
SPECIAL SECTION ON UNCERTAINTY QUANTIFICATION IN ROBOTIC APPLICATIONS

Received November 24, 2019, accepted December 8, 2019, date of publication December 18, 2019,
date of current version December 31, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2960521

Application of Reliability-Centered
Maintenance in Metro Door System
FENG FANG 1,2, ZHI-JIE ZHAO 2, CHAO HUANG 2, XIN-YIN ZHANG 2,
HONG-TU WANG 1, AND YUAN-JIAN YANG 2
1State and Local Joint Engineering Laboratory of Methane Drainage in Complex Coal Gas Seam, Chongqing University, Chongqing 400044, China
2School of Safety Engineering, Chongqing University of Science and Technology, Chongqing 401331, China

Corresponding author: Yuan-Jian Yang (yuanjyang@hotmail.com)

This work was supported in part by the Technical Innovation Think Tank Construction of Chongqing Science and Technology Commission
and Association for Science and Technology under Grant 2016kxkt08, and in part by the Natural Science Foundation of Chongqing under
Grant cstc2019jcyj-msxmX0434.

ABSTRACT Metro door system (MDS) is one of the most important and fault-prone parts of metro train.
Reliability-centered maintenance (RCM) is a systematic engineering process for determining the preventive
maintenance requirements of equipment and optimizing the maintenance system. This paper is motivated to
apply RCM to the maintenance of metro door system. Firstly, the subsystems and components of MDS are
introduced. Then a fuzzy FMECA method is proposed to define the hazard degree of 10 failure modes from
5 components with high failure rate to conduct reliability analysis. Finally, reliability-centered maintenance
strategy is made after maintenance mode decision and calculation of maintenance interval cycle, which
provides theoretical basis to the maintenance of the metro train.

INDEX TERMS Metro door system, fuzzy FMECA, reliability-centeredmaintenance, maintenance strategy.

I. INTRODUCTION
Metro transportation has the advantages of large transporta-
tion capacity, fast running speed, good timeliness, high safety,
space saving, energy saving and air pollution reduction [1].
It has become one of the main means of transportation for
large and medium-sized cities, and is playing an important
role in alleviating urban traffic congestion [2]. Since the
door is the channel for passengers to enter and go out of
the train, it should be reliable [3]. But due to the dense
flow and the severe overload during peak hours, which cause
the door to squeeze and vibrate, making the Metro Door
Systems (MDS) become one of the most fault-prone parts in
the entire vehicle [4]. Therefore, the development of proper
maintenance strategies for metro door systems is of great
significance for the smooth operation of trains.

RCM is a systematic engineering process for determining
the preventive maintenance requirements of equipment and
optimizing the maintenance system [5]. The RCMmethodol-
ogy provides a practical and structured approach for arriving
at a satisfactory maintenance strategy for each component
of a given system. In choosing a strategy, the methodology
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takes into account safety requirements, maintenance costs,
and costs of lost production [6]. Its basic processes include:
identifying the causes, modes and effects of the system pos-
sible failures; determining the optimal maintenance mode of
the equipment by using standardized logical decision-making
and calculating the maintenance interval cycle by mathemat-
ical model, and finally optimizing the maintenance strategy
of the system with the goal of lowest maintenance cost on
the basis of the reliability of the equipment [7]. The RCM
analysis includes the following steps, as shown in Figure 1:

This paper aims to apply the RCM method to the MDS
to develop a maintenance strategy, making it scientific and
reliable.

II. METRO DOOR SYSTEM
A. COMPOSITION OF MDS
A technical system generally comprises several subsystems
and components that are interconnected in such a way that
the system can perform a set of required functions [8]. The
composition of MDS is as shown in Table 1 [9].

B. WORKING PRINCIPLE OF MDS
On the basis of the structural characteristics and movement
track of the metro door, it can be divided into four types:
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FIGURE 1. The RCM analysis process.

TABLE 1. The basic subsystems and components.

external swinging door, external sliding door, internal sliding
door, and sliding plug door, and this article is mainly for the
analysis of a certain sliding plug door [10]. The movement
of door system is controlled by an EDCU and driven by a
motor [11]. The door page starts tomove from the fully closed
state. The motor drives the screw nut pair, causing the action
of the carrying gantry, long guide column, pylon, lower roller,
and finally making the door leaf swing out under the guidance
of the guiding system. After reaching the full swing state,
the guiding system controls the straight translation of the

door leaf, so that the door page moves parallelly to the side of
the vehicle. Then during the translation process, the carrying
gantry allows the door leaf to slide freely along the long
guide column until the door page is fully open. In this way,
the movement of the door in the direction of X and Y is
realized, and the action of the plug is completed [12].

III. FUZZY FMECA FOR MDS
A. FMECA METHOD
FMECA is a way to evaluate potential failure modes and
their effects as well as causes in a systematic and structured
mode [13]. It is a procedure for analysis of potential failure
modes within a system using the classification by severity
or evaluation of the failure’s effect upon the system. It also
includes a Criticality Analysis (CA) which is used to chart
the probability of failure modes against the severity of their
consequences [14]. Therefore, through FMECA, it is possible
to timely find weaknesses of the system security and further
takes effective improved measures in order to increase the
security grade of the system [15]. Before FMECA, FMEA
is usually performed as a part of it.

Based on the fault data, in this part, EDCU, switch, isola-
tion lock device, driving motor and screw nut are selected for
analysis, as shown in Table 2.

The traditional FMECAmethod uses Risk Priority Number
(RPN) analysis to evaluate the risk associated with each
failure mode, but it suffers from some problems [16]. The
fuzzy FMECAmethod uses fuzzy theory to process uncertain
information, and quantifies the analysis results of FMECA,
so that the risk of failure can be clearly presented [17]–[19].
The process of fuzzy FMECA method is as follow:

1) ESTABLISH THE FACTOR SET
Usually U is used to indicate the factor set, and the factor set
of the failure mode k is:

U k
=

{
uk1, u

k
2, · · · , u

k
n

}
(1)

where uki is the i-th factor, i = 1, 2, . . . , n.

2) ESTABLISH THE EVALUATION SET
The evaluation set is a collection of elements that the evalu-
ator may make as a result of the evaluation of the evaluation
object, usually expressed by V:

V k
=

{
vk1, v

k
2, · · · , v

k
n

}
(2)

where vkj is the j-th grade of the evaluation set.

3) ESTABLISH EVALUATION MATRICES FOR EACH FAILURE
MODE
In this step, an expert group is established by many experts.
every member needs to give an evaluation rating for each
influencing factor. the evaluation set of uki can be obtained
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TABLE 2. The FMEA for MDS.

as follow:
Rki =

{
Ski1
S
,
Ski2
S
, · · · ,

Skim
S

}
=

{
rki1, r

k
i2, · · · , r

k
im

}
m∑
j=1

rij = 1
(3)

where S is the quantity of experts, rkim is the membership
degree of the i-th factor uki at factor level v

k
j .

Then fuzzy level evaluation matrix of failure mode k can
be obtained as follow:

Rk =
[
Rk1,R

k
2, · · · ,R

k
n

]T
=


rk11 rk12 · · · rk1m
rk21 rk22 · · · rk2m
...

...
. . .

...

rkn1 rkn2 · · · rknm

 (4)

4) DETERMINE THE WEIGHT OF EACH FACTOR
The appropriateness of weight determination plays an impor-
tant role in comprehensive evaluation result. it is common to
use analytic hierarchy process (ahp) method to get weight sets
W:{

W = (ω1, ω2, · · · , ωi) , 0 < ωi < 1, i ∈ [1, n]∑m

i=1
ωi = 1

(5)

where ωi is the weight of i-th factor.

TABLE 3. Relative importance of factors.

In the AHP method, judgment matrix A is established with
reference to Table 3.

A =


a11 a12 · · · a1n
a21 a22 · · · a2n
...

...
. . .

...

an1 an2 · · · ann

 (6)

where aij is the relative importance of ui and uj.
Maximum eigenvalue and its corresponding eigenvector

ξ = (x1, x2, · · · , xn) can be calculated according to judgment
matrix A. W can be used as a weight set for each factor after
the normalization of ξ .
Before normalization, a consistency check must be

performed on the judgment matrix A to determine whether
the weight distribution is reasonable. The test formula is:

Rc = IC
/
IR (7)
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TABLE 4. Level of factor sets.

where RC is judgment matrix random consistency ratio; IC
is judgment matrix general consistency index, IC =

λmax−n
n−1

is the average random consistency index of the judgment
matrix.

When RC < 0.1, it is considered that the consistency of the
judgment matrix A is within a reasonable range. Otherwise,
the judgment matrix should be appropriately modified so that
the consistency value is within a reasonable range.

5) FUZZY COMPREHENSIVE EVALUATION
The factor weight set of failure mode k should be rewritten as
vector mode:

Bk = W kRk =
[
ωk1, ω

k
2, · · · , ω

k
1

]
rk11 rk12 · · · r

k
1m

rk21 rk22 · · · r
k
2m

...
...
. . .

...

rkn1 rkn2 · · · r
k
nm


=
(
bk1, b

k
2, ..., b

k
n
)

(8)

where Bk is the fuzzy comprehensive vector in failure mode
k; bkn is the fuzzy evaluation of factor weight in failure mode
k.

6) DETERMINE THE COMPREHENSIVE HAZARD LEVEL
For a more intuitive result, Bk is treated by weighted average
method, so that a simple value Ck is obtained to indicate
the comprehensive hazard level of the failure mode k to the
system:

Ck
= BkV T (9)

B. FMECA FOR MDS
1) ESTABLISH THE FACTOR SET
The factor set is as follows: {Occurrence, Severity, Detection,
Maintainability}.

2) DETERMINE THE EVALUATION SET
The factor sets are divided into 4 parts: V={1, 2, 3, 4}. The
criteria for the classification of different influencing factors
is shown in Table 4.

3) ESTABLISH FUZZY EVALUATION MATRIX OF FAILURE
MODE
For the failure mode 1, after evaluated by the expert
group, the fuzzy set of the occurrence is given as R11 =
{0, 0.2, 0.3, 0.5}; The fuzzy set of the severity is given as

TABLE 5. Weight of each influencing factor of failure mode 1.

R12 = {0, 0.3, 0.6, 0.1}; The fuzzy set of the detection is given
asR13 = {0, 0.6, 0.2, 0.2}; The fuzzy set of themaintainability
is given as R14 = {0, 0.2, 0.5, 0.3}. Therefore, it is acquired
that the fuzzy matrix of failure mode 1 is:

R1 =


0 0.2 0.3 0.5
0 0.3 0.6 0.1
0 0.6 0.2 0.2
0 0.2 0.5 0.3

 (10)

4) DETERMINE THE SET OF FACTOR WEIGHTS
FOR EACH FAILURE MODE
For the failure mode 1, the weight of each influencing factor
is shown in Table 5.

After the calculation of the judgment matrix, it is acquired
that themaximum eigenvalue is 4.0813, and its corresponding
eigenvector ξ = [0.8917, 0.3648, 0.1139, 0.2425].
Then consistency test is carried out to get IC = 0.020.

Since A is a fourth-order matrix, taking IR = 0.89. According
to Eq. (7), RC = 0.030 < 0.1. Therefore, the weight set
corresponding to the factor set for determining failure mode
1 is W1 = [0.5529, 0.2262, 0.0706, 0.1503].

5) CARRY OUT LEVEL 1 FUZZY COMPREHENSIVE
EVALUATION
The Level 1 fuzzy comprehensive evaluation vector of failure
mode 1 is: B1 = W 1R1 = [0, 0.2618, 0.5823, 0.1558]. In the
same way, under the condition of W 1

= W 2
= · · ·W n,

the fuzzy comprehensive evaluation vector of other failure
modes can be obtained, as shown in Table 6:

6) DETERMINE THE COMPREHENSIVE HAZARD DEGREE
The comprehensive hazard degree can be calculated through
the formula Ck

= BkV T , as shown in Table 6.
From the table 4, the value sequence of every failure mode

can be obtained, that C8 < C10 < C7 < C5 < C9 < C2 <

C6 < C3 < C4 < C1. Based on the value sequence, it can
be learned that the most hazardous component is EDCU, and
it is followed by switch, isolation lock device, screw nut and
driving motor. Therefore, the weaknesses of the door system
are identified, which provides the basis to RCM analysis.

IV. RELIABILITY ANALYSIS
Reliability is the probability that a product will perform
its specified function under specified conditions, specified
time and prescribed capacity. It is generally denoted as
R [20], [21].
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TABLE 6. Fuzzy comprehensive evaluation results.

Metro door system is mainly composed of mechanical
and electronic components. It is assumed that the life of
each component follows an exponential distribution, then the
reliability function expression can be described as:

R (t) = e−λt (11)

where λ is the component failure rate, R (t) is the component
reliability at time t, and 0 < R (t) < 1.
The cumulative distribution function and the probability

density function are [22], [23]:

F (t) = 1− R (t) = 1− e−λt (12)

f (t) = λe−λt (13)

The failure rate function under the exponential distribution
can be expressed as:

λ (t) = λ (14)

For the repairable system, the working time between two
adjacent faults is represented by the mean time between
failure (MTBF) [24], [25]. The connection between MTBF
and λ can be described as:

MTBF =
1
λ

(15)

Based on the operation and maintenance records, the fault
interval data can be obtained by counting and filtering.

According to classic solving method, the point estimate of
MTBF can be calculated as:

MTBF =

∑n
i=11t
n

(16)

where1t is the failure interval; n represents the total times of
fault.

Therefore, the MTBF and fault rate of components can be
obtained, as shown in table 7.

V. MAINTENANCE DECISION FOR MDS
A. MAINTENANCE MODE DECISION FOR MDS
RCM logic decision diagram is convenient and intuitive,
and usually used for determining which maintenance mode
is suitable and effective [26]. The logic decision diagram

TABLE 7. The reliability evaluation index.

TABLE 8. Maintenance method decision table.

is based on the completion of FMECA. From the current
domestic and international research situation, the design and
expression of logic decision diagrams are different, but the
fundamental idea of design is consistent [27], [28]. Therefore,
an optimization analysis method combining logic decision
diagram and grey situation decision method is proposed
to determine equipment maintenance strategy, as shown in
Figure 2 [29].

Maintenance strategies are mainly classified into
preventive maintenance and corrective maintenance [30].
Preventive maintenance methods mainly include the
following four types: maintenance, regular replacement,
condition-based maintenance, and regular inspection.
Corrective maintenance methods mainly include post-failure
maintenance and redesign [5]. After the logic decision analy-
sis step, based on the existing maintenance mode of the metro
company, the maintenance mode decision table of MDS can
be obtained, as shown in table 8.

B. RELIABILITY-CENTERED MAINTENANCE
STRATEGY DEVELOPMENT
For complex systems such as MDS, the maintenance
interval cycle is not accurate just in view of empirical and
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FIGURE 2. Logic decision diagram.

qualitative analysis. It is also necessary to obtain a more accu-
rate and reasonablemaintenance interval cycle by introducing
amathematical model. Therefore, regular maintenancemodel
is selected to carry out maintenance interval cycle calcula-
tion. The common regular maintenance model is based on
task reliability, based on maximum availability and minimum
maintenance costs [26]. For exponential distribution systems,
calculation models based on maximum availability and mini-
mummaintenance costs are not applicable. So, in this section,
the average availability model is selected to calculate the
maintenance cycle.

The average life means that the equipment is continuously
fault-free under the specified conditions, it can be written as:

E (T ) =
∫
∞

0
t · f (t) dt (17)

And it is known from the reliability theory that:

f (t) =
dF (t)
dt
=
−dR (t)
dt

= −R′ (t) (18)

Bring Eq. (18) into Eq. (17) to get:

E (T ) =
∫
∞

0
t ·
[
R′ (t)

]
dt =

∫
∞

0
R (t)dt (19)

The average availability of the equipment is:

A (T ) =
E (T )
T

(20)

Because life obeys exponential distribution, so that:

A (T ) =
E (T )
T
=

1− e−λt

λT
(21)

Suppose that the equipment does not fail within the speci-
fied time interval [0, t], then after Taylor’s formula expansion,

e−λt in the Eq. (21) can be written as:

e−λt = 1− λT +
(λT )2

2!
−
(λT )3

3!
+
(λT )4

4!
−· · ·+

(λT )n

n!
(22)

Bring Eq. (22) into Eq. (21) to get:

A (T ) =
λT − (λT )2

2! +
(λT )3

3! −
(λT )4

4! + · · · −
(−λT )n

n!

λT
(23)

Since this equation cannot solve T, but when n=4, the value
of (−1)

n−1λT n
n! can be negligible, that Eq. (23) can be simplified

to:

A (T ) = 1−
λT
2!
+
(λT )2

3!
(24)

Solved by Eq. (24) to get:

T =
1.5−

√
6A− 3.75
λ

(25)

where T is the time of maintenance interval cycle.
After RCM analysis, reliability-centered maintenance

strategy is formulated based on the RCM analysis.
The maintenance strategy outline mainly includes: failure
mode, maintenance mode, maintenance work content, main-
tenance interval cycle. Generally, the combination of main-
tenance policies and development of preventive program
should be based on existing maintenance systems and reg-
ular intervals [31]. Besides, it is designed to balance cost
and benefits [32]. Therefore, we choose the A=0.8 as the
referential availability, then maintenance outline of MDS can
be shown in table 9:
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TABLE 9. Reliability-centered maintenance outline for MDS.

VI. CONCLUSION
In this paper, RCM analysis is applied in the determination of
the maintenance strategy for the MDS. Firstly, RCM theory
and MDS are introduced. Then in the second part, a fuzzy
FMECA method combining FMECA analysis and analytic
hierarchy process (AHP) is carried out to quantitatively iden-
tify high-risk parts of the system. In the third part, based on
historical fault data, we assume that the components follow
the exponential distribution to calculate their failure rate.
And in the last part, the components maintenance modes
are made from a RCM logic decision diagram and mainte-
nance cycle is calculated in the typical availability, so that
RCM strategy is finally developed. Through the development
of RCM strategy, business decisions for maintenance will
become more reliable to achieve uniformity of safety and
economy.

REFERENCES
[1] B. M. Wang, Urban Rail Transit Vehicles and Bogies. Beijing, China:

Science Press, 2013.
[2] H. T. Hu, Z. H. Gao, Z. Y. He, and L. Yuan, ‘‘Reliability evaluation of

metro traction power supply system based on FTA and FMEA methods,’’
J. China Railway Soc., vol. 34, no. 10, pp. 48–54, 2012.

[3] X.Wang, X. Gao, Z. Xing, Y. Qinm, and L. Jia, ‘‘Application ofDEMATEL
in metro door system reliability research,’’ in Proc. Int. Conf. Rel., 2015.

[4] J. B. Wang, X. J. Zhu, and H. L. Pu, ‘‘Fault reasons and modification
measures of passenger compartment door of Shanghai metro vehicles,’’
Electr. Locomotives Mass Transit Vehicles, vol. 29, no. 1, pp. 46–52, 2006.

[5] T. Ma, ‘‘Research on reliability-centered maintenance of ZPW-2000A
track circuit equipment,’’ M.S. thesis, School Electron. Inf. Eng., Lanzhou
Jiaotong Univ., Lanzhou, China, 2013.

[6] D. J. Fonseca and G. M. Knapp, ‘‘An expert system for reliability centered
maintenance in the chemical industry,’’ Expert Syst. Appl., vol. 19, no. 1,
pp. 45–57, 2000.

[7] J. Liu, Reliability Centered Maintenance in the Study on the Turnout of
High Speed Railway. Beijing, China: China Academy of Railway Sciences,
2014.

[8] Y.-S. Lee, D.-J. Kim, J.-O. Kim, and H. Kim, ‘‘New FMECAmethodology
using structural importance and fuzzy theory,’’ IEEE Trans. Power Syst.,
vol. 26, no. 4, pp. 2364–2370, Nov. 2011.

[9] S. D. Zhang, ‘‘Maintenance strategy optimization of urban railway vehi-
cle’s door based on the analysis of reliability and maintenance cost,’’ M.S.
thesis, School Mech. Eng., Southwest Jiaotong Univ., Chengdu, China,
2015.

[10] J. Chen, ‘‘Simulation research and investigation of installing technology
for the passenger compartment door of metro vehicle,’’ M.S. thesis, School
Mech. Eng., Southwest Jiaotong Univ., Chengdu, China, 2012.

[11] X. R. Liu et al., ‘‘Application of reverse FTF in metro door failure analy-
sis,’’ IN Proc. Int. Conf. Elect. Inf. Technol. Rail Transp., vol. 378. Berlin,
Germany: Springer, 2016, pp. 187–196.

[12] D. L. Wang, ‘‘Characteristics and ordinary failure analysis of sliding plug
door system on Guangzhou metro line 4 vehicles,’’ Electr. Locomotives
Mass Transit Vehicles, vol. 29, no. 6, pp. 44–46, 2006.

[13] B. Yssaad, M. Khiat, and A. Chaker, ‘‘Reliability centered maintenance
optimization for power distribution systems,’’ Int. J. Elect. Power Energy
Syst., vol. 55, pp. 108–115, Feb. 2014.

[14] Y.-S. Lee, H.-C. Kim, J.-M. Cha, and J.-O. Kim, ‘‘A new method for
FMECA using expert system and fuzzy theory,’’ in Proc. 9th Int. Conf.
Environ. Elect. Eng., May 2010, pp. 293–296.

[15] Q. You, W. Zhu, T. Xing, and Z. Chen, ‘‘Application of fuzzy FMECA in
gas network safety assessment,’’ in Proc. 2nd World Congr. Softw. Eng.,
Dec. 2010, pp. 329–333.

[16] Y. Peng, S. Asgarpoor, W. Qiao, and E. Foruzan, ‘‘Fuzzy cost-based
FMECA for wind turbines considering condition monitoring systems,’’ in
Proc. North Amer. Power Symp. (NAPS), Sep. 2016, pp. 1–6.

[17] P. Li, Z. H. Yuan, and F. Su, ‘‘Reliability analysis of electro-hydraulic
actuator based on fuzzy FMECA,’’ Mach. Tool Hydraul., vol. 41, no. 13,
pp. 178–182, 2013.

[18] L. J. Cai, S. L. Kan, and Y. Dong, ‘‘Reliability analysis of electronic control
part of intelligent gate system based on fuzzy FMECA,’’ Machinery,
vol. 54, no. 7, pp. 64–67, 2016.

[19] J. Xia, J. B. Ren, and H. Y. Ji, ‘‘Reliability analysis of metro door sys-
tem based on fuzzy FMECA,’’ Mach. Building Autom., vol. 43, no. 2,
pp. 184–187, 2014.

[20] S. Yu and Z. Wang, ‘‘A general decoupling approach for time- and space-
variant system reliability-based design optimization,’’ Comput. Methods
Appl. Mech. Eng., vol. 357, Dec. 2019, Art. no. 112608.

[21] Z. Wang, Z. Wang, S. Yu, and X. Cheng, ‘‘Time-dependent concur-
rent reliability-based design optimization integrating the time-variant B-
distance index,’’ J. Mech. Des., vol. 141, no. 9, Sep. 2019, Art. no. 091403.

[22] Z. Wang, Z. Wang, S. Yu, and K. Zhang, ‘‘Time-dependent mechanism
reliability analysis based on envelope function and vine-copula function,’’
Mechanism Mach. Theory, vol. 134, pp. 667–684, Apr. 2019.

[23] Z. Wang, X. Cheng, and J. Liu, ‘‘Time-dependent concurrent reliability-
based design optimization integrating experiment-based model valida-
tion,’’ Struct. Multidisciplinary Optim., vol. 57, no. 4, pp. 1523–1531,
Apr. 2018.

[24] S. Yu, Z. Wang, and K. Zhang, ‘‘Sequential time-dependent reliability
analysis for the lower extremity exoskeleton under uncertainty,’’ Rel. Eng.
Syst. Saf., vol. 170, pp. 45–52, Feb. 2018.

[25] W. V. Jaarsveld and R. Dekker, ‘‘Spare parts stock control for redundant
systems using reliability centered maintenance data,’’ Rel. Eng. Syst. Saf.,
vol. 96, no. 11, pp. 1576–1586, 2011.

[26] X. S. Jia, Reliability-Centered Maintenance Decision Model. Beijing,
China: National Defense Industry Press, 2007.

[27] L. H. Xia, X. S. Jia, and Y. Xu, ‘‘Reasonable choice and decision-making
flow of equipment maintenance policy,’’ J. Gun Launch Control, vol. 28,
no. 4, pp. 63–68, 2006.

VOLUME 7, 2019 186173



F. Fang et al.: Application of RCM in MDS

[28] J. T. Selvik and T. Aven, ‘‘A framework for reliability and risk centered
maintenance,’’ Rel. Eng. Syst. Saf., vol. 96, no. 2, pp. 324–331, 2011.

[29] H. Zhang and Z. B. Dong, ‘‘Application of RCM research results in
repairing metro train door of Nanjing,’’ Railway Locomotive Car, vol. 30,
no. 1, pp. 72–75, 2010.

[30] G. Niu, B. S. Yang, and M. Pecht, ‘‘Development of an optimized
condition-based maintenance system by data fusion and reliability-
centered maintenance,’’ Rel. Eng. Syst. Saf., vol. 95, no. 7, pp. 786–796,
2010.

[31] Z. Cheng, X. Jia, and P. Gao, ‘‘A framework for intelligent reliabil-
ity centered maintenance analysis,’’ Rel. Eng. Syst. Saf., vol. 93, no. 6,
pp. 806–814, 2008.

[32] G. P. Park and Y. T. Yoon, ‘‘Application of ordinal optimization on reliabil-
ity centered maintenance of distribution system,’’ Int. Trans. Electr. Energy
Syst., vol. 22, no. 3, pp. 391–401, 2012.

FENG FANG received the master’s degree from
Southwest University, in 2008. He is currently
a Professor and the Deputy Dean of the School
of Safety Engineering, Chongqing University
of Science and Technology. He has published
many academic articles. His research interests
include public safety management and emergency
management.

ZHI-JIE ZHAO is currently pursuing the master’s
degree with the Chongqing University of Science
and Technology. His research interests include
reliability analysis and evaluation.

CHAO HUANG is currently pursuing the master’s
degree with the Chongqing University of Science
and Technology. His research interests include
reliability analysis and evaluation.

XIN-YIN ZHANG is currently pursuing the mas-
ter’s degree with the Chongqing University of
Science and Technology. Her research interests
include reliability analysis and evaluation.

HONG-TU WANG received the master’s and
Ph.D. degrees in mining engineering from
Chongqing University. He is currently the Deputy
Director of the Institute of Mining Engineering
Physics, Chongqing University, and a Professor
and the Doctoral Supervisor of the Mining Engi-
neering Discipline, Chongqing University. He has
published more than 100 research articles. He has
been engaged in teaching and research in the
field of energy resources development and safety
technology engineering for a long time.

YUAN-JIAN YANG received the Ph.D. degree in
mechanical and electronic engineering from the
University of Electronic Science and Technology
of China. He is currently a Master’s Supervisor of
safety engineering with the Chongqing University
of Science and Technology. His research interests
include reliability and safety of complex systems.

186174 VOLUME 7, 2019


	INTRODUCTION
	METRO DOOR SYSTEM
	COMPOSITION OF MDS
	WORKING PRINCIPLE OF MDS

	FUZZY FMECA FOR MDS
	FMECA METHOD
	ESTABLISH THE FACTOR SET
	ESTABLISH THE EVALUATION SET
	ESTABLISH EVALUATION MATRICES FOR EACH FAILURE MODE
	DETERMINE THE WEIGHT OF EACH FACTOR
	FUZZY COMPREHENSIVE EVALUATION
	DETERMINE THE COMPREHENSIVE HAZARD LEVEL

	FMECA FOR MDS
	ESTABLISH THE FACTOR SET
	DETERMINE THE EVALUATION SET
	ESTABLISH FUZZY EVALUATION MATRIX OF FAILURE MODE
	DETERMINE THE SET OF FACTOR WEIGHTS FOR EACH FAILURE MODE
	CARRY OUT LEVEL 1 FUZZY COMPREHENSIVE EVALUATION
	DETERMINE THE COMPREHENSIVE HAZARD DEGREE


	RELIABILITY ANALYSIS
	MAINTENANCE DECISION FOR MDS
	MAINTENANCE MODE DECISION FOR MDS
	RELIABILITY-CENTERED MAINTENANCE STRATEGY DEVELOPMENT

	CONCLUSION
	REFERENCES
	Biographies
	FENG FANG
	ZHI-JIE ZHAO
	CHAO HUANG
	XIN-YIN ZHANG
	HONG-TU WANG
	YUAN-JIAN YANG


