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Maintenance usually plays a key role in controlling a multi-component production system within normal operations. Furthermore, the failure of components in the production system will also cause large economic losses for users due to the shutdown.
Meanwhile, manufacturers of the production system will be confronted with the challenges of the warranty cost. Therefore, it is of
great signiﬁcance to optimize the maintenance strategy to reduce the downtime and warranty cost of the system. Opportunistic
maintenance (OM) is a quite important solution to reduce the maintenance cost and improve the system performance. This paper
studies the OM problem for multi-component systems with economic dependence under base warranty (BW). The irregular
imperfect preventive maintenance (PM) is performed to reduce the failure rate of components at a certain PM reliability
threshold. Moreover, the OM optimization model is developed to minimize the maintenance cost under the optimal OM reliability threshold of each component. A simulated annealing (SA) algorithm is proposed to determine the optimal maintenance
cost of the system and the optimal OM threshold under BW. Finally, a numerical example of a belt conveyor drive device in a port
is introduced to demonstrate the feasibility and advantages of the proposed model in maintenance cost optimization.

1. Introduction
1.1. Motivation. With the rapid development of modern
production technology, manufacturers gradually switch their
attention from product-oriented to service-oriented to
highlight the brand value and capture more market share [1].
In such a situation, an increasing number of products are sold
with attractive warranty policies [2]. Warranty is prevalent in
many markets, in which warranty plays an increasingly key
role between customers and manufacturers [3]. Warranty is
incurred by manufacturers in connection with the sale of
products [4], whose initial purpose is to protect users from
defective items [5]. Nowadays, warranty policies have played a
signiﬁcant role in marketing in essence, including indicating
product quality and increasing customer’s satisfaction [6]. On
the one hand, as a protection role, warranty is an obligation
speciﬁed in the maintenance contract that manufacturers
must repair or replace the failed products free of charge to

customers during the warranty period [7]. Generally speaking, warranty cost may account for 2 to 10% of the sale price
relying on the products and manufacturers [8]. On the other
hand, as a promotion role, a more attractive warranty policy
can obtain higher customer satisfaction and capture more
market share [9, 10]. Therefore, manufacturers are faced with
a balance between warranty cost and boosting product demand when formulating the warranty policies. Therefore,
optimizing the maintenance strategy to reduce the maintenance cost during the warranty period is well worthy of
research. Warranty can be divided into two categories
according to the time sequence: base warranty (BW) and
extended warranty (EW) [11]. BW is usually provided by the
manufacturers as an essential part of the sale price of products
[12]. At the end of BW, manufacturers usually provide
customers with an option to purchase EW [13]. In practice,
customers can choose whether to purchase EW or not at the
end of BW [14].
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In terms of modern production systems such as wind
turbines and assembly line equipment, they usually consist
of several interdependent components or subsystems. The
maintenance actions of these systems play a key role in their
suﬃcient usage in terms of cost, reliability, and availability
[15]. The key of maintenance actions is to determine the
right opportune moments, which is usually achieved by
maintenance modeling. However, the modeling of failure
process and maintenance optimization within production
requirements is diﬃcult due to the complexity of the product
system; that is, many components in the system are interdependent with each other. Many pieces of the early literature published on maintenance optimization modeling
dealt with single-component systems [16–18]. In recent
years, with the development of production technology, most
manufacturing systems become increasingly complicated in
terms of structure and function and comprise multiple
components with various dependencies. Moreover, the
dependencies between the components should be taken into
account essentially in maintenance modeling decisions.
Therefore, new methods as well as targeted strategies and
models are needed to solve these maintenance problems of
complex systems. Multi-component systems have been increasingly adopted in nowadays [19]; that is, a power system
of the wind turbine consists of a generator, converter, and
transformer. Maintenance optimization of a multi-component system relies on the dependence between components,
which includes economic dependence, stochastic dependence, and structural dependence [20]. Economic dependence means that group maintenance [21] of components is
either cheaper (positive economic dependence) or more
expensive (negative economic dependence) than individual
repair of these components [15]. There are some studies
focusing on considering the economic dependence between
components [22, 23]. Stochastic dependence implies that the
deterioration or failure processes of components are interdependent to a certain extent [24], while structural dependence concerns the structural relationships between
diﬀerent components in a system and focuses on the situation where the maintenance or replacement of a component requires the disassembly or replacement of other
components in the system [25]. Maintenance including
preventive and corrective actions is implemented to keep the
system in or restore it to a speciﬁed technical condition [26].
Generally speaking, for retaining a system in its normal
operating condition, implementing proper preventive
maintenance (PM) during its servicing life is an essential
way. Barlow [27] ﬁrst proposed the minimal repair model,
after which various PM models [28] have been widely
studied and developed to reduce the unscheduled shutdown,
improve the system reliability and availability, and minimize
maintenance costs [29].
For the maintenance actions of multi-component
systems, most of which are carried out in the after-sales
warranty period of the systems. Therefore, optimizing
maintenance strategies to reduce warranty costs is of great
signiﬁcance to manufacturers and consumers, which can
improve the proﬁts of manufacturers and product reliability, thereby reducing shutdown loss for consumers. In
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the maintenance optimization framework of multi-component systems, opportunistic maintenance (OM) has been
introduced, developed and successfully applied to various
multi-component systems. The main idea of OM is to take
the advantage of positive economic dependence, which
means that group maintenance actions are cheaper than
implementing maintenance actions on components separately [30, 31]. As a maintenance strategy for
multi-component systems, OM refers to the PM or preventive replacement of other components that reach the
maintenance threshold in advance when a component in
the system is in maintenance action, so as to reduce the
number of maintenance actions, unavailable time, and
maintenance cost of the system and solve the maintenance
optimization problems such as overrepair, out of repair and
failure risk. In terms of multi-component systems, an inspection or maintenance action of one component provides
an early PM opportunity to the others [32]. OM is to
consider the degradation status of all components in the
system and formulate the maintenance threshold for
components. First, the PM threshold of a component will
be judged. If it meets the reliability threshold, the PM
action will be carried out. At this time, the OM threshold of
the remaining components needs to be judged. If the
degradation status reaches the preset OM threshold, it will
be repaired. Because OM takes into account the degradation of diﬀerent components, the OM strategy is more
accurate. The advantages of OM include that the setup cost
and downtime can be shared by group maintenance actions, which is signiﬁcant for multi-component systems.
OM aims to identify the best maintenance thresholds and
combination of the components, improving the system
economy. The OM strategy has drawn a lot of attention
from scholars, and the OM model has a wide range of
applications in engineering systems. Many pieces of literature have studied OM in depth and many kinds of OM
models have been introduced [33, 34]. Related theoretical
methodologies and practical applications in OM were
reviewed and summarized by Ab-Samat [35]. Ding [36]
studied the OM strategy for wind farms and reduced
maintenance costs by adopting an imperfect OM strategy.
Cavalcante [37] discussed the OM policy, considering more
than one decision criterion by using a multiattribute value
function, and deﬁned OM in a cogeneration system as a
basis for decision-making with minimal repair, OM, and
PM. Moreover, Vu [38] developed a dynamic OM approach
for multi-component redundant systems. To ﬁnd the best
OM scenario, an eﬃcient genetic algorithm optimization
with memory is developed.
1.2. Contributions of This Work. However, in the above
studies, there is no literature to carry out BW decisionmaking researches based on OM strategy for multi-component systems with economic dependence. In traditional
maintenance models, most of the modeling studies on BW
assume that the components are independent of each other
in the system. Model construction and solution are less
diﬃcult, but there is a big error between the maintenance
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process and the actual situation. Therefore, in BW studies,
simply treating the components in the system as independent of each other is not in line with the actual situation. It is
necessary to consider the economic dependence between the
components in the system to make the maintenance process
more consistent with the actual situation. This paper intends
to ﬁll this gap.
In the current study, an OM strategy is introduced to
minimize the maintenance cost for multi-component systems with economic dependence during the BW period. Due
to the advanced materials, technology, and complex structure of the multi-component system, maintenance actions
usually cannot achieve the perfect update of the system [39],
but the failure rate of the system after maintenance action is
reduced, which is between “as good as new” and “as bad as
old,” that is, imperfect repair [40, 41]. However, the overall
trend of system failure rate is rising. Therefore, an irregular
imperfect PM according to the reliability threshold of each
component is proposed and investigated. Thereby, in the
OM strategy of this paper, the maintenance methods for
components mainly include imperfect PM, minimal repair,
and OM. Moreover, in order to get closer to engineering
practice and ensure the system reliability, preventive replacement will be derived and applied to the components
after a certain number of imperfect PM actions are
implemented on them. Considering the degradation process,
this paper judges the OM condition of other components at
the moment of PM or preventive replacement of a component in the system and determines whether other components need PM or preventive replacement by comparing
with their OM reliability thresholds. On this basis, we can
implement PM on the components whose PM moments are
close together, which can eﬀectively reduce the number of
shutdowns and downtime of the system and simultaneously
reduce the maintenance cost of the system during BW
period, which is a win-win strategy for users and
manufacturers.
Therefore, the remainder of this paper is organized as follows: Section 2 describes the model assumptions and notations.
Next, to construct the OM model of the multi-component
system under BW, the description of the failure model and OM
model is presented under the logical framework in Section 2.
Then, we ﬁrst develop an optimization of PM interval for a single
component based on reliability. On this basis, the OM model of
the multi-component system under BW is proposed in Section
3. A numerical example is then given in Section 4 to illustrate the
optimization eﬀect of OM strategy on reducing the maintenance
cost of a multi-component system with economic dependence
under BW using the simulated annealing (SA) algorithm.
Finally, the conclusions and potential future research directions
are summarized in Section 5.

2. Model Description and Assumptions
The paper studies a series multi-component system composed of Q components with diﬀerent failure rates, and the
OM strategy is implemented during the BW period [0, W].
When a component undergoes maintenance actions, it will
cause the system to shut down for a certain period of time.
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Every time the system shuts down for the maintenance
actions, regardless of the number of maintenance tasks, high
ﬁxed maintenance costs, such as the disassembly and assembly of maintenance equipment and commissioning cost,
will be incurred. Therefore, for multi-component systems
with economic dependence, the shutdown loss can be reduced by reducing the number of system shutdowns. At the
same time, to ensure the reliability requirements of the
components within the normal operation in the system, PM
is required. With the time going and the implementation of
imperfect PM, the failure rate of each component will increase to a certain extent. It is diﬃcult to maintain the
reliability of the components with the periodic PM strategy,
and the number of system failures will also increase. The
correct maintenance method should be to appropriately
shorten the PM interval of the components and increase the
number of PMs as the service age of the system increases, so
as to ensure system reliability. Moreover, in this paper, when
the reliability of component i reaches its lowest reliability
Ri min during operation, the PM will be implemented immediately. However, the PM interval of each component is
diﬀerent. If the system shuts down for the PM actions in
strict accordance with the maintenance interval of each
component, it will inevitably cause frequent system shutdowns. In terms of the components that meet the OM
conditions in the series multi-component system, their PM
work will be carried out in advance together with the
components involved in a PM action, which can eﬀectively
reduce the number of system shutdowns and maintenance
cost.
2.1. Model Assumptions. To facilitate the research, the system modeling is based on the following assumptions:
(1) Each component of the series multi-component
system is repairable, and the failure distribution
between the components is independent of each
other obeying the two-parameter Weibull
distribution.
(2) If a component fails during the PM interval, the
minimal repair will be implemented on it immediately and the minimal repair will not bring maintenance opportunities to other components.
(3) OM includes opportunistic PM and opportunistic
replacement.
(4) In the series multi-component system, the failure of
any component will result in the shutdown of the
whole system.
(5) Before the reliability of component i reaches its PM
reliability threshold Ri min , the PM or replacement is
allowed to be implemented on component i in advance, and the maintenance actions of each component in the system are allowed to be carried out in
parallel.
2.2. Model Notations. The following and notations are used
in this paper.
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W: deadline of BW
Ri min : PM reliability threshold of component i
Tik : the kth PM interval of component i
T∗ik : the optimal PM interval of component i
Tpi : time consuming of a single PM for component i
Tfi : time consuming of a single minimal repair for
component i
Tri : time consuming of a single replacement for
component i
Cpi : cost of a single PM for component i
Cfi : cost of a single minimal repair for component i
Cri : cost of a single replacement for component i
λi (t): the failure rate function of component i
Ri : OM reliability threshold of component i
Ri (t): the reliability function of component i
Ni : the number of PMs for component i in a life cycle
ni : the number of PMs of component i
N: the number of system shutdowns for maintenance
during the BW period [0, W]
N∗i : the optimal number of PMs for component i in a
life cycle
CD : shutdown loss per unit time of the belt conveyor
drive device
tin : the nth PM moment of component i
tn : the nth PM moment of the multi-component system
Mitn : the maintenance methods of component i at tn ;
among them, Y: PM; G: preventive replacement; O:
opportunistic PM; R: opportunistic preventive replacement; B: no maintenance actions
Spdn : the nth PM downtime of the system
Tpitn : time consuming of PM for component i at tn
Tritn : time consuming of replacement for component i
at tn

2.3. Failure Model Description. In practice, most components in the multi-component system are composed of the
parts with diﬀerent failure forms, and the failure rate
function generally presents an increasing trend in the operation cycle. The bathtub curve can better describe the
failure law, as shown in Figure 1.
The bathtub curve describes the three stages of decreasing, stabilizing, and increasing the failure rate of the
component during the service life. Weibull distribution is
used to describe the failure distribution of the component,
which is suitable for each stage of the bathtub curve. It is
assumed that the component life in the multi-component
system obeys the two-parameter Weibull distribution. The
failure rate function of component i can be described as
λi (t) �

αi t
 
βi βi

αi − 1

.

(1)

λ (t)

Decreasing
failure rate

Incremental
failure rate

Stable failure rate
0

Infant mortality

Random failures

Wearout

t

Figure 1: Bathtub curve of failure rate.

Among them, αi and βi are the shape parameter and scale
parameter of component i, respectively.
In terms of the failure model for imperfect repair, Malik
[42] ﬁrst proposed the age reduction factor to model imperfect repair. Assuming that λik (t) represents the failure
rate of component i during the kth PM interval, the failure
rate after the kth PM recovers as follows:
λi(k+1) (t) � λik t + δik Tik ,

t ∈ 0, Ti(k+1) ,

(2)

where δik (0 < δik < 1) is the age reduction factor, indicating
that when the PM process is not perfect, the system failure
rate will be reduced after each repair, but it will never return
to the original functional state [43].
Nakagawa [44] ﬁrst introduced a diﬀerent failure model
for imperfect repair, in which the failure rate of component i
after the kth maintenance action is as follows:
λi(k+1) (t) � φik λik (t),

t ∈ 0, Ti(k+1) .

(3)

Among them, φik (φik > 0) denotes the failure rate increase factor. In this model, the system will recover the state
of “as good as new” after each repair but will fail faster than
before. Moreover, Lin et al. [45] presented a hybrid failure
rate model that combines the age reduction factor and
failure rate increase factor. It can be derived as
λi(k+1) (t) � φik λik t + δik Tik ,

t ∈ 0, Ti(k+1) .

(4)

Equation (4) shows that when φik is closer to 1 and
meanwhile δik is closer to 0, the maintenance eﬀect is better.
Therefore, the hybrid model component i shown in Figure 2
can comprehensively illustrate the variation rule of failure
rate and reliability during each maintenance cycle.
2.4. OM Model Description. The key to the OM strategy is to
determine the OM reliability threshold Ri of component i.
On one hand, the larger the Ri is, the earlier the PM or
replacement moments of component i will be. However,
during the BW period [0, W], the number of PMs or replacement for component i will also increase, which will
increase the maintenance cost and easily cause overrepair of
the component. On the other hand, the smaller the Ri is, the

Discrete Dynamics in Nature and Society

5

λ (t)

Cost

λi1 (t)

λi2 (t)

λi3 (t)
Total
maintenance cost
PM cost

Minimal repair cost
0

t1

t2

t3

t

Figure 2: Failure rate change of imperfect repair.

0

Optimal reliability threshold Ri∗

Ri

Figure 3: The curve of system maintenance cost.

easier the failure will occur, which will lead to the disrepair of
the component. That not only aﬀects the normal operation
of the system but also increases the maintenance cost and
downtime. The relationship curve between the maintenance
cost of the series multi-component system and the change of
Ri is shown in Figure 3.
The OM strategy needs to adjust the PM interval of the
single component, but the extension of the PM interval will
make the reliability of the component lower than its PM
reliability threshold, increasing the probability of component failure; however, shortening the PM interval of the
component will cause the overrepair and increase the
maintenance cost and downtime. Therefore, only the OM for
the component that meets a certain control condition can
eﬀectively reduce the maintenance cost of the system,
thereby reducing the BW cost of the system. Since the
imperfect PM is implemented, the components cannot be
restored as good as new after the PM, and the failure rate will
increase to a certain extent. Hence, after N times of PM for
the component, the failure rate will increase to an unbearable range. At this time, preventive replacement of the
component is a more economical maintenance method.
Suppose that component i is replaced at the moment of the
(Ni + 1) thPM. After the replacement, the component
returns to be new and a complete life cycle ends. Furthermore, the standard for PM of component i is that the reliability of component i during operation reaches its PM
reliability thresholdRi min . Then the PM process of component i in the series multi-component system under the OM
strategy is shown in Figure 4.
At the moment tin of the nth PM for component i in the
multi-component system, it should be judged whether
component u satisﬁes the OM condition. The diﬀerence
between the reliability Ru (tin ) of component u at tin and its
PM reliability threshold Ru min and the OM reliability
threshold Ru are compared, as presented in Figure 5.
(1) If Ru (tin ) − Ru min ≤ Ru , the PM for component u will
be carried out. If the number of PMs for component
u reaches Nu + 1 and Ru ≤ Ru min at the moment, the
opportunistic replacement for component u will be
implemented.

(2) If Ru (tin ) − Ru min > Ru , then no maintenance actions
will be implemented on component u.
After completing an OM, component u enters the next
PM interval. When a certain component in the system needs
PM, then analyze whether other components in the system
need an OM. From the description of the OM model, it is
crucial
to
solving
the
optimal
solution
R∗ � (R∗1 , . . . , R∗i , . . . , R∗Q ) of the OM reliability threshold
for each component in the multi-component system.

3. Methodology
3.1. Optimization of PM Strategy for a Single Component Based
on Reliability. Before implementing the OM strategy for the
multi-component system, the optimal PM strategy for each
single-component needs to be formulated. On the basis of
the maintenance plan for each single component, the OM
for other components is considered when PM actions are
carried out for a component in the system. The normal
operation of the series multi-component system is usually
closely related to the reliability of each single component.
When the reliability of a component is lower than the reliability threshold, there will be great hidden trouble in the
operation of the system. At this time, it is necessary to
implement PM or replacement on the component. During
the BW period [0, W], when the reliability of the component
is lower than the PM reliability threshold, the PM will be
performed. According to the reliability theory, the reliability
function of component i is as follows:
x

Ri (x) � exp−  λi (t)dt.

(5)

0

Then, the cumulative failure distribution function of
component i in the kth PM interval can be written as follows:
Tik

Hi Tik  � 

0

λik (t)dt.

(6)

Therefore, the reliability equation of component i can be
expressed as
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PM ends
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Ti2
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Tpi

Minimal repair
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TiN

......

Tfi

Tfi

Ti1

Ti(N+1) Tri

Tpi

W

Tpi
Preventive replacement
begins

PM begins Minimal repair
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Figure 4: Preventive maintenance (PM) process for component i.
Ru (t)

Taking the logarithm of both sides at the same time, it
can be derived as

Minimal repair

Ti1

Ru (t1)


Minimal repair/opportunistic maintenance/
opportunistic replacement

Ru

PM/preventive replacement
Rumin

0

t1

t

t2

0

Ti2

λi1 (t)dt � 

0

Tik

λi2 (t)dt � · · · � 

0

λik (t)dt � −ln Ri min .
(8)

It can be seen from equation (8) that when reliability is
the constraint, the number of minimal repairs for component i in each PM interval is equal under the constraint of
reliability, which are both −ln Ri min . During the BW period,
the maintenance cost per unit time of component i during
the entire life cycle is

Figure 5: The OM reliability threshold of component u.
Ti1

exp− 

0

Ti2

λi1 (t)dt � exp− 

0

λi2 (t)dt
Tik

� · · · � exp− 

0

λik (t)dt � Ri min .
(7)

ECi �

Ni Cfi −ln Ri min  + Cpi + CD Tpi + Tfi −ln Ri min  + Cfi −ln Ri min  + CD Tri + Tfi −ln Ri min  + Cri
N

i
k�1
Tik + Tpi + Tfi −ln Ri min  + Ti(Ni +1) + Tri

By minimizing the objective function, the optimal
number N∗i of PM for component i and the optimal PM

.

(9)

interval T∗ik can be obtained. The optimization equation is as
follows:

⎪
⎧
Ni Cfi −ln Ri min  + Cpi + CD Tpi + Tfi −ln Ri min  + Cfi −ln Ri min  + CD Tri + Tfi −ln Ri min  + Cri
⎪
⎪
⎪
min ECi �
⎪
Ni
⎪
⎪
k�1
Tik + Tpi + Tfi −ln Ri min  + Ti(Ni +1) + Tfi −ln Ri min  + Tri
⎪
⎪
⎪
⎪
⎪
⎨
Tik
⎪
⎪
⎪
s.t.

λik (t)dt � −ln Ri min
⎪
⎪
⎪
0
⎪
⎪
⎪
⎪
⎪
⎪
⎩
Ri min > 0; Ni > 0; i � 1, 2, 3, . . . , Ni ; Tik ≥ 0.
(10)
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3.2. OM Model of the Multi-component System under BW.
During the BW period [0, W], the maintenance cost of the
multi-component system mainly includes the direct maintenance cost Cz , PM shutdown loss Cpd , and minimal repair
shutdown loss Cfd . For component i in the system, the direct
maintenance cost is divided into PM cost Cpi , preventive
replacement cost Cri , and minimal repair cost CFi . In the
series multi-component system, the failure of a component
will cause the entire system to shut down, so the shutdown
loss per unit time CD caused by the maintenance actions of
each component in the system is equal.
3.2.1. Direct Maintenance Cost Cz . During the whole PM
cycle from the nth PM at tin to the (n + 1) th PM at ti(n+1) , the
direct maintenance cost of component i is
Czin

CFi ,
⎧
⎪
⎪
⎪
⎨
� ⎪ Cpi + CFi ,
⎪
⎪
⎩C +C ,
ri
Fi

Mitn � B,
Mitn � Y, O,

(11)

Thus, the PM shutdown loss of the system during the
BW period [0, W] can be derived as follows:
N

Cpd � CD Spd � CD  Spdn .

3.2.3. Minimal Repair Shutdown Loss Cfd . mi is the number
of PMs for component i during the BW period [0, W].
Assuming that mi � δi Ni + κi , (δi , κi � 0, 1, 2, . . .), where δi
is the number of replacements of component i during the
BW period and κi represents the number of PM actions that
have elapsed since the last replacement of component i
during the BW period. Tih (h � 1, 2, . . . , mi ) represents the
running time of component i in each PM cycle. The minimal
repair downtime of component i during the BW period
[0, W] is
Ni

Tfdi � Tfi ⎡⎣δi  

Mitn � G, R,

h�1

where CFi represents the minimal repair cost of component i
in a PM cycle; then
CFi � Cfi −ln Ri min ,

(12)

where Ci denotes the direct repair cost of component i
during the BW period [0, W]. It can be obtained as
(13)

n�1

0

Tih

λih (t) +  
h�1

0

λih (t)⎤⎦.

(17)

Therefore, the minimal repair cost of the system during
the BW period [0, W] is
Q

Cfd � CD Sfd � CD  Tfdi
i�1
Ni T
κ
Tih
ih
⎨
⎬
⎧
⎫
� CD ⎩ Tfi ⎣⎡δ   λih (t) +   λih (t)⎦⎤⎭ .
i�1

h�1

0

h�1

0

(18)

Therefore, the direct maintenance cost of the
multi-component system during the BW period [0, W] is
as follows:
Q N

Cz �   Czin .

κi

Tih

Q

N

Ci �  Czin .

(16)

n�1

(14)

To sum up, the total maintenance cost of the series
multi-component system during the BW period is the sum
of the direct maintenance cost of each component and the
total shutdown loss of the system:
Q N

i�1 n�1

N

EC(R) � Cz + Cpd + Cfd �   Czin + CD  Spdn
i�1 n�1

3.2.2. PM Shutdown Loss Cpd . The system shutdown loss is
usually proportional to downtime. The system downtime
SD includes PM downtime Spd and minimal repair downtime
Sfd . When the nth PM is performed on the system, the
longest maintenance time is selected as the system downtime
among all components that need to be repaired. It can be
deﬁned as
Spdn � max Tpitn , Tritn .
1≤i≤Q

(15)

Q

Ni

i�1

h�1

Tih
Tih
⎨
⎬
⎧
⎫
+ CD ⎩ Tfi ⎣⎡δ   λih (t) +   λih (t)⎦⎤⎭ ,
0

h�1

0

(19)
where R � (R1 , . . . , Ri , . . . , RQ ). Moreover, the OM optimization model with the goal of minimizing the total
maintenance cost for the multi-component system during
the BW period [0, W] can be deduced, as shown as follows:

Ni T
Q N
Q⎧
N
κ
Tih
ih
⎨
⎬
⎫
⎧
⎪
⎪
⎣δ   λih (t) +   λih (t)⎤⎦ ,
⎡
⎪
min
EC(R)
�

C
+
C
S
+
C
T



⎪
zin
D
pdn
D
fi
⎩
⎭
⎪
⎪
n�1
i�1 n�1
i�1
⎪
h�1 0
h�1 0
⎪
⎨
Tik
⎪
⎪
s.t. − ln Ri min + Ri  ≤  λik (t)dt ≤ − ln Ri min ,
⎪
⎪
⎪
0
⎪
⎪
⎪
⎩ 0 ≤ Ri ≤ min 1 − Ri min .
1≤i≤Q

n�1
κ

(20)
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Hence, the optimal OM reliability threshold
R∗ � (R∗1 , . . . , R∗i , . . . , R∗Q ) can be obtained by minimizing
the optimization model.
3.3. Solution Procedure of the OM Model for the Multi-component System. For the objective function EC(R1 , . . . ,
Ri , . . . , RQ ) of the OM model for the multi-component
system, it can be calculated according to the OM reliability
threshold Ri of each component in the system. When a set of
decision variables that meet the constraint conditions is
given, the corresponding EC can be calculated. Speciﬁc steps
are as follows: the algorithm ﬂow is shown in Figure 6.
Step 1. Set the values of the relevant parameters, and obtain
the optimal number N∗i of PM and the optimal PM interval
T∗ik for component i in the system according to the optimization of PM interval for a single component based on
reliability.
Step 2. Let tn � min(t1n , . . . , tin , . . . , tQn ) be the moment of
the nth PM of the system, when n � 1; there is
t11 � T11 , . . . , ti1 � Ti1 , . . . , tQ1 � TQ1 .
Step 3. Determine the reliability threshold Ri of each
component and the reliability Ri (tn ) of component i at tn ,
and compare the values of [Ri (tn ) − Ri min ] and Ri . When
Ri (tn ) − Ri min > Ri , thus component i does not need any
maintenance actions at tn ; if Ri (tn ) − Ri min > Ri , then at tn ,
the opportunistic PM will be implemented on component i,
and the number of PMs ni of component i increases by 1;
while 0 < Ri (tn ) − Ri min ≤ Ri and ni � Ni + 1 and then ni � 0,
it is necessary to carry out the opportunistic preventive
replacement on component i.
Therefore, the time required for the maintenance action
of component i at tn is as follows:
0,
⎪
⎧
⎪
⎪
⎨
Tpi ,
⎪
⎪
⎪
⎩T ,
ri

4. Numerical Experiments
4.1. Problem Description. Port machinery equipment is the
material basis for the production and operation of port
enterprises. This study takes the drive device of the BH45-1
belt conveyor in a certain port as the research object. The
drive device is the power source for the operation of the belt
conveyor. Its failure will cause the entire belt conveyor to
stop and signiﬁcant downtime loss. The OM strategy is
implemented during the BW period. When a component in
the drive device reaches its PM reliability threshold, the
system will shut down and the imperfect PM or preventive
replacement will be implemented; in the meanwhile, the OM
conditions of other components in the drive device are
judged, and the opportunistic imperfect PM or opportunistic preventive replacement will be performed on the
components whose reliability reaches the OM reliability
threshold. The belt conveyor drive device is mainly composed of ﬁve key components, such as electric motor, hydraulic coupler, reducer, low-speed coupling, and
transmission drum. Five components form the series
multi-component system, and its reliability block diagram is
shown in Figure 7.
Assuming that the BW period of the drive device is
730 days, the shutdown loss of each component in the
drive device is equal to the shutdown loss of the entire belt
conveyor, that is, 50000 CNY/day. In practice, the values
of φik and δik are usually random and uncertain.
According to the experience of maintenance management
personnel, this study assumes that δik � 0.09 and
φik � 1.09. According to the maintenance data of the belt
conveyor drive device recorded by the port maintenance
management department from October 2008 to March
2014, we can get other parameters of the proposed model
as given in Table 1 [46].

Mitn � B,
Mitn � Y, O,

(21)

Mitn � G, R.

Then, the downtime of the system in the nth PM should
be the longest maintenance time of all the components in
this maintenance action, which is Spdn � max (Tpi , Tri ).
1≤i≤Q

Step 4. According to equation (11), the direct maintenance
cost Czin of component i in the complete maintenance cycle
from tn to tn+1 is calculated; based on Equation (16), the
shutdown loss caused by the nth PM of the system is calculated; ﬁnally, the minimal repair shutdown loss of the
system can be obtained according to equation (18).
Step 5. After the nth PM of the system, determine the next
PM moment of the system. According to the method of Step
2, the moment tn+1 of the (n + 1) th PM for the system is
calculated. Repeat Step 2 to Step 4 until tn > W. Substituting
the data into equation (19), the total maintenance cost of the
system during the BW period under the given OM reliability
threshold will be obtained.

4.2. Model Solution
4.2.1. Solution of the Optimal PM Strategy for a Single
Component Based on Reliability. According to the optimization model of PM interval for a single component based on
reliability, the optimal PM interval T∗ik and the optimal
number N∗i of PM of component i within a life cycle can be
obtained. The optimal PM strategy for each component of
the belt conveyor drive device is shown in Table 2.
As can be seen from Table 2, if OM strategy is not
considered, only performing reliability-based PM or replacement on each component separately, the total maintenance cost of the drive device during the BW period can be
obtained as follows: 3,648,175 CNY. In the meantime, the
drive device will be out of service up to 77 times due to PM or
replacement of each component. In the total maintenance
cost, the direct maintenance cost is 1,081,138 CNY and the
shutdown loss cost is 2,567,037 CNY, accounting for 29.64%
and 70.36% of the total maintenance cost, respectively.
Hence, during BW period, the eﬀective operation time of the
driving device is 678.66 days; however, the total shutdown
time is 51.34 days. Moreover, the downtime due to PM or
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Beginning

Parameter setting
Solve the optimal PM interval Tik and the optimal PM
number Ni of component i
Set the OM reliability threshold of component i to Ri

Calculate the nth PM moment of the system tn

tn > W

0 < Ritn – Rimin ≤ Ri

Implement opportunistic PM on
component i

ni = Ni + 1

Component i does not require any
maintenance activities at tn

Implement preventive replacement on component i
Calculate the system’s downtime loss at tn

Calculate the total maintenance cost of
the system during the warranty period

Change the value of Ri to find the best result

End

Figure 6: Algorithm ﬂowchart of objective function.
1

2

3

1. Motor
2. Hydrauli coupler
3. Reducer

4

5

4. Low speed coupling
5. Transmission drum

Figure 7: Reliability block diagram of the driving device.
Table 1: The values of parameters in the presented numerical experiment.
Component
1
2
3
4
5

αi

βi

4.42
3.13
3.08
3.72
2.69

87.13
76.52
60.19
138.00
55.96

Cpi

CNY
Cfi

1740
1080
2160
820
2800

480
300
620
260
500

Cri

Tpi

Day
Tfi

Tri

250000
116500
178500
16100
62600

0.38
0.29
0.42
0.20
0.46

0.13
0.08
0.17
0.10
0.15

0.92
0.42
1.10
0.55
1.00

Ri min
0.60
0.50
0.60
0.50
0.55
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Table 2: The optimal PM schedule for each component of the drive device.

Component
1
2
3
4
5

T∗i1

T∗i2

T∗i3

T∗i4

T∗i5

Days
T∗i6
T∗i7

T∗i8

T∗i9

T∗i10

T∗i11

T∗i12

CNY (day)
EC∗i

N∗i

74.8
68.1
48.4
125.1
46.0

66.7
60.1
42.7
110.9
40.4

59.3
53.0
37.6
98.2
35.5

52.6
46.7
33.1
86.8
31.2

46.5
41.1
29.2
76.6
27.5

41.2
36.2
25.7
67.6
24.3

32.1
28.3
20.1
—
—

28.4
25.1
17.8
—
—

25.1
22.3
15.8
—
—

22.2
—
—
—
—

19.7
—
—
—
—

1109.8
738.7
1634.1
210.9
1304.0

11
9
9
5
6

36.4
32.0
22.7
—
21.5

5

4

3

2

1

0

50

100

150

200

250

300

350 400 450
Time (days)

Component 1
Component 2
Component 3

500

550

600

650

700

750

Component 4
Component 5

Figure 8: The optimal PM plan for each component of the drive device.

replacement and minimal repair is 33.31 days and 18.03
days, respectively. Therefore, the availability of the drive
device during BW period can be derived as 0.9297. Based on
the data in Table 2 and the above analysis, we can obtain the
optimal PM plan for each component of the belt conveyor
drive device during the whole BW period, as shown in
Figure 8.
It should be noted that, for each component, each point
represents the PM or replacement moment in Figure 8. More
speciﬁcally, the point where the PM interval becomes larger is
the preventive replacement moment of the component.
Obviously, PM actions are irregular and the point where the
maintenance interval suddenly becomes larger is the preventive replacement moment of the component, which is
consistent with the fact that the overall trend of the failure rate
of the component after imperfect repair is gradually increasing and the PM reliability threshold is a certain amount.

4.2.2. SA for the Solution of OM Model of the Multi-component System. SA was ﬁrstly put forward by Metropolis
[47], which simulates the physical annealing process of hot
atoms using statistical thermodynamics, where atoms

become less and less active until frozen as the temperature
decreases. SA algorithm is a random optimization algorithm.
Therefore, at every temperature, a new state of atoms is
accepted when the system performance becomes better;
furthermore, a worse state will also be accepted under a
certain probability [48]. In this study, the SA algorithm is
developed to optimize the maintenance cost of the
multi-component system during the BW period in order to
ﬁgure out the optimal OM reliability threshold R∗ �
(R∗1 , . . . , R∗i , . . . , R∗Q ), hence obtaining the minimal maintenance cost. It shows that the question of local minimization can be avoided eﬀectively using the SA algorithm,
which also can reduce the computation time.
The basic framework of the SA algorithm is shown in
Figure 9.
More speciﬁcally, the procedure of the proposed optimal
OM method of the multi-component system is summarized
in Algorithm 1.
In the meantime, the parameter initialization of the SA
algorithm is set as in Table 3.
According to the parameter values, in our observation,
after a hundred iterations, SA converges to a stable state
quickly. Moreover, the current temperature is close to zero.
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Start

Parameter
initialization

Randomly generate the initial solution α
calculate the objective function value f (α)

Randomly generate a new solution α′ near the current
solution and calculate the objective function value f (α′)

Δf = f (α′) – f (α)

Y

N

Δf ≤ 0

Accept the new solution
according to metropolis
criterion

Accept the new solution
α = α′, f (α) = f (α′)

Record the optimal solution

N
Complete the iteration?
Y
End of the cooling?

N

Kepler-type
temperature decay

Y
End

Figure 9: Flowchart of the proposed SA algorithm.

Then, we can draw the conclusion that the SA has found the
global optimal value. The convergence of SA algorithm is
shown in Figure 10.
From Figure 10, it can be seen that the optimal value of
the objective function is 3,242,080 CNY with the optimal
values of ﬁve variables; that is, the OM reliability thresholds
of each component are (0.383, 0.381, 0.246, 0.383, 0.286);
namely, R∗ � (R∗1 , R∗2 , R∗3 , R∗4 , R∗5 ) � (0.383, 0.381, 0.246,
0.383, 0.286).
4.3. Results Analysis
4.3.1. The Optimal OM Schedule for the Belt Conveyor Drive
Device. Based on the above analysis and data, the optimal total
maintenance cost of the drive device system is 3,242,080 CNY,
in which, the direct maintenance cost is 1,578,614 CNY and the

shutdown loss cost is 1,663,466 CNY, accounting for 48.69%
and 51.31% of the total maintenance cost, respectively.
Meanwhile, the number of shutdowns of the drive device is up
to 22 times due to PM or replacement of each component.
Hence, during the BW period, the eﬀective operation time of the
driving device is 696.73 days; however, the total shutdown time
is 33.27 days. Moreover, the downtime due to PM or replacement and minimal repair is 13.49 days and 19.78 days,
respectively. Therefore, the availability of the drive device during
the BW period can be derived as 0.954. Then, the optimal OM
schedule for the drive device is presented in Table 4.
Based on the data in Table 4 and the above analysis, we
can propose the optimal OM schedule for the belt conveyor
drive device during the whole BW period, including the
speciﬁc maintenance strategy of each component during
each shutdown of the system, as shown in Figure 11.
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(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)

Input: Initial solution Rinitial , max temperature Tmax , cooling scheduleg(·), interloop countL.
Output: Best solution Rbest found.
s � Rinitial ;
T � Tmax ;
while stop conditions unsatisﬁed do
for l � 1: L do
Generate a random neighbor s′∈ N(ΔR);
Δf � f(s ) − f(s);
′
if Δf ≤ 0 then
s � s′
else
if random(0, 1) < exp(−Δf/T) then s � s′; //random(0, 1) generates a random real number in [0, 1].
end if
end for
T � g(T);
end while
Output Rbest .
Calculate the optimized maintenance cost of the drive device considering the OM strategy.
ALGORITHM 1: Optimization of the maintenance cost of the drive device considering the OM strategy.

Table 3: SA parameters.

6

Value
100
100
1
0.9
[0, 0.5]
0.1

×107 best function value: 3.24208e + 06

4
2
0

0.2

0
0

20

40

60
Iteration

80

Best point

0.4
Best point

Function value (CNY)

Parameter
Tmax : initial temperature
Number of iterations to stop
L: number of iterations at each temperature
Cooling rate
Value range of the variable Ri
Rinitial : initial value of the variables

100

120

(a)

1

2
3
4
Number of variables (5)

5

(b)

Figure 10: The convergence of SA algorithm for the maintenance cost optimization.

To reﬂect the optimization degree of the OM strategy for
the maintenance cost of the multi-component system with
economic dependence, the results of various aspects of the
drive device before and after considering the OM strategy
are shown in Table 5.
By analyzing Table 5, we can see that the implementation of the OM strategy for the drive device can give
full consideration to the interests of manufacturers and
users during the BW period. Since for one thing, the total
maintenance cost that the manufacturer has to bear is
reduced; for another, the availability of the drive device is
improved, and the downtime is reduced, thus users can get
more beneﬁts. In addition, it should be noted that the direct

maintenance cost has increased to a certain extent, which is
consistent with the actual maintenance process of the OM
strategy. This is because some components in the drive
device have been opportunistically repaired or replaced in
advance.
4.3.2. Reliability Analysis for the Components of Belt
Conveyor Drive Device. According to the PM strategy
for single components based on reliability, when the
reliability of component reaches the PM reliability
threshold, it is necessary to carry out PM or replacement
on it. After considering the OM strategy, the opportunistic
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Table 4: The optimal OM schedule for the belt conveyor drive device.
T (days)

1
O
O
O
O
O
O
O
O
O
O
R
O
O
O
O
O
O
O
O
O
O
R
—
—

46.0
86.9
122.9
154.5
182.5
207.2
242.0
262.5
280.8
330.2
373.4
411.4
445.0
474.6
500.7
523.9
544.4
562.6
612.1
655.2
693.3
726.8
—
—

Maintenance strategy
3
O
O
O
O
O
O
Y
Y
G
Y
Y
Y
Y
Y
Y
Y
Y
G
Y
Y
Y
Y
—
—

2
O
O
O
O
O
O
O
O
R
O
O
O
O
O
O
O
O
R
O
O
O
O
—
—

4
B
O
B
B
O
B
O
B
B
O
R
B
O
B
O
B
O
B
O
R
O
O
—
—

5
Y
Y
Y
Y
Y
G
O
O
O
O
O
R
O
O
O
O
O
R
O
O
O
O
—
—

Y: PM; G: preventive replacement; O: opportunistic PM; R: opportunistic preventive replacement; B: no maintenance actions.

Motor
Hydraulic coupler
Reducer
Low speed coupling
Transmission drum
50

100

150

200

250

300

350

400

450

500

550

600

650

700 730

Time (days)
In service
PM
Preventive replacement

Opportunistic PM
Opportunistic preventive replacement

Figure 11: OM schedule of the belt conveyor drive device.

PM or replacement may be performed before the PM
reliability threshold of the component is reached. In
the OM model of the belt conveyor drive device, the
optimal OM reliability threshold of each component is
R∗ � (0.383, 0.381, 0.246, 0.383, 0.286), while the PM reliability threshold of each component is Ri min � (0.60,
0.50, 0.60, 0.50, 0.55). Therefore, when the reliability of the
component Ri (t) ≤ (0.983, 0.881, 0.846, 0.883, 0.836), there
is an opportunity to perform PM or replacement on the
component. Moreover, the reliability of the components in

the drive device varies with the operating time as shown in
Figure 12.
As can be seen from Figure 12, when we perform PM
actions, the reliability of the components does not necessarily reach the PM reliability threshold. In the operation
process during the BW period, after each replacement of the
component in the drive device, the PM intervals of the
components are getting shorter and shorter, which is consistent with the optimal OM schedule for the belt conveyor
drive device.
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Table 5: The comparison before and after considering the OM strategy on some important indicators.
Not considering the OM
3,648,175 CNY
0.9297
1,081,138 CNY
2,567,037 CNY
77

Considering the OM
3,242,080 CNY
0.9544
1,578,614 CNY
1,663,466 CNY
22

1

1

0.95

0.95

0.9

0.9

0.85

0.85
R2 (t)

R1 (t)

Indicator
Total maintenance cost
Availability
Direct maintenance cost
Shutdown loss cost
Number of shutdowns

0.8

0.8

0.75

0.75

0.7

0.7

0.65

0.65

0.6

0

100

200

300 400 500
Time (days)

600

700

0.6

800

0

100

200

300 400 500
Time (days)

(a)

1
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0.9

700

800

600

700
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0.85
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0.85
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700
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(d)

1
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0.9
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0.6

Optimization degree (%)
11.13
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−46.01
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Figure 12: The chart of the component reliability varying with the operating time.
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5. Conclusions
In this paper, we investigate the reliability-based OM
strategy for the belt conveyor drive device in a port, taking
into account the impact of imperfect repair on the failure
rate of the drive device. For this purpose, a hybrid failure rate
model that combines the age reduction factor and failure
rate increase factor is employed to construct the failure rate
function of the components. The reliability-based PM
threshold and OM threshold are then proposed to develop
the PM model for single components and the OM model of
the multi-component system. This study also proposed an
irregular imperfect PM strategy in order to better ﬁt the
actual situation where the overall trend of component failure
rate is rising. The presented model is ﬁnally applied for
maintenance cost optimization of a belt conveyor drive
device in a port. The optimized maintenance schedule and
the information on the maintenance cost are determined
based on the proposed method. The numerical results
demonstrate that the OM strategy can signiﬁcantly reduce
the maintenance cost compared with separate PM and
improve the availability of the drive device. It can be concluded that the developed model provides an economically
eﬃcient method of the belt conveyor drive device maintenance planning.
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