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ABSTRACT

Compared with the conventional 24-pulse rectifier, the low-voltage winding of the rectifier
transformer must be connected in the y and d modes, so that the voltage phase of the low-voltage
side of the transformer is separated by 30° in sequence. This paper uses the phasor method to
obtain a set of phase voltages that move towards 15° through the equivalent of three-phase voltages,
so that the two sets of voltages produce a phase difference. Then, through decoupling and voltage
reduction, the electrical quantity is converted into a signal quantity, the voltage level is reduced, and
then the electrical quantity output is obtained to obtain the required voltage value. Finally, the
required DC power is obtained through the rectification system. The effectiveness of the reverse
model of this paper is verified by comparing the results and efficiency with the conventional 24-pulse
rectifier.
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1. INTRODUCTION

In recent years, China's urban rail transit has experienced rapid development, and the training of
professionals in urban rail transit has been increasingly emphasized in higher education institutions.
However, in the actual teaching process, there are still challenges such as unreasonable course design
and shortage of local educational resources. The urban rail transit power supply system is an
electrically driven vehicle transportation system, which plays a role in alleviating traffic congestion
and saving electric power resources.

In recent years, some researchers have studied and analyzed the urban rail traction rectifier. Dong
Haiyan et al. [3] analyzed the principle of the 24-pulse rectifier, and built a 24-pulse rectifier
simulation model using the SIMULINK toolbox. The harmonic current on the grid side and the DC
side were analyzed through simulation. Wang Heng et al. [4] proposed a new 24-pulse rectification
method to suppress the impact of harmonics on the power system. The simulation results show the
applicability of this model in rail transportation. Fang Fang et al. [5] analyzed the principle of the
circular transformer applied to the 24-pulse rectifier. Based on the principle of magnetic potential
balance, the harmonic components of the grid side current were studied.

Although there are many studies on the 24-pulse rectifier, there are not many studies on the 24-pulse
rectifier and the comprehensive comparison of several rectification methods. Therefore, this paper
uses the phasor method and decoupling in the Simulink simulation software to compare several
rectification methods and verify the optimization effect of the rectifier model in this paper.

First, the phasor method is used to calculate two sets of parameters, and the voltage is equivalent to
the controlled voltage source. Two sets of voltages with a phase difference of 15° are obtained, and
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the required voltage value is obtained after decoupling and voltage reduction. Finally, the 24-pulse
DC voltage is obtained through the rectification system.

2. OPTIMIZED DESIGN OF 24-PULSE RECTIFIER
2.1. Principle of Pulse Rectifier Transformer

Nowadays, if we divide the traction transformer voltage level, China has three common levels: 10kV,
20kV, and 35kV. If we look at the rectification pulse, China has two common types: 12-pulse and
equivalent 24-pulse. Currently, the most widely used in the traction power supply system of urban
rail transit in various cities in China is the double-unit equivalent 24-pulse traction rectifier [6]. The
transformer is the core device of the traction rectifier substation, and the wiring diagram of the unit
is shown in Figure 1.

From the figure, we can see that the high-voltage side windings of the two transformers are phase-
shifted by the Y-A connection, so that the phase difference of the line voltage of the low-voltage side
windings of the two transformers is 15°. Then, after passing through the three-phase bridge rectifier
circuits B1, B2, B3, B4 respectively, the DC outputs of the rectifiers are all connected, so that the
voltage will fluctuate 24 times in one cycle, forming a 24-pulse rectification system.
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Figure 1. Rectifier wiring diagram

According to China's "Subway Design Code" (GB50157-2003), the load level of the traction rectifier
should meet the following requirements, as shown in Table 1: translation.

Table 1. Rectifier Specific Parameters

name parameter
No-load input voltage 35kV
DC output voltage at no-load DC 1650V
Rated voltage at no-load AC 1180V
Traction rectifier 100% rated load Continuous
Traction rectifier 150% rated load 2h
Traction rectifier 200% rated load Imin
System voltage nominal value 1500V
System voltage maximum value 1800V
System voltage minimum value 1000V
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These connection methods are Dyl1d0 and Dyld2. These connection methods are common for
rectifier transformers. These connection methods determine the phase difference of the transformer
and the number of direct current pulses in the output. In practical operation, two transformers (T1,
T2) can be connected in parallel to form a complete rectifier. The connection method for transformer
T1 is Dyl11d0, and the connection method for transformer T2 is Dyld2. The letter D in these
connection methods represents the delta connection method. The connection method of the rectifier

transformer is shown in Figure 2.
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Figure 2. Schematic diagram of the rectifier transformer coupling junction
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To obtain the same line voltage, the low-voltage winding of the rectifier transformer must be
connected in the y and d connection method. In this way, the phase of the output voltage on the low-
voltage side of the transformer will be 30° apart, allowing for the realization of a twelve-pulse
rectification system. Additionally, if one transformer is phase-shifted by -7.5° and another is phase-
shifted by +7.5°, and then the two rectifiers are connected in parallel, a twenty-four-pulse rectification
system can be achieved. The phase of the output voltage on the low-voltage winding of the
transformer will be 15° apart, as shown in Figure 3 of the phase diagram of the low-voltage winding
of the rectifier system.
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Figure 3. Rectifier transformer valve side voltage phasor diagram
2.2. Rectifier Transformer Modeling

The rectifier transformer is a special type of transformer used in DC rectification systems. It has a
unique structure, reliable grounding capability, and good corrosion resistance. If you want to achieve
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24 fluctuations of direct current within one cycle, it is necessary to implement a phase shift of +7.5°
and -7.5° on the primary side of the rectifier. Compared to the traditional method of using the
extended delta connection on the high-voltage side of the traction transformer and using the built-in
phase-shifting transformer connection method in the Matlab/Simulink model library, this article uses
the high-voltage side three-phase voltage source to equivalently represent the ABC three-phase
voltages with controlled voltage sources, and uses two of them to equivalently produce another
voltage waveform with a phase shift of +7.5°, as shown in the equivalent vector diagram in Figure 4.

A
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Figure 4. Three-phase voltage phasor diagram

The ABC three-phase voltage is expressed in the form of complex numbers as follows:

A=a

1 3

B=a*(——+-——j
(2 J)

2
B *_l_ﬁ. (1)
C=a*( 5 2])
Alza*(\/g?:\/z_i_\/g;\/zj)

According to the phasor method and the mathematical trigonometric relationship, the relationship
between phase voltage can be derived, and the derivation process of the phasor method is mainly
explained here.

x*B+y*C=Al (2)

Substituting (1) into (2) where the real part is equal to the imaginary part yields the values of x and
y:
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B phase and C phase voltages lead or lag by 15°, and similarly, it can be calculated that A1, BI, and
Cl, as calculated by the phasor method, all differ from the original three-phase voltages by 15°, thus
achieving 24-pulse DC. Compared to traditional rectification methods, in order to obtain the same
line voltage, the low-voltage winding of the rectifier transformer must be connected in the y and d
manner, so that the voltage phase on the low-voltage side of the transformer is sequentially separated
by 30°. Using the phasor method to derive the shift of the three-phase voltage by 30° to equivalently
output the voltage on the low-voltage side of the three-winding transformer connected in the y and d
manner can greatly reduce model calculation resources and improve model simulation speed.

The voltage calculated by the phasor method is equivalent to a controlled voltage source, and the
equivalent model is shown in Figure 5.
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Figure 5. Controlled voltage source equivalence model

After shifting the voltage phase, the high-voltage voltage of 35KV is also stepped-down to a low
voltage of 1180V, and the decoupling method is used to step down the controlled voltage source. The
voltage signal of the controlled voltage source is multiplied by a coefficient to obtain the voltage
value after the step-down, and the low-voltage side is multiplied by a value equal to the voltage value
of the high-voltage side and the signal is returned to the controlled voltage source on the high-voltage
side, and the decoupling structure is shown in Figure 6.
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Figure 6. Step-down decoupling structure diagram

From the circuit principle, it can be known that:
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Since @and @ are the same signal points in the signal line, there is V3=V4, and substituting (4)
can be obtained by the formula:

=

Y
e (5)

1

Among them, V1 is 35kV on the high-voltage side, and V2 is 1180V on the low-voltage side; So the
values of K1 and K2 can be obtained; However, since the high-voltage side is the line voltage value,
the value of K1 on the high-voltage side needs to be multiplied by .

2.3. Modeling of Rectifier Systems

The rectifier system is composed of some devices that can convert alternating current into direct
current, among which the rectifier circuit can be divided into many different ways, as shown in Table
2.

Table 2. Classification of rectifier circuits

Categorization Classification of rectifier circuits
By the number of phases of the input power Single-phase, three-phase, multi-phase
supply
Press the rectifier circuit Semi-controlled rectification, full-controlled
rectification
Press Rectifier Device Controllable, uncontrollable

Press the input waveform Half-wave rectification, full-wave rectification
i D
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Figure 7. Rectifier bridge model

Because of China's special national conditions, the construction of subway cities are currently large
flow of people, so the subway load must be heavy-duty load, but also to weaken the influence of
harmonics as much as possible, so here this paper uses the H-phase uncontrollable rectification mode
is the most appropriate, rectifier diode can be directly connected to form the rectifier circuit under the
rectifier mode. There are many advantages to this method, such as the simple circuit structure and
easy maneuvering, so it is easy to manage. Therefore, in order to meet the requirements of the DC
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traction power supply system of metro engineering, this method will also be used in the modeling of
the rectifier circuit in this paper. The main rectifier circuit consists of two three-phase full-wave
rectifier bridges connected in parallel, modeled using the rectifier bridge model from the Simulink
component library, as shown in Figure 7.

Table 3 shows the parameter settings:

Table 3. Rectifier parameter settings

name Parameter settings
Absorption resistance 100000Q2
Absorbent capacitance 0.000001F
Diode forward resistance 0.55mQ
Diode forward inductance 0
Diode forward voltage 5V

3. ARITHMETIC VALIDATION

Since the transformer model and rectifier model have been built on Simulink in this paper, this paper
only needs to connect the above models to complete the modeling of the 24-pulse rectifier. The model
is shown in Figure 8.
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Figure 8. Modeling of a 24-pulse rectifier

The basic structure of the 24-pulse rectifier is shown in Figure 8. On the left is the moving module,
and in the middle is the step-down module, and the two are connected together to an equivalent three-
winding transformer to add a moving transformer. Compared with the conventional 24-pulse rectifier,
the appeal modeling method can improve the simulation speed and reduce the subsequent real-time
simulation hardware resource consumption. Figure 9 shows a comparison of the rectification effects
of the two methods.

In order to compare the rectification effect of the 24-pulse wave more intuitively, the rectification on
the low-voltage side of the two different rectifiers is compared to different voltages. After analysis
and comparison, it can be obtained that the rectification effect of the two rectifiers is the same, and
the feasibility of the rectifier model can be verified. Next, use the Speedgoat real-time simulator to
put two different rectifiers into the real-time simulation machine for simulation, Speedgoat will
calculate the time required for a cycle of simulation model calculation, the longer the time required
for a cycle, that is, the larger the resources required for simulation, the more computing resources the
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model, the slower the speed of simulation. Figure 10 shows a comparison of the computing resources
of two different rectifier models.
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Figure 9. Comparison of the rectification effect of the two types of rectifiers

Table 4. The time required for one cycle of operation for both rectifiers

Section Maximum Average Maximum Average Calls
Turnaround Turnaround Execution Time Execution Time
Time in ns Time in ns in ns in ns
Timer Interrupt 3068 824 3068 824 400255
byql [5e-05 0] 30395 5615 30393 5615 409255
b2 [Se-05 0 17400 2149 17406 2149 409255

In the figure, BYQI is the conventional rectifier model, and BYQ?2 is the rectifier model built in this
paper, and the time required for a cycle of operation is determined by the standard of the average task
time of the model, because not each module is in the maximum simulation step of one cycle of
operation in the process of operation, and the new rectifier model built in this paper saves 61.7% of
computing resources compared with the conventional model, and the simulation speed of the model
is also doubled. From the analysis of simulation results and simulation speed, the new rectifier model
proposed in this paper is effective and feasible.

4. SUMMARY

From the experimental comparison, it can be seen that the rectification effect of the two rectification
methods is the same, and the equivalent decoupling method using the phasor method to move to the
controlled voltage source requires less time than the conventional shift to the transformer and the
three-winding step-down device for one cycle, and the simulation speed is faster and takes up less
resources. It is of great significance for the design of the future urban rail traction power supply
system, and the model saves computing resources and the simulation speed is faster, which lays a
foundation for the establishment of a more realistic HIL hardware-in-the-loop simulation of subway
traction power supply in the future.
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