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Abstract

This paper presents an algorithm to solve the prolof maintenance management of a two state pasaties
systembased on preventive maintenance over the diffesgstem components. It is assumed that all
components of the system exhibit Weibull hazardcfiom and constant repair rate and that preventive
maintenance would bring the system to the as gsatea condition. The algorithm calculates the waepf
time between preventive maintenance tasks for eagstponent, minimizing the costs, and in such a thiay

the total downtime, in a certain period of timeedmot exceed a predetermined value. It is presemte
industrial case study where the algorithm is aplplie

1. Introduction Based on a survey on enabling technologies to

improve the performance of Flexible Manufacturing

Throughout the years, .there has been tremenqouéystems (FM ' S), conducted by a CIRP Working
pressure on manufacturing and service orgamzatlongsrOUIO on “Flexible Automation-Assessment and

to be competitive and provide timely delivery of Future” in collaboration with the ERC for

quality products. In many industries, heavily reconfigurable manufacturing systems, mentioned

automaf[ed and caplj[al Intensive, any loss Ofby [10], it is also revealed that industry considtre
production due to equipment unavailability strongly cost of maintenance as the second more important

Impairs the company profit. This new environment ritical factor for the success of large FMS. This

rs]git;?st?r?\%lr\r/l:g?r??riiragg ;nr?g;r':i%irss to optimise ad, a very low level of industry satisfaction doe

. 9 : . the high cost of maintenance of FMS and their
Mal_nte_nance, as a system, plays a k_ey . role Irblisappointment with the low level of availability o
achieving organizational goals and objectives. Itthe systems, when compared with the expectation
contributes to reducing costs, minimizing equipmentWhen those s'ystems were installed.

downtime, 'mproving quality, Increasing yjaintenance activities represent an increasingi hi

productivity, and prowdm_g reliable equipment that cost in any industry or structure. The decision

3§i\/§?feo?ngr d\(/evres” tgonggsl:lrﬁger? ?:hfg;tig?elg making for effective maintenance is increasing in
y ' ' complexity with the increase in size of the systems

maintenance system _plays an Important. role Nand distant locations of customers and also ddeeto
minimizing equipment life cycle cost. To achieve th

: '~ 7 several independent sources of information [10f Du
target rate of return on investment, plant avdlitgbi P [10F

and equipment effectiveness have to be maximized to need to keep their competitive position cust@mer
. " are demanding improvesystem availability, safet
Grag and Deshmukh had recently review the g'mp Y Y

) : : ustainability, cost-effectiveness and operational
literature on maintenance management and point o exibility

that, next to the energy costs, maintenance casts c '

be the largest part of any operational budget [6].
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In recent years there has been tremendous interesbmponents are determined efficiently but the major
from researchers on modeling policies of preventiveconstraint is still a value for reliability.

maintenance for multi-component systems. Nourelfath have developed an integrated production
Objective functions, constraints and resolutionand preventive planning model for multi-component
techniques are quite different in the various medel systems [12]. They developed a non linear mixed
proposed. programming model taking into account inter-
Paradoxically the issue of minimizing maintenancedependence between PM planning and production
costs subject to availability constraints has rem@i  planning. The integrated objective is to minimike t
much less attention compared to reliability sum of the total production, and the maintenance
constraints. costs. Nourelfath and Chételet extended that model
Bris developed a single objective optimization by taking into account the presence of economic
model, considering the system componentsdependence and common cause failures in parallel
periodically inspected and maintained, aiming talfi systems [11]. The objective function is a non linea
out the optimal maintenance policy for each elementequation still minimizing the sum of maintenance
by minimizing the cost function and respecting theand production costs, while satisfying the demamd f
availability constraint [1]. The authors propose anall products over the entire horizon. The constgin
algorithm based on the time dependent Birnbaumare related to the dynamics of the inventory ard th
importance factor and using Monte Carlo simulationbackorder, the capacity, the setup and the availabl
and genetic algorithms. total maintenance time.

Galante propose an exact algorithm in order tolsing Certa propose a multi-objective approach to fintl ou
out the set of components that must be maintaimed tan optimal periodic maintenance policy for a
guarantee a required reliability level up to thetne repairable and stochastically deteriorating multi-
planned stop with the minimum cost [5]. component system over a finite time horizon [2]eTh
Laggoune present a preventive maintenanceaim of this approach is to single out the elemeets
approach  for a  multi-component  series to replace at each scheduled inspection so that the
system subjected to random failures [7]. Theyminimization of both the total maintenance cost and
developed an algorithm allowing for combined the global unavailability time of the system is
preventive/corrective/opportunistic replacement ofensured. As these authors say these two objective
the system components. However the major concerifunctions are contrasting to each other and thezefo

is in economic dependence, so there is no assessmdh is not possible to find a single solution
about availability improvement. corresponding to the best result for all of the two
Two non-linear mixed-integer optimization models considered objectives but a set of nondominated
for preventive maintenance and replacementtrade-off solutions.

scheduling of multi-components systems areThis paper presents an algorithm to solve the
presented by [9]. These models seek to minimize th@roblem of maintenance management of a two state
total cost subject to achieving some minimal parallel-series system based on preventive
reliability and maximize the total reliability ohé  maintenance over the different system components.
system subject to a budgetary constraint. It is assumed that all components of the system
Lin and Wang present a hybrid genetic algorithm toexhibit Weibull hazard function and constant repair
optimize the periodic preventive maintenance modelrate and that preventive maintenance would brieg th
in a series-parallel system [8]. This algorithm is system to the as good as new condition. The
based on the intrinsic properties of periodic algorithm calculates the interval of time between
preventive maintenance, including the structure ofpreventive maintenance actions for each component,
the reliability block diagrams, maintenance priest  minimizing the costs, and in such a way that thal to

of components, and their maintenance periods. Thelowntime, in a certain period of time, does not
effect on system reliability of a component usihgt exceed a predetermined value.

importance measure is used to determine thélhe paper is organized as follows. In the nextieect
combination of important components in system. Thethe problem is mathematically formulated. Secti®ns
maintenance periods of the important componentand 4 present a numerical example solved by the
are further optimized to minimize total maintenanceproposed algorithm. An industrial case study is
Cost. presented in section 5 where the results show the
A model to minimize the periodic preventive effectiveness of the proposed approach. Some
maintenance cost for a series-parallel system usingossible extensions and remarks are discussea in th
an improved particle swarm optimization is proposedconclusion.

by [13]. The optimal maintenance periods for all
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2. Reliability and availability of two-state In the papers of Duarte [3][4], are presented
systems algorithms to determine the interval time between
] ) ) ] preventive maintenance tasks (assuming that the
In this paper we are especially interested in & two gystem is restored to the “as good as new” comitio
state parallel-series system. To define it, we @8SU  gfter each maintenance operation) in such a way tha

that the availability of the system is no lesser than A.
. . The main idea for the solution of this problem
Gj,i=12,..n andj =1,2,..m, m,nN, consists of determining the time interval during

~which the increasing hazard rate can be substituted
are two-state components of the system havingy a constant failure rate in order to guarantgeea

reliability functions determinate availability level.
In those papers, another algorithm is developed to
R;(t) = P(Tj >1), tL (=0, 0), solve the problem of maintenance management of a
series system based on preventive maintenance over
where the different system components. It's assumed that
all components of the system still exhibit incregsi
T, i=12,..n,andj = 1,2,..n hazard rate and constant repair rate and that

preventive maintenance would bring the system to
are independent random variables representing ththe as good as new condition. It's defined a cost
lifetimes of componentsC; with distribution  function for maintenance tasks (preventive and

functions corrective) for the system. The algorithm calcidate
the interval of time between preventive maintenance
Fi(t) = P(Tj <t), tO(~c0,0). actions for each component, minimizing the costs,

and in such a way that the total downtime, in a

Definition. We call a two-state parallel-series systemCertain period of time, does not exceed a

if its lifetime T is given by predetermined value. o
We follow the same approach to solve a similar

T = max{ min{T. }. problem but now applied to a series-parallel system
lsisk, 1<j<l We are especially interested itk-@ut-of-nsystem.
A k-out-of-n redundant system is a parallel

— - ) configuration wherek of the system components, as

a minimum, are required to be fully operationatihat
Component 2.1 H Component 22 F completion time T of the mission, for the system to
"succeed" (forkk = 1 it reduces to a parallel system;

for k = n, to a series one).
compenentmt H compenentm2 }7 Our goal is to calculate vectors
Figure 1 Scheme of a two-state parallel-series .
system [ril T, T3 - Tm] J=1...,m,

The reliability function of the two-state parallel- in such a way that the total down time of eactk of

series system is given by parallel branches in a certain period of time doets
exceed a predetermined value, that is to say,ithat
R (1) =1-[[1-[1R ()] , t0I(~co, ). 3) Quarantees the specified service level and
mn (1) Q[ !_Il R O] ( ) 3 simultaneously minimizes the maintenance costs.

We assume that each component has a linearly
wherem is the number of series subsystems linked inincreasing hazard-rate function,
parallel andnh are the numbers of components in the
series subsystems. h, (t) = a;t,a, >0,
If all components are identical and the reliabitifya
single unit isR(t), then the reliability of the system 5,4 a constant repair rate
becomes

m m; (t) =m;.
Rua() =1-[L-R'®)".
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The cost of each preventive maintenance taskig
and the cost of each corrective maintenance task i
cmg,.

Since the availability of the system consistingnof
components in parallel requires that at ldasinits
must be available (assuming that components
failures are independent), system availabilifyi#\

whereA is the availability of componeijt
Applying proposition presented in section 3 we can
write that the availability of each compondints A;

could be on standby and their maintenance plan must
be reassessed.

3. A numerical example

;The model described on section 2 was implemented

to a parallel-series system. In this example tlaeee
4 series subsystems linked in parallel &hdre the
numbers of components in the series subsystems.
Data is presented drable 1

Table 1.Initial conditions

Constant Time to

Coefficient| Preventive | Corrective

H of hazard | maintenance |maintenance| Time to | repalr rate perform
over the interval oo | ontl repair | m@=m | prewntive
constante [maintenance
2 m (1_ A ) a PMC CMC TIR m TP
Il B S - 2 |1 s.00e07| 2000 4000 100 0,010 10
] . —_— n o
= | £8§ [2] 570807 2500 5000 50 0,020 40
a A 0 ,
o S |[3]|7.97E-06| 1000 2000 80 0,013 10
. . . ~ 2 |1 s,50E-08| 1200 2000 40 0,025 10
NG n o
and its hazard function can be approximated by the = | £ £ prerr—0 00 o | oo =
H S n £
constant function o § |[3] 500807 1750 3200 10 0,100 4
o 2 |1| 5,70e-07| 2500 5000 50 0,020 40
s | 8¢
m, (l_ A ) s | 58 [2[a53E07| 1600 3000 80 0,013 20
— j s | wE
hij (t) =, o S |[3]|250E-06| 2000 4000 100 0,010 15
i < 2 |1 s75E-07| 2000 4000 35 0,029 10
0 o
s | 28 [2]as5sE08] 1600 3000 70 0,014 12
5 n £
o S |3 450E-07| 1750 3200 10 0,100 4

Then, the expected number of failures in that time
interval is

2 m (1_Aj )x m (1_ A ) :i ”1;2(1‘ A )2
a A A g, A’

ij

The objective function for eadh(i=1,...,n) parallel

The target for availability is 90%.

We have applied the toolSOLVER of Excel to
solve the optimization problem and the solution we
gotBtad! Nie mozna odnalez¢ zrodta odwotania. is
presented iTable 2

Table 2 Results of Solver optimization

branch (defined as a cost function per unit tirse) i
Time
between twg
C , yeens = X ;
(A A An) consecutive|Optimized| Cost Cost | Senes
2 2 i availability| function | function | SYSteM
(2 m; (1_ AJ‘) ]Cmq preventive Y availability
-, mainte nance
=y UL + & ,Ai \ tasks -t
Hemb-A) o 2mi-A) o ST I YT R
8 j 8 j % (;%) g 2| 285 07,33%|  ,05| 84 | 93.22%
o g |3 1852 99,63% 2.36
. 0
subject to hal - 1 705 98,95% 2,43
T3 é 2 29 93,02% 643 111 | 91,72%
n o g |3 2058 99,65% 2.24
H A] 2 A' ; [
I o | 22 325 98,31% 3,67
Q|0 ¢
0<A <1j=12....n |3 é 2 255 97,69% 208/ 120 | 90,00%
o S |3 37 93,71% 6,23
L , , RN 185 97,58% 298
Minimizing these functions and sorting them in |z | § g ‘
. L : S |58 325 98,49% 372| 128 | 90,00%
ascending order of cost value, the fikswill define §l3EL — e *
- , (]
what components should be active. The other one ° 611
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If we are dealing with &-out-of-4 system the branches does not prevent nor the proper functpnin
maintenance plan for the 2 operational seriesof the system or the level of output. However it
(parallel 2 and parallel 4) is defined. Maintenancerequires that the other branches of the paralletkw
plans for the others parallels should be reassessed on a highest rate, with all the negative consegggnc

resulting therefrom, in particular, the increase of
4. A case study their rate of degradation.

) So, the first constraint to the objective functioitl
The model we have presented was also applied to ge

subsystem of a production line of a factory of itext 10

industry. Figure 2 shows a winder system, from |[1A 2090, =1....6
which it was extracted the parallel-series subsyste = _

The number of components connected in series is 10 | . A <l{| =1...6 .
whereas the number of parallel paths is 6. ' j=1...10

oPinacere Data is presented ofable 3 The nomenclature is as

follows.

a; — coefficient of hazard function.

TTR; — Mean Time to Repair (corrective
maintenance).

TTPR; — Time to perform one preventive maintenance
task.

PMC; — Preventive maintenance mean cost.

CMC; — Corrective maintenance mean cost.

T; - time between two consecutive preventive
maintenance tasks.

Figure 2 The winder system
Table 3 Input data

It's assumed that each component has the following e
hazal’d funct|0n Coefficient| Preventive | Corrective Ti Con.stant Time to two "
of hazard | maintenance | maintenance ime FO repair rate perform consecu‘nve
. repair | m(t)=m | preventive preventive
function cost cost . "
constante | maintenance | maintenance
ﬂ t Elj -1 tasks
I a PMC CcMC TIR m TP N
hij (t) - | 4 .Hij > 0. ﬂij > Ovt 2 01 1| 1,60E-06 2000 4000 40 0,025 10 1000
Hij Hij 2 | 2,45E-06 1600 3000 80 0,013 20 1000
. . o [3] 194806 1750 3200 10 0,100 4 1000
i=1...6 J = 1...10 o | &[4 217E06 | 1700 3400 30 | 0033 12 1000
s [2[5] 330606 1100 1800 20 0,050 8 750
§ S |6 174606 2500 4500 25 0,040 8 1500
8 [ 7] 628606 450 750 12 0,083 4 750
The values Oﬁ parameter are & [8 [ 200506 750 1250 12 0,083 5 750
9 | 2,79E-06 1000 1750 18 0,056 6 1250
. 10| 1,28E:05 200 350 12 0,083 3 500
B =1 i=1...6
1 H . .y .
: j=1...10 The target for availability is set to 90%.

The tool “SOLVER” of Excel was also applied to
This means that the hazard function is linearhef t Solve the optimization problem and the solution we

type got is presented iable 4 It must be notice that in
this case maintenance plan is the same for all
- branches in parallel.
i=1...6
h, () =a;t,a; >0, . _
J=1...10 5. Conclusion

It's also assumed that the repair ratg(t), of each This paper deals with a _maintenance optimization
component is constant and equairio problem for a parallel-series system. Based on an
To achieve the desired output level (accordingheo t &lgorithm previously developed we have developed
nominal equipment rate) this subsystem must@nother one to optimize maintenance management of
guarantee an availability of 90%. a parallel-series systembased on preventive

Although the system is composed of a set of six submaintenance over the different system components

systems in parallel, they must all be in a statgauafd
functioning. Indeed, the failure of any of the
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Table 4 Results of Solver optimization

we [5]

= 5B
R

I zemrze o=t s
AR S T fTEE

inidk:l |

(6]

s R

[7]

We assume that all components of the system still
exhibit linearly increasing hazard rate and cortsta
repair rate and that preventive maintenance WourI@]
bring the system to the as good as new conditice. W

define a cost function for

maintenance tasks

(preventive and corrective) for the system. The
algorithm calculates the interval of time betwee
preventive maintenance actions for each compone:t?,]
minimizing the costs, and in such a way that ttal to
downtime, in a certain period of time, does not
exceed a predetermined value. The maintenance
interval of each component depends on factors SiiB]
as failure rate, repair and maintenance times cffi e

component

in the system. In conclusion, the

proposed analytical method is a feasible technique
optimize preventive maintenance scheduling of ea[cﬂ]
component in a parallel-series system.

Currently we are developing a software package for
the implementation of the algorithm presented ia th
paper.

Extensions of this approach to series-parallelesgst
are also under consideration.

[12]
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