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Abstract: As a maintenance strategy to reduce unexpected failures and enable safe operation,
condition-based maintenance (CBM) has been widely used in recent years. The maintenance decision
criteria of CBM in the literature mostly originate from statistical failure data or degradation states,
few of which can directly and effectively reflect the current state and analyze condition monitoring
data, maintenance measures, and reliability together at the same time. In this paper, we introduce
the performance margin as a decision criterion of CBM. We propose a condition-based maintenance
optimization method using performance margin. Considering a CBM optimization problem for a
degrading and periodically inspected component, a newly developed performance margin degra-
dation model is established when three different maintenance measures become involved. Main-
tenance measure effect factors, maintenance decision vectors, and maintenance measure threshold
vectors are developed to update the degradation model. And to build a maintenance optimization
model, both cost and loss related to maintenance decision problems and reliability obtained by per-
formance margin have been taken into consideration. Finally, a numerical example is provided to
illustrate the proposed optimization method.
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Academic Editor: With the ongoing development of technology and the requirements of products, the
Behzad Djafari-Rouhani complexity and cost of products are also increasing. Facing these advanced products, a

proper maintenance strategy is an important means to improve the efficiency of safe op-
eration, extend the service life, and reduce or avoid the impact due to failure. Hence, a
condition-based maintenance (CBM) strategy has gradually gained increasing application
value. CBM has been studied and applied to numerous areas, such as electronics [1,2], me-
chanics [3,4], wind turbines [5,6], the aerospace industry [7], nuclear power [8], the railway

industry [9], seaports [10], etc.
BY Scientific, practical, and comprehensive maintenance decision criteria are the basis for
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failure data, but for high-reliability and long-life products, failure data is difficult to ob-
tain. Therefore, the actual operation condition of the product cannot be accurately re-
flected. Degradation-related criteria, for instance, degradation states [15,16], degradation
levels [17], and deterioration rate [18], are widely used for CBM. They basically solved
the two problems of failure-related criteria, but there are still some imperfections. On the
one hand, the degradation-related criteria tend to focus on the condition-monitoring data
(e.g., temperature, humidity, pressure, vibration, acoustic, etc.) and mostly neglect the
data for maintenance and other relative measures (e.g., installation, breakdown, overhaul,
minor repair, preventive maintenance, oil change, etc.). However, the data for mainte-
nance and other relative measures are very important in CBM because to better assess
the products’ performance and condition, what happened and what was done during the
whole life cycle should be considered. On the other hand, when using the degradation-
related criteria, the reliability of products is often assessed by the first hitting time (FHT)
or the remaining useful life (RUL)/ mean residual life (MRL) in terms of FHT. The deriva-
tion processes of the distribution functions of FHT and RUL/MRL are mostly complex,
and sometimes the approximate method is used to find the solution. Under such circum-
stances, the degradation-related criteria seem to be insufficient to describe the conditions
of products.

Compared to CBM strategies using the above two types of criteria, a strategy based
on performance margin can be more effective. First of all, the performance margin can
reflect the current condition of the product. Performance margin is the margin that is re-
served for performance parameters, and the conditions required for a product to perform
its required functions depend on its performance margin. Secondly, performance margin
can also determine and then be influenced by maintenance decisions and other relative
measures. The ability of a product to maintain or restore its required state depends on its
current performance margin, measures stich as maintenance and replacement react to per-
formance margin, as well. Thus, it is possible to analyze maintenance and condition mon-
itoring data together by performance margin. Furthermore, performance margin can be
used in reliability analysis more conveniently. According to the margin-based reliable prin-
ciple of belief reliability [19], the performance margin determines how reliable the object is.
Performance margin is essentially a certain distance between the performance parameter
and the performance threshold, it can be a direct bridge from the condition of products
to the reliability metric. Additionally, numerous factors, including the environment, the
inner structure, and multiple failure mechanisms used in reliability analysis can be consid-
ered when performance margin is used to describe the condition of products [20,21]. These
all allow the CBM strategy based on performance margin to assess reliability effectively,
which is beneficial to control the risk.

Therefore, we introduce the performance margin into the degradation model in this
article to describe the monitored conditions. Taking performance margin as a criterion has
the following advantages:

Proceed from the current states and conditions of products directly;
Maintenance and other relative measures can be analyzed comprehensively with con-
dition monitoring data;

e  Be able to assess reliability more effectively.

In this paper, we develop a condition-based maintenance optimization method using
performance margin. The degradation and recovery of a single component are modeled by
a multi-stage Wiener process. The component is assumed to undergo periodic inspections,
and conditions can only be totally be revealed at inspections. The performance margin de-
tected at each inspection will determine the corresponding type of maintenance measures.
Different maintenance measures, including preventive maintenance, preventive replace-
ment, and replacement after failure can only be taken at the inspections and can cause
different degrees of restoration of performance margin. After completion of maintenance
measures, the component resumes operation without changing the original drift of perfor-
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mance margin degradation. The final purpose is to find the optimal inspection intervals
and make reasonable maintenance decisions to control the cost and ensure reliability.

The remainder of this article is organized as follows. In Section 2, we present the
establishment of the performance margin degradation model. In Section 3, we build an
optimization model of maintenance. Section 4 provides a numerical case, including a dis-
cussion of the results. Conclusions are addressed in Section 5.2, Framework and Symbols.

2. Framework and Symbols
2.1. Framework

The framework of the condition-based maintenance optimization method using per-
formance margin is proposed in Figure 1. Firstly, the origin performance margin degra-
dation model with uncertainty is established based on the Wiener process. Then, a multi-
stage Wiener process is proposed to characterize the maintenance-involved degradation
of the performance margin. To determine the initial value of the performance margin at
each stage, the maintenance measure threshold vector and maintenance measure decision
vector are employed and the transition of the performance margin is modeled based on
the effect of maintenance and replacement. Finally, the optimization model of the mainte-
nance decision problem is constructed.

Origin Performance Margin Degradation Model with Uncertainty

Maintenance Measure The Transition of Performance Margin

Decision Procedure with Maintenance and Replacement

|
I : |
[ 1
Lo I
o 1
I I
b |
I
| |
! |
b Mamtenance measure The effect of maintenance !
[
| 1
! | threshold vector i and replacement !
1 | [ 1
o v L v !
[ 1
[ . o !
P Maintenance measure o Updated performance !
[ L ! | . 1
I decision vector o margin |
I I
: : | : 1
[ [ 1

Maintenance Involved Degradation Model with Uncertainty

v

Optimization Model of the Mamtenance Decision Problem

Figure 1. Framework of the proposed condition-based maintenance optimization method using per-
formance margin.
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2.2. Symbols

B(t): standard Wiener process at time ¢;

C: overall cost per time;

Cpr: total loss in unplanned downtime after failure;

cpr: maximum loss of any kind of unplanned downtime, a constant;

Cpr,: the basic loss of any kind of unplanned downtime after failure;

CDTmax: the maximum allowable total loss in unplanned downtime after failure,
a constant;

Cpam: total cost of preventive maintenance;

cpgp: maximum cost of single preventive maintenance, a constant;

Cpgg: total cost of preventive replacement;

Cpr: total cost of inspections;

cpr: cost of a single inspection, a constant;

Crp: total cost of replacement after failure;

crp: cost of a single replacement, a constant;

Cyz: overall cost;

kpgpm,c: cost coefficient of preventive maintenance, a constant;

kiy c: loss coefficient in unplanned downtime, a constant;

my: initial value of performance margin at time ¢t = 0;

mpgpr: preventive maintenance threshold, a constant;

mpgRr: preventive replacement threshold, a constant;

m(t): degradation function of performance margin;

m;(t): degradation function of performance margin at i’ inspection;

my(t): degradation function of performance margin after maintenance at
i'" inspection;

m; (t;): the value of performance margin after maintenance at the end of i*" inspection
(time ¢;), which also means the initial value of performance margin at (i + 1)th
i=12---,N;

N: total number of inspections, a constant;

n;: the number of maintenance procedures by the i*" inspection (time t;);

p: degradation coefficient of maintenance effect factor, a constant;

r: maintenance effect factor;

Rp: the minimum allowable reliability, a constant;

R;: the reliability at i*" inspection;

inspection,

T;: the interval between (i — 1)th inspection and ith inspection, T; = t; — t;_1;
t;: time point at end of the i inspection;

Tz: overall time;

A: drift parameter, a constant;

u: indicative function of preventive maintenance;

v: indicative function of preventive replacement;

o: diffusion parameter, a constant;

w: indicative function of replacement after failure;

3. Performance Margin Degradation Model with Uncertainty

We consider a component whose performance margin is degrading and periodically
inspected, multiple types of maintenance measures will be conducted according to the
performance margin. We divide the establishment of the performance margin degradation
model into two steps: first, building an origin model to describe the degradation process
without any maintenance; and second, updating the degradation model when different
maintenance measures become involved.
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3.1. Origin Degradation Model with Uncertainty

The Wiener process is widely employed to describe degradation processes that are
characterized by a gradual drift of the mean value [22]. In this paper, the degradation
of performance margin is assumed to be an additive accumulation and expressed by the
Wiener process. Let m(t) be the degradation function of performance margin function, and
degradation follows a linear drift Wiener process {m(t) : t > 0}:

m(t) = mo — [At + oB(H)]. )

3.2. Maintenance-Involved Degradation Model with Uncertainty

When maintenance measures are involved, the performance margin will be updated,
and the degradation of performance margin will be changed accordingly. Therefore, we
built a maintenance-involved degradation model of performance margin to better describe
this process, and Figure 2 illustrates this maintenance-involved degradation process.

3.2.1. Multi-Stage Wiener Process

Assuming that the component is inspected at the regular time ¢; (i = 1,2,--- ,N), a
multi-stage Wiener process is proposed to characterize the maintenance-involved degra-
dation of performance margin. The initial value of performance margin at stage i is also the
value after maintenance measure at stage i + 1. According to formula (1), the degradation
)th

function of the performance margin at (i +-1)"" inspection can be given as:

miy1(t) = ml(t;) — [AM(t — t;) + oB(t — t;)]. 2)

3.2.2. Maintenance Measure Decision Procedure

The choice of maintenance or replacement fundamentally depends on the condition
(represented by performance margin) before maintenance measures. To model the proce-
dure for the maintenance measure decision, we developed a maintenance measure decision
vector and a maintenance measure threshold vector. The relationship of the above vectors
is actually the decision procedure for the maintenance measure.

The maintenance measure decision vector is introduced as follows:

MD; = (i, vi, w;). 3)
The maintenance measure threshold vector is introduced as follows:

My, = (mpam, Mpyr,0), 4)

where mpgp; > mpyg > 0.

A component is considered in need of preventive maintenance when its performance
margin decreases to mpgy;. The indicative function of preventive maintenance can be ex-
pressed as:

o { Lif mpan > E[m;(t;)] > mpag 5)
Hi= 0, else )

A component is considered in need of preventive replacement when its performance
margin decreases to mpyr. The indicative function of preventive replacement can be ex-
pressed as:

], if mpar > E[mi(ti)] >0 6
Vi 0, else ' ©)

A unit is considered failed and in need of replacement when its performance margin
decreases to 0, and the indicative function of replacement after failure can be expressed as:

0, else
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Figure 2. Illustration of the maintenance-involved degradation process.

3.2.3. The Transition of Performance Margin with Maintenance and Replacement

In this article, the initial value of performance margin at (i + 1)”1 inspection is consid-
ered to be concerned with the maintenance measure that is used at the end of i*’* inspection
(time ti)'
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Here, we introduce a maintenance effect factor, r, to better describe the restoration
effect of the performance margin after maintenance. The initial value of the performance
)th

margin at the (i +1)"" inspection can be expressed as:

mi(;) = 1i - Mpgp- ®)

This effect factor, r, represents the extent to which the performance margin can revert
back. In this paper, we consider the number of maintenance procedures, and assume that
the more maintenance procedures that are carried out, the worse the maintenance effects
are. Maintenance effect factor r; can be expressed as:

ri=1+p/n; ©)

Since maintenance must play a role in recovery, we have:
mo > mj(t;) > m;(t;) > mpgg. (10)
Thus, the number of maintenance procedures needs to satisfy the following equation:

, p
m> . an

g
Mpam

Also, the initial value of performance margin at (i + 1)th inspection is considered to
be concerned with replacement. If a preventive replacement or replacement after failure is
carried out, the initial value of performance margin at (i + 1)th inspection can be restored
to the initial value of the performance margin at time t = 0, which can be expressed as:

!/

m;(t;) = m. (12)

Therefore, the comprehensive expression of the updated initial value of performance

th

margin at (i + 1) inspection with maintenance and replacement can be expressed as:

!/

mi(ti) = Wi Vi -Mpapm +1/i - moy +(Ul' - My + (1 — #z) . (1 — 1/1') . (1 — C(Ji) -mi(ti). (13)

According to Section 3.2.2, when the maintenance measure is decided, the expression
of the updated initial value of performance margin at (i + 1) th
as follows:

When the component is considered to be in need of preventive maintenance, we have
MD; = (1,0,0). Then Equation (13) can be transferred into Equation (8).

When the component is considered to be in need of preventive replacement, we have
MD; = (0,1,0). Then Equation (13) can be transferred into Equation (12).

When the component is considered to be in need of replacement after failure, we have
MD; = (0,0,1). Then Equation (13) can be transferred into Equation (12).

When the component is considered to be in need of no maintenance measures, we
have MD; = (0,0,0). Then Equation (13) can be transferred into m;(t;), which means that
the performance margin remains unchanged.

inspection can be simplified,

4. Optimization Model of the Maintenance Decision Problem

With the newly developed performance margin degradation model, we consider the
cost of the maintenance decision problem. In this section, we elaborate on the detailed
contents of the optimization model.
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4.1. Indexes

1.  Overall cost:

The overall cost of the optimization model consists of the cost of inspection, preventive
maintenance, preventive replacement, replacement after failure, and loss in unplanned
downtime after failure, and they can be expressed as followed.

(1) The total cost of inspections:

Cpr = N -cpr, (14)
which is the product of the number of inspection times and the cost of a single inspection;
(2) The total cost of preventive maintenance;

The cost of preventive maintenance increases with the decrease of maintenance per-
formance margin. When the performance margin is approaching the preventive mainte-
nance threshold, the cost of preventive maintenance is approaching zero, which can be
expressed as:

& Inmpgp — In E[m;(t;)] (1 ,
Cpam = 1:21 Kl T ipa — Elmi()] E[’”z(h)]) “kpam,c - Vz:| “cpam- (15)

(3) The total cost of preventive replacement:

N
Cpar = )_ Vi CRP, (16)
i=1
which is the product of the number of times of preventive replacement and the cost of a
single replacement;

(4) The total cost of replacement after failure:

N
Crp =Y _ wj-Crp, 17)
i=1
which is the product of the number of times of replacement after failure and the cost of a
single replacement;

(5) Loss in unplanned downtime after failure:

When the performance margin decreases to less than zero, unplanned downtime is
generated. Once the unplanned downtime is generated, no matter how long it lasts, there
is a basic loss. Additionally, the longer the unplanned downtime lasts, the more the per-
formance margin deviates from zero, and the greater the loss, which can be expressed as:

N (t.
Cpr = E[CDTO n |E[Z11(tzm ‘CDT] - w;. (18)
=1 /

Therefore, the overall cost is expressed as:

Cz = Cpr+ Cpam + Cpar + Cpr + CrP
N Inmpgpy — InE[m;(t;)]
=N-cpr+ X |:(1 —
I s mpap — E[m;(t;)]

i N N E|m;(t;
TLviccgpt L witcrp+ L {CDTO'FM‘CDT
=1 i=1 i=1 th,C

'E[mi(fi)]) ~kpam,c - 741} “Cpdm 19

- Wj.
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2. Reliability:

According to the margin-based reliable principle of belief reliability [19], performance mar-
gin, m, describes the distance between a performance parameter and its failure threshold. So, when
m;(t) > 0, the component can act normally, then the reliability at i*" inspection can be expressed as:

R; = Pr{m;(t) > 0}, (20)

which describes the probability that the component can act normally.

3. Overall time:

In this paper, we only consider the working time of components, and neglect the time of in-
spection, preventive maintenance, preventive replacement, halt after failure, replacement after fail-
ure, etc. Therefore, the intervals between inspections are the working time of components, and the
overall time can be expressed as:

N
T,=)YT, (21)
i=1

which is the sum of all the intervals between inspections.

4. Opverall cost per time:

The overall cost per time is the overall cost divided by the overall time, which can be expressed

as: C
A
C= T, (22)

where Cz follows Equation (19) and Tz follows Equation (21).

4.2. Model

The overall cost per time is taken as the objective function, and the optimal inspection and
maintenance policy is solved by this model. The model should also meet the following constraints:
(1) the loss in unplanned downtime after failure should not exceed the maximum allowable value;
(2) the reliability should exceed the minimum allowable value; and (3) the inspection interval should
be non-negative. Therefore, the optimization model can be expressed as:

N -cpr + % Kl . Inmpapg — InElmi(t;)] 'E[mi(fi)]) ’deM,C’Iiz} “CpAM

i=1 mpgy — E[m;(t;)]
N N N Elm (¢
+ X vicrp+ X wi-Ccrp+ {CDT“_M 'CDT] - Wi
i=1 i=1 i—1 th,C
Tz (23)
[ E[m;(t;

.21 CDTU + ‘ [ktl( l)H ~epr| Wi < CDTmax
=1L /
R; = P{mi(t) > 0} > Ry
T,>0

5. A Numerical Example
In this section, we use a numerical example to demonstrate the proposed optimization model;
this example follows all of the mentioned assumptions.

5.1. Optimal Results
For a product-making maintenance decision based on condition monitoring, parameters are
provided in Table 1.
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Table 1. Parameters in the numerical example.

Parameters Value
A 5 (mm/hours)
o 1
7 200 (mm)
Mpam 100 (1’1’11’1’1)
mpgRr 20 (mm)
N 100
cpr ¥100 (K)
CPiM ¥300 (K)
kpam,c ¥100 (K)
CRP ¥ 800 (K)
cpT ¥ 1000 (K)
Cor, ¥2000 (K)
kth,C 5
p 0.5
Ro 0.99

We simulate the model on MATLAB for 10,000 times; the optimal inspection interval is 26 h;
the minimal overall cost per time is 103.4813 K/h.

5.2. Analysis of the Optimal Results

As shown in Figure 3, the original degradation of performance margin decreases with the in-
crease in time and soon decreases to below zero. Without any maintenance measure, the performance
of this component becomes too poor to continue working. However, with inspections, maintenance,
and replacement, restoration of the performance margin occurs. The inspection interval calculated
by the proposed optimization model reduces the occurrence of failure and ensures that the value of
the performance margin fluctuates in a reasonable range through reliability.

150
50
-50
e
B -150
-250 | Inspection interval=26 N
- = - - Inspection interval=25
-350 Inspection interval=27
Origin degradation of performance margin

0 10 20 30 40 50 60 70 80 90 100
t

Figure 3. Optimal maintenance process when inspection intervals are 25, 26 and 27.

The change in optimal overall cost per time when different inspection intervals are used is
shown in Figure 4. The total cost of preventive maintenance and the loss in unplanned downtime
after failure are two main factors that influence the optimal overall cost per time. When inspection in-
tervals are short, frequent preventive maintenance is required; failure rarely happens. Therefore, the
cost of preventive maintenance is greater than the loss after failure. Additionally, when inspection
intervals are long, the poor state of the performance margin cannot be detected in time, which some-
times leads to failure. In such situations, the total cost of replacement after failure is created. Limited
by fewer inspections, the replacement will not be made often, and the total cost of replacement after
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failure is not significant. If the failed component is left for a long time, the loss in unplanned down-
time after failure increases rapidly and its influence on overall cost is soon greater than the cost of
preventive maintenance.

x10*
1000 T T T T T T T T T T T T T T T T T T T T l()
900 - Overall cost per time
—#—— Loss in unplanned downtime after failure 114
800 - Total cost of preventive maintenance
e Total cost of preventive replacement 112
S o700 | Total cost of replacement after failure
g - P el
= otal cost of inspections 110
5 600 r-
Q- N
~ w
g 500 18 @
S O
% 400 - 16
o 300r
14
200
100 | 12
\
0 ~ saschesensts L 1 ! 1 1 1 1 ! ! 1 0
10,000 T T T T T T T T T T T T T T T T T T T T T
|
|
|
- |
@ 1
8 5000 -, 1
\
\
\
. . P
0 s, S SO A

Q 6\%\6(&’@’5%% th b?)g%g?} ‘OQ b@«%«‘)gbg%%q%q%@%
Inspection interval

Figure 4. The overall cost per time when different inspection intervals are used.

It is also noteworthy that the loss in unplanned downtime after failure increases linearly when
the inspection interval is over 50 h. This is caused by the following reasons. Firstly, according to
Equation (1) and the parameters in Table 1 (which also can be seen in Figure 3), the failure will occur
at around 40 h if there has been no prior maintenance or replacement. Then, since the failure occurs
before 50 h, the performance margin is below zero after 50 h. According to Equation (18), there
is a linear relationship between the loss in unplanned downtime after failure and the performance
margin. The later the failure is inspected and found, the more the performance margin deviates from
zero and the higher the loss is. And this leads to a linear relationship between the loss in unplanned
downtime after failure and the inspection interval. Finally, when the inspection interval is more than
50 h, there is only one inspection to be taken. After the maintenance and replacement following this
inspection, the performance margin will not be updated again; the linear relationship between the
loss in unplanned downtime after failure and the inspection interval will not be changed. Thus, the
loss in unplanned downtime after failure increases linearly.

During the maintenance measure decision procedure, the expected value of the performance
margin is fixed. It guides us to make maintenance decisions based on the fixed expected value, and
the impact of dispersion and inconsistency on performance margin is ignored. If the performance
margin is very close to (but does not exceed) the maintenance measure threshold, no maintenance
measures will be taken. However, if there is a little deviation of the performance margin, the actual
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value of it can fluctuate below the threshold. It can result in no measure to be taken when failure
occurs. This strategy puts decision-makers at risk, so as a result, we introduce reliability obtained by
the performance margin (not the expected value) as a constraint.

The influence of reliability on optimal results is showed in Figure 5; the ‘x” point is the optimal
result without the reliability constraint and the ‘0" point is the optimal result with the reliability
constraint. With the constraint of reliability, the optimal inspection interval is shortened, and the
minimal overall cost per time increases. This suggests that the reliability constraint is effective, so
that we can control the risk while optimizing the cost.

700 T T T T T T T T T T T T T T T T T T T I7 l
R =0.99
600 10.9
g <00 | 10.8
= 10.7
)
2400 10.6
Z ~
S 300 | 10.5
E 104
S
O 200 - 10.3
10.2
100 Overall cost per time | |
Reliability 0.1
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0

VOOV DN ENEDNERNENSDNH D
VVRPPRI DRI RS AP P
Inspection interval

Figure 5. The reliability and overall cost per time when different inspection intervals are used.

These performances are consistent with the assumed maintenance strategy, and therefore, op-
timal inspection intervals can be obtained when minimizing the overall cost per time.

5.3. Effect of the Parameters

To investigate the effect of the parameters in the proposed model on optimal solution and main-
tenance strategy, we vary each of the parameter values and obtain the corresponding inspection
intervals T and overall cost per time C.

5.3.1. Effect of Parameters in Wiener Process

Table 2 summarizes the results of several alternative values for A. As A increases, the optimal
inspection interval decreases, and the overall cost per time changes accordingly. This simply shows
that the faster the performance margin degrades, the sooner it reaches failure, and the earlier the loss
in unplanned downtime becomes the main factor that influences the overall cost per time.

Table 2. Optimal results for several alterative values for A.

Value T C
A=2 51 1.0101
A=5 26 103.4813

A=10 19 45.4545

A=20 5 543.4563

A=50 2 648.9282
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5.3.2. Effect of Parameters for Performance Margin

Table 3 presents the corresponding results of different values for mg. As my increases, the in-
spection intervals increase, as well. This demonstrates that the more the performance margin is set
aside at the beginning, the later a component can be inspected, and the less overall cost will be in-
curred.

Table 3. Optimal results for different values of .

Value T C
mg =120 21 36.3636
mg =150 27 198.1986
mg =200 26 103.4813
mg =300 58 9.0909
mo = 400 51 1.0101

Table 4 presents the corresponding results of different values for mpgy; and mpgr. Asmpgy and
mpyR increase, the optimal results show no obvious regular pattern. There is a problem to be pointed
out here. Whether to take the maintenance measures or not depends on the performance margin at
inspections and the maintenance measure threshold vector. However, the cost of several preventive
maintenance procedures is more than the cost of a few preventive replacements. Although the cost
of a single replacement is more than the cost of a single maintenance procedure, we can still find
out that the optimal result is obtained when just a few preventive maintenance procedures but no
preventive replacement is taken.

Table 4. Optimal results for different mpyp; and mpyg.

Value T C Value T C
Mpam = 25 37 18.1818 MpgRr = 5 2 351.7344
Mpgm = 30 6 58.4820 MpgRr = 10 2 352.5123
Mpgm =50 37 18.1818 Mpgr =20 26 103.4813
Mpgp = 100 26 103.4813 Mpgg =30 35 18.1818
Mpgpg = 150 37 321.2121 Mpgg = 40 34 18.1818
Mpga = 180 36 321.2121 Mpgr = 60 34 18.1818
Mpgp = 195 36 321.2121 Mpgg =90 34 18.1818

5.3.3. Effect of Parameters Related to Cost

Table 5 summarizes the optimal inspection intervals and cost for several values of cpr and cgp.
As cpr and crp increase, the optimal T decreases first and then basically remains unchanged. The
optimal results of C generally increase because the total cost, including cpr and cgp, also increases.

Table 5. Optimal results for different values of cpr and cgp.

Value T C Value T C
cpr =30 37 16.7677 crp =350 27 115.7845
cpr =50 26 103.4407 crp =600 37 14.14
cpr =100 26 103.4813 crp =800 26 103.4813
cpr =200 27 124.5212 crp = 1000 26 106.7394
cpr =280 27 128.1622 crp = 1200 27 124.9855

Tables 6 and 7 shows that the optimal results for different cpyp, kpani,c, cor, Cpr, and ky, ¢
values are all generally unchanged. That is because the optimal result is obtained when just a few
times of preventive maintenance but no preventive replacement are performed, and these parameters
are not related to replacement.
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Table 6. Optimal results for different values of cpgps and kpgps c-

Value T C Value T C
cpam =120 19 21.2121 deM,C =20 27 33.3355
cpam =200 27 84.5315 deM,C =50 27 65.9119
cpam =300 26 103.4813 kde/C =100 26 103.4813
cpam =500 26 163.4051 kpan,c =200 26 198.7805
cpam =700 26 223.5657 deM,C =500 26 472.9619

Table 7. Optimal results for different values of cpr, Cpr, and ky, c.

Value T C Value T C Value T C
cpr =400 26 104.5661 CDTU =500 27 120.1648 kth,C =1 37 18.1818
cpr =600 37 18.1818 CDTO =1000 27 122.4718 ki c=2 26 103.8442
cprt = 1000 26 103.4813 Cpr, =2000 26 103.4813 kipc=5 26 103.4813
cpr = 1400 37 18.1818 CDTQ =3000 26 104.7385 kin,c =10 27 122.3621
cpr =2000 27 122.0350 Cpr, =5000 37 18.1818 kep,c =20 27 121.8045

6. Conclusions

In this paper, we provide a condition-based maintenance optimization method using perfor-
mance margin. A maintenance-involved degradation model of performance margin is developed
and assumed to be expressed by a multi-stage Wiener process. We introduce a maintenance mea-
sure effect factor to better describe the restoration effect of performance margin after three kinds
of maintenance measures. We use maintenance measure decision vectors and maintenance mea-
sure threshold vectors to make maintenance decisions and build relationships between the value of
the performance margin before and after the maintenance measures. An optimization model of the
maintenance decision problem is developed based on the degradation model we developed. Ad-
ditionally, the reliability constraint based on the performance margin is proposed. The numerical
example shows that the results calculated by the proposed model are consistent with the assumed
maintenance strategy and improves the maintenance decision process.

However, there are still some imperfections. The proposed maintenance-involved degradation
model only considers the working time of products, and neglects the time of inspection, preventive
maintenance, preventive replacement, halt after failure, replacement after failure, etc. Additionally,
the effect of maintenance only reflects the extent to which the performance margin can revert. How-
ever, in practice, maintenance can also influence the degradation trend, that is, the drift parameter, A,
can be changed by maintenance. To build a more practical optimization model, these matters need
further studies. For example, the durations of replacement and maintenance can be introduced in
the proposed model, and the maintenance effect factor can act on the degradation rate. Also, further
research on the methods for determining the value of the maintenance effect factor is necessary. One
possible direction is to collect the data for the maintenance effect, and the maintenance effect factor
can be obtained by parameter estimation. Another feasible method is to apply expert evaluation for
different preventive maintenance actions to subjectively evaluate the maintenance effect factor. Fi-
nally, a maintenance optimization model based on the performance margin for the multi-component
system can be further studied.
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