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The maglev bogie is the key subsystem for maglev train security. To ensure life and property security, it is essential to evaluate
its risk level before its operation. In this paper, a combinational method of analytic hierarchy process and fuzzy comprehensive
evaluation is proposed to assess hazards in a complex maglev bogie system associated with multiple subsystems’ failures. The very
comprehensive identification of risk sources has been done by analyzing the structure of maglev bogie. Furthermore, based on the
fuzzy theory, linguistic evaluation set is classified according to risk tolerance. The score of each risk factor is obtained by weighted
sum of the result of fuzzy comprehensive evaluation. Our results show that the degree of maglev bogie’s risk is within the range of
acceptability. The merits of this work facilitate finding the weak links and determining the maintenance of maglev bogie system.

1. Introduction

Rail safety and reliability are highly related to national
development, and the lives and property of people. As a new
kind of railway vehicle, the maglev train faced the difficulties
which form the performance analysis of safety due to lack of
experiences on the long-term operations. Hence, the safety
analysis should be carried out through the risk analysis, which
is very different from that for the traditional train. Maglev
train system includes a number of subsystems, where the
bogie that has a significant impact on maglev train safety is
an important part. In this paper, we focus on the risk analysis
of low-medium speed maglev train bogie.

In recent years, several researchers have carried out inves-
tigations to gain a deep insight into the reliability evaluation
of a bogie frame. Han et al. evaluated experimentally static
strength for bogie frame of an urban maglev train including
performing fatigue analysis, cumulative damage, and fatigue
test based on a developed fatigue load and as a final outcome,
aimed at proposing a fatigue strength evaluation method for
the bogie frame of urban maglev [1]. Cui et al. corroborated
the carrying capacity of a maglev train on the horizontal
curve through the analysis of a single magnetic bogie to
ensure reliability and safety [2]. However, the research about

the risk analysis of low-medium speedmaglev train bogie has
been rarely done from a holistic point of view.

Since we realize that describing the reason of a bogie
failure is a difficult issue because of comprehensive risk
sources, for example, it is more complex to describe failures
by a chain of events in a modeling process [1]. Furthermore,
the probabilities of various basic events are difficult to
collect and estimate. As a result, some common methods are
unsuitable for the risk analysis of bogie system. In this case,
it is necessary to propose a risk analysis method which is
able to handle multiple factors and fuzziness combined with
quantitative analysis. Hence, fuzzy set theory [3] is a useful
tool to deal with imprecise and uncertain data. Meanwhile,
analytic hierarchy process (AHP), proposed by Saaty [4], is
a practical decision-making method [5, 6]. The AHP could
handle uncertain, imprecise, and subjective data and it also
has robustness when solving practical ranking problems [7].
Fuzzy comprehensive evaluation (FCE) is a commonmethod
to analyze the risk of the environmental resources and
construction of bridges, mines, and dams [8, 9]. It is also used
in the safety areas of public facilities and transportation [10,
11]. Song et al. corroborated that the triangular extent fuzzy
AHP approach was more effective to evaluate self-ignition
risks of coal piles than the trapezoidal fuzzy AHP method.
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Figure 1: Bogie structure of low-medium speed maglev train.

They evaluated self-ignition risks of coal piles from a holistic
point of view [12]. Yang et al. constructed a combination of
AHP and FCE method to evaluate road transport system
vulnerability against meteorological disasters from the view
of risk analysis theory [13]. In our study, to overcome the
complexity of structure and the uncertainty of various basic
events’ probabilities, a combinational method of AHP and
FCE is proposed.

In Section 2, the maglev bogie structure and the rele-
vant risk sources are analyzed. In Section 3, the three-layer
hierarchical model is established to compute the weights
distribution by using AHP. In Section 4, the risk degree of
maglev bogie is assessed by using FCE. Finally, the discussion
and concluding remarks are given in Sections 5 and 6.

2. Risk Source Analysis of Maglev Bogie

2.1. The Structure of a Maglev Bogie. Low-medium speed
maglev train has five bogies. Air springs are installed on the
four corners of each bogie. The bogies are connected with
cars by 20 air springs, and the air suspension system consists
of vertical and horizontal rod and steering mechanism. The
bogies are not only the chassis of a train, but also the mount-
ing platformof linearmotors, solenoids, air springs, and other
important power subassemblies. The bogies play an impor-
tant role in delivering suspension force and steering force.
Meanwhile, they also exert effect on geometric decoupling.

Figure 1 shows bogie structure of low-medium speed
maglev train. A bogie consists of two left and two right mod-
ules which are connected together by two anti-roll beams.
Each module consists of a linear motor beam, corbel, corbel
connection, integrated bracket, transverse rod seat bracket,
supporting slider, and hydraulic supporting wheel.The linear
motor beam, corbel, and corbel connection are connected
by bolts. The corbel connection and electromagnet are con-
nected by keys and secured by bolts. The integrated bracket,
corbel, and linear motor beam are connected together. The
antiroll beam is installed outside the integrated bracket. The
hydraulic supporting wheel is installed inside it. Antiroll
beams are connected by suspenders. The linear motor is
hanged by eight bolts in the lower part of linear motor beam
[2].

2.2. Risk Source Analysis. According to the analysis of bogie
structure, the main failures of bogie system and the reasons
and consequences of these failures are as follows [14].

2.2.1. Corbel. Themain reasons of corbel damage are foundry
lacuna, fracture, losing suspension point, and split of wire
rope seat. The corbel’s damage and fracture may lead to air
spring and electromagnet falling on track. Severe cases may
cause train’s damage and even casualties.

2.2.2. Corbel Connection. The faults of corbel connection are
mainly due to the internal foundry lacuna and the damage
of fatigue. The faults may lead to electromagnet’s shedding.
Severe cases may cause train’s damage and even casualties.

2.2.3. Integrated Bracket. The main reasons of integrated
bracket fracture are foundry lacuna and fatigue. This failure
may lead to antiroll beam failing to connect with the left and
rightmodules and disbanding of bogie structure. Severe cases
may cause train’s damage and even casualties.

2.2.4. Antiroll Beam. The causes of antiroll beam’s fracture
may be quality’s defect and damage of knocking. If these faults
happen, they will influence train’s operation. They may cause
train’s damage and even casualties, especially when antiroll
beam stuck between sleeper and train [15].

2.2.5. Linear Motor. The foundry lacuna and fatigue of linear
motor beam can lead to the faults of linear motor. Snow and
other obstructions on the track may lead to linear motor’s
burning out. The failures of linear motor may lead to losing
power. Severe cases may cause train’s damage and even
casualties.

2.2.6. Electromagnet. The link package of electromagnet may
have overcurrent faults. The outer plates of electromagnet
and inner plates of electromagnet may be collided with
obstacles. The failures of electromagnet may lead to critical
consequences, such as abnormal suspension, train’s smoking,
and outbreak of a fire.

2.2.7. Air Spring. The main reasons of air spring’s burst may
be external force and aging.The failures of air springmay lead
to train’s abnormal operation, and the train may slow down
or be rescued back to a maintenance location.

2.2.8. Mechanical Brake. The main reason of mechanical
brake failure is screws’ loosening of the outer plate of elec-
tromagnet. When the train carries out air brake, mechanical
brake failure may lead to insufficient braking force. If the
air brake and electric brake are both ineffective in extreme
cases, the train will only execute brake by falling on the track.
Therefore, normal train’s operations will be interrupted [16].

The most of risk sources described above are foundry
lacuna and abrasion of mechanical parts. These risk sources
all can lead to the failures of maglev bogie. As a result,
there are multiple initiating events. It is more complex to
describe failures by a chain of events in a modeling process
[1]. Furthermore, the probabilities of various basic events are
difficult to collect and estimate. Hence, some common risk
analysis techniques, for example, event tree analysis (ETA)
and fault tree analysis (FTA), are not suitable for the risk
analysis of bogie system. However, AHP and its extensions
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were developed to solve alternative selection criteria and
justification issues that are capable of capturing a human’s
appraisal of ambiguity when complex multicriteria decision-
making problems are considered [9, 17]. FCE is an effective
method which can use the experiences of engineers and
analysts to express the uncertain relations of risk analysis
[18]. It can give the level of risk for this system qualitatively.
Therefore, this paper employs AHP and FCE to analyze the
risk for maglev bogie system.

3. Establishment of Analytic Hierarchy Process
for Maglev Bogie

3.1. Establishment of the Level Hierarchical Model. According
to the analysis of the structure of maglev bogie, the eight
sources of maglev bogie risk have been found, because there
are a few subsystems’ devices installed on the maglev bogie.
These devices’ faults can reduce different size risks. In order
to analyze the contribution degree for total risk from each
subsystem, it is essential to classify risk sources in accordance
with the subsystems. The subsystems include the supporting
unit, drive unit, architecture, brake unit, and suspension
unit. The fifth risk source includes linear motor and linear
motor beam. The linear motor and linear motor beam are
part of drive unit. Meanwhile, the linear motor beam is
also part of the architecture of maglev bogie. The sixth risk
source includes line package, outer plates of electromagnet,
and inner plates of electromagnet. These three factors are
part of suspension unit. Because mechanical braking device
is installed on the outer plate of electromagnet, the outer
plate of electromagnet can affect brake unit at the same
time. Therefore, there are 11 factors included in the five
subsystems. The relationship between the 11 factors and the
five subsystems are as follows:

(i) The support unit is a component or structure on
the bogie which provides support for the quadratic
suspension system. The structure of support unit
includes air spring and corbel, and the air spring is
installed in the corbel.

(ii) The drive unit is a component or structure which is
used to drive maglev train. Linear motor and linear
motor beam are part of drive unit.The linear motor is
installed on the linear motor beam.

(iii) The architecture is the main mechanical structure
of maglev bogie. It includes linear motors beam,
corbel, integrated bracket, antiroll beam, and corbel
connection. The integrated bracket is installed on
the corbel. The antiroll beam is connected with the
integrated bracket. The corbel connection is installed
on the corbel.

(iv) The brake unit is the component which is installed
on the bogie for braking. Mechanical braking device,
outer plate of electromagnet, and corbel connection
are part of brake unit. Mechanical braking device
is installed on the outer plate of electromagnet. The
outer plate of electromagnet is connected with the
main structure of bogie by corbel connection.
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Figure 2: Level hierarchical model of bogie.

(v) The suspension unit provides vertical suspension
force for maglev train. Link package, outer plates
of electromagnet, inner plates of electromagnet, and
corbel connection are part of the suspension unit.The
suspension electromagnet line package and core are
installed between the inner plates of electromagnet
and outer plates of electromagnet. The inner plates of
electromagnet and outer plates of electromagnet are
connected with the main structure of bogie by corbel
connections.

Accordingly, a three-layer hierarchical model is estab-
lished to describemaglev bogie reasonably [19, 20].The target
layer is the risk of maglev bogie. The first layer (criterion
layer) is the subsystems of maglev bogie, which includes
the supporting unit, drive unit, architecture, brake unit, and
suspension unit. The second layer (scheme layer) includes
air spring, linear motor, linear motor beam, corbel, antiroll
beam, corbel connection, integrated bracket, mechanical
braking device, line package, outer plates of electromagnet,
and inner plates of electromagnet.

The level hierarchicalmodel of bogie is shown in Figure 2.
To describe the hierarchical model more clearly, we give

the corresponding notations in Table 1.
The set of factors can be represented as

U = {𝑢(𝑙)𝑖1 , 𝑢
(𝑙)

𝑖2 , . . . , 𝑢
(𝑙)

𝑖𝑛𝑖
} , (1)

where𝑢(𝑙)
𝑖𝑛𝑖
is the 𝑛 factor of the 𝑙 layer dominated by the 𝑖 factor

of the 𝑙 − 1 layer.
The weight vector of factors is represented as

W = {𝑤

(𝑙)

1 , 𝑤
(𝑙)

2 , . . . , 𝑤
(𝑙)

𝑛 } ,

A = {𝑎(𝑙)1 , 𝑎
(𝑙)

2 , . . . , 𝑎
(𝑙)

𝑛 } ,

(2)

where W is the weight which is determined by normalizing
the eigenvector and A is the weight vector of factors.

3.2. Calculation of Factors’ Weights under a Single Criterion
3.2.1. Determination of the Weights of the Second Layer Factor
Set with respect to the First Layer Criterion Set. It is assumed
that the factor 𝑢(𝑙−1)

𝑖
of the 𝑙 − 1 layer is a criterion. The next
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Table 1: Factor set partitions and symbolic representations of bogie’s level hierarchical mode.

Target layer Layer 1 (criterion layer) Layer 2 (scheme layer)
Factor Weight Factor Weight

The risk of
maglev bogie

Support unit 𝑢(1)1 𝑤

(1)

1 𝑎
(1)

1

Air spring, 𝑢(2)11 or 𝑢
(2)

1 𝑤

(2)

11 or 𝑤
(2)

1 , 𝑎
(2)

1

Corbel, 𝑢(2)12 or 𝑢
(2)

4 𝑤

(2)

12 or 𝑤
(2)

4 , 𝑎
(2)

4

Drive unit 𝑢(1)2 𝑤

(1)
2 𝑎
(1)
2

Linear motor, 𝑢(2)21 or 𝑢
(2)

2 𝑤

(2)

21 or 𝑤
(2)

2 , 𝑎
(2)

2

Linear motor beam, 𝑢(2)22 or 𝑢
(2)

3 𝑤

(2)

22 or 𝑤
(2)

3 , 𝑎
(2)

3

Architecture 𝑢(1)3 𝑤

(1)

3 𝑎
(1)

3

Linear motor, 𝑢(2)31 or 𝑢
(2)

2 𝑤

(2)

31 or 𝑤
(2)

2 , 𝑎
(2)

2

Corbel, 𝑢(2)32 or 𝑢
(2)

4 𝑤

(2)

23 or 𝑤
(2)

4 , 𝑎
(2)

4

Antiroll beam, 𝑢(2)33 or 𝑢
(2)
5 𝑤

(2)

33 or 𝑤
(2)
5 , 𝑎
(2)
5

Corbel connection, 𝑢(2)34 or 𝑢
(2)

6 𝑤

(2)

34 or 𝑤
(2)

6 , 𝑎
(2)

6

Integrated bracket, 𝑢(2)35 or 𝑢
(2)
7 𝑤

(2)

35 or 𝑤
(2)
7 , 𝑎
(2)
7

Brake unit 𝑢(1)4 𝑤

(1)

4 𝑎
(1)

4

Corbel connection, 𝑢(2)41 or 𝑢
(2)
6 𝑤

(2)
41 or 𝑤

(2)
6 , 𝑎
(2)
6

Outer plates of electromagnet, 𝑢(2)42 or 𝑢
(2)

10 𝑤

(2)

42 or 𝑤
(2)

10 , 𝑎
(2)

10

Mechanical braking device, 𝑢(2)43 or 𝑢
(2)

8 𝑤

(2)

43 or 𝑤
(2)

8 , 𝑎
(2)

8

Suspension unit 𝑢(1)5 𝑤

(1)
5 𝑎
(1)
5

Corbel connection, 𝑢(2)51 or 𝑢
(2)

6 𝑤

(2)

51 or 𝑤
(2)

6 , 𝑎
(2)

6

Line package, 𝑢(2)52 or 𝑢
(2)

9 𝑤

(2)

52 or 𝑤
(2)

9 , 𝑎
(2)

9

Outer plates of electromagnet, 𝑢(2)53 or 𝑢
(2)

10 𝑤

(2)

53 or 𝑤
(2)

10 , 𝑎
(2)

10

Inner plates of electromagnet, 𝑢(2)54 or 𝑢
(2)

11 𝑤

(2)

54 or 𝑤
(2)

11 , 𝑎
(2)

11

layer factors 𝑢(𝑙)
𝑖1
, 𝑢

(𝑙)

𝑖2
, . . . , 𝑢

(𝑙)

𝑖𝑛𝑖
are dominated by the crite-

rion. The judgment matrix is determined by comparing
relative importance between two arbitrary factors from
𝑢

(𝑙)

𝑖1
, 𝑢

(𝑙)

𝑖2
, . . . , 𝑢

(𝑙)

𝑖𝑛𝑖
[4].

In this study, the judgmentmatrix is determined by expert
decision along with field investigation and other related
research results [16], given as follows:

C(1)1 = [
[

1 5

1

5

1

]

]

, (3)

whereC(1)1 is the judgmentmatrix of the first layer’s first factor.
Themaximumeigenvalue,𝜆(1)1,max = 2, is determined byC(1)1 .
The eigenvector can be calculated by

C(𝑙−1)𝑖 𝑤



𝑖

(𝑙−1)
= 𝜆

(𝑙−1)

𝑖,max𝑤


𝑖

(𝑙−1)
,

(4)

where C(𝑙−1)
𝑖

the judgment matrix, 𝜆(𝑙−1)
𝑖,max is the maximum

eigenvalue, and 𝑤𝑖
(𝑙−1) is the eigenvector [4].

𝑤

(1)
1 is the weight which is determined by normalizing the

eigenvector:

𝑤

(1)

1 = [𝑤
(2)

11 , 𝑤
(2)

12 ]
𝑇
= [0.8333, 0.1667]

𝑇
.

(5)

It is essential to check the consistency of the judgment
matrix to ensure that the calculated weights are acceptable.
The consistency ratio can be determined by

C.I.(1)1 =
𝜆

(1)
1,max − 𝑛

(𝑙)
1

𝑛

(𝑙)
1 − 1

= 0,

C.R.(1)1 =
C.I.(1)1
R.I.(1)1

= 0 < 0.1,

(6)

where C.I.(1)1 is the consistency index, R.I.(1)1 is the random
index, and C.R.(1)1 is the consistency ratio (C.R.). Saaty has

Table 2: The random consistency index (R.I.).

Size 1 2 3 4 5 6 7 8 9
R.I. 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46

proposed a consistency index (CI) and calculated the random
indices shown in Table 2 [4].

The consistency of the judgmentmatrix is acceptable only
if C.R. < 0.1. Hence, C(1)1 satisfies consistency requirement.

Similarly, based on the AHPwhich is introduced by Saaty
[4], the other four judgment matrixes and their consistency
are given as

C(1)2 = [
[

1 5

1

5

1

]

]

,

𝜆

(1)

2,max = 2,

𝑤

(1)

2 = [𝑤
(2)

21 , 𝑤
(2)

22 ]
𝑇
= [0.8333, 0.1667]

𝑇
,

C.I.(1)2 =
𝜆

(1)
2,max − 𝑛

(1)
2

𝑛

(1)
2 − 1

= 0,

C.R.(1)2 =
C.I.(1)2
R.I.(1)2

= 0 < 0.1.

(7)

Hence, C(1)2 satisfies consistency requirement. Consider

C(1)3 =

[

[

[

[

[

[

[

[

[

[

1 2

1

5

1

2

1

5

1

2

1

1

3

1

5

1

5

5 3 1 1 1

2 5 1 1 1

5 5 1 1 1

]

]

]

]

]

]

]

]

]

]

,
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𝜆

(1)

3,max = 5.1703,

𝑤

(1)

3 = [𝑤
(2)

31 , 𝑤
(2)

32 , 𝑤
(2)

33 , 𝑤
(2)

34 , 𝑤
(2)

35 ]
𝑇

= [0.0884, 0.0605, 0.2852, 0.2573, 0.3086]

𝑇
,

C.I.(1)3 =
𝜆

(1)
3,max − 𝑛

(1)
3

𝑛

(1)
3 − 1

= 0.0426,

C.R.(1)3 =
C.I.(1)3
R.I.(1)3

=

5.1703

1.12

= 0.0380 < 0.1.

(8)

Hence, C(1)3 satisfies consistency requirement. Consider

C(1)4 =
[

[

[

[

[

[

1 3 7

1

3

1 5

1

7

1

5

1

]

]

]

]

]

]

,

𝜆

(1)

4,max = 3.0649,

𝑤

(1)

4 = [𝑤
(2)

41 , 𝑤
(2)

42 , 𝑤
(2)

43 ]
𝑇

= [0.6491, 0.2790, 0.0719]

𝑇
,

C.I.(1)4 =
𝜆

(1)
4,max − 𝑛

(1)
4

𝑛

(1)
4 − 1

= 0.0324,

C.R.(1)4 =
C.I.(1)4
R.I.(1)4

=

0.0324

0.52

= 0.0624 < 0.1.

(9)

Hence, C(1)4 satisfies consistency requirement. Consider

C(1)5 =

[

[

[

[

[

[

[

[

[

1 1 5 7

1 1 3 5

1

5

1

3

1 3

1

7

1

5

1

3

1

]

]

]

]

]

]

]

]

]

,

𝜆

(1)

4,max = 4.0820,

𝑤

(1)

5 = [𝑤
(2)

51 , 𝑤
(2)

52 , 𝑤
(2)

53 , 𝑤
(2)

54 ]
𝑇

= [0.4532, 0.3633, 0.1253, 0.0581]

𝑇
,

C.I.(1)5 =
𝜆

(1)
5,max − 𝑛

(1)
5

𝑛

(1)
5 − 1

= 0.0273,

C.R.(1)5 =
C.I.(1)5
R.I.(1)5

=

0.0273

0.89

= 0.0307 < 0.1.

(10)

Hence, C(1)5 satisfies consistency requirement.

3.2.2. Determination of theWeights of the First Layer Criterion
Set with respect to the Target Set. The judgment matrix is
given as follows:

C(0) =

[

[

[

[

[

[

[

[

[

[

[

[

1

1

3

1

5

3

1

6

3 1

1

5

1

1

5

5 5 1 6 1

1

3

1

1

6

1

1

5

6 5 1 5 1

]

]

]

]

]

]

]

]

]

]

]

]

. (11)

The results of themaximum eigenvalue and weight vector
are given as

𝜆

(0)

max = 5.4135,

𝑤

(0)
= [𝑤

(1)

1 , 𝑤
(1)

2 , 𝑤
(1)

3 , 𝑤
(1)

4 , 𝑤
(1)

5 ]
𝑇

= [0.0805, 0.1027, 0.3762, 0.0608, 0.3798]

𝑇
.

(12)

The consistency ratio can be determined by

C.I.(0) =
𝜆

(0)
max − 𝑛

(0)

𝑛

(0)
− 1

= 0.1034,

C.R.(0) = C.I.(0)

R.I.(0)
=

0.1034

1.12

= 0.0923 < 0.1.

(13)

Hence, C(0) satisfies consistency requirement.

3.3. Calculation of Combining Weights of Each Layer Factor.
The weight of the first layer factors with respect to the total
target is A(1) = 𝑤(0). The single criterion layer weights of the
second layer factors are as follows:

𝑤

(1)

1 = [𝑤
(2)

1 , 𝑤
(2)

2 , . . . , 𝑤
(2)

𝑛𝑙
]

𝑇

= [0.8333 0 0 0.1667 0 0 0 0 0 0 0]

𝑇
,

(14)

where𝑤(1)1 is the weight vector of the first layer’s first factor in
a single order and 𝑛𝑙 is the number of factors in 𝑙 (𝑙 = 2) layer.
The factors dominated by an upper layer are nonzero:

𝑤

(1)

2 = [
0 0.8333 0.1667 0 0 0 0 0 0 0 0]

𝑇
,

𝑤

(1)

3

= [0 0 0.0884 0.0605 0.2852 0.2573 0.3086 0 0 0 0]

𝑇
,

𝑤

(1)

4 = [
0 0 0 0 0 0.6491 0.2790 0.0719 0 0 0]

𝑇
,

𝑤

(1)

5 = [
0 0 0 0 0 0.4532 0 0 0.3633 0.1253 0.0581]

𝑇
,

W(2) = [𝑤(1)1 𝑤

(1)
2 ⋅ ⋅ ⋅ 𝑤

(1)
𝑛𝑙−1
] ,

(15)

where W(2) is a 𝑛𝑙 × 𝑛𝑙−1 matrix and 𝑛𝑙−1 is the number of
factors in 𝑙 − 1 (𝑙 = 2) layer.

The weight vector of the second layer factors with respect
to the total target in a combinational order can be calculated
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Table 3: Risk matrix.

Hazardous event severity level
Negligible Slight Moderate Serious Disastrous

Possibility of hazardous event
Frequently Higher Higher Very high Highest Highest
Very likely Middle High Higher Very high Highest
Occasionally Lower Middle High Very high Very high
Small possible Very low Lower Middle Higher Very high
Impossible Very low Very low Low High Higher

by A(2) = W(2)A(1). The results of vector A(2) are 𝑎(2)1 =

0.0671, 𝑎(2)2 = 0.0856, 𝑎(2)3 = 0.0504, 𝑎(2)4 = 0.0362, 𝑎(2)5 =

0.1073, 𝑎(2)6 = 0.3084, 𝑎(2)7 = 0.1331, 𝑎(2)8 = 0.0044, 𝑎(2)9 =

0.1380, 𝑎(2)10 = 0.0476, and 𝑎
(2)
11 = 0.0221.

The overall consistency of the weights of each layer factor
with respect to the total target should be checked. For the first
layer, because of C.R.(1) = C.R.(0) it has a satisfactory overall
consistency.

For the second layer,

C.I.(2) = [C.I.(1)1 C.I.(1)2 C.I.(1)3 C.I.(1)4 C.I.(1)5 ]

⋅ A(1) = 0.0284,

R.I.(2) = [R.I.(1)1 R.I.(1)2 R.I.(1)3 R.I.(1)4 R.I.(1)5 ]

⋅ A(1) = 0.7910,

C.R.(2) = C.I.(2)

R.I.(2)
=

0.0284

0.7910

= 0.0359 < 0.1.

(16)

The overall consistency of the second layer satisfies the
requirement.

According to calculations of this section, the weights of
factors with respect to the total target are obtained.

4. Risk Analysis Based on Fuzzy
Comprehensive Evaluation for Maglev Bogie

4.1. Division of Risk Level and Tolerance. Risk can be defined
as follows [21]:

Risk = probability × severity. (17)

The mishap probability factor is the probability of the hazard
components occurring and transforming into the mishap.
The mishap severity factor is the overall consequence of the
mishap.

The probability of fault maglev bogie occurring and the
level of hazardous event severity are difficult to determine
quantitatively. Therefore, linguistic terms [10] are applied
to describe the probability and severity qualitatively. The
probabilities of hazardous event are frequently, very likely,
occasionally, small possible, and impossible. The hazardous
event severity levels are disastrous, serious, moderate, slight,
and negligible, respectively. The risks of maglev bogie are
divided into eight levels, very low, lower, low, middle, high,
higher, very high, and highest, respectively.

The risk matrix used to evaluate the level of risk for
maglev bogie is shown in Table 3. It is determined by
referencing IEC 62278: 2002 combined with engineering
practice [16, 22].

Linguistic terms have been found intuitively easy to use
in expressing the subjectiveness and imprecision of risk
assessments [3, 23]. In fact, the risk levels given by experts are
fuzzy. Such an uncertain and imprecise issue can be expressed
by the use of the fuzzy set theory [3].

In this paper the triangular fuzzy number is used for fuzzy
numbers, because it is simpler than trapezoidal fuzzy number
[24] and in accordance with the actual case. The definition of
triangular fuzzy number is as follows, based on the operations
on fuzzy numbers of Dubois and Prade [25]:

𝜇𝑀 (𝑥) =

{
{
{
{
{

{
{
{
{
{

{

1

𝑚 − 𝑥

𝑥 −

𝑙

𝑚 − 𝑙

𝑥 ∈ [𝑙, 𝑚] ,

1

𝑚 − 𝑢

𝑥 −

𝑢

𝑚 − 𝑢

𝑥 ∈ [𝑚, 𝑢] ,

0 otherwise,

(18)

where𝑀 is the fuzzy number, 𝜇𝑀 is themembership function
of𝑀, 𝑚 is called the most possible value of triangular fuzzy
number𝑀, and 𝑙 and 𝑢 are called lower and upper limits of
𝑀, respectively.

The eight linguistic terms of risk level are characterized
by triangular fuzzy numbers for representing their approx-
imate value range between 1 and 8 [26]. Figure 3 shows
the memberships of these linguistic terms. The eight top
points’ membership functions are 1, which represents the
most possible eight linguistic terms of risk level, respectively.
When each linguistic term’smembership grade decreases, the
other one will increase accordingly.

The risk levels which include very low, lower, and low are
divided into acceptable risk.Themiddle, high, and higher risk
levels are considered to be undesirable risk.The very high and
highest risk levels are regarded as unacceptable. These rules
are given according to the practical engineering experience.
Through the analysis, three broken blue line triangles are
drawn in Figure 4.

The 𝑥-coordinates of the crossover point of the two
broken blue line triangles are 3.33 and 6.5, respectively. The
ranges of risk tolerance are obtained by comparing the size of
memberships. They are given as follows:

(i) Acceptable risk: [1, 3.33).
(ii) Undesirable risk: [3.33, 6.5].
(iii) Unacceptable risk: (6.5, 8].

Figure 4 shows the division of risk tolerance.
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Figure 4: Division of risk tolerance.

4.2. Fuzzy Comprehensive Risk Assessment. The weights of
each layer factor with respect to the total target are obtained
by using AHP. The weights used in FCE are obtained by
normalizing them.

For the first level FCE, the weight vectors of the second
layer’s factors with respect to the total target are as follows:

A(2)1 = [𝑎
(2)
1 𝑎

(2)
4
] = [0.0671 0.0362] ,

A(2)2 = [𝑎
(2)
2 𝑎

(2)
3
] = [0.0856 0.0504] ,

A(2)3 = [𝑎
(2)
3 𝑎

(2)
4 𝑎

(2)
5 𝑎

(2)
6 𝑎

(2)
7
]

= [0.0504 0.0362 0.1073 0.3084 0.1331] ,

A(2)4 = [𝑎
(2)
6 𝑎

(2)
8 𝑎

(2)
10
] = [0.3084 0.0044 0.0476] ,

A(2)5 = [𝑎
(2)
6 𝑎

(2)
9 𝑎

(2)
10 𝑎
(2)
11
]

= [0.3084 0.1380 0.0476 0.0221] .

(19)

Before starting the first level FCE, the above-mentioned
five weights should be normalized, given as

A
̃

(2)

1
= [0.6496 0.3504] ,

A
̃

(2)

2
= [0.6294 0.3706] ,

A
̃

(2)

3
= [0.0793 0.0570 0.1689 0.4854 0.2095] ,

A
̃

(2)

4
= [0.8557 0.0122 0.1321] ,

A
̃

(2)

5
= [0.5976 0.2674 0.0922 0.0428] .

(20)

For the second level FCE, the weight of the first layer
factor set is A

̃

(1), that is, A(1).
According to Table 3, the evaluation set of FCE can be

written as V = {very low, lower, low, middle, high, higher,
very high, highest}. In order to make the index quantitative,
the grade is provided for the corresponding evaluation set:
𝑁 = (1, 2, 3, 4, 5, 6, 7, 8) [5].

When the first level FCE starts, risk analysts give the
single-factor evaluation matrix R(2)

𝑖
of the second layer. This

can be calculated by using model 𝑀(⋅, +) to begin fuzzy
compositional operation “∘”. R(2)

𝑖
is determined by [27]

R(2)𝑖 =

[

[

[

[

[

[

[

[

[

𝑟

(2)

𝑖11
𝑟

(2)

𝑖12
⋅ ⋅ ⋅ 𝑟

(2)

𝑖1𝑚

𝑟

(2)

𝑖21
𝑟

(2)

𝑖22
⋅ ⋅ ⋅ 𝑟

(2)

𝑖2𝑚

.

.

.

.

.

.

.

.

.

𝑟

(2)

𝑖𝑛
(2)

𝑖
1
𝑟

(2)

𝑖𝑛
(2)

𝑖
2
⋅ ⋅ ⋅ 𝑟

(2)

𝑖𝑛
(2)

𝑖
𝑚

]

]

]

]

]

]

]

]

]

𝑖 = 1, 2, . . . , 𝑛

(1)
, (21)

where 𝑛(1) (𝑛(1) = 5) represents the number of factors
included in the first layer, 𝑛(2)

𝑖
denotes the number of factors

included in the second layer with respect to the factor 𝑖 of
the first layer, and 𝑚 (𝑚 = 8) stands for the number of the
evaluative sets.

Hence, the matrix R(2)1 can be derived as follows:

R(2)1 = [
0.1 0.2 0.3 0.3 0.06 0.04 0 0

0.2 0.3 0.3 0.1 0.1 0 0 0

] . (22)

Similarly, the matrices R(2)2 , R(2)3 , R(2)4 , and R(2)5 are
obtained. They are shown as follows:

R(2)2 = [
0.06 0.2 0.2 0.3 0.2 0.04 0 0

0.05 0.3 0.3 0.3 0.05 0 0 0

] ,

R(2)3 =

[

[

[

[

[

[

[

[

[

0.05 0.3 0.3 0.3 0.05 0 0 0

0.2 0.3 0.3 0.1 0.1 0 0 0

0.04 0.25 0.25 0.25 0.2 0.01 0 0

0.1 0.3 0.3 0.2 0.1 0 0 0

0.1 0.2 0.3 0.3 0.1 0 0 0

]

]

]

]

]

]

]

]

]

,
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R(2)4 =
[

[

[

0.1 0.3 0.3 0.2 0.1 0 0 0

0.05 0.1 0.2 0.2 0.3 0.1 0.05 0

0.1 0.1 0.2 0.3 0.2 0.1 0 0

]

]

]

,

R(2)5 =
[

[

[

[

[

[

0.1 0.3 0.3 0.2 0.1 0 0 0

0.05 0.18 0.36 0.3 0.1 0.01 0 0

0.1 0.1 0.2 0.3 0.2 0.1 0 0

0.1 0.2 0.3 0.25 0.15 0 0 0

]

]

]

]

]

]

.

(23)

The results of evaluation can be obtained through mul-
tiplying the vector of the factor weight and the matrix R of
single-factor evaluation [5]:

B
̃

(2)

1
= A
̃

(2)

1
∘ R(2)1

= [0.1350 0.2350 0.3000 0.2299 0.0740 0.0260 0 0] ,

(24)

where B
̃

(2)

1
is the evaluation result of the first layer’s first

factor.The elements in B
̃

(2)

1
are membership of the evaluation

object with regard to the elements in the evaluation set. The
conclusion of the comprehensive evaluation can be obtained
by the maximummembership principle [5].

Similarly, the results of the first level FCE are given,
respectively, by

B
̃

(2)

2
= A
̃

(2)

2
∘ R(2)2

= [0.0563 0.2371 0.2371 0.3000 0.1444 0.0252 0 0] ,

B
̃

(2)

3
= A
̃

(2)

3
∘ R(2)3

= [0.0916 0.2706 0.2916 0.2316 0.1129 0.0017 0 0] ,

B
̃

(2)

4
= A
̃

(2)

4
∘ R(2)4

= [0.0994 0.2711 0.2856 0.2132 0.1157 0.0144 0.0006 0] ,

B
̃

(2)

5
= A
̃

(2)

5
∘ R(2)5

= [0.0866 0.2452 0.3068 0.2381 0.1114 0.0119 0 0] .

(25)

The results of the second level FCE are given by

B
̃

(1)
= A(1) ∘ R(1) = A(1) ∘

[

[

[

[

[

[

[

[

A
̃

(2)

1
∘ R(2)1

A
̃

(2)

2
∘ R(2)2
.

.

.

A
̃

(2)

5
∘ R(2)5

]

]

]

]

]

]

]

]

= [0.0900 0.2547 0.2921 0.2399 0.1126 0.0107 0 0] ,

(26)

whereB
̃

(1) is the fuzzy comprehensive evaluation result of risk
level for maglev bogie.

The maximum membership of B
̃

(1) is the three-factor
0.2921 which indicates the total risk level of maglev bogie
is low. The maximum membership of B

̃

(2)

1
, B
̃

(2)

2
, B
̃

(2)

3
, B
̃

(2)

4
,

and B
̃

(2)

5
are 0.3, 0.3, 0.2916, 0.2856, and 0.3068, respectively.

Similarly, the risk level of supporting unit, architecture, brake
unit, and suspension unit is low.The risk level of drive unit is
middle. Hence, maintainers should pay more attention to the
drive unit.

4.3. Results of Risk Assessment. In order to get the risk
tolerance of each factor, weighted sum of the result of risk
level is proposed.

The index is determined by

Index = B
̃

⋅ N, (27)

where Index is the score of risk evaluation and N (N =

[1 2 3 4 5 6 7 8]

𝑇) is the grade of evaluation set.
The single-factor evaluation matrix of scheme layer is

corresponding to the row vector of R(2)
𝑖
, and A(3) = 1.

Table 4 shows the risk assessment of bogie system deter-
mined by results of FCE.

According to Figure 3, the risk index of bogie system
is acceptable in Table 4. The risks of five subsystems are
also acceptable. However, there are four parts’ risk indexes
undesirable.They are linearmotor, antiroll beam,mechanical
braking device, and outer plates of electromagnet, respec-
tively. Clearly, they are the weak links which affect the
safety of bogie system. Accordingly, making decisions for
the maintenance of maglev train is convenient. Meanwhile,
the cost is dropped remarkably when putting the limited
resources into the most needed place.

5. Discussion

Themain difficulties in risk analysis formechatronics systems
are the complexity of mechanism and the uncertainty of
various basic events’ probabilities. The research about risk
analysis for maglev bogie is very rare.

As a response to this dilemma, variousmethods have been
proposed for solving risk analysis problems for mechatronics
systems. For example, the frequently used methods are ETA
and FTA. However, ETA is unable to handle the process of
identifying safety risk because of multiple no related events.
FTA can identify hazards that present mishap risk with an
assessment of the risk [21]. But as the probabilities of various
basic events are difficult to collect and estimate, FTA is unable
to give quantitative risk assessment.

In this paper, the combinational method of analytic
hierarchy process and fuzzy comprehensive evaluation has
been proposed to solve the complex and uncertain problems
in the area of risk analysis formaglev bogie. First, the complex
structure of maglev bogie should be taken into consideration.
There are a few subsystems’ devices installed on the maglev
bogie. These devices’ faults can reduce different size risks.
To deal with this challenge, based on the analysis of maglev
bogie’s structure, 11 risk sources have been divided into five
groups in accordance with the subsystems to determine the
contribution degree for total risk. Risk sources and risk
sources’ reasons and effects have influence onfinding the rela-
tionship between failures and grading risks. In this study, the
identification of risk sources has been very comprehensive.
But the analysis of risk sources’ reasons and effects is limited,
and it is also the importance of future research.

Second, the application of AHP in this study is mainly
based on Saaty’s research [4]. The hierarchy relationships of
risk factors have been built clearly by AHP. Certainly, AHP
still suffers from some theoretical disputes.The assumption of
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Table 4: Results of risk assessment.

Level Item Index Risk Ratio
System Bogie 3.0627 Acceptable

Subsystem

Support unit 2.9506 Acceptable 0.1919
Drive unit 3.3150 Acceptable 0.2156
Architecture 3.0090 Acceptable 0.1957
Brake unit 3.0203 Acceptable 0.1965

Suspension unit 3.0782 Acceptable 0.2002

Component

Air spring 3.1400 Acceptable 0.0877
Corbel 2.6000 Acceptable 0.0726

Linear motor 3.5000 Undesirable 0.0978
Linear motor beam 3.0000 Acceptable 0.0838

Antiroll beam 3.3500 Undesirable 0.0936
Corbel connection 2.9000 Acceptable 0.0810

Integrated rated bracket 3.1000 Acceptable 0.0866
Mechanical braking device 4.1000 Undesirable 0.1146

Line package 3.2500 Acceptable 0.0908
Outer plates of electromagnet 3.7000 Undesirable 0.1034
Inner plates of electromagnet 3.1500 Acceptable 0.0880

criteria independencemay be sometimes a limitation of AHP
[6].The selection of judgmentmatrix is completed by experts’
engineering practice experience. In fact, exact numbers are
inappropriate for linguistic judgments. Hence, fuzzy AHP
[28] may be considered in the next research.

Third, the conclusion ofmaglev bogie’s risk level obtained
by the maximum membership principle [5] is low. However,
each factor’s risk performance should be considered into risk
analysis to find the weak links of maglev bogie. Based on
the fuzzy theory [3], linguistic evaluation set has been clas-
sified according to risk tolerance. The fuzzy comprehensive
evaluation method is utilized to assess the score and ratio of
each factor. Accordingly, it is convenient for people to make
decisions for the maintenance of maglev bogie system.

6. Conclusion

In this paper, we have proposed an effective risk analysis
method, a combinational method of analytic hierarchy pro-
cess and fuzzy comprehensive evaluation, which provides a
quantitative risk assessment for low-medium speed maglev
train.

The very comprehensive identification of risk sources has
been done by analyzing the structure of maglev bogie. The
weight of each layer is calculated by analytic hierarchy pro-
cess.The results of risk level for maglev bogie are obtained by
fuzzy comprehensive evaluation, and based on themaximum
membership principle, the total risk level of maglev bogie
is low. As the risk level of drive unit is middle, maintainers
should pay more attention to the drive unit.

The triangular fuzzy number has been used to determine
the ranges of risk tolerance. The score of each risk factor is
obtained by weighted sum of the result of fuzzy comprehen-
sive evaluation. The results of risk assessment show that the
risk degree of maglev bogie is acceptable. However, the risk
degrees of linear motor, antiroll beam, mechanical braking

device, and outer plates of electromagnet are undesirable.
Clearly, they are theweak linkswhich affect the safety of bogie
system.

The evaluated results can provide a reasonable guide
to analyze the risk of maglev bogie system. The merits of
the approach facilitate finding the weak links and making
decisions for the maintenance of maglev bogie system. The
costs will also decrease significantly when putting the limited
resources into the most needed place.
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