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1 Introduction

Fault location for the traction power network is an important 
guarantee for the safe and reliable operation of the traction 
power supply system. Common fault location methods for 
the traction power network include the reactance method, the 
autotransformer (AT) neutral current ratio method, the up-
down-line current ratio method, the cross-line current ratio 
method, and so on [1–5]. Some scholars have studied the 
feasibility of the traveling wave method in fault location for 
the traction power network [6, 7]. However, compared with 
the transmission line in power systems, the catenary of one 
power supply section in the traction power network is too 
short, and a large number of branch lines and components 
are in parallel or in series with the network, so the traveling 
wave will be frequently refracted or reflected, which makes 
the wave head difficult to identify.

Faults in the AT traction power network are mainly short-
circuit faults between the trolley line (T), the rail (R), and the 
negative feeder (F). The AT traction power network mainly 
adopts fault location methods based on the relation of the 
current ratio and the distance from the beginning of the fault 
AT section to the fault point [4], which can be applied to 
fault location under T to R short-circuit fault (T–R fault) 
or F to R short-circuit fault (F–R fault) of the AT traction 
power network with single-line, double-line, and cross-
coupling AT power supply modes [8]. Among them, the 
cross-coupling AT power supply mode is the main mode 
of the AT traction power network in high-speed electrified 
railways. At present, some scholars have put forward some 
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improved methods and expansion schemes of fault loca-
tion for the AT traction power network. In Refs. [9, 10], the 
impedance characteristics of the AT traction power network 
under short-circuit faults are studied by using the gener-
alized symmetrical component method, which provides a 
theoretical basis for fault location. References [11, 12] pro-
posed new schemes for identification of the section with the 
ground fault based on AT neutral currents, which is more 
accurate than the traditional identification method. Lin et al. 
[13] combined the AT neutral current ratio method and the 
reactance method to realize fault location for the over-zone 
feeding operation condition in high-speed electrified rail-
ways. Considering the structure of Korean railway system, 
Cho et al. [14] proposed a novel fault location method based 
on the relationship between AT neutral currents and branch 
currents, which improved the accuracy of fault location for 
Korean traction power supply system. Serrano et al. [15] 
proposed a method of ground fault location based on cur-
rents of the ATs. However, this method is sensitive to the 
fault current variations produced by the network voltage 
fluctuations or by the main transformer tap changer position. 
Therefore, in Ref. [16], Serrano improved the above method 
by replacing currents of ATs with the ratio of currents of 
ATs and substation transformer. However, this method is 
also based on the fault current distributions when a ground 
fault occurs, which is familiar with the traditional AT neutral 
current ratio method. In Ref. [17], a composite impedance 
model for general circuit topology of the AT section under 
different power supply modes is established. Based on this 
model, a unified fault location method suitable for various 
power supply modes and fault types is proposed, which is 
more accurate and robust.

In practical applications, due to the length of the AT 
section, the leakage reactance of the ATs, the leakage cur-
rent on rails, and other factors, the traditional fault location 
method based on the Q–L relation needs to be corrected by 
the field short-circuit test or a small amount of historical 
short-circuit fault data [18–20]. However, this method has 
two main defects:

• Size of samples of the Q–L relation provided by the field 
short-circuit test or the historical short-circuit fault data 
is insufficient, which limits the correction ability of this 
method.

• With the increasing complexity of traction power sup-
ply system, the traditional fault location method cannot 
describe the nonlinear Q–L relation caused by a large 
number of influencing factors.

This paper introduces the electric multiple unit (EMU) 
load test and calculates the AT neutral current ratio through 
a large number of measured load-related current data 
obtained from the traction substation, the AT station, and the 

sectioning post that run the power supply arm, which pro-
vides a data basis for improving the traditional fault location 
method for the AT traction power network. References [21, 
22] verify the feasibility of this scheme. The conclusions 
show that the distribution of locomotive load current in the 
traction power network can be equivalent to the distribution 
of short-circuit current, so as to obtain sample data that can 
be used to describe the Q–L relation. Aiming at the first 
defect of the traditional fault location method, some scholars 
combined with the load-related test data and established a 
linear regression model based on the least square method 
[23]. This method can be used to correct the parameters of 
the traditional fault location method, so as to improve the 
accuracy of fault location. However, it still cannot describe 
the nonlinear relation in the local area of the AT section. 
Therefore, in order to overcome the inherent defects of the 
traditional fault location method, an improved fault location 
method based on the BP neural network is proposed in this 
paper to describe the nonlinear Q–L relation in fact. The BP 
neural network has self-adaptive and self-learning ability, 
and its robustness and fault tolerance are strong. It is widely 
used in load forecasting, fault diagnosis, and other fields of 
power systems [24, 25].

2  Fault location method based on Q–L relation

When the T–R short-circuit fault occurs on the point f of 
the single-line AT traction power network, the AT neutral 
current distribution is shown in Fig. 1.

In Fig. 1, SS is the traction substation; ATPn is the nth 
AT station in the AT power supply arm; T, R, and F are the 
trolley line, the rail, and the negative feeder, respectively; L 
is the distance from the beginning of the fault AT section 
to the fault point (in km); D is the length of the AT section 
where the fault is located (in km).

The AT neutral current ratio is defined as follow:

(1)Q =
In+1

In + In+1
,

Fig. 1  Current distribution of load test of single-line AT traction 
power network
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where In and In+1 are values of AT neutral currents measured 
in the AT stations on both sides of the fault AT section (in 
A).

By analyzing the circuit shown in Fig. 1 and considering 
the practical application, the following correction equation 
for fault location can be obtained [4]:

where Q1 and Q2 are the parameters related to the length of 
AT section where the fault is located, the leakage reactance 
of ATs, the leakage current on rails, and other factors. AT 
sections of different railway lines have different values of 
Q1 and Q2 . In practical applications, Q1 and Q2 in Eq. (2) 
are generally corrected by the short-circuit test data before 
the operation of electrified railways or the historical short-
circuit fault data during the normal operation of electrified 
railways. The short-circuit test is destructive and it will 
impact the traction transformer, so it cannot be carried out 
in large quantities. Generally, each AT section only carries 
out short-circuit tests at one or two points for each fault type, 
which makes it still difficult to determine Q1 and Q2 in Eq. (2).  
No matter what correction method, Q and L reflect a linear 
relation in Eq. (2). However, in the practical application of 
fault location for AT traction power network in China’s high-
speed electrified railways, it is found that Q and L do not 
reflect the linear relation that is always mistaken by people, 
so the traditional fault location method based on Eq. (2) will 
still lead to errors to a certain extent.

3  EMU load test and data filtering

According to the characteristics of the AT traction power 
network, when a single-point ground fault or load operation 
occurs at the same position, the same AT neutral current 
ratio can be obtained. The value is determined by the posi-
tion of ground fault or load and system parameters of AT 

(2)L =
Q − Q1

1 − (Q1 + Q2)
D,

traction power network, which is basically independent of 
the absolute value and phase difference of current.

The fault location system can only locate the single-point 
fault in AT section, so only one EMU is used for the load 
test. When there are multiple loads, the test data are inva-
lid. As shown in Fig. 2, the EMU load test system includes 
current sampling devices with synchronous clocks and a 
position recorder. In Fig. 2, SP is the sectioning post. In 
the test, the load of one EMU simulates the T–R fault to 
realize the effect of multiple short-circuit tests at different 
positions of the test section. By recording AT neutral cur-
rents at SS, ATP, and SP and the relation between the posi-
tion of the EMU and time on the EMU, the EMU load data 
that simulate the T–R fault can be collected to describe the 
Q–L relation [22].

During the test, the current sampling devices collect the 
effective values of the AT neutral current ratio at SS, ATP, 
and SP on the same power supply arm at an interval time of 
1 s. The position recorder records the kilometer post of the 
EMU in real time.

Due to the influence of system errors such as the accuracy 
of the current transformer, the accuracy of current sampling 
devices, and synchronization of clocks at each station, there 
are some abnormal data with the unreasonable Q–L relation; 
so it is necessary to set reasonable filtering methods. In this 
paper, the validity of data is verified based on the Kirchhoff 
theorem on the whole power supply arm composed of the 
traction substation, the AT station, and the sectioning post. 
For example, the current distribution is shown in Fig. 3 when 
the EMU load test is carried out on the cross-coupling AT 
traction power network.

In Fig. 3, İT1 , İF1 , İT2 , and İF2 are the current in the down-
line trolley line, the current in the down-line feeder, the cur-
rent in the up-line trolley line, and the current in the up-line 
feeder, respectively (in A); İ1 and İ2 are AT neutral currents 
of AT1 and AT2 , respectively (in A).

Generally, the sum of effective values of the four feeder 
currents in the traction substation is approximately equal 
to the sum of effective values of AT neutral currents of the 
transformers in the traction substation, the AT station, and 

Fig. 2  Schematic diagram of EMU load test system
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the sectioning post [4]. Therefore, one of the data filtering 
principles can be expressed as

where Is is AT neutral current of the transformer in the trac-
tion substation (in A), Is = |İT1 + İF1 + İT2 + İF2| [4]; Iset1 is 
generally considered according to the maximum unbalanced 
current caused by system errors. In engineering, the setting 
value of Iset1 can be adjusted in combination with the actual 
collected data. When this condition is met, the data point 
is invalid.

At the same time, based on the principle that the sum of 
the effective values of the four feeder currents in the traction 
substation is approximately equal to the load current of the 
EMU, the load current of the EMU can be estimated, and the 
data collected when the load current of the EMU is low can 
be discarded to avoid the influence of system errors. There-
fore, another data filtering principle can be expressed as

where Iset2 is the minimum allowable load current of the 
EMU (in A), it is generally considered according to the low 
load current when the EMU runs slowly or is stopped. When 
this condition is met, the data point is invalid.

It should be noted that the characteristic with the Q–L 
relation corresponding to the F–R fault is different from that 
of the T–R fault, so the above load test based on the EMU 
is not feasible. However, based on the same theory, the Q–L 
relation corresponding to the F-R fault can be obtained by 
using movable impedance. The movable impedance can be 
a resistance or capacitor with enough capacity, which is 
installed on the rail flat car. The two ends of the movable 
impedance are, respectively, connected with the negative 
feeder and the rail. At different positions, the F–R fault test 
can be realized.

(3)IT1 + IF1 + IT2 + IF2 − Is − I1 − I2 ≥ Iset1,

(4)IT1 + IF1 + IT2 + IF2 ≤ Iset2,

4  Improved fault location method based on BP 
neural network

In order to establish a model to describe the nonlinear Q–L 
relation according to the data of the EMU load test and real-
ize fault location, the nonlinear regression method based on 
the back propagation (BP) neural network is adopted in this 
paper. The BP neural network is a feedforward neural net-
work based on the error back propagation algorithm, which 
has the ability to deal with linear inseparable problems. The 
BP neural network includes the input layer, the hidden layer, 
and the output layer. The universal approximation theo-
rem shows that multilayer feedforward neural network can 
approximate continuous functions of arbitrary complexity 
with arbitrary accuracy with only one hidden layer contain-
ing enough neurons [26]. The BP neural network topology 
established in this paper is shown in Fig. 4.

In this model, the input layer and the output layer are 
the AT neutral current ratio Q and the distance L, respec-
tively. The setting of the number of neurons in the hidden 
layer is an open problem. The range is usually determined 
by the empirical formula and adjusted by the trial and error 
method [26]. The number of neurons in the hidden layer can 
be determined as follows [27]:

Fig. 3  Current distribution of Load test of cross-coupling AT traction power network

Fig. 4  Neural network topology
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where p, m, and n are the number of neurons in the hidden 
layer, the input layer, and the output layer, respectively; a is 
a constant in the range of [0, 10].

In this paper, the Tansig function and the Purelin func-
tion are used as the transfer functions of the hidden layer 
and the output layer, respectively. The expressions of Tansig 
function and Purelin function are shown in Eqs. (6) and (7), 
respectively [28]:

In this paper, the mean square error is used as the loss func-
tion, and the expression is shown as follows:

where yi is the true value of the output of the sample; 
∧
yi is 

the output of the neural network.
In order to optimize the gradient descent method, the 

learning algorithm in this paper adopts the Levenberg–Mar-
quardt optimization algorithm and this algorithm has an 
excellent performance in training time, iteration times, and 
training errors [29, 30].

In order to improve the training speed, the samples should 
be normalized to −1 to 1 according to the following equation 
before training:

where x is the original samples; x∗ is normalized results of 
the original samples; xmax and xmin are the maximum and 
the minimum values in the original samples, respectively.

The fault location equation based on the BP neural net-
work can be expressed as

where �(i) is the weight of the ith layer; b(i) is the threshold 
of the ith layer; L∗ is normalized result of the distance from 
the beginning of the AT section where the fault is located 
to the fault point; Q∗ is normalized result of the AT neutral 
current ratio.

After the calculation, in order to obtain the final actual 
fault distance, the normalized result should be denormalized 
according to the following equation:

(5)p =
√
m + n + a,

(6)g(x) =
2

1 + e−2x
− 1,

(7)g(x) = x.

(8)MSE =
1

n

n∑

i=1

(
yi −

∧
yi

)2

,

(9)x∗=
2
(
x − xmin

)

xmax − xmin

− 1,

(10)L∗ = purelin((�(2))T ⋅ tansig(�(1)
⋅ Q∗ + b

(1))+b(2)),

where Lmax and Lmin are the maximum and the minimum 
values of samples of fault distances, respectively (in km).

The flowchart of the improved fault location method is 
shown in Fig. 5.

5  Verification and comparison

5.1  Data processing

The EMU load test was carried out on the up line of the 
ATP-SP section in Meizhou–Shantou high-speed railway 
in Guangdong, China. The kilometer posts of the AT sta-
tion and the sectioning post are 54.103 km and 38.581 km, 
respectively. The variables collected during the test are 
shown in Table 1. Based on the data of the EMU load test, 
the Q–L relation samples for the corresponding AT section 
can be calculated according to Eq. 1. During the operation of 
EMU, the load current is about 200 A to 400 A. Therefore, 

(11)L =
(L∗ + 1) ⋅

(
Lmax − Lmin

)

2
+ Lmin

,

Start

Calculate Q according to Eq. (1)

Denormalize L* to L 
according to Eq. (11)

Input In and In+1

Normalize Q to Q*

according to Eq. (9)

Calculate L* according to Eq. (10)

End

Fig. 5  Flowchart of the improved fault location method
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when Iset1 and Iset2 in Eqs. (3) and (4) were set to 20 A and 
100 A, respectively, the data of the EMU load test that may 
cause large errors can be filtered to improve the effectiveness 
of the Q–L relation samples. The complete data samples 
contain 571 data points, including 405 valid data points and 
166 invalid data points. In order to verify the effectiveness 
of the improved fault location method, the Q–L relation sam-
ples can be divided into group A and group B according to 
the parity characteristics in the order of distance coordinates, 
so as to ensure the uniformity of sample distribution in the 
AT section. Group A and group B of the Q–L relation sam-
ples are shown in Fig. 6.

5.2  Effectiveness verification of different methods

In order to obtain the parameters of the improved fault loca-
tion method and the traditional fault location method, the 
BP neural network and the linear least square method were, 
respectively, used to realize the regression of the Q–L rela-
tion samples in group A. Based on MATLAB, these two 
models were built. In the training process of the BP neural 
network, the train set, the validation set, and the test set 
are 70%, 15%, and 15% of the random Q–L relation sam-
ples in group A, respectively. In this paper, the learning rate 
is 0.001, the maximum number of iterations is 1000, the 
expected error is 5 × 10−4 , and the maximum number of 
validation is 6. According to Eq. (5), the empirical range 
of the number of neurons in the hidden layer can be 2–12. 
After many tests, the performance of the model is basically 
unchanged when there are more than three neurons in the 
hidden layer, as shown in Table 2. Among them, the model 
parameters are determined by the training of group A of the 
Q–L relation samples, and the average absolute errors are 
obtained by the test of group B of the Q–L relation samples. 
To decrease the complexity and increase training and cal-
culation speed of the model, the number of neurons in the 
hidden layer should be 4.

The variation curves of the mean square errors of each 
dataset are shown in Fig. 7. During 125 iterations of train-
ing, the mean square error of the validation set could not 
decrease for 6 consecutive times. The mean square error of 

the validation set is 6.528 × 10−3 , which is shown in Fig. 7. 
The regression of the Q–L relation based on the BP neural 
network and the least square method is shown in Fig. 8. By 
comparing with the regression of the least square method, 
it can be concluded that the BP neural network can more 
effectively describe the Q–L relation with the T–R fault.

The parameters obtained based on the two regression 
methods are shown in Table 3. In this table, Q1 and Q2 in the 
traditional fault location method are parameters related to 
AT neutral currents corresponding to the distance coordinate 
of the regression result using the least square method at the 
beginning and the end of the AT section.

In order to further verify the superiority of the improved 
fault location method, it is necessary to compare the accu-
racy of the two fault location methods through the data 
which are not involved in the regression of the Q–L relation 

Table 1  Variables contained in the dataset

Variable Collection place

İT1 Traction substation
İF1 Traction substation
İT2 Traction substation
İF2 Traction substation
İ1 AT station
İ2 Sectioning post
Kilometer post EMU

Fig. 6  Grouping diagram of Q–L relation samples

Table 2  Errors of neural network with different numbers of neurons 
in hidden layer

Number of neurons Average absolute error (km)

2 0.100
3 0.100
4 0.065
5 0.066
6 0.065
7 0.061
8 0.063
9 0.068
10 0.060
11 0.062
12 0.061
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according to the parameters shown in Table 3. Therefore, 
group B of the Q–L relation samples is used to compare 
the fault location capabilities of the improved fault loca-
tion method and the traditional fault location method in the 
whole section where the fault is located. The absolute error 
is used in this paper to evaluate two fault location methods. 
Absolute errors of fault location results of two fault loca-
tion methods are shown in Fig. 9. It can be concluded that 
the maximum absolute error and the average absolute error 
of the fault location results of the traditional fault location 
method are 1.170 km and 0.399 km, while the maximum 
absolute error and the average absolute error of the fault 
location result of the improved fault location method are 
only 0.519 km and 0.065 km, which show that the perfor-
mance of the improved fault location method is better than 
that of the traditional fault location method in the local and 
the whole area of the fault AT section.

5.3  Verification by short‑circuit test

Before the formal opening of the Meizhou–Shantou high-
speed railway, several short-circuit tests with different fault 
types and different locations were carried out. The data of a 
T–R short-circuit test are shown in Table 4.

Based on the parameters of the improved fault location 
method suitable for the fault AT section shown in Table 3, 
the accuracy of the proposed method in practical applications 
is verified. According to Eqs. (1), (9)–(11), and parameters 
shown in Eq. (3), the length of the fault given by Eq. (4)  
is 15.480 km and the error is only 0.008 km, while the error 
of the traditional method is 0.221 km.
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Fig. 7  Training performance

Fig. 8  Regression of Q–L relation based on two methods

Table 3  Parameter values of two methods

Method Param-
eter

Value

Improved method �
(1) (7.3615, −3.0357 , −1.7491 , −6.7746)T

�
(2) (0.1316, −0.3214 , −0.5300 , −0.1899)T

b
(1) (−6.2014 , 1.0933, −1.0216 , −6.1875)T

b(2) −0.1163

Lmax 15.5220
Lmin 0.0000
Qmax 0.8280
Qmin 0.1420

Traditional method Q1 0.0985
Q2 0.1970

Fig. 9  Absolute errors of two fault location methods



539Improved fault location method for AT traction power network based on EMU load test  

1 3Rail. Eng. Science (2022) 30(4):532–540

6  Conclusion

In this paper, to improve the accuracy of fault location for 
the AT traction power network in high-speed electrified 
railways, the EMU load test is introduced. Using the cur-
rent data of the EMU load test, the regression method based 
on the BP neural network is applied, and an improved fault 
location method is proposed. Compared with the traditional 
fault location method, the maximum absolute error and the 
average absolute error of the improved fault location method 
are significantly lower. The application based on the short-
circuit test data also shows that the method has high accu-
racy and can effectively eliminate the adverse impact of the 
nonlinear Q–L relation on fault location for the AT traction 
power network in high-speed electrified railways.

It is worth pointing out that the BP neural network applied 
by the improved method has a small parameter scale, simple 
training method, fast operation speed, and high prediction 
efficiency, so it is easy to be applied in engineering.
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