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ABSTRACT The deterioration characteristics of electric multiple units (EMUSs) components can lead to
complex and costly maintenance processes. This paper focuses on investigating the influence mechanism of
the interaction between operation and maintenance (O&M) activities within the whole life cycle (WLC) of
EMUs’ components on the maintenance strategy, based on the concept of lean maintenance (LM). A linear
relationship is established between operating costs and the equivalent service age to reflect the trend of the
component operating conditions dynamically in relation to deterioration level and maintenance activities, and
a bi-level imperfect preventive maintenance (BIPM) strategy considering operating cost (OC) is proposed at
the component level. At the system level, a multi-level preventive opportunity maintenance (POM) strategy
based on the opportunity maintenance mileage window (OMMW) is proposed for the serial system of EMUs
to reduce the number of system downtime and minimize value waste and achieve long-term economic
benefits. The experimental results demonstrated that compared to maintenance strategies that do not consider
operating costs, this strategy optimizes the total maintenance cost for multi-component systems of EMUs
in the long term by implementing more aggressive measures while ensuring component reliability, system
availability, and schedule rationality.

INDEX TERMS Lean maintenance, operating costs, electric multiple unit, multi-level maintenance, preven-

tive opportunity maintenance.

I. INTRODUCTION

As complex maintainable equipment with high reliability and
safety requirements, electric multiple units (EMUSs) typically
undergo preventive maintenance (PM) after a certain mileage
or time of operation [1]. However, the intricate structure of
EMUs and the varying deterioration characteristics of their
components contribute to increased difficulties and costs in
maintenance [2]. In China, as of the end of 2022, there were
3,992 standard sets of EMUs with an accumulated operating
mileage of 42,000 kilometers. Some EMUs have reached a
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period of intensive maintenance. Although implementing a
five-level maintenance system can yield cost savings, annual
maintenance expenses still account for 10%-15% of purchase
costs [3], [4] without considering indirect maintenance costs
such as downtime losses. Therefore, developing a more
accurate and effective maintenance strategy for EMUs is
crucial to ensure their safe operation and reduce mainte-
nance costs.

Maintenance tasks encompass preventing and correcting
equipment failures and generating revenue for the organiza-
tion [5]. Lean Maintenance (LM) aims to reduce value waste
in the maintenance chain through whole life cycle (WLC)
management, enhancing system maintenance performance
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from a long-term strategic perspective. LM combines LM
concepts with maintenance activities, forming an organic
combination [6]. Numerous existing studies have reflected
the idea of LM by refining maintenance strategies, including
multi-category maintenance [7], multi-state maintenance [8],
[9], [10], [11], [12], [13], multi-phase maintenance [14],
[15], and multi-level maintenance [16], [17]. Additionally,
some scholars have conducted research on WLC manage-
ment within the LM concept. A common approach is to
quantify all WLC activities, including operation and mainte-
nance (O&M) costs, as costs influencing maintenance strat-
egy decisions [18], i.e., life cycle cost (LCC), especially
the O&M cost, which is regarded as an important decision
basis for maintenance strategy. This method, known as life
cycle cost (LCC) analysis, has been widely employed in the
field of wind turbine maintenance and has proven effective
in improving overall system performance and reducing total
maintenance costs [19], [20], [21], [22], [23]. However, there
have been relatively few studies in the field of EMU mainte-
nance [24], and operation costs (OC) are mostly regarded as
costs unaffected by component deterioration [18], ignoring
the influence of component deterioration process and main-
tenance activities on operating costs such as energy costs
and depreciation costs, which cannot dynamically reflect the
correlation between the operating state of components and
their maintenance activities.

LM refines maintenance at the component level, allevi-
ating issues of over-maintenance and under-maintenance.
However, complex maintenance correlations exist among
components, including economic, structural, and stochastic
correlations, which increase maintenance complexity [25].
This complexity is particularly pronounced in serial systems,
where maintenance on any component leads to system down-
time. Frequent downtime adversely affects system operation
and increases maintenance costs, contradicting the waste
reduction and cost reduction goals in LM [26]. In this context,
employing the economic correlation between components
for multi-component opportunity maintenance (OM) at the
system level can effectively enhance system availability and
reduce total maintenance costs [27].

The core challenge of OM lies in determining group-
ing rules and maintenance strategies. OM strategies can
be categorized into function-based short-term optimization
strategies and rule-based long-term optimization strategies.
The former is designed for one decision cycle only, while
the latter typically employs state thresholds such as failure
rate, reliability, service age, or maintenance time windows to
group components and make decisions for the entire main-
tenance planning period [28], [29], [30], [31], [32], [33].
OM can also be classified into preventive opportunistic main-
tenance (POM) and corrective opportunistic maintenance
(COM) based on trigger timing [34]. COM does not apply
to equipment with high availability and safety requirements.
For instance, in the case of sudden failures in EMUs, prompt
fault removal and system resumption take precedence over
OM [27]. In POM research, some scholars have integrated
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it with multi-level maintenance strategies to establish more
accurate POM models with multi-level maintenance mea-
sures [35], [36], [37]. However, these models have yet to be
closely integrated with the WLC management concept and
the maintenance applications specific to EMUs.

In summary, the following issues need to be investigated
for EMUs maintenance.

(1) The maintenance complexity caused by the varying
deterioration characteristics of EMUs;

(2) Traditional EMUs maintenance strategies do not
emphasize the impact of operational activities, making it
difficult to improve the maintenance performance of EMUs
from a long-term strategic perspective;

(3) The maintenance of EMUs’ components can cause
frequent downtime of multi-component systems, resulting in
poor system availability and high maintenance costs.

To address the above problems, this paper proposes the
following solutions from the perspective of lean maintenance.

(1) Further divide traditional imperfect PM into two levels,
encompassing junior PM and senior PM, based on the cost
required for changes in the unit failure rate of a component,
i.e. bi-level imperfect preventive maintenance (BIPM);

(2) Establish a dynamic correlation between O&M activ-
ities in terms of cost from a WLC perspective, utilizing the
concept of equivalent service age as a basis for maintenance
strategy decision-making;

(3) Develop a multi-component POM strategy that consid-
ers the dynamic operating status of components, aligning with
waste reduction principles in LM. The objective is to reduce
system downtime and lower total maintenance costs.

The rest of the paper is structured as follows: The research
problem is described in Section II, A BIPM strategy based
on LCC is proposed for EMUs’ components in Section III,
and a multi-component POM strategy based on mainte-
nance mileage windows for EMUs is further developed in
Section I'V. The validation of model effectiveness is arranged
in Section V. Finally, the study is summarized in Section VI.

Il. PROBLEM DESCRIPTION

According to the current five-level maintenance schedule of
Chinese EMUs [38], a four-level maintenance schedule (2.4 x
10°km) is adopted as the maintenance planning period for a
multi-component serial system of CRH3-type EMUs. Within
this planning period, preventive renewal (PR) is performed at
the end, while preventive maintenance (PM) and corrective
maintenance (CM) are conducted on the components before
that. To account for the varying deterioration characteristics
of each system component, an optimal maintenance strat-
egy and plan for each component throughout the planning
period are developed using Lean Maintenance and Life Cycle
Cost management concepts. Additionally, a multi-component
serial system POM optimization strategy is proposed at
the system level, leveraging the economic interdependency
between components. To provide further clarity on the study,
the following hypotheses are made:
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1) The maintenance cycle for the whole vehicle is 2 x 10*
km, while the component PM cycle is a multiple of this
value.

2) The system consists of m components initially in a
new condition, and their deterioration process follows
a two-parameter Weibull distribution.

3) A total of N planned maintenance will be performed
during the maintenance planning period, with only the
last one being perfect maintenance (i.e., PR) and the
others being imperfect maintenance (i.e., PM).

4) Any maintenance activity on the component results in
system downtime.

5) Sudden component failure requires CM to restore its
function as soon as possible. Therefore, CM is not
involved in OM and does not change the component
deterioration process.

6) The same level of maintenance activity requires the
same maintenance resources and time, and the resulting
fixed costs (the sum of fixed maintenance costs and
downtime losses) are equivalent.

IIl. SINGLE COMPONENT MULTI-LEVEL PM STRATEGY

Lean management principles are introduced into the main-
tenance process of EMUs, with a focus on maintenance
subjects, maintenance activities, maintenance effects, and
cost management. To address the variability in component
deterioration trends, maintenance subjects are refined at
the component level. A multi-level maintenance strategy is
implemented, combining multiple maintenance methods and
efforts across different levels. Additionally, in-depth research
on Lean Maintenance of EMUs’ components is conducted,
taking into account the perspective of WLC management.

A. BIPM FAILURE RATE EVOLUTION RULE

As a complex mechatronic system, the age of EMUs follows
the law of non-negative continuity change. Therefore, the
two-parameter Weibull distribution is used to describe the
evolution rule of its component failure rate. The failure rate
function can be defined as:

(1 Bi—1
Aip () = g (6_’) (D

where A; 1 (/) is the failure rate, 8; and 6; are the shape and
scale parameters of component i.

In order to accurately represent the actual maintenance
effect of component i, a service age regression factor a; ; and
a failure rate increment factor b; ; are introduced to establish
a hybrid failure rate evolution model, which is expressed as:

Aiks1 (D) =bixhix(+aixLlix) O0<Il<Lixt1 (2

where 0 < a;x < 1 and b; ; > 1, the values of a; x and b;
can be obtained by fitting the historical maintenance data of
the component.

Considering the characteristics where the effect of imper-
fect maintenance varies with the maintenance effort, com-
bined with the current maintenance protocols and LM
concepts, PM is further divided into two levels: junior and
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senior. Given that the senior PM yields a better maintenance
effect than the junior PM, its service age regression factor
a3, and the failure rate increment factor b}, are lower than
the service age regression factor aJl « and the failure rate incre-
ment factor b}, of the junior PM, ie., 0 < a}, < a,, <1
and 1 < b}, <le.k.

Combined with (2), the BIPM failure rate evolution rule is
expressed as follows: the failure rate of the component after
junior PM is elevated relative to the failure rate after the last
PM, while the failure rate after senior PM is elevated only
relative to the failure rate after the last senior PM. As shown in
Fig. 1, after junior PM, ),lJJ,g is higher than ),g:_l, while after
senior PM, /lifz 41 is higher than k;z_z but lower than llijr
Where AZJ; and QLZJ: are the failure rates before and after the
kth junior PM, respectively. A°; and A’ denote the failure
rates before and after the kth senior PM, respectively.

1 — Junior PM
—> Senior PM

Failure rate

-
Bt
ﬂ?}ﬂ
A

Mileage (10*km)

FIGURE 1. Failure rate evolution of BIPM.

The BIPM failure rate evolution rule reflects the influence
of maintenance effort on the maintenance effect, which can
differentiate the maintenance effect of different maintenance
methods by setting a maintenance method selection factor
@i x 1n the maintenance decision, and it can be defined as:

0 Junior PM
Yik = ) 3
1 Senior PM

Further, the service age regression factor and the failure

rate increment factor after maintenance can be expressed as:
ajr=(1-— (ﬂi,k)a'},k + @ik “4)

bik = (1 = ¢i)b; + @ikbj g &)
where ajl ¢ and a; , are the service age regression factors of
the component i after performing junior PM and senior PM,
respectively; 17: ¢ and b}, denote the failure rate increment
factors of the component i after the execution of junior PM
and senior PM, respectively; 0 < 4}, < ajl < land1 <

S

bl < by
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B. MAINTENANCE STRATEGY MODELING

LM should be reflected not only in the maintenance mode
but also in the maintenance decision-making process. In this
paper, the cost per unit failure rate change of components
is used as the basis for maintenance mode selection, and
the WLC management concept of components is reflected
through LCC, focusing on the impact of components’ OC
on maintenance strategy to achieve lean management of
maintenance decisions.

1) MAINTENANCE METHOD SELECTION STRATEGY

The LCC cost of a component mainly consists of O&M
cost [24], [39], where OC includes expenses related to energy,
depreciation, and other auxiliary equipment [40], depending
on the service age and operating condition of the component
and can be expressed as a linear function of the component
deterioration level [41]. In this paper, the trend of compo-
nents’ OC dynamics with deterioration level is reflected in
the form of equivalent service age, and combined with the
established maintenance strategy of the component, a strategy
for selecting the maintenance method of EMUSs’ compo-
nent considering OC is proposed. The equivalent service age
reflects the dynamic correlation between the deterioration
process of a component and its maintenance effectiveness,
which is expressed as:

lik— =Lix +ajr-1Li k-1
Lik+ = aixLik

(6)
where /; x— and [; x4+ denote the equivalent service age of
component i before and after the kth PM, respectively, and
the cumulative equivalent service age after its kth PM can be

deduced as:

Z l]—Z(Hazm ,]) @)
j=1

j=1 m=1
The OC is dynamically related to its operating condition
by the accumulated equivalent service age of the component,
which is defined as:

(l) (l) Z lz,] (8)
(@)

where cpyy, is the operating cost per unit mile of the component
i. In this paper, based on the correlation between failure
rate improvement and O&M cost [42], a cost-efficiency ratio
approach is used to select maintenance methods and develop
maintenance strategies by measuring the O&M cost per unit
failure rate improvement value of the component after PM.
According to the hybrid failure rate evolution model, the
failure rates )Li,_k and li; before and after PM are expressed
as:

ik = Aig(Lik) = big—1Aik—1(Lik + aikLik—1)
A% = Xik+1(0) = bixAi x(aikLix)

The maintenance effectiveness of a component is quan-

tified by the failure rate improvement value AA;, which is

©))
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noted as:
Adig =M — A (10)
The WLC management concept is incorporated into the
maintenance decision model in the form of cost, and the
impact of the O&M cost of components on the maintenance
strategy is considered. Combining (8), (9), and (10), the tradi-
tional maintenance method selection strategy based on main-
tenance cost is improved, and the improved cost-efficiency
ratio is calculated as:

) = &+ cln
ik\lik) = j
A
cj(l)—l—Cr(Lll)n
bik—1Aik—1(Lix + aigxLix—1)—b} A, k(a] wLik)
(1)
U = & o
i,k \tik Az‘isk
. Dl
bik—1Aik—1(Lik + aixLix—1)—bj  Aix(@; ; Li )
(12)

where 1//3, (k) and 1//; «(li,x) are the cost-efficiency ratio
of performing junior PM and senior PM for component i
at the kth PM cycle, respectively; Aljk and AL}, are the
failure rate 1mprovement values of junior PM and senior PM,
respectively; and ¢” and cs) are the cost of performing junior
PM and senior PM, respectively.

The smaller the cost-efficiency ratio means the smaller the
O&M cost required to achieve the same maintenance effect,
and thus (3) can be expressed as:

vin = [0 Vi) = wé,k(li,k) (13)
Ly i) < ¥, Uik)

2) TOTAL COST OF MAINTENANCE

Depending on the type of maintenance, the maintenance cost
of components is divided into three parts, PM cost c,
CM cost Cr( " and PR cost CI(1 9 The loss of operating revenue
from maintenance activities is added to the cost model as
downtime loss.

¢ PM Cost

PM cost CS) includes maintenance costs, fixed maintenance
costs, and downtime losses, where fixed maintenance costs
consist of the cost of using tools, sites, etc. associated with
maintenance activities. It can be defined as:
N-1
CP = D 1P Uis) + i) + sG] (14)
k=1
PM costs are related to the maintenance method, which can
be specifically expressed as:

i) =1 = pi0)e” + gixcd (15)
i) = (1= @bl o+ oickh, o (16)
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s i) = (1 = gii)chn s i+ Gichsss (D)

vyhere c(’)(l, AR c](;f)lx(li, k? and Cgl_)oss(liv k) are the single pre\{en-
tive maintenance cost, fixed maintenance cost, and downtime
losses o.f component i, respectively; ;12” and ¢! ﬁx s are the
single fixed maintenance cost of performmg junior PM and
senior PM, respectlvely, plo% i and célo“ s are the downtime
loss of performing junior PM and senior PM, respectively.

e CM Cost

CM cost Cr(i) includes maintenance costs, fixed maintenance
costs, downtime losses, and unexpected costs, where unex-
pected costs are set based on the relevance of component
failures, taking into account the impact of component fail-
ures on other components and systems. C is related to
component failure rates and can be expressed as:

€O = e+l + 5;z>gg+ca>z / Kt (18)

where c; )(ll ) is the unit fallure maintenance cost, crﬁx(l, k)18

the fixed maintenance cost, ¢ (I; x) is the downtime losses,

’ rloss
and cracc(l,-’ ) is the unexpected cost.

e PR Cost

Components are usually replaced at the end of the mainte-
nance planning period. PR cost CIl includes replacement
maintenance costs, downtime losses and fixed maintenance
costs, which can be expressed as:

Cr(li) = cg) + @ + W (19)

nfix nloss
(@)
where ¢, nfix
is the fixed maintenance cost, and cnlOSS is the downtime
losses. In summary, the total cost of maintenance of EMUSs’
components over a maintenance planning period is expressed
as:

D is the single replacement maintenance cost, ¢

C(l)

i =Gy + G0+ CY (20)
IV. MULTI-COMPONENT SYSTEM WITH MULTI-LEVEL
POM STRATEGY

A. POM STRATEGY

In a multi-component serial system, POM leverages the
downtime of a component for maintenance to address the
maintenance needs of other components in the system that
have not yet reached the PM condition but fall within the
window of opportunity [8]. The opportunity window is typ-
ically determined based on the range of threshold values of
PM decision variables such as reliability threshold, remaining
service age of the component, and maintenance time [43].
In this paper, the component maintenance mileage window is
used as the opportunity window for POM decision-making,
taking into account the current practice of mileage-based
maintenance of Chinese EMUs, and group maintenance is
performed on all components that fall into the opportunity
maintenance mileage window (OMMW), denoted as AL:

AL=1P—19 (21)

89482

where 1"
and /y 0 is the timing of POM execution for component i. The
specific POM strateg;f is shown in Fig. 2. When the system
runs to PM timing l ) for component ¢, PM is performed on
component ¢, while POM is performed on component b that

has not yet triggered PM timing but falls into its opportunity

is the timing of PM execution for component i,

window [l(()b), lr()b) ] and component a does not perform any
maintenance operation because of ZI(,C) ¢ [l((,“), lp(,“) ] In Fig. 2,

RY is the reliability of component i and Rg) is the PM
reliability threshold.

A [
S |
= |
R(ﬂ) |
P [
|
| | |
} >
0 (a) (a)
| b IN /
| A |
q !
® H !
R N\
. i I
5 e
= ) !
I I
; : i .
® ()
0 I I IN [
1 A |
() !
Rp‘ \:\
I
% !
!
I
i >
Y 1 l,(,” /i

FIGURE 2. OMMW-based POM schematic.

B. MULTI-LEVEL POM STRATEGY
In this paper, a multi-level POM strategy for coordinating
system level maintenance plans with total maintenance cost
as the optimization objective is proposed based on component
maintenance plans [37], with the following decision-making
process:

1) Solve for the reliability threshold R® of each com-

ponent that minimizes Cunlt and the corresponding

maintenance schedule to obtain the PM timing lr(>l) of
each component and the maintenance mode selection
factor.

2) Assign values to AL such that AL = 21, 7 is the nat-
ural number, but since OM cannot advance long-term
maintenance plans [44], AL should not be taken to be
too large and should be 5% and 15% of the component
PM cycle [30].
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TABLE 1. Deterioration parameters of components and maintenance costs.

(cost unit: CNY ¥)

B 0, PM CM PR
Comp- L .
onent Jjunior senior
A" i Comeg € Cbs Cpsss € i Chos _ Clwe G an i,
1 29000  84.2400 400 650 3,000 2,500 500
2 2.8061 81.7201 650 1,200 4,500 3,000 700
350 400 500 600 1,000 1,000 300 500
3 37247  88.5127 450 900 3,500 2,000 600
4 33000  75.0000 350 580 2,000 1,500 400

(i)

TABLE 2. PM optimization results for each component with different values of c;;;.

(mileage unit: 10*km, cost unit: CNY ¥)

Component cr(:])l Maintenance interval sequence Maintenance mode sequence R® co co Cf"":‘
0 50-40-32-22-16-12-30-24 0-0-0-0-0-1-0-0 0.80 9,800 15,146 26,246
1 100 46-36-28-20-14-26-22-16-18 0-0-0-0-1-0-0-1-0 0.85 11,550 12,251 25,101
200 50-40-30-20-30-26-22 0-0-0-1-0-1-0 0.81 9,250 13,152 23,702
300 52-42-32-36-30-26 0-0-1-0-1-1 0.78 8,700 13,458 23,458
0 52-42-32-24-16-12-8-20 0-0-0-0-0-0-1-0 0.75 12,100 25,117 38,717
5 100 44-36-28-20-14-10-24-20-14-18 0-0-0-0-0-1-0-0-1-0 0.84 15,800 19,039 36,339
200 46-36-28-20-14-26-22-16-18 0-0-0-0-1-0-0-1-0 0.83 14,400 18,110 34,010
300 54-44-34-24-36-30 0-0-0-1-0-0 0.73 9,300 21,332 32,132
0 50-42-32-26-18-14-10-6-26 0-0-0-0-0-0-0-1-0 0.89 11,600 9,146 22,146
3 100 50-42-32-26-18-14-10-26 0-0-0-0-0-0-1-0 0.89 10,400 8,504 20,304
200 52-44-34-26-20-14-28 0-0-0-0-0-1-0 0.87 9,200 8,722 19,322
300 50-42-32-26-18-30-26 0-0-0-0-1-0-0 0.89 9,200 7,253 17,853
0 48-40-32-24-16-12-8-26-22 0-0-0-0-0-0-1-0-0 0.79 10,480 13,151 24,831
100 46-38-30-22-16-28-24-16 0-0-0-0-1-0-0-1 0.82 9,960 10,423 21,583
4 200 48-40-30-22-30-26-22 0-0-0-1-0-1-0 0.79 8,860 10,897 20,957
300 54-44-32-38-30-26 0-0-1-1-1-1 0.73 8,920 11,863 21,983

3) Assuming that component c is the first to meet the
preventive maintenance condition, i.e. ZI()C) = min l(l),
then ll(,c) is used as the system POM trigger tim-
ing to determine whether it falls within the OMMW

of other component {b}. If lI(,C) € l((,b), lr(,b) , then

component {b} is advanced from llgb) to l](f) for PM, oth-
erwise, the maintenance schedule of component {b} is
maintained.

Components keep their maintenance levels in the mainte-
nance plan constant during the POM process, but their POM
fixed cost changes with the POM level. When components
in the POM undergo senior maintenance, it is referred to as
a senior POM; when junior maintenance is performed on
all components in the POM, it is a junior POM. Let the
maintenance mode decision factor for the gth POM be x,,
and it can be denoted as:

0 junior POM, w(l) U wéz)
1 senior POM, 1&(1) %52)

.U w(m)
Uy =
(22)
a) The following discussion addresses the maintenance
cost sub-case for the component i at the gth POM. x, =0

indicates that all components within the OMMW undergo
junior PM and the component i can save PM fixed costs, and

Xqg =

VOLUME 11, 2023

its POM cost is expressed as:

(l) (i)
€0j =6 (23)

b) x4 = 1 indicates that there are components within
OMMW undergoing senior PM. In this case, if the POM
trigger condition is senior PM, the PM fixed cost of the
component i can be saved; if the senior POM trigger condition
is junior PM, it means that one or more components in the
opportunity group perform senior PM. When the component
i undergoes junior PM, its POM cost is expressed as:

(l,)_] j(l) + ( ;)lglx S + cgl)oss,s) ( gt)uq + Cgl)oss,j) 24

When the component i undergoes senior PM, and it is

decisive for the system POM level, its PM fixed cost cannot
be saved, and it can be expressed as:

+9 (25)

ploss,s

. . G)
CE)I,)S = Cg‘l) + Cplflx S

Otherwise, it can save PM fixed costs and can be expressed as:

0, = 26)
Therefore, the POM cost of the component i over the entire
planning period is expressed as:

(i) (@) (:) @) () @ (. () @)
CPOM I'LO_] 0,,j + I’LOIS Olb + ,bL ( + Cpfix,j + Cploss,j)
i (@) (@)
- (ng) + et Cploss,s) 27)
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FIGURE 3. Reliability evolution of component 4 with different cr(‘ﬂ.
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FIGURE 4. Comparison of the optimization results of two POM strategies.

where ugz and /,Lg)s are the number of junior POM and senior
POM, respectively; ugj and ué’,)s are the number of junior PM

E:)J and cf,?s are the cost of junior
POM and senior POM, respectively.

4) Update the component maintenance plan with relia-

bility as a constraint after POM, and repeat process

3 until all components operate mileage beyond the

maintenance planning period, at this time, the total cost

of system maintenance is expressed as:

and senior PM, respectively; c

m m m
Coys = D Coom+ 2 CO+>" ¢ (28)

i=1 i=1 i=1
5) It returns to process 2 for the next cycle of calculation
until the specified OMMW range is exceeded, so as
to obtain Csys when AL takes different values. The
POM plan is developed for each component at the
system level with Csys minimization as the optimization

objective.

V. EXAMPLE ANALYSIS

The effectiveness and feasibility of the proposed POM
strategy are verified step by step from single to multiple
components through a series of scenario analyses involv-
ing both component level and system level analysis of four

89484

® JuniorPM € Senior PM

w
®
[ ]
[ ]
®
[ ]
®
*
[ ]

Component

8]
[ ]

p
[ ]
[ ]
¢
2
[ ]
[ ]
L 4
[ ]

o
o
o
[ ]

&
A g

[ ]
®
4
®

0 40 80 120 160 200 240
Mileage (10%*km)

FIGURE 5. Schematic diagram of multi-component PM plan.

® JuniorPM 4 SeniorPM O JuniorPOM < Senior POM
4 O O —O0——O0—0—0—0—
£3 0—0—0—0—0O—O0—e-O—0-
2
§ 2 ® O——O0—0—4—0—0——0—0
00— —9—0—¢—0—0—6¢—0 ¢

0 40 80 120 160 200 240
Mileage (10*km)
FIGURE 6. Schematic diagram of multi-component POM plan.

economically relevant components of an electromechanical
system of EMUs. In Section V-A, the performance degra-
dation and maintenance costs of the components are illus-
trated. In Section V-B, the impact of considering OC on
the maintenance economy in the component PM strategy is
discussed comparatively, and the effectiveness of the pro-
posed PM strategy is verified by sensitivity analysis. Finally,
in Section V-C, the multi-component POM strategy is further
analyzed and studied based on the comparative results in
Section V-B.

A. PARAMETER SETTING

The deterioration characteristics and PM strategies of 4 tan-
dem components of an electromechanical system of EMUs
were selected for case analysis. Factors associated with
decreased service age for junior PM and senior PM of the
components are aj = k/ (6k +7) and a; = k/ (7Tk + 7), and
factors increasing failure rate are b; = (12k + 1) / (8k + 1)
and by = (12k + 1) / (11k 4+ 1). The deterioration param-
eters and maintenance costs of each component are set as
shown in Table 1, where the deterioration parameters refer
to the data fitting results of literature [27], [28]. In addi-
tion, based on the availability and safety requirements of
EMUs components, the minimum reliability threshold of the
component is set to Rpin = 0.70 [44], i.e., when the reliability
of the component reaches Ry, it undergoes PM immediately.

B. OPTIMIZATION RESULTS AND SENSITIVITY ANALYSIS
OF PM STRATEGY FOR COMPONENT LEVEL

To verify the effectiveness of the proposed component PM
strategy in Section I1I-B, different values of cﬁl)n are taken
for the components, where cﬁ}n = 0 represents the OC not
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TABLE 3. Comparison of optimization results of multi-component PM and POM.

(mileage unit: 10°%km, cost unit: CNY ¥)

PM POM

comp- 1 int interval Maint
amtenance mterval amtenance

onent s co Co Coie . ) (i) (i) C
sequence Hai Hos P r by interval sequence Hpj Hyps Moy Hos Choy Cl 2 Cron
46-82-110-130-144- 44-80-108-128-142-170-

1 170-192.208.226 7 2 11,550 12251 190204220234 5 3 2 0 10300 13,394
44-80-108-128-142-

44-80-108-128-142-152-

2 152-176-196-210 8 2 15800 19,039 170-190-204-220.234 1 7 1 10850 20315
-228 103,327 92,282
50-92-124-150-168- 44-80-108-128-142-152-

3 182-192-218 71 10400 8,504 162-170-190-212-220-234 0 8 2 10000 7701
46-84-114-136-152- 44-80-108-128-142-170-

4 180204220 6 2 9060 10423 190204220234 0 7 3 419 10,132

being taken into account. The corresponding PM strategy
optimization results are summarized in Table 2. The results
show that, under the premise of ensuring the reliable opera-
tion of the components, the influence of OC on the PM model
can increase the number of senior PM in the maintenance
plan or advance the timing of senior PM to ensure that the
components can obtain better maintenance results in the PM
stage. Accordingly, the CM cost of components is reduced,
leading to savings in the total maintenance cost. Using this
method, the Cl(lgit of each component (i = {1, 2, 3, 4}) exhib-
ited different degrees of reduction; the lowest reduction was
{4.36%, 6.14%, 8.32%, 11.47%} and the highest reduction
couldreach {10.62%, 17.01%, 19.38%, 15.6%}, especially in
cases where the reliability threshold is similar after optimiza-
tion, the cost-saving effect is more obvious. In this respect,
component 3 further demonstrated that a PM strategy based
on O&M costs is more economically efficient than a strategy
considering only maintenance costs.

Fig. 3 shows the maintenance effect of PM for component 4
when taking different cr(ﬁzl values in terms of the reliability
evolution process. It was found that among the eight PM
of cﬁﬁ% = 0, the senior PM was performed only when its
reliability after the 6th maintenance (R = 0.82) reached a
value close to its PM reliability threshold (0.79). Accordingly,
its maintenance is less effective and requires more main-
tenance interventions. In contrast, the three PM strategies
considering OC all used multiple senior PM activities and
early intervention to keep the post-maintenance reliability
relatively high, thus achieving cost savings by reducing the
number of PM events and failure rates. Meanwhile, as cﬁﬁ%
was increased, the number of senior PM activities increased,
and at cﬁﬁfl = 300, senior PM was performed four times, and
it can be proved that if cm continues to increase, the number
of senior PM activities will continue to increase until all PM
activities are performed as senior PM, since the maintenance
mode selection strategy for the component within a PM cycle
depends on both O&M cost and failure rate improvement
value. Once the component operating mileage reaches a cer-
tain level, OC will exceed the maintenance cost. At this point,
the maintenance mode selection strategy becomes primarily
determined by the failure rate improvement value. As aresult,
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all PM activities adopt the senior PM approach, as it offers
better failure rate improvement compared to junior PM.

C. SYSTEM LEVEL POM STRATEGY OPTIMIZATION
RESULTS

The optimization results in Section V-B are used to optimize
the two POM strategies (strategy 1 and strategy 2), taking
AL = {2,4,6,8,10,12} for ¢}y = 0 and '), = 100,
respectively, as shown in Fig. 4. For Strategy 1, the minimum
system maintenance total cost value was achieved at AL =
10 and amounts to 96,952 CNY (RMB), while strategy 2
attained the minimum system maintenance total cost value of
92,282 CNY at AL = 6. Strategy 2 saved 4.82% compared
to the optimal maintenance cost of strategy 1, indicating a
smaller but still significant cost reduction. However, as shown
in Table 2, the overall reliability of each component in
strategy 1 was lower than in strategy 2, leading to a lower
system reliability of strategy 1 than strategy 2, i.e., strategy 2
makes the system more reliable with a lower maintenance
cost. Meanwhile, according to the PM cycle of each compo-
nent and the requirement that the value of OMMW should
not exceed 15% of the PM cycle of the component [30],
the OMMW range of EMUs’ components should not exceed
80,000 km. Accordingly, strategy 1 is deemed unrealistic,
making strategy 2 the more reasonable and feasible option
in terms of rationality, reliability, and cost-effectiveness.

To further analyze the effectiveness of the Froposed strat-
egy, the component level PM strategy with crﬁ)n = 100 was
compared with the system level POM strategy with AL = 6.
The maintenance plans for each component are shown in
Fig. 5 and Fig. 6, and the results are shown in Table 3. Com-
pared with the PM strategy, the POM strategy achieved the
purpose of reducing the system maintenance cost by adjusting
the timing of component maintenance within the window of
opportunity and performing maintenance on components in
groups. All four components in the system achieved cost sav-
ings in PM by leveraging the benefits of opportunity group-
ing. Moreover, the greater the number of POM instances, the
higher the savings in PM costs. Taking component 4 as an
example, even though its number of maintenance instances
increased from 8 to 10, all of its maintenance methods
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involved POM. Consequently, Component 4 achieved the
most substantial reduction in PM costs, with a significant
decrease of 53.77%. Conversely, Component 3 experienced
a smaller decrease in PM costs as its maintenance instances
increased by 4. In addition, the POM strategy could reduce
the risk of component failure by advancing its maintenance
timing, but the increase in the number of POM also increased
the risk of component failure. Accordingly, the CM costs of
all four components exhibited different degrees of change.
Finally, through the POM strategy, the number of system
downtime was reduced from 35 to 13, and the total system
maintenance cost was reduced by 11,045 CNY (10.69%),
achieving the goal of optimizing the system maintenance cost
while ensuring the reliable operation of the system.

VI. CONCLUSION

Aiming at the long-term maintenance waste problem in the
field of EMUs maintenance, and based on the concept of lean
management, this paper proposed a multi-level POM strategy
for EMUs maintenance, focusing on maintenance economy
and utilizing LLC as the basis for decision-making. The strat-
egy integrated various aspects such as maintenance mode,
maintenance cost, and maintenance relevance to implement
lean maintenance for the multi-component serial system of
EMUs. A single-component multi-level PM decision model
was established, considering the interactions between O&M
activities and dynamically correlating OC with the equivalent
service age. Based on this, a multi-level POM optimiza-
tion model was further developed for the EMUs’ multi-
component system, considering overall system availability
and economy in the long term.

Our results demonstrated that by establishing a dynamic
correlation between OC and the equivalent service age,
we could accurately reflect the component’s operating condi-
tion as its deterioration level and maintenance effectiveness
changed. As the equivalent service age increased, the com-
ponent’s PM strategy adopted more aggressive and effective
maintenance methods, resulting in greater cost-effectiveness
than the PM strategy that did not consider OC. This economic
advantage was reflected at the component level, where the
cost advantage of the LCC-based PM strategy accumulated,
and at the system level, where the POM strategy effectively
reduced system downtime and optimized overall maintenance
costs.

Under the guidance of the lean management concept,
LM was identified as the long-term development direc-
tion in equipment maintenance. This paper focused on the
BIPM strategy for EMUSs’ components, which only partially
reflected the essence of lean maintenance. Future work will
aim to improve the multi-level PM strategy for EMUs’ com-
ponents by incorporating real-time inspection data and histor-
ical maintenance data to develop multi-state and multi-level
POM strategies. This approach will further reduce unneces-
sary waste in the maintenance process through more accurate
maintenance plans and measures. Additionally, other fac-
tors in component WLC management should be considered

89486

to assess their impact on the maintenance strategy. From
a long-term strategic perspective, a maintenance strategy
will be developed specifically for EMUs’ multi-component
system.
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