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ABSTRACT
Most of the works proposed for the design of rélightest

highlight through a numerical experiment the impafcthe
test plan defined by the number of the productsetdested
and the test duration on the performance of a iclass

plans are devoted to the guaranty of the relighilit congition-based maintenance (CBM) policy.
performance of a product but scarce of them tackles

maintenance issues. On the other hand,
maintenance optimization criteria rarely take imtocount
the variability of the failure parameters due toklaf data,
especially when the data collection in the opegagihase is
expensive. The objective of this paper is to higti
through a numerical experiment the impact of the pan
design defined here by the number of the productbet
tested and the test duration on the performaneectdssical
condition-based maintenance (CBM) policy.

1. INTRODUCTION

While the risk due to the quality and quantity dfet
available data is one of the major concerns inpfueluct
design and qualification processes, this issue sawsh to
be tackled in the operational phases and esped@lyhe

optimization of maintenance policies. Indeed, thastv

majority of the works proposed in the
concentrates on the definition of a mainteeamnule for
the maximization of a long-term economic paddility
by assuming well-defined and stationary religbior

classicalhe remainder of the paper is as follows. First, phoblem

statement is presented through a brief discussiorthe
literature review in Section 2. Section 3 will bevdted to
the numerical experiment. A discussion on the engks of
combining the two approaches will be conductedenti®n
4,

2. PROBLEM STATEMENT

An analysis of the current practices in industrgde us to
conclude a gap between the objectives and thetseauthe
product design phase and some of the issues wiltl@n
operating context such as maintenance optimizatioereas
it could be recommended in general methodologied i3
the Reliability-Centered Maintenance method.

The objective of the product qualification testisgo prove
the ability of a given product to respect a religbi

liter@ur requirement at a minimal cost. This requiremenasaally

given through a functional specification such aslebility
level at a given time and an associated confidéewe (or
the value at risk). Degradation testing (Elsayedl40

degradation models. However, the convergence tgethe provides an efficient way for reducing both the mem of

stationary states can be really slow and strormglgted to
the knowledge level of the failure modes ahdrefore
to the data collected during its operation. Idesrto reduce
this uncertainty, it is necessary to integrate soafe
knowledge acquired during the various product digation
and endurance tests. This remains, from our pdiniewv,

products to be tested and the test duration tineetduhe
high extrapolation capacity of the degradation nmdi
this is an a priori knowledge of the degradation
characteristics and patterns of the degradationis Th
motivates the implementation of some tests on s@giens
rather far from the failure zone.

one of the major areas of improvement in industrial

practices, especially for the development of thedi@mn-
based maintenance approaches.

This paper should be seen as an introductive dtioin to
the bi-objective optimization problem of test plamd

The construction of a maintenance policy is gehekmsed
on a set of knowledge available prior to the statefi the
product. In case of a significant amount of expwe&
conventionally, stationary assumptions especialty the
failure or on the degradation model could be tafan

maintenance policy. The objective of the paper ds t ygtermining the policy parameters. The decisiompaters
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can be intervals for intervention or degradatiowele
triggering an operation. The optimization then antsuo
determining the optimal values of these decisiompaters
on the basis of an expected average cost critehtamy
works are developed in this framework, highlightitige

RUL to a function dependent on the current degradat
X, = x where the condionnal distribution is directly give

_ 4 1G(at,b-(xp—x))
by F(t|X, =x) =1 BT e— ,Vt > 0,vx = 0.

interest of the CBM and PHM approaches. Generally3-2. Test plan: Definition and results
speaking, we can say that these approaches aré base pqer the degradation assumptions proposed inrthéqus

feedback that is consistent with observations awkadge
about failure or degradation models. The questothen
what is the validity of such approaches in the éveat this
knowledge about the models and the frequency
observation in exploitation phase are limited.

Some of the works give some insights in the contlonaof
the objectives of the two domains —optimizatiortiod test
plan and maintenance- but none of them providenapbtete
process for the joint optimization. Santini et §014)
proposes the construction of some confidence iaterfor
the Remaining Useful Life (RUL) based on real tegti
degradation data but does not propose any wayskrting

in a decision maintenance framework. Hamada (2006

develops some accelerate degradation test plarslfiib
some of predetermined maintenance requirementghfor
periodic replacement policy. No maintenance optatidn
models are therefore proposed.

3. NUMERICAL EXPERIMENT

The numerical experiment that we conduct is thiofahg.
The objective is to highlight the influence of attglan —
defining here as the number of the products todasdtthe

test duration- on the maintenance cost optimized &0 j € [1, ..., [dtest/Trest 11

product that we assume, first,
parameters are known. Then, the analysis wouldesoritie
variability of the maintenance decision criteriaaafnction
of the uncertainty on the degradation parameteimated
through a test plan.

3.1.Degradation assumptions

In a Condition-Based Maintenance (CBM) or PHM catite
a measurable degradation varialjés generally assumed
to exist. Let assume that the evolution in time tois

degradation can be modeled by an homogeneous gamr .

process{X;,t > 0} with a shape parameterand a scale
parameterb . A failure thresholdx, is supposed to be
known. The product life time is then the randomiafale
T; = inf{t > 0]X, > L} and its distribution is given by
F(t)=1 —% where IG(x,y) = fyoo u*le%du is
the incomplete gamma function angk) = f0°° u*"le %du
the gamma function.

The Remaining Useful Life (RUL) of a product is itefd as
the duration from the current time to the failutnder the
Markovian property and the stationarity of an hoemgpus
gamma process, we can then extend the definitiothef

OMmeasurements are done periodicatly,g; .

paragraph, the optimization of the test plan idital the
optimal tested product numbey.,; and the optimal test

uration d,.s; . Let assume here that the degradation
Figure 1
illustrates a test fam,.s; = 3 products ovet,.,;=1.2 time
unit and a degradation measurement interyg) = 0.2.
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Figure 1 Example of a degradation test for 3 prtgluc
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Let assume giveh,.s; = (Miesr, drese)- At the end of the
test, we get a sample composed of the degradation
increments of each product between two consecutive

measurements, denote{nx}} with i € [1, ..., neese] €t
By wusing the Maximum

that the degradatiohikelihood estimation method, the degradation patams

(Gg,pgp Betest) and, if the asymptotic normality conditions
are verified, the associated multivariate distiifutiaw can
be obtained. The estimated marginal probability sitgn
functions of the degradation parameter estimatgaven
in Figure 2 for fixed test conditiong;,.,, = 10 products
and 20 degradation measures evgpy; = 0.2.

Marginal pdf of &s,,,,
T

2

1
05

Figure 2 Estimated marginal probability densitydtions of
the degradation estimates iy, = (5,10)
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In this numerical example, the values of the degfiad  unknown. This distribution is estimated by MontedGa

parameter estimates are respectivly 1.82 and b=  simulation. It is then possible to evaluate th& nalue at
0.88. the optimal cost as a function of the uncertainty the
degradation parameters due to a given test plan.

3.3.Maintenance cost: Construction and analysis

For the shake of simplicity, we propose to analyiae
performance of a preventive maintenance policy wher
inspections are performed everytime. Inspections are
assumed to be nondestructive and perfect. In suchse,
based on the degradation assumptions, the optim
maintenance policy refers to degradation controhitli |
policy. Letx, be the preventive maintenance threshold anc
(ci cprcc) be the respective unitary costs for inspection.
preventive and corrective replacements. The opéititn of
the Condition-Based Maintenance (CBM) consists here
evaluation x, which minimizes the expected long-run 21 T I = i

maintenance cost per unit of time which can betemit  Figure 4 Estimated distribution of the maintenacwst
within some renewal conditions as follow: when parameters are unknown

¢+ ey fop m(x)dx + c, f:o m(x)dx

The numerical results provided in Table 1 highlighe

Co(xp;7,8,b) =

T X
Jo Jo P mGOF (tlXo = x)dx dt influence of the number of the products to be tested the
Where:A test duration on the 90% confidence interval. Nbtg these
. (&, b) are the values of the estimated degradation figures are obtained through simulations.

parameters

» m(-) the stationary deterioration density functionfud t Tableau 1 The 90% value at risk for different ans

maintained deteriorating product . Test durationd,.;
* F(-]|X, = x) the state-dependent RUL function given test 5x0.2 10 X 0.2 15 x 0.2
the current degradation level o |3 | (9.03,17.27)] (9.03,10.77)  (9.04, 10.25)
S [5 | (9.03,11.11)[ (9.04,10.12 (9.05, 9.68)
Figure 3 sketches the evolution of the aasfx,;,d,b) 8 ?0 ((%'%j' 11%'21]5) (9('556’59'96%6) (9.?95702.497 )
. . . o .04, . .09, 9. .09, 9.43
when the preventive maintenance threshold var@s # to 15 | (0.04,9.69 (9.05, 9.37 (9.06, 9.3

20 given the failure thresholt = 20,7 = 2,¢; = 5,¢, =

40 andc, = 100 (all the parameters are in the unit of

interest). The minimal cost is thef, = 9.07 and the No significant variations of the optimized cosi, are

optimal preventive maintenance threshejg, = 11. observed when the test plan varies, reinforcingiriberest
in developing some maintenance approaches nothadgd

5 : : on the expected average cost.

4. DISCUSSION

The numerical study presented in this paper higtdigome
of the interests of combining the objectives of thessical
design of the product reliability test plans and #ssociated
maintenance policy optimization. We illustrate the
limitation in using classical average cost criteriand the
necessity to tend towards the integration of thgrakation
model uncertainties within the optimization process

4 6 8 0

e ot e " it = Robust maintenance optimization based on the Value

Figure 3 Maintenance cost as a function of the guméve Risk (Chang, Pandey & van der Weide, 2016) couldabe
threshold for given degradation parameters promising approach. Adding different costs in thst tplan
design process could be also interesting for tmstroction
Figure 4 gives the estimated distribution of theéntemance ~©f the combined optimization process. Nevertheladst of
cost when the degradation parameters are consideréfallenging issues remain such as the problem ef th
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