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Abstract
The harmonic current at the grid side of AC-DC-AC locomotives is mainly generated
by rectifiers. All AC-DC-AC locomotives introduced in China adopt single-phase
four quadrant converters as locomotive rectifiers. The locomotive simulation model is
established and compared with the measured data to study the harmonic
characteristics of AC-DC-AC locomotive. The results show that the distribution law
of main harmonic times of harmonic current at locomotive grid side under different
power is consistent. The harmonic current distribution characteristics of AC-DC-AC
locomotive have remarkable correlation with the effective value of fundamental
current, showing significant nonlinear attenuation change. That is, when the
fundamental current is small, the total distortion rate of harmonic current is large and
the content of single harmonic current is high. When the fundamental current
increases, the total distortion rate of harmonic current and the content of single
harmonic current are significantly reduced.
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Introduction

In the late 1970s, China began to develop AC drive electric locomotive. In the
early 1990s, the trial production of AC4000 AC drive electric locomotive was
successful. Later, tests were carried out on Zhongyuan Star, Pioneer, Zhonghua Star
and other models, and achieved success. In recent years, through the introduction,
digestion and absorption of foreign AC drive technology and independent R & D
innovation, a series of AC drive electric locomotives [1-3] and EMUs with worldclass level such as HXD1, HXD2, HXD3, CRH1, CRH2, CRH3 and CRH5 have been
developed and successfully applied. These AC drive electric locomotives and EMUs
would gradually become the main models of high-speed railway and heavy haul lines
in China.
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The intermediate DC link of AC-DC-AC locomotive [4-6] is connected in
parallel with large support capacitance and second harmonic resonance circuit. The
output voltage of rectifier is approximately DC. The high-order harmonic generated
by inverter is weakened by the intermediate circuit, and only part of it is fed back to
the power grid. Therefore, the harmonic current at the grid side of AC-DC-AC
locomotive is mainly generated by rectifier [7-9]. Although there are different models
of AC, DC and AC locomotives [10-12] introduced into China, they all use singlephase four quadrant converter as locomotive rectifier. By analyzing the four quadrant
converters of different locomotives, we could get the harmonic generation mechanism
and harmonic distribution characteristics of the whole locomotive [13-15].
The single-phase four quadrant converter used in AC-DC-AC locomotive has
the advantages of high power-factor, low harmonic content and two-way flow of
energy. The four-quadrant converter of AC-DC-AC locomotive [16, 17] includes both
two-level four quadrant converter and three-level four quadrant converter. For ACDC-AC locomotive, the traction converter assembly at the grid side could be
equivalent to the equivalent circuit shown in Figure 1. Where, uN is the voltage at
locomotive grid side, in is the current at locomotive grid side, k is the transformation
ratio of traction transformer Tr, ix is the input current at AC side of traction converter
[18-20], and are the equivalent resistance and inductance of traction transformer, and
uab is the output voltage of four quadrant converter.
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Figure 1 Equivalent circuit of traction converter for AC-DC-AC locomotive.
Because the internal resistance Rs of traction transformer is far less than its
inductance Ls , its internal resistance can be ignored. Therefore, the above equivalent
circuit could be further simplified, and the simplified equivalent circuit is shown in
Figure 2, where LN is the equivalent inductance at the grid side.
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Figure 2 Simplified equivalent circuit of traction converter for AC-DC-AC
locomotive.
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Mathematical analysis of harmonic current on AC-DC-AC locomotive grid
side




Under traction condition, the phase difference between I N and U N is 0 degrees,




and U ab lags behind U N . For regenerative braking condition, the phase difference








between I N and U N is 180 degrees. Under this condition, U ab is ahead of U N , and
the motor feeds back energy to the catenary through the traction converter. Under any
working condition, the voltage vector balance equation of traction converter is always:
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According to the phasor diagram of traction converter at fundamental frequency,
as shown in Figure 3, the fundamental wave component at grid side meets the
following formula,
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Figure 3 Phasor diagram of traction converter at fundamental frequency.
The fundamental component of the input current at the grid side is
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Modulation ratio M and modulation wave phase angle β are respectively
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For the harmonic component of grid side current, the grid side harmonic model
is shown in Figure 4.
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Figure 4 Harmonic equivalent model of converter grid side.
The harmonic current source is
iabn


1

ku
(
t
)
dt


abn
LN 
m  2,4





n 1, 2

n
 2kU d J n (mM  )

sin   

2
 m LN (mc  n )

 sin(m t  nt  n  m ) 
c



The expression of grid side input current is
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Where "+" represents the input current of converter under traction condition and
"-" represents the input current of converter under regenerative braking condition.
The harmonic component of the input current at the locomotive grid side is
determined by the carrier wave and modulation wave. The current harmonic is mainly
distributed near the even times of the carrier frequency, and the current harmonic
frequency at the grid side is  mc m  n  pu. At the same time, the main harmonic
distribution times of grid side current are independent of locomotive power and grid
voltage, and are mainly related to carrier wave and modulation wave angular
frequency. That is, the harmonic is  mc m  n  , and its amplitude is related to
regenerative braking power. Thirdly, under both traction and regenerative braking
conditions, as long as the locomotive power and traction grid voltage remain constant,
the distribution law of harmonic current at grid side remains consistent.
3

Harmonic characteristic analysis of AC-DC-AC locomotive

By changing the power of locomotive, the dynamic characteristics of harmonic
current at locomotive grid side are simulated. Several different power points are
selected and compared with the measured harmonic current spectrum of locomotive to
study the distribution characteristics of harmonic current at locomotive grid side.
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Figure 5 Harmonic current spectrum at grid side when P= 4800 kW, (a) simulation
result, (b) measured result.
As can be seen from Figure 5, no matter the simulation results or the measured
results, when the power is 2400kW, the harmonics of the grid side current are mainly
3, 5, 7, 9, 47, 49, 51 and 53, accounting for a large proportion. Comparing the
simulation results with the measured results, it is found that the measured harmonic
content of grid side current is larger than the simulation results.
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Figure 6 Harmonic current spectrum at grid side when P= 2400 kW, (a) simulation
result, (b) measured result.

Harmonic content (%)

It can be found from Figure 6(a) that the 3rd, 47th and 53rd harmonic currents
at the grid side are particularly significant, and the harmonic content is the largest. It
can be seen from Figure 6 that the distribution law of the main harmonic times of the
simulation results and the measured results is consistent.
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Figure 7 Harmonic current spectrum at grid side when P= 1200 kW, (a) simulation
result, (b) measured result.

Total distortion rate of harmonic current (%)

In Figure 7(b), the low-order harmonics are mainly concentrated in the 3rd, 5th
and 7th order, and the high-order harmonics are mainly concentrated in the 41st, 45th,
47th and 49th order. Figure 7 show that most of the harmonic contents of the test
results are higher than the simulation results when P= 1200 kW.

Fundamental power at grid side (kW)

Figure 8 Scatter diagram of correlation between grid side power and total distortion
rate of harmonic current
The corresponding distribution characteristics of the total distortion rate of grid
side current and grid side power under different powers are shown in Figure 8. The
distribution characteristics of total distortion rate of harmonic current are
symmetrically distributed along the Y-axis. That is, as long as the power at the grid
side is the same, the variation trend of total distortion rate of harmonic current
remains the same under both traction and braking conditions.
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Figure 9 Scatter diagram of correlation between low order harmonic current content
and fundamental wave component at grid side, (a) third harmonic, (b) 7th harmonic.
As shown in Figure 9, no matter the 3rd harmonic or 7th harmonic, the
harmonic content decreases nonlinearly with the increase of the fundamental
component of the grid side current. When the fundamental component is very small,
the harmonic content is very large, indicating that the current distortion rate is very
high.
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Figure 10 Scatter diagram of correlation between high order harmonic current content
and fundamental wave component at grid side, (a) 45th harmonic, (b) 49th harmonic.
It can be seen from the scatter diagram of Figure 10 that the harmonic current is
affected by random factors and has a certain randomness. When the fundamental
current is small, the total distortion rate of harmonic current is large and the content of
single harmonic current is high. When the fundamental current increases, the total
distortion rate of harmonic current and the content of single harmonic current
decrease significantly.
4

Conclusions

The locomotive simulation model is established and compared with the
measured data to study the harmonic characteristics of AC-DC-AC locomotive.
Simulation and measured results show that the distribution law of main harmonic
times of harmonic current at locomotive grid side is consistent, that is, the
characteristic harmonics are mainly distributed in low-order harmonic frequency
bands such as 3, 5, 7 and 9 and high-order harmonic frequency bands such as 43, 45,
47, 49, 51 and 53. The harmonic current distribution characteristics of AC-DC-AC
locomotive have remarkable correlation with the effective value of fundamental
current, showing significant nonlinear attenuation change. That is, when the
fundamental current is small, the total distortion rate of harmonic current is large and
the content of single harmonic current is high. When the fundamental current
increases, the total distortion rate of harmonic current and the content of single
harmonic current decrease significantly. At the same time, the harmonic current of
locomotive is also affected by random factors, which has certain randomness.
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