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To make accurate and comprehensive evaluation of the catenary and diagnose the causes of the catenary fault, a method of
catenary state evaluation and diagnosis based on the principal component analysis control chart was proposed, which can make
full use of the multidimensional detection parameters of the catenary. The principal component analysis was used to reduce the
dimension of catenary parameters, the principal component T> control chart was calculated to show the change of principal
component of catenary state data, the residual SPE control chart was calculated to show the change of their correlation, and the
contribution rate control chart was calculated to show the cause of abnormal state data. The method can not only transform the
multidimensional detection parameters of the catenary into a statistic to realize the simple and intuitive evaluation of the catenary
state but also can accurately determine the cause of the abnormal state, so as to provide technical support for the targeted

condition-based maintenance of the catenary.

1. Introduction

As the only power supply line for electrified railway, cate-
nary’s working environment is harsh, and there is no backup
for it, once there is a fault, it will lead to the outage of
electrified railway, which will have a huge impact on the
railway operation. As a special power supply line, catenary
has the following characteristics:

(1) Operating environment is unique. Catenary is
erected along the railway, exposed to the air, and is
subject to the high-speed impact of locomotive
pantograph, the space environment, climate envi-
ronment, and working environment are unique
compared to ordinary transmission lines, which
makes the catenary more prone to failure and is
greatly affected by the external environment.

(2) There is no backup for catenary. Due to the par-
ticularity of the catenary operating environment,
there is no backup for catenary, Once the catenary is

abnormal, it will lead the electrified railway to fail,
resulting in huge economic losses.

(3) There is electromechanical compound effect for
catenary. As a complex mechanical structure, the
catenary’s main function is to ensure a good and
stable power supply, it needs to maintain structural
stability under various mechanical loads and elec-
trical shocks, thus to provide a good and stable
current to the electric locomotive.

(4) There are moving loads for catenary. The pantograph
of electric locomotive gets energy by sliding through
the catenary, the load of the catenary fluctuates with
time, and its position moves dynamically.

The statistical data show that the failure of the traction
power supply system is mainly caused by the catenary
failure, which accounts for more than 90% of the failure of
the traction power supply system [1]. In order to avoid safety
and economic losses caused by catenary failures, it needs to
maintain the catenary in good working condition. Accurate
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evaluation and diagnosis of the catenary status are the
prerequisites for realizing the maintenance of the catenary
and keeping the catenary in good condition.

The state detection of catenary includes static detection
and dynamic detection. Static detection is a routine detec-
tion of manual use of portable detection equipment. Dy-
namic detection measures the parameters of the catenary
under the actual operation state by the detection equipment
installed on the special detection vehicle.

Static detection is carried out manually, which is in-
tensive, time-consuming, inefficient, and is limited by the
time of the skylight. A multifunctional laser measuring
instrument was proposed in [2] for the static detection. The
multivision technology was proposed to determine the
catenary according to the image characteristics captured by
the camera and to analyse the pantograph catenary com-
ponents through intelligent image recognition [3].

Since the catenary is a flexible mechanical suspension
system, the pantograph will cause the catenary to rise, so the
dynamic parameters of the catenary are different from the
static parameters. In the 1950s, Germany and Japan began to
develop catenary detection vehicles, which installed various
sensors and other equipment on the roof of locomotives, so
as to detect the pull-out value and height under dynamic
conditions when the train was running [4-6]. With the rapid
development of high-speed railways, the relationship be-
tween the pantograph and the catenary has gradually be-
come complicated, the catenary detection parameters have
also expanded from the height and pull-out value to the
pantograph contact force, the vertical acceleration of the
pantograph head, and the off-line rate.

China proposes to build a traction power supply safety
detection and monitoring system (6C system), which aim to
achieve comprehensive detection and monitoring of the
traction power supply system in all directions and full
coverage [7-10]. The catenary information obtained by the
6C system is more diversified, in addition to the traditional
geometric detection parameters of the catenary, it also in-
cludes various high-definition pictures, videos, and infrared
detection information, and this unstructured information
can be processed to extract the structural information of the
catenary.

It can be seen that with the development of detection
technology, the detection parameters of catenary become
more and more comprehensive. How to effectively use these
detection data to comprehensively and accurately evaluate
the state of the catenary has become a new problem.

At present, the single-threshold comparison method is
used to evaluate the state of catenary, which compares each
parameter with the corresponding standard value to de-
termine whether a certain parameter of the catenary exceeds
the standard [11]. Commonly used catenary parameters
include pull-out value and height [12], as well as dynamic
parameters such as height difference, hard point, and contact
force [1, 13]. With the increasing number of catenary de-
tection parameters, this single-parameter comparison
method is inefficient in judgment, and the judgment method
is simple, which cannot meet the needs of comprehensive
evaluation of the multidimensional parameters of the
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catenary. At the same time, the single-parameter compar-
ison method does not consider the correlation between the
catenary parameters, and there may be conflicting judgment
results in some conditions [14].

Different detection parameters reflect the state of the
same catenary from different respects. The comprehensive
evaluation of the multidimensional parameters can obtain a
more comprehensive and accurate evaluation result of the
catenary status. For example, the operation quality index
CQI was proposed to evaluate the operation quality of the
catenary [15], but the index does not consider the influence
degree difference of different parameters. On the basis of
CQ], [16] used the analytic hierarchy process to determine
the weight of each indicator, but it need to specify the
importance of each indicator manually, which was highly
subjective. In order to use the objective law embodied by the
catenary parameters, the entropy method was proposed to
determine the weight through the law embodied by the
change of the catenary parameters [17, 18], and the fuzzy
comprehensive evaluation method was proposed to evaluate
the state of the catenary comprehensively. A combination
method that combines subjective and objective methods to
perform hybrid calculations on the weights of indicators in
[19-21]. The above method can determine the degree of
influence of catenary parameters on the state of the catenary
from a subjective or objective perspective, but the calculation
is complicated, and the results are not intuitive enough to
reflect the inherent relationship between the catenary pa-
rameters. For this reason, [22] carried out cluster analysis on
the catenary detection parameters and performed linear
regression on each type of data, so as to obtain the math-
ematical model of the catenary detection parameters, and
judge the state of the catenary based on the regression model.
The normal cloud model was proposed in [23, 24] to process
the detection index, solve the problem of ambiguity and
randomness of the evaluation index, and establish a com-
prehensive evaluation model of the catenary operating state.
The set pair analysis method was proposed to determine the
degree of connection between each evaluation index and the
health status level [25]. These methods can carry out a
graded evaluation of the catenary status, but the evaluation
results cannot reflect the cause of the abnormal status, so
they cannot provide targeted guidance for the catenary
maintenance.

Normally, the detection parameters of the catenary
fluctuate around its standard value, and there is a certain
correlation between the parameters. When the state of the
catenary is abnormal, the state parameters of the catenary
will deviate from the standard value. At the same time, due
to the abnormality of the catenary structure, the original
correlation of the catenary parameters will be destroyed.
Therefore, the degree of deviation of the catenary detection
parameters from the standard value and the change in the
correlation between the catenary detection parameters can
reflect the abnormality of the catenary status.

Multivariate statistical analysis is a method of compre-
hensive analysis of multidimensional data, which can ana-
lyse the statistical distribution rules and interrelationships of
multidimensional parameters. The multivariate statistical
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control chart based on multivariate statistical analysis is a
commonly used quality management tool [26]. It can di-
rectly reflect the change process of detection parameters in
graphical form and comprehensively monitor, control, an-
alyse, and evaluate the process with multivariate parameters
[27]. This paper combines principal component analysis
with multivariate statistical control charts and uses principal
component analysis to reduce the dimensions of the mul-
tidimensional state parameters of the catenary. By obtaining
the principal component space and residual space of the
catenary detection parameters, the principal component T
control chart and the residual SPE control chart of the
catenary detection parameters on this basis are established.
The main element T> control chart and the residual SPE
control chart are used to comprehensively evaluate the status
of the catenary and analyse the reasons for the abnormal
status of the catenary. The results obtained can be used for
targeted guidance on the maintenance of the catenary.

2. Multivariate Statistical Analysis of Catenary
Status Based on Principal Component

2.1. Principal Component Analysis. The detection parameters
of the catenary are numerous and related to each other. In
order to reduce the complexity of processing the catenary
detection data and reduce the computational workload,
principal component analysis is used to simplify and compares
the catenary detection data. The original data space is trans-
formed into the main element subspace and the error subspace
to achieve the purpose of data dimensionality reduction.
Among them, the principal component subspace is the prin-
cipal component, which contains most of the data information;
the error subspace is the space orthogonal to the principal
component subspace and represents the degree of deviation of
the data from the principal component subspace [28].

The steps to transform the catenary detection data into
the main element subspace and the error subspace are as
follows:

(1) Standardize the test data. Due to the differences
between the dimensions of each parameter lead to
too large deviations between the data, it is necessary
to standardize the detection parameters first to ob-
tain the standardized detection data X;

(2) Calculate the correlation coefficient matrix:
Y=x-x" (1)

(3) Calculate the principal components and load matrix.
Find the characteristic equation:

Y M

Among them, I is the identity matrix. Solve the p
eigenvalues and their corresponding eigenvectors
and arrange the eigenvalues in descending order:
A=2A3>,...,2A, , where p is the dimension of the
detection parameter.

=0. (2)

(4) Determine the number of principal components of
the principal component subspace according to the
cumulative contribution rate. When the cumulative
sum of eigenvalues is greater than a certain specified
value Cp, the selected data information of the k
principal components can already include most of
the data information, that is, satisfy:

Z( 5 A.)ch. (3)

=1 i=1

(5) Determine the load matrix P and the principal
component space t. The selected eigenvectors cor-
responding to the k principal components form the
load matrix P, and the principal component space ¢
of the detection data is expressed as

t = XP. (4)

(6) Calculate the score matrix. The score matrix X is the
projection of the standardized data X in the principal
component space f:

A

X =tP". (5)

Since there is an error between the projection of the data
in the principal component space and the actual data, that is,
there is an error subspace E in the actual model space and the
principal component subspace, the original data can be
expressed as

AN
X=X+E (6)

According to (5) and (6), the error space E under the
action of the principal component space:

E=X-X
=X -tPT (7)
= X - xppP".

It can be seen from (7) that the principal component
space reduces the p-dimension detection parameters of the
original data to k-dimension, and there is no correlation
between the data. The remaining (p-k) dimensional data
constitute the error subspace E, which has not undergone
principal component transformation, and E contains the
correlation information of the detection parameters.

2.2. Evaluation of Catenary Status Based on Principal Com-
ponents Control Chart. The control chart is a quality control
tool that can monitor and diagnose the process. In order to
display the catenary status more intuitively and reflect the
development trend of the catenary status, the principal
component analysis and the multivariate statistical control
chart are combined to obtain the multivariate statistical
control chart based on the principal component analysis,
which includes principal component T° control chart,



residual SPE control chart, and principal component con-
tribution control chart [29].

The main component T> control chart uses the T°
statistics to reflect the change of the main metadata, which
can realize the status judgment of the main metadata of
the detected data. The SPE control chart uses the residual
SPE statistics for statistical testing, which reflects the
degree of deviation of the data from the pivot space and
can reflect the changes in the correlation between the data.
The principal component contribution control chart
calculates the contribution rate of each parameter at the
abnormal point to the T* statistic and the SPE statistic,
which can reflect the cause of the abnormality and play a
diagnostic role. Different from other types of control
charts, the principal component analysis control chart can
not only reflect the changes in state data but also accu-
rately diagnose the cause of the abnormality when the
state is abnormal, so as to provide guidance for
maintenance.

2.2.1. Principal Component T° Control Chart. The principal
component T° control chart is a statistical control chart that
monitors the principal components in the principal com-
ponent space based on the T statistics [30]. It can reflect the
change trend and the degree of deviation of the principal
components after the dimension reduction of the catenary
detection parameters and reflect the change of the data in the
principal component space.

Based on the definition of Hotelling 7T° statistic, for the
ith detection group, its principal component T7 statistic is
expressed as

T? = ;A" 't (8)

Among them, t; represents the principal component of
the ith group, A represents the diagonal matrix composed of
the eigenvalues of the selected k principal components. Since
the principal component and the original data satisfy (4), it
can be expressed in the form of the original data and load
matrix:

T; = X,PA"'P'X]. (9)

According to (8) and (9), it can be seen that the principal
component T control chart is a manifestation of the change
of principal component data in the principal component
space on the basis of eliminating the correlation between the
detection parameters of the catenary.

The control limit of the T control chart is expressed as

k(im-1)
-k

Among them, F;_,(k, m—1) represents the number of
principal components of the first degree of freedom k, the
second degree of freedom is m—1, m is the number of
detection parameter groups, and the confidence is the F
distribution of a. When T? > T2UCL, it means that the main
component data fluctuate beyond the normal range, and the
catenary status is abnormal.

T*UCL = F,_, (k,m—1). (10)
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2.3. Residual SPE Control Chart. The SPE control chart is a
control chart that reflects the change of the error between the
k principal component information and the p parameter
information of the catenary detection parameters [31],
which includes the change of the correlation between the
catenary detection parameters.

Once the SPE control chart is abnormal in the evaluation
process, it means that the deviation between the data and the
principal component space is too large at this time, and the
data are abnormal. Since the SPE control chart is an error
value formed by integrating all parameters, the SPE control
chart can not only monitor the deviation of the data relative
to the principal element space but also detect the change in
the internal correlation of the data. For the ith sample, the
SPE statistics are calculated as

Q=EE
. (11)
= X; (1-PP") (1-PP")X,.

It can be seen from (11) that the Q; statistic reflects the
degree to which the data deviates from the pivot space and at
the same time reflects the change in the correlation between
the data. The control limit of the SPE control chart is [32]:

1/hg
QUCL = 6, z1_ 4126, + 6,k (hZo -1) 1 . (12)
0, o

Among them, 0, = j?:n+l )Lj-(i =1,2,3),
hy=1- 20103/365, Z,_, 1s the 1 — a quantile of the Gaussian
distribution. When Q;> QUCL, it means that the non-
principal component part has a large deviation, and the
principal component model is out of control and needs to be
adjusted.

When the status of the catenary is abnormal, the status
parameters of the catenary will shift, and the correlation
between the parameters will also change, which will cause
the statistics of the T> control chart and SPE control chart to
exceed the limit. Therefore, the main component T? control
chart and the residual SPE control chart can be used to judge
the status of the catenary.

3. Catenary Status Diagnosis Based on
Contribution Rate Control Chart

The T control chart and SPE control chart can reflect the
abnormality of the catenary status, but cannot find out the
cause of the abnormality. The contribution control chart
calculates the sum of the contribution rate of each parameter
at the abnormal point to the abnormality, so as to determine
the cause of the abnormality [29].

The abnormality in the T> control chart is caused by the
principal component, and the contribution value of the jth
detection parameter X jis

k
CONTT; = ) P; XA, (13)
=1

Among them, CONTT? represents the contribution rate
of the jth detection parameter to the principal component



Advances in Civil Engineering

7 Pj represents the value of the Ith principal component of
the jth detection parameter in the load matrix P, and A,
represents the eigenvalue corresponding to the Ith principal
component.

For the SPE control chart, the contribution rate at the
abnormal point is the error square value at the fault point,
and the contribution rate of the jth detection parameter to
the SPE statistics is

CONTSPE = (X! (1-PP"))’. (14)

The higher the contribution rate of the parameter, the
greater the impact on the abnormality of the fault, so the
cause of the abnormality of the catenary status can be de-
termined based on this.

Therefore, the establishment of the principal component
analysis control chart is divided into two processes. First of
all, the detection data are used to construct a principal
component analysis control chart model that can correctly
evaluate the status of the catenary, determine the number of
principal components required, and calculate the control
limits of the T control chart and the SPE control chart.
Then, on the basis of the control chart, the detection data of
other sections of the catenary is analyzed and evaluated, and
the corresponding principal component contribution con-
trol chart is drawn for the over-limit point to diagnose the
cause.

4. Case Analysis

Take the detection data of a certain section of the catenary
and use the multivariate statistical control chart to evaluate
and diagnose the state of the catenary. Select the lead height
X1, the pull-out value X2, the height difference X3, the hard
point X4, and the contact force X5 in the detection pa-
rameters as the detection parameters for judging the state of
the catenary and constitute the detection parameter X = (X1,
X2, X3, X4, X5). The changes of 25 groups of detection
parameters of a certain section of catenary are shown in
Figure 1. The red line in the figure is the allowable value
range determined in accordance with the current “High-
speed Railway Catenary Operation and Maintenance Rules”.

Table 1 shows the standardization value of the catenary
detection parameters in this section.

Calculate the eigenvalues and eigenvectors of the stan-
dardized data and arrange them in the descending order of
eigenvalues. Calculate the cumulative sum of different ei-
genvalues, take the cumulative sum criterion Cg =85%, and
the cumulative contribution rate of the first three principal
components is 87%. Therefore, the number of principal
components is determined to be three, and only the first
three principal components can include most of the in-
formation in the analysis, so as to achieve the purpose of
dimensionality reduction.

According to (9) and (11), the dot values of T* control
chart and SPE control chart are calculated, as shown in
Table 2.

Given the confidence level a=0.01, it is calculated
according to (10) that T°UCL=13.50, calculate that

01 =274 = 0.65, 6, =354 A = 029,60, = YA =014,
hy =1 -20,05/30; = 0.25. According to (12), the SPE con-
trol limit is calculated as QUCL =0.61. Plot the dot values
and control limits of the principal component T> control
chart, SPE control chart, and conventional multivariate T
control chart mentioned in this article in the same graph,
and the multivariate statistical control chart of the catenary
obtained is shown in Figure 2.

It can be seen from Figure 2 that the multivariate sta-
tistical control chart can integrate the multidimensional
detection parameters of the catenary into a statistical
quantity and visually display it in the form of graphics,
which makes it easier to judge the state of the catenary. For
this section of the catenary, the statistics of its state pa-
rameters are all within the control limit, indicating that the
detection data X are in a controlled state, and the state of this
section of the catenary is normal. At the same confidence
level, the principal component T* control chart in this paper
retains the core principal components and is more sensitive
to the fluctuation of the detection parameters than the
multivariate T> control chart.

Select the detection data of this section of the catenary in
another time period and draw the corresponding principal
component analysis control chart, as shown in Figure 3.

It can be seen from Figure 3 that the statistics of the 13th
group of the T control chart are abnormal, and the statistics
of the 13th and 25th groups of the SPE control chart are
abnormal. The 13th set of data is abnormal in both the
principal component subspace and the error subspace, in-
dicating that the state reflected in this set of data is abnormal
and needs to be adjusted. The abnormality of the 25th group
of statistics reflects that the data have a large deviation from
the principal component space, the correlation between the
data has undergone abnormal changes, and the contact
network status is abnormal and needs to be adjusted.

In order to find out the reasons for the abnormality of
statistics in the 13th and 25th groups, the contribution rate
of the abnormal parameter is calculated as shown in
Figure 4.

As can be seen in Figure 4, the hard point and height
difference in the 13th group have a larger contribution rate,
and the 25th group hard point and the leading height have a
larger contribution rate. Based on this, it is judged that the
state at the position of the catenary reflected by the 13th
group of statistics is abnormal, and the factors that cause the
abnormal state at this point are hard point and height
difference. The factor causing the abnormality of the 25th
group of statistics is the change in the correlation between
the hard point and the height difference.

Combined with the actual detection parameter changes,
the analysis in Figure 1 shows that the principal component
analysis control chart does not need to analyse the detection
parameters in each detection group separately and can
comprehensively evaluate all the detection parameters to
evaluate the catenary status. Not only it is more sensitive to
data fluctuations, it can detect abnormalities in advance, and
it can also detect abnormalities caused by parameter out-of-
limits and changes in related relationships. The principal
component analysis control chart can not only reflect the
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FIGURE 1: Changes of catenary parameters of one section. (a) Lead Height/mm; (b) pull-out value/mm,; (c) height difference/mm; (d) hard
point/(g); (e) contact force/(N).
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TaBLE 1: Standardized data of the catenary detection parameters in this section.
X1 X2 X3 X4 X5
0.33 0.92 —-0.68 -0.68 -0.96
0.40 0.84 -0.95 -1.00 -1.05
0.09 -0.73 -0.79 -0.88 -0.67
1.19 -0.98 -0.72 -0.49 -0.71
-0.60 0.87 0.54 -0.60 -0.63
0.42 0.92 1.93 2.11 -0.36
-0.22 -0.71 -0.99 0.18 0.79
1.64 -1.15 0.55 2.39 1.38
-0.56 1.18 0.14 -0.21 -0.26
0.44 -0.76 -1.32 -0.83 -0.70
0.47 -0.78 -0.91 -0.95 -0.43
0.27 -0.74 -0.53 -0.86 -1.04
-0.08 1.03 0.23 0.70 2.81
-0.27 -1.11 -0.43 -0.24 0.75
0.96 1.14 1.53 0.25 -0.06
-1.00 -1.16 0.23 -0.23 0.73
-1.68 -1.22 1.87 0.19 -0.30
-2.05 -0.93 0.11 -0.06 0.29
1.42 1.17 -0.27 0.05 0.78
0.87 1.00 1.11 0.36 -0.29
-2.17 -1.07 1.34 2.55 2.14
-1.09 1.28 1.01 0.08 -0.07
0.36 0.88 -0.87 -0.73 -0.99
0.49 0.82 -0.92 -0.74 -0.36
0.36 -0.72 -1.22 -0.38 -0.80
TaBLE 2: Rated value of T? control chart and SPE control chart.

Group no. T Q Group no. T Q
1 3.40 0.14 14 1.61 0.11
2 242 0.12 15 3.15 0.17
3 413 0.18 16 1.80 0.20
4 5.72 0.21 17 6.36 0.43
5 2.11 0.01 18 4.63 0.02
6 7.31 0.49 19 2.97 0.00
7 1.86 0.13 20 2.40 0.00
8 9.68 0.01 21 9.46 0.16
9 2.00 0.31 22 2.18 0.03
10 291 0.07 23 3.10 0.26
11 1.59 0.07 24 1.32 0.52
12 2.49 0.00 25 2.90 0.19
13 8.48 0.04
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FiGuRre 4: Contribution control chart of group 13 and group 25. (a) T? contribution rate chart of group 13; (b) SPE contribution rate chart of

group 13; (c) SPE contribution rate chart of group 25.

changes in the principal component space, show the cor-
relation within the data, but also find out the cause of the
failure.

5. Conclusion

(1) The main component T* control chart can show the
degree of fluctuation and deviation of the catenary
status parameters. The residual SPE control chart can
reflect the changes in the relationship of the catenary
state parameters. The main component T° control
chart and the residual SPE control chart of the
catenary parameters can be used to evaluate the state
of the catenary.

(2) The principal component T* control chart and the
residual SPE control chart can convert the multi-
dimensional detection parameters of the catenary
into a statistic. It is displayed in the form of graphs,
and the relationship between statistics and control
limits is used to judge the status of the catenary. The
method is simple and the result is intuitive.

(3) The contribution rate control chart can reflect the
contribution degree of different parameters to the
abnormal state on the basis of the main component
T? control chart and the residual SPE control chart to
realize the abnormal judgment of the catenary state.
It can be used to determine the cause of the abnormal
state of the catenary, so as to provide targeted
guidance for the maintenance of the catenary.
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