2 i
Pk|k+v1(lk)

L Yip) &
kalYl;k(k' 1) \/27le2 () (P01 () (10)

. ot 2
(vaxk\k*/\lp]tkk H (P;ﬁl)dp)
Z(Pk‘kJrU] (lk))

Ml_Nl X

Xexp —

where

Ul(lk) — ( te+lk Vl(p/ ﬂl)dp> Ulp =+ Ulzlk,
My = woy(I) - (walpft” “pa(p;01)dp + Ao lk) (ftwlk p1(p; 01)dp — Iepa (b + I 191))/
Ni = vi(l) - 3, tthrlk 1(p; 191)dP< 0 1 (03 91)dp — Lo (1 + lkﬂ‘f’l))

Q) if t <+t
ka|Y1:k (lk‘yl:k) = Spew + Thew (11)

where

Snew =
\/27r te+—7) 2( a2+aﬁ2

02, Pk 5P
ds ex 22 _ 5% ik, °sPkik
S p Zank‘k—k b xklk es— szk\k bg bg

X exp 2(bs+P
k‘k (b k‘k) \/fs 1+ "'k +0§zpk\k<1+ b‘ )
+o0 (as—x;) M es =0
ZHPka ( { s } X (csxg) X exp[ bran } X cI>< fs2 ))dxk
2
w272 1 1 1 ap | (L Listi)”
+ﬁ " (W“p( bas) <o |-Gty

! 2 2
02, = ‘722p <ftk+ “ua(p — T.ﬂz)dp) + 02 (b + I — ),ng = alzp (ft; 1 (p; ﬂl)dp) + 02 (T —ty),
(1) (B 03, o (il —30) 36 pia (01382 )

Ta2 = 0.2 7
(=)0 (A2p S35 a (p—T:82)dp— Ao (il —T)pa (il —T:92))
th = 0.2 7
—w—A 81)dp — Ay [V a0 — 73 02)dp, bs = %y + %, 5 = —rep X 2
as=w — 1pft 11 (po; 1) 1Y 2pf P T;%)dp, bs (7“2"“7/32/‘35 Ta2 X o) +¢7§2’
_ . +l _r 2
dg = 1o ¥ (= f 11 pﬂl)dp)”ﬂ*ﬁ(/\zf’” Ealp—nita)do)ofy vy
A2+0'
+

es = (w Alpft I p,ﬂl)dp> 02, + (Azpf (-1 ﬂz)dp) mlfs = \/ (Tﬁz ,X2+cflg2)
Lis = fa+bsat, b = as fi+bses oy, 2o — adf2+bsed  (asfi+bsesod, )2

bsfs ' bsf3(fa+bscdy)’ bsfs \/bsfg(fgﬂﬂsﬂfz)

and
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4wbg (Alp‘leJr‘T]ZpZ”) —c%af
p 2bgod
%1

\/27I(tk+lk7T)2(0'§2+0'§2)

Tnew =

2
D2..P, DyphpPy  Di7gTP

. 21 Pk 2 27T Pk | P18 Prk
2Dor R+~ —Dirfy, bt g

fr
—————exp
Dy7Pyx 2(bs+D11Pyx) DyTP,
14 2T e 2 (1. PP\ o 1P
T fs 1+ g )JrhTPk\k(H g )

e
- f+°°{exp[ Six? + B Xk} x (erxy) x exp [(szp},:kkk) } X <I>(37T+fg’”k) }dxk

n T2 « [ { 1p } % 1 (Ror—Riryge)®
Y ——exp|—5 xXp | —
a2 0% +03, Var SXP| T2 RZ Py +1 exp 2(R3 Ppt1)

gT+thk| +

X D

202 2002 +4wo? 4 2wof, [ p1(p;01)dp
ﬂT:?f/bT TPCT—ZU"‘)\lpft 11(0;91)dp + Aoy [ o (p — T 192)dp+’1,—12

01 +2(71 ftT "1 (P/ﬂl)dp 7:120' 2\ 01 +201 ft H1 Prﬁl)dp
dr = It , D7 = d% — 2arbs, Doy = crdr — bsbr, er = ( . ),

o 7 ( a2+0ﬁ2)
2002 [T g (0391 )dp
<7w%1pf; m(p;ﬂl)dpfl’”ﬂT 02+ A2y [T (0t dp
fT = 1’,12 X U§2+022 - rbz,
2wy, [ir 1 (0;61)dp
_ T . IpJt / te+l k .

8T = (—w = Ap Jy, 11 (ps 01)dp — ’2,12) v+ A2p ﬁzf 2(p — T 82)dp,

2 2 2 (T . 2

hr — Uﬂ(‘Tl +201Pffk ”1(p’l91)dp> Rom — DirfE+bsh Ror — Dot f§—bsgrht Rar — g% (Darfé—bsgrhr)
T 2 s IN1T bef2 s N2T 2 > 2N/ 3T 2 bef2(D 2 hehi2
of sf3 \/bsf2(Drrf3-+bsh3) fs bsfi(Dirfi+bshi)

Case 2: if T < ty,

in- (lkYZ:k) » !
“’*"prtkk K g (p=i09)dp ) Ppeva () Sy . 2
2~ Nax P02 (lp) w_fk\k_)‘Zfo:(+ k Vz(p—T;ﬁz)dp) :| (12)

B \/ank k) (Paxt+v2()) X exp |:_ 2(Pyetv2(lk))

where

2
va(l) = ( il (o — T'ﬂz)dp) 03, + 031k,
My = wuvy lk (wazpft L ‘uz — T, ﬁz)dp + /\zpazzlk) (ft L }12 0P—T, 192)171‘0 lk‘uz(tk + lk — T, 192)) .
Ny = va(l) — aprttk+lk 20— T; dP(ftk+ “ua(p — T 02)dp — lpo (e + Ik — T 02))

Proof. See Appendix B. [
In addition, it is worth mentioning that the changing time of the above results is a fixed

value. In the case of three-source variability, considering the randomness of the changing
point 7, the PDF of RUL could be derived as follows [31],

+0c0
L) = [ fullde) p(o)de (13)

where p(T) represents the PDF of the changing time 7. Equation (13) could be solved by
some numerical methods.
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4. Model Parameter and Degradation State Estimation

Before conducting RUL prediction, the unknown model parameters should be iden-
tified first. Considering the common characteristics of devices from the same batch and
the individual features of the specific operating device, the offline and online methods are
adopted jointly to identify the model parameters. Firstly, based on the historical obser-
vations of devices within the same batch, the MLE method is used for offline parameter
estimation. Then, the changing point detection method is constructed on this basis. Fi-
nally, according to the real-time monitoring data of one specific operating device, the
online updating procedures of the model parameters are realized via the Bayesian rule and
KF algorithm.

4.1. Offline Parameter Estimation

In this subsection, we mainly focus on the estimation of the unknown model param-
eters, which are denoted as @ = {1, 01, 81,01, 01¢, A2p, 02p, 02,02, 02¢ . Among them,
A1~ N(Aqp, (lep), Ay ~ N ()tzp,(fzzp) are random variables that describe the unit-to-unit
variability, and 01, o1, 01¢, %2, 02, 09, are deterministic parameters that depict the common
degradation features of devices from the same batch. It is noted that T will be estimated via
the changing point detection method in Section 4.2.

It is assumed that the historical observations of N devices within the same batch are
known, i.e., Y.y = {Y1, Y2, - -, YN}, and the corresponding actual degradation state data
is denoted as X1.y = {X1,Xp,---,Xn}. The observations Y, = {yn0,Yn1, - »Ynm, } of
the n—th device are measured at time {t,0,t,1, - -, tnm, } and m, denotes the available
number of the observations. We define that the measured increment of the n-th device is
AYnj = Ynj— Ynj-1, wherej=1,2,.-- my. Thus, AY, = {AYn1, DYnp, - -+, AYnm, }. For
simplicity, the time interval is assumed to be a constant, i.e., At = tnj— tnj-1- Suppose
T, denotes the changing time of the n-th device, and it is assumed that T, = 1,/At €
{0,1,...,my} denotes the changing point location for simplifying the later calculation.
Scilicet, the changing time 7, only appears at the measurement time {t, 0,51, , tum, }-
As a result, AYy, = {Aynrl,Ayn,z,- . ,Aynfn} represents the measured increments in
the first phase, and AY,, = {Ay, 7,11, AYnz,42, " AYnm, | represents the measured
increments in the second phase.

According to the definition in Equation (1) and the properties of the Wiener process,
the measured increments AY;, = {Ay, 1, AYn2, -+ , AYn,m, } follow the multivariate normal
distribution with expectation and covariance matrix as follows,

if0 < tn,j < T,
E[AY1,] = MpATry, B1y = 07,AT1,AT 1, + (14)

lf tn,]' > Tn,
E[AY2,] = AgpATay, Egy = 05,AT2, AT 2 + O (15)

where Oy, = 02D1, + 03Py, Qpy = 03Dy + 03Py,

1 -1 0 0 1 -1 0 0
1 2 -1 1 2 -1
Piu=109 -1 2 "~ o0 Pu=19 -1 2 . 0
P PR | P Lo 1
L0 0 L e L0 0 o mh2 ] (=) X (=)

tn n, n,m
ATy, = [fo (o 01)do, [ i (03 1)dp, ft,,m 2 pfﬁl)dp]
!/
AT, = [ tn”;"“ u2(o — T;92)dp, ft””;’flz ua(o — 7;92)dp, ... ftf,”,:”] —-T; 192)dp}

Dy, = diag(At, 1, Atyp, ..., Atyr,), Doy = dzag(Atn/TnH,Atn,THz, .. Atn,mn)
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Thus, the log-likelihood function of © could be expressed as follows,

In(0[Y1.n)

N N N
In(2 ~ -

= 2L Ti—g L InjZi| = § T (AVy — ApATi) Z,) (AYyy — AqpATy,) (16)

n=1 n=1 n=1
n@2r) N 19 1 N A g1 A
——2 Zl (my — Tn)_j Zl n|£2n| ) 21 (AYy, — ZpATZ‘n) Ezn (AYZH - ZpATZn)
n= n= n=
To facilitate calculation, let 07 = 0%/ ‘712;;'&129_ = o2/ Ulzp,fln = X,/ Ulzp, and
& = 03/05,05 = 05/05, 0 = Zu/05,. Then, the log-likelihood function in

Equation (16) could be written as,

nen) &~ mef, N N 1 N a1
ln(@|Yl:N) - T 72 Zl h— 3 Zl n— 72 21 11'1‘217: _ﬂ Zl (Ayln - AlpATln) Z:111 (Ayln - AlpATln)
n= n= n= pPn= (17)
N Ino2 N N . N 1
In(2 ~ ~
L L (= %) = 7% L (= %) = 3 & In|Tan |~ 1 (8Van = A2pT20) By (Ao = AapATa)
n= n= n= Pn=

Under the framework of the MLE algorithm, taking the first partial derivatives of
In(@|Y1.y) with respect to A1, and alzp, respectively. Then, the MLE of A1y, O’lzp could be
obtained by setting these two derivatives to zero.

N ~—1 N A ~—1 N
Z AT,lnzln AYy Z (Ayln - AlpATln)/Zln (Ayln - AlpATln)
;\ _ n=1 6.2 _ n=1 (18)
=N 1 Clp N _
Y AT,lnzln ATy, Y Tu
n=1 n=1
Similarly, the MLE of Ay, ‘722;: could be obtained as,
N N ) a1 A
21 AT ZnZZn AYoy 21 (AYZn - /\ZpAT2n) ZZn (AYM - /\2pAT2n)
5 n= A2 n=
/\Zp - N 1 /UZP - N _ (19)
Zl AT’anzn ATy Zl (mn - Tn)
n= n=

However, the results of A4 pr 6712p and }\zp, 0’22p still contain the unknown parameters,
ie., 191,5’12,5'128 and 192,522,5'22£. Fortunately, the MLE of these parameters could be calculated
based on )Atlp, ﬁ%p and )Atzp, ﬁzzp.

Since the two phases are independent of each other, thus, substituting Equation (18)
into Equation (17), the profile likelihood function of ¢, (712, ?7128 according to ;\1 pr &fp could
be expressed as follows,

o n(2m) & 1n&12N~ 1y 1N ~
InL(81,02, 52 |AY1,) = — (2 ) Y T - 5 pZTn_EZTn_EZIH‘ZM
n=1 n=1 n=1 n=1

(20)

Similarly, by substituting Equation (19) into Equation (17), the profile likelihood
function of ¥, (722, 55} according to Az, 622p could be e formulated as follows.

~ N ~ N 21
(my, — Tn) - % 21 (mn —Ty) — % len’ZZn 1)
n= n=

N
= L (i~ ) — 7

n=1

InL(8,03,05.|AYa)
Inog, N
n

=1

The MLE of ¢4, 512, ﬁlze and ¥, 522, ’&228 could be obtained through a multi-dimensional
search, which is implemented by the “fminsearch” function in MATLAB.

Then, substituting the MLE of 191,512,5128 and 9, 522, 5225 into Equations (18) and (19),
respectively, the final estimates of )tlp, ‘lep and AZp/ ‘722;7 could be obtained. Then, the MLE
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~2

of ¢y, 01,01 and 8, 07, 02¢ could be calculated via inverting the relations 07 = 03 2/ (Tlp,
~2 2

0y, = ‘715/‘71;; T, = Zln/U'lp and o 02 =0y /0’2p,0'2€ = azg/azp,zz,q = ZZn/Uzp, accordingly.

4.2. Changing Point Detection

For the two-phase nonlinear degradation process, changing point detection is crucial
for parameter estimation and RUL prediction. It is assumed that the changing time is
a random variable and follows the normal distribution, i.e., T ~ N(j, 0 ) Then, for a
specific operating device, the log-likelihood function of T can be formulated as follows,

In L( AYn) = ~T 11’1(271’ 11’1’21,1 (Ayln )LlpATln)/anl(Ayln — AlpATln)
— M In(271) — 3 In| oy | — 3 (AYay — AgpATay) Z5, 1 (AYay — AgpATo,)

(22)

where AY,, = (Ayy1, AYnp, -, Ayni).

Similar to the offline parameter estimation process, the MLE of the deterministic
parameters and the expressions of )A\lp, ﬁlzp, )A\zp, @'zzp could be derived. Then, by substituting
these MLE values and expressions into Equation (22), a log-likelihood function that is only
related to the changing point location 7, can be formulated. Thus, the optimal changing
time 7, of the n-th device could be expressed as follows,

1, = At x argmaxIn L(T,|AY;) (23)

Tn

On this basis, maximizing In L(7,|X,) by enumerating all possible values of T, the
optimal changing time %, could be obtained.

In addition, for a specific operating device, if t; > 1, at the current time t;, the
changing time has appeared and is a certain value. However, if t; < 1,;, which means that
the changing point has not appeared and is an unknown random variable. Consequently,
we need to update its distribution. In this case, the above-estimated value ¢, can be treated
as the observations of the changing time. Then, the mean and variance of T could be
formulated as [33],

SR SR YT (24)
- X7 n/Vt — NT n— MUt
anl anl

4.3. Online Implicit State Updating

For the RUL estimation with three-source variability, the random drift coefficients
A1, A2 and the underlying degradation state x; need to be updated jointly based on the
observations. In practice, the posterior estimates of the drift coefficients have little effect
with xj [24]. Without loss of generality, it is assumed that they are independent of each
other. On this basis, the update mechanism of implicit states could be conducted through
two steps: firstly, the random drift coefficients are updated by the Bayesian method, and
then the KF algorithm is adopted to update xj.

As to a specific operating device, if the current time is t;, the degradation obser-
vation is denoted as Y1.x = {y1,¥2,- - - , ¥k}, and the corresponding actual degradation
state is denoted as X1 = {x1,x2,- -+, x;}. It is defined that the observation increment is
Ayi =Y —Yj-1, and the time interval is Atp=ti—tiq,j=1-- k. If t; < 7, all the obser-
vations Yix = {y1 Y2 ---,yx} can be wused for model updating, thus,
AY, = {Ay1, Ay, -+, Ayx}. Meanwhile, let AT, = ft #1(p; 81)dp, and we have
ATy = {ATy, ATy, - - -, AT }. Whereas if t; > 7, only the observat1ons in the second phase
could be applied, i.e., Yir = {v# Y711, - Yk}, thus, AYy = {Ayz.q, Ayz40,- - -, Ayg }. Let
AT, = fti’i] t2(p — T;92)dp, and consequently, ATy = {ATz,q1,ATz,5,- -, ATy}

To update the drift coefficients, let A1;,0, 01,0 and Az 0, 02p0 attained in Section 4.1
represent the prior values of A1 and A;, respectively. Then, according to the Bayesian
rule [24], the following results could be obtained,
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if tk S T,
M| Y1k ~ N(Ap i Ulzp,k) (25)
where .
N AT,kQI; AYkglzp,O + )\1?,0 5 U12p,0
= , 0 ==
AT ATV AT 0, + 1 PR AT AT, 0 1
iftpy > 7,
MY ~ N(Agp i, 03, 1) (26)
where )
AT QT AY - agp,o +A2p0 azzpro
/\Zp,k =

Tk =
AT AT 03,0 +1 2P AT O AT, 03, +1

To update the underlying degradation state, i.e., xx ~ N(%, P), the state and
measurement formulas in Equations (1) and (2) should be converted into discrete time
equations. In this case, a general state space model is constructed as follows,

{ Xk = Xp_1 + A1 AT + vg 27)
Yk = Xk + Esk

where s = 1,2 denotes the phase. If ty < 7, thus, s = 1, vy = 07(B(tx) — B(tx_1)),
vr ~ N(0,0?At), and ¢ ~ N(0,02,). Whereas if ty > T, we have s = 2, v =
o2 (B(ty — ) — B(ty_1 — 7)), vx ~ N(0,03At), and & ~ N(0,02.). In addition, it is
assumed that {vy };~; and {4}~ are independent of each other.

The KF algorithm is adopted to solve Equation (27). For x; ~ N (Rkpkr Pryge), if
ty < T, we define £, = E[x¢|Y14, @] and Py = var[xg|Y1x, 0], if t > 7, we define
Rk = E[xx|Yz 114 O], P = var[xx|Yz 14, ©]. Then, the KF process could be summarized
as follows,

State estimation:

Rk—1 = 11 + Aspx—1ATx
Rk = Rape—1 + KE) (v — Repe—1)
K(k) = Pt (P +02) "
Pejk—1 = Pe_jk—1 + 02 (b — 1)

Variance update:
P = (1 — K(k)) Pj—1 (28)

where s = 1,2 denotes the phase, when s = 1, A1, ;1 could be obtained based on Equa-
tion (25), when s = 2, Ay, x 1 could be obtained based on Equation (26). In addition, the
initial values of £y, Py are set as %99 = 0, Py = 0 based on xy = 0 in Equation (1).

Iterating the above KF process step by step, the posterior distribution of xj could be
solved analytically. Based on the implicit state updating results, the RUL estimation could
be conducted.

5. Case Study

To verify the feasibility of the proposed method, a numerical simulation and a practical
example of the high-voltage pulse capacitor are provided. For performance evaluation,
the prediction results of the proposed method are compared with the two-phase nonlinear
degradation model considering unit-to-unit variability (Lin’s method) [33], the two-phase
linear-nonlinear degradation model with measurement errors (Chai’s method) [37], and
the traditional single-phase nonlinear degradation model with three-source variability
(Zheng’s method) [25]. The implementation details of the experiment are as follows.

5.1. Numerical Example

In this subsection, we focus on validating the effectiveness of our method for parameter
identification and RUL estimation. For illustration purposes, the following power model
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is applied to define the nonlinear integral term in Equation (1), i.e., fot pu1(p;01)dp = th,
/. Tt Ha(p— T;02)dp =(t — T)bz. This kind of power function has been widely used in existing
literature [22]. Similar to the work of Feng et al. [20] we adopt the state space model to
generate the simulation data and the parameters are given as: Ay, = 1.2, 07, = 0.2,
by =15, 01 = 0.05, 01 = 0.3, Ay = 1.5, 03, = 0.25, bp = 1.4, 7 = 0.08, 0. = 0.4 and
the distribution parameters of the random changing time, i.e., yr = 50, or = 2. On this
basis, we generate 100 sets of degradation trajectories with random changing time, drift
parameters, and measurement errors. Figure 1 shows several typical degradation paths
of the sample, and it is observable that the degradation paths exhibit obvious two-phase
nonlinear deteriorating patterns.

1200 T

1000 |

800 +

600 1

400 -

The degradation path

200 -

0 20 40 60 80 100
Time

Figure 1. The simulated degradation paths.

Next, the unknown model parameters are identified based on the changing time detec-
tion and parameter estimation methods proposed in Section 4. The parameter estimation
results with different sample sizes are detailed in Table 1. It can be found from Table 1 that
the obtained results could gradually approach the true values as the size of the degradation
paths is increased. In addition, the histogram of the detected changing time based on
100 sample paths is presented in Figure 2 and it manifests that the estimated changing
points are concentrated around ¢ = 50, which are very close to the true value of y;. Thus,
the effectiveness of the offline parameter identification method is demonstrated.

Table 1. Parameter estimation values with different sample sizes.

Size A1y o1 o1 01e b1 Az oy [} 02 by He ot
n =10 1.3279 0.3370 0.0450 0.2963 1.4994 1.6560 0.2851 0.0972 0.3967 1.4027 50.5800 1.6302
n =50 1.2559 0.2500 0.0518 0.2983 1.5002 1.4794 0.2557 0.0973 0.4000 1.4016 49.6180 2.1199
n =100 1.2243 0.2311 0.0505 0.2995 1.5001 1.4865 0.2482 0.1041 0.4024 14017  49.7400 1.9923
True value 1.2 0.2 0.05 0.3 15 15 0.25 0.08 0.4 14 50 2

For the online parameter and the underlying degradation state updating, we chose
one specific degradation path from the above-presented 100 degradation trajectories and
the true drift parameters are Ay = 1.1133, A, = 1.4690, and T = 51.4 as shown in Figure 3.

Then the changing point detection procedure is applied for the online path, and the
estimated changing time is 51.3, which is very close to the true value. Meanwhile, the
parameter estimation results of n = 10 size in Table 1 are used as the prior information,
when newly observed data are coming, the hyper-parameters of the drift coefficients and
the underlying degradation state could be updated via the methods proposed in Section 4.3.
Figure 4a shows the parameter updating process, it could be observed that the parameter
updating curves could gradually approach the true values. Furthermore, it is clear from
Figure 4a that as the observations accumulate, the values of 71, and 0, are gradually
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decreasing, which means the uncertainty of estimation is reduced. In addition, Figure 4b
presents the comparison of the predicted underlying degradation path and the observed
degradation path. It is clear from Figure 4b that our degradation state updating method
could track the actual observed degradation state well.

0.12

0.1r

g

=}

2
:
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Time

Figure 2. The estimated changing time of 100 degradation paths.

800 T T T :

600 | 1

The degradation path
g
f==]

200 1

0 1 L 1 L
0 20 40 60 80 100

Time

Figure 3. The online degradation path.
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Figure 4. The online updating process. (a) The parameter updating. (b) The underlying degradation
state updating.

Based on the results of the parameter identification process, the PDFs of RUL esti-
mation at different observed time points could be obtained, as shown in Figure 5a. It is
worth noting that the preset failure threshold w = 570, thus the actual lifetime is T = 80.
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It can be observed from Figure 5a that the PDFs of RUL estimated by our model are
closely distributed around the actual RUL values, verifying that our proposed method
could effectively estimate the RUL of the two-phase nonlinear degradation process. For
comparative purposes, we further obtained the mean RUL prediction results of our method,
Lin’s method [33], Chai’s method [37], and Zheng’s method [25], as shown in Figure 5b. It
is observable from Figure 5b that the mean predicted RUL of our method is more accurate
compared to the other three methods. Additionally, the mean RUL prediction curve of Lin’s
method [33] is relatively stable due to the degradation model they constructed considering
two-phase nonlinearity. However, since they ignored the measurement variability, the
deviations of their mean RUL prediction curve from the actual values are bigger than
our method. Furthermore, the mean RUL curve of Chai’s method [37] in the first phase
has large bias, but it gradually becomes accurate in the second phase. Because Chai’s
method [37] only consider the nonlinearity of the second phase. In addition, the deviations
between the mean RUL prediction curve of Zheng’s method [25] and the actual RUL are
the largest among the four methods in the first phase, especially near the changing point
where the deviation is more pronounced. It is mainly because the degradation model
they constructed is single-phase, which is insufficient to describe the two-phase nonlinear
degradation process effectively. It is interesting to note that after the changing point has
appeared, the deviations of Zheng’s method [25] gradually decrease as the observations
accumulate. The reason for this phenomenon is that the degradation trajectory is equiv-
alent to a single-phase nonlinear degradation process after the changing point appears,
thus, Zheng’s method [25] that considers three-source variability simultaneously could
effectively fit the degradation process.

100

-0 - The actual RUL : — ‘
— actus
--» - The estimated RUL X g;‘: :éfﬁlgm
0.6 80 - —4—Lin's method
~—m—(Chai's method
,_1 —#— Zheng's method
= = 60+ RS
e = e
E e N
= = 40 2
\\\
S
20 N
100
N . - ;v,,.:_—"'"'vw- < 0 L L I L L L I
Time 20 Ty, RUL 0 10 20 30 40 50 60 70 80
0 0 Time

@) (b)
Figure 5. The RUL prediction results. (a) PDFs of the RUL. (b) The mean RUL of the four methods.

For performance evaluation, two metrics are employed to evaluate the performance of
RUL prediction among different methods, including the mean square error (MSE) [22] and
the absolute error (AE) [37]. The MSE at each observation point could be defined as follows,

+oo

2
MSEy :/0 (e — 1) ka\lek(lk‘lek)dlk (29)

where l~k denotes the actual RUL at f, and f |y, (1 k‘lek) is the corresponding conditional
PDF of the RUL estimated by Theorem 2 in Section 3.2.

The second metric is the AE of actual RUL and the estimated RUL at each observation
point, which could be represented by
AE; = [l — I (30)

where [ denotes the estimated RUL at f;.
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It is noted that in both criteria, the smallest value of MSE and AE corresponds to the
best RUL prediction result.

The following Figure 6 presents the comparison results of the four methods. It can
be seen from Figure 6a that our method provides smaller MSE values than the other three
methods. Additionally, the AE values of our method in Figure 6b are also the smallest
of the four models. The comparison results of these two criteria indicate that our RUL
prediction method could effectively improve the prediction accuracy of RUL. Moreover, it
can be observed that the MSE and AE values of Zheng’s method [25] are the largest of the
four methods near the changing point. Because the single-phase nonlinear degradation
model constructed by Zheng’s method [25] did not consider the impact of the random
degradation state at the changing point on RUL estimation, and cannot estimate the RUL
of the two-phase nonlinear degradation process well. In addition, Figure 6¢c compares the
PDFs of the RUL distributions derived from our model with the other three methods at
time 40. It is clear from Figure 6¢ that our method can cover the actual RUL well, which
reflects the superiority of our method. Moreover, it can also be observed from Figure 6¢ that
the PDF curve of Zheng’s method [25] cannot cover the true value of RUL well, revealing
that the bias of RUL predicted by Zheng’s method [25] is very large in the first phase, which
is consistent with the previous results of MSE and AE. It is noteworthy that the units are
omitted in Figures 1-6 since the degradation data are generated via simulation.

240 20 1.2 T T
—&— Our method ——Our method

—4— Qur method
200 ~#+ Lin's method || —#—Lin's method L Lin's method
—=— Chai's method 16} —#— Chai's method Chai's method
—— Zheng's method —+— Zheng's method —— Zheng's method
160 0.8 The actual RUL

Estimated RUL by our method
Estimated RUL by Lin's method
Estimated RUL by Chai's method
Estimated RUL by Zheng's method

0.4 {‘\ ! (,ﬂ,’

120

PDFs of RUL
*uep

MSE of RUL

Absolute error of RUL

20 30 40 50 60 70 80

Figure 6. Performance evaluation of the RUL prediction. (a) MSE of the estimated RUL. (b) AE of the
estimated RUL. (c) PDFs of the estimated RUL at time 40.

To quantitatively compare the RUL prediction performance of our method with the
other methods, we further employ three evaluation metrics. The first metric is the total
MSE (TMSE) [19], which is defined as the sum of the MSE at each observation point over
the whole life cycle. Videlicet, if there are m observations, the TMSE could be formulated as,

m
TMSE = ) . MSE; (31)
k=1

The second metric is the mean absolute error (MAE) [41], which measures the average
absolute deviation between the predicted value and the actual value. The MAE could be
represented as,

m
MAE = 1 Y AE; (32)
M
where AE} is defined in Equation (30).

The third metric is the cumulative relative accuracy (CRA) [27]., which evaluates the
relative prediction accuracy of the RUL over time, and could be defined as,

_ I Ak
CRA_mZ< ~> (33)

k=1 li
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For these three quantitative metrics, the smallest value of TMSE and MAE corresponds
to the best RUL prediction result, in contrast, a higher CRA value that approaches to
1 indicates higher RUL prediction accuracy. Then, the subsequent Table 2 shows the
comparison results of the estimated RUL based on the three metrics mentioned above. It
can be found from Table 2 that compared with the other three methods, our method has
smaller TMSE and MAE values, whereas a bigger CRA value, which indicates that our
method has higher accuracy in RUL prediction.

Table 2. Comparison results of RUL prediction based on TMSE, MAE, and CRA.

Metric TMSE MAE CRA
Our method 1.2030 x 10* 0.8634 0.9653
Lin’s method [33] 2.3221 x 10* 3.7415 0.8795
Chai’s method [37] 3.1273 x 10* 3.9529 0.8976
Zheng’s method [25] 6.9231 x 10* 8.3726 0.8037

Overall, the numerical simulation results demonstrate that the proposed prediction
RUL method considering three-source variability and two-phase nonlinearity is effective,
and could improve the estimation accuracy.

5.2. Practical Application

In this subsection, the data of high-voltage pulse capacitors are utilized to illustrate our
approach [39]. High-voltage-pulse capacitors can be utilized for electrical energy storing
and releasing, which are often encountered in pulse lasers, radar, and particle accelera-
tors [34]. It is well known that capacitors and batteries can form hybrid energy storage
systems, which are commonly used as energy sources for hybrid electric vehicles [42—44].
However, the unit-to-unit variability mentioned in this work is defined as the heterogeneity
between different units in the same batch of identical devices [33,34]. Therefore, if degrada-
tion modeling with three-source variability is based on the degradation data of different
types of devices, such as capacitors and batteries, the basic premise for the unit-to-unit
variability is not satisfied. In addition, if the research object is a system composed of batter-
ies and capacitors, it is another topic of RUL prediction, namely, the RUL estimation for
multi-component systems. Currently, our work mainly focuses on the RUL prediction with
three-source variability of different devices from the same batch, thus, only the capacitor
degradation data is considered in this research.

According to the usage scenario, the high-voltage pulse capacitors have a short service
time and a long storage time. Hence, the storage performance is a primary factor that
influences the reliability of such capacitors. Capacitance can be used as a health indicator
(HI) to evaluate the RUL of the capacitors; Figure 7 shows the degradation test data of five
high-voltage pulse capacitors under the storage condition. The capacitance was observed
every month and the relative capacitance variability was selected as the HI. Reference [34]
revealed that the degradation paths of such capacitors could be modeled based on the
two-phase nonlinear method. In addition, Reference [39] mentioned that the capacitance
degradation path is affected by temperature and humidity, thus, measurement errors are
inevitable. Therefore, it is appropriate to use the degradation data of these capacitors to
verify our proposed two-phase nonlinear degradation model.
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Figure 7. Relative capacitance variability of the capacitors with time.

Based on the degradation data of Capacitors 2-5, the offline parameter estimation
results are obtained through the parameter identification method proposed in Section 4,
and are listed in Table 3. Through the estimated values of by, b, and 07, 0, in Table 3, it
can be found that nonlinearity and measurement errors exist in the degradation process of
capacitors. It is noticeable that the results of Table 3 are treated as the prior information.

Table 3. The parameter estimation results of the capacitance degradation data.

Variable Ay,

0’1p

o1 O1e by Ay o2p lop) T2 b, pr or

value 0.0381

0.0087

0.1614  0.0497 2.0800 0.2232  0.0407 0.2274 0.0344 15217 6.2500  0.8292

For online implementation processes, the degradation data of Capacitors 1 is selected
to illustrate the parameter updating and RUL prediction processes. Figure 8 presents
the parameter updating results, and it can be found that the updated values of A1y, A2
are bigger than the offline values in Table 3. The reason is that the degradation path of
Capacitors 1 is steeper than the mean paths of Capacitors 2-5, which can be seen in Figure 7.
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Figure 8. Online parameter updating processes of Capacitor 1.
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PDFs of RUL

PDFs of RUL

According to the literature [34,39], the failure threshold of capacitor is set as w = 5%.
Then, based on the results of model updates, the PDFs of RUL could be obtained as shown
in Figure 9a. It is observable from Figure 9a that the estimated values of RUL are almost
consistent with the actual values, indicating that our method can effectively estimate the
RUL of capacitor degradation data. For comparative purposes, we further presented the
estimated RUL of Lin’s method [33], Chai’s method [37], and Zheng’s method [25] as shown
graphically in Figure 9b—d, respectively. It can be observed from Figure 9 that in both
phases, the PDF curves of the proposed method are sharper compared to Lin’s method [33]
and Zheng’s method [25]. Additionally, although our PDF curves are similar in steepness
to Chai’s method [37], the PDF curves of our method are more compact around the actual
RUL and the estimated RUL values are closer to the actual values compared to the other
three methods. Thus, from the overall RUL prediction results, our method that considers
three-source variability and two-phase nonlinearity has higher RUL prediction accuracy
compared to the other three methods.

- -6 - The actual RUL --0 - The actual RUL
- -+ - The estimated RUL - -+ - The estimated RUL

58]
i
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A

R
A
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Figure 9. PDFs of RUL prediction for Capacitor 1. (a) Our method. (b) Lin’s method. (c) Chai’
method. (d) Zheng’s method.
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To evaluate the performance of RUL prediction, three metrics, including MSE, AE,
and relative error (RE) [19], are adopted for performance evaluation. Among them, the RE
of the estimated RUL at f; can be defined as,

i
RE, = — (34)

where [ and [} denotes the estimated and the actual RUL at f;, respectively.

Then, we calculated the MSE, AE, and RE of the predicted RUL, as shown in Figure 10.
It can be found from Figure 10a that the MES values of our method maintain a relatively
low level compared to the other three methods. Additionally, it can be observed from
Figure 10b,c that the AE as well as the RE results of the proposed method are smaller
than the other three methods, indicating the higher accuracy of our proposed method.
Furthermore, it can be seen from Figure 10c that the RE curves of each method gradually
increase in the later stage of the degradation process. The main reason is that as time
accumulates, the actual value of RUL becomes smaller and smaller. Although the AE value
is gradually decreasing over time, its proportion in the actual RUL value is larger than
that in the early stage of the degradation process, thus, resulting in an increase trend in
the later stage. In addition, it can be seen from Figure 10a that the MSE value of Chai’s
method [37] is slightly better than the MES value of our method. To investigate the reasons
for this phenomenon, we further obtained the PDFs of the RUL estimate in the fifth, sixth,
and seventh adjacent months, as shown in Figure 11.
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Figure 10. Performance evaluation based on capacitance degradation data of Capacitor 1. (a) MSE of
the predicted RUL. (b) AE of the predicted RUL. (c) RE of the predicted RUL.
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Figure 11. Comparison of the estimated RUL at different months. (a) PDFs of the estimated RUL at

the fifth month. (b) PDFs of the estimated RUL at the sixth month. (c) PDFs of the estimated RUL at
the seventh month.
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It can be found from Figure 11 that the PDF curves of our method at the three time
points can cover the actual values of RUL well, and are more compact around the actual
RUL, respectively. Moreover, the estimated RUL values of our method at different time
points are closer to the actual values than the other three methods.

The key issue lies in the PDF curve of the estimated RUL at the sixth month in
Figure 11b. As can be seen from Figure 11b, the deviation between our estimated RUL and
the actual value is only slightly smaller than that of Chai’s method [37]. However, the PDF
curve of Chai’s method [37] is sharper than ours. According to the definition of MSE in
Equation (29), the MSE value is jointly affected by the deviation between the estimated
value of RUL and the actual value, as well as the corresponding PDF function. The MSE
value will be smaller when the PDF of RUL is closely distributed around the actual RUL
value [34]. Therefore, the MSE value of Chai’s method [37] is slightly smaller than ours
in the sixth month. In fact, this is acceptable. Generally, as can be seen in Figure 10a, the
MSE curve of our proposed method maintains a relatively low level compared to Chai’s
method [37]. Therefore, the MSE result in the sixth month does not affect the conclusion
that our RUL prediction accuracy is higher than Chai’s method [37].

To quantitatively compare the predicted results based on the capacitor degradation
data, we further calculated the TMSE, MAE, and CRA values of RUL estimation, as detailed
in Table 4. It is observable from Table 4 that the TMSE of our method is the smallest. Thus,
although the MSE value of Chai’s method [37] in Figure 10a is smaller than ours in the sixth
month, however, in general, the TMSE of our method is still better than Chai’s method [37].
In addition, among the four methods, our method has the smallest MAE value and the
largest CRA value, because we simultaneously consider the two-phase nonlinearity and the
three-source variability of the degradation process. The results of the above quantitative
metrics indicate that our RUL prediction method has higher accuracy compared to the
other three methods, which verifies the effectiveness and superiority of our method.

Table 4. Comparison results of RUL prediction based on TMSE, MAE, and CRA for Capacitor 1
degradation data.

Metric TMSE MAE CRA
Our method 4.9349 0.1091 0.9685
Lin’s method [33] 7.0592 0.3637 0.8862
Chai’s method [37] 7.5904 0.6182 0.8647
Zheng’s method [25] 16.2556 1.0455 0.7873

In summary, the experimental results show that compared to the other three methods,
the MSE, AE, and RE curves of our method maintain a relatively low level, and the RUL
prediction results of our method have smaller TMSE, MAE values, whereas larger CRA
values. Based on the above results, it can be found that our work can obtain competitive
results, which indicates that the accuracy of RUL prediction is better than the other three
methods, thus, verifying the feasibility and effectiveness of the proposed method in practi-
cal application. Furthermore, for two-phase nonlinear degradation devices, it is necessary
to consider the nonlinearity and the three-source variability simultaneously to boost the
performance of RUL prediction.

6. Conclusions

In this study, a two-phase nonlinear Wiener process-based degradation model subject
to the three-source variability is formulated for RUL prediction. Based on the FPT concept,
the approximate analytical form of the RUL is obtained considering the three-source
variability and the random degradation state at the changing point simultaneously. To
incorporate the historical observations of the devices within the same batch, the MLE
method is adopted to estimate the unknown model parameters. By combining the Bayesian
rule and KF algorithm, the drift coefficients and the underlying degradation state are
adaptively updated in real-time with newly observed data. Finally, the effectiveness of



Sensors 2024, 24, 165

22 of 35

the proposed method is verified via numerical and practical examples. The quantitative
comparison results of MSE, AE, RE, TMSE, MAE, and CRA reveal that the two-phase
nonlinear degradation model with three-source variability is more accurate than the existing
methods that only partially consider the two-phase nonlinearity and three-source variability.
Therefore, in RUL prediction for the two-phase nonlinear degradation devices, the impact
of these uncertainties on degradation modeling should be considered simultaneously to
improve the accuracy of RUL prediction. However, there are several directions that are
worth further study. First, the measurement error is assumed as Gaussian, which may
be inadequate when there are outliers in the degradation observations. In this case, the
non-Gaussian measurement errors need to be considered, such as t-distribution. Second,
the proposed model is formulated under the assumption of the progressive degradation
process. However, shocks are often encountered in practice. Therefore, determining
how to construct the two-phase nonlinear degradation model considering the interaction
between the internal degradation mechanism and external shocks needs to be explored.
Third, at present, our research only focuses on the RUL prediction for single-component
systems, without considering the impact of correlation between different components
on RUL prediction. Therefore, the degradation modeling and RUL prediction of multi-
component systems (such as hybrid energy systems consisting of capacitors and batteries)
with three-source variability is also a valuable research direction in the future.
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Nomenclature

The following abbreviations and notations are used in this manuscript:

Abbreviations

PHM Prognostics and health management
RUL Remaining useful life

PDF Probability density function

CDF Cumulative distribution function
CM Condition monitoring

KF Kalman filtering

EM Expectation maximization

ELM Extreme learning machine

FPT First passage time

MSE Mean square error

AE Absolute error

HI health indicator

Notation

X(t) Actual degradation state at time ¢
X0 Initial value

T Time of the changing point

Xt Degradation state at the changing time
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Drift coefficient of the first phase

Drift coefficient of the second phase
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Nonlinear function of the second phase
Nonlinear parameter in 1 (p; 91)
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RUL at the current time #;,

Observations up to t;

PDF of the lifetime

PDF of the RUL

CDF of the standard normal distribution

PDF of the standard normal distribution
Transition probability density function

Actual degradation state at the current time #;
Mean and variance of xj

Unknown model parameter vector

Number of the tested devices from the same batch
Historical data of N devices from the same batch
Actual degradation state data of N devices from the same batch
Observations of the n-th device

Measured increment at time £;of the n-th device
Measured increment vector

Available number of the observations for the n-th device
Changing time of the n-th device

Changing point location of the n-th device

Mean and standard deviation of T

Degradation observations at the current time #;
actual degradation states at the current time #;

Appendix A. Proof of Theorem 1

Proof. To obtain the RUL estimation result considering the unit-to-unit variability and the
random degradation state at the changing point, the PDF of the lifetime should be derived
first, which is given by Ref. [33].

For the two-phase nonlinear degradation model proposed in Equation (1), if the
drift coefficient in each phase is a random variable and follows a normal distribution, i.e.,
A1 ~ N(Agp, Ulzp),/\z ~N (Azp,azzp), the PDF of the lifetime T considering the unit-to-unit
variability and the random degradation state at the changing point could be expressed as

follows,
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Based on Equation (A1), according to the relationship between the lifetime T and
RUL, the PDF of RUL that considers temporal variability, unit-to-unit variability, and the
randomness of the degradation state at the changing point could be obtained as follows,
Case 1: The current time 4 is smaller than the changing time 7 (i.e., ty < T)
I
: - X [w — Xk — ( S (03 1) — T (1 + lk;l‘f’l))
\/27rlk2 ((Ltwlk I (p;&l)dp) ‘712P+‘7121’<>
O<l+t <t
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where S = 51— S5,, T = Ty — T, and
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The result of Equation (A3) is transformed from lifetime T to RUL based on the law of
total probability as fr(t) = [*% fr(t|Ay, x7) p(A2)dAy, where the result of fr(t|Az, x¢) can
be found in Equation (6), and the proof can be found in reference [33].

In this way, the proof has been completed. []

Appendix B. Proof of Theorem 2

Proof.
Casel: () Iffp < tand 0 < [+ £ < T,
To facilitate calculation, the following Lemma Al is provided.

Lemma A1 ([19]). If Z ~ N(u,0?) and wy,w>, A, B € R*, then

_ _(w—BZ) _ﬁ _ Bt pCN | (wa = Bp)”
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(A4)
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(A) Based on fr(t|A1) in Equation (5) and Ay ~ N ()\1,,,(71 ), the PDF of the lifetime
considering the unit-to-unit variability could be formulated via Lemma Al as,

fr(t) = [T fr(tiA) p(M)dA

2
o oo W=Xo= M (fy a(ps00)dp—tps (1:61) w—xo= Jo i (pi1)dp
= f o ( 0\/27'[{712t3 ) exp|— ( 207t ) P(/\l)d)\l

{w (fof yl(p;ﬂl)dpft;q(t;ﬂl)) X

(A5)
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~

(B) Then based on the relationship between lifetime and RUL, we can further obtain
the PDF of RUL considering the unit-to-unit variability as follows,

bt . 2
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(C) When considering the three-source variability simultaneously, it is necessary
to further incorporate the measurement variability into the PDF of RUL that considers
unit-to-unit variability, which could be presented as,
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(D) Then, based on x; ~ N (%, Pk|k) and Lemma A1, we can obtain the PDF of RUL
with three-source variability when t; < Tand 0 < [y + t; < T as follows,
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QIfty <tand T < Il + 4,
(A) To solve the PDF of RUL considering three-source variability simultaneously, the
PDF formulas in S — T of Theorem 1 can be transformed into the following form,
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a2 17 p2 w292\%a2 Y82 a2 1B w292\Y%02 Y8
where

2(w=x¢)oi, [, p(pi%1)dp
o

Az = Ay [E7 12 (p — T3:92)dp, Mgy = w — xp — Aty [T i1 (03 91)dp, Ayp = —10 + X — Ay [T p1 (03 01)dp —

| 2 2
02y =3, (thﬁ “ua(p— T 192)dp> +03(te + Ik = 1), 05, = 07, (ft: w1 (p; ﬁl)dp) + 02 (T —t),

1
. (thrlk*T)(‘722+022pﬂ2(tk+lk*7?'92).f:ﬁkP‘Z(P*T;“”Z)dp) . (b l—=1)03 (A=A (b= D)2 (b H—T;92))
a2 = 2 Th2 = 2

UAZ
I = exp | 2@ 2((w—xt, [ 1 (pi80)dp+(w—2.) 03, 0F)
= . =
oy ((TTZJFUTZPftk ;tl(p;ﬁl)dp)af

7

4
)

(B) Then, based on Equation (A9) and x; ~ N (£, Pxx), the PDF of RUL with three-
source variability can be formulated as follows,

ka‘lek(lk‘Yllk) = Exk|Y1:k [S - T] = Exk\Y1:k [S] - Exk\Y1:k[T] (A]-O)

(C) Equation (A10) can be obtained through solving E, |y, [S] and E, |y, [T] separately.
To facilitate calculation, the following Lemmas A2 and A3 are provided.

Lemma A2 ([45]). If Z ~ N(p,0%),w,A € Rand B € RY,
B
Fz\ o ~ Va2 B P

Lemma A3 ([19). If Z ~ N(p,0?), w, A,B,C,D € Rand 1 —2Bo? > 0, then,

(w— AZ)?
2B

_ (w—Ap)®
2(A202 + B)

(A11)

2 _ 2
C+ Dy + ADo? — 2BCo ) (A12)

1 2Au + A%0?* 4 2Bu?
Ez|exp(AZ 4+ BZ?) - ®(C+DZ)| = exp[ 5 -
| | v1-2Bo? 2(1—2B0%) \/(1—2B02)? + D202(1 — 2B0?)
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(D) Then, to calculate E, |y, [S], the S formula in Equation (A9) is expanded to S, and
Sy, as follows,

(Aa2—Ap)? Ap20iy +Aa20, M0y +Aa20,
Sg:exp|:—a2‘82) X ra2>< Uﬂz(izﬁ—rbz X@ —‘B

20+, 2% V0252 (T )

+1 T 2
_ (A2p S o (o —382)dp— (w—xi= vy S 11 (0301 )dp ) )
=exp|— 2+

. (A13)
(w—xk—hp Jy 1 (oitn )dp) Tt (A2pf-(tk+lk m(p—r;ﬁz)dp) ) . )
)

X | T2 X

2 2
T toh,

t+l
x (w*xk*/hpﬁ; m(pﬂ%)dr?) §2+()‘2pfk+kl’2(P*TFl92)dP)‘7/§z
\/ a2 /sz a2+‘752

(Aa2—Ag2) Ap202y +A 20,
S = exp| - <+ﬁ>]"><

00205 (02 +05)
(A2p S i (p—82)dp— (== [ 11 (p;ﬂl)dp))z
2(U§2+¢Téz)
» ( (w*xk*Alpff; Hl(P'ﬂl)dP> 02+ (Azpftkﬂk Hz(P*T;ﬂz)dP) Uéz
\/ 25 (02 +05)

=exp|—

where

bl 2 2
02 = o2, ([ palo = T 02)do) " + a3t + I — 1), 03, = o3, (S i (s 01)dp) " + o2 (T — ),
(tili—7) (03403, pa (i le—T302) [ 1 pua (p—792)dp)

Ta2 = 2 !
bty
(tk+lk—T)thz ()szfrk k ]/lz(p—T;l92)dp—/\zp(tk+lk—T)}42(l‘k+lk—T;192))
Thp = 2 ’
T2

(E) Based on Equation (A13), E,, |y, [S] could be expressed as follows,

1 ﬁz
Es v, [S] = X viplSal a2 | 57— 5 Exv, [So] ¢ (Al4)
X[ Vi \/27t(tk+lkfr)2((7§2+t7§2) { x| Yige 100 a 2+ E Exilvia

(F) To solve E,, |y, [Sa], we define the following parameter simplification formulas,

_ T . te+lk . _ 2 2 _ o3
as = w = AipJy (07 01)dp = Aoy [ palp = Ti92)dp, bs = 0 + 0y €5 = —Ta Xz Hr
I
(W*Mpftz I (P:%)dp) Uit (/\prrr"+ k Vz(P*Tﬂz)dP) 75
02,+02,

ds = rap X — (A15)
I
eg = (w - /\lpft;: ui(p; 191)dp)t7§2 + ()\2prtk+ “up(o — T 192)dp)(7§2,f5 = \/ acZ‘TﬁZ( + (TBZ)

Then, the formula S, in Equation (A13) could be simplified as,

—x)? _ 2
Sq =exp [—(aszb:k)] X (ds + csxg) X @ <W> (Al6)
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(G) Thus, based on xx ~ N(&£, Px) and Lemma A3, E,, |y, [Sa] could be obtained
as follows,

— 2—
Er i [Sal = Ex vy {GXP {—% X dg X q’(%)}

. ]
TEx v {exp[*(%{bz” } x (csxg) X @(%)]

2 2 A
N agh o 5%2P) sy Al17
ds eXP[ st] ox 2as Xyt Sb;‘k_xi\k es— ‘fzkariazs oy bsk‘k ( )
14 Thik P 2(bs+ Py ) k\k Pk
b | fs 1+ +a;*2PHk 145,

2
+ Terk‘k fjoo <exp {_(“sthfk) } X (csx) X exp{ ( kzpt‘kk\k) } . <I>( es ]‘;zxk))dxk

(H) To solve E,, |y, [Ss], based on Equation (15), the S;, in Equation (A13) could be
simplified as,

2
(as — x)° 1 (es — o2 %x)
S, =exp|— X exp|————8%—— A18
b P [ 2b5 /727_[ P Zfsz ( )
Thus, E, |y, [Sp] could be formulated as follows,
—x)? _ 52 )2
Exk‘Yl;k [Sb] = Exk|Y1k{eXp [_ (aSZbJSCk) :| X \/%77'[ exp [_ (es 2(3?522}%) :| }
1 1 f +b50' 2(115f52+h5850'[%2) {szz-i-hsez A19
= zzEnlvi, | &P 2< N x; = bor kT T (A1)
2
= \/%Exk\yltk{exp -3 ((Llsxk — Lys)” + Lss)} }
where
fi+bsoy | o osfStbsesty oo asfitbses  (asf + bsesad)”
7 ‘ 7
bsfs bs f3 (f3 + bscy) bsfs bs f3(f3 + bscy)
Then, according to Lemma A2, E, |y, [Sp] could be obtained as,
2
Exklylk[sb] \/7 xk\Ylk[eXp _%((L]SXI(— LZS) +L35)):|
2
= \/% eXp<—§L3s X Exk‘ylck exp(—%(Llsxk — LZS) >:| (AZO)

1 ( 1 ) 1 (Lzs—Llsfk\k)z
= 2exp(—12 X [ exp | — 2k
Var XP{ 7258 L2 Py t1 p 2(L3s Py +1)

(I) Finally, bringing the results of E, |y, [Sa] and E, |y, [Sy] into Equation (A14), the
final result of Eka:k [S], i.e., the formula S in Theorem 2, could be obtained. Due to
space limitations, the result of S, is omitted here.

Similarly, we can solve E, |y, [T] in Equation (A10) as follows.

(A) Firstly, I in the formula T of Equation (A9) should be simplified as,

b — exp 201, (w—1x) 2((w xx) ‘Tlpffk 11 (s )do+ (w—xy) (Tlp(71>
012 (0’1 +0—1pjtk M1 Pfﬂl)dp>‘74
Zw(/\lptflz-&-(rlzpw) 2(71 2A1,0% +dwo?
— Tlp 2 Pl 1p
= exp o exp o 4 X R — Xy (A21)
2, 2
2w (/\1;;171 +crlpw>

=exp|——r— exp (arx? — brxy)
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207 201,02 +4wo?
1 1p91 1
where ar = 04p,bT = T’”
1

(B) Further as to

(/\0427)\ 2)2
xp [_ 2(”52“%2) }

2
2(w—xk)a%p (ft‘li 11 (0% )dp)

1
{/\prrtw k Vz(P*T}ﬂz)dp+w*xk+7\1pft; #1(p;81)dp+

2

9q
=exp|— 2(03,+07,)
we define
wot, [y, w1 (e;01)dp
cr=uw+ Alpft (03 62 )dp + Aoy [ o — 3 82)dp 4+ e taleo) e

[ m(pidr)dp  oF+208, [[7 pa(0;81)dp
dT:1+ ]p tk — 1 1p th

o 0

Thus, the Equation (A22) could be simplified as,

o 2
exp l_ (cr ZZSTxk) ]

Based on Equations (A21) and (A24), we have

()\az /\72) :|

2( az"‘%z)

Lexp|—
2w (Alp(flerUlzpw)

=exp| —— | exp (apx? — brxy) X exp [

2w (Alpalz-i-alzpw)

7

(cr—drx;)?
2bs

=exp|—— | exXp { 2hs

[2w(A 02402 | 2
_ eXp ZU( 1Pglil 1Pw) eXp|: :|eXp|: D]T 2+

where DlT = d% — ZQTbs, DzT = CTdT — bst.

d 2ﬂTbS 2+ CTdT hstxk C%:|

2bs

Dor
e xk}

(A22)

(A23)

(A24)

(A25)

(C) Then, the common item before {-} in the formula T of Equation (A9) could be

simplified as follows,

I exp _(/\zx22_)‘7§)2
\/er tet—1)2 (0 2+‘7ﬁ2) 2(035+0,)

210()\1 +l7 2
P11 1p% c D
exp A exp [_sz } ex p{ TTX +%5Txk}

\/Zn(thrlka)z(aZeraéz)

—4wh5 (/\lp"']z“’lzpw) 7c%-17% :|

ex
p 2}7517i1
Dyt .2

D
=L xexp[ LG+ 2Txi|

Zn(tk-&-lk—T)z(Uiz-&-aéz)

(A26)
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(D) On this basis, the formula T in Equation (A9) could be split into T, and T, as

follows,
A202) 4+ A 202 A202) 4+ A 202
To = eXP[ LG+ b”xk] T X Ty | X @ =
$ $ Ta2 0 Ufz”ﬁz (02, +‘7§2 )
_ Dir,2 4 Dor
= exp[ Zbs X rT T xk}
2w—x)02, [ 11 (pib7)dp
R g (pi0 T g [ it dpy
X | a2 X (732+(7/§2 — Ty (A27)

2w—xp)07, [¥ iy (piby)dp
(7w+xk7/\lpf[; ul(P;ﬂl)d%%) 2+ 2oy [16 K 12 (p—130,)dpo,
1
x P

\/ 205 (TR T05)

T, = exp[ DIT xk + DbéT xk}

i 2(w—xk)47% I w1 (0:87)dp b+l
¢ (7W+xk72\1pfr,i w1 (p;01)dp— pvlzk iyt Aap [ KK i (p=T;82)dpo, (A28)
X

22 (2 1,2
\/‘Taz”ﬁz(%ﬁ%z)

(E) Thus, the simplified form of E,, |y, [T] could be obtained based on Ty, Ty,

4wbg <A1p012+012pw) —cthri1
exp 257
[T)

\/27r(tk + i — 1) (0% + 0%,)

Exklylzk X Exk\lek [Tll] + Ta2 X

—— 5 Ex vy, [ To] (A29)
[

(F) To solve E,, |y, [Ta], we define

7&2‘7 2 (‘71 +2‘71p ftk H1 Prﬁl)dp)

er = ,
o ( a2+0ﬁ2) ,
w0 "T 11 (0;01)d
oAy f (p%)dm%) 0% 4oy [ o (082 dpo
fr=ra2x T ~ e (A30)
T ZZU(T%I,];; H1 (P/ﬂl)dp 2 tk+lk 2
gr = | ~w =iy Jy pprdr)dp — ——= G |og + A2p [ p2(p — i 82)dpo,,
b T2 (‘71 +20—1pftk pae; 191)1#7)
T 72
Then, the E, |y, [Ts] in Equation (A29) could be formulated as follows,
D D +h
Exk\Yrk[T”] = Exk\Ylk{eXp[ ZZ;Txl% + %xk} X (fr +erxg) X q)(ngisTXk)}
h
Ey v [evp [~ B2+ B2 i x o250 | (A31)
D D H
e o[+ ] x (e x o522
(G) Based on x; ~ N(&x, Prx) and Lemma A3, E, |y, [T,] could be obtained as,
D ThTP D P,
fr 2Do7 &+ 3 i —Dyr£? Bk 8T+thk\k+J+%
E.Xk‘ylzk [TH] = \/ DlTPk‘k eXp 2(b5+D1TPk\k) q) DiT k|k DlTPk\k
1 fg 1+ = ) +h2 Py <1+ b ) (A32)
)2

too D 4D (=R grthrxg
/TTPka— {exp[ 2blsT béTxk] x (erxg) X eXP[ 2P ] x q’( 7s )}dxk
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(H) Similarly, according to Equation (A30), E,, |y, [Tp] could be formulated as,

D D, +hrx)?
Exk\yl;k [Ty] = xk\Ylk [exp[ lTX% + %xk} X \/% exp {_(gTT"k)] ]

2f2
_ 1 Dirf2+bsh} o 2(Darfé—bsgrhr) g%
= Vx Prlvag | P |~ ( bsfE Tk b2 Yt (A33)

- \/%Ekazk Xp |~ ((RlTxk B RZT) B R3T)] }
e ot )]

where
2
_ |Dinfi+bsht  Dorfi—bsgrhr _ 8% (Darfé —bsgrhr)
Rir = b2 /Ror = R3r = =5 b2 2
sfs \/bsf2(Drrf2 + bsi3) f& bsfi(Dirf+bshy)

(I) Based on x; ~ N(&, Pyr) and Lemma Al, E, |y, [Ty] could be obtained as
follows,

2
£ 7] 1 [ 1o } 1 (R2T - Rlek\k) (A34)
Y Io| = —=exp|—5Rsr| X [ o5 ————exp|—
x| Yk NoXe 2 R%Tpk\k +1 Z(R%Tpk\k + 1)

(J) Finally, bringing the final results of E, |y, [Ts] and E, |y, [T;] into Equation (A29),
the final results of E wlYix [T], i.e., the formula T}y in Theorem 2, could be obtained. Due to
space limitations, the result of T,y is omitted here.

Case 2: If T < ty,

(A) When T < ti, the degradation process is equivalent to a single-phase nonlinear
process, and the randomness of the degradation state at the changing point can be omitted.
Therefore, based on Ay ~ N(Azp, 0'2 ) and the fr(t|A2, x¢) in Equation (6), the PDF of the
lifetime T could be obtained througﬁ Lemma A1l as follows,

Fr(t) = [12 frtlAg, x0) p(A2)dA,

2
Y oo WmXT—Ap (fT M2 P—T,&z)dp—(f—T)yz(t—T;ﬂz)) (w—xT—/\szt ﬂz(P—T;@z)d‘o)

o V23 (t-7)° e 202(t-7) p(A2)dA;

= X [ — X7 — (f pa(p — T 02)dp — (t = D)t — T; 192)) (A35)

\/Zn(t—r)z [([Tt ‘uz(p—r;li‘z)dp) za%p—l—(fzz(t—r)}

X 2
(w—x0)02, [/ pa(p—T;82)dp-+Agyo2 (t-7) < exp (w—xc—Aay [ 12 (p—:02)dp)
2 - 2
(fi Vz<P*Tﬂ92)dP) 03, +03 (t-7) 2((.f$ ﬂz(P—T;ﬂz)dF') 022,,+0§(f—T)>

(B) Then based on the relationship between lifetime and RUL, we can further obtain
the PDF of RUL considering the unit-to-unit variability as,

W—xg— (f,;ka Hz(P*T;ﬁz)dP*lk]lz(karlk*T;ﬂz))

(w—xp) :72 jtk k}lz(p rﬂz)dp+)12ptrzlkj|

b+
(]; kyZ(p T,z?z)dp) V%p+‘721k

fully) =

W{( i palp-ioahtn) iy o (A36)

bty 2

< ex (w Xe— Azpft 2 (p—7; 192)dp)
I tetl 2

2 (f 12 (p— Tﬂz)dp) a3, +03l

(C) When considering the three-source variability simultaneously, it is necessary
to further incorporate the measurement variability into the PDF of RUL that considers
unit-to-unit variability, which is presented as,
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kaIY‘F:k (lk ‘ Y?k)

b+l
= Exvay o : 2 X { (ftk+ “palp — T da)dp — Lo (b + e — T; 192))
¢2nlk2(<ftkk+ k yz(p—T;ﬁz)dp> Uzzp-&-azzlk) (A37)
2
(w—xx) a%pﬁtwlk w2 (p— T-ﬂz)dp+A2pU§lk X exp (w—xk_)szfti{ka W(p—r;ﬂz)dp)

Bt o Bt
(fk k1o (p— Tﬁz)dp) 03,03k 2(( tkk k}lz(P*T}ﬁz)dP) 02p+c721k>

where T denote the index of the changing point location.
(D) Then, based on x; ~ N(£, Pxx) and Lemma Al, we could obtain the PDF of
RUL with three-source variability simultaneously when T < t; as follows,

tetl X
(Z"*Az;aftlf k VZ(P*T;ﬂz)dP) Pyjktv2 ()2 i
Pk|k+v2(lk)

\/27T1k2U§(1k) (Petv2(li))

M27N2><

ka‘Yf:k(lk Y%k) =

(A38)
2
" _ (w—fklk—/\zpftt,fHk 2(p—7;02)dp)
p 2(Pgtvz(lx))
where
2

va(ly) = (ft"Hk -1 ﬂz)dp) (Tzzp + 02y,

My = wua(I) — (wo'?.pftthrlk p2(p — T;02)dp + /\zpclek) ( iy (p — 15 02)dp — L (b + e — T 192))

N2 = Uy lk — aZp :ka — T, 192 dp (fttkﬂk p — T, 192)dp — lk‘lzlz(tk + lk — T, 192)>

In this way, the proof has been completed. [
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