Chapter 2

Harmonic Power Flow Calculation

for High-Speed Railway Traction Power
Supply System

Bin Wang, Xu dong Han, Shi bin Gao, Wen Huang
and Xiao feng Jiang

Abstract This paper describes a harmonic analysis model for CRH2 EMU (Electric
Multiple Unit) and provides a harmonic power flow algorithm for its traction power
supply system. This algorithm gives full consideration to coupling influence between
the traction networks (harmonic voltage), and the fundamental wave results are used
as the final convergence condition, aiming to determine modulation characteristics
and harmonic current characteristics of SPWM converter for EMU based on results of
harmonic power flow, and to calculate harmonic power flow and to update funda-
mental power of harmonic source for fundamental power flow calculation. Analysis
of harmonic power flow with single harmonic source and multi-harmonic sources
shows that the algorithm is applicable to traction power supply system of high-speed
rail with single harmonic source, multi-harmonic sources, and background harmonic.

Keywords Locomotive and network coupling system - Harmonic power flow -
EMU harmonic model - Harmonic coupling admittance matrix

2.1 Introduction

Electrified railway is always one of the main harmonic sources of electric power
system; and high-speed railway directly accesses HV electric power system of
220 kV or higher voltage. For the purpose of effectively calculating and analyzing
distribution characteristics of harmonic in traction network and its permeability
characteristics toward electric power system, harmonic power flow of traction
power supply system needs to be analyzed and calculated [1, 2].

Firstly, harmonic characteristics of locomotive as well as the coupling link
between its harmonic voltage and harmonic current need to be established, so as to
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propose a harmonic power flow algorithm suitable for traction power supply
system of high-speed railway: embed harmonic power flow into fundamental
power flow and correct load power output by using harmonic power of harmonic
source; update harmonic current and harmonic power based on calculated results
of fundamental power flow and harmonic power flow, and finally calculate dis-
tribution of network harmonic voltage based on harmonic power flow and cal-
culate distribution of network fundamental voltage based on fundamental power
flow. The calculation framework is shown in the following Fig. 2.1.

2.2 EMU Harmonic Model
2.2.1 EMU Simulation Model

Traction-drive system of high-speed train mainly consists of on-board transformer,
SPWM converter, DC link (voltage regulation and filtration), SVPWM inverter,
and three-phase AC traction motor is as shown in Fig. 2.2.
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Fig. 2.4 CRH?2 traction-drive system simulation model

If power switching device of rectifier is regarded as ideal element, the main
circuit of Electric Multiple Unit (EMU) can be equivalent, as shown in Fig. 2.3.

According to the actual parameters [3-5], the establishment of CRH2-type
EMU simulation model is shown in Fig. 2.4.

2.2.2 Analysis of EMU Harmonic Characteristics

If power switching device of rectifier is regarded as ideal element, the results of
simulation analysis by this model are shown in Fig. 2.5a.

Further more, power supply system with background harmonic as shown in
Table 2.1 is taken for harmonic spectrum analysis of EMU. Comparison between
Fig. 2.5b, ¢ shows that harmonic current spectrum of EMU is changed after
addition of background harmonic; as a result, total harmonic distortion of current
(ITHD) increases to 3.48 % from 3.09 %.

After pulsing fundamental voltage, the 1-120th harmonic voltage with ampli-
tude of 0.01 pu (fundamental voltage is the rated voltage) and phase angle of 0° is
compared with single action of fundamental voltage and a bar chart as shown in
Fig. 2.6 is obtained. It indicates that: ® Fundamental voltage has a great impact on
harmonic current, such as the 40-60th (2MR =4 10) and the 100-120th
(4MR + 10). @ Harmonic voltage has a slight impact on fundamental current.
® The diagonal element shows that the 4th harmonic voltage has great impact on
the Ath harmonic current, and the influence of fundamental voltage on fundamental
current reaches 100 %. Influence of the 3rd harmonic voltage on the 3rd harmonic
current can reach 150 % and others show a decline trend. This is consistent with
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Table 2.1 Parameter of background harmonics

20

40 60 80 100 120

Harmonic number

Harmonic Fundamental Sth 7th 9th
number wave

Amplitude / % 100 0.8 0.5 0.2
Phase angle / ° 0 20 -70 80 -85

conclusion drawn from Fig. 2.6(c). ® Harmonic admittance for different orders is
different. Therefore, separate consideration is required for establishment of har-
monic source admittance, which is described hereinafter.
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Fig. 2.6 Harmonic coupling admittance matrix

2.3 Harmonic Model of Traction Power Supply System
2.3.1 Schematic Diagram of Traction Power Supply System

The traction power supply system provides EMU with power from three-phase
power grid through traction transformer and OCS, as shown in Fig. 2.7.

2.3.2 Harmonic Model of Traction Transformer

Traction transformers of V/v connection are widely used in high-speed railway, as
shown in Fig. 2.8.

According to the circuit diagram shown in Fig. 2.8b, node admittance matrix of
Vv transformer can be obtained:

1 -1 —k &k
S S e B
=2 | kb —k -k i
—k kK K

(2.1)

where Z, is equivalent impedance on secondary side of traction transformer and
ZZZ\/ERz + jhX>,; k is transformer turns ratio and £ = 220 kV/55 kV.
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Fig. 2.8 Vv traction transformer circuit model. a Vv transformer. b Right feeding section

2.3.3 Harmonic Model of Traction Network

All-parallel AT power supply mode is widely employed for high-speed railway.
The traction network is decomposed as per the unit of 1 km for modeling while
full consideration is given to characteristics of traction network distribution
parameters. Chain circuit theory is used to establish the equivalent model of the
traction network [6] and an equivalent chain circuit model is obtained, as shown in
Fig. 2.9.

Combing with Fig. 2.9, harmonic node admittance matrix of the system is
obtained and shown as below:
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2.3.4 Admittance Model of Harmonic Source

Certain approximate linear relationship exists between harmonic voltage and
harmonic current at a certain frequency [7, 8], i.e.,

Yy =1,/U, (2.3)

For linear load, if the effective value of its bus bar voltage is U, absorbed
active power is Pr, and reactive power is Qr, its equivalent fundamental power
can be equivalent to parallel admittance form in frequency domain, as shown
below:

Yo=(hQy, + iPL) /hU2 (2.4)

2.4 Harmonic Power Flow Algorithm in Case
of Locomotive and Network Coupling

2.4.1 Calculation of Fundamental Power Flow by Using N-R
Method

For calculation of fundamental power flow by using N-R method, impact of har-
monic power shall be taken into account [9]. According to analysis in Sect. 2.2,
harmonic power of harmonic source can be obtained:
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Node at the locomotive side is regarded as PQ node and the PQ node is

corrected according to Formula (2.1), as shown below:
ap=ri —F (2.6)
40 =0 - 0; '

2.4.2 Harmonic Power Flow Algorithm

Through above analysis, output harmonic current of harmonic source can be
finally obtained by using the harmonic source model. For the Ath harmonic, node
voltage equation of the system is:

U,=Y,'l (2.7)
where Y; is system harmonic admittance matrix of the hth harmonic; I, =
A O ]T is the Ath injected harmonic current vector of system node; and
Uy = [U{’ uhooUt ]T is the Ath harmonic voltage vector of system node.

However, it is required to convert the system background harmonic voltage U,
to injected harmonic current. Considering that the impedance of the capacitance
system added Z; = R, + jhXj, its injected harmonic current is:

I, =Uy/Z, (2.8)

Harmonic power flow is calculated combining with Formula (2.7).

2.4.3 Harmonic Power Flow Calculation Procedure

Basic ideas about harmonic power flow proposed in this paper are shown in Fig. 2.10,
i.e, deviation of fundamental voltage at each node is used as the measurement index
of iteration. Formula for iterative error calculation is shown as below:

n

=3

i=1

)

o

- U}"*”H <1V (2.9)

where i is system node number and i = 1,2, 3, ..., n; k is iteration number.
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2.5 Analysis of Calculation Examples
2.5.1 Calculated Power Flow of Single Locomotive

Parameters of calculation examples are relevant parameters described in Ref. [10]
(Fig. 2.11).

Harmonic voltage distortion of different positions on the up-track OCS is shown
in Figs. 2.12 and 2.13. Harmonic voltage distortion near the 50th and the 100th
harmonics is centralized. As a whole, it is the same with locomotive current
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Fig. 2.11 Iteration results
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spectrum trend shown in Fig. 2.5. Besides, it is worth noting that the 37th har-
monic voltage distortion is around 1 %. Typical locomotive spectrum is obviously
amplified.
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2.5.2 Calculated Power Flow of Multiple Locomotives

This example has two locomotives in the same feeding section. According to
Fig. 2.14, harmonic is not converged during harmonic power flow calculation.
Thus, harmonic resonance occurs. Conclusion drawn from this calculation
example is consistent with References [11, 10, 12]. Accordingly, harmonic power
flow calculation in this paper is demonstrated to be reasonable. At the moment,
with harmonic distortion of OCS voltage and rail voltage, the 39th harmonic
resonance has occurred in the system, as shown in Figs. 2.15 and 2.16. As shown
in Fig. 2.16, harmonic voltage of rail is far more than its fundamental voltage
when resonance is likely to occur, which is also a great hazard.
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Fig. 2.16 Spectrum analysis
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Comparison between calculation example 1 and 2 shows that during operation of a
single train, the 37th harmonic is amplified to a certain extent, but converged near
1 %. However, the 39th harmonic in calculation example 2 is not converged. This
is because that mutual influence and excitation exist between parameters of the
two EMUs; as a result, the 39th harmonic oscillates and cannot be converged.
Figure 2.17 shows impedance amplitude of drive point calculated through 2 cal-
culation examples under 4 different circumstances: (a) for calculation example 1,
locomotive emits harmonic current and voltage response occurs on the locomotive
side; (b) for calculation example 2, locomotive 1 emits harmonic current and
locomotive 1 occurs voltage response; (c) for calculation example 2, locomotive 1
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emits harmonic current and locomotive 2 occurs voltage response; (d) for calcu-
lation example 2, locomotive 2 emits harmonic current and locomotive 2 occurs
voltage response. Large values occur at the 37th harmonic in calculation example
1 and the 38th and 39th harmonics in calculation example 2. According to current
spectrum of train shown in Fig. 2.5, the 36th—38th harmonic current is nearly 0;
besides, the two trains are subject to mutual influence and mutual excitation during
modulating wave adjustment. As a result, the 39th harmonic resonance occurs in
calculation example 2

According to Fig. 2.18, mutual transformation relationship between the hth
harmonic voltage and the hth harmonic current can be explained. Drive-point
impedance z is fixed under the hth harmonic; however, admittance value y is
changed under harmonic coupling. If the sum of z and y is larger than 1 during
all iteration, the iteration is divergent; on the contrary, the iteration is easy to be
converged. When the iteration is divergent, it can be considered that the hth
harmonic resonance occurs. Harmonic resonance is formed due to severe dis-
tortion of harmonic voltage of the electric network at certain frequency caused
by harmonic current; furthermore, distortion of harmonic voltage will worsen the
performance characteristics of the harmonic source and further increase the
distortion of harmonic current. Thus, a “positive feedback” process is formed.
According to the above analysis, harmonic resonance shall satisfy following
conditions:
@ Parameters of the electric network (drive-point impedance) match with those
of harmonic source impedance (harmonic coupling admittance); @ the harmonic
source can generate enough harmonic current and harmonic power at the fre-
quency; @ the harmonic source is of voltage type rather than stereotype (such as
constant current source).In case all above conditions are satisfied, convergence
will not occur during harmonic power flow calculation.
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2.7 Conclusion

Following conclusions are obtained after analysis of and discussion about har-
monic power flow calculation examples for single locomotive and two
locomotives:

1. Real modulation process of CRH2 EMU can be simulated by using 2D model.
Harmonic model of the EMU gives full consideration to the influence mech-
anism of harmonic voltage on the AC side on modulating wave and harmonic
current.

2. For harmonic power flow, resonance phenomenon usually occurs due to net-
work parameter matching and mutual excitation of harmonic voltage and
current; as a result, the iteration cannot be converged. For resonance, three
conditions, i.e., parameter matching, harmonic excitation and automatic
adjustment, shall be satisfied.

3. Resonance phenomenon cannot be avoided during harmonic power flow iter-
ation. Algorithms in this paper accurately reflect such phenomenon and can be
used as references for analysis and governance of harmonic resonance of
traction power supply system.
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