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distortion.

This thesis presents a model and simulation of harmonic elimination in the AC
railway system of the Blue Line Airport Rail Link. In this thesis, 3 case studies are
proposed to illustrate different harmonic elimination methods, as follows:
modifications to the topology of the power transmission system, simulation of the
harmonic elimination effect using the harmonic data obtained from the measurements,
and simulation of the harmonic elimination results using harmonic data obtained from
harmonic characteristics caused by the conversion of electricity on the converter circuit
on the train. by simulating the installation of four types of passive filters, namely single-
tuned filters, band-pass filters, high-pass filters, and a C-type filter. The installation of
passive filters at substations and.on-beard was simulated in a MATLAB simulation
program. The simulation results will be compared to determine the harmonic
elimination efficiency and complies with the IEEE 519-2014 requirements for harmonic
control in electric power systems. In addition, four passive filter design guidelines are
proposed to be suitable for the power system and to effectively eliminate the
harmonics in the desired sequence. From the simulation results, it was found that in
Case Study 1, increasing the intermediate track sectioning between power feeders and
increasing the number of tracks. as a result, the impedance of the transmission line is
reduced and the amount of harmanics at the 'substation is slightly reduced. Study 2:
Using the data from the measurements to simulate harmonic elimination efficiency, it
was found that the C-type passive filter can reduce the amount of harmonics at the
substation the most, and when comparing the location of the filter installed between
the substation and on-board, it was found that installing a passive filter on-board can
reduce the amount of harmonics the most. and case 3, using the harmonic

characteristics resulting from the electrical conversion of the converter circuit. It was



found that the passive c-type filter and the installation of the filter on-board can

reduce the amount of harmonics at the substation more. Same as case 2.
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CHAPTER 1
INTRODUCTION

1.1  General Introduction

The growing demand for public transportation has resulted in the development
of numerous configurations of power supply systems for electric railway networks, as
well as the fast development of high-speed trains with massive power capacity, high
operating speed, and density. Harmonic distortions have long been a source of concern
for power companies and electric railways resulting from the power-electronic energy
conversion of the electric railway system, such as those caused by diode rectifiers,
voltage source converters (VSC), and other electrical equipment onboard. These can
cause harmonic distortion, which has an impact on the overall power quality of the
electric train system. As a result, examining the power quality of electric trains is critical

for improving and resolving these challenges.

1.2 Problem Statement

At present, there are several electric trains in Thailand that use AC voltage of
25kV and frequency 50Hz, such as the airport rail link, Express line (Red) and City lines
(Blue). In this research, The ARL City Line will be used as‘an example. To study the
behavior and quantity-of harmonics in the AC power distribution system while in
service. The harmonic sample from the Chinese high-speed train model CHR380A will
be used in the simulation. In addition, the research presents two patterns of harmonic
reduction occurring in the railway power feeding system. The model is the styling of
the railway power feeding system and the use of passive harmonic filters. Then
compare the efficiency of each harmonic reduction and compare with I[EEE519-2014

standard.

1.3 Research Objectives
The main objective of this research is to study the effects and give examples
of harmonic reduction methods in the railway power feeding system, the research

objectives are divided into two topics as follows.



1) Study the effects of harmonics from Power feeding circuit topology in the
AC electric railway system.
2) Study the harmonic elimination effect from the installation of passive

harmonic filters in the AC railway power feeding system.

1.4 Scope and Limitations

The proposed conception was simulated within certain limitations and is shown
as follows.

1) Compare the simulation results of the total harmonic distortion that changes
when the topology changes. In the case of increasing the number of ITS and tracks

2) Compare the total harmonic distortion simulation results at the substation
before and after installing the passive harmonic filter.

3) Refer to the IEEE 519-2014 Voltage Harmonic Standard as a specification for
regulating the number of harmonics in power systems.

4) The proposed conception was simulated in a MATLAB environment. Using
various parameter data and simulating the movement of the AC electric train on the
ARL electric train city line.

5) Using multi-train train simulation.

6) The railway power feeding system in the simulation uses a single conductor
system.

7) Use the harmonic data of the high-speed rail CRH380A of the Chinese electric

train as a reference.

1.5 Research Benefits

A benefit of this research is provided to study the nature of harmonics occurring
in railway power feeding system, their effects in various ways, and to introduce
examples of harmonic reduction or elimination. that happened to reduce problems in

the power quality of the railway power feeding system.

1.6  Thesis Outline

The organization of this research are as follows. In Chapter 2, the literature
review is discussed. About AC railway system, Harmonic in AC railway system and other
review. In Chapter 3, Method of AC Railway and Harmonic Filter about Train Movement

Model and calculation, Power Flow Calculation, Topology of AC Railway Power Feeding



system, Harmonic Calculation and Passive Filter Design. In Chapter 4, Simulation Result,
About Train movement simulation, Circuit Topology, Case study: Measurement Data
and Case study: Input voltage harmonics of the four-quadrant converter with passive

power filter and In Chapter 5 Conclusion and Future work.

1.7  Chapter Summary
In this chapter presents the general introduction of the ARL City line AC electric

train system serving Thailand, the origins, and effects of harmonic power quality
problems, and proposes ways to manage or mitigate harmonic problems. that occur
in the railway power feeding system. Furthermore, the research objective, scope and

limitation, and research benefit it also has been presented in this chapter.



CHAPTER 2
LITERATURE REVIEW

2.1  Chapter Overview

This chapter is divided into 2 topics. The first topic is descripted in Section 2.2,
AC Railway System, which are a detailed description of the AC Railway power feeding
system and service information and parameters of the ARL city line electric train used
in this study as a test system. The second topic as in Section 2.3 describes the
harmonics in the AC electric train system. The sources and effects of the harmonics
are explained in Section 2.3.1. Section 2.3.2 describes harmonic distortion and
standards related to harmonic quantities in railway power feeding system. In addition,
section 2.3.3 explains various types of harmonic filters to compare the efficiency of

harmonic reduction in the railway power feeding system.

2.2 AC Railway System

The railway system has a long history and is a large system. It has evolved into
one of the most popular forms of public transportation over the past century. The
demand for rail transport is increasing year by year from both short- and long-haul
passenger and.freight travel. Due to the demand for better drive efficiency, speed of
service, luxury,7and reliability. It's @ good choice to use électrification for the train
system. that can meet the needs of those passengers and is already widely used in
transportation systems around the world.

There are two types of electrical systems that are used to drive electric vehicles
today are Direct Current (DC) and Alternating Current (AC), and there are two types of
electrical supply to the trains for mobility is third rail system and overhead wire system.
The third rail system has the advantage of being aesthetically pleasing to install due
to its low installation level. It does not affect the line pollution (visual impact) but has
limitations in safety. This system is often used on subways or mass transit systems in
non-living cities through running tracks. For overhead contact lines, they are opposite
each other. It is installed at a high level. Affects visual pollution but can be used with
higher voltage levels than the third rail. Suitable for long distance train operation (T.

Kulworawanichpong, 2004)



In the alternating current train system, the most commonly used AC electric
power system is the 25 kV voltage. For example, the City Line Airport Rail Link in Figure
2.1, also known as a 25 kV single-phase system. The frequency will be chosen according
to the power distribution system. There will be different parts according to the power
generation system of each country. Some countries use a frequency of 16 2/3 Hz as a
power distribution system in the past that is still used by some European countries
today. Some countries use 50 Hz and some use 60 Hz, etc. In large countries such as
the United States, the frequency is 25 Hz. In addition, 50 kV AC electric trains are also

installed, but are not widely used. Used in some countries (Nakhon, 2016)

Figure 2.1 The City Line Airport Rail Link

In Thailand, the railway system receives voltage 115kv through a transformer
to a 25kv 50Hz dual-phase AC voltage system. The structure of the electric power
cable system in Figure 2.2 consists of the structure of the conductors. The over-the-air
wiring harness powers the electric vehicle with a contact wire (C) and catenary wire.
(catenary), also known as messenger wire (messenger wire) to serve to fix the contact
feeder to the least swing, making this type of power supply compatible with the main
electric system. The two wires will have electricity flowing through and are connected
by wires. Vertically connected conductors are called drop wires. The electric train
draws electricity from the contact feed line through sliding contacts. A contact made

of graphite is designed to be mounted on the roof of an electric vehicle called a

pantograph, as shown in Figure 2.3.
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Figure 2.2 The structure of the electric power cable system

The pantograph is a very important point because it is the point where the
electric train and the power distribution system come into contact. The pantograph is
usually raised and lowered by high-pressure compressed air. The movement into
contact with and separation from the contact line must be very fast to prevent
damaging sparks. Because the AC electric train system operates at high voltage. The
driven power station has a long feeding range, so the stations can be installed far apart.
Typically, the propulsion power stations are approximately 50-100 km apart,
depending on the selected power distribution system and the congestion of the trains

on the route. (T. Kulworawanichpong, 2004)
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Figure 2.3 Pantograph
(Zdziebko, Pawet, Adam Martowicz, and Tadeusz UhL. "Multi-domain approach to
modeling pantograph-catenary interaction.”, 2022)

2.2.1 The configuration of AC railway power feeding system

There are many different forms of AC railway power feeding system in
the power transmission industry. especially one-phase railway power feeding system
where the AC distribution station is directly connected to the three-phase high-voltage
grid system, the 25 kV single-phase railway power feeding system is currently the UK
power transmission standard. Each UK substation consists of two transformers sized
132/25 (currently 275/25 kV or.400/25 kV in the-new system) with the high voltage side
connected to the grid system. The 3-phase and low-voltage side are connected to the
single-phase busbars. In Figure 2.4 is a diagram of the overhead feeding of a 25 kV two-
rail system in the UK FS: Feeder Substation, MPTS: Mid-Point track sectioning, and TS
: Intermediate track sectioning
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Figure 2.4 Diagram of the overhead feeding of a 25 kV two-rail system in the UK.

The configuration of a single-phase AC power system requires a neutral section
to divide the distribution system at the substation and at the MPTS into two. The MPTS
network is approximately centered on the substation spacing. In addition, between the
center of the power station and the MPTS there is an ITS to be able to install some
power equipment such as SVC or power factor adjustment devices or filters. (T.
Kulworawanichpong, 2004)

AC traction power feeding systems have been developed in various forms to
address many problems that arise in power feeding systems such as loss reduction,
leakage current and electromagnetic interference. There are four types of power
feeding systems: a single--phase direct feeding system, a booster transformer (BT)
feeding system, Autotransformer feeding system and Co-phase traction feeding system.

2.2.1.1 Single-phase direct feeding system

Because of its basic layout, a singlesphase direct feeding system
is the most basic type of traction power supply. Thereis no need for extra equipment
because the commonly used single-phase transformer is used. one pair of grid phases
is sent to the primary side of the traction transformer, which reduces the input voltage
to a traction level.

As seen in Figure 2.5, direct feeding without return conductor,
the traction current returns to the traction substation through the running rails. Some
of the return current can leak into the ground and flow through other metal structures
before retumning to the traction station. resulting in corrosion of those structures, power
loss in the feeding line, voltage drop at the feeding line's end, and electromagnetic
interference to the communication circuit. The magnitude of the leakage current
depends on the traction current and the rail-to-earth conductivity. The basic solution

to reduce this leakage current is to use conductors parallel to the running rails and



connect them to the rails every 5-6 km to allow this leakage current to flow back to
the power supply station through this retum conductor, shown in Figure 2.6 Direct
feeding with return conductor, despite using this method but still a small leakage
current occurred. (Kritsada Mongkoldee, 2020).

Substation
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Figure 2.5 Direct feeding without return conductor.
Modified from: Friedrich, K., Rainer, P, Axel, S., and Egid, S. (2009). Contact lines for

electric railways (2nd ed.). Erlangen: Publicis Publishing.
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Figure 2.6 Direct feeding with return conductor.
Modified from: Friedrich, K., Rainer, P, Axel, S., and Egid, S. (2009). Contact lines for

electric railways (2nd ed.). Erlangen: Publicis Publishing.

2.2.1.2 Booster transformer feeding system.

Even though the single-phase traction feeding system with the
return conductor can reduce leakage current, the impact on the nearby signaling
system remains unresolved. As a result, a booster transformer (BT) feeding system is
proposed to reduce the interference. The idea behind employing BT is to think of it as

a current transformer with a 1:1 turn ratio. To use the properties of the current flowing
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in the primary and secondary windings are equal. As a result, the magnetic field is most
balanced. Installing a BT transformer every 1-2 km reduces the interference effect by
approximately 50%. But the problem that follows is the voltage drop. Therefore, the
problem must be solved by adding a capacitor to the return conductor circuit. If the
BT transformer rating is 200-800 A or 100-800 kVA, the optimal distance to install the
BT transformer is every 3-4 km as shown in Figure 2.7. A booster transformer power
supply system. (Yasu Oura, 1998)

Sub-station capacitor
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!
..... L e W ! Rail

Figure 2.7 A booster transformer power supply system.
(Oura Yasu, Yoshifumi Mochinaga, and Hiroki Nagasawa. "Railway electric power

feeding systems." Japan railway & transport review 16.10 (1998): 48-58.)

2.2.1.3 Autotransformer feeding system.

The autotransformer (AT) system is the most efficient way to
power trains in‘an overhead exposed conductor system. And'has been popular in the
main rail system and high-speed trains as shown in Figure 2.8. AT that are used with a
coil ratio of 1:1 is installed every 8-15km distance, altowing the distance of the power
distribution station to be as far as 50 -100 km. This is particularly good at reducing
inductive interference in telephone lines. In Japan, the AT is constructed with a 1:1
turn ratio, and the substation feeding power is double that of the overhead line. This
technology is suited for high-speed and high-capacity electric vehicles because neither

large voltage drops nor arcing sections are present. (Yasu Oura, 1998)
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Figure 2.8 Autotransformer (AT) system
(Oura Yasu, Yoshifumi Mochinaga, and Hiroki Nagasawa. "Railway electric power

feeding systems." Japan railway & transport review 16.10 (1998): 48-58.)

2.2.1.4 Coaxial cable feeding system.

The Coaxial cable feeding system as shown in Figure 2.9 depicts
a coaxial cable installed along the train as part of the coaxial cable feeding system.
The inner conductor is linked to the contact wire and the outside conductor is attached
to the rail every few kilometers. The cable itself is quite costly, but its conductor
architecture is straightforward, making it perfect for usage in confined spaces. Japan is
the only nation to employ this approach. In compared to the overhead line, the coaxial
power cable's round-trip impedance is exceptionally low. Consequently, the load
current in the coaxial power cable is amplified by the connection to the overhead line.
This results in a distribution of rail current comparable to that of the AT feeding system,

hence greatly minimizing inductive interference in telecomlines. (Yasu Oura, 1998)

Sub-station
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e i = 1 DT cable
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Figure 2.9 Coaxial cable feeding system.

(Oura, Yasu, Yoshifumi Mochinaga, and Hiroki Nagasawa. "Railway electric power

feeding systems." Japan railway & transport review 16.10 (1998): 48-58.)
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2.2.2 City line Airport Rail Link information
The data of the ARL electric train will be used as a model train in the
simulation in this research. The technical feasibility of the traction power supply for
the ARL project with 25kV/50Hz has been investigated by means of an electrical
network calculation basing on simulated train operation with the simulation program
MATLAB. The following paragraphs summaries the essential input data for the
simulation of the electrical network and the train operation of the line. (Siemens
Limited, 2007)
2.2.2.1 Route
Length of the line: 28.3 km.
Number of passenger stations: 8 Stations
Number of traction substation: 1 substation
The following table 2.1 gives the passenger station names. The
initial stage of the ARL system will comprise 8 passenger stations in total.

Table 2.1 Passenger station names

Station name 3 letter code Location (km)
Phaya Thai PTH 0.000
Ratchaprarop RPR 0.908
Makkasan City Line MAS 3.134
a Ramkhamhaeng RKH _ 7.480
Hua Mak HUM 11.833
Ban Thap Chang BTC 171835
Lat Krabang LKB 23.033
Suvarnabhumi (Terminal 1) SVB a 28.193

2.2.2.2 Parameters of the ARL City Line train used in the simulation.
The following table 2.2 shows the parameters used to calculate
the ARL City Line train model V03 (year 2022), which are outlined for all simulations.
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Table 2.2 Parameters used to calculate the ARL City Line train model V03 (year 2022)

Parameter

. Value Unit
| Maximum acceleration 1.00 m/s’ |
Maximum deceleration 0.88 m/s?
Maximum velocity 160 Km/h
Train mass 131 Ton
Passenger mass 44.9 Ton
Maximum tractive
200.0 kN
- effort -
Maximum braking
144.0 kN
effort
Power auxiliary 200 kKVA
Efficiency motor and
‘cy 0.82 E
inverter
| N 1
| 0.0162 - -, + el -—.v-m__
Davis’s equation kg s
A+Bv+Cv kg ;
\( /4l V4 j;u.rme! :

m

2.2.2.3 Overhead Catenary System

Contact wire: Cu 107mm?2 (20% abrasion)

Messenger wire: Bz 70mm?

Return Conductor: E-Al 120mm?2

Rails: UIC 60, 15%
Admittance Catenary: 0.0949 + j0.5877 Q/km
Admittance Rail: 0.0289 + j1.8539 Q/km

Figure 2.10 Configuration of Overhead Catenary System shows
a cross section of the considered OCS including all relevant horizontal and vertical

measures of conductors and running rails.
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Figure 2.10 Configuration of Overhead Catenary System

2.2.2.4 Traction Power Substation (TPS)
The entire line of “ARL Bangkok" is fed by one TPS with two 20

MVA transformers, located at km 8.078 near the passenger station Ramkham Haeng.
Table 2.3 shows the parameters of ARL Traction Power Substation and the substation

infeed with two transformers is shown in Figure 2.11.

Table 2.3 the parameters of ARL Traction Power Substation

| Parameter Value Unit
Short-circuit capacity 2.7 : GVA
No-load voltage 25 : KV

Rail to Earth conductance 0.1 S/km




15

L
\ Y

Figure 2.11 The substation infeed with two transformers

2.3 Harmonics in AC railway system
2.3.1 Harmonics Source and effect

Harmonic is a signal whose frequency is a certain number of
fundamental frequencies, e.g., fundamental frequency is 50 Hz, harmonic is 100, 200,
etc. The fundamental frequency is called the 1st harmonic, and the other harmonics
are obtained by multiplying the integer by the fundamental frequency. For the
harmonics that”occur in the AC electric power system It has been increasingly
highlighted by the rapid development of electric trains, especially high-speed trains.

Harmonic Current is the current in the wires in the electrical system.
They arise from devices with non-linear characteristics, which can be loads or sources,
or are caused by thyristor control devices or pulse width modulation (PWM) devices in
electric power and harmonic currents. The reactance of various devices in the system,
such as the reactance of the transmission line or the reactance of the capacitors
connected to the system to improve the power factor and voltage, create a voltage.
Harmonic Voltage in the electric power transmission system makes it a major problem
for the power transmission system. The electric power transmission system is
characterized by an RLC circuit. Multiple resonance frequencies can be found, which

will result in more harmonic current amplification in the power transmission system.
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An example of a graph of measured voltage and current under resonance frequency.
As shown in Figure 2.12 (Haitao Hu, 2018)

VoLtaie jurrent
: 3 ——— 80
i e K™ : [
; 1 1] r|l||]|.‘l.hirl?l' | '|'||il,IIJJHIII ‘ 0 s.
it '[|Ilr 1‘1 l"'[lr. |‘.‘ | 40 =
1, g by )
W i\ ; L d20 £
s 1 i -
1 ] 1) y1 o0 ©
') f N 20 D
. ) il 1 I =
{ ] 0 ' [ | =
.II‘I | bl l\l “':-40 g
i it "|'1|m5'r' 160 %
4 10 1
. | ESaL . S
0 0.01 0.02 0.03
Time [s]

Figure 2.12 An example of a graph of measured voltage and current

under resonance frequency

Harmonic Problem Sources in AC railway systems as shown in Figure
2.13 can be divided into 3 types as follows. (Haitao Hu, 2018)

1) Background voltage harmonics are typically below 20 per unit (p.u.),
i.e., the fifth, seventh, eleventh, and thirteenth harmonics, and are caused by the
harmonic injections of nonlinear devices connected to the utility power system. They
may be measured without train operations in a new RES. Moreover, the series
resonance may amplify the background harmonics.

2) Harmonic resonance is stimulated by the interplay of capacitive and
inductive elements/parameters and energized by the nonlinear train’s current injection.
Two conditions are necessary to stimulate a harmonic.resonance.

a) At certain frequendies, the inductance and capacitance of the
system are equal.

b) A linked harmonic source encompasses one or more of these
resonance frequencies.

3) High-speed trains' PWM-controlled 4-quadrant converter (4QC)
generates characteristic harmonics around the integer switching frequencies. Harmonics
of the standard electric train are characterized by an abundance of low-frequency odd
harmonics. In addition to various harmonic spectra, different types of electric trains

may exhibit distinct harmonic behaviors due to their equivalent output admittance.
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Figure 2.13 Type of Harmonic Problem Sources in AC railway system

Examples of harmonic effects on electrical systems and equipment

1) Capacitor - Connecting capacitors and reactance to the system is likely to
cause parallel resonance conditions between the capacitor and reactance of the
system when the load is not considered. It is linear as a source of harmonic currents.
If parallel resonance occurs at the same or similar frequency as the harmonic
frequency of the nonlinear load, it will cause There is a large amount of current flowing
between the system reactance and the capacitor reactance, and this current is
combined with the harmonic current of the nonlinear load. This causes a voltage drop
across the reactance of the system. For this reason, the voltage distortion is very large.
Therefore, the capacitor size selection method should avoid the size that produces
the same resonant frequency or close to the harmonic frequency.

2) Relay Protection - The distortion waveform will affect the performance of
the protection relay. This may cause the relay to not function properly when voltage
transformers are required and especially current transformers to transmit harmonic
distortions to the relay system. Current transformers are normally operated at load
current levels, but when high fault currents are present, they will saturate the iron
core of the current transformer causing a distortion signal into the relay system.
Therefore, this distortion may cause the relay to disconnect the circuit incorrectly in
the event of a fault or it may cause trouble for the power user. by ordering to cut off
the circuit while there is no fault occurring in the electrical system.

3) Transformer - The effect of harmonics in the power system on transformers
is that there is an increase in heat in the form of more power losses. which are losing
these include: Loss of coil This power loss is heated in the conductor and surface
phenomenon, power loss due to eddy currents in the windings. The power loss in this

section increases with the square of the load current and the square of the frequency
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and other losses As the magnetic flux passes through the metallic components of the
transformer, these losses increase with frequency when the transformer is heated
above a certain value, shortening the life of the transformer.

4) Electronic devices - Harmonic distortion can affect the operation of many
electronic devices, such as electronic circuits used to monitor fundamental frequency
zero voltage when harmonics at primary frequency occur. dung as a result, this
electronic circuit malfunctions or occurs with electronic power supplies that use the
crest of the voltage to charge filter capacitors. But the harmonic frequency and the
phase relationship between the fundamental voltage and the distorted harmonic
voltage can cause the crest to rise or flatten. As a result, the power supply has an
unstable output voltage at or below the required voltage level. Therefore, other
devices that need to be powered by this power supply will be less efficient. It can
affect video or television or loads that require constant voltage.

5) Telephone Interference - When the telephone line is installed on a pole
near the power ling, there is a chance that interference from the power line can
interfere with the telephone communication system and if harmonics are included in
the system. Harmonic frequencies can cause more problems than fundamental
frequencies, resulting in communication-failures or interference in the communication

system.

2.3.2 Harmonics Distortion and standard
A harmonic is a sine wave component of a signal or periodic quantity
whose frequency is an integer multiple of the fundamental frequency (50 Hz) in a
power system, such as.a harmonic. The 5th harmonic has‘a frequency of 250Hz, and
the 7th harmonic has a frequency of 350z, shown in Figure 2.14(a) Fundamental and

Harmonics.
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Figure 2.14 Harmonics Distortion Waveform
(https://www.aptdpower.com/2021/07/22/total-harmonic-distortion-thd/, Retrieved
September 8, 2022)

And the harmonic effect when combined with the fundamental
frequency signal with the size (Amplitude) and the phase angle (Phase Angle) causes
the signal to change in size and have a distorted signal. away from the sine wave signal
as shown in Figure 2.14(b) Waveform Distortion.

Mathematically, Fourier series can be used to describe harmonic
characteristics where a signal or periodic function can be distributed as the sum of
trigonometric functions where the frequencies are also denoted periodic functions. f(t)

as in the equation (2.1) (Watcharapong,2016)

f@)=ag+ >, agcos(nayt) + D, by,sin(naxt) (2.1)
n=l1 n=1
When
1
ap = T [ f(t)ar

a, = % j'f(r) cos nayytdt

b= % [ f(¢)sin naxtdt

where T is the one period of the signal and n is a positive integer. In the

case where n = 0, this is the fundamental frequency or in the case where n is greater
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than zero, this frequency is called an order n harmonic. It can be both an even and
an odd seqguence.

Figure A and Figure C represent a sine wave signal of the fundamental
frequency and a sine wave of the 3rd harmonic, and Figure B and Figure D represents
the distortion produced by combining the sine wave at the fundamental frequency

with the 3rd harmonic sine wave.
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f(t) =sin(x) — %sin(Sx)

Because harmonics have caused damage in the power system in many
ways, so the standards bodies have planned to prevent and promulgated standards
for harmonics to control the amount of harmonics. Monigue in the electrical system
and some countries have modified the standard for use within the country itself.

In this research, the standard IEE519-2014 is used. It is a standard on
Recommended Practice and Requirements for Harmonic Control in Electric Power
Systems, detailing both voltage harmonics and current harmonics related to electric
train simulation in this research as shown in the table below at 2.4 and 2.5.

Table 2.4 shows voltage distortion limitations; all values should be
expressed as a percentage of the rated power frequency voltage at the point of
common connection (PCC). This is true for voltage harmonics with frequencies that are

integer multiples of the power frequency. (IEEE 519 ,2014)
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Table 2.4 Voltage distortion limits

Total harmonic distortion
Bus voltage V at PCC Individual harmonic (%)
THD (%)
V< 1.0kV 5.0 8.0
1kV<V=69kY 3.0 5.0
69 kV <V < 161 kV ] 25
161 kV <V 1.6 1.5

Table 2.5 shows the current distortion limitations for systems rated from
120 V to 69 kV. The restrictions in this subclause apply to users connected to systems
with rated voltages ranging from 120 V to 69 kV at the PCC. All values should be
expressed as a percentage of the maximurmn demand current, IL. This current value is
determined by the PCC and is calculated as the total of the currents corresponding to
the greatest demand for the preceding twelve months divided by twelve. Table 2.5 is
applicable to harmonic currents with frequencies that are integer multiples of the

power frequency.

Table 2.5 Current distortion limits for systems rated 120 V through 69 kV.

Maximum harmonic current distortion in percent of /. ]
Individual harmonic order (odd harmonics)
Is/h° | 3sh..< 11 MY <h <17 [17sh<23 | 23 < hIAB5 | 35<h <50 | TDD®
< 20 a.0 2.0 ) Lon 0.6 03 5.0
20 <50 7.0 K% | A% 1.0 0.5 8.0
50 < 100 10.0 4.5 4.0 15 0.7 12.0
100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 70 6.0 2.5 1.4 20.0

e = maximum short-circuit current at PCC

%, = maximum demand load current (fundamental frequency component) at the PCC
under normal load operating conditions

“TDD = Total demand distortion, the ratio of the root mean square of the harmonic
content, considering harmonic components up to the 50th order and specifically excluding

interharmonics, expressed as a percent of the maximum demand current. Harmonic components

of order greater than 50 may be included when necessary.
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2.3.3 Harmonic Filter

Adding a filter to a system to limit or reduce the harmonics is a highly
efficient method. Limiting harmonics to very low dimensions Multiple filters may be
required, resulting in higher investment costs. When applying filters to solve harmonic
problems, one must consider the purpose or size of the harmonics to be reduced to
a greater extent and how many filters should be used first. To go into the details of
choosing a filter size, consider the type of filter first. The harmonic filters are divided
into active filter and passive filter (AIDA ENGINEER ,2004)

Active filter is a harmonic filterine device consisting of a power
electronic device and a computer circuit together. It measures the harmonics in the
power system, analyzes the results, and produces harmonics of equal order and
quantity but opposite direction. and supply that current to offset the harmonic current
in the system until no harmonic current is present or reduced. The active filter is
designed as an optional standard module. It has the flexibility to filter any harmonic
from the 2nd to 50th harmonic, and up to 15-20 harmonic sequences simultaneously.
The problem with this type of filter is that it is much more expensive than passive, so
the harmonic problem must be carefully analyzed before deciding which equipment
to fix.

Passive filter is a harmonic filtering device that consists of a primary
resistor (R), reactor (L), and capacitor (C) that are designed to have R, L, and C values
relative to each other. Based on the principle of series resonance like a short circuit, it
has low impedance for harmonic frequencies but is similar to a normal load based on
a 50 Hz system frequency. The disadvantage of passive filters is that they are only
designed to suit certain load conditions. If the load or electrical system is changed
from the one that was originally designed, it will greatly affect the operation. In this
research, 4 harmonic filters are presented as follows. (J.C. Das, 2015)

2.3.3.1 Single-Tuned Filter

Series filters, also known as single-tuned or notch filters, are the
most popular in the industry. This filter is adjusted to suppress a single frequency and
is developed around three parameters: the harmonic current order that must be
blocked, the capacitive reactive power that it will give, and its quality factor. During
the design phase, the voltage level and fundamental frequency provided by the
system must also be addressed. Figure 2.15 depicts the series or single-tuned filter's

circuit architecture as well as a typical impedance characteristic.
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Figure 2.15 Single-tuned filter's circuit architecture and a typical impedance

characteristic

2.3.3.2 High-pass Filter
High-pass filters, as shown in Figure 2.16, are utilized to suppress
a larger range of frequencies than a single tuned filter, hence lowering the size of the
components and preventing capacitive power factor when the system is not loaded.
This filter is designed to have an impedance characteristic that is flat for high

frequencies.

4|
n{g,\'b /’_’
a4 l

2 !

Figure 2.16 High-pass filter's circuit architecture and a typical impedance characteristic

2.3.3.3 Band-Pass Filter
Band-pass filters are uncommon in the industry, but this
component may be used to simulate high-order or double-tuned filters. This
component may be used to simulate filters with a high order. Figure 2.17 depicts the
double-tuned filter, which is a combination of a band-pass filter in series with an
inductor and a capacitor. This filter is perhaps the most common. Combining the
parallel resonance of the band-pass filter with the series resonance of the inductor

and capacitor combination, this sort of filter operates. As seen in Figure 2.17, two more



24

resonance frequencies are available for selection. This setup results in a cheaper filter

than the parallel combination of two separate series filters.

Figure 2.17 Double-pass filter's circuit architecture and a typical impedance

characteristic

2.3.3.4 C-Type Filter
C-type filters, as shown in Figure 2.18, are second-order filters
that may suppress harmonic currents with lower losses than series filters or band-pass
filters. The L and C components, which are parallel to the resistor, resonate at the
fundamental frequency, which enables this capacity. Consequently, the fundamental
current that flows'through the damping resistor is. minimized. Due to their intrinsically
flat impedance profile aboye the:tuned frequency, c-type filters also work well in

suppressing high-frequency harmonics.

. il
¢ L,
Tl ; I

Figure 2.18 C-type filter's circuit architecture
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2.4 Other Review
Hamed Kaleybar (2019) An Inclusive Study and Classification of Harmonic

Phenomena in Electric Railway Systems investigates and classifies harmonic
phenomena based on ERS type, effective factors, origins of formation, destructive
consequences, and compensatory strategies. It gives researchers and engineers a
perfect view of ERS harmonic difficulties. They categorized harmonic phenomena by
effective factors, causes, destructive consequences, and compensatory strategies. The
main indices are LOH, LFO, PHR, SHR, and HI. These phenomena are mitigated via
control and compensators. Depending on the type of running ERS, harmonic
phenomena can vary.

Hanmin Lee (2006) Korean High-Speed Railway Harmonic Analysis Using the
Eight-Port Representation Model gives a high-speed railway harmonic analysis model.
Since harmonic current runs via the catenary system, it must be modeled to analyze
harmonic current amplifications and overall harmonic distortion. In this work, the line
constants of five conductors in the catenary system were determined using the
reduction approach, and each Korean high-speed railway subsystem was modeled by
the eight-port representation. The accuracy of the harmonic analysis model was
verified by comparing simulation results to field test data from the Korean high-speed
railway. Also shown are the high-speed railway's harmonic characteristics.

Davor Vujatovic (2006) Harmonics Generated from Railway Operation reports
on high-speed railway harmonics. Installing power electronic compensators, notably
static VAR compensators (SVC), in the railway system during infrastructure upgrades
may not be an easy solution. Better approaches and metheds will be discussed. To
offset the principal downside of SVC compensators, such as the harmonic currents
introduced into the railway. catenary due te their non-linear properties. Harmonics
content was studied by analyzing a vast volume of high-speed train data. The
recommended approach could limit SVC's negative effects on rail and electrical
systems.

El Hajji Moine (2019) Harmonic analysis caused by static converters of the
railway high-speed train and its impact on the track circuit This paper deals with the
study of the electromagnetic interference in the railway field, especially the
disturbance generated by static converters such as the rectifiers and the inverters used
in train propulsion systems. The focus of this work is modeling and simulating the
electrified railway propulsion drive equipped with a two-level NPC PWM inverter and
rectifier for harmonics analysis and their impact on the railway signaling, especially

track dircuit, and proposing a solution to reduce the EM disturbance.
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Wensheng Song (2016) High-Frequency Harmonic Resonance Suppression on a
High-Speed Railway Using an LCL Filter. This article proposes adopting a single-phase
grid-side PWM converter with an LCL filter in high-speed trains to reduce resonance
excitation. The LCL filter's total inductance value is supposed to be the same as that
of the L-type filter, with only a tiny capacitor added. This design fits the traction
converter system's space and weight constraints. In this work, a 27.5-kV 50-Hz
autotransformer-fed power-supply system and grid-side LCL filter-based converters are
modeled and simulated in real-time HIL. The proposed approach stops TPSS from
resonating at high frequencies.

Zhengyouhe (2016) Power quality in high-speed railway systems have caused
severe voltage and current aberrations in the traction power supply system (TPSS) and
the linked power system. Nonlinear and dynamic trains make power quality (PQ)
calculations and evaluations problematic. Unbalance, reactive power, harmonics,
harmonic resonance, and low-frequency voltage fluctuations are HSR PQ concerns.
This article gives a summary of power quality difficulties based on reported
documentation and field testing, and details the modeling of the TPSS in China's HSR
systems to explore PQ issues. Throughout railway electrification history, many
mitigating strategies have been wused to improve PQ performance. New power-
electronics technologies have led to the creation of unique PQ solutions. The article
compares PQ improvements using various power quality.

B. Lutrakulwattana (2015) Harmonic Resonance Assessment of 1x25kV, 50Hz
Suvarnabhumi Rail Link Traction Power Supply Harmonic resonance in railway traction
power supply.systems (TPSS) can cause voltage distortion, overvoltage on capacitive
devices, overheating of electrical components, and EMI.in-communication circuits.
Harmonic resonance in railway TPSS must be assessed. This work gives a modeling and
simulation-based harmonic resonance assessment of Thailand's first AC-electrified
railway line, Suvarnabhumi Airport Rail Link (SARL). The model includes genuine ESS
and OCS parameters.

Ahmed S. Abbas (2019) Comprehensive Parametric Analysis of Single Tuned
Filter in Distribution Systems. Single-tuned harmonic filters (STFs) are employed in
distribution systems to reduce harmonic distortion and associated negative effects.
This work gives a parametric analysis for the STF to investigate filter performance.
Changing the quality factor, tuned frequency, and filter size can modify the filter's
impedance-frequency curve. This article examines how distribution system factors
affect the filter's harmonic pass band. The offered analysis can assist designers

understand the STF's operation and performance and select the right filter parameter
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values to improve STF performance and accomplish certain mitigation characteristics.
MATLAB performs simulation analyses.

Ashlin Gloria Reginald (2015) Harmonic Analysis and Its Mitigation Using Different
Passive Filters. Electronics emit harmonics. Harmonic distortion, caused by harmonics,
degrades power quality. Passive or active filters reduce harmonics. Active filters
effectively compensate harmonic currents and voltages, but they're pricey. For small
installations, passive filters are preferable over active filters. In this paper, a harmonic
fitter for a non-linear load is designed and developed. Based on proposed ways to
suppress harmonics, different filter topologies are created. Recent THD data showed
128%. The full system is simulated with SIMULINK to verify procedures.

M | Fahmi (2018) Harmonic reduction by using single-tuned passive filter in plastic
processing industry. Non-linear industrial loads might cause inconsistent harmonics that
don't meet IEEE 519-1992 standards. This paper covers using single-tuned passive filters
to reduce plastics processing harmonics. The MATLAB/Simulink simulation resulted in
15.55% total harmonic distortion (THD), which can be reduced to 4.77% harmonics per
IEEE 519-1992 standards. Simulation results show that a single-tuned passive filter can

reduce the current 82.23% harmonic and other harmonics between 7% and 8%.

2.5 Chapter Summary

Chapter 2 presents a search for research literature related to the research
conducted. which makes them aware of the relevant research guidelines Methodology
that other researchers have applied research findings and proposals to apply and

develop to research.



CHAPTER 3
Method of AC Railway and Harmonic Filter

3.1  Chapter Overview
This chapter discusses the calculation and design methods involved in this
research, including Train Movement Model and calculation, Power Flow Calculation,

Topology of AC electric train system, Harmonic Calculation, and Passive Filter Design.

3.2 Train Movement Model and calculation

The calculation of train movement is based on Newton's Second Law in
equation (3.1) and the force acting on the train as shown in the free object diagram of
train movement Figure 3.1, consists of tractive effort and friction force. The driving
force of the train is the traction force (FT), and the friction force is the rolling resistance
of the wheels, aerodynamic resistance, and slope resistance (Fgrad) in equation (3.3).
The combination of rolling resistance, aerodynamic resistance, and other resistance

(FR) is summarized in Davies's equation as shown in (3.2)

Il ' //’/ ﬁl le—

= -U\-Jf wsin(d)

/

Lred

Figure 3.1 The free object diagram of train movement.

When M, is effective mass (kg)
0 is the angle of track inclination.
a is the train acceleration.
g is the acceleration due to gravity (9.8 m/s?)

4,B,C are Davis’s coefficients.

v is the train speed (m/s)
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Davis’s equation of ARL

N 1 kg 2
0.0162 - — - M, in + 0.00017 - — - v - My in + 4.144 -

kg s m

=) tunnel "V

The movement of the electric train in this research, the movement patterns of
electric trains, as shown in Figure 3.2, will be considered in 3 modes of operation.

1) Acceleration mode is when the electric train receives power through a
contact line to increase the torque of the motor in a standby state. The electric train
operates with the specified acceleration when leaving the station. Until reaching the
specified speed or according to the designed distance, the electric train will run in
constant speed mode.

2) Constant speed mode is the way an electric train moves at a constant speed
while keeping its operating speed at zero acceleration until reaching the braking
distance before stopping at the train station.

3) Brake mode is where the train's movement will reduce its speed with latency,
i.e., the acceleration is negative in the range greater than zero to the maximum latency.
To park at the passenger terminal or reduce the speed so that the train speed does
not exceed the specified working speed.

Acceleraring mode Constant spead mode Braking mode

Speed

Time

Figure 3.2 The movement patterns of electric trains.

The speed and distance of the electric vehicle in different modes can be

calculated in equation (3.4) and (3.5)
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_ 3.4
v, =V talt (3.4)
L e
i =8 # VA =t (3.5)
2
When
”

111>V, are the speed of electric trains after and before adjustment (m/s).

S, .1» 8, are the positions of the electric train after and before adjustment (m).

At is the time step (s)

a is the acceleration (m/s®)

The Train Power Consumption (Scen) in mobility consists of two parts: Tractive
power (Sy) and auxiliary power (Squ) generated by lighting, air conditioning systems,
transmission systems, etc., and the tractive effort depends on the traction value of the

electric vehicle in motion (TE), the electric vehicle speed (v) and the conversion

efficiency of mechanical energy into electrical energy (1), as in equation (36).

Scon :Str +Saux (3.6)
iz ;a>0
S, =9 0;a=0
TEvny ;a <0

3.3 Power Flow Calculation

The voltage solution of a powered power distribution system is calculated using
an AC single-conductor system model. As shown in Figure 3.3 and AC single-conductor
system circuit. As shown in Figure 3.4, it consists of a traction substation (TSS), feeder
and train (Tr). A node analysis method was used to facilitate the calculation of the
model. and using iterative methods to verify the correctness of the calculated solution.
This research uses the current injection method to find the solution for calculating the
voltage at the bus. (Kulworavanichphong, 2018) Model of the electric train system in
the form of a current the voltage solution can be calculated from the node equations
as shown in (3.7).
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Figure 3.3 AC single-conductor system model

V, " 2 Yy
I — | { 1 | S I
Zy \ Z, \ Zow l
L Zss ¢ J‘ i *
S =B +J%n Sp2 =P+ JjOr

Figure 3.4 An AC single-conductor system circuit

v1=[r]"'[1] (3.7)

With this-calculation, the system matrix equation is therefore formed.

Vosi | c) Iss, |
: Yennah itasgs '
Vesw | [ Yon h2 = Yoq| |Issw
Vira : - Tk g I7,
_Yp,l Yo - Yq,qu
VM | Iy |

where [Y] is the aggregation of each bus's sub-conductance matrix which
Consists of a sub-conductance matrix at the power station location [Yss]. The sub-
conductance matrix of the contact line between bus p to g [Ypq), the sub-conductance
matrix of the rail-to-ground contact line at buses p and g [Ypl and [Yggl, and the

electric train conductor [Yy,] matrix is shown in the equation (3.8) - (3.11) respectively.
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Yoq = o (3.8)
(L,-L,)z
Y, =Y, =0 (39)
Yog v = L o l (3.10)
Tozggy (Lp—-Lyzg
Yo i = 1 $ 1
’ (Ey=d)zy » (L,=d)z; (3.11)

Where

L is the bus position (m)

z, is the conductor rail Impedance (Q/m)

Zss is the short-circuit Impedance of the traction station (o/m)
Iss is the current of the traction station (A)

I, is the current of the electric train (A)
p, g are the bus number
N is the power station number.

M is the electric train number.

The short circuit Impedance and the electric power of the substation can be

calculated from equation (3.12) - (3.14).

2
IgS (V”‘{) (3.12)
SSS
Vs
J(s.s :I.s _z (3.13)
S *
L=z 3.14
(Kﬂ} 18

Where
V.. is the load voltage of the power station (V).
Iss is the short-circuit current at the power station (A).

S is the short-circuit power at the power supply station (VA).
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The electric current value of the electric train is calculated from Equation (3.15).

e :(ELJ (3.15)
VTr

V1, is the electric vehicle voltage (V).

Where

St is the electric power of the train (VA).

In this research the calculation of the voltage solution in the electric train
system is through a process of solving the problem with the equation Current injection
method (Kulworawanichpong, 2015). The operation uses a calculation interval of every
0.5 s. The position and power of the electric train will change according to the train’s
operating mode. This method depends on the equilibrium current equation. (Current-

balance equation) at each bus as in equation (3.16).
Sy j
[ | —=| =3v, ¥ (3.16)

3.4 Topology of AC Railway Power Feeding system

Simulation of the effect of changing the topology of the railway power feeding
system on the harmonic load at the traction station. In this research, two topology
simulation models are presented. A model of increasing the connection points
between power grids-and a model of increasing the number of rails of the electric train
system. To be a case study to-find out how to.reduce the amount of harmonics that
occur in the railway power feeding system.

3.4.1 model of increasing the Intermediate track sectioning between

power feeders.

A model of increasing the Intermediate track sectioning is an experiment
to observe the behavior of the harmonic quantities occurring at the power distribution
substation during railway service. The total feeder line distance of the ARL electric train
is 28.3 km. It will be tested in 4 cases, including Case 1 open loop at the end-point
track, normal power feeding system As shown in Figure 3.5, Case 2 close loop at the
end-point track causing the railway power feeder line to 1 loop over a total distance
of 28.3 km. as shown in Figure 3.6, Case 3 ITS 1 point divides railway power feeder line
distance 28.3 km into equal 2 loops as shown in Figure 3.7 and Case 4 ITS 2 points
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divide the railway power feeder line distance 28.3km into 3 equal loops as shown in

Figure 3.8.

End-point track

Lp Track Ziine i
B e

Down Track

Rail |

Figure 3.5 Case 1 open loop at the end-point track, normal power feeding system.

End-point truck

zﬁm’ T(__

Cp Track
e

Down Track

Rail |

Figure 3.6 Case 2 close loop at the end-point track causing the railway power feeder
line to 1 loop over a total distance of 28.3 km.
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Figure 3.7 Case 3 ITS 1 point divides railway power feeder line distance 28.3 km into
equal 2 loops
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Figure 3.8 Case 4 4 ITS 2 points divide the railway power feeder line distance 28.3km
into 3 equal loops.

3.4.2 A model of increasing the number of tracks of the electric train
system.

A model of increasing the number of tracks of the electric train system
is an experiment to observe the behavior of the harmonic quantities occurring at the
power distribution station. The number of railway tracks that are in use today are either
1-track, 2-track, d-track or 6-track. For testing in this research, 2-track and d4-track
models that are commonly used in electric train systems are used. Comparison of the

harmonic quantity at the power distribution station that changes with the number of
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track s by the 2-track and 4-track electric train system models are shown in Figure 3.9-

SEEEDE

Lp Track

End-point track

R

Down Track

Rail

Figure 3.9 2-track electric train system models.
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Figure 3.10 4-track electric train system models.
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3.5 Harmonic Calculation

In general, parameters of all conductor systems are described in fundamental
frequency. Since reactance or susceptance of the power feeding conductors, such as
overhead contact system, running rails or return cables, are frequency-dependent, a
method of frequency scanning can be employed by varying the frequency used starting
from 50 Hz (fundamental: f1) to any high frequency of the form nx50 Hz (nxf1), where
nis a positive integer. This cause a set of linear system equations needed to be solved
at a given harmonic order (n) of frequency.

Power flow calculation model for calculating harmonics as shown in Figure
3.11. There is a change from the normal power flow calculation which is to change the
electric train to be the source of harmonic current and then send it through the feeder
line to the substation acting like a load without power supply. After that, calculate the

amount of voltage and harmonic current occurring at the power station.

a, =27nf, ;n=1,2,3,..

Vs 4 v, Py,
| — | | — | —1 |
Zg, =(Ry +jw,L,) Zy =(R,+jo,L,) wy, =Ry +jo, Ly

L] Z=(R. +jol.) [}‘1” T? [‘1'2" T’

Sﬂ” :Phn +J'Q1,, Srz,, :B"z,, +J‘Q12,,

Figure 3.11 Power flow calculation model for calculating harmonics.

In this research, a current injection calculation method is used to calculate the
bus voltage in each order as well as the power flow calculation in normal or
fundamental conditions. The electric train model calculations are in terms of harmonic
currents that change with each order. The impedance of the contact line is in terms
of the Y bus that changes with each order but at the substation there is a fixed
impedance at fundamental frequency (n=1). Therefore, the bus voltage values for each

order can be calculated in terms of node equations as shown in equation (3.17).

v, 1=07,"17,] (3.17)
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For calculating harmonic distortion at 25kV substation, the total harmonic
distortion (THD) is the ratio of the root mean square of the harmonic content,
considering harmonic components up to the 50th order and specifically excluding
interharmonics, expressed as a percent of the fundamental. Harmonic components of
order greater than 50 may be included, when necessary, THD is used to calculate the
total harmonic distortion for voltage (THDv) following equation (3.18) and can be
compared to the IEEE 519-2014 standard.

2
2 Vr (3.18)

THRl= 17=2

Where
V1 is values of the fundamental harmonic of voltage.

Vn is values of non-fundamental harmonics of voltage.

The total demand distortion (TDD) is the ratio of the root mean square of the
harmonic content, considering harmonic components up to the 50th order and
specifically excluding interharmonics, expressed as a percent of the maximum demand
current. Harmonic components of order greater than 50 may be included when
necessary. TDD is used to calculate the total harmonic distortion for current (TDDi)
following equation (3.19) and can be compared to the IEEE 519-2014 standard.

L X (3.19)
TDD; = =2

Imax

Where
Imax is the fundamental maximum demand current.

l, is values of non-fundamental harmonics of current.

3.5.1 Case study: Topology Power Feeding
For the determination of harmonic quantities in the case of changes in
topology increasing the intermediate track sectioning. It will be considered in the form

of the equivalent circuit to study the change in impedance of the railway power feeder
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line. By the case of 1 loop, the equivalent circuit is as shown in Figure 3.12; by the

case of 2 loop, the equivalent circuit is as shown in Figure 3.13; and by the case of 3

loop, the equivalent circuit is as shown in Figure 3.14. The impedance of the railway

power feeder line, which changes with the distance of each loop multiplication

scheme circuit is as shown in Figure 3.15.
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Figure 3.12 The equivalent circuit of 1 loop.
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Figure 3.13 The equivalent circuit of 2 loop.
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For the determination of harmonic quantities in the case of changes in

topology increasing the number of tracks of the electric train system. It will be

considered in the form of the equivalent circuit to study the change in impedance of

the railway power feeder line. Figure 3.16 shows the equivalent circuit of a railway

system with an increase in the number of tracks to 4 tracks. Figure 3.17 shows the

impedance of the railway power feeder line which changes with distance in the case
of 2-track and 4-track.
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Figure 3.16 The equivalent circuit of a railway system with an increase in the number

of tracks to & tracks.
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Figure 3.17 The impedance of the railway power feeder line which changes with

distance in the case of 2-track and 4-track.

3.5.2 Case study: Measurement Data

The amount of harmonic current produced by the electric train will be

taken from the value sample of the harmonic current of the high-speed electric train

from China, model CHR380A, as shown in Figure 3.18 and in Figure 3.19, to compare

the proportion of the harmonic current. in various orders to suit the ARL train

simulation system in this research by comparing the maximum current of trains in

normal state. (H. Hu,2015)

Har. Mag  Ang | Har.  Mag.  Ang [-Har - Mag  Ang. | Par Mag.  Ang | Har Mag. Ang. | Har Mag.  Ang
Order  [A] [deg] | Order  [A] [deg] [ Order  [A] [deg] | Order  [A] [deg] | Order  [A] [deg] | Order  [A] [deg]
I 1273 D | 11 08371 237 [ 21 02924 -13432| 31 00230 13401 | 41 0.1469 2193 | 51 213297 243
20 09265 10325 12 040l -15755] 22 0849 5075 | 32 01139 9575 42 00127 9762 52 00728 <080
3 21747 | 16,38 13 06158 -147.27 23 00971 T4 33 02622 4259 43 02230 8634 53 20778 6204
4 03581 7249 14 02713 1091 24 03774 -14902 | 34 00623 8282 [ 44 04430 16099 | 54 00041 T428
5 09183 14703 f 15 03856 K39 25 03370 6566 | 35 01090 6349 15 04277 439 55 1292 -51.16
6 0270 13942 | 16 02774 w42 | 26 0084l 11447 | 36 DOM0 -1THERS | 46 D0892 U460 56 01212 3106
720031 -15640[ 17 02757 -13LN1] 27 0I8S8 -1114T| 37 00563 16746 | 47 09697 -101.021 57 01851 11560
B 02555 15282 I8 02775 13933 ) 18 01067 3401 I8 00840 13945 | 48 DOTS2 .15997) 58 00087 -31.30
9 14280 10131 19 05897 S454 ) 290 0413 7479 | 390 00282 9760 | 49 19844 -IDR4 | 59 01159 13R06
10 02134 -104327 20 03763 9338 0 00884 0750 40 00503 153388 50 00544 10704 &b 00742 938 |

Figure 3.18 The graph sample of the harmonic current of the high-speed

from China, model CHR380

electric train
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Figure 3.19 The graph sample of the harmonic current of the high-speed electric train

from China, model CHR380A

3.5.3 Case study: Four-quadrant converter’s harmonic modelling
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Figure 3.20 Four-quadrant converter equivalent circuit

In a four-quadrant converter equivalent circuit in Figure 3.20 the
transformer secondary winding is connected between the outputs of two-quadrant
choppers (similar to the inverter phase modules). With the usual (unipolar) PWM
control with two inverse reference functions, the pulsed bridge voltage us contains

harmonics with the frequencies in equation (3.20). (Steimel,2014)
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f=[2-h-N,£(2g-1)-fr | for g,h=123,... (3.20)

With the pulse number Nz and line frequency fF; the amplitudes can

be described approximately as in equation (3.21).

Usr v (2m-1) =FU, {E(ZthffZg _1))} 'Ji(zm—l} {2hN: +2e~1) & ﬁ} (3.21)

Jy is the Bessel function of order V). The harmonics of the line current
are limited by the leakage inductivity of the transformer and the line impedance.

To present that graphically, a 50-Hz, 25-kV application with fivefold
switching (Nz = 5, fz = 250 Hz) is chosen as an example in simulation; the normalized
short-circuit voltage of the transformer is 44 %, that of the line is neglected

Figure 3.21 shows the spectra of the converter voltage and of the line
current (on the primary side of the transformer) of 4g-C. The dominating spectral lines
in the vicinity of 2-fz = 500 Hz can be easily recognized. The interference current rm.s.

value with a fundamental train current of 123.5 A.

I i f=[2hN,+Q2g-D]fr, firg h =1,2,3..  parameter:
[ .
Us 10} Ue _-:w kV
kV fi =50Hz
gl iy = 44%
SN W)
0 1L e | \ LN Il._; T N L (N,=5)
0 1 2 3 4
I 8 | MOV
! KHz
6 r
ko, -
A 4
2 | ’
1 lll“l [ |
0 1 2 3 4
£
kHz

Figure 3.21 Spectra of voltage of 49-C (r.m.s. values)
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3.6  Passive Filter Design

Adding filters to the system to limit or reduce the harmonics is a highly efficient
method. Limiting harmonics to very low dimensions may require multiple filters, which
incur a high investment cost. When applying filters to solve harmonic problems, one
must consider the purpose or size of the harmonics to be reduced to a greater extent
and must know how many filters should be used or their size. Therefore, it must be
calculated to be suitable for that electrical system. In this research, the design method
of passive harmonic filters will be presented.

Passive harmonic filters can be constructed using three main components: a
capacitor (C), an inductor (L), and a resistor (R). They are connected to make a series
or parallel resonance circuit. To obtain a circuit with very low or very high impedance
at the resonance frequency or tuning frequency. The equivalent impedance of a
harmonic filter (Zg) in the case that a passive filter is installed at the substation is
represented in Figure 3.22. and the equivalent impedance of a harmonic filter (Zf) in
the case that a passive filter is installed On-board is represented in Figure 3.23. The

harmonic filter is usually connected to the system in parallel.

Z c V'( "
B | & 8
LSS bt

)

Figure 3.22 The equivalent impedance of a harmonic filter (Zf) in the case that a

passive filter is installed at the substation.
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Figure 3.23 The equivalent impedance of a harmonic filter (Zf) in the case that a

passive filter is installed On-board.

3.6.1 Single-Tuned Filter (STF)
This filter is based on three variables: A capacitor (O), a reactor (L), and
a resistor (R) are linked in series and are tuned to suppress a single frequency. The
harmonic current order that necessitates blocking, as well as the capacitive reactive
power and quality factor that it will give. During the design process, the voltage level
and fundamental frequency provided by the system must also be recognized. The
impedance of the filter is as follows in equation (3.21) and the circuit schematic of STF

is shown in Figure 3.24.

Z =R +jX -X) (3.21)

jf&

Figure 3.24 Single-Tuned Filter
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In conclusion, the values utilized to define the input parameters are as
follows:
Q. : Reactive power of the capacitor (kVARs)
: System frequency (Hz)
: Tuning point of the filter
: System voltage (kV)
: Quality factor

o B =l -

The quality factor determines the bandwidth and the filtering deepness
at the notch frequency. The quality factor has an impact on this filter, which shows
that, as Q is increased, the sharpness of the tuning increases whereas the bandwidth
decreases. As Q is decreased, we notice an enlargement of the bandwidth as opposed
to the deterioration of the tuning sharpness.

For Single-Tuned Filter, it is the ratio of the filter's reactance and
resistance. Between 30 and 60 is a normal range for Q. Therefore, Q=30 was chosen
for the design. (Abbas,2019)

To compare the harmonic filtering efficiency of these 4 types of passive
filtters, in this report, the value of Q=30 was chosen to be used in the design of these

4 types of filters.

Design steps of the single tuned passive filter.

1) Select the tuned harmonic order (h) to be reduced by the filter.
2) Find the reactive power of the capacitor (Qg).

3) Calculate the L and C as shown in (3.22),.(3.23), (3.24), and (3.25)

PERASU L7 12) 1 Lo e (3.23)
0 27 fX,
X, %
X, == (3.24) )
K 21 f

1) Select the Quality factor, this report selects Q = 30.
5) Calculate the R as shown in (3.26) and (3.27)
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X
X, = (3.26) Bt - (87D
o 0
3.6.2 Band-Pass Filter (BP)

This element is useful for modeling high-order filters. A capacitor (C), a
reactor (L), and a resistor (R) are linked in parallel. The design order and design values
have the same values as the design of STF. The impedance of the filter is as follows
in equation (3.28) and the circuit schematic of the band-pass filter is shown in Figure
3.25. (Nassif, 2007)

1 1 i
Zf =l — + X)) : (3.28)
R jX{_

Figure 3.25 Band-pass filter

3.6.3 High-Pass Filter (HP)

For high-frequencies, this filter is designed to have a flat impedance
characteristic. The design orderand design values have the same values as the design
of STF. The impedance of the filter is as follows in equation (3.29) and the dircuit
schematic of the High-pass filter is shown in Figure 3.26.

[ |
B, =iy i, (3.29)
R X

L

Xc

||H
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Figure 3.26 High-pass filter

3.6.4 C-Type Filter

C-type filters are second-order filters that may suppress harmonic
currents with lower losses than a series or band-pass filter. The L and C components,
which are parallel to the resistor, resonate at the fundamental frequency, which
explains this capacity. As a result, the fundamental current flowing through the
damping resistor is kept to a minimum. Another advantage is that, because of their
essentially flat impedance profile above the tuned frequency, c-type filters are good
at suppressing high-frequency harmonics. The impedance of the filter is as follows in

equation (3.30) and the circuit schematic of the band-pass filter is shown in Figure 3.27.

1 X = 1

) B X
L C2

Cl

Figure 3.27 C-type Filter.

Design steps of C-type filter. (Paul S.,2022)
1) Find the reactive power of the capacitor (Q).
2) Calculate the X¢; and the C1 as shown in (3.31) and (3.32)
) (3.31) B (3.32)

X =
O 2 fX ¢

1
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3) Calculate the Xy, L, Xc2 and C2 as shown in (3.33), (3.34), (3.35), and (3.36)

% - By
X, =—= (3.33) L =—=  (339)
i -1 2 f
1
X =X, (335 G = (Bt}

2 fX ¢y

4) Select the Quality factor, this report selects Q = 30.
5) Calculate the R as shown in (3.37)

R=0 KX, (3.37)

In the case that a passive filter is installed at the Substation, the value
of Yss will be given to Equation 3.38.

L I 0 _|__1_._ (3.38)

Yoo v = * rn W
zgo fl \ (L L)z, Zps

In the case that a passive filter is installed at On-board, the value of Y7,
will be given to Equation (3.39).
y / 1 b 1 I 1
Tr.M — (3.39)
(Lp _d)ZL,p (Lq —d)ZL,q th

In the simulation, the number of system nodes is equal to the number
of power stations plus the number of moving trains. The location of the electric train
is not considered when it is the same as the power station location. The procedure for
determining the voltage solution by the current injection method can be described as

follows Figure 3.28 the procedure for current injection method.
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Figure 3.28 The procedure for current injection method

3.7 Chapter Summary

This chapter discusses the Train Movement Model and calculations that will be
used to understand the train movement characteristics and to calculate the distance,
speed, and force. Discuss Power Flow Calculation for Single Conductor AC railway
system. Understood in the topology of AC rail systems with an increasing number of
ITS and track that the change in line impedance with distance in the form of a
equivalent circuit has an effect on harmonics in the railway system. In addition,
harmonic calculations are described in the cases of measurement data and 4QC.
Finally, describe the design process of four types of passive harmonic filters: STF, BP,
HP, and C-Type.



CHAPTER 4

Simulation Result

4.1 Chapter Overview

Chapter 4 simulation results This chapter presents the simulation results of
various case studies, such as the simulation results of the train in the condition without
the passive filter installed, the simulation results of the topology modification case
studies, the simulation results of passive filter installation in cases where harmonic
values are obtained from measurements, and the simulation results of passive filter
installation in cases where harmonic values are obtained from the Four-Quadrant
converter. Also, the simulation results were compared to the effectiveness of reducing
harmonics at the substation for each tuning order and installation location of the filter
at both the substation and on-board.

4.2  Train movement simulation

The results of a simulation on ARL city line trains using the MATLAB program.
This even takes 1 hour to simulate train service with 20 trains, 8 passenger stations,
and a 28-kilometer distance between the origin station and the destination station. AC
power is supplied to the train via a single conductor from: a single AC substation. A
simulation of the train movement by determining the speed-of travel from the design

and from the train parameters in Chapter 2 is_shown-in Figure 4.1-4.5.

120

100 VT e i 4 1
80 |
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Speed(km/h)
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Timais)

Figure 4.1 Speed and Position of the ARL City Line



Figure 4.2 Position and Time of ARL City Line multi-trains.
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Figure 4.3 Speed and Position of ARL City Line and Train Power and Position of
ARL City Line
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Figure 4.4 Train Voltage and Position of ARL City Line and Train Current and Position
of ARL City Line.
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Figure 4.5 Substation Voltage and Time of ARL City Line and Substation Current and
Time of ARL City Line.

In case study: Measurement data. There is also the effect of simulating the
movement of trains. The train will release the harmonic current through the railway
power feeding system to the power station. The amount of harmonic produced is the
amount of harmonic sample from the China high-speed train CHR380A that is adjusted
for the proportion of the harmonic current in accordance with the moving current of
the ARL City Line electric train. The simulation results are shown in Figure 4.6-4.11.
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Figure 4.6 Total Harmonic Distortion Voltage at substation and Total Harmonic
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. Substation Voltage waveform
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Figure 4.8 Harmonic Distortion Voltage at substation and Harmonic Distortion Current

at substation wave form

Train voltage waveform
1 1 T T T T 1 ¥ Ll T T T

/\ -'.\ /'\
\ & ]
My i
an 1 L L ! i I A 1 I 1 1
1] 50 100 150 200 230 300 350 400 450 500 5330 500 630 700
Time(ms}
train currant
T T T T T T
hY I % o
\ \/K \ _
H L 1 I ] 1 Z

350 4p0 430 500 530, 600 650 700
Timaims}

Figure 4.9 Harmonic Distortion Voltage at Train and Harmonic Distortion Current at

Train wave form
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Figure 4.10 Harmonics spectrum of Current and Voltage at the Substation.

| TR T o o I |

10 12 14 16 18 2042224726928 30 32 34 36 38 40 42 44 46 4B 50 52 54 56 5B 60
Hammomic Crder

m
@

G (R R Y N [ I |

16 18 20 22 24 26 28 30 32 34 36 33 40 42 44 46 48 50 52 54 56 58 60
Harmonic Order

2 4 ‘BURAI A2 4

Figure 4.11 Harmonics spectrum of Voltage and Current at On-board.

Tables 4.1 and 4.2 show the results of simulation and comparison with IEEE.
Table 4.1 shows the minimum, average and maximum voltage Total Harmonic
Distortion values obtained from simulations both at the substation and on the train
and compared to IEEE519-2014 voltage harmonic standards. Table 4.2 shows the
minimum, average and maximum values of the substation harmonic currents from the
simulation by dividing the harmonic sequences into groups for comparison with the
IEEE519-2014 harmonic currents standard.
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Table 4.1 The minimum, average and maximum THD voltage values obtained from

simulations both at the substation and on the train and compared to |[EEE519-2014.

THD (%)
Bus voltage V at PCC | THD Substation (%) | THD Train (%)
IEEE519-2014
25 kv (Simulation) (Simulation)

] _ Standard

Min ) 0.00 0.00 5.00

Average 0.03 0.70 5.00

Max 0.07 792 5.00

Table 4.2 The minimum, average and maximum values of the substation harmonic

currents distortion from the simulation and comparison with the IEEE519-2014.

Maximum harmonic current distortion in percent of /i
Individual harmonic order (odd harmonics) at Substation
15540 .
3=h<1l 11 <h <0 17=h<23 23<h<35 35=h=50 TDD
(100 < 1000)
Min 0.00 0.00 0.00 0.00 0.00 0.00 |
Average 129 0.45 0.32 0.25 0.83 207
Max 2.80 097 0.70 055 1.79 4.48
|[EEE514-2014 120 Ly 50 2.0 1.0 15.0

In case study: Four-guadrant converter’s harmonic modelling. There is also the
effect of simulating the movement of trains. The train will release the harmonic current
through the railway power feeding system to the tractionstation. The amount of

harmonics generated by the converter is in-accordance with section 3.5.3. that is

adjusted for the proportion of the harmonic current in accordance with the moving

current of the ARL City Line electric train. The simulation results are shown in Figure

4.12-4.17.
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Figure 4.12 Total Harmonic Distortion Voltage and Current at substation in case study:

Four-quadrant converter’s harmonic modelling
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case study: Four-quadrant converter’s harmonic modelling
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Figure 4.15 Harmonic Distortion Voltage and Current at train wave form in case study:

Four-quadrant converter’s harmonic modelling
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Figure 4.16 Harmonics spectrum of Current and Voltage at the Substation in case

study: Four-quadrant converter’s harmonic modelling.
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Figure 4.17 Harmonics spectrum of Current and Voltage at the train in case study:

Four-quadrant converter’s harmonic modelling.

Tables 4.3 and 4.4 show the results of simulation and comparison with IEEE.
Table 4.3 shows the minimum, average and maximum voltage Total Harmonic
Distortion values obtained from simulations both at the substation and on the train
and compared to IEEE519-2014 voltage harmonic standards. Table 4.4 shows the
minimum, average and maximum values of the substation harmonic currents from the
simulation by dividing the harmonic sequences into groups for comparison with the
IEEE519-2014 harmonic currents standard.
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Table 4.3 The minimum, average and maximum THD voltage values obtained from
simulations both at the substation and on the train and compared to IEEE519-2014

THD (%) |
Bus voltage V at PCC | THD Substation (%) | THD Train (%)
. [EEE519-2014
25 kv (Simulation) (Simulation)
Standard
Min 0.00 0.00 5.00
Average 0.05 0.37 5.00
Max 0.11 a12 5.00

Table 4.4 The minimum, average and maximum values of the substation harmonic

currents distortion from the simulation and comparison with the IEEE519-2014.

Maximum harmonic current distortion in percent of /;
Individual harmonic order (odd harmonics) at Substation
as b |
Isc™/l

3<h<l1l | 11sh<17 | 17sh<23 | 23<h<35 | 35<sh <50 | TDD®

(100 < 1000)
Min O.QO 0.00 0.00 0.00 0.00 0.00
Average 3.56 223 Q375 0.38 0.24 1.36
Max 7.70 482 1.62 0.81 051 8.03
IEEE514-2014 12.0 8.5 50 20 1.0 15.0

4.3  Circuit Topology

4.3.1 Increasing the Intermediate track sectioning between power

feeders’ result.

According to the analysisin'Section 3.5.1, a comparative simulation of
the increase in the number of ITS in the railway system will affect the impedance of
the railway power feeder line. The simulation results showed that when comparing
the results of the number of ITS in the form of 1-loop, 2-loop, and 3-loop in a total
length of 29 km, it was found that when the value of the railway power feeder line
impedance decreased, the average voltage at the train increased and the current value
used by the train decreased, resulting in table 4.5 and 4.6the THDv at the substation
in the normal railway system having the highest value of 0.064. When 1-loop THDv
decreases by 1.56%, 2-loop THDv decreases by 1.56%, and 3-loop THDv decreases by
3.12% according to Figure 4.18 Total Harmonic Distortion Voltage and Current at

substation Increasing the ITS.
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And at the train, the THDv in the normal railway system has the highest
value of 7.921. when 1-loop THDv decreases by 34.09%, when 2-loop THDv decreases
by 42.46%, and 3-loop THDv decreases by 45.23%. according to Figure 4.19 Total
Harmonic Distortion Voltage and Current at train Increasing the ITS When compared to
the IEEE 519-2014 standard, it was found that the THDv value of the trains in the

normal railway system exceeds the standard, but other values are still within the

standard, according to table 4.5. and table Al

In addition, the TDDi value at the substation decreased by 0.78% when
1-loop TDDi was added, 0.98% when 2-loop TDDi was added, and 1.05% when 3-loop
TDDi was added. When compared to the standard IEEE 519-2014, it was found that the
TDDi value, the harmonic order of 35-50, in the normal train system exceeds the
standard values, but other values are within the standard values, according to Table
4.7 and table 4.8

%THD Voltage Substation

I ¥ T T T

1000 20

EO0C 160D 2000 2200 2400  Z6O JACO 1000 3200 3400 3600

Figure 4.18 Total Harmonic Distortion Voltage and Current at substation Increasing the ITS.
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Figure 4.19 Total Harmonic Distortion Voltage and Current at train Increasing the [TS.

Table 4.5 THD Voltage Substation Comparison Results of Increasing the Intermediate

track sectioning at

the Substation.

| THD Substation (%) THD Train (%) THD (%)
Bus voltage V at (Simulation) (Simulation) IEEE519-
PCC 25 kV No 1 2 3 No 1 2 3 2014
Loop | Loop | Loop | Loop | Loop | Loop | Loop | Loop | Standard
Minimum 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 5.00
Average 0.030 | 0.029 | 0.029 | 0.028 | 0.698 | 0.465 | 0.407 | 0.388 |  5.00
Maximum 0.064 | 0.063 | 0.063 | 0.062 | 7.921 5.221 4,558 | 4.338 5.00

Table 4.6 Percent'reduction in THD Voltage Substation Comparison Results of

Increasing the Intermediate track sectioning at the Substation with No-Loop

Percent reduction in THD Substation Percent reduction in THD Train
l compared to No Loop. (%) compared to No Loop. (%)
Bus voltage - (Simulation) (Simulation)
Loop Loop Loop Loop Loop Loop
Minimum 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Average 3.33% 3.33% 6.67% 33.38% 41.69% 44.41%
Maximum 1.56% 1.56% 3.12% 34.09% 42.46% 45.23%
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Table 4.7 TDD current Substation Comparison Results of Increasing the Intermediate

track sectioning at the Substation.

Maximum harmonic current distortion in percent of /.
Individual harmonic order (odd harmonics) at Substation
3ehell 11<sh<17 1Tsh<23
larh &
(100 < 1000) No 1 2 3 No 1 2 3 No 1 2 3
Loop loop | loops | loops | Loop loop | loops | loops | Loop loop | loops | loops
Minimum 0.00 0.00 | 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000
Average 1293 | 1286 | 1289 1280 | 0448 | o446 | 0495 0445 0319 | 0317 | 0316 | 0316
Maximum 2800 | 2777 | 212 2710 0971 J 0963 0961 0960 0689 0683 | 0583 | 0682
IEEE514-2014 120 55 5.0
Maximum harmonic current distortion in percent of I
Individual harmonic order (odd harmonics) at Substation
23 <h <35 35<h <50 TDD
Ise/lt .
(100<1000) | no | 1 | 2 3 No 1 2 3 No 1 2y il
| oops
Loop | loop l loops loops | Loop | loop | loops | loops | Laop loop | loops P
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Average 0.245 | 0243 | 0.243 | 0.243 | 0.827| 0.823 | 0.822 | 0.821 | 2.071 | 2.061 | 2.058 2.057
Maximum 0.530 | 0526 | 0.525 | 0.524 | 1.791 | 1.777 | 1.774 | 1.772 | 4.484 | 4.449 | 4.440 4437
IEEE514-2014 2.0 1.0 15.0

Table 4.8 Percent reduction in TDD current Substation Comparison Results of

Increasing the Intermediate track sectioning at the Substation with No-Loop

Maximum harmonic current distortion in percent of /,

Individual harmonic order (odd harmonics) at Substation

Isc/1c 3<h<11 11 s:he 17 17<h<23

(100 < 1000) 1 loop | 2 loops | 3 loops | 1 loop | 2 loops | 3 loops | 1 loop 2 loops | 3 loops
Minimum 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%

Average 0.54% | 0.70% | 0.70% | 0.45% | 0.67% | 0.67% | 0.63% | 0.94% | 0.94%

Maximum | 0.82% | 1.00% | 1.07% | 0.82% | 1.03% | 1.13% | 0.73% | 0.87% | 1.02%
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Table 4.8 Percent reduction in TDD current Substation Comparison Results of

Increasing the Intermediate track sectioning at the Substation with No-Loop

(Continued)

Maximum harmonic current distortion in percent of /,

Individual harmonic order (odd harmonics) at Substation

Isc/l. 23:< A< 35 35<h<50 TDD
(100 < 1000)

1 loop | 2 loops | 3loops | 1loop | 2loops | 3loops | 1 loop | 2 loops | 3 loops
Minimum 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%

Average 0.82% | 0.82% | 0.82% | 0.48% | 0.60% | 0.73% | 0.48% | 0.63% | 0.68%

Maximum | 0.75% | 0.94% | 1.13% | 0.78% | 0.95% | 1.06% | 0.78% | 0.98% | 1.05%

4.3.2 Increasing the number of tracks of the electric train system result.
According to Section- 3:5.1, the comparative simulation results of
increasing the number of railway tracks will affect the Impedance of the railway power
feeder line. The simulation results show that when comparing the results between 2-
track s and 4-tracks according to Figure 4:20 and 4.21, it was found that when the value
of the railway power feeder line Impedance decreased, the average voltage at the
train increased and the current value used by the train decreased, resulting in the
THDv value at the substation decreasing by 1.563% and the value at the train
decreasing by 50.764%. When compared to the standard IEEE 519-2014, it was found
that the THDw.is still in the standard, as shown in Table 4.8:
In addition, the TDDi was found to be reduced by 0.781% at the
substation when the number of tracks was increased to 4 tracks. Compared to the IEEE

519-2014 standard, the TODi was found to be within the standard. According to table
4.9
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Figure 4.20 Total Harmonic Distortion Voltage and Current at substation Increasing the

number of tracks.
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Figure 4.21 Total Harmonic Distortion Voltage and Current at train Increasing the
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Table 4.9 THD Voltage Substation Comparison Results of Increasing the number of

tracks at the Substation.

THD Substation (%) THD Train (%) THD (%)
Bus voltage , :
(Simulation) (Simulation) IEEE519-
V at PCC
_— 2 a4 Reduce 2 4 Reduce 2014
tracks | tracks | (%) tracks | tracks (%) Standard
Mi_pimum 0.00 0.00 0.00% 0.00 0.00 0.00% 5.00
Average 0.030 0.028 | 6.667% | 0.698 0.349 | 50.000% 5.00
Maximum 0.064 O._063 1.563% 7.921 3900 | 50.764% 5.00

Table 4.10 TDD current Substation Comparison Results of Increasing the number of

tracks at the Substation.

Maximum harmonic current distortion in percent of /.
Individual harmonic order (odd harmonics) at Substation
1
A 32 h<11 11 gh< 17 1T=h<23 | 23=h<35 | 35=sh=50 TDD
L
(100 < 1000) 2 q . q 2 4 2 4 2 4 2 q
trad_cs_ tracks | tracks | tracks | tracks | tracks tracks | tracks | tracks | tracks | tracks | tracks
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Average 1.293 1.286 | 0.448 | 0.446 | 0.319 | 0.317 | 0.245 | 0.243 | 0.827 0.823 | 2.071 | 2.060
Maximum 2.800 | 2777 09711 0963 | 0.689 | 0.684 | 0.530 | 0.526 1.791 1.777 | 4.484 | 4.449
IEEES14-2014 12.0 55 Sl 20 1.0 15.0

Table 4.11 Percent_reduction in TDD current Substation Comparison Results of

Increasing the number of tracks at the Substation with No-Loop

Maximum harmonic current distortion in percent of I

Individual harmonic order (odd harmonics) at Substation

lsc/ly

(100 < 1000) |

3=sh<1l

11=h<17

1T=sh<23

23=h<35

35=h =50

TDD

Reduce (%)

Reduce (%)

Reduce (%)

Reduce (%)

Reduce (%)

Reduce (%)

Minimum 0.000% 0.000% 0.000% 0.000% 0.000% 0.000%
Average 0.541% 0.446% 0.627% 0.816% 0.483% 0.531%
Maximum 0.821% 0.824% 0.726% 0.755% 0.781% 0.781%
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4.4 Case study: Measurement Data

4.4.1 Installing Passive Filters at the Substation
4.4.1.1 Passive filters design result.

Based on the simulation of the train movement, a passive
harmonic filter can be designed with a maximum reactive power of substation (Qc)
value of 6254.3kVar, a system voltage (V) of 25kV, a system frequency (F) of 50Hz, and
the quality factor (Q) is set to 30 for comparison with different types of passive filters.
And the Tuning point of the filter (TF) value is chosen to reduce the harmonic amount
in the order of 3,7,51 and 53 as the order with the highest harmonic content. The
design results for reducing the several of harmonics at the Substation of various passive

filters are shown in Table 4.12-4.15.

Table 4.12 The design results of Single-tuned filter installed at the substation.

Single-tuned Filter TE=3 MF =5 TE=51 TF:=:53

R (Q) 2.22x107? 1.33x107 1.31x10™ 1.26x10"

L (H) 7.07x10° 2.54 x10” 2.45x107 2.26 x107

B C(F) 1.59x107 1.59x107 1.59x107 1.59 x10™

Table 4.13 The design results of Band-Pass filter installed at the substation.

! l
Band-Pass Filter T % =5 TE =551 TF = 53
R (Q) 2.00x10° 1.20x10° 1.18x10™ 1.13x10™
L (H) 7.07x107 2.50x10° 2.45x107 2.26x10”
C (F) 159107 7] 1.59x10? 1.59x107 1.59x1072
Table 4.14 The design results of High-Pass filter installed at the substation.
|
High-Pass Filter TF=3 TF=5 TF = 51 TF = 53
R () 2.00x10° 1.20x10° 1.18x10" 1.13x10™
L (H) 7.07x107 2.50x107 2.45x107 2.26x10”
C (F) 1.59x107 1.59x107 1.59x102 1.59x107
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Table 4.15 The design results of C-Type filter installed at the substation.

C-Type Filter TF=23 TE=5 TF =51 TF-=53
R(Q) 9.99x10™ 6.00x10™ 5.88x10” 5.66x107
L (H) 3.98x10” 1.33x10° 1.22x10" 1.13x10”
C1 (P 4.25x10 3.82x10° 3.25x10° 3.25x107
c2 (P 8.49x10™ 1.53x10™ 1.62x10° 1.69x10°

In addition, a graph that shows the results of calculating the
total Impedance of the passive filter (Zf) installed at the substation in various harmonic
sequences at various TF points and various types of passive filters as shown in Figure
4.22-4.25.

£, 10k

Figure 4.22 Total Impedance of the Single-Tuned filter (Zf) installed at the substation

in various harmonic order.
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Figure 4.23 Total Impedance of the Band-Pass filter (Zf) installed at the substation in

various harmonic order.
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Figure 4.24 Total Impedance of the High-Pass filter (Zf)installed at the substation in

various harmonic order.
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Figure 4.25 Total Impedance of the C-Type filter (Zf) installed at the substation in

various harmonic order.

The harmonic. results of installing passive filters at the
substation. Graphs and tables are included in Appendix A.2.1 The simulation results
consist of a simulation of a filter installation at a substation. Four filters were installed:
a single-tuned filter (STF), a band-pass filter (BP), a high-pass filter (HP), and a C-type
filter (C-type) at TF values of 3, 5,51, and '53.

4.4.2 Installing on-board Passive Power Filters
4.4.2.1 Passive filters design results

Based on the simulation of the train movement, a passive
harmonic filter.can be designed with a maximum reactive power of Train (Qc) value of
2,306.40 kVar, a’system voltage (V) of 25kV, a system frequency (F) of 50Hz, and the
quality factor (Q) is set te 30 for.comparison with different types of passive filters. And
the Tuning point of the filter (TF)}value is chosen to reduce the harmonic amount in
the order of 3,7,51 and 53 as the order with the highest harmonic content. The design
results for reducing the several of harmonics at the Substation of various passive filters

are shown in Table 4.16-4.19.

Table 4.16 The design results of Single-tuned filter installed on the trains.
|

Single-tuned Filter TF=3 TE=5 TF =51 "ERZi5S
R (Q) 7.87x107 4.72x10° 4.63x10™° 4.46x10™
L (H) 2.51x10™* 9.02x10” 8.67x10" 8.03x107
B 4.49x10” 4.49x10° 4.49x10° 0.49x10° |




Table 4.17 The design results of Band-Pass filter installed on the trains.

743]

Band-Pass Filter TF=3 AE =5 TF =:51 TE=:53
R (Q) 7.09x10° 4.25x10° 4.17x10™ 4.01x10™
L (H) 2.51x10™ 9.02x10°” 8.67x10” 8.03x10”
C (F) 4.49x10” 4.49x10° 4.49x10” 4.49x10”
Table 4.18 The design results of High-Pass filter installed on the trains.
High-Pass Filter TF=3 TF=5 TF = 51 TF =53
R (Q) ' 700x10° | 4.25x10° 4.17x10™ 4.01x10™
L (H) 2.51x10"* 9.02x10” 8.67x107 8.03x10”"
C (F) 4.49x10” | 4.49x10 3 4.49x107 4.49x10°
Table 4.19 The design results of C-Typefilter installed at the substation.
C-Type Filter TF=3 TF=5 TF = 51 TF =53
R Q) 7.97x10° 4.42x10° 4.17x10™ 4.01x10™
L (H) 2.82x10* 9.40x10” 8.68x10” 8.03x10°"
C1 (P 4.09x10° 4.49x10” 4.49x10° 4.49x10”
C2 (F) 3.59x10°2 1.08x10™ 11.68x10° 12.61x10°

In addition, a graph that shows the results of calculating the total
Impedance of the passive filter (Zf) installed at the substation in various harmonic

sequences at various TF peints.and various types of passive filters as shown in Figure

4.26-4.29.
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Figure 4.26 Total Impedance of the Single-Tuned filter (Zf) installed on the trains in

various harmonic order.
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various harmonic order.
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Figure 4.28 Total Impedance of the High-Pass filter (Zf) installed on the trains in

various harmonic order.
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Figure 4.29 Total Impedance of the C-Type filter (Zf)installed on the trains in various

harmonic order.

The harmonic results of installing on-board passive filters. Graphs and
tables are included in Appendix A.2.2 The simulation results consist of a simulation
of a filter installation at a substation. Four filters were installed: a single-tuned filter
(STF), a band-pass filter (BP), a high-pass filter (HP), and a C-type filter (C-type) at TF
values of 3, 5, 51, and 53.
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4.4.3 Comparison Results

The simulation results of different types of passive filter installations at
substations can be summarized in Table 4.20 below. Table 4.20 THD Voltage
Substation Comparison Results of Installing Power Passive Filters at the Substation STF,
BP, HP, and C-type, in which the table shows the percentage reduction after filter
installation compared to before filter installation. Through different passives, it was
found that the C-type filter had the percentage reduction of the voltage harmonic
content at 89.97%, which was the highest. Next is the BP filter, and the percentage of
harmonic pressure drop is 88.39%.

In addition, when considering the order of the tuning points of the filter
(TF), the percentage of reduction in voltage harmonic content was the highest at TF =
53 with a value of 96.79%, followed by TF = 51. The percentage reduction in voltage
harmonic content is 96.08%.

However, the effect of reducing the number of harmonics is consistent
with the impedance of the filter. The lower the filter impedance, the more harmonics

are reduced entering the substation.

Table 4.20 THD Voltage Substation Comparison Results of Installing Power Passive
Filters at the Substation

STF BP HP C-type
TF Mo-filter RMSE
Value | Reduce (%) | Value | Reduce (%) | Value | Reduce (%) | Value | Reduce (%)
3 0.07 0.03 57.149% 0.020 71.43% 0.030 57.14% 0,020 71.43% 60.68%
5 0.07 0015 78.57% 0.007 | 90.00% 0.020 7143% 0.008 88.57% B2.49%
5 0.07 0.003 95T1% 0.004 94.29% 0,003 95.71% 0.001 98.57% 96.08%
53 0.07 | 0.003 95.71% 0.003 9571% 0.002 97.14% 0.001 98.57% 96.79%
RMSE ‘ B3.31% 88.39% B82.10% 89.97%

** Root Mean Square Error (RMSE) is the square root of the mean square of Error,

which is the arithmetic mean of the squares of a group of values

When considering the TDDi value the following table summarizes the
simulation results of various types of passive filter installations at power plants. Table
4.21 represents the TDD current Substation Comparison Results of Installing Power
Passive Filters at the Substation. STF, BP, HP, and C-type, in which the table shows the
percentage reduction after filter installation compared to before filter installation. The
different passives found that the C-type filter had the greatest reduction percentage
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of harmonic current at 89.16%. Next is the BP filter, and the percentage of harmonic
pressure drop is 87.43%.

In addition, when considering the order TF that causes the percentage
reduction of the harmonic current, the highest value is at TF = 53, with a value of
69.21%, followed by TF = 51. The percentage of reduction in voltage harmonic content
is 96.05%.

However, the harmonic reduction effect is consistent with the
impedance value of the filter, the lower the filter impedance, the lower the harmonic

amount.

Table 4.9 TDD current Substation Comparison Results of Installing Power Passive
Filters at the Substation

- STF BP HP _ C-type
v | RMSE
lter | \awe | Reduce(@s) | Value | Reduce (@) | Value | Reduce(@) | Value | Reduce (%)

) a.48 1.94 56.70% 1.36 69.60% 1.78 60.27% 1.27 71.65% 64.87%

5 4.48 1.07 76.12% 0.51 88.62% 101 77.46% 0.61 86.38% 82372%

51 448 | 0.18 95.98% 0.26 94.20% 0.18 95.98% 0.09 97.99% 96.05%

53 4.48 | 0.18 95.98% 0.23 94.87% 0.18 85.98% 0.09 87.99% 96.21%

RMSE 82.82% 87.43% 83.74% | 89.16%

When considering THDv at the substation,-the simulation results of
various passive filter Installations on board can be.summarized in a table. 4.22 shows
the THD voltage substation comparison results of power passive filters installed on
board. STF, BP, HP, and C-type, in which the table shows the percentage reduction
after filter installation compared to before filter installation. Different passives found
that the BP filter had the greatest reduction percentage of voltage harmonic content
at 92.9231%. Next up is the HP filter; the percentage of harmonic voltage drop is
90.8312%.

In addition, when considering the order TF that causes the percentage
decrease of harmonic voltage content, the highest value is at TF = 53, with a value of
95.3509%, followed by TF = 51. There is a percentage decrease in voltage harmonic
content of 96.2273%.
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However, the harmonic reduction effect is consistent with the
impedance value of the filter, the lower the filter impedance, the lower the harmonic

amount.

Table 4.10 THD Voltage Substation Comparison Results of Power Passive Filters
Installed On-Board

STF BP HP C-type
TF MNo-filter RMSE

Value | Reduce (%) | Value | Reduce (%) | Value | Reduce (%) | Value | Reduce (%)

3 0.07 0010703 847100 0010909 BAL157h 0011002 B478%h 0o1E B3RS 8430990

5 0.07 000eaT

BB 1% 0003397 95.1471% QDoaLss 833385 00cE281 BA1TOR B9939FH

51 0.07 0003421 9511256 0.003100 955714% o0z 9511184 0003421 9511276 95277 Hh
L —
53 0.07 0003922 9511186 000z7s2 9606860 000324 951085 000322 95111086 953505%
RMSE 90B11H6 | 925231% 208317% 506791%

When considering TDDi at the substation, the simulation results of
various passive filter installations on board can be summarized in a table. 4.23 shows
the THD voltage substation comparison results of power passive filters installed on
board. STF, BP, HP, and C-type, in which the table shows the percentage reduction
after filter installation compared to before filter installation: Different passives found
that the BP filter had-the greatest reduction percentage of current harmonic content
at 92.2975%. Next Up' is the HP.filter; the percentage of harmonic current drop is
90.0088%.

In addition, when considering the order TF that causes the percentage
decrease of harmonic current content, the highest value is at TF = 53, with a value of
94.9278%, followed by TF = 51. There is a percentage decrease in current harmonic
content of 94.7932%.

However, the harmonic reduction effect is consistent with the
impedance value of the filter, the lower the filter impedance, the lower the harmonic

amount.
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Table 4.23 TDD current Substation Comparison Results of Power Passive Filters
Installed On-Board

STF BP HP C-type
TF | No-filter RMSE
Value Reduce (%) | Value Reduce (%) | Value Reduce (%) | Value Reducs (%)
3 448 0.747383 8331750 0.761736 8299705 0768256 828514% 0791429 B2 375 828757%
L 448 0552072 B86.7841% 0237211 94.7051% 0569474 87.2885% 0578222 87.0933% BO.029E%%
51 443 0298841 04,6687 0216431 95.169086 0238977 94.6657% 0238858 94,6685 94,7932
53 448 0238554 94.5662% 0192127 O5.7115% 023085 04.663%% 0238967 94.655%% 94.9278%
RMSE 89.9901% 92 2975% 90,0088% 89.8441%

From Table 4.20 and 4.22, compare the results of harmonic filtering in Table
4.24 showing the THD Voltage Substation Comparison Result of Power Passive Filters
Installed Substation and On-Boardand Table 4.25 showing the TDD current Substation
Comparison Results of Power Passive Filters Installed Substation and On-Board to show
the differences in the different harmonic filtering effects of the passive filter installation
positions at the substation and On-Board for each passive filter, from the table, it is
found that installing a passive filter at a train has a greater effect on reducing harmonics
both voltage and current than installing a passive filter at @ substation because the
installation of a passive filter On-Board is used to eliminate harmonics generated by
the source of harmonics, the effect of reducing the amount of harmonics in the railway

system is greater and It is the same in all types of passive filters.

Table 4.24 THD Voltage Substation Comparison Result of Power Passive Filters Installed
Substation and On-Board

STF BP HP C-type
TF On- ) Oon-
Substation | On-Board | Substation | On-Board | Substation Substation
Board Board

3 57.14% 84.71% 71.43% 84.42% 57.14% B4.28% 71.43% 83.81%

5 78.57% 87.89% 90.00% 95.15% 71.43% 88.35% 88.57% 88.17%

51 95.71% 95.11% 94.29% 95.57% 95.71% 95.11% 98.57% 95.11%

53 95.71% 95.11% 95.71% 96.07% 97.14% 95.11% 98.57% 85.11%
RMSE 83.31% 90.81% 88.39% 92.92% 82.10% 90.83% 89.97% 90.64%
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Table 4.25 TDD current Substation Comparison Results of Power Passive Filters
Installed Substation and On-Board

2 ] STF BP HP C-type
Substation | On-Board | Substation | On-Board | Substation | On-Board | Substation | On-Board
3 56.70% 83.32% 69.64% 83.00% 60.27% 82.85% 71.65% 82.33%
5 76.12% t 86.78% 88.62% 94.71% 77.46% 87.29% 86.38% 87.09%
51 95.98% l _24_,67% 94.20% 95.17% 95.98% 94.67% 97.99% 94.67%
53 95.98% I 94.67% 94.87% 95.71% 95.98% 94.66% 97.99% 94.67%
RMSE 82.81% 89.99% 87.43% 92.29% 83.74% 90.00% 89.16% 89.84%

4.5 Case study: Input voltage harmonics of the four-quadrant
converter with passive power filter

From the simulation results in the case of installing passive filters at substations,
it was found that the filter that could reduce the harmonic content the most was the
C-type passive filter at TF = 53. Therefore, in the input voltage harmonics of the four-
quadrant converter with passive power filter case simulation, the simulation results
are, for example, in the case of using a C-type passive filter at TF = 53.

The harmonic results of installing passive filters at the substation and onboard,
as well as graphs and tables, are included in Appendix A.2.3 and A.2.4. The simulation
results consist of a simulation of a filter installation at a substation and onboard using
a C-type passive filter at TF = 53.

From the simulation results in the Input voltage harmonics of the four-quadrant
converter with passive power filter case study, Table 4.26 THD Voltage Substation
Comparison Results of Installing C-Type Filters TF=53 at the Substation, it was found
that the value can reduce the harmonic voltage at the power station from 0.11 to
0.002 or decreased by 98.18%. and in Table 4.17 TDD current Substation Comparison
Results of Installing C-Type Filters TF=53 at the Substation, it was found that the
harmonic current at the Substation was reduced from 8.03 to 0.09 or decreased by
98.88%.

Table 4.26 THD Voltage Substation Comparison Results of Installing C-Type filters
TF=53 at the Substation

C-Type

TF No-filter
Value Reduce

53 0.11 0.002 98.18 _]
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Table 4.27 TDD current Substation Comparison Results of Installing C-Type filters TF=53

a_tthe Substation ]

TF

No-filter

C-Type

Value

Reduce

53

8.03

0.09

98.88

From the simulation results in the Input voltage harmonics of the four-quadrant
converter with passive power filter case study, Table 4.28 THD Voltage Substation

Comparison Results of Installing C-Type filters TF=53 On-board, it was found that the

value can reduce the harmonic voltage at the power station from 0.11 to 0.001 or

decreased by 99.09%. and in Table 4.29 TDD current Substation Comparison Results

of Installing C-Type filters TF=53 On-board, it was found that the harmonic current at
the Substation was reduced from 8.03 to 0.09 or decreased by 98.88%.

Table 4.28 THD Voltage Substation Comparison Results of Installing C-Type filters

TF=53 On-board

TF

No-filter

C-Type

Value

Reduce

53

0.11

0.001

99.09

Table 4.119 TDDcurrent Substation Comparison Results of Installing C-Type filters

TF=53 On-board

TF

No-filter

C-Type

Value

Reduce

53

8.03

0.09

98.88

4.5.1 Comparison Results

The harmonic reduction results of both THDv and TDDi with passive

filters installed at the substation and On-Board were compared using result tables 4.26
and 4.28. From Table 4.30, THD Voltage and Current Substation Comparison Results of
Power Passive Filters Installed at the Substation and On-Board, comparing the
harmaonic reduction results, it was found that the THDv with the installation of the C-
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type passive filter On-Board had a reduction of 99.09%, which was higher than the C-
type passive filter installed at the substation at 98.18%.

In addition, when comparing the harmonic reduction results of TDD;, it
was found that TDDi with the C-type passive filter installed On-Board had a reduction
of 98.88% of the harmonic reduction. This is close to the installation of a C-type passive
filter at the substation at 98.88%.

The installation of passive filters On-Board provides a greater efficiency
in harmonic reduction than the installation at the substation as in the previous case,
because the installation of a passive filter On-Board is used to eliminate harmonics

generated by the source of harmonics, and this is true of all types of passive filters.

Table 4.30 Percent Reduction of THD Substation Voltage and Substation Current

C-type - C-type

THDv 1ol .
Substa_tion On-Board Substation | On-Board

53 98.18% 99.09% 53 98.88% 98.88%

4.6 Chapter Summary

Chapter 4 simulation results, this chapter presents the simulation results of
harmonic reduction in an AC railway system in a total of 3 case studies and then
compares them with normal conditions.

In case 1, there are two types of circuit topology in the study. It was found that
increasing the pumber of ITS resulted in the railway power feeder line impedance
decreasing as the number of ITS increased, resulting in, changes in the voltage and
current consumption of the train. When considering the harmonic content, it was found
that the THDv and TDDi of the trains will obviously decrease with increasing the
number of ITS, while the THDv and TDDi at the power stations tend to decrease as
well but not as much. Furthermore, increasing the number of tracks results in a
decrease in railway power feeder line Impedance as well as an increase in the number
of TS, causing changes in train voltage and current. Considering the harmonic content,
it was found that the THDv and TDDi of the trains will obviously decrease when the
number of tracks is increased, whereas the THDv and TDDi at the substations tend to
decrease as well, but not much.

Case 2: Harmonics are simulated from measurement data with two studies for
the installation of passive filters on-board and at substations, and then the harmonic

values are measured at the substation. There are four passive filter designs: STF, BF,
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HP, and C-type, to eliminate all four high harmonic sequences: 3, 5, 51, and 53.
Comparing the harmonic reduction effects of the four types of passive filters, it was
found that the passive filter that reduced the most harmonics was the C-type, followed
by BH, HP, and STF, respectively, based on the total Impedance of the different filters.
The more harmonics that enter the substation, the lower the Impedance of the filter.
Comparison of the harmonic reduction effect of the passive filter installation location
between the on-board and the substation It has been discovered that installing passive
filters on-board can reduce harmonics more effectively than substations. because
harmonics can be eliminated from the source of the harmonics on the train before
they enter the railway power feeding system.

Case 3: Study of Input Voltage Harmonics of the Four-Quadrant Converter with
Passive Power Filter Caused by Electrical Power Conversion Equipment on the Train
Use a C-type filter at TF = 53 to reduce the number of harmonics generated and
simulate the installation of passive filters on-board and at substations as in Case 3. It
was discovered that installing an on-board passive filter, as opposed to installing a
harmonic filter at the substation, can reduce the amount of harmonics at the

substation more than installing a harmonic filter at the substation, as in Case 3.



CHAPTER 5

Conclusion and Future work

5.1 Conclusion

In this research, model and harmonic elimination were studied. The CITY Line
airport rail link movement model was used in the study, which served eight passenger
stations over a distance of 28.3 km. There are a total of 10 trains available. Using the
model of a single-conductor electric train system and having one power station at a
distance of 8.072 km near Ramkhamhaeng Station. Harmonic problems in the railway
power feeding systems are still important problems nowadays that need to be solved
because they may affect the quality of the railway power feeding systems, the
communication system, or the operation of important electronic equipment in the
railway system. The main sources of harmonics are non-linear load devices or power
converters on board the train; therefore, it is important to analyze and determine how
to eliminate these harmonics. In this research, three case studies are proposed to
analyze the changing behavior and guantity of harmonics at substations. The
simulation results of behavior and guantity of harmonics at substations in an AC railway
system are compared to normal conditions in three case studies.

Case 1: A study of increasing the number of ITS in the railway power feeding
systems over the same total distance It is found that increasing the number of ITS will
result in a decrease.in the Impedance of the railway power feeder line, causing the
voltage and current usage of the train-to change. Decreased value of substation is also
decreasing as the number of ITS increases. In addition, increasing the number of tracks
also causes the Impedance of the railway power feeder line to decrease. When
considering the value of THDv and TDDi at the substation, it decreases with the
increase in the number of tracks.

Case 2: Harmonics are simulated from measurement data with two studies for
the installation of passive filters on-board and at substations, and then the harmonic
values are measured at the substation. It was found that the passive filter that reduced
the most harmonics was the C-type, followed by BH, HP, and STF, respectively, based

on the total Impedance of the different filters. In addition, it has been

discovered that installing passive filters on-board can reduce harmonics more
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effectively than substations. because harmonics can be eliminated from the source of
the harmonics on the train before they enter the railway power feeding system.

Case 3: Study of Input Voltage Harmonics of the Four-Quadrant Converter with
Passive Power Filter Caused Use a C-type filter at TF = 53 to reduce the number of
harmonics. It was discovered that installing an on-board passive filter can reduce the
amount of harmonics at the substation more than installing a harmonic filter at the

substation, as in Case 3.

5.2  Future work

This research is a harmonic analysis of the AC electric railway system of the
ARL City Line, an urban railway in Thailand. The harmonic analysis and elimination
described in this research can also be applied to the high-speed electric railway
system, where harmonics are also a major problem. The form of the railway's power
feeding system will have different forms of power feeding, such as the autotransformer
feeding system, which can change the power feeding system, but the harmonic analysis
and elimination method can be used and the model in this research is applicable.

The harmonic analysis in this research can be applied to the DC electric railway
system because in the DC electric railway system, converters are used to convert
electricity from high-voltage AC to DC voltage. In train movement, it is an important
harmonic generator in the DC electric train system, which can take data from
measurements or from the resulting harmonic equations to analyze. (Djeghader,2015)

In addition, to filter harmonics using passive filters..In this research, only one
tuning point was selected for simulation. In future studies, it may be possible to
selectively filter harmonics in the 2nd or 3rd harmonic order simultaneously by

paralleling the filters and adding filtering locations
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Results from simulation
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A.1 Introduction

The graphical and tabulated results of the simulation result in Chapter 4,
consisting of the results of the case study measurement data in Part 1 and Part 2 for the
case study input voltage harmonics of the four-quadrant, are collected and displayed in

this appendix.

A.2  Part 1 the results of the case study measurement data

A.2.1 Harmonic results of installing passive filters at Substation.

o Single-Tuned filter at TF=3
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Figure A.1 Total Harmonic Distortion Voltage and.Current at substation: STF TF=3
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Figure A.2 Harmonic Distortion Voltage and Current at substation wave form: STF TF=3
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Figure A.3 Harmonics spectrum of Current and Voltage at the Substation: STF TF=3

Table A.1 THD Voltage results of installing Single-Tuned filters TF=3 at the substation

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC s . : ;
S (Simulation) (Simulation) IEEE519-2014
No Filter | STF | No Filter | STF Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 207 0.01 0.70 0.70 5.00
Maximum 4.48 0.03 792 7.92 5.00




Table A.2 TDD current results of installing Single-Tuned filters TF=3 at the substation

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

Time(ms

< h<1l Mehe 1T | 175 hii23 | 23=hig35 | 35<h=<.50 TDD
Ise/Mt
(100 < 1000) No . No No No No No .
STF 3 STF . STF ; STF STF STF
Filter Filter Filter Filter Filter Filter
Minimum 000 | 000 | 000 | 000 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Average 129 | 015 | 045 | 011 | 032 | 0.11 | 0.25 | 0.10 | 0.83 | 047 | 207 | 090
Maximum 280 | 032 | 097 | 023 | 070 | 023 | 053 | 022 | 1.79 | 101 | 448 | 194
IEEE514-2014 | 12.0 | 55 50 2.0 1.0 15.0
| _
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Figure A.6 Harmonics spectrum of Current and Voltage at the Substation: STF TF=5

Table A.3 THD Voltage results of installing Single-Tuned filters TF=53 at the substation

THD Substation (%) THD Train (%) THD (%)
(Simulation) (Simulation) [EEE519-2014
Standard

Bus voltage V at PCC
25 kv

No Filter STF No Filter STF

Minimum 0.00 0.00 0.00 0.00 5.00

Average 207 0.007 0.70 0.70 5.00
Maximum 4.48 0.015 7.92 7192 5.00




Table A.4 TDD current results of installing Single-Tuned filters TF=5 at the substation
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Maximum harmonic current distortion in percent of I

Individual harmonic order (odd harmonics) at Substation

11gsh< 17z h< 232 h< 35z hs
3<h<ll TDD
Isc/I 17 23 35 50
(100 < 1000) No _ No No No - No No
STF _ STF STF ) STF STF STF
_ Filter Filter Filter Filter Filter Filter
MinirnL_.J.m 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0.0Q 0.00 | 0.00 | 0.00 | 0.00
Average 1.29 | 006 | 045 | 0.04 | 032 | 0.05 | 0.25 | 0,05 | 0.83 | 0.26 | 2.07 | 0.50
Maximum 280|013 | 097 | 009|070 | 010 | 053|010 | 1.79 | 056 | 448 | 1.07
|EEE514-2014 12.0 55 50 2.0 1.0 150

® Single-Tuned filter at TF=51
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Figure A.7 Total Harmonic Distortion Voltage and Current at substation: STF TF=51
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Figure A8 Harmonic Distortion Voltage and Current at substation wave form: STF TF=51
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Figure A9 Harmonics spectrum of Current and Voltage at the Substation

: STF TF=51

Table A5 THD Voltage results of installing Single-Tuned filters TF=51 at the substation

=

THD Substation (%) THD Train (%) THD (%)
S VOLtdek: S (Simulation) (Simulation) |[EEE519-2014
No Filter | STF | No Filter | STF sEndaig
- Minimum 0.00 0.00 0.00 0.00 5.00
Average 207 0.001 0.70 0.70 5.00
Maximum 4.48 0.003 192 197 5.00




Table A.6 TDD current results of installing Single-Tuned filters TF=53 at the substation

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

Sehell | e heldl | I sh23 | Bissi< 38 [ 85 <f<50 TDD
s/
(100 < 1000) | No No No No No No
Filte STF Filte STF Filte STF Filte STF Filte STF Filte STF
r r r r r r

Minimum 0.00 | 000 | 0,00 | 0.00 | 000 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 [ 0.00

Average 129 | 007 | 045 | 001 | 032 | 0003 | 0.25 | 0002 | 0.83 | 0001 | 207 | 0.08

Maximum 280 | 016 | 097 | 002 | 0.70 | 001 | 053 | Q003 | 1.79 | 0001 | 448 | 0.8

IEEE514-

120 55 50 20 1.0 15.0
2014

° Single-Tuned filter at TF=53
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Figure A.10 Total Harmonic Distortion Voltage and Current at substation: STF TF=53
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Figure A.12 Harmonics spectrum of Current and Voltage at the Substation: STF TF=53

Table A.7 THD Voltage results of installing Single-Tuned filters TF=53 at the substation

Bus voltage V at PCC

25 kv

No Filter STF No Filter STF

THD Substation (%) THD Train (%) THD (%)
(Simulation) (Simulation) IEEE519-2014
Standard

Minimum 0.00 0.00 0.00 0.00

5.00

Average

¥l VT 0.001 0.70 0.70

5.00

Maximum 4.48 0.003 7.92 7.92

5.00
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Table A.8 TDD current results of installing Single-Tuned filters TF=53 at the substation

Maximum harmonic current distortion in percent of /;

Individual harmonic order (odd harmonics) at Substation

B b 11 11<sh<1? | 17Tch<23 | 235h<35 | 35sh = 50 TDD
Iszl
(100 < 1000) No No No No No No
Filte | STF | Filte | STF | Filte | STF | Filte | STF | Filte | STF | Filte STF
r r r r r r

Minimum 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0O | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

Average 129 | 007 | 045 | 001 | 032 | 0003 | 0.25 | 0002 | 083 | 0001 | 207 | 0.08

Maximum 280 | 0.16 | 097 | 002 | 0.70 | 0.01 | 053 | 0003 | 1.79 | 0002 | 448 | 0.18

IEEE514-
2014

12.0 55 5.0 20 1.0 15.0

° Band-Pass filters TF=3
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Table A.9 THD Voltage results of installing Band-Pass filters TF=3 at the substation

103

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC . . . "
(Simulation) (Simulation) IEEE519-2014
25 kV
f= Standard
No Filter BP No Filter BP
Minimum 0.00 0.00 0.00 0.00 5.00
Average 25 0.01 0.70 0.70 5.00
Maximum 4.48 0.02 792 792 5.00

Table A.10 TDD current results of installing Band-Pass filters TF=3 at the substation

Maximum harmonic current distortion in percent of /;
Individual harmonic order (odd harmonics) at Substation
1= < 17=h< 23=h< 35=zh=
Ish<ll | TDD
I 17 28 35 50 |
(100 < 1000) No No No No No No
BP BP BP BP BP BP
Filter Filter Filter Filter Filter Filter
Minimum 0.00 | 000 | 000 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Average | 1.29 | 063 | 045 | 0.01 | 032 | 0004 | 0.25 | 0002 | 0.83 | 0004 | 207 | 0.63
Maximum 280 | 136 | 097 | 002 | 0.70 | 0.01 | 053 | 0005 | 1.79 | 0.01 | 448 | 1.36
1 4 =
|EEE514-2014 12.0 e, 5.0 2.0 1.0 15.0
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e Band-Pass filters TF=5
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Figure A. 18 Harmonics spectrum of Current and Voltage at the Substation: BP TF=5

Table A.11 THD Voltage results of installing Band-Pass filters TF=>5 at the substation

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC ] ’ .
R (Simulation) (Simulation) IEEE519-2014
| No Filter BP No Filter BP Standard
Minimu_m 0.00_ 0.00 0.00 0.00 5.00
Average 207 0.003 ‘. 0.70 0.70 5.00
Maximum 408 YT |, e(82 792 5.00

Table A.12 TDD current results of installing Band-Pass filtters TF=5 at the substation

]

Maximum harmonic current distortion in percent of I,

Individual harmonic order (odd harmonics) at Substation

) 3=sh<1l 115h<17‘175h<23 23=h<35 | 35=h=50 TDD

A :

(100 < 1000) i BP ok BP NO BP NG 8p o BP He BP
= Filter Filter Filter Filter Filter Filter

Minimum 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00O | 0.00 | .00 | Q.00 [ Q.00 | 0.00 | 0.00
Average 1.29 O.ZZ;J 045 | 001 | 032 | 0004 | 025 | 0002 | 0.83 | 0004 | 207 | 023
Maximum 280 | 051 | 097 | 0.02 | 0.70 | 001 | 0.53 | 0005 1.79 | 001 | 448 | 051
IEEE514-2014 120 5:h 50 2.0 1.0 15.0
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® Band-Pass filters TF=51
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Figure A.19 Total Harmonic Distortion Voltage and Current at substation: BP TF=51
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Table A.13 THD Voltage results of installing Band-Pass filters TF=51 at the substation

107

Table A.14 TDD eumrent results of installing Band-Pass filters TF=51 at the substation

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC ; : g
s (Simulation) (Simulation) IEEE519-2014
No Filter BP No F_llter BP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 0.03 0.001 0.70 0.70 5.00
Maximum 0.07 0.004 792 792 500 |

3zh<1l 11=sh<17 17=h<23 23=h<35 35=h=<50 | TDD
Isc/1t
(100 < 1000) No No No | No No | No
BP BP BP BP BP BP
Filter Filter Fitter Filter Filter Filter

Minimum 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00
Average 1.29 | 0001 | 045 | 0001 | 032 | 0001 | 0.25 | 0001 | 0.83 | 0.04 | 207 | 0.12
Maximum 280 | 0001|097 | 0001 | 0.70 | 0001 | 053 | 0001 | 1.79 | 0.08 | 448 | 0.26

|EEE514-2014 12.0 55 5.0 20 1.0 15.0




® Band-Pass filters TF=53
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Figure A. 22 Total Harmonic Distortion Voltage and Current at substation: BP TF=53
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Figure A. 23 Harmonic Distortion Voltage and Current at substation wave form: BP TF=53



T 1 L a4 T & 3

PO S T S N SO N N

) R R poae s SN TR AT NN TONN GRS TR PR R R |

U T

26 28 30 32 34 36 38 4

40

Harmonic Order

] 42 44 46 4B

50 52 54 56 58 80

VIV al Substation

| G S [N U WY R N PR B T (e D PR o |

[ETETETRT 11 [Py E I

| ESRREH LAY SYSwl TR )

34 36 38 40 42 44 46 48 50 52 54 56 58 60

Figure A.24 Harmonics spectrum of Current and Voltage at the Substation: BP TF=53

Table A.15 THD Voltage results of installing Band-Pass filters TF=53 at the substation
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THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC ] . .
Py (Simulation) (Simulation) [EEE519-2014
_ No Filter BP No Filter _ BP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 207 0.002 0.70 0.70 5.00
Maximum 4.48 0.003 792 ] 792 5.00

Table A.16 TDD current results of installing Band-Pass filters TF=53 at the substation

Maximum harmonic current distortion in percent of I

Individual harmonic order (odd harmonics) at Substation

I
- 3=sh<1l 11=h<17 17T=h<23 22=h<35 35=h=50 TOD
L
N N N N N N
(00<1000) | No | g | No gy | MOt gp ) ) gy | O ) gy | P BP
Filter Filter | Filter Filter Filter Filter |
Minimum 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 0.00
Average 129 | 1x10® | 045 | 510% | 032 | 7x10° | 0.25 | ™10* | 0.83 | 0.02 | 2.07 0.11
Maximum | 2.80 | 1x10% | 0.97 | »10® | 0.70 | 1x10° | 053 | x10° | 1.79 | 0.04 | 4.48 0.23
|[EEE514-2014 12.0 8:5 50 20 1.0 150




® High-Pass filters TF=5
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Figure A.25 Total Harmonic Distortion Voltage and Current at substation: HP TF=5
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Figure A.26 Harmonic Distortion Voltage and Current at substation wave form: HP TF=5
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Figure A.27 Harmonics spectrum of Current and Voltage at the Substation: HP TF=5

Table A.17 THD Voltage results of installing High-Pass filters TF=5 at the substation

111

THD Substation (%) | THD Train (%) THD (%)
Bus voltage V at PCC . ) L
2 | 4 (Simulation) (Simulation) |[EEE519-2014
No Filter HP No Filter HP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 207 0.01 0.70 0.70 5.00
Maximum 448 0.02 1.92 792 5.00

Table A.18 TDD current results of installing High-Pass filters TF=5 at the substation

Maximum harmonic current distortion in percent of I

Individual harmonic order (odd harmonics) at Substation
I 3sh<il 11=h<17 17T=sh<23 23=h<35 35<h=s50 TOD
L
M N N No No N
(100 < 1000} 2 HP 2 HP 2 HP |a HP HP . HP
Fitter Filter Filter Filter Filter Filter

Minimum 0.00 | 0.00 | 0.00 | 0.00 | Q.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | C.00 0.00
Average 129 | 006 | 045 | 0.04 | 032 | 004 | 025 | 005 | 0.83 | 0.24 | 207 0.47
Maximum 280 | 013|097 | 009|070 | 010 | 053 | 0.10 | 1.79 | 053 | 448 101

|[EEE514-2014 | 12.0 5D 50 20 1.0 150




® High-Pass filters TF=51
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Figure A.28 Total Harmonic Distortion Voltage and Current at substation: HP TF=51
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Figure A.30 Harmonics spectrum of Current and Voltage at the Substation: HP TF=51

Table A.19 THD Voltage results of installing High-Pass filters TF=51 at the substation

115

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC " .
(Simulation) (Simulation) IEEE519-2014
25 kv q
No Filter | HP | No Filter | HP Standar

Minimum 0.00 0.00 0.00 0.00 5.00
Average 0.03 0.001 0.70 0.70 5.00
Maximurr_l 0.07 0.003 792 | 792 500

Table A.20 TDD current results of installing High-Pass-filters TF=51 at the substation

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

!
/! 3sh<ll 11=sh<17 1T=h<23 23<h<35 35=h=50 TDD
SCOIL
(100 < 1000) No No No No No No
HP HP HP HP HP HP
Fitter i Fﬂter Filter Filter Filter Filter ]
Minimum 0.00 | 0.00 | 000 | 0.00 | 000 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 000
Average 129 | 007 | 045 | 0008 | 032 | 0003 | 0.25 | 0001 | 0.83 5x10* | 2.07 | 0.08
Maximum 280 | 0.16 | 097 | 0.16 | 0.70 | 0007 | 0.53 | 0003 | 1.79 1x10° | 4.48 | 0.18
IEEE514-2014 120 5i5 5.0 20 1.0 15.0
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® High-Pass filters TF=53
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Figure A.31 Total Harmonic Distortion Voltage and Current at substation: HP TF=53
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Figure A.33 Harmonics spectrum of Current and Voltage at the Substation: HP TF=53

Table A.21 THD Voltage results of installing High-Pass filters TF=53 at the substation

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC ) ) i .
(Simulation) (Simulation) IEEE519-2014
25 kV v _

No Filter :i HP No Filter HP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 207 0.001 0.70 0.70 5.00
Maximum 4.48 0.002 N ¥y 792 5.00

Table A.22 TDD current results of installing High-Pass filters TF=53 at the substation

Maximum harmonic current distortion in percent of /.
Individual harmonic order (odd harmonics) at Substation
3gh<1l 11<h<17 17sh<23 23<sh<35 352h =50 oD
I u
aoo<o00) | N | | N g | N | Mo g | N ) O,
Filter Filter Fitter Fitter Filter Filter
Minimum 000 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00
Average 129 | 007 | 045 | 001 | 032 | 0003 | 0.25 | 0002 | 0.83 | 7x10* | 2.07 0.08
Maximum | 280 | 0.16 | 097 | 0.02 | 0.70 | 0007 | 0.53 | 0003 | 1.79 | 0002 | 448 | 0.18
IEEE514-2014 12.0 hib | 50 2.0 10 15.0




® C-Type filters TF=3
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Figure A.34 Total Harmonic Distortion Voltage and Current at substation: C-Type TF=3
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Figure A.36 Harmonics spectrum of Current and Voltage at the Substation: C-Type TF=3

Table A.23 THD Voltage results of installing C-Type filters TF=3 at the substation

THD Substation (%) THD Train (%) THD (%) ]
Bus voltage V at PCC !
55 (Simulation) (Simulation) IEEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 0.03 0.01 0.70 0.70 5.00
Maximum 0.07 0.02 792 792 5.00

Table A.24 TDD-current results of installing C-Type filters TF=3 at the substation

Maximum harmonic current distortion in percent of /.
Individual harmonic order (odd harmonics) at Substation
3<sh<1l 11<sh<17 | 17T=sh<23 | 23=h<35 | 35=h=50 TDD
Isc/I.
(100 < 1000) | No c No c No C No C No C No G

Filter | Type | Filter | Type | Filter | Type | Fiter | Type | Filter | Type | Fitter | Type
Minimum 0.00 | 0.00 | 0.00 | 0.00 | 000 | 000 | 0.00 | 0.00 | 0.00 | 0.0O | Q.00 | 0.00
Average 129 | 009 | 045 | 007 | 032 | 0.07 | 025 | 0.07 | 083 | 0.31 | 207 | 059
Maximum 280 | 020 | 097 | 014 | 070 | 0.14 | 053 | 0.14 | 1.79 | 066 | 448 | 1.27

| |[EEE514-2014 120 55 50 20 1.0 150




® C-Type filters TF=5
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Figure A.37 Total Harmonic Distortion Voltage and Current at substation: C-Type TF=5
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Figure A.38 Harmonic Distortion Voltage and Current at substation wave form: C-Type TF=5
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Figure A.39 Harmonics spectrum of Current and Voltage at the Substation: C-Type TF=5

Table A.25 THD Voltage results of installing C-Type filters TF=5 at the substation

119

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC ) .
3E i (Simulation) (Simulation) IEEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 0.004 0.70 0.70 5.00
Maximum 443 0.008 owy | 792 5.00

Table A.26 TDD current results of installing C-Type filters TF=5 at the substation

Maximum harmonic current distortion in percent of /;
Individual harmonic order (odd harmonics) at Substation
oA 3=h<ll 11<sh<17 17=h<23 | 22=h<35 | 35<h=<50 TDD
/ .
oo<top) | o | & [N | ¢ | M| [N|c|[N|[c|Nn|c

N Filter | Type | Filter | Type | Filter | Type | Filter | Type | Filter | Type | Filter | Type '

Minimum 0.00 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00 | 0.00 | 0.00 | 0.00

Average 1.29 | 003 | 045 | 002 | 032 | 003 | 025 | 0.03 | 0.83 [ 0.15 | 207 | 0.28

Maximum 280 | 006 | 097 | 005 | 0.0 | 0.05 | 053 | 006 | 1.79 | 032 | 448 | 061
IEEE514-2014 l 12.0 5:5 50 20 1.0 150 |
L R |




® C-Type filters TF=51
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Figure A.40 Total Harmonic Distortion Voltage and Current at substation: C-Type TF=51
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Figure A.41 Harmonic Distortion Voltage and Current at substation wave form: C-Type
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Figure A.42 Harmonics spectrum of Current and Voltage at the Substation: C-Type TF=51

Table A.27 THD Voltage results of installing C-Type filters TF=51 at the substation

THD Substation (%) | THD Train (%) THD (%)
Bus voltage V at PCC : :
- (Simulation) (Simulation) IEEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 0.03 5x10™ 0.70 0.70 5.00
Maximum 0.07 1x10° |, 1792 192 5.00

Table A.28 TDD current results of installing C-Type filters TF=51 at the substation

Maximum harmonic current distortion in percent of /.

Individual harmonic order {odd harmonics) at Substation

|
oo 3=h<l1l 11=h<17 17T=sh<23 | 23=h<35 | 35=sh=50 TDD
i

(100 < 1000)

No 05 No C No C No C- No G- No C
Filter | Type | Filter | Type | Filter | Type | Filter | Type | Filter | Type | Filter | Type

Minimum 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

Average 129 | 003 | 045 | 0003 | 032 | 0001 | 0.25 | ™10° | 0.83 | x10° | 207 | 0.04

Maximum 280 | 007 | 097 | 0008 | 0.70 | 0003 | 053 | x10® | 1.79 | 5x10° | 4.48 | 0.09

IEEE514-2014 12.0 - 55 50 20 1.0 15.0




° C-Type filters TF=53
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Figure A.43 Total Harmonic Distortion Voltage and Current at substation: C-Type TF=53
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Figure A44 Harmonic Distortion Voltage and Current at substation wave form: C-Type TF=53
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Figure A.45 Harmonics spectrum of Current and Voltage at the Substation: C-Type TF=53

Table A.29 THD Voltage results of installing C-Type filters TF=53 at the substation

125

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC ) :
o (Simulation) (Simulation) I[EEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 5x10 0.70 0.70 5.00
Maximum 4.48 1x10° 792 792 5.00

Table A.30 TDD-current results of installing C-Type filters TF=53 at the substation

Maximum harmonic current distortion in percent of I,
Individual harmonic order (odd harmonics) at Substation
o | 3=h<1l 11she<1? | 17sh<23 | 22=sh<35 | 35=h=<50 TOD
L
(100 < 1000) | No C No C- No (e No c No C No (o3
| Fitter | Type Filter | Type | Filter | Type | Fitter | Type | Filter | Type | Filter | Type |

Minimum 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | C.00 | 0.00 | 0.00
Average 129 | 003 | 045 | 0004 | 032 | 0002 | 0.25 | &10* | 0.83 | 3x10° | 207 | 0.04
Maximum 2.80 | 007 | 097 | 0008 | 070 | 0004 | 053 | 210° | 1.79 | 7x10° | 4.48 | 0.09

| IEEE514-2014 | 120 55 5.0 2.0 1.0 15.0




A.2.2 Harmonic results of installing on-board passive filters.

® Single-Tuned filters TF=3
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Figure A.46 Total Harmonic Distortion Voltage and Current at train: STF TF=3 on-board
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Figure A51 Harmonics spectrum of Current and Voltage at the Substation: STF TF=3 on-board



Table A.31 THD Voltage results of installing Single-Tuned filters TF=3 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC . ] , :
25 (Simulation) (Simulation) IEEE519-2014
| NoFilter | STF | NoFilter | sTF | Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 0.03 0.00 0.70 0.01 5.00
Maximum 0.07 0.01 1.92 0.05 5.00

Table A.32 TDD current results of installing Single-Tuned filters TF=3 on-board

Maximum harmonic current distortion in percent of I,

Individual harmonic order (odd harmonics) at Substation

e 3sh<11 11<hdly @7=R323 | 23sh<35 | 35=sh=50 TDD
L
(100 <1000) | No No No | No No No
STF STF | STF STF STF
Filter Fitter Filter | Filter Filter Filter

Minimum 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0O | 0.00 | 0.00

Average 129 | 002 | 045 | 001 | 032 | 001 | 025 | 0.01 | 0.83 | 0.03 | 207 | 0.06
Maximum 280 | 0.19 | 097 | 0.12 | 0.70 | 0.10 | 053 | 0.09 | 1.79 | 038 | 448 | 0.75
[EEE514-2014 12.0 s, 5.0 20 1.0 15.0
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® Single-Tuned filters TF=5
s % THDVtrain
1.5 T T T T T T T
e N
I -
= 0 L e ! e S —T [ s
0 200 400 00 BOO 1000 1200 1400
Time(s|
%TDD Train current
T T T T T T T
1 1 L L L 1 b
o 200 400 800 800 1000 1200 400
Time(s)

Figure A.52 Total Harmonic Distortion Voltage and Current at train: STF TF=5 on-board
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Table A.33 THD Voltage results of installing Single-Tuned filters TF=5 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC . i
3 s (Simulation) (Simulation) |IEEE519-2014
No Filter | STF | No Filter | STF | Standard
Minimum . 0.00 0.00 0.00 0.00 5.00
Average 0.03 0.00 0.70 0.003 5.00
Maximum 0.07 0.01 1192 0.02 5.00

Table A.34 TDD current results of installing Single-Tuned filters TF=5 on-board

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

‘ 3 3<h<1l | 11<h<17 | 17<h<23 | 22<h<35 | 35<h <50 TDD
] _
00<1000 | " | s | Ml srd™ |sef{ ™ |se| ™ ||| v
F_itter Filter . Filter Filter Filter Filter

Minimum 000 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

Average 129 | 001 | 045 | 0.01 | 032 | 0005 | 0.25 | 0.004 | 0.83 | 002 | 207 | 0.04

Maximum 280 | 013 | 097 | 007 [ 0.70 | 007 | 053 | 007 | 1.79 | 0.30 | 448 | 059

IEEE514-2014 12.0 25 5.0 20 1.0 15.0




® Single-Tuned filters TF=51
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TF=51 on-board

=il g

30 T T T T T T T
il
$ Ay
z 10p /\
2 ot
Z-0F
B 20

30 1 1 1 L 1 1 1

1] 50 100 150 200 250 300 350
Timeims)
Sub ion Current form

500 T T T T T T T T
z ot
§.100
G
& .300

GO Ko I

500 1 1 L L 1 1 1 1 1 1 ] 1

0 50 100 150 200 250 300 Jsa 400 450 500 550 &00 B50 700
Time{ms)

Figure A.61 Harmonic Distortion Voltage and Current at substation wave form:
STF TF=51 on-board



il Tran

LYY

1AL at Trin

|

4 6 B 2 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 38 60
Harmenic Order

|G R oy P PR C i CER i [ o i e T Tk EE Koo R TR M i D M S S EE e N |

L L L] 1 ] L ] | L i L i 1 L 1 1 1 L L ] 1 L il 1 ] 1 L 1 1

2 4 6 8 10121416 18 20 04z 48 48 50 52 54 56 58 60

Figure A.62 Harmonics spectrum of Current and Voltage at the train: STF

TF=51 on-board

VoV al Subslation

Subslation

|/ at

MWD~

T T T T T T T T T l T T T T T T T T T T T T T T T T T I 1 !
ol o sseee WA U S w5 BTSN . (SN T SN N AN VS
2 4 6 B 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Harmonic Order
T T I T 1 1 T T T T T T T T T T T T T T T U T T T T T T T T
o I W S T N NN (NN (NN N S N S N N T 5 GNP S (s (S [ N N T S S S
2 4 6 81012 1496018 20,22 24256 2830 32.34 36 36-40 42 44 46 48 50 52 54 56 58 &0

Harmonic Order

Figure A.63 Harmonics spectrum of Current and Voltage at the Substation: STF

TF=51 on-board

134



Table A.35 THD Voltage results of installing Single-Tuned filters TF=51 on-board

155

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC : : : g
(Simulation) (Simulation) IEEE519-2014
25 kV

No Filter | STF | No Filter | STF Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 0.03 4x10* 0.70 ax10™ 5.00
Maximum 0.07 3x107 7.92 3x10 5.00

Table A.36 TDD current results of installing Single-Tuned filters TF=51 on-board

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

o Ishzill ! 11<h<17 | 17=h<23 | 23sh<35 | 35sh<50 TDD
L — | - ! i
N N No | No N N
(100<1000) | ™° | o | "2 | oTF STF stF | o s | | s
 Filter Filter Filter Filter Filter Filter

Minimum | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 000 | 0.00

Average 129 | 002 | 045 | x10° | 032 | 3x10* | 025 | 1x10° | 083 | 3x10° | 207 | 0.03
Maximum | 280 | 019 | 097 | 002 | 070 | 7x10° | 053 | 3x10° | 179 | 110° | 448 | 0.24
IFEE514-2014 12.0 55 L o 58 20 1.0 15.0
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® Single-Tuned filters TF=53
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Train voltage waveform

e ._J\ T T T T T T T T T T T T

2 8p/ O\ N\ e e v

w0 \ / \ / 3 / -

s 2r \ /‘ / \ o \l

3 &f \ j / \ /

ENr LY o 4 1

= B ' ! \_./r 1 ) ' 1 i 1 1 1 1 1 ]
o 50 100 150 200 250 300 350 400 450 500 350 800 650 700

Timeims)

Train current waveform

Train Current{#i)
. o
V T
~
ol
1 1

= 100 |

b s

I 1 1 1 1 1 1 1 1 ' |
V] 50 100 150 200 250 300 350 400 450 500 550 aeo 650 700
Timg(ms)

Figure A.66 Harmonic Distortion Voltage and Current at train wave: STF
TE=53 on-board

ion voltage form

a0 I 1 1 1 1 1 1 1 1 1 L
0 30 100 150 200 250 300 350 400 450 500 350 800 650 700
Timaims)
Sub Current form
500 T T T T T T T T T
g
@
=nc 1 r- I 1 1 5 ' ] L
-500
o 50 160 150 200 250 200 350 400 250
Time(ms)

Figure A.67 Harmonic Distortion Voltage and Current at substation wave form: STF
TF=53 on-board



138

| e e o o i [ PR e P W Y N N N O O N N Y (N S O
2
e TN D, CoAC POy M TAMEY N TOAY (R 1 DU e et SN YUY DA (NPt L (R LY (A TR (et Y O 16 1
2 4 B8 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 5B 60
Harmomic Order
- e e e e S N TR R R G I L i W (A FER P Eoui B E Sork ERNC SN SR ) B [ SR Eom) B
= 0.04 - 71
£ ooap &
E— (vl o =1
== 0.0 .
o L L L L L L L 1 1 1 L Ll L L ] L 1 1 1 1 1 1 L 1 L 1 1 | L
2 4 B 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 €0
Harmonic Order

Figure A.68 Harmonics spectrum of Current and Voltage at the train: STF
TF=53 on-board

-
-

1 L Il L L Il Il L | Il 1 1 1 L 1 1 L L 1 1 1 L 1 | L 1 | —

2 4 5 8 10 12 14 16 18 20 22 24 26 28 30 32 34 26 38 40 42 44 46 48 50 52 54 56 58 60

Harmonic Order

01 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
=} L ol
2 oos
@
Eooosf .
&
5 004F E
Z_ o002 4
-

Gmi 1 L 1 1 L 1 1 1 1 il 1 L 1 1 i 1 1 L L 1 1 L 1 1 L L L

1
2 4 B ‘8010 12 19968 20122 24,26 28130 32 34 36 38 40 42 44 46 48 50 52 54 56 S8 60
Harmonic Order

Figure A.69 Harmonics spectrum of Current and Voltage at the Substation: STF
TF=53 on-board



Table A.37 THD Voltage results of installing Single-Tuned filters TF=51 on-board
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THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC . . . i
25 kY (Simulation) (Simulation) IEEE519-2014
! No Filter STF No Filter STF Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 ax10™ 0.70 4x10™ 5.00
| Maximum 4.48 3x107 792 3x107 5.00

Table A.38 TDD current results of installing Single-Tuned filters TF=51 on-board

Maximum harmonic current distortion in percent of /.
Individual harmonic order (odd harmonics) at Substation
I ! 3=zh<l1l 11<h<l1i 17 <h <23 23=h<35 35<h<50 TDD
I =
aoo<1000 | N s | ™ lsE ™ (s | N s | sw | O s
Filter Filter Filter Fitter Filter Filter

Minimum 0.00 | 0.00 | 000 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 000 | 0.00 | 0.00
Average 129 | 002 | 045 | 1x10° {032 | 3x10° | 0.25 | 110" | 0.83 | 4x10° | 2.07 | 0.03
Maximum | 280 | 019 | 097 | 0.02 | 0.70 | =iG* | 0.53 | 3x10° | 1.79 | 1x10® | 4.48 | 0.24

|IEEE514-2014 12.0 Sh, 5.0 2.0 1.0 15.0




© Band-Pass filters TF=3
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Train voltage waveform
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Harmonic Distortion Voltage and Current at train wave: BP
TF=3 on-board
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Table A. 39 THD Voltage results of installing Band-Pass filters TF=3 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC : ] !
5 (Simulation) (Simulation) IEEE519-2014
No Filter BP No Filter BP Standard |
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 4x10™ 0.70 8x107 5.00
Maximum 4.48 1x10% 7.92 0.06 5.00

Table A. 40 TDD current results of installing Band-Pass filters TF=3 on-board

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

) 3= hdl 11<h gl 17=h<23 23=h<35 35=h=<50 TDD
L
T .
M N | N N No N
AOoR1000). ¥ BP ] BP ? BP : | BP BP = BP
Fitter Filter Filter Filter Filter Filter
Minimum | 0.00 | 0.00 ' 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00 | 0.00 0.00
|
Average 129 | 031 | 045 | 1x0° | 032 | &10° | 0.25 | x10° | 0.83 | 2a0* | 207 | 031
Maximum 280 | 076 | 097 | 002 | 070 | &10® | 053 | &10® | 1.79 | 803 | 4.48 0.76
|[EEE514-2014 12.0 5 5.0 20 1.0 15.0
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Train voltage waveform
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Table A.41 THD Voltage results of installing Band-Pass filters TF=5 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC . ” . .
e (Slmu}atlon) (Simulation) IEEE519-2014
No Filter BP No Filter BP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 207 1x10° 0.70 2x107 5.00
Maximum 448 3x107 7.92 0.01 500

Table A.42 TDD current results of installing Band-Pass filters TF=5 on-board

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

& A2 <11 11 < h sl 17=h<23 | 23<h<35 | 35=<h<50 TDD
L |
(100 < 1000) | No No No No No No
BP BP BP BP BP BP
Filter Filter Filter Filter Filter Filter
Minimum | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00
Average 129 | 008 | 045 | 1x10° | 032 | 4xi0* | 0.25 | 1x10° | 0.83 | 210 [ 2.07 | 0.08
Maximum | 280 | 023 | 097 | 002 | 0.70 | 810% | 053 | 4x10® | 1.79 | 8x10° | 4.48 | 0.24
|[EEE514-2014 | 12.0 53] 5.0 2.0 1.0 150
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Band-Pass filters TF=51
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Table A.43 THD Voltage results of installing Band-Pass filters TF=51 on-board

151

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC ” . A .
g (Simulation) (Simulation) IEEE519-2014
No Filter _BP No Filter BP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 8x10~ 0.70 7x10* 5.00
Maximum 4.48 3x107 792 ax10 5.00

Table A.44 TDD current results of installing Band-Pass filters TF=51 on-board

Maximum harmonic current distortion in percent of /.
Individual harmonic order (odd harmonics) at Substation

- Fi=ih <l 115:‘1~.<1'.’I 17=h<23 [23sh<35 | 35=h=50 TDD

(0<1000) | No | o | No | gy o e | | e | Mo g | © | g
Filter Filter Filter Filter Flter Filter

Minimum | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0.00 | 0.00
Average 1.29 | 1x10° | 0.45 | 7x0° | 032 | 6x10° | 0.25 | 6x10° | 083 | 1x10° | 2.07 | 0.08
Maximum | 2.80 | 1x10° 0.97_ 1x10° | 0.70 | 1x10° | 053 | 0® | 1.79 | 6x10° | 4.48 | 0.24

IEEE514-2014 12.0 55 " 5.0 2.0 1.0 150




® Band-Pass filters TF=53
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Figure A.88 Total Harmonic Distortion Voltage and Current at train: BP TF=53 on-board
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Table A.45 THD Voltage results of installing Band-Pass filtters TF=53 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC 3 X
9% 1 (Simulation) (Simulation) |[EEE519-2014
| No Filter BP No Filter BP Standard
|
Minimum | 000 0.00 0.00 0.00 5.00
Average 207 | 8x10” 070 | 6x10™ 5.00
Maximum 448 3x107 92 3x107 5.00

Table A.46 TDD current results of installing Band-Pass filters TF=53 on-board

Maximum harmonic current distortion in percent of /.

Individual harmonic order (odd harmonics) at Substation

- 3sh<11 115h<_1j' 17=h<23 | 23<h<35 | 35<h=<50 TDD
No No No | No No No
i ydaion Filter i Filter = Fitter | = Fiter | . Filter & Filter il
Minimum | 0.00 | 0.00 | 0.00 | 0.00 | 000 | 0.00 | 000 | 000 | 0.00 | 0.00 | 0.00 | 0.00
Average 129 | 1x10° | 0.45 | 7x10° | 032 | 6x10° | 0.25 | 6x10° | 0.83 | 1aC® | 207 | w10
Maximum | 2.80 | 110% | 097 | 1x10° {;;o x10% | 053 | x10% | 1.79 | 4x10? | 4.48 | 019
IEEE514-2014 12.0 N 5.0 2.0 1.0 15.0
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® High-Pass filters TF= 3
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Train voltage waveform
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Table A. 47 THD Voltage results of installing High-Pass filters TF=3 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC . ] ] .
- (Simulation) (Simulation) [EEE519-2014
No Filter HP No Filter HP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 9x10™ 0.70 9x107 5.00
Maximum 448 0.01 792 0.06 5.00 J

Table A. 48 TDD current results of installing High-Pass filters TF=3 on-board

Maximum harmonic current distortion in percent of /;
Individual harmonic order (o-c;d harmonics) at Substation

Il 3i=ih =211 l1=hgly 175h<23?_ 23<h<35 | 35=sh=50 TDD

(100< 1000) | No | | N 1w 088 | e | No e | N e | Y e
Filter Filter Filter Filter Filter Filter

Minimum 0.00 | 0,00 | 000 | 000 | 000 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0,00 | 0.00
Average 129 | 003 | 045 | 002 032 | 0.01 | 0.25 | 0.01 | 0.83 | 0.03 | 207 | 0.07
Maximum 280 | 022 | 097 | 014 | 070 | Q.12 | 053 | 01 179 | 039 | 448 | 077

IEEE514-2014 120 55 50 2.0 1.0 15.0




® High-Pass filters TF= 5
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Train voltage waveform
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Table A.49 THD Voltage results of installing High-Pass filters TF=5 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC ] ! . .
e (Simulation) (Simulation) IEEE519-2014
No Filter HP No Filter HP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 5x10°° 0.70 0.004 5.00
M__E_lximum 448 0.009 792 0.02 5.00

Table A.50 TDD current results of installing High-Pass filters TF=5 on-board

Maximum harmonic current distortion in percent of /i

Individual harmonic order (odd harmonics) at Substation

A 3sh<11 11<h<17 | 17=h<23 | 22=<h<35| 35<h=<50 TDD
0
N N N N N N
(100<1000) | Mo | o | No Ipl SRR KR | L g [ 0 | e | 0 | we
Filter Filter Filter Filter Filter Filter

Minimum 0.00 | 0.00 | 0.00 | 000 | 0,00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00 0.00

Average 129 | 0.02 | 045 | 0005 ) 032 | 0005 | 025 | 0004 | 0.83 | 0.01 | 207 0.04
Maximum 280 | 013 | 097 | 007 | 0.70 | 007 | 053 | 0.07 | 1.79 | 0.29 | 448 057
[EEE514-2014 12.0 5:5 50 20 1.0 15.0
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® High-Pass filters TF= 51
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Table A. 51 THD Voltage results of installing High-Pass filters TF=51 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC i . ] .
S5 D (Simulation) (Simulation) IEEE519-2014
No Filter HP No Filter HP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average [ 207 ax10™ 0.70 4x10* 5.00
Maximum 4.48 0.003 792 0.003 5.00

167

Table A.52 TDD current results of installing High-Pass filtters TF=51 on-board

Maximum harmonic current distortion in percent of /,
Individual harmonic order (odd harmonics) at Substation
s 3sh<ll 11<sh<17 | 17=sh<23 | 23<h<35 | 35=sh=<50 TDD
L |
(100 <1000) | No | No | No No No No
| HP HP HP HP HP HP
Filter | | Filter | Filter Filter Filter Filter
Minimum 0.00 | 0.00 . 0.00 | 0.00 | 0.00O | 0.00 | 0.00 | 0.00 | QOO | 0.00 | 0.00 0.00
Average 129 | 002 | 045 | 0001 | 032 | 3x10% | 0.25 | 1x10* | 0.83 | 3x10° | 2.07 | 0.03
Maximum 280 | 019 | 097 | 002 | O.70 | 0007 | 053 | 0003 | 1,79 | 0001 | 4.48 0.24
IEEE514-2014 12.0 55 5.0 20 1.0 15.0
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@ High-Pass filters TF= 53
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Table A.53 THD Voltage results of installing High-Pass filters TF=53 on-board

il

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC . - - .
3% G (Simulation) (Simulation) [EEE519-2014
No Filter HP No Filter HP Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 4x10™* 0.70 ax10™* 5.00
Maximum 4.48 0.003 792 0.003 5.00

Table A.54 TDD current results of installing High-Pass filters TF=53 on-board

Maximum harmonic current distortion in percent of /i

Individual harmonic order (odd harmonics) at Substation
| ' [
- 3=zh<1l 11<h<17 | 17=sh<23 23<h<35 ' 35<h=<50 TDD
L 1
! i :
No | MNo No No | No No
(00=:1000) | HP | HP HP HP | HP HP
Filter Filter i Filter Filter Filter Flter
Minimum 0.00 | 0.00 | 000 | 0.00 | Q.00 | 000 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 0.00
Average 129 | 002 | 045 | 0001 | 032 310% | 025 | x10* | 083 | &10° | 207 | 0.03
Maximum 280 | 019 | 097 | 002 | 0.70 | 0007 | 053 | 0003 | 1.79 | 0001 | 448 0.24
|EEE514-2014 120 bo 5.0 2.0 1.0 15.0
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® C-Type filters TF= 3
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Figure A.118 Total Harmonic Distortion Voltage and Current at train: C-Type
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Table A.55 THD Voltage results of installing C-Type filtters TF=3 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC _ ) .
g il (Simulation) (Simulation) IEEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 20F 0.001 0.70 0.01 5.00
Maximum 448 0.01 792 0.06 5.00 ‘
Table A.56 TDD current results of installing C-Type filters TF=3 on-board
Maximum harmonic current distortion in percent of /.
Individual harmonic order (odd harmonics) at Substation
s 3=sh<1l llsh<Wf | 1Tsh<23 | 2Z2sh<35 | 35sh<50 TDD
L
(100 < 1000) No C- No G No C- No C- No C- No C
Filter | Type | Flter | Type | Fitter | Type | Flter | Type | Alter | Type | Flter | Type
Minimum 0.00 | 0.00 _ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00 | 0.00 0.00
Average 129 | 003 | 045 | 0.02 | 032 | 0.01 | 0.25 | 0.01 | 0.83 | 0.04 | 207 0.07
Maximum 280 | 024 | 097 | 015 | 070 | 0.12 | 053 | 0.10 | 1.79 | 040 | 448 0.79
IEEE514-2014 120 by 50 . 20 10 15.0
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L C-Type filters TF= 5
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Table A.57 THD Voltage results of installing C-Type filters TF=5 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC : .
56 18 (Simulation) (Simulation) IEEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 207 5x10™* 0.70 3x10° 5.00
Maximum 4.48 8x10” 792 0.02 5.00

Table A.58 TDD current results of installing C-Type filters TF=5 on-board

Maximum harmonic current distortion in percent of /;
Individual harmonic order (odd harmonics) at Substation
Isc/Iy 3<sh<1l |11sh<17| 17<h<23 | 22<h<35| 35sh<50 TDD
(100 < = - T
) No C No C- No C- No G No c- No c
SRS | Filter | Type | Filter | Type | Filter | Type | Filter | Type | Filter | Type Filter | Type |
Minimum 0.00 | 0,00 | 000 | 000 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00
Average 1.29 | 001 | 045 | 00064 032 | 0005 | 0.25 | 0004 | 0.83 | 0.02 | 207 | 0.04
Maximum 280 | 012 | 097 | Q.07 | Q.70 | 007 | 053 | 007 | 1.79 | 0.29 | 448 | 058
|EEE514-2014 12.0 v 5.0 2.0 1.0 15.0 .
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® C-Type filters TF= 51
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Figure A.130 Total Harmonic Distortion Voltage and Current at train: C-Type
TF=51 on-board
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Table A.59 THD Voltage results of installing C-Type filtters TF=51 on-board

THD Substation (%) ‘ THD Train (%) THD (%)
Bus voltage V at PCC . ] )
o (Simulation) (Simulation) IEEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 ax10™ 0.70 ax10™* 500
Maximum 4.48 3x102 192 3x10° 5.00

Table A.60 TDD current results of installing C-Type filters TF=51 on-board

Maximum harmonic current distortion in percent of /;

Individual harmonic order (odd harmonics) at Substation

183

) 3zh<i11 112h<17 |@M7<h<23 | 23<h<35 | 35=h=<50 TDD
L
100<1000) | No | ¢ [ No | c [ N[ c [N |c|N|c]|N|c
Fiter | Type Filter | Type | Fiter | Type | Filter | Type Flter | Type | Filter | Type |
Minimum | 0.00 | 0.00 | 000 | 000 | 0.00 | 0.00 | 000 | 000 | 000 | 0.00 | 000 | 0.00
I £

Average 129 | 002 | 045 | 0001 | 032 | 3x10* | 025 | x10* | 0.83 | x10° | 2.07 | 0.03
Maximum | 280 | 019 | 097 | 002 | 0.70 | 710% | 053 | a10° | 1.79 | 1x10° | 4.48 | 0.24
[EEE514-2014 | 12.0 55 0! 2.0 10 15.0
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® C-Type filters TF= 53
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TF=53 on-board

%THDValtage Substation
T ¥ T T T T T T T T T T T T T

| RN SR it it s |

| Il L L L 1 L 1 1 1 Lo | B P S B

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3800
Timeis)

%TODCurrent Substation
¥ T 1 T T T T T T T

5 T T T T T T T
1 4
7 :
g8, i
o 1 1 Al L ! = — L el P 1 1 PA L i I -
0 200 400 GO0 8O0 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3500

Tima(s)

Figure A.137 Total Harmonic Distortion Voltage and Current at substation: C-Type
TF=53 on-board



Train voltage waveform

_ 2%6F T T T T T T T T T T T T T 3
< 2 : o
Z 18 v/—\ S, /\ ‘\ / \ .
= \, / “ Y
2 0l - 2 \ / \
£ 2r / / \]
2 s / / A
= a4 / /
E N \¥/ ]

L L 1 1 1 i 1 1 I 1 1 L ]

o S0 100 150 200 250 300 350 400 450 500 550 s00 850 700
Timeims}
Train current waveform

T T T T T T T T T T T T T
< wop .
5
3 or / / -
= 100 | -

1 L L] ] L 1 1 1 1 1 ] 1 1

Q 50 100 150 200 250 300 350 400 450 500 550 Go0 650 700

Time{ms}

Figsure

A.138 Harmonic Distortion Voltage and Current at train wave: C-Type

TF=53 on-board

Substation voltage waveform
a0 T T T T T T T T

SubVolage(kV)
o
T

0 50 100 150 200 250 300 350 400

Time{ms}
Suk jon Current form
500 T T T T T T T

SubCurrent{i)
z &
S 2
‘t\

1 1 I ! 1 1 1 1
o] 30 100 150 200 250 oo 350 400 450 300 550 600 650

Time{ms)

Figure A.139 Harmonic Distortion Voltage and Current at substation wave form:

C-Type TF=53 on-board

185



186

T T T T | S N | | L T T T T T T T T T T T T T T T T I
= N
TR T SN A TR S TR WO NN SCNY TSN SO IS TN CHNY TMNNE TR VUM NN UMM TS SRS SN S ST N M M

2 4 & B 1012 1416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 38 60

Harmanic Order

PR o e s s o Rl [ o e o P 2 T e P R BT PR CEP P TR ) Y I G e ESN e R o |
0.04 -
= 003fF -
Z ooz E
K .
1 L L 1 i L ] 1 L L ] 1 1 1 L 1 1 1 L 1 1 1 1 L 1 L L 1 L

2 4 3 1012 14 18 18 52 54 56 58 60

Figure A.140 Harmonics spectrum of Current and Voltage at the train: C-Type
TE=53 on-board

T —T-T W' T T femmm! T T T @y ¥V T 7T T T T T ¢ T T °% I
55 -
5 5 1
2 4 g
7 a i
:__? .
L 1
i} v e B W Wl I (T /R S R - | I ]

2 4 B B 101214 16 18 20 22 24 26 28 30 32 34 36 18 40 42 44 46 4B 50 52 54 56 5B 60

Harmenic Order

(AR emmr 7 7 7 W WS U S W' % 0\’ \ "SI S S R D S R e
= DDA -
e
S - ~
@
= 004F -1
<_002p 1
=

0 = H L 1 il 1 1 1 1 1 1 Ll 1 ] Il L 1 I} 1 L Il 1 L L 1 L L L

2 4 & BwD 12421618 20 2224 26 28 10 (32 34.36 38 40 42 44 46 48 50 52 54 56 5B €0

Harmonic Order

Figure A.141 Harmonics spectrum of Current and Voltage at the Substation: C-Type
TF=53 on-board



187

Table A.61 THD Voltage results of installing C-Type filters TF=53 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC S ; . .
o (Simulation) (Simulation) I[EEE519-2014
| No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 2.07 ax10" 0.70 ax10™* 5.00
M_aximum 4.48 3x10° 792 3x10° 5.00

Table A.62 TDD current results of installing C-Type filters TF=53 on-board

Maximum harmonic current distortion in percent of I
Individual harmonic order (odd harmonics) at Substation
| ) !
o 3= h<ll 11<h<17 | 17Tsh<23 | 23<sh<35 | 35=shs<50 TDD
] _
(Im < Iow) MNo c Mo - No (o3 MNo C No (3 Mo &

' Fiter | Type | Flter | Type | Flter | Type | Flter | Type | Alter | Type | Filter | Type
Minimum | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00 | 0.00 | 0.00 | 0.00 | 0.00
Average 129 | 002 | 045 | 0001 | 032 | x10* | 025 | 1x10* | 083 | 310° | 2.07 | 0.03
Maximum | 2.80 | 019 | 097 | 002 | 0.70 | 710* | 053 | 310® | 1.79 | 1x10° | 4.48 | 0.24

[EEE514-2014 120 55 5.0 | 2.0 1.0 15.0
A.3 Part 2 the results of the case study input voltage harmonics

of the four-quadrant

A.2.3 Harmonic results of installing C-Type passive filters at Substation.

C-Type filters TF= 53
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Table A. 63 THD Voltage results of installing C-Type filters TF=53 on-board

191

| THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC . . . .
38 (i (Simulation) (Simulation) IEEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 0.05 6x10™ 9% 7 035 5.00
Maximum 011 2x107 412 4.02 500

Table A. 64 TDD current results of installing C-Type filters TF=53 on-board

Maximum harmonic current distortion in percent of I,
Individual harmonic order (odd harmonics) at Substation
s 3i= e 4l li<h<1f 17=h<23 23=h<35 35=sh=<50 TDD
(100 < 1000) No Cc No C No - No C No No c

Filter | Type | Filter | Type | Filter | Type | Filter | Type | Filter | Type | Filter | Type
Minimum | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 0.00
Average | 356 | 004 | 223 | 002/ 0.75 | 410° | 0.38 | 1x10° | 024 | ax10* | 3.71 | 0.04
Maximum 769 | 009 | 482 | 004 | 1.62 | &10° | 0.81 | 2d0° | 0.51 | &10* | 803 | 0.09

} [EEE514-2014 120 . 55 58 20 BE 1.0 15.0
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A.2.4 Harmonic results of installing on-board C-Type passive filters.

® C-Type filters TF= 53
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Figure A.148 Total Harmonic Distortion Voltage and Current at Train of the
four-quadrant converter: C-Type TF=53 On-board
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Figure A.149 Total Harmonic Distortion Voltage and Current at substation of the four-
quadrant converter: C-Type TF=53 On-board
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Substation voltage waveform
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Figure A.150 Harmonic Distortion Voltage and Current at train wave of the

four-quadrant converter. C-Type TF=53 On-board
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Figure A.151 Harmonic Distortion Voltage and Current at substation wave form of

the four-quadrant converter: C-Type TF=53 On-board
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Figure A.152 Harmonics spectrum of Current and Voltage at the train of the

four-quadrant converter: C-Type TF=53 On-board
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Figure A.153 Harmonics spectrum of Current and Voltage at the Substation of the
four-quadrant converter: C-Type TF=53 On-board
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Table A.65 THD Voltage results of installing C-Type filters TF=53 on-board

THD Substation (%) THD Train (%) THD (%)
Bus voltage V at PCC : ; ) .
o b (Simulation) (Simulation) IEEE519-2014
No Filter | C-Type | No Filter | C-Type Standard
Minimum 0.00 0.00 0.00 0.00 5.00
Average 0.05 2x10™ 0.37 ax10* 5.00
Maximum 0.11 1x107 4.12 2x10° 5.00

Table A.66 TDD current results of installing C-Type filters TF=53 on-board

Maximum harmonic current distortion in percent of I,

Individual harmonic order (odd harmonics) at Substation

o 3=h<1l l1sh< 1@ 17=h<23 | 22=sh<35 | 35=sh<50 TDD
L

(100 < 1000) No C- No (o3 No C- No C- No C- No C-

Filter | Type | Filter | Type | Filter | Type Filter | Type | Filter | Type | Filter | Type

Minimum 0.00 | 0.00 | 000 | 0.00 | 000 | 0.00 | 0.00 | 0.00 L| 0.00 | 0.00 | 0.00 | 0.00

Average 356 | 001 | 223 | m1w0*| 0.75 | ox10* | 038 | 210° | 0.24 | 540° | 3.71 | 004

Maximum 769 | 019 | 482 | 009 | 162 | 002 | 081 | 510° | 051 | 10° | 803 | 0.09

[EEE514-2014 12.0 S 50 20 1.0 15.0
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Ahstract

Harmonic is an important factor affec

the quality of the power transmission system. caused by non-linear loads and
il Link (ARL) electric
train were used o simulate the effects of harmonics on the power electric substation (ESS) by caleulating the Total Hurmonic
Distortion of voltage (THDv} and current (THDi). Then compared with IEEE319-2014 standurds o indicate the guality of
power found that THDi 35th-30th exceeds the standard. In addition, the comparison of the harmonic reduction effect of the
sample train from the single wned passive tilier designs of 3rd. Sth, Tth, and 11th showed that the 1ith filler was able to keep
the THD within the standard.
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1. Introduction

The railway has made significant progress in terms of speed. technology. and energy management in recent years,
but there are still significant issues with power quality resulting from nonlinear loads and the power-electronic energy
conversion of the electric railway system. which affects the overall power quality of the electric train system.

This research use. The City line Airport Rail Link (ARL) as a case study [1]. the ARL railway line in Thailand
uses 1 % 25 kV. 50 Hz ESS. Suvarnabhumi Airport is connected to Bangkok's center via ARL. It began by
understanding the multi-wain movement. the railway power feeding system. and the eneray computation of running
train consumption [2]. Learning about the occurrence. effects of harmenics [3]. analysis ol the transmission of
harmonics through electric power transmission systems cluding types of harmonics [4]. In-depth information on
electric powertrains and methods for reducing or eliminating harmonics occurring in power transmission systems |5
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Abstract— A harmonic problem is @ concern in

impacts on performances of
iilway traction and power guality of the utility supply
arid. The harmonic distortion is mainly coused by
power electronic equipment onheard electric trains
which consuming a huge amount of power due to ity
powering mode of operations. This paper studies
charncteristics of harmonic distorfion in AC single-
phase railway. Total harmoenic distortion (THD) is
abserved when short cirenit current (SCC) at electrical
substation (ESS) is varinnt. Referring to the standard
GBIT 14549-93, voltage harmonic distortion of the ESS
are exhibited and the reported in accordance with the
short cirewit level of the substat From which
wctory results it shows that the short circuit level of
the substation should not be less than 350
meet the minimum regquirement of the G
standard.

railway systens becs

Reywords—Hi ic, Toral ic i
Characteristic Harmonies, Hormonic  model, Rafway
system

I.  INTRODUCTION

The railway in present has been preat advances in
the development of speed, technology and encrgy
management, but there are still significant problems
with the power quality from ihe power-electronic
enengy conversion of the elecine milway system such
as caused by diode rectifiers, voltge  source
converters (VWSC), electric  traction motors  and
electrival cquipment onboard, cte. These can creale
harmonic distortion, affecting the power quality of the
clectric milway system as a whole. Therefore,
analyzing power qualitics of electric milways is
impaortant in order to improve and fix these issues.

In order to manage the power quality problem, it
first started from learning the train movement, the
rilway power feeding system, and energy caleulation
of rugning train consumption deseribed in [1], [2]
Study of the causes and suppression ol the harmonic
distortion [3], “harmonic characterization, harmonic
effeets [4].and the harmonic analysis in the power
transmission system of the glectrie railway is showed
in [5]. In addition, 8 method for calenlating harmonic
contents in the energy transmission system [6] and for
Caleulating the total harmonic distortion (THDY in the
clectric system [T] ame pres
harmonic distortion is successfully calculated, its

DTR-1-6654-02 16-3 2153100 22020 1EEE

tosapholia sut.ac.th

thanatchiasul.ac.th

values can be compared with those of the minimum
standard requirement appeared in the GB/T [4549-93
[8] Unless the caleulated THD is not met the
requirement, further studies to reduce or suppression
harmonic distortion [9] - [12], for example, the use of
a passive filter solution to reduce harmonie distortion
will be conducted in a future work.

In this report, only the harmonic characterization
in an electic railway power system is studied in such
a way that medelling of o rilway power lfeeding
system is formulated, By varying the short circuit
current at 23-kV busbar side of an electrical feeder
substation [13] is to investigate the characteristics of
the total harmonic distortion cceurring in the milway
power syslem. ¢.g. voltage at substation lerminal
bushar, voltage at a train location, current injection
from the power substation and current drawn by a
runming train. Total harmonic distortion of voltage
(THDV) is comparing with those values given in the
GB/T 14549-93 standard reguirement.

In this report, data of CRH3B0A, China HST is
used for test, These include parameters of the power
feeding system, traction vehicle data and measured
harmonic spectra [7].

1. AC RAILWAY $YSTEM AND METHODOLOGY
A AC Railway Single-Phase Power Supply Svstem

Considering an eleetrical power supply system of
AC single-phase rilways provides electric power to
the milway [rom the power network by establishing a
single-phase  traction  transformer  substation.
Regardless 1w the transformer  connection, the
eleetricnl power is distributed to the overhead contact
system, A railway vehicle is running on running rail
that is laid bepeath the carth surface as shown
in Fig. 1.

In order to limit the short elcuil current at the
saome  voltage level, Method is to increase the
inductive reactance at the ESS. The first is increase
inductance by adding rectors, the sccond is removing
puit of the circuit from the fault path by curent
limiters. In this paper present 8 level of short cireuit
curmrent to simulation.

T
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