N

N

Condition based maintenance model for a production
deteriorating system
Phuc Do Van, Christophe Bérenguer

» To cite this version:

Phuc Do Van, Christophe Bérenguer. Condition based maintenance model for a production deterio-
rating system. IEEE Conference on Control and Fault-Tolerant Systems (SysTol’10), Sep 2010, Nice,
France. 6p, 10.1109/SYSTOL.2010.5675955 . hal-00705206

HAL Id: hal-00705206
https://hal.science/hal-00705206

Submitted on 7 Jun 2012

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00705206
https://hal.archives-ouvertes.fr

Condition based maintenance model for a production deterimating
system

Phuc Do Van and Christophe Bérenguer

Abstract— This paper addresses a condition based mainte- aperiodic inspection policy based on the residual usefel li
nance model taking into account both maintenance cost and (RUL) of the system.
production capacity aspects for a single unit production sgtem From a practical point of view, simulation method is often

whose condition is monitored by inspection relying on an apé . .
odic inspection schedule. In order to assess the performaacof US€d for the calculation of the maintenance cost rate [7],

the proposed maintenance policy, maintenance cost per ungf ~ [10]. This simulation method is usually easy to implement,
product is introduced and calculated analytically. A numerical —however it often requires a long simulation time. The second

example of a multi state production system is fina_lly introdiwced goal of this paper is to develop an analytical approach,
to illustrate the performance of the proposed policy, as welas based on renewal theory and semi-regenerative technics,
the advantages of proposed evaluation approach. . . .
proposed recently in [6]. A Gamma stochastic process is
| INTRODUCTION used to describe the system deterioration behaviors.

Health monitoring equipments providing information This paper is organized as follows. The first section is
about the system condition have evolved rapidly over th@evoted to the description of the system characteristids an
past decade. They are useful tools in maintenance decisigfiaintenance model. The aperiodic inspection policy is also
making. Based on the monitoring information, differeniconsidered. The second section focuses on the optimisation
condition-based or predictive maintenance policies whicbf maintenance policies. An analytical calculation of the
lead to avoid failure occurrence at the lowest cost can hfaintenance cost and production capacity function is es-
performed, see for example [1], [3], [6]. In the context oftablished. A simple numerical example is introduced in this
deteriorating production system [8], [12], the deterimmat section to illustrate the proposed maintenance model. Some
causes lower production rates (therefore higher prodacti;quumerical results are in addition discussed here. Fingilly,
cost per item) and lower product quality. Preventive maintgast section presents the conclusions drawn from this work.
nance is one of the efficient tools to increase the relighbilit
of the production system. Without an effective maintenance  !l. M ODEL DESCRIPTION AND ASSUMPTIONS
program, the system might be down for significant amounts For multi-state production systems such as manufacturing
of time. This means that the effective production rate deproduction lines and power generation installations, the p
creases significantly and the system might not be able termances output of interest is not only the availabilityt bu
cope with demand. also the production capacity which can settle on different

In many preventive maintenance policies, the decisiorvels (e.g. 100%, 90%, 80% of the nominal capacity)
parameters (preventive threshold, inspection scheddlate  depending on the system conditions [4], [8], [9].
reached based on only the maintenance cost per unit of time
criterion without taking into consideration of the prodoat
capacity which may depend on the system condition, e.g.
the degradation level [8]. Hence, a lowest maintenance cost .
rate policy doesn’'t guaranty an optimal production rate
and a higher maintenance cost rate policy may lead to a o ,|
better production rate. The first objective of this papeis t .
propose a condition based maintenance model taking into
account both maintenance cost rate and production rate.
This joint consideration can lead to a better maintenance
decision-making. Moreover, in condition based mainteranc
practice, the monitoring inspections are usually perfatae
regular intervals. However, it may not be always profitable t
systematically inspect the system, especially if the ingpe

procedure is costly. The present paper proposes to use an o 1 = 2 © % & © @ % o
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lllustration of degradation level and correspogdioroduction
capacities.
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A. General assumptions

We consider a single unit system in which its condition
at time ¢t can be summarized by a random ageing variable 16
X;. In the absence of repair or replacement actiofisis an wul
increasing process. The ageing varialdlie can be e.g. the Corrective replacement

measure of a physical parameter linked to the resistance oft Preventive replacem T
a structure (height of a dike, length of a crack). Moreover, M »
we suppose that the following assumptions are verified. o
o The initial stateX, is O
o The system is in failed if the ageing variable is greater !
than a level L. The thresholdL can be seen as a o
deterioration level which must not be exceeded for r ;Aixi
economical or security reasons. 0 : ‘ ‘ ‘ ‘ ‘ ‘ ‘
20 25 30 35 40 45 50

« In the allowed operation interval (i.e. from 0 to L) e F
different operation modes are considered. A unique pro-
duction (or treatment) capacity; corresponds to each  Fig. 2. lllustration of degradation behavior and mainterapolicy.
operation mode (or staté)according to the degradation
level of the system. More precisely:

e X; < Ljp: system is in nominal state denoted state
1 in which the system is functioning with nominal
production capacitys;

e L1 < X; < Ly: system is in operational state (state 2)
in which the production capacity iS; < S;.
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« if X; < M then no maintenance action is performed;

o if L > X, > M (system is still functioning), then a
preventive maintenance action is performed and a cost
C, is incurred ;

« if X; > L (system failed), then a corrective maintenance
action is performed and a cost. (C, < C.) is
incurred. An additional cost is incurred by the tinig)
elapsed in the failed state at a cost ratewhich may

e Ly_1 < Xy < Ly = L: system is still functioning
but badly (stateV), production capacity for this case is

SN < SN—l . . . .
. . _ correspond to production lost per unit of time;
The system degradation behavior and corresponding states
are illustrated in Fig. 1. For both cases (preventive, corrective maintenance ggtion
B. Deterioration modelling the system is considered as good as new (the degradation

vel after maintenance is assumed to equal 0) The illus-

Gamm_a processes hgve been W|dely_ use(_j to desgnbe tr&ion of degradation evolution and maintenance policy is
degradation of systems in structural engineering [13] efiter shown in Fig. 2

the deterioration between two maintenance operations is
assumed to evolve like a Gamma stochastic procEs§ >o, _ _ o _ _
with the following characteristics: The inter-inspection interval lengtAT (see Fig.2) is

. Xo=0; recently a popular issue to researchers. This inter-irgpec

. (Xt)t>0' has independent increments; interval length can be fixed regardless of the degradation

. forall0 <[ < t, the random incremen¥, — X, follows level, e.g. [11], or aperiodic and deteriorating-depemndan

a Gamma probability density with shape paramete\fia an inspection scheduling linear [6], or non-linear [1]
a(t — 1) and scale parameter function with respect to the deterioration level. Quantile

based inspection or RUL (Residual Useful Life) based

Foain(T) = ;50@4)xa(tfl)flefﬁrz{po}’ inspection has been recently introduced, see [2], [5],,[10]

' I(a(t —1)) ~  [14]. The latter seems to be very promising especially in

whereq is a positive real number. the context of condition based maintenance.

The mean deterioration speed and its variancecgteand
a3* respectively. Various deterioration behaviors can be Quantile-based inspection policyThe main idea is that
modeled by changing the couple of parameters. the next inspection time is chosen such that the probaloiity
the failure of the system before the next inspection remains
) ) ) ) o lower than a limitQ (0 < @ < 1) to be optimized. If we

A maintenance policy relies on two main decisions: Whef 7 genote the time at which the system is inspected, the
to take (preventively/correctively) maintenance actiamsl corresponding degradation level of the system¥is, the

when to inspect. o _ next inspection time is then determined by:
In the framework of condition based maintenance strate-

gies, a preventive replacement threshilds usually consid-
ered. According to the degradation lev&/, the maintenance
decision is the following: Tiv1 =T + m(Xp,), (1)

C. Maintenance model



with, where H is the first replacement date.

m(Xr,) In maintenance optimisation, this cost rate is usually
= maxz(l, sup{AT : P(Xr,4ar = LIX1,) £@Q}), (2) used. However in the framework of production system,
where: productivity ta_kes an impo_rtan_t role and should be taken
into account in the optimisation procedure. In the next

P(Xryar 2 L|X1,) = P(X1 487 — X7, 2 L — X13) paragraph, we consider the optimisation problem of multi-

e criteria: maintenance cost and productivity.
= fﬁ,a(thi)(x)dx . N
L-Xr, B. Cost and productivity based criterion
L—Xr, . . . .
—1_ / oottty (@)dz. The cumulative production capacity at times:
N
3) Pr(t) = Y Di(t).5;, (7)
It is clear thatm(Xr,) depend on the degradation level, =1

the failure threshold. and the paramet&p. Different forms where D;(t) is time passed in statein the interval time
of this inter-inspection time functiom(.) for a case study [0,1].

are illustrated in Fig. 3, 4 and 5. ¢

Assume finally that the cost for each inspectiorCis Di(t) = /0 Tt <xi<riydl

[1l. OPTIMIZATION OF THE MAINTENANCE POLICIES In the same manner, the long run expected productivity is:
A. Cost based criterion E[Pr(t E|Pr(H

o . o EPro = lim | Prd], _ BIPAUD]

The objective cost function to minimize is the long run t—o00 t E[H]
s—expected cost rat#C.. The cumulative maintenance The average of maintenance cost per unit of product can
cost at timet Is be defined as the ratio of the long run expected cost rate

C(t) = Ci.Ni(t) + Cp.Np(t) + Co.No(t) + Ca.d(t), (4) divided by the long run expected productivity rate.

EC E|C(H

where: ECP,, Coo _ EIC(H)] (9)

" EPrec - E[Pr(H)]

o N;(t) is the number of inspection i), ¢] ] ] _ _ ]
This quantity can be estimated by using a simulation al-

(t) = Z Ti<ry gorithm. However the estimation method could be computa-
nCN tionally burdensome. An analytical calculation is invgated
« N,(t) is the number of preventive replacementions] in the next paragraph.
N, ( Z Ter, }I{M<X <1 C. A-nalyt|cal ce?lculatlon B
nCN It is shown in [3] and [6] that(X}:);>¢ describing the
o N.(t) is the number of corrective replacement[in] E‘éﬁgt'g‘ of the system under the previous maintenance
Ne( Z I{t<Tn}I{X >L} « aregenerative process with regeneration times being the
nCN dates of replacement;
« d(t) is the time passed in a failed state[int] « a semi-regenerative process with semi-regeneration
. times being the inspection tim&;,),c .-
d(t) = / Tix,>rydl. The discret-time random process describing the systema stat
0 B at each inspection timg/;,, = X )n,ca is @ Markov chain
The long run expected cost rate is: with continuous state spade, M ). Its transition probability
EIC(t density function is:
ECsx = lim | [ )]] (5) —
=C; thI?o[il] + Op tllﬁ[+] + fﬁ,am(z)(y - x)I{y2y<I\l}7
. E[N.(1)] . Eld(t)] where:
+Ce tliglo[f] +Ca fim | ) » o is a Dirac mass function,

By using renewal theory, it is shown in [3] and [6] that |, 7, () :/ f3.am(z) (u)du
the limit in (5) is equal to the ratio of the expected cost

incurred in a renewal cycle divided by the expected length is also proved in [6] that this Markov chaifY,, ),c v is
of a renewal cycle. Harris ergodic with a unique invariant spread out probgpili
distribution :

]
BCo = Jim [=5—1= E[H] © (dy) = ado(dy) + (1 — a)b(y)dy, (10)



with

1
‘" 1+ fOM B(x)d:c7 B
b(y) = 7 - ~B(y), (12)

Y
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The equation (13) can be calculated by using Volterra

technics, see [6].

with

B (D7) = |

[0

— [ ] Frarllios =) = Foar(Li — 0)dslrd(z)
[0,M[ Jo
G

T
Eﬂ-[/ I{L7:>X32Li,1}ds]7rd(;p)
M| 0

foralli=1,2,..N.

IV. NUMERICAL EXAMPLE

The purpose of this section is to show how the proposed
maintenance model can be used in maintenance optimisation

Using these results, it is shown in [3] that the maintenancgy production deteriorating systems through a simple exam-

cost rate in equation (6) is written as the following:

BCo = Er(T1) (14)
_ CiEw[Ni(Tl)] C;DEW[NP(TI)]
T T E.(T) B (Ty)
CoEx[N(TY)]  CaBr[d(T1)]
Er(Ty) Er(Ty)
where:
Er[N;(Th)] =1 (15)
Eo[N,(T1)] = Pr(M < Xy < L) (16)
— [ Faam M = 2) = Faamio) (L - 2)}x(do)
[0,M]
Er[Ne(T)] = Pr(Xp- > L)
— [ Foamo(L - z)n(da) (17)
[0,M]

T
= /[O)M[[/O P.(Xs > L)ds|md(z)
_ / [ / Fpas(L — z)ds]rd(z) (18)
[0,M[ Jo
B(m) - |

m(z)mrd(x) (19)
[0, M]

In the same manner, the average of maintenance cost per unit

of product in equation (9) can be expressed as:

_ E7T [O(Tl)]
ECPs = 5 1hrity)]
CiEx[Ni(Th)]
S SiEx[Dy(Th))]
CcEﬂ [NC(TI)]

Sy SiEx Dy (Th))]

CPEW [Np(Tl)
S SiER[Dyi(Th))]
CaBr[d(Th)]

Sy SiER[Dy(Ty)]
(20)

ple.

Considering a single unit production system in which its
degradation behavior is assumed to be described by a Gamma
process with scale parameter= 1 and shape parameter
= 5. The nominal production capacity of the system is 100
products / unit of time §,omina; = 100). The production
capacity can be changed according to the degradation level
of the system. More precisely:

« when the degradation level; < 20, the system is in
State 1 (hormal operation state), production capacity is
Sl = Snominal = 100;
e 20 < X; < 40, the system is in state 2, production
capacity isSs = 60;
« 40 < X, < 60 (state 3), production capacity i = 40;
« and when60 < X, (system fails), production capacity
is Sy = 0.
Assume that inspection, preventive and corrective mainte-
nance cost ar€’; = 2, C, =90, C, = 100, Cyq = 100.

A. Inter-inspection time

Firstly, inter-inspection time can be calculated by using
equation (2). Fig. 3 represents the inter-inspection time
function m(.) with respect to the degradation level of the
systemz and the paramet&p. Obviously, an increase of the
degradation level leads to a decrease of the inter-ingpecti
time and the form of inter-inspection time function can be
changed depending on the value@f Remember that only
some particular forms are considered in [1], [6].

m(a)’

14

Fig. 3. Inspection scheduling functichT = m(z) as a function ofQ



Fig. 4 and 5 show the inter-inspection time function for
two particular case§) = 1.5% and @ = 90% respectively.

Fig. 4. m(z) for Q = 1.5%

m(x)

Fig. 5. m(z) for Q = 90%

B. Cost based criterion policy

Fig. 6. Mean cost per unit of time as a function @fand M

The integration equations ((13), (16)-(19)) can be calcu-

Fig. 7. Iso-level curves of mean cost per unit of tifAE' s

Fig. 8 shows the relationship between the mean mainte-
nance cost per unit of time and the mean production capacity.
Each point corresponds to a couple of decision parameters
(M, Q). These results show that according to a demand
on the production capacity level, relying on a production
campaign for example, an optimal decision based on the
minimal mean cost per unit of time can be reached.

60 65 70 75 80 85
EProo

Fig. 8. Maintenance cost per unit of time as a function of pobidn
capacity. Each point corresponds to a couple of decisioanpeters( M, Q)

C. Cost and productivity based criterion policy

The evolution of the mean maintenance cost per unit of
product and the iso-level curves are represented respictiv
in Fig. 9 and Fig. 10.

lated by using numerical computing methods. Fig. 6 sketches
the mean maintenance cost per unit of time for different
values of the preventive maintenance threshifdand the
parameterq).

A numerical optimisation scheme was used, the optimum
values of the decision parameters ag = 51, Q* = 1.5%
(see Fig. 7) for an optimal cost of 9.52(" = 9.52). The
corresponding mean production capacityi®r., = 63.81.

Fig. 9. Mean cost per product unit as a function(@fand M

The optimal mean cost per unit of product is 0.1475 for



M* = 48,Q" 1.5 (see Fig. 10) and the correspondingprovides more insightful results on the aperiodic inter-

mean production capacity and mean maintenance cost pespection function that depends on the process parameters

unit of time are 65.17 and 9.61 respectively. We note thatnd doesn’t have a fixed form ([1], [6]).

this cost rate is higher than that obtained from the costdase In order to compute the maintenance cost and production

criterion policy however the production capacity in thisea capacity, an analytical method based on semi-regeneration

is higher. And it is not surprised that this mean cost per unfiroperty and renewal theory is used. This leads to a simpli-

of product is lower than the ratio dfC, divided by EPrl ~ fication in the calculation procedure.

obtained in the previous paragraph. More precisely, thé cos Our future research work will focus on the development

saving is 1.14%. this maintenance model to multi-unit system with different
degradation behaviors.
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