International Journal of Control and Automation
Vol.7, No.7 (2014), pp. 191-202
http://dx.doi.org/10.14257/ijca.2014.7.7.16

Comprehensive Compensation Method for Harmonics and Negative
Sequence Current in High-speed Railway under Grid Voltage
Distortion

Mingxing Tian,Yuqgi Zhou and Hong Yan

School of Automation & Electrical Engineering, Lanzhou Jiaotong University
Lanzhou Jiaotong University, Lanzhou, Gansu, 730070, China.
zhoul23yuqi@126.com

Abstract

As the grid voltage of the V/v power supply system for high-speed railway is distorted, the
detection method for harmonic and negative sequence current is complex, and there are
errors in the detection result. A method is proposed in order to solve these issues, which is
capable of carrying out fast and accurately comprehensive compensation for grid current
without the PLL circuit. During the detection process, a group of sine and cosine function
with arbitrary initial phase angle is needed, the grid fundamental positive sequence voltage is
extracted to participate into the detection of fundamental active power component to obtain
the command signal. The calculation process is fast and simple and not affected by the
distorted grid voltage. The correctness and feasibility of this method is verified by the result
of simulation
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1. Introduction

As the national power system is developing increasingly fast, the requirement of users for
power quality is becoming more and more high, electrified railway’s influence on the power
system has been paid more and more attention[1-2]. Since most electric locomotives are
single-phase rectifier load, random fluctuations are frequent, large amounts of harmonic and
negative sequence current produced by the electric traction power supply system are injected
into the power grid. As a result, the grid voltage and current are asymmetrical and the
harmonic content is increased, which lead to a series of problems including the overheat of
motor rotor in power plant, the service life of transformer is shorten, the misoperation of
relay protection device and so on, these issues have a great influence on the safe and stable
operation of power system[3-5].

Since there are large amounts of reactive power, harmonics and negative sequence current
in the electric traction power supply system, domestic and foreign scholars have conducted
extensive studies on these issues[6-10]. Literature[8-10] proposed methods for detecting
command current and comprehensive compensation method under the balanced transformer
power supply pattern, comprehensive compensation principles and treatment methods for
harmonics and negative sequence current in electrified railway were analyzed while Y/>/D
transformers, Scott transformers, impedance matching transformers were used as traction
transformer. But the detection for compensation current needs not only phase-locked loop but
also a series of matrix operation such as phase sequence structure, 3/2 conversion and so on,
as a result, the complexity of the detecting process is increased.
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In literature [11-16], compensation principle and comprehensive compensation schemes
of the power regulator in different topologies under the high-speed railway V/v transformer
power supply pattern were analyzed and studied respectively. In literature [15-16], a
simplified new high-speed railway compensation device based on half-bridge structure and
two-phase three-wire converter were proposed respectively, the capacity of the active part
was reduced while the reliability of the compensation device was improved. It’s not difficult
to see that the detection method for command signal based on phase identifying principle was
generally used in literature[11-16], the error caused by the PLL circuit in the detection
process leads to not only calculation error of active current but also affect the result of
comprehensive compensation for negative sequence and harmonic.

The literatures above are all about the treatment method for harmonic and negative
sequence current in railway power regulator when the power grid voltage are ideal, however,
there are few literatures focus on improving the method for improving the power quality of
electrified railway under the condition that the grid voltage is distorted in the current high-
speed railway V/v traction power supply system.

In this paper, a method for extracting fundamental positive sequence voltage from three-
phase grid without PLL circuit is proposed based on the analysis of high speed railway V/v
transformer power supply pattern, this method applies the principle of active power
conservation of the transformer primary side and secondary side, and then converts it into the
command signal for comprehensive compensation of harmonics and negative sequence
current of the two power arms by detecting the fundamental active component in the grid
current, which makes the three-phase current in the grid symmetrical and eliminates the
influence of distorted grid voltage on the detection of harmonic and negative current.
Simulation results verify the correctness and feasibility of this detection method.

2. Topology and Working Principle of Power Regulator

2.1. Topology of Power Regulator
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Figure 1. Topology Structure of Power Conditioner

The topology of high-speed railway power regulator is shown in figure 1. The three-phase

220kV high voItageUA ,UB,Uc are converted into two-phase voltage Us ,Uﬁ by the V/v

traction transformer to supply power to the two supply arms. Railway power regulator is
connected to the two supply arms by a group of single-phase inverter through output inductor
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L and step-down transformer, a common capacitor is used on the DC side of the two inverters
to provide a stable DC voltage. By controlling the power regulator, we can effectively
compensate harmonic and reactive current of the two arms and provide flowing access for
active current component of the two arms, meanwhile, the secondary current of V/v
transformer will be maintained balanced and the grid current will be three-phase
symmetrical.

2.2. Working Principle of Power Regulator

Due to the electric locomotive of high-speed railway presents randomly, current size of the
two supply arms changes, as a result, negative sequence current is injected into the power
system and leads to severe asymmetry of the grid current. Power regulator eliminates the
effect of harmonics, reactive and negative sequence current on the power system by real-time
detection and compensation for the current of the two supply arms, by which the current size
of the two phases are kept equal and in phase with the grid current. According to the wiring
form of V/v transformer, the relationship of V/v transformer primary and secondary side
current is proposed as

-j30°
Iqu e

-j90°

Ia:

P x|

IB=EIBLfe (1)

iC:—(iA+iB)

Where k is V/v transformer ratio.

Usi+

Figure 2. Phasor Graph of Comprehensive Compensation for Current

As the condition that the grid voltage is distorted, this paper proposed a new method for
comprehensive compensation of power regulator in high-speed railway, as shown in figure
2. In order to maintain the ABC three phase current symmetrical, power regulator

compensates current iac, iﬁc respectively by detecting fundamental positive sequence voltage
of the grid, in a word, it can keep the three phase current in the grid symmetrical and be in
phase with the grid fundamental voltage.
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3. Detection of Grid Fundamental Positive Sequence Voltage

Because of the effect of power system transmission line impedance, the existence of large
amounts of harmonics and reactive current leads to the pollution of power quality at common
connection point of the grid, by which the voltage of high-speed traction power supply system
is distorted. The detection method based on phase identifying principle cannot detect the
voltage zero crossing time when the voltage is distorted, it will cause error during the
detection process [17-18]. So, as the voltage is distorted in high-speed railway V/v wiring
power supply system, this paper proposed a new detection method for three phase
fundamental positive sequence voltage , it is able to avoid the detection error and delay
caused by PLL hardware circuit and participate in the calculation of grid current fundamental
active component. As a result, it will eliminate the compensation current detection error
caused by the distorted grid voltage.

When the three-phase grid voltage are asymmetric and distorted, they can be expressed by
symmetrical component method as

U, = f\/ﬁum sin(hat +¢,.) +i J2U_ sin(not + ¢, )
Uy = S N2U,, sin[n(et —120') + 4,1+ \2U, sin[n(wt +120') +4, ] @
Ue = f;\/ium sin[n(wt +120") +4,. ] +§\/§Unfsin[n(a)t ~120") +¢, ]

Transformation matrix C.c dq i

c _\F sin(wt+6)  sin(@t-120"+6)  sin(wt+120" +6)
P49 Y 3| —cos(wt +0) —cos(wt —120" +6) —cos(wt +120° +6)

Matrix C

dg—abc [
sin(awt + 9) —cos(wt + 6)
Zlsin(wt—120" +0) —cos(wt—120" +6)
sin(wt +120° +0) —cos(wt +120" + 6)

C

dg—abc =

Where 6 is an arbitrary initial phase angle.
After transforming three-phase grid voltage in abc-dg coordinate, we can get system
voltage in dg coordinate as follows

2 =3U,, cos(4, —60)—/3U,_cos(2at +¢,_ +6 +z\/§Un+cos[ Dot +4,, +6]

+0

£ '3U,_cos[(nFLat +4, FO]

U, =/3U,, sin(@—4,,) - 3U,_sin(2at+0+4, ) Z\/§Un+sm Dat+¢, 6]

_iﬁun_ sinf(nFwt+¢,_F6]
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After low-pass filtering u,, u, , we can get DC component Us. Uq respectively as
follows

Ug =+/3U,, cos(p,, —6) -
Gq = \/_3U1+ Sin(@ - €01+)

After inversing transforming formula (3) by matrix C
follows

4qanc + WE CanN get formulas as
Un, =~2U,, sin(at + ¢, )

Ugy, = \/EU1+ Sin(a)t —].20O + ¢1+)

Uep, =v2U, sin(ot +120° +¢,,)

They are fundamental positive sequence components of three-phase grid voltage, the
detection process of fundamental positive sequence voltage is shown in figure 3.

Sine and
cosine table

cos(wt+6)
sin(wt+0) i
v

Ua——] F——Ua1+
u average
B > Cabe-dq module Ceg-abe > Us1+

U ——>| f— Uc1+

Figure 3. Diagram of Detection for Three-phase Fundamental Positive
Sequence Voltage

As the calculation result shows, the initial phase angle 8 of transformation matrix does not
have any effect on the detection process of fundamental positive sequence voltage, it needs
only a group of sin(wt+6) and cos(wt+6) function which is produced randomly to get the grid
fundamental positive sequence voltage after two transformations and a filter link, the PLL
circuit is not needed to detect the voltage initial phase angle of phase A, it eliminates the
detection error caused by the PLL circuit when the voltage is distorted and reduces the
complexity of hardware circuit.

Via applying the calculation method mentioned above in the calculation of fundamental
positive sequence voltage and compensation current, the detection error of compensation
current can be effectively avoided, such kind of error occurs when the voltage is distorted.

3. Detection Method of Compensation Current

Under the assumption that the grid current is three-phase symmetrical and purely
sinusoidal fundamental active current, the grid current i can be expressed as

i =mu, 4)
Where m is proportionality factor.

If the rms of grid fundamental positive sequence voltage and current can be expressed as
U,, and I respectively, the active power outputted by the grid can be expressed as
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P =3U,1=3muU,’ (5)

The rms of fundamental positive sequence voltage U,, can be expressed as

1
U12+ = 5 (uih + uéh + uéh) (6)

After putting formula (6) into formula(5), we can get the formula as follow
m= Pl /(uf\h- + uéh— + u(221+) (7)

According to the wiring form in figure 1, the active power outputted by the grid is the
active power of primary side of V/v transformer

The active power of secondary side of V/v transformer is the active power needed by the
traction supply power system, that is the sum of the required active power needed by the
electric locomotives of the two supply arms, it can be expressed as

1,7 . .
R :?Io (U, -1y +Ug 'IBL) (8)

According to the energy conservation theorem of V/v transformer primary side and
secondary side, the active power of primary side and secondary side are equal, P1=PL.,
After putting formula (8) into formula (7), we can get a formula as follows

1t . .
m= (?J‘o Uy -l Hg 15 )/ (u/2u+ +ué1+ +u(2:1+) ©)

So, the command current signal that can keep the current of primary side of V/v
transformer three-phase symmetrical is

) ) L[,y iy )t
- 2

i} =mu;

o S u, (=AB.C) (10)

Under actual conditions, losses caused by the internal switching devices and inductor
resistance of power regulator will make the voltage of capacitor on the DC side drop. In order
to keep the railway power regulator work properly, the grid supplies part of the active power
to the power regulator while providing active power to the two supply arms, it aims at
keeping the voltage of capacitor on the DC side stable.

Assuming the set value of the voltage of capacitor on the DC side is U, the

actual voltage of the capacitor isU,, , according to the energy conservation equation, the

active power that needs to be provided to the power regulator by the grid in one period can
be expressed as

ref

AP=%C(U2 —-U2)/Ts (11)
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Figure 4. Calculation Diagram of Active Power on Primary side of V/v
Transformer

So, the active power P1 outputted by the grid should be equal to the sum of the active
power PL and AP, PL is the active power needed by the two supply arm locomotive loads ,
AP is the active power needed to keep the power regulator work properly. The calculation
process of active power P1 is shown as figure 4.

The A, B, C three-phase command current that could keep the grid current three-phase

*

symmetrical can be got by uniting formulas (9-11).The command current signal i, i, can be

got by multiplying the command current signal of phase A, B with ratio k of V/v traction
transformer. The detection block diagram of command current signal of the two supply arms
is shown in Figure 5.

Figure 5. Detection Diagram for Command Signal of the Two Supply Arms
In order to make the control system respond fast, the hysteresis comparator method is
applied into the control process to produce the pulse needed by the power regulator and then

finish the comprehensive compensation that will make the grid current three-phase
symmetrical.

5. Simulation Analysis

Table 1. System Simulation Parameters

simulation parameters Value
voltage of traction supply arm 25kV
transformation ratio of step-down .
10:1
Transformer
output inductor L 1mH
capacitor C on the DC side 0.05F
given voltage on the DC side 4kV
un controlled rectifier load R. L 3500. 100mH
of phase o
un controlled rectifier load R. L

of phase B 200Q2. 100mH
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In this paper, the power regulator control system of the 220kV power supply system in the
simulation of high-speed electrified railway is set up, and the whole system is simulated. The
three-phase fundamental voltage of the grid is asymmetrical, the distorted voltage (presented
by 5th,7th harmonics) are converted into two phase voltage a, B by the traction substation
Vv transformer to supply power to the two supply arms respectively. The system simulation
parameters are shown as Table 1.

Distorted three-phase grid voltage is

Up = 2407/2/V/3sin ot +1342/V3sin(5ot + 20° )+ 512/V3sin(7at + 70°) (kv)
Ug =190~/2/+/3sin (ot+8«/§/\/§sin(5mt—60°)+ 22/ \3sin(7wt +120') (kV)
Ue =23042//3sin ot +102/+/3sin(5et + 90 )+ 3v2/3sin(7at —90°) (kv)

An uncontrolled rectifier bridge load is used to simulate high-speed AC-DC electric
locomotive, whose power factor is close to 1, the locomotive load size of phase a. [ are
not equal, the parameters of uncontrolled rectifier load are shown as table 1. Simulation
conditions are: the railway power regulator came into use to regulate the active current and
compensate harmonic current of the two supply arms at 0.04s. The locomotive load of phase
A was disconnected at 0.08s, the situation that there was only single-phase supply arm with
locomotive was simulated. It aims at observing the moderating effects of the power regulator
on the current of the two supply arms, so as to the effect of the load mutation on the entire
control system.

As the detection method for three-phase fundamental positive sequence voltage of the grid
proposed in this paper is applied, the fundamental positive sequence voltage can be detected
fast and accurately in half period. The waveform of grid voltage and fundamental positive
sequence voltage are shown in figure 6. As the figure shows, the waveform of three-phase
voltage of the grid is distorted because of harmonic voltage, it’s no longer ideally three-phase
symmetrical voltage ,the detection method for three phase voltage proposed in this paper can
extract the fundamental positive sequence voltage component fast and effectively. This
method will make it participate in the calculation of grid three-phase command current and
eliminate the error brought by the distorted grid voltage during the detection process of
command current.

Ua Us Uc
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-200
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Figure 6. Waveform of Grid Voltage and Fundamental Positive Sequence
Voltage
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Figure 7. Waveform of Grid Three-phase Current and Two Supply Arms Current
without Compensation

The waveform of grid three-phase current and two supply arm current before compensating
is shown in Figure 7. As Figure 7 showed, the current of the two supply arms is unbalanced
because of the random existence of the locomotives. This kind of unbalance makes the grid
three-phase current asymmetrical and produces harmonic and negative sequence current, it
has great influence on the safe and reliable operation of the power system.

After the power regulator was put into use, the waveform of grid three-phase current and
two supply arms current were shown in Figure 8 and Figure 9 respectively. As the figures
showed, no matter whether the locomotive load change abruptly or not, after the power
regulator was put into use, the entire control system can respond quickly to the actual load
situation and regulate the float of active component of the two supply arms current,
meanwhile, the power regulator compensated the harmonic and reactive current of the supply
arm effectively, as a result, current of the two supply arms were brought to balance quickly,
their size are equal and there are 120 of difference in Phase. And a-phase current leads the a-
phase supply arm fundamental positive sequence voltage 30°, S-phase current lags B-phase
power arm fundamental positive sequence voltage 30°. Meanwhile, these two currents are in
phase with the grid fundamental positive sequence voltage. As a result, the effect of negative
sequence, reactive power and harmonic current on the power system was eliminated.

ukV,ilA

Figure 8. Waveform of Grid Fundamental Positive Sequence Voltage and
Current with Compensation

u/kV,0.1xi/A

Figure 9. Waveform of Fundamental Voltage and Current for the Two Supply
Arms with Compensation
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Figure 10. Capacitor Voltage on the DC Side of Power Regulator

The waveform of voltage of capacitor on the DC side of power regulator is shown in figure
10. The control method proposed in this paper can maintain the voltage of capacitor around
4kV, and the volatility was kept around 1%. Meanwhile, the control system are quite stable,
the voltage of capacitor can keep stable very fast before and after the locomotive load
abruptly changed. These results verified the effectiveness of the comprehensive compensation
method for the power regulator of high-speed railway V/v transformer power supply system
when the grid voltage is distorted.

6. Conclusion

1. The detection method for three-phase fundamental positive sequence voltage proposed
in this paper can detect the gird fundamental positive sequence voltage component fast and
accurately. This method can eliminate the voltage zero across detection error brought by the
application of PLL circuit when the grid voltage is distorted. Also, it can be effectively used
in the detection of three phase fundamental voltage.

2. A comprehensive compensation method is proposed for the power regulator of high-
speed railway when the grid voltage is distorted. This method can eliminate the effect of
negative sequence and harmonic current on the power system effectively .It is capable of real-
time regulating the active current and compensation current of the two supply arms. The
calculation process does not need PLL circuit, it needs only simple scalar multiplication to
detect the command current for power regulator to keep the grid three-phase current
symmetrical. The result of simulation verifies the effectiveness and correctness of the
comprehensive compensation method for the power regulator of high-speed railway V/v
transformer power supply system proposed in this paper.
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