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Abstract. This paper presents an analysis of the fully parallel AT traction net-
work using a six conductor transmission line. An equivalent model is derived and
simulation models for traction substations, section posts, AT posts, traction net-
works, and electric locomotives are comprehensively built using RT-plus/Simulink
to enhance the practicality of the simulation. Based on these models, a simula-
tion software for electrified railway traction power supply system is developed
using vehicle network coupling power flow calculation. The results of the exam-
ple calculation demonstrate that this method effectively considers the interaction
between the train and the traction power supply network, leading to a more accu-
rate reflection of power flow distribution in the traction power supply system.
So, the proposed method has significant application value in electrified railway
engineering.
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1 Introduction

With the advancement of electrified railways, the methods of supplying power have
become increasingly diverse [1]. Currently, the fully parallel AT power supply stands
out due to its exceptional electrical performance. However, its complex structure and the
railway transportation properties pose challenges in accurately calculating the real-time
voltage and current fluctuations in the traction network.

Drawing upon the six-conductor transmission line model and taking into account
the spatial distribution characteristics of the traction network, this study establishes a
unified mathematical model of the traction network. Through this model, the impedance
of the traction network can be calculated, thereby improving its overall accuracy [2].
Presently, most literature calculates the power flow of traction power supply systems
based on the magnitude of the injected current value of the train under rated operating
conditions for a single power supply arm [3, 4]. However, in reality, there is electrical
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coupling between each power supply arm, and the steel rail, as the main conductor of
the traction network, remains uninterrupted along the line.

In order to streamline the power flow calculation algorithm for electrified railway
traction power supply systems and enhance the precision of power flow calculations,
this paper proposes a power flow calculation method for traction power supply systems
based on vehicle network coupling. Compared to existing methods, this method offers
several key improvements. Firstly, acomprehensive vehicle network simulation model of
a fully parallel AT power supply system was developed, wherein a constant power source
locomotive model was implemented to replace the constant current source model. This
substitution enables more accurate calculation of the rail potential at the end of the power
supply arm. Secondly, a vehicle network coupling method for power flow calculation was
introduced, which entails establishing a mechanism for interactive iteration between train
simulation and traction network calculation [5]. By taking into account the interaction
between the train and the traction power supply network, the proposed method can more
precisely reflect the power flow distribution of the traction power supply system.

2 Dynamic Simulation Test of at Traction Network

The real-time simulation platform adopts the smart grid digital simulation system devel-
oped by Xu chang Kai pu Research Institute [6]. This system has strong nonlinear
waveform processing ability, advanced multithreading technology, and abundant 10
resources [7, 8]. It is equipped with a RT Linux system with two parts: hard real-time
and program, a 4-core CPU processor, and an 83.33 capable of capturing waveform
changes p Perform parallel computing while conducting real-time analysis of simula-
tion and waveform analysis to ensure compliance with the requirements of power supply
capacity simulation evaluation, as shown in Fig. 1.
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Fig. 1. RT-plus real-time digital simulation test platform

The connection voltage of heavy-duty railway traction substations is usually in three
modes: 110kV, 220kV, and 330kV, with 220kV being the most common. According to
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the actual situation of Zhangtang Railway, the rated voltage of this model is set to 220kV,
and other parameters are defaulted, as shown in Fig. 2.

Fig. 2. 220kV external power supply model

2.1 Model of Traction Transformer and Autotransformer

The traction transformer is an important device in the traction substation. Its main func-
tion is to convert the external electric energy into the electric energy required by the
electric locomotive through the appropriate wiring mode, and convert the three-phase
power grid into electrical indicators including capacity, voltage and current. Most of the
traction transformers used in the Tangzhang Heavy haul Railway are of the V/x type,
which is not easy to model [9]. However, according to the principle and structure, they
can be combined by two single-phase V/v types, as shown in Fig. 3.
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Fig. 3. Traction transformer model

In the fully parallel AT traction power supply, its strong power supply ability and
anti-interference ability mainly come from the AT power supply method, which is the
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autotransformer. There is no dedicated autotransformer module in MATLAB/Simulink,
but it can be converted to a single-phase dual winding transformer based on the working
characteristics of the autotransformer. Its high-voltage and low-voltage sides are on the
same winding, and the turn ratio is 2:1, as shown in Fig. 4.
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Fig. 4. Autotransformer model

2.2 Full Parallel at Traction Network Model

The lines of the traction power supply system are different from ordinary power grids,
with more types and numbers, and are more complex. There is electromagnetic coupling
between each contact line, and the impact of coupling cannot be ignored. To better
analyze the mathematical relationship between the contact network, messenger wire,
and rail, and to facilitate the construction of a traction network model, the traction
network is equivalent to a six conductor model, as shown in Fig. 5.
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Fig. 5. Sectional view of fully parallel AT traction network
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3 Electric Locomotive Model

The main circuit model of HXD2B electric locomotive consists of 25kV ideal volt-
age source, PWM single-phase inverter, three-phase asynchronous motor and its drive
inverter [10]. In order to facilitate the analysis of the operation of HXD2B electric loco-
motive, the main circuit model of HXD2B is built using the digital simulation software
RT plus/Simulink, as shown in Fig. 6.
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Fig. 6. Main circuit model of HXD2B electric locomotive

4 Power Flow Calculation Based on Vehicle Network Coupling

During the operation of a locomotive, its status changes with its position. However,
static analysis can be conducted on a specific locomotive at a specific location through
model equivalence and locomotive power, and then the voltage of the locomotive can
be obtained by iterating the current distribution patterns and parameters of the traction
substation, traction network, and locomotive.
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Fig. 7. Mathematical model diagram of traction power supply system

Mainly including external system power supply, traction transformer impedance,
autotransformer impedance, The injection current is divided into locomotive equivalent
injection ITr and traction substation equivalent current (/4, Ig).
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The specific calculation steps are as follows:

Stepl: Solve the current vectors of each section shown in Fig. 7.

Divide N sections into three types based on the level of concern: traction substation
section /g,p, locomotive section I, and general line section /4. Taking single line AT
power supply as an example, the current vector is classified in five directions, the current
matrix is sequentially divided into contact wire, steel rail, F-line, protection wire, and
ground wire from the first column to the last column of the vector. The specific calculation
formula is as follows:

. . T
Isub quu O _quu 00
Iy =|~Iply 0 00 (2
Iorg 0 0 0 00

Assuming that the required complex power of the locomotive is S”y; and the initial
voltage of the locomotive is Uy, the calculation formula for the locomotive traction
current can be obtained as

. S* *
I = |4 3)
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Step 2: Solve the voltage vector.

Using the current vector obtained in Step 1 to form current vector. Using Egs. (1) to
obtain voltage vector.

Step 3: Update the current vector.

According to Step 2, obtain the new voltage value and constant power locomotive
model, and obtain the new train current, namely

*
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The resulting new feeder current is
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Step 4: Determine whether the voltage of each node converges.
After the current is updated to Iy, continue to calculate the new voltage vector Uy
according to Eq. (1), and then adjust the iteration error § Perform calculations.

3 = [[6cn] - 0] ©

When the error 8 Less than convergence accuracy € Stop the calculation and set it as
the node voltage. Otherwise, return to step 3, which usually requires 6—8 calculations.
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Table 1. Speed and position of trains.

Train Speed (km/h) Position (km)
1 181.5 5.26
2 199.2 10.62
3 241.4 20.45
4 261.3 40.12

5 Example Analysis

Assuming that at a certain moment there are two trains on both the up and down lines,
with their speeds and positions shown in Table 1, and both trains operating in traction

mode.

Using the calculation method in this article, the power flow distribution of the traction
network at that time is obtained as result 1. The traditional traction network power flow
calculation simplifies the train to a constant current source, and obtains the power flow
result as Method 2. To verify the credibility of the power flow calculation results in
this paper, based on the HXD2B train model established in Sect. 1, the AT traction
power supply system simulation is conducted at different positions of each train using
the RTplus semi physical real-time simulation platform. Compare the results obtained
from the above two methods with the simulation results. Obtain the contact line voltage
values at the positions of each train, as shown in Table 2.

Table 2. Comparison of voltage results

Train | RT-plus value | Method 1 Method 2
V) Voltage (kV) | Calculation error | Voltage (kV) | Calculation error

(%) (%)

1 26.124 26.852 2.78 26.581 1.75

2 24.851 24.015 3.36 24.426 1.71

3 26.156 26.915 2.90 26.751 2.27

4 25.286 24.523 3.02 25.124 0.64

5 27.853 28.561 2.54 28.173 1.15

6 24.153 24913 3.15 24.596 1.83

7 24.560 23.762 3.25 24.109 1.84

Table 2 presents the calculation results of two methods and their comparison with
RT-plus simulation results. The results confirm that the calculation results of vehicle
network coupling are closer to the actual situation, with calculation errors less than 4%.
The comprehensive consideration of the interaction between the train and the traction
network can more accurately.
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6 Conclusions

This article presents a novel method for calculating power flow in traction power supply
systems, which is based on vehicle network coupling. By establishing a unified math-
ematical model for the traction power supply network, with different structures and
power supply modes, the proposed method achieves greater accuracy in calculating the
rail potential at the end of the power supply arm. Additionally, the proposed method
utilizes a mathematical model of parallel static load of induction motors, which is used
to determine the injected current of the train at a certain voltage and speed. Based on
this, the power flow calculation of the traction power supply system is carried out. To
fully consider the interaction between the train and the traction power supply network,
an interactive iteration mechanism is established between train simulation and traction
network calculation. The proposed method is suitable for digital simulation of railway
electrification traction power supply systems and analysis of their impact on the power
system. Furthermore, the method has important engineering application value.
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