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ABSTRACT 2010). From a practical point of view, imperfect mainte-

. . - . ance can describe a large kinds of realistic maintenance ac
This paper deals with a condition-based maintenance (CBMEOnS (Pham & Wang 19%6) Furthermore, imperfect main-
model considering both perfect and imperfect maintenancg: ' i '

. S L . tenance is usually cheaper than perfect maintenance.l@rio
actions for a deteriorating system whose condition is agleri . L . .
. . . - . methods and optimal policies for imperfect maintenance are
ically monitored according to a remaining useful life (RUL)

. . . . . summarized and discussed in (Pham & Wang, 1996; Wu &
based-inspection policy. Perfect maintenance actionenes . . .
: . Zuo, 2010). In such maintenance models, preventive main-
completely the system to the 'as good as new’ state. Thei T
enance decision is however based on the system age and on

rele_lted cost are however_often high. Impgrfect preventl\{%he knowledge of the statistical informations on the system
maintenance restores partially the system with reduced-mai lifetime. As a consequence, the realistic operating co it

tenance cost. Nevertheless, it may however make the systen? . .
. N . of the system over time can not be taken into account.
more susceptible to future deterioration. The aim of the pa-

per is to propose a CBM model which can help to construcflo face this issue, condition-based maintenance (CBM), for
optimal maintenance policies when both perfect and imperwhich preventive maintenance decision is based on the ob-
fect maintenance actions are possible. To illustrate tlee usserved system condition, is recently introduced. Thank to
of the proposed CBM model, a numerical example finally israpid development of monitoring equipments which can pro-

introduced. vide accurately information about the system conditiorrove
time, CBM becomes nowaday an interesting approach for
1. INTRODUCTION maintenance optimization. Various CBM policies have been

. . . . . proposed and applied for many industrial systems, see for

Maintenance involves preventive and corrective actioms ca : . i ;

ried out to retain a system in or restore it to an operatin example (Ghasemi, Yahcout, & Ouali, 2007; Grall, Dieulle,
gBérenguer, & Roussignol, 2002; Neves, Santiago, & Maia,

Eg\nudrlr?znétggtlgﬁ;bl?lﬁlr}:/ﬁggﬁif Og:;zgg t0(frrfm/'de;p_2011; Noortwijk, 2009; Tan, Cheng, Guo, & Gong, 2010).
y Y y y P t is recently shown in (Meier-Hirmer, Riboulet, Sourget, &

at lowest possible maintenance costs, (Pham & Wang, 1996 oussignol, 2008; Nicolai, Frenk, & Dekker, 2009; Ponchet,

In the literature, perfect maintenance actions (or re e Fouladirad, & Grall, 2011) that CBM is specially suited to

actions) which can restore the system operating condition tirr‘lrperfect maintenance since according to the observed con-
ITi

as good as new have been considered in various maintenang on of the system, an optimal maintenance action repre

models. The implementation of perfect maintenance pdalicie . . . I . .
L : . sented by an optimal intervention gain is preventivelyiearr
seems quite simple, however, perfect maintenance actiens a

often expensive. Imperfect maintenance implying that theout. However, in such maintenance policies, only imperfect

» X . reventive or imperfect repair actions are considered had t
system condition after maintenance is somewhere betweepn P P

the condition before maintenance and as good as new hggstem is assumed to be imperfectly maintained an infinite

i number of times. From a practical point of view, this as-
grown recently as a popular issue to researchers as wel as in

dutialengnsern s forexample Casro, 2008 i Y0 SMSe et e 1t ol
Morimura, & Suzuki, 1988; Labeau & Segovia, 2010; Levitin 9 bp » SY

- ) ) . o only a limited number of times due to technical or economi-
& Lisnianski, 2000; Nakagawa & Yasui, 1987 Liu & Huang, cal reasons (Kurt & Kharoufeh, 2010). Furthermore, as men-

Phuc Do Van et al. This is an open-access article distributettr the terms  tionned in (Nicolai et al., 2009), each imperfect maintarean
of the Creative Commons Attribution 3.0 United States L&snwhich per-  5ntion may make the system more susceptible to future dete-

mits unrestricted use, distribution, and reproductiomynmedium, provided . . . . .
the original author and source are Creditgd. m P rioration. To this end, a fixed number of allowable imperfect
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maintenance actions is introduced in maintenance models |

(Kurt & Kharoufeh, 2010; Do Van & Berenguer, 2012) and R —
considered as a decision parameter. However, the value i
variable is arbitrary chosen and they do not describe howth Failure threshold

imperfect repair actions affect the deterioration evolutof s
the system.

The aim of this paper is to propose a CBM model consid-
ering both perfect and imperfect maintenance actions for
deteriorating system. Imperfect maintenance is invetgiya
with both positive and negative sides. Positive impact raean
that it can reduce the deterioration level of the system witt
reduced maintenance cost. Negative impact implies thdit eac ‘ ‘ ‘ ‘ L ‘ ‘ ‘
imperfect preventive action may accelerate the speed of th t1 to T aitare Time
system’s deterioration process. Moreover, in CBM pragtice

inspections are usually performed at regular intervalsvHo  Figure 1. lllustration of the system degradation evolutiod
ever, it may not be always profitable to systematically in-its state.

spect the system, especially when the inspection procésiure

c_ostly. 'I_'he present paper proposes to use an aperi_OdimmSpeperfect preventive maintenance actions, which incur respe
tion policy which is based on the residual useful life (RUL) tively perfect maintenance cost, and imperfect mainte-
of the system, see (Cui, Xie, & Loh, 2004; Gebraeel, Lawley,nance cosC*, are possible P

p’ .

Li, & Ryan, 2005; Yang & Klutke, 2001).

This paper is organized as follows. Section 2 is devoteddo th2.2. Deterioration modelling

description of the system characteristics and relatechgggsu  Gamma processes have been widely used to describe the
tions. Imperfect maintenance actions and their relatet coslegradation of systems (Noortwijk, 2009; Grall et al., 2002
model are also described and discussed. Section 3 focusB® Van & Berenguer, 2012). A characteristic of this process
on the proposed imperfect maintenance policy. To illustrat is that it is clearly monotone increasing which is the bebavi
the proposed maintenance policy, a simple numerical exansbserved in most physical deterioration processes. Mereov
ple is introduced in Section 4. Some numerical results are ifts paths are discontinuous and it can be thought as the ac-
addition discussed here. Finally, the last section prestiet cumulation of an infinite number of small shocks. Following

Degradation level

2

4 Tatta) — at)

=

conclusions drawn from this work. this spirit, it is assumed that the deterioration of the exyst

between théth and the §+1)th maintenance actions evolves
2. MODEL DESCRIPTION AND ASSUMPTIONS like a Gamma stochastic procéss, );>, with the following
2.1. General assumptions characteristics:

Consider a system in which the condition (deterioratioelgv R
at timet can be summarized by an observable random scalar
variableX;. This random variable can represent for example - ) )
a crack length or defect products. In the absence of repair of  (X¢):>0 has independent increments;

replacement actions, the evolution of the system detditora o forall 0 < < ¢, the random incremerX, — X, follows

is assumed to be strictly increasing. The prodesg>o is a Gamma probability density (pdf) with shape parameter
then an increasing stochastic process. Moreover, we sappos ai(t — 1) and scale parametgt

that the following assumptions are verified.

e The initial stateX| is O;
e The system is failed if its deterioration level is greater

X, = X*, (X* represents the deterioration level of the
system after théth maintenance action);

1

ap(t—1), ar(t—1)—1_—px
fak(t—l),B(x) = mﬂ k(t=1) pan(t=0)—=1,—p Tias0}s

than a levelL. The threshold. can be seen as a deterio- where:

ration level which must not be exceeded for economical - ZIi,>o0y is an indicator functiofy, oy = 1if 2 >

or gecurity reasons. We assume tfiatinspection a_nd 0, Z;»>0; = 0 otherwise;

maintenance actions can _be o_nly performed at discrete  _  _ v,/ with vy, being the mean deterioration

times andii) the system failure is self-announcing. speed of the system between tté and the k +
The system degradation behavior and corresponding states 1)th maintenance actions.

are illustrated in Fig. 1. After a corrective or perfect preventive maintenance agtio

To avoid failure occurrence of the system, preventive mainthe system becomes as good as new (the deterioration level is
tenance is considered. It is assumed that both imperfect argkt to 0 and the deterioration behavior evolves with time ac-
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cording to the nominal speeg = «//). Imperfect main- Deterioration evolution and random intervention gains
tenance actions can reduce the system'’s deterioratioh lev L Fallure threshold

with reduced maintenance costs. However, as mentioned |
(Nicolai et al., 2009; Kurt & Kharoufeh, 2010), imperfect
maintenance actions may affect the evolution of the system
deterioration process. The impacts of imperfect mainteean
actions will be described in the next section. ‘ ‘ ‘ L

>
=

Zl ’

Deterioration level

"

T time

2.3. Imperfect maintenance actions and related costs

<
[y

2.3.1. Impact of imperfect actions on the deterioration
level

Itis shown in the literature that maintenance gains, defased
the reductions of the deterioration level of the system due t Figure 2. lllustration of deterioration evolution and ingf=
imperfection maintenance actions, could be random, see féf imperfect maintenance.

instance (Castro, 2009; Meier-Hirmer et al., 2008; Do Van &

Berenguer, 2012).

<
=]

Mean deterioration speed

T: time

or low quality components, as a consequence, after mainte-
nance the deterioration level of the system can be reduced
however the deterioration speed may be increased. The im-
pact of an imperfect maintenance action on the system dete-
rioration speed can be described by non-negative contgsuou
random variable which follows an exponential distribution
with density probability:

In this way, if thekth imperfect maintenance action is per-
formed at inspection tim@}, the intervention gain is then as-
sumed to be described by a continuous random varizble
Z¥ is restrictedp) < Z¥ < X1 whereX, is the deteriora-
tion level of the system &f;. In fact, it is shown in (Do Van
& Berenguer, 2012) that* can be distributed according to a
truncated normal distribution with density:

sl h(w) = ve " Lips0,
on) g @ @

a o

Iu,o,a,b(T) = . .
where~ is a non negative real number. The mean value of

isE[e] = 7.
where:

. . By this modelling, if thekth maintenance action is a cor-
¢ Tuple)=1ifa<az< I.)andI[ayb] (@) N 0 othe_rW|se, rective or perfect preventive maintenance, the mean dete-
e 9(§) = #exp (—3£?) is the probability density func-  rioration speed of the system after maintenance is reset to

tion of the standard normal distribution add-) is its vy = vg = «ap/B. If the kth maintenance action is an im-

cumulative distribution function; perfect preventive one, the mean deterioration speed of the
e 1= Xr/2ands = Xy, /6; system after maintenance is:
e a=p—3c=0andb=p+ 30 = Xr,, UV = V-1 + €. )

According to this distribution, it is clear that < Zp, < b,

i.e. 0 < ZF < Xr, is satisfied. The mean intervention gains An example of increasing of the deterioration speed due to an
isE(Z*) = p and the variance IWAR(Z*) = 0.97302, see  imperfect maintenance action is illustrated in Fig. 2. Aecas
(Ross, 1996). Thank to the imperfect preventive action, thetudy on the sensitivity to the effect of imperfect maintere
deterioration level of the system after maintenance iset tactions will be discussed in Section 4.

X* = X7, — Z*. The illustration of the system deterioration

evolution and random maintenance gain are shown in Fig. 22.3.3. Imperfect preventive maintenance cost

. . . . In general, each maintenance action incurs a cost and an im-
2.3.2. Impact of imperfect actions on the deterioration . . . .
speed perfect malntenancg action often_ incurs a reduced _malnte—
nance cost, namely imperfect maintenance cost, which may
To model the impact of imperfect actions on the evolution de-be independent of maintenance gain and bounded by perfect
terioration of the system, it is assumed in this work thaheac maintenance cost, see for instance (Castro, 2009; Labeau &
imperfect preventive action affects the speed of the systerBegovia, 2010; Meier-Hirmer et al., 2008). From a practical
deterioration process. This can be found in variety of busipoint of view, in most cases, the quality of the maintenance
ness sectors, e.g. removing several components for maintaction increases with the level of ressources allocated} to i
nance actions may accelerate the deterioration evolution and hence with its cost, see (Lie & Chun, 1986; Liu & Huang,
other components; spare parts may be reusable compone2810; Mettas, 2000). To model imperfect maintenance ac-
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tions in the context of deteriorating systems, the degradat

improvement factor, defined as the ratio of the improvemen T;,| n=0

gain divided by the deterioration level of the system before %@08

maintenance, has been recently introduced, see (Do Van .

Berenguer, 2012). Based on the improvement factor, impel

fect maintenance costs can be evaluated and considereda m=9

function of the improvement factor. In this way, it is assume i

in this work that when théth imperfect preventive action is o4 n=1

performed at inspection timé&;, we have to pay a mainte- o3r

nance cost which is defined as: o2y n=3 s
0.1

CF =Clu(T;)", (3)

where:
Zk
- w(T) = < is the degradation improvement factor;

i

0 D.‘l 0.2 013 0.4 . 04‘5 . D.‘E Dj7 0‘.8 DjQ
Degradation improvement factar(.)

Figure 3. lllustration of imperfect maintenance cost fimmt

C, isimperfect preventive cost incurred when the deteri lution of the system’s deterioration process. More prégjse

oration level of the system is reduced to 0 with imperfect

according to the degradation le\vEl;, at inspection time’;,

maintenance action. This cost is usually lower than §na maintenance decision is the following:

perfect preventive cosC(Q < Cp);
- nis anon-negative real number. °

According to this cost model, different kinds of maintenanc
cost function can be found depending on the valug dflore

precisely:
[}
e whenn = 0, imperfect maintenance cost is constant

(€ =G

e when0 < n < 1, imperfect maintenance co@tgC is a
concave function: the maintenance cost increases more
than the improvement gain when performing the mainte-
nance;

e whenn =1, C;j is a linear function which implies that
the maintenance cost is proportional to the improvement
level gain;

e whennp > 1, C{; is a convex function: the maintenance
cost increases less than the improvement gain.

Figure 3 illustrates these three different shapes of theimmp
fect maintenance cost function. A case study of the proposed
imperfect maintenance policy with different kinds of imper
fect maintenance cost functions will be presented in Sectio
4.

3. MAINTENANCE POLICY

In the framework of CBM optimization, a maintenance pol-
icy relies essentially on two main decisions: when to take
(preventively/correctively) maintenance actions and nvtoe
inspect. The system degradation can be used to make the de-
cision on the inspection time and on the maintenance actio
to be performed, (Grall et al., 2002; Noortwijk, 2009; Do Van
& Berenguer, 2010).

if X7, < M, the system is in a working state, no main-
tenance action is performed/ is called the preventive
maintenance threshold and it is a decision variable to be
optimized.

if L > Xp, > M, the system is still functioning, how-
ever its deterioration level is considered as "high”. A pre-
ventive maintenance action is immediately carried out.
Without loss of generality, it is assumed that this pre-
ventive maintenance action is tt¢h preventive main-
tenance action from the last perfect maintenance of the
system. Ifk = K (K is called the imperfect threshold
and it is a decision variable to be optimized), thk pre-
ventive maintenance action is a perfect one. Contrarily,
if & < K the kth preventive maintenance action is an
imperfect one. This imperfect preventive maintenance
action may not restore completely the system but it leads
the system to be a better state at which the degradation
level is lower or equal to the current deterioration level of
the system. The impacts of imperfect preventive mainte-
nance actions and their related cost have been described
in Section 2.3.

if X1, > L, the system is failed, then a corrective re-
placement action is performed and a aOstis incurred.

An additional cost is incurred by the timé elapsed in
the failed state at a unavailability cost ratg which may
correspond to, for example, production loss per unit of
time. After a corrective maintenance action, the system
is considered as good as new.

Ve assume finally that maintenance durations are neglected
and all the necessary maintenance ressources to execute pre
ventive or corrective maintenance actions are always -avail

The maintenance decision is herein based on both the systeable. The decision process of the maintenance policy is-illu
deterioration level at inspection time and the potential-ev trated in Fig. 4.
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GivenL, M, K, Q
Xo=0,i=0,k=0
EvaluateTy = m(Xo, Q) UL Failure threshold /"’
o Tipr =Ti + m(Xr;, Q) | Evaluatem (X, , Q) H v ,
i=1+1 1 i Y v
| Monitor the system &’; | | Preventive threshol /3 dj /
M
g /
N has ol Corrective 2@ 1
the system has failed ) c
OrXTi > 12 maintenance > %
i Set Xz, =0,k =0 g
=
Q
NO [a)
m(Xo,Q) T1 T Time
>
Perfect preventive maintenancg
Set X7, =0,k =0 ™ Figure 5. lllustration of degradation behavior and mainte-
nance policy.
Imperfect preventive maintenance
with intervention gainz*
Set:Xr, = Xp, — ZF k=k+1
where:

P(X1,4ar > L|IX1,) = P(X1087 — X1, > L = X717)

—/LOO faparg(x)de

—Xr,

Figure 4. Decision process of the maintenance policy.

L—Xr,
3.1. RUL based inspection =1 —/O faparg(x)dr. (6)

Different inspection policies, which aim to optimize thésn |t is clear thatn(X1,, Q) depend on the current degradation
inspection interval length, have been introduced in ltte@  |evel of the system, the failure threshdlcand the parameter
In fact, the inter-inspection interval length can be fixed re () (Gebraeel et al., 2005). The illustration of inter-insjmet
gardless of the degradation level, e.g. (Ponchet et al1)201 interval is shown in Fig. 5. The integration of(X7,,Q) In

or aperiodic and deteriorating-dependant via an inspectiothe maintenance decision process is illustrated in Fig. 4.
scheduling linear (Grall et al., 2002), or non-linear (Bark

& Newby, 2009) function with respect to the deterioration
level. Residual Useful Life (RUL) based inspection has bee -
recently introduced, see (Cui et al., 2004; Gebraeel et alCOSLCi is incurred.

2005; Yang & Klutke, 2001). The latter seems very promis-According to this inspection policy, the reliability of tisgs-

ing especially in the context of condition-based mainteean tem between two inspection times interval remains higher or

The main idea of the RUL based inspection is that the next inéqual to { — Q). This means that the proposed maintenance

spection time is chosen such that the probability of theifail  PClICY can provide an optimal maintenance planning with a
of the system before the next inspection remains lower thafVen reliability level.  From a practical point of view, ti -
alimit Q (0 < Q < 1and itis a decision variable to be op- result seems to be very interesting since in many industrial
timized). If we letT; denote the time at which the system is systems, the reliability of the system may be an important
inspected, the corresponding degradation level of thesyst constraint due to technical and/or economical reason$psee

is X7, the next inspection time is then determined by: example (Do Van, Vu, Barros, & Berenguer, 2012).

Finally, the inspections are assumed to be instantaneeus, p
dect and non-destructive. When an inspection is perforraed,

Tiy1 =T, + m(Xr,,Q), (4) 3.2. Optimization of the maintenance policy
with, To evaluate the performance of the maintenance policy, the
long-run expected maintenance cost rate including the un-
m(Xr,, Q) availability cost is used herein as the main criterion.

= sup{AT : P(X1,4 a7 > LIXT,) < @}, () According to the proposed model, the cumulative mainte-
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nance cost at timeis: C; C. C, C) Cq n ~
, 10 100 90 70 20 3 0.2
C'(M, K . . .
(M, K, Q) Table 1. Data of costs and impact of imperfect actions
Nip(t) Nc(t)
= C;.Ni(t) + Cp + Np(t)Cyp + Z Ce+Cad(t),  To evaluate the mean maintenance cost per unit of time, the

k=1 j=1 simulations are done on a very large interval of time so that
(") tis assumed to tend to infinity. In order to find the optimal
decision parameters\(, K, @), the average of maintenance
cost per unit of time&”>° (M, K, Q) is evaluated with different
valuesofM (0 < M < L), K (K > 0)and@ (0 < @ <
1) by using Equation (8). A numerical optimization scheme
is used, the optimum values of the decision parameters are
By using the renewal theory (Ross, 1996), the long run ex4A/* = 14, K* = 4 andQ* = 0.10 for an optimal cost

where:N;(t), Np(t), Nip(t), Nc(t) are respectively the num-
ber of inspections, of perfect preventive maintenancemef i
perfect maintenance and of corrective replacemen,iri;
d(t) is the the total time passed in a failed statéirt].

pected maintenance cost per unit of time is: rate C>~(M*, K*,Q*) = 5.15. To compare with a perfect
CHUM. K maintenance policy (only the maintenance cost criterion is
C>(M,K,Q) = lim M (8)  herein used)K is set to be 0 (as mentionned above, when
t—o0

K = 0, the proposed imperfect maintenance policy becomes
Stochastic Monte Carlo simulation is used to evaluate thishe perfect RUL based maintenance policy which seems to
cost criterion. The optimal values of the decision paransete be an efficient policy in the framework of perfect condition-
(M, K, Q) are obtained by minimizing the expected mainte-based maintenance, (Grall et al., 2002; Do Van & Berenguer,
nance cost rate, e.i., 2010)), the minimum average maintenance cost rate is then
6.23 which is much more higher than the result obtained by
C*(M™, K7, Q%) 9 the imperfect policy. Moreover, the sensitivity with resp®
= min {C®(M,K,Q),0< M < L,0< K,0<Q<1}. thenumberofimperfectactions within a life cycle is sketth
M.K.Q 10 in Fig.6. The results show that wheén < 4, the maintenance
(10) cost rate increases quicklyif is close to 0 and wheR > 4
] ) ) ) ) the maintenance cost rate increases slowly with respeleéto t
According the maintenance policy, the interest of imperfec,creasing ofic. According to these results, it is clear that

maintenance policy is represented K. WhenK™ = 0, jmperfect maintenance actions seem to be more appropriate
no imperfect action is considered, the proposed maintenang, 5, perfect ones.

policy becomes a perfect one whose performance is investi-
gated and proved in (Grall et al., 2002; Do Van & Berenguer,
2010). Besides, the highdf* is, the more the interests of
imperfect actions are.

o
wu

°
L g

4. NUMERICAL EXAMPLE

o
T

The purpose of this section is to show how the proposed
maintenance policy can be used in maintenance optimisation
through a simple example whose characteristics are destcrib
in Section 2.

o
o
.
L]

Consider a deteriorating system in which its degradatien be
havior, when no maintenance is carried out, is assumed to be
described by a Gamma process with scale paramgter 1 T N ST TRETIETIE VRS
and shape paramet@r= 1. If the degradation of the system K
exceeds the failure threshold = 20, the system is failed. ~ Figure 6. Mean maintenance cost rate as a functiaki of
Both corrective and perfect maintenances can restore com-

pletely the system to the 'as good as new’ state. Besides, the

deterioration level of the system can be improved by imper4.1. Sensitivity analysisto theimperfect maintenance cost

fect maintenance actions which however may affect the dey performance of imperfect maintenance actions may de-
terioration speed, see again Section 2.2. Table 1 repats th

) ) . .. pend on their related cost which are herein by characterized
data related to inspection, maintenance costs, unav#iabi . ;
. . . : ; by 7, see Equation (3). Table 2 reports the optimum values of
cost rate (all costs are given in arbitrary units) and thesictp

; . . . . M, K and@ and the minimum value of'>° (M, K for
of imperfect maintenance actions on the deteriorationcgpee . @ o> (M. K, Q)
different values of.

Maintenance cost rate > (M ™, K, Q™)

o
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Opitlmal geCISIOH paIameters e e tions characterized by random intervention gains are stlidi
8 ]\1% KO 82 s c= (M g [2{3 , Q") and discussed with different types of their related costwhi
04 16 0 0.15 6.23 may be a concave, Im_ear or convex function _W|th respect to
1 16 0 0.15 6.23 intervention gain. The impact of imperfect actions on the de
2 14 2 0.13 5.72 terioration speed of the system is also investigated. More-
3 14 4 0.10 5.15 over, an adaptive maintenance policy with the residualuisef
5 12 6 0.08 4.44 life (RUL) based inspections is proposed. The proposed im-
Table 2. Optimal maintenance policy with a given perfect maintenance policy may optimally become a perfect

policy (Grall et al., 2002; Do Van & Berenguer, 2010) for
The results show that when< 1, the maintenance cost rate Several cases, e.g., when the imperfect cost is high onfand i
remains unchanged, the optimal maintenance policies-corrderfect actions largely affect the deterioration speechef t
sponds to a perfect maintenance polidy & 0). However, system. Finally, the performance of the proposed policy is
the maintenance cost rate decreases dramatically wheh.  illustrated and discussed through an example of detemgyat
This means that, in this case study, the imperfect maintanan system. Different sensitivity analysis are investigatesttow
cost has a significant influence on the performance of the imthe interest of the proposed CBM model.

perfect maintenance policy. Our future research work will focus on the detailed devel-

o . . . . opment of the impacts of imperfect maintenance actions in
4.2. Sensitivity analysst_o thg impact of imperfect main- ¢ framework of CBM. Furthermore, the application of the
tenance on the deterior ation speed proposed CBM model for realistic industrial systems will be

To analyze the impact of imperfect maintenance actions, difinvestigated.

ferent values ofy are considered. For each value qof a

maintenance policy characterized by the decision paras{ete NOMENCLATURE

M, K, Q) is optimally found using Equation (9) and the ob- (¢,

tained results are reported in Table 3. C,
Ck
Optimal decision parameters Op
v M KT Q" C(M*, K™, Q") o)
005 12 13 0.06 431 d
01 13 5 0.07 4.78 d(t)
02 14 4 0.10 5.15 c>(.)
05 15 2 0.11 5.69 L
1 15 1 0.12 5.99 K
2 16 0 0.15 6.23 M
3 16 0 0.15 6.23 m()

Table 3. Optimal maintenance policy with a given

Ni(t)
Ny (t)
The results show that when the impact of imperfect actions Np(t)
on the deterioration speed of the system is small, the main- N,(¢)
tenance cost is relatively low. Oppositely, when the im- @
pact of imperfect actions on the deterioration speed islarg 7T;
~ > 2, the maintenance cost is high and the proposed imper- X:
fect maintenance becomes a perfect poli€y-€ 0). This can zk
be explained by the fact that imperfect maintenance actionsu(.)
are cheaper than perfect ones however they are indirectly pe vi,
nalized by their negative influence on the deterioratioredpe
of the system. As a consequence, when their effect on theay, 8
system’s deterioration process is small, they become more
appropriate and when this effectis large, perfect maimeaa oy,
actions seems to be a better choice.

n
5. CONCLUSIONS ¥

In this work, a condition-based maintenance (CBM) model
considering both perfect and imperfect maintenances for a
deteriorating system is proposed. Imperfect maintenacce a

inspection cost

perfect (replacement) preventive maintenance cost
cost of thekth imperfect maintenance action
corrective (replacement) maintenance cost
unavailability cost rate of the system

total time passed in failed state|in ¢]

long-run expected maintenance cost rate

failure threshold

imperfect maintenance threshold

preventive maintenance threshold

inter-inspection length

number of inspection if0, ¢]

number of perfect preventive maintenanc¢irt|
number of imperfect preventive maintenanc¢liy]
number of corrective maintenance|in ¢]

failure probability between two inspection times

1 th inspection time

system deterioration level at tinte

kth intervention gain

degradation improvement factor

mean deterioration speed after #th maintenance
action

scale and shape parameters of the deterioration
process when the system is as good as new

scale parameter of deterioration process aftekthe
imperfect maintenance action

a non-negative real number

non-negative real number and represents the impact
of imperfect maintenance actions on the deterioration
speed of the system
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