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ABSTRACT In particle filtering-based prognostic methods, state and observation equations are used in
which one or more parameters are uncertain. These parameters are estimated with collected monitoring
data. The choices of the initial value ranges and distributions of the unknown parameters in the state
and observation equations influence the performance of the particle filtering approaches, in terms of
convergence, speed, and stability of prognostic results. For new products with little or even no degradation
process data, uniform distributions over experience-based value ranges are the most common choice for
parameters initialization. In this paper, the failure times’ data collected during reliability tests executed
before volume production are used for defining the initial value ranges and distributions of uncertain
parameters. This is expected to increase the convergence speed of the parameters estimation with monitored
data and to reduce the uncertainty of the predicted remaining useful life. Numerical experiments on synthetic
degradation processes of PEM fuel cells and lithium-ion batteries are considered. The convergence speed of
the parameters estimation and the sensitivity of the proposed method to the duration and number of product
samples in the reliability tests are analyzed. Comparisons with particle filtering methods with standard
initialization are also carried out to verify the effectiveness of the proposed new strategy for parameters
initialization.

INDEX TERMS Prognostics, remaining useful life, particle filtering, parameters initialization, reliability

test, failure times data.

I. INTRODUCTION
Prognostics aim at predicting the future evolution of a fault
indicator of an equipment of interest, for estimating its
Remaining Useful Life (RUL) [1]. Data-driven and PoF
(Physics-of-Failure)-based methods are used for RUL pre-
diction. For a newly designed product, little or even no
degradation process data is available. Methods based on PoF
models derived from failure mechanisms are, then, more
suitable [24], [25]. However, in the PoF-based models there
are uncertain parameters that need to be estimated with the
monitoring data collected during online observation of the
equipment.

In recent years, Particle Filtering (PF), a sequential
Monte Carlo method for prognostics of nonlinear and/or

non-Gaussian degradation processes [1], has become popular
among researchers and engineers. Such method suits well
the cases where equipment degradation state and observation
equations are available, although with one or multiple uncer-
tain parameters to be estimated with monitoring data [2].
PF has been successfully applied for prognostics of elec-
tronic products [3], [4], [5], mechanical systems [6], [7],
batteries [2], [8], [9], mechatronic systems [10], [11], electric
units [12], electrochemical devices [13], etc.

Starting from initial parameters value ranges and distribu-
tions over these ranges at initial time (named as parameters
initialization in this paper), PF can progressively approach
the true values of the uncertain parameters in the state and
observation equations. The parameters initialization is crucial
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for the convergence and stability of the prognostic results
given by PF [6], [14]. Normally, in the literature the param-
eters value ranges are assigned by experts or determined by
fitting historical degradation process data describing the time-
dependent degradation level of the equipment of interest.
As defining the initial distributions of the unknown param-
eters over the value ranges, different ways are available.
One common way is fitting the available degradation process
data [3]-[5], [8], which can come from the monitoring of
the equipment [3] or from simulation of its degradation pro-
cesses [5]. For cases without available degradation process
data, e.g. for a newly designed product, the uniform distri-
bution over the assumed value range is the most common
choice [7], [9], [15]. Expert knowledge may also help defin-
ing the initial parameters distributions [14]. In [16], Gamma,
deterministic and normal distributions for parameters initial-
ization are discussed and compared.

In this paper, the parameters initialization for a newly
designed product is considered. It is assumed that no histor-
ical degradation process data and limited expert knowledge
are available for parameters initialization. This assumption
is quite general for new equipment for which it is difficult
to collect enough degradation process data for parameters
initialization. To the best knowledge of the authors, uniform
distributions over expert-informed value ranges is the only
choice for parameters initialization in the published work
on these cases [15], [17], [18]. However, such parameters
initialization strategy may slow the convergence speed of
the estimated parameters values or even bias the conver-
gence of the prognostic results during the online prediction
process. As indicated in [15], an improper initialization on
the parameters value range may damage the overall per-
formance of a PF. Thus, in this paper, a new strategy for
parameters initialization is proposed considering failure times
data from reliability tests. Before an equipment is put into
volume production, reliability tests are performed to verify
the reliability of the equipment. During these tests, a number
of equipment samples are tested for a predefined period,
which may fail or survive the test. Based on the failure times
data, the equipment reliability can be derived [19]. In this
paper, a Monte Carlo-based approach is proposed for the
parameters initialization, using the failure times data obtained
during the reliability tests. The likelihoods of the values
of each unknown parameters combination with respect to
the collected failure times data are calculated and the prior
distribution of these parameters is obtained. From this, one
can set the proper parameters initialization with a predefined
confidence level. The benefits of the proposed framework
include better parameters initialization, higher stability and
lower uncertainty of the predicted RUL, than obtained with
the conventional uniform distribution over expert-informed
value ranges.

The proposed method is verified on simulated case studies
concerning PEM fuel cell and lithium-ion battery degrada-
tion. Comparisons with PF using conventional parameters
initialization are carried out. The sensitivity of the proposed

VOLUME 6, 2018

method to the number of test product samples and duration of
the reliability tests is also discussed.

The rest of the paper is structured as follows. Section 2 first
reviews briefly the PF method and reliability test concept,
followed with details of the proposed method for parame-
ters initialization. Case studies concerning the prognostics
of a PEM fuel cell and a Li-ion battery are illustrated in
Section 3 with results analysis and comparisons. Some con-
clusions are drawn in Section 4.

Il. METHODOLOGY

In this Section, the PF method and reliability test concept are
briefly reviewed at the beginning to make the content self-
contained. Further details can be found in related references,
such as [20] and [21] etc. Then, the proposed method for
parameters initialization is presented.

A. PARTICLE FILTERING
During the design process of a product, Failure Modes, Mech-
anism and Effect Analysis (FMMEA) may help building the
relation between product degradation and the influencing fac-
tors [22]. Thus, even for new products, a degradation model
can be available. With a known degradation model (state
equation) and a measurement model (observation equation),
PF can be widely used for prognostics. prognostic process
can be divided into two main steps: state estimation and RUL
prediction.
The following assumptions are made for the illustration of
the PF method:
1) The state equation can be represented as a first-order
Markov process, i.e. the equipment state x; at time t
is only dependent on state x;_ at previous time t — 1.
The state equation describing the relation of the state
(normally degradation state) at subsequent discretized
time instances is expressed as:

X =fr—1(x—1, 0,1, w—1), (D

with w;_; being a noise of known distribution and
fi—1 being a known transition function with uncer-
tain parameters @,_;. The variables w;_1 and 6;_;
can be time-variant or invariant. In this work, without
restricting the generality of the proposed method, these
parameters, i.e. f;_1, w;—1 and 6,_; are supposed to
be time-invariant. The unit of the discretized time is
arbitrary.

2) The equipment state can not always be precisely and/or
directly measured. The relation between the true state
and the measurement at time ¢ is modeled as follows:

it = gt(-xlv Ul)a (2)

with the measured value z; being dependent only on
x; and a random noise v;. The observation equation g;
and the noise v; are supposed to be known and time-
invariant in this work.
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Measurements Z.; = [z1, 22, ..., 2] from time 1 to t are
available at time ¢. The objective of PF is to estimate the
current degradation state x; and the RUL of a product at time 7.

1) STATE ESTIMATION
The state x; at the current time t can by estimated by
constructing the posterior Probability Density Function
(PDF) p (x¢ | Z1.t). Two steps, i.e. prediction and update, are
performed.

Supposing that the posterior PDF p (x;—1 | Z1.,—1) at time
t — 1 is known, we build a sequential calculation process. The
prediction step calculates the prior distribution of x; using (1)
and the Chapman-Kolmogorov equation, as follows:

Pt |Zis—1) = /p(xtlxt—l)p(xt—l|let—1)dxl—l- 3

with p(x;|x;—1) being the conditional probability given by (1).

When a new measurement z; is available, the update step
estimates the posterior PDF p (x; | Z;.;) with the following
Equation (4):

PO Zyi—1)p (2 1 %)
fP e 1 Zy—1)p (2 | xp) dx;’

where f p (x| Z14—1)p (z¢ | x¢) dx; being a normalization
term.

Since Equation (4) may involve high-dimensional inte-
grals, it is not always possible to solve it analytically.
Monte Carlo simulation is used to approximate the poste-
rior PDF. By sampling N samples (i.e. particles) xt’;l from
p (xt—11Z1:-1), the PDF p(x;—1|Zy;1—1) can be approxi-
mated by

p (x| Zyy) = “

N . .
PO i1 Zi) Y ol G —x).  (5)

i=1

with 6(H) being a Dirac function and w;;l being the weight
of particle x;_, calculated with the following Equations (6):

. ol

-1
ol_ = = ©)
2im1 %y
P(Zliffl_ ‘xli:t—l)p(xli:t—l)
a6,y 1Z1:4-1) .
A common way is to consider g (x|.,_,|Zi;—1) as the
transition function, i.e. q (x; | Z1.r) = p (x¢ | x;—1) and, then,
the particle weight ) can be calculated as:

: i
withe; | =

i
: o
i_ t
w; =

ny:l a}d witho,_; =a;_p (z, |x,l> , @)
with p (zt |x{) being the likelihood of the i-th particle to the
measurement at time t.

In case of a new product, both the degradation state x; and
the parameters 6, in Equation (1) are not known. PF needs
to estimate, at the same time, x;, and 6;. As in [15], we need
simply extend (1) to the following equation set

X = f1 (=1, 0:-1, w1)
0, =fH0-1,w2), 3
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with f1 being the degradation state transition equation and
/> being the parameters transition equation, which are both
known. The parameters @, are assumed to be independent of
the measurements Z1.; in this work. Now one just need to
consider the state variable x in (3-7) as the combination of
x and 6.

2) RUL PREDICTION

With the estimated posterior PDF p (x; | Z;.;) for the present
time, one can predict the future degradation evolution of
the product. With (1), the prediction at any future time
t+1,1=1,2,...is calculated as follows:

D X111 Z1:)

t+1 t+1—1
- T l_[jzt—i-l p(lex/—l)p(xt|zl:t) szt dxy.

©)

Assuming that the particle weights are unchanged and the
generated error with unchanged particle weights is negligible
in comparison with that caused by model inaccuracy, the pre-
dicted PDF p (x;4; | Z1.;) can be approximated by [23]:

N .
P Zi) =y s —xpy). (10)
with xti ., being obtained recursively by applying (1).

Given a failure threshold x;;, and the predicted future degra-
dation of each particle, the predicted RUL of the i-th particle
is defined as the first time T,i that the predicted degradation
state passes the predefined threshold:

RUL!
= [Tti—t—l |f (th,-_IQ,a)) < xp and f (thiG,a)) > x,h}.

Thus, the distribution of the predicted RUL of the product
given by PF can be derived:

N . .
PRUL, |Z1y, 31 <)~ ) @8(RUL, —RULp). (1)

B. RELIABILITY TEST

For industry, it is important to verify that a designed product
meets a required reliability level [24]. Reliability tests are
designed for testing the failure modes and reliability of a
specific product. Different ways are possible for estimating
the reliability of the designed product from test results [26].
One common way is to test a number of products in oper-
ation under a predefined environment and load, for a pre-
defined duration. The predefined test duration can be time,
load cycles, charge/discharge cycles or any unit that can
characterize the lifetime of product operation. The test can
be accelerated or not, with respect to the load and working
environment [27]. Some products may fail during the test and
their failure times are recorded. The others may survive the
test. With these information, one can calculate the reliability
of the designed product.
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C. PARAMETERS INITIALIZATION

For PF, parameters initialization, i.e. initializing the ranges
and distributions of the unknown true degradation state
and uncertain parameters in (8) at initial time, is neces-
sary and important. A new product is reasonably supposed
to have no degradation at initial time. In previous work,
the value ranges are given according to experts’ judgement
and the commonly adopted distribution is the uniform distri-
bution [15], [17], [18]. In this work, we focus on parameters
initialization with failure times data collected during reliabil-
ity tests. The main idea is to use Monte Carlo simulation for
estimating the likelihood of each parameters combination to
the failure times data. Then, one can calculate the likelihoods
of different values for each parameter.

Suppose the reliability test duration is #,; and N,, new
products are tested. The test results of the failure times FT
of the tested products fall into two categories: one contains
the exact failure times of the products that fail during the
test; the other contains uncertain information on the failure
times of the products that do not fail during the reliability
test. For these laters, one knows only that their failure times
are larger than the duration of the reliability test. Assume that
the first N,;; products fail during the test, the rest Nyyp =
N+ — N1 products survive the test. The proposed framework
for parameters initialization is shown in Figure 1.

A conservative value range for each parameter in (8) is
given by the expert, ie. 6; € [a;,b],i = 1,2,..., M.
For each parameter 6;, K values, i.e. {9;,]' =1,...,K} are
sampled from its value range. Then, the number of possible
parameters combinations is K™ . For each possible combi-

O] k= KMl e
[1,..., K], a Monte Carlo simulation is adopted to estimate

the RUL PDF p, (RUL il 0 k) at initial time and, then, we can
estimate the likelihood of each parameters combination:

nation 0; = {911',...

Nrt l'
PO FT) =T p (FTHIRULL), (12

with p (FT%, | RUL) being the likelihood of the RUL PDF
Pe (RULy | 0y) for the k-th parameters combination to the
failure time FT', of the i-th product. For the two different
categories of failure times, the likelihood p (FT!, | RULy) is
calculated, respectively, as

p (FTi, | RULk)
P(RULy = FT, | RUL; € pe(RULy | 6y)),
for 1 <k < Np

P(RULy > ty; | RULk € pe(RULi | 01)),
for Nrt] +1 < k =< Nrt~

13)

Then, the likelihood of each parameter value can be cal-
culated. For each parameter value 9[' i =1,...,M;j =
1,..., K, its likelihood is the sum of the likelihood of all the
combinations containing 9{ , as in Equation (14).

P (611 FT.) = 3 p Ok | FT),
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Conservative value range for parameters 6,
0y, ..., By, given by experts

I

Discretization of the value ranges

|

Monte Carlo simulation for each possible
parameters combination

!

Monte Carlo simulation for each possible
parameters combination @),

!

Calculation of the likelihood of 8. i.e.
(O, |FT,,), with respect to collected failure
times

!

Calculation of the likelihood of 8. i.e.
(8, |FT,;). with respect to collected failure
times

|

Calculation of the likelihood of each value of

one parameter p ((—)lj |F Tr,_.)

|

Approximation of the prior PDF of each
parameter p(6; |FT,;)

}

Parameters initial ranges and distribution

FIGURE 1. Illustration of the proposed framework for parameters
initialization.

with

I}

o ={op.....00....o0) anaof =6l a4

Note that the likelihoods for all the K values of the
same parameter are, then, normalized, i.e. p (91’ | FT, ) =

o (9{ | FT,,) IYK (9{ | FTr,). The prior PDEp (6; | FT )
of the i-th parameter is approximated by

p@IFT) ~ Y p(0/1FT.) 8@ —0).  (13)

With a predefined confidence level 1 — « and the Cumu-
lative Density Function (CDF) P (6;| FT,;) derived from
p (0;| FT ), the refined value range for 6; is [d}, b}] with
P(0;=d,|FT,) = a/2and P (6; = b, | FT ) = 1 — a/2.
Then, the PDF p (0; | FT,;) is normalized on the selected
value range and a sufficient number of initial particles can be
sampled according to the prior distributions over the refined
value ranges. The rest is to apply PF in Section 2.1 for state
estimation and RUL prediction, as conventional PF.

lll. CASE STUDIES

The performance of the proposed method for parameters
initialization is verified by simulated case studies concerning
the prognostics of PEM fuel cells and Li-ion batteries.
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A. EXPERIMENT ON PEM FUEL CELLS

1) DEGRADATION MODEL

Proton Exchange Membrane (PEM) fuel cell is the most
popular fuel cell, close to commercial deployment. Accurate
prediction of its degradation process is important for energy
management. In this work, the degradation model proposed
in [28] is adopted. The model is briefly reviewed in this paper,
and the interesting reader can refer to the related reference for
additional details.

TABLE 1. Stack characteristics for the experiment.

Symbol Physical meaning Value
ng Number of cells 8
S Surfaces 220 cm®
T Temperature 80°C
P, Po; Anode and cathode absolute pressure 1.5 bar
Rh Relative humidity anode/cathode 50%
In Maximal current at time /=0 170 A
Parameter characterizing the
degradation speed
a? Variance of the process noise of a;, 4*10°°
17,? Variance of the measured load 9
current noise
74 Variance of the measured voltage 0.09
noise
AgoL, Failure threshold of the PEMFC 0.15
stack
Ronmn General resistance at time =0 03Q

Power conservation implies that the parameter introduced
in Table 1 satisfies the following equation:

V; = ng(Ropmnoedy — BTIn (1 — 1, /11, )
+BTIn(1 — I, /I o(1 — a)))  (16)

with «; being an unknown parameter that needs to be tuned
with PE. One knows that «; follows

ap = Bt + v, a7

with g being the constant rate of change and v, the process
noise N (O, avzt). Thus, one needs to estimate the value of 8
with the monitoring data. The monitoring data for a PEM fuel
cell are its output voltage and current. The relations between
the monitored values and the true values are

Il'l:r; =1t + Ni,t and Nijt ~ N (O, Unzm), (18)

VI = Vi +o, andwy ~N (o, ajiy,). (19)

According to [28], the parameters setting in the previous
functions is given in Table 1. The only unknown parameter is
the value of the constant 8.

2) RELIABILITY TEST DATA

In reliability test, twenty PEM fuel cells are tested for a
duration of 1750 (with arbitrary time unit). Fourteen test
samples fail during the test and the collected failure times data
are shown in Figure 2.
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FIGURE 2. Failure times data of PEM fuel cells from the reliability test.

3) EXPERIMENT RESULTS

The conventional parameter initialization for g is a uniform
distribution over an interval given by the expert. According
to the results in [28], in this paper, the range of possible
values at initial time t = O is set to be [0, 2 x 10_4].

The proposed method uses the failure times data from
the reliability test. The estimated Probability Density Func-
tion (PDF) of possible 8 values at initial time t = O by
the proposed method is shown in Figure 3. The interval
for possible B values at initial time t = O is set to be
[7.02x107°, 1.12x 10~%] with 95% confidence level. The
best fitted distribution over this value range is the gamma
distribution shown in Figure 3.

x10%

PDF
O  lower bound
B upper bound

w
w”
T

w
T

N
o
T

probability density
o on

N
T

o
o
T

0 0.5 1 1.5 2
value «10™

FIGURE 3. The posterior PDF of ¢; given by the proposed method.

With these parameter initializations, PF can be adopted,
with the monitored data, for adaptively estimating the 8 value
and the RUL of the considered PEM fuel cell.

Figures 4 and 5 show separately the estimated B value
given by the PF with the conventional parameter initializa-
tion, i.e. a uniform distribution over the value ranges given
by the expert (noted as PF-U) and the PF with the param-
eter initialization method proposed in this paper (noted as
PF-G). One may observe that the PF-G gives significantly
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FIGURE 4. Estimated g value and 90% confidence interval of PF-U for
PEM fuel cell.
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FIGURE 5. Estimated g value and 90% confidence interval of PF-G for
PEM fuel cell.

more accurate estimated g values than PF-U for the first two
hundred time-steps. This proves that the proposed parameter
initialization method can increase the convergence speed for
unknown parameters estimation in this case study. After the
first two hundred time-steps, PF-G and PF-U give comparable
results as expected.

Figures 6 and 7 show separately the estimated RUL
given by PF-U and PF-G. Similar conclusions can be
drawn as for the B value estimation: the proposed method
reduces significantly the width of the 90% confidence inter-
val for the first two hundred time-steps when there are
not enough monitoring data collected from the degradation
process.

B. EXPERIMENT ON LI-ION BATTERIES

1) DEGRADATION MODEL

Briefly, the degradation process of a Li-ion battery is charac-
terized by two phases [15]: the first phase is the slow decrease
of the battery capacity and the second phase is the fast
decrease of the battery capacity. Usually, the state equation

VOLUME 6, 2018
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FIGURE 6. Predicted RUL and 90% confidence interval of PF-U for PEM
fuel cell.

2200 v ' ' :
—frue
2000 .. = = estimated B
lower bound
-------- upper bound

1800
1600
=
2 1400
1200
1000

800

600 L L L L
0 200 400 600 800 1000

time

FIGURE 7. Predicted RUL and 90% confidence interval of PF-G for PEM
fuel cell.

TABLE 2. Parameters values for data generation.

parameter 6, 0, 6, 6,
value 0.9191 -0.00080 -0.00023 0.04670

parameter gy g, Om Xth
value 0.0001 0.001 0.001 0.7172

used to describe the degradation process is as follows:

x () = b1q1 (1) + 03q2 (1)
x1 (1) = x1 (t — 1) e” + N0, 07)
x2 (1) = x2(t — 1) ™ 4 N(0, 03), (20)

with x (#) being the degradation state, x1 (¢) and x; () being
two independent first-order Markov processes, N(0,o?)
being a Gaussian process noise with zero mean and o2
variance, the time unit being a charge/discharge cycle and
0 = [01,06,,063,064] being the unknown parameters to be
estimated along with the degradation state in PF. Among these
parameters, 61 and 64 are positive and 6, and 63 are negative.
The observation equation is:

2(1) = x (1) + N(0, 0.2), 1)

with N (0, a,%) being the Gaussian measurement noise.

The degradation data of the test scenario is generated with
respect to the parameters values and noise variances given
in Table 2.
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2) RELIABILITY TEST DATA

First, the distribution of the RULSs of the Li-ion batteries
generated with the values in Table 1 is shown in Figure 8. One
can observe that the RULs are mostly located in the interval
[123 126], but the RUL can also be smaller than 110 or larger
than 130.

100

80 —

60 |

40 F

number of products

0 s
105 110 115 120 125 130 135
RUL (charge/discharge cycles)

FIGURE 8. Distribution of the Li-ion batteries’ RULs under the parameters
values in Table 1.

One degradation scenario is selected to test the perfor-
mance of the proposed method. Its true RUL is 130.

3) PARAMETERS INITIALIZATION

The original value range given by the experts, for each
parameter is shown in the second line of Table 3. In case
of no extra information, uniform distributions over the value
ranges (given in the second line of Table 3) are assumed for
parameters initialization in PF, as in [15].

TABLE 3. Parameters values for data generation.

Value range 6, 6, [ 0,
Original one  [0.851.20]  [-0.001 0] [-0.001 0] [0.03 0.13]
Refined one  [0.851.25] [-9.0e-40]  [-8.0e-4 0]  [0.02 0.08]

Suppose that during the reliability test, 35 product samples
are tested and the test lasts for 130 charge/discharge cycles,
i.e. the stop time is 130. The obtained failure times are shown
in Figure 9. The cross in Figure 9 means that the correspond-
ing product fails during the test.

From the original value ranges in Table 3, 15 values are
sampled for each parameter. There are totally 15% possible
parameters combination, i.e. § = [0}, 62, 63, 64]. A Monte-
Carlo simulation with 1000 trials is carried out for each
parameters combination, starting from no degradation at time
t=0.

With the Monte-Carlo simulations’ results, one can esti-
mate the likelihood of the values of each parameter with
Equations (12-14) in Section 2.2. Then, one can obtain the
posterior PDF of each parameter with (15). The obtained
PDFs are shown in Figures 10-13. The circles and squares in
these figures represent, separately, the upper and lower bound
of the parameters with respect to 95% confidence level.
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FIGURE 9. Failure time data of Li-ion batteries from the reliability test.
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FIGURE 11. The posterior PDF of 6, given by the proposed method.

Note that these lower bounds and upper bounds are not
the final value ranges for the parameters. For 6, and 63,
their values need to be negative and the upper bounds with
respect to 95% confidence level are 2.3919¢e-4 and 3.4795e-4,
respectively: the final upper bounds for these two parameters
in the parameters initialization for PF are zeros.

The final parameters value ranges for these parameters are
shown in the third line of Table 3. The PDF of each parameter
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FIGURE 13. The posterior PDF of ¢, given by the proposed method.

over its corresponding value range is the normalized PDF
over the refined value ranges in Figures 10-13. From Table 3,
one can observe that the value ranges given by the proposed
method can be larger or narrower than the original ones given
by the expert. And they are more reasonable according to the
proposed method.

4) RESULTS COMPARISON
In this Section, comparisons are carried out between PF-G
and PF-U.

The estimated RUL (dashed line) and true RUL (solid
line) are shown in Figures 14 and 15 with 90% confidence
interval (dotted line). It is shown that PF-G and PF-U give
comparable results after 100 cycles, as a large enough number
of measurements are collected at that time. However, PF-G
gives more stable and more precise results than PF-U for the
first 100 cycles. The predicted RUL of PF-G converges much
faster to the true RUL with a narrower confidence interval.

The results of PF-G are influenced by the number of prod-
uct samples and duration of reliability test. The longer the
duration of the reliability test is, the better the predicted RULs
are, as more product samples may fail during the reliability
test and the parameters initializations are more reliable. The
more product samples are used in the reliability test, the better
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the predicted RULs are, as more failure time information are
collected and we can better estimate the value ranges of the
parameters and their prior distributions.

Figure 16 shows the boxplot of the absolute errors of PF-G
and PF-U between the predicted RULs and the true RULSs
at different charge/discharge cycles. PF-G is with 35 product
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samples and different reliability test durations. In Figure 16,
the x tick label PF-G128 means the corresponding box plot is
the results of PF-G with a reliability test duration of 128. One
can observe that PF-G can always give more stable and pre-
cise results than PF-G in the experiments. When the reliability
test duration becomes longer, the performance of PF-G tends
to improve. The Figure shows also that when the reliability
test duration is too short, e.g. 126, few of the product samples
fail during the test, making PF-G less stable and PF-G gives
only slightly better results than PF-U. This proves that the
quality of the failure time data is very important. If few failure
times of the product samples are precisely known, PF-G can
not improve significantly the prognostic results.
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FIGURE 17. Comparison of absolute error between PF-U and PF-G with
different stop time of reliability test over 10 product samples.

Another experiment with 10 product samples is carried
out for analyzing the PF-G’s sensitivity to the reliability test
duration. Figure 17 shows the boxplot of the absolute errors
between the true RULs and the predicted RULSs given by PF-U
and PF-G with only the first 10 product samples in Figure 9.
Based on Figures 16 and 17, one may draw the conclusions
that: 1) the longer the reliability test time, the better the
prognostic results of PF-G; 2) PF-G gives always more stable
and precise predicted RUL than PF-U.

In order to show precisely the influence of the number
of product samples on the performance of PF-G, another
experiment is carried out. In this experiment, the reliability
test duration is fixed at 128. We test the performance of
PF-G with different numbers of product samples used in the
reliability test. The results together with the results of PF-U
are shown in Figure 18. The x tick label PF-G20 means that
the corresponding boxplot is the results of PF-G with the
reliability test on the first 20 product samples in Figure 9.
It is shown again that PF-G gives better results than PF-U in
the simulation and that more production samples can improve
the performance of PF-G.

Note that the quality of the failure time data is also impor-
tant for the prognostic results of PF-G. As shown in Figure 18,
the results with 25, 30 and 35 product samples are not better
than that with only 20 samples. The reason for this is that the
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collected failure times for the product samples are too diverse.
The true failure time of the test scenario is 130 and the failure
times of the product samples numbered from 20 to 35 are
either much smaller or larger than 130, as shown in Figure 9.
Thus, the uncertainty of the collected failure times may influ-
ence the results.

IV. CONCLUSIONS

One of the difficulties for applying PF is the parameters
initialization at initial time. In case of a new product,
no degradation process data is available and a common way
for parameters initialization is assuming uniform distribu-
tions over value ranges given by experts. Such initialization
is not always reliable and effective. Thus, a new method is
proposed in this work for parameters initialization. In the pro-
posed method, failure time data collected from reliability tests
during the design process are used to estimate the likelihood
of each parameter value via Monte Carlo simulation. Then,
for each uncertain parameter in the state and observation
equations, the value range with a predefined confidence level
can be derived along with the PDF over this value range.

The effectiveness of the proposed framework is verified
through simulated case studies on prognostics of PEM fuel
cells and Li-ion batteries. In the experiment, the predicted
RULSs are more stable and the uncertainties of the prognostic
results are significantly reduced, especially at the beginning
when little measurements are available.

The proposed method has some assumptions that may
restrict its application. First, the proposed method is
restricted to new products with no degradation at the begin-
ning. Second, the transition of the parameters should be
known or fixed. The future work will focus on the devel-
opment of the proposed method for wider applications by
relaxing these assumptions.

REFERENCES

[1] E. Zio and G. Peloni, ‘“‘Particle filtering prognostic estimation of the
remaining useful life of nonlinear components,” Rel. Eng. Syst. Saf.,
vol. 96, no. 3, pp. 403—409, 2011.

VOLUME 6, 2018



J. Liu et al.: PF for Prognostics of a Newly Designed Product With a New Parameters Initialization Strategy

IEEE Access

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]
[21]

[22]

[23]

[24]

[25]

Y. Li and M. Coates, “Particle filtering with invertible particle flow,” JEEE
Trans. Signal Process., vol. 65, no. 15, pp. 4102-4116, Aug. 2016.

M. S. Haque, S. Choi, and J. Baek, “Auxiliary particle filtering-based
estimation of remaining useful life of IGBT,” IEEE Trans. Ind. Electron.,
vol. 65, no. 3, pp. 2693-2703, Mar. 2018.

Y. Jiang, Y. Wang, Y. Wu, and Q. Sun, “Fault prognostic of electronics
based on optimal multi-order particle filter,” Microelectron. Rel., vol. 62,
pp. 167-177, Jul. 2016.

M. Rigamonti, P. Baraldi, E. Zio, D. Astigarraga, and A. Galarza, ‘‘Parti-
cle filter-based prognostics for an electrolytic capacitor working in vari-
able operating conditions,” IEEE Trans. Power Electron., vol. 31, no. 2,
pp. 1567-1575, Feb. 2016.

P. Baraldi, F. Mangili, and E. Zio, “Investigation of uncertainty treatment
capability of model-based and data-driven prognostic methods using sim-
ulated data,” Rel. Eng. Syst. Saf., vol. 112, pp. 94-108, Apr. 2013.

M. Mishra, J. Odelius, A. Thaduri, A. Nissen, and M. Rantatalo, “‘Particle
filter-based prognostic approach for railway track geometry,” Mech. Syst.
Signal Process., vol. 96, pp. 226-238, Nov. 2017.

X. H. Su, S. Wang, M. Pecht, L. L. Zhao, and Z. Ye, “Interacting multiple
model particle filter for prognostics of lithium-ion batteries,” Microelec-
tron. Rel., vol. 70, pp. 59-69, Mar. 2017.

X. Xu and N. Chen, “A state-space-based prognostics model for lithium-
ion battery degradation,” Rel. Eng. Syst. Saf., vol. 159, pp. 47-57,
Mar. 2017.

L. Yongxiang, S. Jianming, W. Gong, and Z. Mengying, “An ensemble
model for engineered systems prognostics combining health index synthe-
sis approach and particle filtering,” Qual. Rel. Eng. Int., vol. 33, no. 8,
pp. 2711-2725, 2017.

M. S. Jha, G. Dauphin-Tanguy, and B. Ould-Bouamama, ‘‘Particle filter
based hybrid prognostics for health monitoring of uncertain systems in
bond graph framework,” Mech. Syst. Signal Process., vol. 75, pp. 301—
329, Jun. 2016.

J. Fan, K.-C. Yung, and M. Pecht, “Predicting long-term lumen mainte-
nance life of LED light sources using a particle filter-based prognostic
approach,” Expert Syst. Appl., vol. 42, no. 5, pp. 2411-2420, 2015.

M. Jouin, R. Gouriveau, D. Hissel, M.-C. Péra, and N. Zerhouni, ‘“‘Prog-
nostics of PEM fuel cell in a particle filtering framework,” Int. J. Hydrogen
Energy, vol. 39, no. 1, pp. 481-494, 2014.

M. Jouin, R. Gouriveau, D. Hissel, M.-C. Péra, and N. Zerhouni, “Particle
filter-based prognostics: Review, discussion and perspectives,” Mech. Syst.
Signal Process., vols. 72-73, pp. 2-31, May 2016.

Y. Hu, P. Baraldi, F. D. Maio, and E. Zio, “A particle filtering and kernel
smoothing-based approach for new design component prognostics,” Rel.
Eng. Syst. Saf., vol. 134, pp. 19-31, Feb. 2015.

P. Baraldi, M. Compare, S. Sauco, and E. Zio, “Ensemble neural network-
based particle filtering for prognostics,” Mech. Syst. Signal Process.,
vol. 41, nos. 1-2, pp. 288-300, 2013.

F. S. Lasheras, P. J. G. Nieto, F. J. de Cos Juez, R. M. Bayon,
and V. M. G. Sudrez, “A hybrid PCA-CART-MARS-based prognostic
approach of the remaining useful life for aircraft engines,” Sensors, vol. 15,
no. 3, pp. 7062-7083, 2015.

D. Wang, F. Yang, Y. Zhao, and K.-L. Tsui, “‘Prognostics of Lithium-
ion batteries based on state space modeling with heterogeneous noise
variances,” Microelectron. Rel., vol. 75, pp. 1-8, Aug. 2017.

L. Liu, X. Li, F. Sun, and N. Wang, “A general accelerated degradation
model based on the wiener process,” Materials, vol. 9, no. 12, p. 981, 2016.
A.Doucet and A. M. Johansen, ““A tutorial on particle filtering and smooth-
ing: Fifteen years later,” in Oxford Handbook Of Nonlinear Filtering. 2011.
J. H. Kotecha and P. M. Djuric, ““Gaussian particle filtering,” IEEE Trans.
Signal Process., vol. 51, no. 10, pp. 2592-2601, Oct. 2003.

Y. Chen, L. Xie, and R. Kang, “Reliability prediction of single-board
computer based on physics of failure method,” in Proc. 6th IEEE Conf.
Ind. Electron. Appl. (ICIEA), Jun. 2011, pp. 1454-1458.

M. E. Orchard and G. J. Vachtsevanos, ““A particle filtering-based frame-
work for real-time fault diagnosis and failure prognosis in a turbine
engine,” in Proc. Medit. Conf. Control Automat., Jun. 2007, pp. 1-6.
Z.Zeng, R. Kang, M. Wen, and E. Zio, “A model-based reliability metric
considering aleatory and epistemic uncertainty,” IEEE Access, vol. 5,
pp. 15505-15515, 2017.

Z. Zeng, R. Kang, and Y. Chen, “Using PoF models to predict system
reliability considering failure collaboration,” Chin. J. Aeronaut., vol. 29,
no. 5, pp. 1294-1301, 2016.

VOLUME 6, 2018

[26] Y. Chen, Y. Jin, X. Liang, and R. Kang, “Propagation path and failure
behavior analysis of cracked gears under different initial angles,” Mech.
Syst. Signal Process., vol. 110, pp. 90-109, Sep. 2018.

[27] X.Li, W. Chen, F. Sun, H. Liao, R. Kang, and R. Li, “Bayesian accelerated
acceptance sampling plans for a lognormal lifetime distribution under
Type-I censoring,” Rel. Eng. Syst. Saf., vol. 171, pp. 78-86, Mar. 2018.

[28] M. S. Jha, M. Bressel, B. Ould-Bouamama, and G. Dauphin-Tanguy,
“Particle filter based hybrid prognostics of proton exchange membrane
fuel cell in bond graph framework,” Comput. Chem. Eng., vol. 95,
pp. 216-230, Dec. 2016.

JIE LIU received the B.Sc. degree in mechanical
engineering and the M.Sc. degree in physics from
Beihang University, Beijing, China, in 2009 and
2012, respectively, and the Ph.D. degree from Cen-
traleSupélec, Chatenay-Malabry, France.

From 2015 to 2017, he was a Post-Doctoral
Researcher at the Chair System Science and
Energetic Challenges, EDF Foundation, Centrale-
Supélec, Chatenay-Malabry. He is currently with
the School of Reliability and Systems Engineer-
ing, Beihang University, Beijing, China. He has published over 20 articles.
His research interests concern fault detection, diagnostics, prognostics, and
dynamic reliability assessment.

ENRICO ZIO received the B.Sc. and Ph.D. degrees
in nuclear engineering from the Politecnico di
Milano, Italy, in 1991 and 1995, respectively,
the M.Sc. degree in mechanical engineering from
the University of California at Los Angeles, Los
Angeles, CA, USA, in 1995, and the Ph.D. degree
in nuclear engineering from MIT in 1998.
He is currently the Director of the Chair on Sys-
tems Science and the Energetic Challenge, EDF
! Foundation, CentraleSupélec, Chatenay-Malabry,
France, and a Full Professor of computational methods for safety and risk
analysis with the Politecnico di Milano, Italy. He is the President of the
Advanced Reliability, Availability, and Maintainability of Industries and
Services (ARAMIS) Ltd., and the Chairman of the European Safety and
Reliability Association, ESRA. He has co-authored five international books
and over 200 papers on international journals, and serves as referee for over
20 international journals. His research topics include the analysis of the reli-
ability, safety and security of complex systems under stationary and dynamic
conditions, particularly by Monte Carlo simulation methods, development of
soft computing techniques (neural networks, support vector machines, fuzzy,
and neuro-fuzzy logic systems, genetic algorithms, differential evolution)
for safety, reliability, and maintenance applications, system monitoring, fault
diagnosis and prognosis, and optimal design.

YANG HU received the Ph.D. degree from the
Energy Department, Politecnico di Milano, Milan,
Italy, in 2015. He was a Research Associate with
the School of Engineering, Zurich University of
Applied Sciences, Winterthur, Switzerland, from
2015 to 2016. He is currently a Research Engi-
neer with the Science and Technology on Complex
Aviation System Simulation Laboratory, Beijing,
China. His research interests are machine learning

: methodologies in prognostics and health manage-
ment, including degradation mechanism modeling, PHM model developing,
and uncertainty management.

62573



	INTRODUCTION
	METHODOLOGY
	PARTICLE FILTERING
	STATE ESTIMATION
	RUL PREDICTION

	RELIABILITY TEST
	PARAMETERS INITIALIZATION

	CASE STUDIES
	EXPERIMENT ON PEM FUEL CELLS
	DEGRADATION MODEL
	RELIABILITY TEST DATA
	EXPERIMENT RESULTS

	EXPERIMENT ON LI-ION BATTERIES
	DEGRADATION MODEL
	RELIABILITY TEST DATA
	PARAMETERS INITIALIZATION
	RESULTS COMPARISON


	CONCLUSIONS
	REFERENCES
	Biographies
	JIE LIU
	ENRICO ZIO
	YANG HU


