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Abstract

This paper considers a repairable system which undergoes preventive maintenance (PM) periodically and is minimally repaired at each failure.
Mostpreventivemaintenancemodelsassumethat thesystemimprovesateachPMsothat thehazardrate isreducedtothatofanewsystemortosome
specified level. In this paper, we consider the situation where each PM relieves stress temporarily and hence slows the rate of system degradation,
whilethehazardrateof thesystemremainsmonotonically increasing.Theoptimalnumberandperiodfor theperiodicPMthatminimizetheexpected
cost rate per unit time over an infinite time span are obtained. We also consider the case when the minimal repair cost varies with time.
Explicit solutions for the optimal periodic PM are given for the Weibull distribution case.q 2000 Published by Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Preventive maintenance (PM) is the action taken on a
system while it is still operating, which is carried out in
order to keep the system at the desired level of operation.
The optimal PM policy not only reduces the cost of main-
taining a system in satisfactory conditions, but also
improves the productivity of the system. The term “opti-
mum” means “minimizing the expected cost rate per unit
time over finite or infinite time span”.

The PM policies are adapted to slow the degradation
process of the system while the system is operating and to
extend the system life. A number of PM policies have been
proposed in the literature. These policies are typically to deter-
mine the optimum interval between PMs to minimize the
average cost over a finite time span. Barlow and Hunter [1]
consider a PM policy of periodic replacement with minimal
repair at any intervening failures. Nakagawa [6] proposes opti-
mum policies when the preventive maintenance is imperfect.
Nguyen and Murthy [7] study two types of PM policies for a
repairable system and assume that the life distribution of a
system changes after each repair in such a way that its failure
rate increases with the number of repairs carried out. Murthy
and Nguyen [5] study the optimal age replacement policy with

imperfect preventive maintenance. The preventive is imper-
fect in the sense that it can cause failure of a non-failed system.
Canfield [3] discusses a periodic PM model for which the PM
slows the degradation process of the system, while the hazard
rate keeps monotone increase. Chun [4] considers determina-
tionof the optimal number of periodic preventive maintenance
operations during the warranty period.

Most of preventive maintenance models assume that the
hazard rate of a repairable system after each PM is restored
to like new or to some specified level. However, for most
repairable systems, the maintenance action is not necessa-
rily the replacement of the whole system, but is used to slow
the rate of system degradation. Hence the system may not be
restored to as good as new immediately after the completion
of maintenance action.

In this paper, we consider a periodic PM policy which is
assumed to relieve stress temporarily after each PM and
hence slow the rate of system degradation. The system is
maintained preventively at periodic timeskxand is replaced
by a new system at theNth PM, wherek � 1; 2;…;N. If the
system fails between PMs, it undergoes only minimal repair
and hence, the hazard rate remains undisturbed by any of
these minimal repairs. The expression to compute the
expected cost rate per unit time is derived. We also obtain
the optimal periodx and the optimal numberN for the
periodic PM, which minimize the expected cost rate per
unit time for an infinite time span.
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Section 2 describes the periodic PM model and its assump-
tions. In Section 3, we present the expressions for the expected
cost rate for the periodic PM. In Section 4, we consider the
problem of finding the optimal period and number for the
periodic PM policies simultaneously. Section 5 deals with a
periodic PM policy for a repairable system when minimal
repair cost varies with time. Section 6 presents the explicit
solutions for the optimal periodic PM policies when the
failure time follows a Weibull distribution.

2. Model and assumptions

We consider a periodic PM model for which each PM slows
the system degradation. For such a model, the hazard rate
keeps monotonically increasing, although the rate of degrada-
tion is reduced after each PM. The followings are assumed:

1. The PM slows the rate of system degradation.
2. If the system fails between PMs, it undergoes only mini-

mal repair.
3. The system is maintained preventively at periodic times

kx, k � 1;2;…;N:

4. The system is replaced by a new system at theNth PM.
5. The times to conduct PM, minimal repair and replace-

ment are negligible.

3. Expected cost rate

Let �F�t� � 1 2 F�t�: The following definitions are
frequently referred to in this paper.

Definition 3.1. The hazard rate of a life distributionF is
defined as

h�t� � f �t�
�F�t�

for t such that�F�t� . 0 if f(t) exists.

Definition 3.2. A life distribution F is IFR(DFR) if h(t) is
nondecreasing (nonincreasing) int $ 0:

In this paper we consider a periodic PM model, which is
proposed by Canfield [3]. For such a model, the hazard rate
keeps monotonically increasing, although the rate of degra-
dation is reduced after each PM. If the system fails between
PMs, it undergoes only minimal repair and hence, the
hazard rate remains undisturbed by any of these minimal
repairs. For Canfield’s [3] model, the system which
responds to PM has an increasing hazard rate indicating
that the system degrades with time. He assumes that each
PM reduces operational stress to that existingt time units
previous to the PM intervention, wheret is a restoration
interval and is less than or equal to the period of PM. Under
this assumption, the hazard ratehpm(t) is given by

hpm�t� � hpm�kx�1 h�t 2 kt�2 h�k�x 2 t�� �1�
for k � 0;1;2;…; wherekx , t # �k 1 1�x; hpm�0� � h�0�
and x is the time interval between PM interventions. By
substituting recursively, Eq. (1) can be rewritten as

hpm�t�

�

h�t�; for 0 # t # xXk
i�1

{ h��i 2 1��x 2 t�1 x� for kx , t # �k 1 1�x;

2h�i�x 2 t��} 1 h�t 2 kt�; k � 1; 2; 3;…

8>>>><>>>>:
�2�

Fig. 1 shows a typical plot of the hazard ratehpm(t) under
Canfield’s periodic PM wherehpm�0� � h�0� � 0: In Fig. 1,
we consider the cases whent , x andt � x:

The expected cost rate for running the periodic PM policy
during [0,Nx] can be obtained in the following manner:

Expected cost rate per unit time

� ��expected cost of minimal repair in�0; Nx��
1 �expexcted cost of PM in�0;Nx��
1 �expected cost of replacement��=Nx: �3�

Each expected cost given in Eq. (3) is obtained as follows:

(i) Expected cost of minimal repair in [0,Nx)

� Cmr

XN 2 1

k�0

Z�k 1 1�x

kx
hpm�t� dt

 !
;

where hpm(t) is given in Eq. (2). This is obtained by
applying the results of Boland [2].
(ii) Expected cost of PM in�0;Nx� � �N 2 1�Cpm:

(iii) Expected cost of replacement� Cre:

Using (i), (ii) and (iii), the expected cost rate per unit time
for running the periodic PM policy during [0,Nx] is obtained
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Nomenclature

T time to failure of a system
f(t), F(t) pdf, life distribution ofT for which F�t� � 0;

t , 0
h(t) hazard rate without PM
hpm(t) hazard rate under PM
x period of PM
N number of PMs to be performed for the next

replacement
Cmr cost of minimal repair at failure
Cpm cost of PM
Cre cost of replacement withCre $ Cpm

Cmr(t) cost of minimal repair when the system fails at
aget

C(x,N), C1(x,N) expected cost rate per unit time
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