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Abstract: Identifying the key components of CNC lathe and analyzing the fault propagation behavior
is a powerful guarantee for the fault diagnosis and health maintenance of CNC lathe. The traditional
key component identification studies are mostly based on the feature parameter evaluation of the
fault propagation model, disregarding the dynamics and influence of fault propagation. Therefore,
this paper proposes a key component identification method based on the dynamic influence of fault
propagation. Based on the CNC lathe architecture and fault data, the cascaded faults are analyzed.
The improved Floyd algorithm is used to iterate and transform the direct correlation matrix expressing
the cascaded fault information, and the fault propagation structure model of each component is
constructed. The coupling degree function is introduced to calculate the dynamic impact degree
between components, and the dynamic fault propagation rate of each component is calculated with
the dynamic fault rate model. Based on this, the dynamic influence value of fault propagation is
obtained by using the improved ASP algorithm. The key components of the system are identified
by synthesizing the fault propagation structure model and the dynamic influence value of fault
propagation. Taking a certain type of CNC lathe as an example, the proposed method is verified to
be scientific and effective by comparing with the traditional identification method of key components
based on fault propagation intensity.

Keywords: CNC lathe; fault propagation structure model; fault propagation rate; fault propagation
dynamic influence value; key components

1. Introduction

As one of the technical supports for the development of modern intelligent manufac-
turing, real-time monitoring of the running state of the CNC lathe, rapid identification of
key components and tracking the root cause of the fault are effective measures to reduce
the probability of fault, improve the reliability level and reduce the maintenance cost [1].
As a complex integrated system, CNC lathe components are associated with each other [2],
creating favorable conditions for fault propagation and increasing the difficulties of fault
identification and tracking [3]. Therefore, considering the dynamic influence of fault propa-
gation and identifying the key components of the system in real time is of great significance
to improve the efficiency of fault diagnosis, control the fault propagation and improve the
operation reliability of the lathe.

At present, the research methods of key component identification mostly focus on
the “importance measure” [4], which is manifested as the component importance measure
and the node importance measure. The importance measure of components based on
system reliability theory mostly uses “expert knowledge and experience” to construct a
function-oriented system structure model by using fault tree [5], event tree [6] and other
methods [7,8]; then, the importance measure is built by combining the reliability index of
components to identify key components. Typical methods include Birnbaum importance

Appl. Sci. 2022, 12, 6187. https://doi.org/10.3390/app12126187 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12126187
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-2856-5156
https://doi.org/10.3390/app12126187
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12126187?type=check_update&version=2


Appl. Sci. 2022, 12, 6187 2 of 16

degree [9], conditional marginal reliability importance (CMRI) [10], integrated importance
measure (IIM) [11] and improved-PageRank (IPR) [12,13]. Although this method is widely
used, there are still some defects, such as that the system functional structure modeling
cannot fully reflect the system topological structure and the interdependence of system
components, which affects the accuracy of identification results.

The node importance measure is based on the complex network theory [14], according
to the objective law that the essence of any system is the network, the physical structure of
the system is abstracted into a topological network model and the key components of the
system are evaluated by degrees [15], centrality [16,17], eigenvectors [18], centrality [19]
and degree of cohesion [20]. Although the node importance measure can clearly represent
the system structure and its coupling relationship, it only analyzes the topological status of
components in the system [21], but does not consider the influence of reliability attributes
of components on the system.

The component importance measure and the node importance measure are both single
measures to identify key components, which may be affected by randomness, uncertainty
and different emphasis, resulting in different results in identifying key components with
different measures [22], and have disadvantages such as limited application scope and
incomplete evaluation results. Therefore, some researchers have proposed to identify key
components in the system by integrating multiple importance measures from the perspec-
tive of multi-attribute decision making [23]. Commonly used multi-index comprehensive
evaluation methods include entropy weight method [24], technique for order preference
by similarity to an ideal solution (TOPSIS) [25], grey relation analysis (GRA) [26], etc. Al-
though this method solves the problem of identification deviation of a single measurement,
it is mostly a synthesis of the same type of measure, and lacks the recognition from the
perspective of the combination of system function and topological structure, and the weight
distribution of each index should be considered emphatically.

By the importance of component, the importance of node, or the comprehensive
evaluation method of multiple indicators, the key components are identified from the
perspective of importance measurement, focusing on the characteristics of a single node
and its position in the system, but not considering the interaction between nodes or the
dynamic influence of each node in the propagation process, which may lead to inaccurate
discrimination results.

In view of the problems existing in the above key component identification methods,
this paper proposes a key component identification method based on the influence of fault
propagation. This method not only considers the importance of each component in the
system, but also considers the influence of each component on other components as the
initial fault propagation source. The fault propagation structure diagram of each component
established in this paper can more clearly show the process of fault propagation to other
components as the initial fault propagation source, and qualitatively describes the influence
of components in the propagation from the structure. Based on this diagram, the dynamic
influence value of fault propagation of each component is calculated quantitatively, and
the influential components of CNC lathe in the process of fault propagation are identified
and sorted using this value as an index, which provides a theoretical basis and practical
reference for subsequent fault detection and health maintenance.

2. Identification Method of Key Components of CNC Lathe

The identification process of key components of CNC lathe based on dynamic influence
of fault propagation is divided into four steps. Firstly, the fault propagation relationship is
analyzed. According to the structure and working process of CNC lathe, the CNC lathe
is divided into multiple components. The field fault information is collected, the relevant
faults are analyzed by the details of fault phenomenon and fault data of each component
is sorted out. Secondly, the fault propagation model is constructed. The cascade fault is
analyzed considering the fault correlation, and the direct correlation matrix representing
the cascade fault information is established. The indirect correlation matrix and routing
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matrix are calculated by the improving Floyd algorithm, and the fault propagation structure
model starting from each component of the CNC lathe is constructed. The Johnson method
is applied to correct the fault data and construct the fault rate model and fault probability
model of system and component. On this basis, the importance of component is calculated
to reflect the fault influence degree of components. The dynamic fault propagation rate
is obtained by considering the dynamic fault rate of each component and the dynamic
influence degree among components. Then, the fault propagation influence value is
assessed. The improved ASP algorithm is applied to calculate the fault propagation
dynamic influence value of each component taking the fault propagation structure diagram
and dynamic fault propagation rate of component as input. Finally, the key components are
identified according to the ranking results of dynamic influence value of fault propagation.
The greater the influence, the more critical the component is, and should be paid attention to.
The dynamic identification process of key components of CNC lathe is shown in Figure 1.
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Figure 1. Schematic diagram of critical component identification.

2.1. Construction of the Fault Propagation Structure Model of Components

According to the architecture and working process of CNC lathe, system components
are divided and fault data is collected and processed. The cascading fault among the
internal components of the system is analyzed. Components that affect the fault of other
components are called antecedent components, and components that are affected by other
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components are called successor components. In literature [27], the direct correlation matrix
Cv between components by cascading fault information is represented in Matrix (1).

Cv =
[
cv

ij

]
n×n

=


cv

11 cv
12 · · · cv

1n
cv

21 cv
22 · · · cv

2n
...

... · · ·
...

cv
n1 cv

n2 · · · cv
nn

, (1)

where Cv
ij = 0 represents that there is no direct fault propagation relationship between

components, and Cv
ij = 1 represents that the correlation between components i and j is 1,

that is, the fault propagation between components can be completed in one step.
The indirect correlation matrix is an extension of the direct correlation matrix, which

represents the indirect correlation between the components of the system [28]. Taking the
direct correlation matrix as input, the improved Floyd algorithm [29,30] is introduced to
recursively update, and each update introduces a transition node, that is, whether there
is path propagation between the two components until all nodes are introduced, so as to
obtain the indirect correlation matrix, which represents the fault propagation path between
components. The indirect correlation matrix Cu is expressed as Matrix (2).

Cu =
[
cu

ij

]
n×n

=


cu

11 cu
12 · · · cu

1n
cu

21 cu
22 · · · cu

2n
...

... · · ·
...

cu
n1 cu

n2 · · · cu
nn

, (2)

where Cu
ij = 0 represents that there is no fault effect between components, that is, there

is no fault propagation relationship between the two components, and Cu
ij = k represents

that the correlation between components i and j is k, that is, the fault propagation between
components requires k steps.

The indirect correlation matrix represents the number of steps required for fault
propagation between components, while the routing matrix represents the components
required for fault propagation from component i to component j [31]. The routing matrix
Cr is obtained through the above update process in Matrix (3).

Cr =
[
cr

ij

]
n×n

=


cr

11 cr
12 · · · cr

1n
cr

21 cr
22 · · · cr

2n
...

... · · ·
...

cr
n1 cr

n2 · · · cr
nn

, (3)

where Cr
ij represents that the components through which the fault propagates from compo-

nent i to j, from which the fault propagation path from component i to j is deduced.
According to the component propagation steps determined by the indirect correlation

matrix and the fault propagation path determined by the routing matrix, the fault propagation
structure model starting from each component of CNC lathe is drawn in Equation (4).

Gi = (i, Ei); Ei = (ei→m, em→i, · · · , ek→n), (4)

where i represents each component of the CNC lathe, and Ei represents the fault propagation
relationships starting from component i.

2.2. Calculation of Fault Propagation Rate of CNC Lathe Components
2.2.1. Calculation of Dynamic Fault Rate of Components

The dynamic fault rate of each component at any time is calculated according to
the operation fault information of the CNC lathe. Firstly, the fault time of the system
component is considered and the fault order is corrected. The hypothesis distribution is
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identified according to the operation fault data and the modified fault sequence. Assume
that the fault rate function follows the assumed distribution; then parameter estimation
and hypothesis testing are carried out to obtain the dynamic fault rate function of each
component. Finally, the component fault rate modeling based on time dependence is
realized. The specific solution process is shown in Figure 2.
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Figure 2. Dynamic fault rate calculation process of CNC lathe components.

According to the above-mentioned modeling principle of the fault rate of components
of the CNC lathe, combined with the failure time, the failure distribution function and
reliability function of the system and each component can be calculated, which is convenient
for the subsequent calculation and application of this paper.

2.2.2. Determination of the Dynamic Influence Degree between Components

As one of the reliability parameters of the system components, the importance degree
indicates the influence on the failure probability of the whole machine when a certain
component of the system fails [32]. In this paper, probability importance and criticality
importance are introduced to quantify the influence of component failure on the whole
machine failure. The equations for calculating the probability importance and criticality of
system components [33] are shown in Equations (5) and (6).

IP(vi) =
∂Fz(t)
∂Fi(t)

, (5)

IC(vi) =
Fi(t)
FZ(t)

· Ip(vi), (6)
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where Ip(vi) and Ic(vi) are the probability importance and criticality importance of CNC
lathe components, FZ(t) is the fault probability function of the CNC lathe and Fi(t) is the
fault probability function of each component.

When any component of the CNC lathe fails, according to the fault correlation shown in
the fault propagation structure diagram of the component, the fault is transmitted to other
components associated with it. The criticality importance is used as the value of the efficacy
function [34], and the coupling degree function is introduced to calculate dynamic fault impact
between components [35]. The calculation equation is expressed in Equation (7):

I
(
ei→j

)
(t) = 2

√√√√ IC(vi)IC
(
vj
)(

IC(vi) + IC
(
vj
))2 , (7)

where I
(
ei→j

)
(t) is the dynamic fault influence degree between components i and j, and

Ic(vi) and Ic
(
vj
)

are the critical importance values of the antecedent component i and the
successor component j, respectively.

2.2.3. Calculation of Dynamic Fault Propagation Rate of Components

The dynamic fault propagation rate of each component of CNC lathe is not only
affected by its own fault rate, but also related to the mutual influence of faults among
components. Combined with the above two indicators, the dynamic fault propagation rate
of system components is calculated in Equation (8).

τ
(
ei→j

)
(t) = λi(t)I

(
ei→j

)
(t), (8)

where τ
(
ei→j

)
(t) is the dynamic fault propagation rate of the components over time,

I
(
ei→j

)
(t) is the dynamic fault influence of the component i on the component j and λi (t)

is the dynamic fault rate of the component i.

2.3. Identification of Key Components of System Based on Dynamic Influence of Fault Propagation

The fault propagation path from the component i to another component j can be any
reachable path between them [36]. According to the third-order influence principle [37], the
influence range of system components is not limited to directly adjacent components, but
also indirectly affects the components adjacent to neighbor components, possibly within
the third order. However, since the fault propagation rate will decay rapidly with the
increase of the path length, it is not necessary to consider all the accessible paths. The ASP
algorithm only includes the accessible paths whose length is not greater than 3 between
components and neighboring components into the calculation range. In this paper, the
fault propagation rate between CNC lathe components is introduced into the improved
ASP algorithm, and the components that affect the component within the third order are
obtained through the fault propagation structure diagram of each component, and the fault
propagation influence value of the component is calculated. The calculation formula is
shown in Equation (9):

fASP_i = fASP_ij + fASP_in + fASP_iq, (9)

where fASP_i is the fault propagation influence value of the component i, fASP_ij is the
success rate of the component i in propagating the fault information to a one-step neighbor
component j, fASP_in is the success rate of the component i in propagating the fault
information to two-step neighbor component n and fASP_iq is the success rate of the
component i in propagating the fault information to three-step neighbor component q.

For the one-step neighbor components of the component j:

fASP_ij = ∑
j∈A(i)

τij + ∑
m∈A(i)

τimτmj + ∑
r∈A(i)

τimτmrτrj, (10)
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where A(i) is the set of all one-step neighbor components of component i, τij is the fault
propagation rate between component i and j, τimτmj is the propagation rate that component
i passes the fault to component j through component m and τimτmrτrj is the propagation
rate that component i passes the fault to component j through component m and r.

For the two-step neighbor components of the component n:

fASP_in = ∑
m∈A(i),n∈A2(i)

τimτmn + ∑
l∈A2(i)

τimτmlτln, (11)

where A2(i) is the set of all two-step neighbor components of component i, τimτmn is the
propagation rate that component i passes the fault to component n through component
m and τimτmlτln is the propagation rate that component i passes the fault to component n
through component m and l.

For the three-step neighbor components of the component q:

fASP_iq = ∑
m∈A(i),n∈A2(i),q∈A3(i)

τimτmnτnq, (12)

where A3(i) is the set of all three-step neighbor components of component i and τimτmnτnq is
the propagation rate that component i passes the fault to component q through component
m and n.

According to the above steps, the fault propagation influence value of each component
is calculated and sorted. The more advanced the component is, the more important it is, and
the component with the highest influence value is the key component of the system, laying
a foundation for the development of system reliability analysis and maintenance strategy.

3. Case Application

In this section, a total of 129 pieces of fault data and fault information details of 67
CNC lathe were collected during the course of one year. According to the CNC lathe
structure, it is divided into nine components, and the component element code and fault
time on of the CNC lathe are shown in Table 1. By analyzing fault information in detail,
we can determine whether the faults of each component are independent faults or related
faults. Further analysis of the related faults can identify the antecedent failure component
that caused the component to fail. For example, when the numerical control device fails,
the fault location is the numerical control system, but the root cause may be a problem with
the electrical components, so the fault component before positioning is the electrical system.
In this manner, the antecedent components and subsequent components were divided, and
the relationship of fault propagation was established as shown in Table 2.
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Table 1. System component code and failure time statistics table.

Element Code and Name Fault Time (h)

Numerical control 29.54 99.31 172.53 235.26 348.63 406.73
system (NC) 609.18 725.92 971.39 1058.25 1189.59 1363.59

1564.23 1853.46 2111.67
Feed system (F) 52.49 135.57 309.27 589.69 726.11 868.53

1276.37 1486.23 2275.64
Electrical system (E) 30.75 80.74 126.85 160.85 219.37 319.75

333.39 435.97 581.55 683.86 689.83 750.35
784.27 957.84 1015.73 1146.33 1268.24 1305.53

1496.54 1596.24 1812.53 1856.96 2073.36 2546.35
2943.71

Tool holder (M) 58.63 72.63 116.78 348.36 420.75 551.71
1029.27 1116.58 1531.33 1860.67 2755.26

Servo system (S) 28.53 116.36 174.64 246.59 275.57 333.53
406.36 449.63 592.73 707.59 896.47 1160.36

1264.74 1408.49 1643.68 1785.24 1972.74 2465.46
Main driving system (T) 43.57 58.35 103.57 161.47 219.63 278.54

420.47 565.97 841.977 1334.44 1667.38 1986.96
Hydraulic system (H) 67.45 143.53 246.52 297.68 347.53 406.86

464.49 551.41 638.83 826.5 1015.58 1102.09
1256.36 1580.56 1972.47 2436.37

Auxiliary system (A) 15.82 42.57 92.75 169.53 195.46 284.38
363.36 498.75 652.85 797.3 975.35 1029.86

1276.29 1421.96 1940.47 2812.5
Base piece (B) 89.75 278.93 568.27 758.53 1136.57 2264.43

Table 2. Statistical analysis of the related faults in CNC lathe components.

Antecedent
Component

Subsequent
Component

Antecedent
Component

Subsequent
Component

NC M E A
NC T E B
NC A S M

NC B S T
F S H F
E NC H M
E F H A
E M H B
E T A T
E H A B

As expressed in the fault propagation information of the CNC lathe in Table 2, the
direct correlation matrix Cv can be obtained as Matrix (13).

NC F M E S T H A B

Cv =

NC
F
M
E
S
T
H
A
B



0 0 1 0 0 1 0 1 1
0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0
1 1 1 0 0 1 1 1 1
0 0 1 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0
0 1 1 0 0 0 0 1 1
0 0 0 0 0 1 0 0 1
0 0 0 0 0 0 0 0 0


(13)
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The improved Floyd algorithm was used to iteratively calculate the number of steps
and paths of fault propagation, and the corresponding indirect correlation matrix Cu and
routing matrix Cr were obtained as Matrix (14) and (15).

NC F M E S T H A B

Cu =

NC
F
M
E
S
T
H
A
B



0 0 1 0 0 2 0 1 2
0 0 2 0 1 2 0 0 0
0 0 0 0 0 0 0 0 0
1 2 2 0 3 3 1 2 3
0 0 1 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0
0 1 3 0 2 2 0 1 2
0 0 0 0 0 1 0 0 1
0 0 0 0 0 0 0 0 0


(14)

NC F M E S T H A B

Cr1 =

NC
F
M
E
S
T
H
A
B



1 0 1 0 0 8 0 1 8
0 2 5 0 2 5 0 0 0
0 0 3 0 0 0 0 0 0
4 7 1 4 2 8 4 1 8
0 0 5 0 5 5 0 0 0
0 0 0 0 0 6 0 0 0
0 7 5 0 2 8 7 7 8
0 0 0 0 0 8 0 8 8
0 0 0 0 0 0 0 0 9



NC F M E S T H A B

Cr2 =

NC
F
M
E
S
T
H
A
B



1 0 1 0 0 8 0 1 8
0 2 5 0 2 5 0 0 0
0 0 3 0 0 0 0 0 0
4 7 1 4 2 8 4 7 8
0 0 5 0 5 6 0 0 0
0 0 0 0 0 6 0 0 0
0 7 5 0 2 8 7 7 8
0 0 0 0 0 8 0 8 8
0 0 0 0 0 0 0 0 9


(15)

Combined with an indirect correlation matrix and routing matrix, a fault propagation
structure model starting from each component of CNC lathe was constructed, as shown in
the Figure 3.

Figure 3 clearly shows the extent to which each component of the CNC lathe is an
initial fault source and may propagate the fault to other components associated with it. For
example, in Figure 3a, when NC acts as the initial fault source, its failure may cause M or A
to fail, and when A fails, the failure may be transmitted to T or B. This is further explained
by an example. In the multi-process processing of complex parts, the fault phenomenon is
that the tool holder system cannot realize the tool change for parts processing, but in-depth
analysis to find the reason determines that the PLC system in the numerical control system
is faulty, and the tool change instruction cannot be issued, so there is an arrow pointing
from NC to M. The PLC control program in the CNC system can realize the auxiliary
function control of the lathe. When it fails, the lubrication system in the auxiliary system
may not work normally. When the CNC lathe cannot be lubricated, it will cause the spindle
parts in the main driving system and the table in the base piece mechanical to wear, which
reduces the life of the CNC lathe. Thus, the failure of the CNC system is transmitted to the
main driving system and the base piece through the auxiliary system.
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On the basis of the operation fault information of CNC lathe, the calculation method
and operation process in Section 2.2.1 are used to evaluate the dynamic fault rate of
each component. The Johnson method is used to correct the order, and the hypothetical
distribution is identified. We use the two-parameter Weibull distribution to build the
reliability model, and the least squares method to estimate the parameters; the linear
correlation test and the goodness of fit test are then carried out. Finally, the dynamics fault
rate function of each component of the CNC lathe can be obtained in Table 3 below.

Table 3. Dynamics fault rate function of system components in CNC lathe.

Component Code Dynamics Fault Rate Function

NC λNC(t) =
f (t)
R(t) =

0.9911
6914.370.9911 t−0.0089

F λF(t) =
f (t)
R(t) =

0.9681
12089.710.9681 t−0.0319

M λM(t) = f (t)
R(t) =

0.9083
11283.420.9083 t−0.0917

E λE(t) =
f (t)
R(t) =

1.1109
4001.1461.1109 t0.1109

S λS(t) =
f (t)
R(t) =

1.0308
5802.1531.0308 t0.0308

T λT(t) =
f (t)
R(t) =

0.8358
11675.70.8358 t−0.1642

H λH(t) = f (t)
R(t) =

1.1802
4904.0461.1802 t0.1802

A λA(t) =
f (t)
R(t) =

0.8283
9544.8430.8283 t−0.1717

B λB(t) =
f (t)
R(t) =

1.0421
13449.361.0421 t0.0421
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Similarly, the fault probability function of a whole CNC lathe is FZ(t) = 1 − exp[
−
( t

892.821
)1.047

]
and the fault probability function of system components can be obtained

in Table 4.

Table 4. The fault probability function of system components in CNC lathe.

Component Code Fault Probability Function

NC FNC(t) = 1− exp
[
−
( t

6914.37
)0.9911

]
F FF(t) = 1− exp

[
−
( t

12089.71
)0.9681

]
M FM(t) = 1− exp

[
−
( t

11283.42
)0.9083

]
E FE(t) = 1− exp

[
−
( t

4001.146
)1.1109

]
S FS(t) = 1− exp

[
−
( t

5802.153
)1.0308

]
T FT(t) = 1− exp

[
−
( t

11675.7
)0.8358

]
H FH(t) = 1− exp

[
−
( t

4904.046
)1.1802

]
A FA(t) = 1− exp

[
−
( t

9544.843
)0.8283

]
B FB(t) = 1− exp

[
−
( t

13449.36
)1.0421

]

According to Equations (5) and (6) and Table 4, the probability importance and criti-
cality importance of components at any time can be calculated, and the function curves of
each component are illustrated as Figures 4 and 5, respectively.
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Figure 4. Probability importance function curve of system components.

It can be seen from the figures that importance curves of CNC lathe components tend
to be stable when they run to 4000 h. Therefore, 4000 h and 6000 h are taken as examples,
and the fault influence degree and fault propagation rate of other associated components
are calculated combined with the fault propagation structure diagram of the components.

According to the value of the fault propagation rate solved in Table 5, combined with
the third-order neighborhood component relationship of each component characterized in
the fault propagation structure diagram, the improved ASP algorithm is used to calculate
the fault propagation influence value of the components in the system at 4000 h and 6000 h,
and the ranking is as shown in Table 6.
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Table 5. Fault propagation rate of system components in CNC lathe.

Propagation Path I(ei→j)
(4000 h)

τ(ei→j)
(4000 h)

I(ei→j)
(6000 h)

τ(ei→j)
(6000 h)

(E as a starting point)
E→NC 0.918448361 0.000254995 0.796881103 0.000231419
E→H 0.977647161 0.000271431 0.956705067 0.000277833
H→A 0.956717540 0.000221941 0.848962399 0.000211872
H→F 0.909115084 0.000210898 0.766856527 0.000191382

NC→M 0.981947229 0.000141439 0.955113065 0.000137078
NC→A 0.995526834 0.000143395 0.982569130 0.000141019
A→B 0.979554928 0.000098696 0.969648730 0.000091128
A→T 0.996958535 0.000100450 0.994247429 0.000093440
F→S 0.945228319 0.000078409 0.875293970 0.000071674

(NC as a starting point)
NC→A 0.995526834 0.000143395 0.982569130 0.000141019
NC→M 0.981947229 0.000141414 0.955113065 0.000137078

A→B 0.979554928 0.000098696 0.969648730 0.000091128
A→T 0.996958535 0.000100450 0.994247429 0.000093440

(F as a starting point)
F→S 0.945228319 0.000078409 0.875293970 0.000071674
S→T 0.963840493 0.000169284 0.902043089 0.000160421
S→M 0.958919595 0.000168419 0.898204379 0.000159738

(S as a starting point)
S→T 0.963840493 0.000169284 0.902043089 0.000160421
S→M 0.958919595 0.000168419 0.898204379 0.000159738

(A as a starting point)
A→T 0.996958535 0.000100450 0.994247429 0.000093440
A→B 0.979554928 0.000098696 0.969648730 0.000091128

(H as a starting point)
H→F 0.909115084 0.000210898 0.766856527 0.000191382
H→A 0.956717540 0.000221941 0.848962399 0.000211872
F→S 0.945228319 0.000078409 0.875293970 0.000071674
S→M 0.958919595 0.000168419 0.898204379 0.000159738
A→T 0.996958535 0.000100450 0.994247429 0.000093440
A→B 0.979554928 0.000098696 0.969648730 0.000091128
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Table 6. Numerical control lathe fault propagation influence value and rank.

Component
Code

fASP_i
(4000 h) Rank fASP_i

(6000 h) Rank

NC 0.000284891 4 0.000278149 4
F 0.000078462 6 0.000071720 6
M 0 7 0 7
E 0.000538541 1 0.000509605 1
S 0.000337703 3 0.000320159 3
T 0 7 0 7
H 0.000434398 2 0.000404833 2
A 0.000199146 5 0.000184567 5
B 0 7 0 7

The dynamic and real-time fault propagation influence value represents the impor-
tance of the components in the system. Through the ranking results in Table 6, it can be
identified that the key components of the CNC lathe under current investigation at 4000 h
and 6000 h are electrical systems, followed by hydraulic systems, which should be paid
attention to in fault diagnosis and health maintenance.

4. Comparison Analysis

In this paper, the proposed method is compared with the key component identification
method based on the fault propagation intensity [38]. This method comprehensively
considers the dual influence of the fault propagation structure characteristics of the CNC
lathe and the reliability level of the system component itself. Based on the layered fault
propagation directed graph of CNC lathe, the fault propagation cost was measured by
selecting the fault impact degree of directed edge and edge mediums to find the key
components that have great influence on the whole machine. According to the fault data of
the above case, the hierarchical fault propagation directed graph is constructed as shown
in Figure 6.
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The fault propagation intensity value of each directed edge in the graph is calculated
as shown in Table 7.
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Table 7. Fault propagation intensity value of each edge of the fault propagation structure model of
CNC lathe.

Directed Edge Fault Propagation Intensity
Value (4000 h)

Fault Propagation Intensity
Value (6000 h)

E→NC 0.17773814 0.165807
E→H 0.26106422 0.262317
H→A 0.20396607 0.200436
H→F 0.22417257 0.216161

NC→M 0.12332509 0.128086
NC→A 0.16248011 0.168651
A→B 0.13769959 0.141097
A→T 0.11370514 0.117754
F→S 0.24395299 0.246486
S→M 0.18203743 0.18273
S→T 0.16985866 0.170474

The fault propagation intensity values of the directed edges starting from each com-
ponent are added, and the fault propagation intensity of each component at 4000 h and
6000 h is shown in Table 8.

Table 8. Fault propagation strength and ranking of system components in CNC lathe.

Component Code Fault
Probability

Fault Propagation
Strength (4000 h) Rank Fault

Probability
Fault Propagation
Strength (6000 h) Rank

NC 0.440846 0.285805 4 0.580568 0.296737 4
F 0.290179 0.243953 6 0.398005 0.246486 6
M 0.322855 0 7 0.430764 0 7
E 0.632003 0.438802 1 0.79164 0.428125 1
S 0.494166 0.351896 3 0.644833 0.353204 3
T 0.335338 0 7 0.436309 0 7
H 0.544449 0.428139 2 0.718822 0.416597 2
A 0.385268 0.251405 5 0.493773 0.258851 5
B 0.246186 0 7 0.350279 0 7

According to the ranking results in Table 8, the key components of the system at the
current moment by the method based on the identification of key components of fault
propagation intensity are the electrical system, followed by the hydraulic system, which is
consistent with the identification results of key components based on the dynamic influence
of fault propagation, verifying the correctness and reliability of the method proposed in
this paper.

Compared with the current methods and technologies, the method proposed in this
paper mainly reflects the advantages of two aspects. On the one hand, the fault propagation
structure model with each component of the system as the starting point can quickly and
accurately analyze the fault propagation relationship of each component in the complex
system. The operation program is relatively simple, and the fault propagation structure
of each component is clearer. On the other hand, it provides a feasible and multi-faceted
analysis method for the key component identification in view of the influence value of fault
propagation, which is the core judgment criterion for identifying critical component and of
great significance for ensuring system reliability.

5. Conclusions

This paper proposes a method to identify the key components of CNC lathe from
the perspective of the influence of fault propagation. Based on the details of the fault
information collected in the field, the relevant faults are analyzed, and the fault propagation
structure diagram starting from each component of the system is established. The fault
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data is used to calculate dynamic fault rate, dynamic fault probability and dynamic fault
influence degree, and then the dynamic fault propagation rate of the system components is
calculated. Combined with the fault propagation structure diagram, the improved ASP
algorithm is used to evaluate the fault propagation influence value of the components, and
finally the dynamic and accurate identification of key components of CNC lathe is realized.

The results obtained in this paper can be used to formulate maintenance control
strategy, provide reference for health maintenance and reliability design, and reduce
unnecessary shutdown loss of CNC lathes. In the future, multiple attributes of importance,
fault propagation influence and fragility can be considered to identify key components,
and the method can be extended to the identification of key components of other complex
CNC equipment.
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