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Abstract: This paper investigates the optimal maintenance strategies for a self-repairable component
under detection at fixed time intervals. The failure process of a component is considered as two
parallel and competing degradation processes: an internal degradation process and an external
shock degradation process. Unscheduled maintenance from unofficial sources after each shock to a
component is regarded as a self-repairable behavior of the component, and its effectiveness is well
evaluated. The official maintenances are preventive maintenance (PM) and corrective maintenance
(CM), and two thresholds are set based on reliability values to represent the minimum points for
performing PM and CM, respectively. The approximately optimal PM and CM thresholds are found
by minimizing the overall maintenance cost rate of a component over a specified operating time.
Finally, we demonstrate the feasibility of the model through a numerical case study, give a summary,
and suggest possible future research directions.

Keywords: self-repairable component; maintenance strategy; competing degradation process; reliability;
maintenance cost rate

1. Introduction

Maintenance is an essential part of the life cycle of any component, machine, or
system, and therefore the search for maintenance strategies has always been a hot and
difficult issue in condition-based maintenance (CBM). The failure of a system and the
maintenance process are subject to multiple uncertainties: uncertainty in the time to failure,
uncertainty in the effectiveness of maintenance, and uncertainty in the time required for
maintenance. Proper consideration and effective measurement of these uncertainties can
make the maintenance strategy more accurate and effective.

In some factories where precision manufacturing is available, the equipment is usually
expensive, and the seller of the equipment usually does not tell the buyer all the features of
the system, such as how to properly maintain it to deal with various problems, because the
seller needs to earn a profit through the maintenance service fee at a later stage. However,
the seller will tell the buyer some methods of dealing with minor problems to prevent
the buyer from becoming dissatisfied with minor problems with the machine, which not
only preserves the seller’s opportunity to earn profits through maintenance services but
also satisfies the buyer. But as the buyer’s maintenance is unofficial, its quality cannot
be guaranteed. It is therefore necessary to consider this uncertainty while developing a
maintenance strategy.

Decisions of maintenance are always subject to various kinds of uncertainties. For
existing research on competing failure or degradation processes, Shi [1] et al. investigated a
system which has two competing and different failure processes: a natural degradation
process and an external failure process. Of these, the former is a phenomenal uncertainty
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process and the latter is an uncertainty reward process. The reliability and mean time to
failure of the system were assessed through uncertainty theory. Wang [2] et al. classified
the failure process into degradation process and shock process. The reliability of compo-
nents under these two processes was assessed, and a reliability assessment method for
components under the degradation process having fuzzy data was also proposed. For the
uncertainty in component failure times, Jin [3] et al. studied large-scale repairable systems
with uncertain maintenance times and proposed an approximate solution algorithm based
on Markov decision processes, approximate dynamic programming, and simulation tech-
niques to solve the technician assignment problem and minimize the total maintenance
time. Kuniewski [4] et al. proposed an adaptive Bayesian-based detection model for pre-
dicting the probability distribution of the failure time in response to the random nature of
the time and location of component deterioration with a transient Poisson failure process.
For maintenance decisions for self-reparable components, Meng [5] et al. proposed and
explained the system’s self-repair ability while efficiently measuring both the random time
for maintenance and the random effects of maintenance, taking the case of the commonly
used 2M1B (2 machines and 1 buffer) system to find the optimal maintenance strategy
for this system. For the uncertainty about the effectiveness of maintenance, Wu [6] et al.
investigated the economic dependence of preventive and opportunistic maintenance for
the different effects of multiple maintenance actions, developed a more flexible dynamic
maintenance grouping algorithm based on the rolling horizon approach, and applied it to
condition-based maintenance tasks.

The studies mentioned above provide a great statement and in-depth exploration of
one aspect of uncertainty in the component maintenance decision-making process. How-
ever, very few studies have combined them to study the maintenance decisions of compo-
nents under multiple uncertainty constraints. The aim of this paper is to explore optimal
maintenance strategies for components under multiple different uncertainty constraints.

2. Description of a Component

A component has two parallel failure modes: the internal degradation failure process
(determined by the service lifetime of the component) and the external shock failure process
(determined by the running environment of the component). The conditions for both types of
failure are similar. Internal degradation failure occurs when the amount of internal degradation
Xy, (initially 0) exceeds the internal failure threshold Tj, (initially Tlln ); similarly, external shock
failure occurs when the amount of external degradation X, (i.e., the magnitude of the random
shocks to which the component is subjected at a time) exceeds the external failure threshold
Tout (initially Tolut). These two failure modes compete with each other; the first failure mode to
occur determines the failure mode of the component. In most cases, the internal degradation
and random shocks of a component each obey a different random distribution, and the internal
and external degradation thresholds usually have different initial values. Each random shock to
a component causes not only a change in the amount of external degradation but also a sudden
AXj increase in the amount of internal degradation, a sudden AT; decrease in the internal
failure threshold, and a sudden AT, decrease in the external failure threshold. At the same time,
when subjected to an external shock, a component’s self-reparation mechanism is triggered to
maintain itself in the period before it is subjected to the next shock, and the self-reparation is in
the form of a change in the change-rate of the threshold of the external failure. Notably, the effect
of each self-reparation is different because this form of repair is unofficial and unprofessional
and may increase the external failure threshold (component gets better, positive maintenance) or
decrease the external failure threshold (component gets worse, negative maintenance) because
the self-reparation process obeys a truncated normal distribution of changes in thresholds over
a fixed interval [a,b], (2 < 0,b > 0). Figure 1 represents the two failure modes.
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Figure 1. The failure process of a component: (a) the internal degradation failure process; (b) the
external shock failure process.

Figure 1a shows that a component fails due to internal causes at the moment ¢19 because
the amount of internal degradation exceeds the internal failure threshold. Similarly, Figure 1b
shows a component fails due to external causes at 19 because the external degradation amount
(the magnitude of the external shock) exceeds the threshold for external failure. This is only a
schematic figure; however, in real production, the two kinds of failure do not always occur at
the same time.

3. Evaluation of Reliability

Evaluation of reliability is an important step in organizing maintenance strategies for
a component and is the basis for CBM, which aims to know how reliable the component is
at any point in time f while it is in operation.

For the external shock process, it is assumed that the arrival times of the random
shocks to the component obey a Poisson distribution with parameter A, and the amount
of shocks is a random number in the interval [c, d], whose probability density function
is specified to be fout. N(t) denotes the number of accumulated shocks experienced by a
component before time t. When N(t) = i, the time of each shock is t;, then t € [t;, t;11),
and the external failure threshold Ty, (t) at the particular time point ¢ can be represented
as follows:

Tout(t) =@+ P(t - ti) (1)

where ¢; is the external failure threshold after experiencing a transient decrease AT, after
the ith shock. It can be clarified that ¢1 = lirn+ Tout(t) = TL., — AT,. p is the slope, which,
t—t]

out

as previously mentioned, due to the self-repair ability of the component, varies, obeying a
fixed interval [a, b] phase normal distribution, whose probability density function can be

denoted as -
1 _
Lp(ote)

b— a—
P(a") — (5

The physical meaning of reliability is the probability that a component will not fail at the
current moment. Whether it is an internal degradation process or an external shock process,
reliability can be expressed as the probability that the amount of degradation does not exceed
a threshold value at the current moment. When the number of shocks to which a component
is subjected is fixed at a certain moment, the reliability of the component under the current
number of shocks can be calculated, and the specific solution is to calculate the amount of all
previous shocks to which the component has been subjected that do not exceed the threshold
value at the corresponding moment. Because the number of shocks to which a component
is subjected at the current moment obeys a certain distribution, it is not a fixed value, so it is
necessary to multiply the possibility of all the numbers of shocks (from 0 to o) that may occur
at the current moment and the amount of the reliability of the corresponding shock and then

flp, Ho,Op, 4, b) = (2)
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add up to get the total reliability of the component. Therefore, the reliability of a component at
the moment ¢ for external shock processes can be represented as

Rout = P{Xout<t) < Tout(t)}
= %0 P{IT1 [Xou () < Tour (A)IN(E) = ] }P{N(E) = i}
= 5520 P{TT [Xour (1) < @i+ p(t = K)IN() = i) }P{N(t) = i} ®

e} 1 ou A
= Zi:O{ ;:1 [f,ZX £(t) fout < @i+ fcpf(p,yp,(fp,ﬂ,b)X(t — ti)] X i!exp(—/\)}

For the internal degradation process, D(t) is defined as the amount of degradation
(degradation unaffected by random shocks) of a component due to its own degradation
process at the moment ¢. Then the internal degradation amount of a component at the
moment ¢ may be represented as

Xin(t) = D(t) +iAX; 4)

Also, the internal degradation threshold of a component at the moment ¢ may be
represented as
Tin(t) = T} — iAT, (5)

Therefore, the reliability of a component at the moment ¢ for the internal degradation
process can be represented as

Rin(t) = P{Xin<t) < Tin<t)}
= Y20 P{Xin(t) < Tiu(H)|N(t) = i} P{N(t) = i}
=YX P{D(t) +iAX; < T} —iAT{ }P{N(t) = i} (6)

co . . A
= Zi:OP{D(t) +iAX; < Tlln — lATl} X Eexp(—/\)

Eventually, the reliability of a component at the moment ¢ under the influence of both
internal degradation processes and external shock processes can be calculated as

R(t) = Ry (£)Roue (1) (7)

4. Maintenance Strategy and Effectiveness

CBM refers to different forms of maintenance depending on the reliability level of the
component. Specifically, when the reliability of a component falls below a certain threshold set
in advance, some kind of maintenance is required. Unlike the uncertainty of self-repair mecha-
nisms, such maintenance will result in a better component state. There are two official types
of maintenance being considered: preventive maintenance (PM) and corrective maintenance
(CM). Both types of maintenance are imperfect, so they cannot return a component to as good as
new, but they can certainly increase its reliability. In most cases, the threshold for PM is higher
than that for CM, so this paper defines the thresholds at which a component needs to perform
PM and CM as Tpp; and Ty, respectively, and Tpy; > Tcps. The detection interval is denoted
as [, which is usually given. When detecting, if the system reliability is lower than Tpy; and
higher than Ty, the component performs PM; when the system reliability is lower than Tcy,,
the component performs CM. The flowchart of the detection and maintenance process is shown
in Figure 2.
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Figure 2. The flowchart of the detection and maintenance process of a component.

At the same time, maintenance takes time, and different types of maintenance take different
amounts of time. Further, the same type of maintenance takes different amounts of time at
different levels of reliability; at lower levels of reliability, maintenance takes longer. In addition,
the effect of maintenance is also different. In general, CM is more effective; however, this is
not always the case, and the effect of maintenance also takes into account the reliability of a
component. When the reliability of a component is low, the effect of maintenance is poorer.

When a component performs PM, maintenance affects its internal degradation process; the
reliability of the component is increased by reducing the amount of internal degradation and
increasing the internal failure threshold. These two aspects of optimization are not performed
simultaneously. First, the internal degradation amount is reduced, and afterwards, the threshold
of the internal failure is increased. Therefore, the total demanding maintenance time for a
component to perform PM is the sum of the time required for these two aspects of optimization.
Let T'M denote the total time required for the component to perform the kth PM and #; denote

the time at which the kth PM starts, then Tlf M — TkX in TTi”, where T,f( in and TkTi" denote the
time at which the PM reduces the internal degradation amount and increases the threshold of
the internal failure, respectively. In real production, these two parts of the PM time are usually
available with a large amount of historical data, and the time for the ideal case can be obtained

by analyzing these historical data, denoted as Ti;g;l and T)i" . Since the time for maintenance is

ideal*
related to the reliability of the component, TkX i and TkTi" can be denoted as

Xin — Xin

Tk - Tideaz(l — R(t)) 8)
Tin _ Tin

Tk - idgul(]‘ - R(tk)) (9)

Let AXPM and ATPM denote the reduced internal degradation amount and the amount
of increased PM threshold of the internal degradation, respectively, which are typically
fixed values and can be represented as

X
AXIM = X (1) — Xin (e + TE™) (10)

ATPM = Ty (t) — Tin (s + T (11)

Similarly, when a component performs CM, the maintenance affects its external shock
process; the reliability of the component is increased by increasing the external failure
threshold. Let T-™ denote the time it takes for the component to perform the h th CM and
t;, denote the time when the hith CM starts. If Tig‘;‘;’l denotes the ideal CM time, then Tig‘;‘;’l
can be represented as

TUU
T = Ty (1= R(t)) (12)
ATEM denotes the increased external degradation threshold by CM, which is a fixed

out
value and can be represented as

ATSM = Tour(t) — Tout (b + ThCM) (13)
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5. Objectives and Constraints

Each type of maintenance has a cost. Let Cpys and Ccps denote the cost of a component to
perform PM and CM, respectively, and T, denote the fixed runtime cycle of the component,
a value that is usually given. The objective of this paper is to minimize the maintenance cost
rate (total maintenance cost/operating cycle) of a component over a fixed operating cycle. Let L
denote the maintenance cost rate of a component over a fixed operating cycle, which can be
represented as

Crotal _ kCpm +hCcm
L= = 14
T}’HH TTMTI ( )
This paper aims to find the thresholds Tpy; and Ty for components to perform PM

and CM optimally, so the constraints can be represented as

0< T <1
st 0<Tepm <1 (15)

Trm < Tcm

However, the exact solutions of Tpy; and Ty are very hard to find. Therefore, the
range of values of these two thresholds can be regarded as a discrete state space consisting
of 1000 state points between 0 and 1, which is used to reduce the amount of solving and
does not have any effect on the degree of accuracy of the optimal solution.

6. The Numerical Case

The object of our study is a very general component rather than a particular system, a
component that can be applied in almost any system (e.g., a serial or parallel system). For
this component, its degradation-related parameters can be various. Therefore, to prove the
effectiveness of the model, the model can be tested by using some assumed parameters, which
are shown in Table 1.

Table 1. The values of parameters required for the model.

Parameters Value
T 100
T, 100
AXy 2
ATy 1
AT, 1

a —0.05
b 0.03
A 0.5
c 40
d 70
) 10
Xin
Tient 100
Tin
Tidear 150
PM
AXP 20
PM
ATP 15
TUM
Tidear 200
ATEM 20
Cpm 150
Cem 200

Trun 10,000
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Moreover, D(t) obeys a gamma distribution with parameters « and 6 (x and 6 are
given as 1 and 1.5, respectively), so its probability density function can be expressed as

f(0) = et (=0 (16)

The below Algorithm 1 represents the pseudocode of the algorithm for the simulation
experiment.

Algorithm 1: Maintenance decisions for self-repairable components.

Input: A data matrix consisting of all the data in Table 1 and a confidence probability ¢.
Output: A vector Tp, Tp = (TpM, TCM)-

1. for (Tpy = [Tppm]) do/ /Vector of all possible values;
2. for (Tecy = [Tem]) do/ / Vector of all possible values;
3. while (¢ < Ty, ) do//Running process
4

Compute fot fpossiondt(A); pshock ¢ fot frossiondt(A);

5. if (Pyok > 6) then

6. i+ +; N(tiy1) + + tivn < £5 @iv1 < Tour(t);

7. Compute [ fourdt(c,d); Xout(t) < [ fourdt(c,d);

8. Compute p according to Equation (2); Compute Tj, (¢;11) according to Equation (5);

9. Compute T,y (ti11) according to Equation (1); Compute D(¢;, 1) according to
Equation (16);

10. Compute X, (t;11) according to Equation (4);

11. end if

12. while (t Mod | == 0) do//Detection and maintenance process

13. Compute Ryt (t;11) according to Equation (3); Compute R;, (;11) according to
Equation (6);

14. Compute R(t;11) according to Equation (7);

15. if R(tjy1) < Tcp then

16. Compute ThCM according to Equation (12);

17. Compute ATOCUIIYI according to Equation (13);

18. Tout(tiv1 + TEM) 4 Tour(tivn) + ATGM ¢ t+ TEM;

19. break;

20. end if

21. if (R(tiy1) > Tem && R(tivq) < Tppy) then

22. Compute TkX " according to Equation (8); Compute TkT"" according to Equation (9);

23. Compute AXZ.PnM according to Equation (10); Compute ATlﬁM according to
Equation (11);

24, Tin(tir + T + T") 4= Tin(tig1) + ATEM;
Xin(tip1 + T + T) = Xig(ti41) — AXEM;

25. b4 t+ TN 4 Tl

26. break;

27. end if

28. end while
29. end while

30. Compute L according to Equation (14); { (L?, T5,;, TE\1) p} < L, Tem, Tem;
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Maintenance Cost Rate

Algorithm 1: Maintenance decisions for self-repairable components.

31. end for
32. end for

33.  Choose the minimum value of L corresponding to Tpys, Tcum;
34. return Tp = (TpM, TCM);

The simulation results are shown in Figure 3a. It can be seen from the figure that the
optimal PM and CM thresholds are 0.71 and 0.53, respectively, which indicates that PM
needs to be performed when the reliability of a component is lower than 0.71, and CM
needs to be performed when it is lower than 0.53. Figure 3b shows the optimal PM and
CM thresholds without considering the self-repair ability of a component, as well as the
corresponding maintenance cost rate. Comparison between the two figures can illustrate
that the self-repair of a component delays its failure process and reduces the threshold and
cost of maintenance.

16

-
Maintenance Cost Rate

(a) (b)

Figure 3. Simulation results: (a) the optimal maintenance decisions when considering the self-reparation
of a component; (b) the optimal maintenance decisions without the self-reparation of a component.

7. Conclusions and Future Work

This paper investigates maintenance strategies for components with a self-repair
ability. Unofficial maintenances that are not directly assessable are considered the self-
repair ability of the component. The official maintenance of a component is evaluated based
on the reliability of the component at the time of detection, and the official maintenances
are categorized into PM and CM, which correspond to two thresholds. The optimal PM
and CM thresholds are obtained by minimizing the maintenance cost rate during the given
running time. Finally, the validity of the model and the effectiveness of the self-repair
ability are proved by the numerical case. Through simulation experiments, it can be found
that the effect of self-reparation is to reduce the maintenance threshold (especially the CM
threshold) of a component, and the cost rate of the component is also effectively reduced
due to the higher cost of the CM.

In the future, scholars can continue to study the coupling effect between PM and CM,
i.e., a component performs PM with some positive or negative effect on the effect of the
previous CM, leading to a change in the reliability of the component. Or, study the complex
search for maintenance strategies in multi-component systems, which may be planning
problems with multiple objectives, such as maximizing the average system reliability while
minimizing the system maintenance cost rate.
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