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CHAPTER 1: INTRODUCTION

1.1 Introduction

In recent times all big utilities have been confezhby major power issues. These issues range from
penalties for power quality to interference witmsiéive equipment supplied from the same grid.
Power penalties are incurred when the deliveredefeain from the supplier, ESKOM, is distorted.
The source of this distortion is commonly referteds harmonics and harmonics are formed by non
linear loads. The term non linear refers to a Itz is not considered as having a sinusoidal
waveform that only consists of one frequency. InutSoAfrica the fundamental frequency is
measured at 50 Hz. The area where most of theseohar related problems occur is when AC is

converted to DC and vice versa.

non linear lingar

S & & e o omoe @ om

L L L L L L L L L h J
70 80 90 100 110 120 130 140 150 180 170

Figure 1.1 - An example of a waveform caused by aon linear load (left) and a waveform caused by arear load
(right), the x-axis represents time in seconds anthe y-axis represents amplitude in Volts and the da was

generated manually

The question might be raised why these penaltige hacome such a big issue in recent years and
the simple answer is that utilities overload sugpland modern electronic control circuitry has
inherent harmonics that are formed during operat8ome of these sources are controlled and un-

controlled rectifiers and transformers operatingaturation.
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There are basically two types of loads of intefesharmonics:

* Linear loads can be analysed using Ohm’s Law
V=IxR (1.1)

* Non-linear loads that does not consist of a sisglasoidal frequency

The DC sub station currently used by Transnet i bp of various sub systems and can be shown

in figure 1.2

1

AC Voltage:
22, 33, 44, 66, 88, 132 kV supplies

2 AC Circuit breaker

Transformer

Simplified Diagram of a
Railway DC sub station

Negative Return

Rectifier

Reactor

Harmonic Filters
DC circuit breaker 2

3 kV DC supply_Positive 5

3 kV DC supply_Negative
Figure 1.2 — The component break-up of the DC suliation

The DC sub-station consists of various harmonicaEsuas numbered figure 1.2:

1. In many cases the assumption is made that the pivage supply to the utility is balanced [2].
This means that the three phases have been shi#ted from each other and that the amplitudes
of the phases are the same. The 120 ° shift enthaeshe three phases share a full rotation of
360 ° equally. Above mentioned is very seldom tamel the un-balance in the loads can be

caused by various things such as only one phasg b®ded on the supply grid.

2. Circuit breakers are known to generate high frequdrarmonics (MHz to GHz range) due to
the arcing between contacts when opening or closiogurs. Currently SF6 filled circuit

breakers are installed.
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3. When the transformer is operated outside its veltagd VA range, thus in saturation, it is
responsible for “distortion” of the waveform duethe flux linkage of the transformer not being
linear. Transformer topologies are used in practiceliminate certain harmonics from being
generatedThe current configurations employed by Transnettlagestar/delta and the extended-

delta topologies on secondary windings.

4. The rectifier, due to its inherent operation, cau$armonics to be generated. The order

harmonics are dependant on the amount of diodesarskthe configuration it is used in.

5. Transnet uses new train fleets that have activerta/converter combinations but the DC sub
stations were not designed to compensate for tinergeed frequency bands. The frequency
bands are often encountered at the “chopping” #aqu of the inverter/converter. In many cases
the harmonics generated are in the audio range.older generation locomotives used DC
machines where the speed of the locomotive wagalted by controlling the amplitude of the

supplied waveform using resistor banks.

In the case of Transnet, the generated harmonicsecaarious problems apart from the penalties
incurred for a distorted waveform. Certain harmergenerated in specific frequency bands cause
track side equipment to malfunction and even failthe case of DC locomotives these harmonics
cause the motor-sets to overheat and this decrdaséfe span of the equipment. The monitoring of
these harmonics and the influence it has on thépewant it supplies have become increasingly

important.

Transnet currently employs passive AC to DC remdiion. The sub-stations are equipped with 12
pulse rectifiers with passive filters for the geated rectifier harmonics. The filters are usedilterf

the 12", 24" 36" etc. harmonics [39]. If the sub-station receivesymmetric three phase supply
from ESKOM, the diode rectifier will produce harmos with multiples ofl2xn on the secondary
side of the ESKOM/Transnet step-down transformérenan is the fundamental frequency and the
12 originates from the 12 pulse rectification. Anathey of rectification is by using active rectifger

to convert AC to DC [12]. Active rectification hast been implemented on the main DC supply bus
at Transnet.
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12 Pulse rectifier circuit:

ow>

% w (deg)

mo

Figure 1.3 — The representation of the 12 pulse die rectifier, there are 2 6 pulse rectifiers in sees

From a power quality point of view, the filters tH#ter the rectifier harmonics are very important
The filters used for the purpose of attenuatinghthiemonics of interest, 12and 24, is made up of
inductors and capacitors. The passive filter comnepts realise a band-reject topology for the
harmonics. The reason for filtering out only thé"1ghd 24' harmonics is that they are in the
operating frequency band of sensitive tracksideipggent and due to their amplitudes they can
cause heating problems in transformers and locamatiotors. The proper operation of the filters
will ensure less interference with trackside equeptrand the more effective operation of the rolling
fleet. From the maintenance point of view the pasdilters used in sub stations has never been
monitored from outside the sub station. Monitoritige passive harmonic filters in terms of
frequency cut-off, efficiency and the availability the frequency domain without disrupting the

installation has not been done by Transnet.
The reasons for the need to monitor the passitezdibre the following:

» The aging passive components, especially capachax®e deviated from the values it originally
started with. Capacitor values deviated due toggirdielectric materials between the capacitor
plates. Corrosion and moisture also influence thkies of various components, due to the

breakdown of dielectric strength of the insulatadrthe components.
* Due to the passive components” aging, the cutarifllbof the passive filters shift. The deviated

capacitor values cause new cut-off frequencies.sHifeed cut-off frequency causes the filter to

fail in suppressing the harmonics effectively.
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* Another problem Transnet currently experienceshet the filters installed to suppress the

problem harmonics are vandalised and stolen.

From an interference and preventative maintenaacsppctive it is thus critical that the conditidn o
the harmonic filters are monitored to ensure arckr@ergy supply to trackside equipment as well as

locomotives.

1.2 Problem Statement

The condition monitoring of the harmonic filters sub-stations have become increasingly

important due to increasing amounts of interferamite trackside equipment and locomotives.

In practise, when the passive filters are inspedtesl sub-station must be entered and occupation
must be taken and the sub station must be switdfiedThe components are then measured
independently and compared to the original compbralue. The tolerance of the component is
calculated and it determines whether the comporsestill acceptable. The disadvantage of this
method is that the measurement method is time ooinguand the technician must take occupation
of the sub station to enter it. This implies thatieh to be switched off and that might influence

train operation.

A better method of the capture of detailed dataraethods for quick and easy analysis have to be

researched and developed.
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1.3 Aim and Objectives of the study

The aims and objectives of the study are summanms#te following figure:
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Figure 1.4 — The representation of the aim and obgives of the study
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From Figure 1.4 the aim and the objectives of the project can itod&dn intoprimary objectives,

objective outcomes and theproject focus.

1.3.1 Primary objectives and objective outcomes

The primary objective and the objective outcomemfiFigurel.4 for the project can expressed as

the following:

1. Modelling of the sub station to obtain generateghtuaics due to operating circumstances.
2. Harmonic analysis of the sub station under loadwaititbut a load

3. Possible implementation strategy for the conditimomitoring of passive filters

Modelling of the sub station to obtain generated harmonics

The aim of the modelling of the substation is td @@ understanding of the influence that passive
filter components have on the voltage harmonic @oges of the sub station under load and no-
load conditions. The modelling of periodic sub istatharmonics will serve as a reference for the
measured data. Looking for appropriate modellimgtsgies for the DC supply grid entails doing

detailed research and potential development of le@gecific to the problem at hand.

To successfully analyse the efficiency of the passiarmonic filters, a model for the DC supply
grid must be obtained and simulated. The objectitd the literature and theory survey of the
modelling of the DC supply grid will aid in simplihg the model with regard to simulation speed

and mathematical complexity while still being effee.

Harmonic analysis of the sub-station under load and without a load

The harmonic analysis of the DC supply grid implated by Transnet spans over three disciplines,

namely:
1. Theoretical analysis (model development)

2. Simulations

3. Actual measurements
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The aim of using all three above mentioned disegdiis to evaluate and re-evaluate and finally to
confirm whether the proposed harmonic measurengstintques would work or not. The aim of
confirming the measurement techniques is to propmsgroven method for doing condition
monitoring of passive harmonic filters in sub sia§ and improving on old measurement

techniques.

1.3.2 Project focus

The main focus of the project is the monitoringleg harmonic filters in the sub-station. Referring
to Figure 4, the region of interest for the focfishe project is the pink region. The followingéke
parameters will for the basis of the project focus:

1. Theory and literature study

2. Reason for monitoring the condition of the filters

3. The effects of the passive filter operation on shé-station and the Transnet DC supply
grid.

Theory and literature study

To better understand the operation of passiverdilta detailed analysis of the current topologies
used by Transnet must be done. The aim of thealitez and theory is to focus on the ageing
mechanisms involved in passive filter componergpeeially oil/paper capacitors.

Modelling and graphing of the filters will give atber understanding of what is to be expected
when the project reaches the field measuremengephas

Reason for monitoring
The aim of obtaining and assessing the reasonsn@onitoring is that the project can possibly
address some of the mentioned or known issueswditng the monitoring of the passive filters in

sub stations. The main aim of this section is tleetbpment of easier and non-invasive

measurement techniques for the DC sub stationls,pgiential implementation of such techniques.
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The effects of the passive filter operation on the DC supply grid

The influence of the passive filter operation oe DC supply grid will play a critical role in
establishing the condition and efficiency of thegee filter. The types of loads the DC sub station
supplies varies from amplitude controlled DC mottwsmodern induction motors with variable
speed drives implemented using IGBT’s. The ainoisitnulate and to measure as many as possible
operating scenarios that would serve as a referidmesy for the condition monitoring of passive

filters.

1.4 Research Design and Methodol ogy

The aim of the document is to establish if conditinonitoring of passive wave filters for the™2
and 24" harmonics are possible in DC sub stations empipyli#d pulse passive rectifiers. The
research approach taken was to identify the mammdaic generating components. After the
identification, the components are isolated anddisearch focuses on the inherent properties of the
components responsible for the generation of haizedn the range of the T2and 24" harmonics.
The research of the generation of harmonics alsosks on the influence of passive components on

each other.

The research portion of the document looks at wkt@r railways around the world have done as
well as surveys done by other people to identié/ ghassive DC sub station components responsible
for the generation of the harmonics of interestadgrom the non-linear characteristics of the

components the ageing of components shall alsouasiigated.

The DC sub station will then be modelled; simulagéed actual measurements will be taken. The
conducted research will then serve as the basimsake assumptions to simplify the models and
simulation without loosing relevant information. & kim off simulating and modelling the DC sub
station is to verify the assumptions made and tdywéhe obtained results. The simulation of the
sub station will be done using MATLAB SIMULINK sevare. The modelling of the DC sub

station will be a paper exercise and the graphfrigeodata will be done in MATLAB.
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The simulation will be used to gather data that sarve as the reference for actual measured
conditions, because the actual sub station caneanhadified to measure fault conditions. The

actual measurement of the sub station involves onggsthe DC bus voltage (output of the sub

station) with a parallel voltage divider. A Natidiastruments LABVIEW program will be written

to capture and save the data on a computer. Thalaneasurement will thus serve the purpose of
calibrating the simulation results, and then theusation results can be used as the “actual
reference”.

Once all the results are combined the aim is tainhthresholds for identifying fault conditions

where the harmonic filters are:

* Out off service
* Within specification

* Working properly

Between the thresholds, the simulated scenariosuemenarised which might give a good indication
of faulty equipment that is generating harmonic8Gft and 1200 Hz.

The thresholds must be calibrated/obtained frormash as possible data based on realistic and
actual operating conditions. Obtaining data for nodshe operating conditions will be restricted to
simulations due to the safety and operation impboa the conditions might have on actual DC sub

stations.

1.5 Chapter Outline

The document consists of the following chapters:

Chapter 1 -  The chapter serves as the introduction to the prmpthe environment the problem
occurs in and the effects the problems have osyetem as a whole. The chapter
is also used to quantify the problem and the pregasethodology to solve the

problem.
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Chapter 2 -

Chapter3 -

Chapter 4 -

Chapter 5 -

Chapter 6 -

The chapter serves as the literature study. Thgtehis aim is to investigate the
work that has been done in the field and to qugiatiid understand the problem at
hand. The investigation includes theoretical wookel actual measurements and
various modelling approaches to obtain results @mious disciplines. These
disciplines range from passive rectification of ACDC, harmonic mitigation in

passive complex networks and the ageing mecharo§passive components.

The Chapter aims to model a DC sub station basedvarious quantified

assumptions. The aim of the model is to generatenalified formula to easily

obtain results pertaining to the problem at hanterms of steady state operation
of DC substations. The aim of the model is alswdnfy assumptions made and
simulation results. The modelling approach invedgg the differences between
time and frequency domain modelling and reasonstioosing either. The model
iIs an adoption and completion in terms of this pobbased on previous work

done by other researchers.

This chapter summarises the simulation of the DIE station based on quantified
assumptions in an attempt to simplify the simulatiwithout losing relevant

information. The aim of the chapter is to simulattual operating conditions in
order to obtain a good reference for actual measemés. The results obtained in
the chapter will form the basis of the conditionmtoring criteria used to evaluate

the condition of sub station passive harmonicrilte

The actual measurements on DC sub stations is aused in this chapter. The
aim of this chapter is to obtain actual data thiltserve to calibrate simulated data
in order to obtain realistic simulation data. Thetual data thus validates the

assumptions made in Chapter 4.
The concluding chapter summarises the findingsentling the investigation, the

validity of the solution and future implementatiofh the solution as well and
further work that can be done in the field of D® station condition monitoring.
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1.6 Conclusion

The condition monitoring of the passive™2and 24" harmonic filters in the DC sub station
employing 12 pulse passive rectification plays\hal role of suppressing the harmonics that cause

ageing of components.

The railway service of South Africa (Transnet) @fronted by the introduction of variable speed
drives and complex loads the sub stations wererrassgned for. In recent years the suppression

of harmonics has become increasingly importanttdyeenalties incurred from the energy supplier.

The condition monitoring of harmonic filters carushbe used to control harmonic energy. Due to
the fact that these filters are passive they havgetmonitored to ensure efficiency. The efficiency
of the filter is dependant on the filter componebé&ng within specification to ensure accurate
attenuation of generated harmonics. The investigabf the document aims to address the
condition monitoring of the passive filter compotsefor various operating conditions to establish

whether these components are still operating ieficient manner.
In the short term the proper functioning of therhanic filters will reduce power factor quality

penalties and in the long term the life expectaotysystems supplied by the DC grid will be

prolonged.
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CHAPTER 2: LITERATURE STUDY

2.1 Introduction

The approach taken for the literature study lockioHows:

Literature study

12 pulse

MEreiEs Pas§ive rediﬁgr Sub sta.tion Capapitor
harmonic filters harmonics modelling ageing
generation

Figure 2.1.1 — The approach taken for the literatue study

2.2 Harmonics

2.2.1 Introduction

Power utilities strive to limit voltage harmoniasuhd on the grid by limiting the current harmonics
generated by the equipment supplied by the uslitig.Harmonics does not necessarily mean that
equipment will not function: it means that equipmsansitive to interference might not function
properly [3]. Harmonics in general are not likansient events such as lightning that only lasts a
few seconds. Harmonics is a steady state peridtdagmenon that produces continuous distortion

of the waveform [8].

Voltage and current harmonics are produced by neali loads that increase power losses, thus
having a negative impact on the power distributiad the systems operating on the grid [5], [7].
Harmonics in power systems are considered as loeimgnt and voltage waveforms that consist of
a fundamental frequency and multiples of the funelatad frequency [4]. For a 50Hz fundamental

frequency the harmonics generated are multipléseo50 Hz [7], [8].
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Harmonics are generated when non linear loads genaopn-sinusoidal currents. These harmonic
currents then generate harmonics voltages duetpdéncy specific impedances [4], [8]. The types
and severity of harmonics encountered on the gritependant on the utility supply configuration,

other loads being supplied from the same grid awkdground harmonics from the supply grid. The
energy supplier is responsible for suppressingbtiekground harmonics introduced to the loads

from other utilities on the same grid [1].

With an increase of supply side induction, the gateel voltage harmonics increases with a linear
fashion [1]. Distortion of sinusoidal voltage angrrent waveforms caused by harmonics is one of
the biggest concerns of the supplied power qualityhe energy supplier [2]. Standards for the

control of harmonics have been established [2].

In order to analyse distorted waveform a numbemathematical methods can be used, of which
the most popular method is the Fourier TransforomatiThe Fourier transformation is used to
analyse periodic waveforms, where the sources whdics does not change over time [3], [8]. To
ensure that enough data is sampled, the harmoagudéncy band must be half the sampling

frequency. This sampling criterion is referred $al@ Nyquist sampling criteria [3].

The modelling of harmonics consists of the perict&ady state distortion of voltage and current
waveforms. One of the methods of analysing harnsorscby doing a Fourier analysis on the
distorted waveform. The Fourier representation dgperiodic functionf (t) with a period ofT

seconds and a fundamental frequench=&fT can be written as:

f(t)=C, +3.C, cosfat +6,)

whereC, is theDC value
whereC, is thepeak valuef then" harmonic
whered, is thephasengleof theharmoniccomponent
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Devices that produce distorted waveforms exhibit-loear characteristics between the current and

voltage waveforms [2].There are four types of wawef distortion [2]:

1. The Fourier analysis can be done of a periodic feanewhere the fundamental frequency
of the waveform is the same as the fundamentaliéecy of the supplied grid waveform,

for example 50 Hz

2. Distorted waveform exists where the fundamentajuiescy of the distorted waveform is a
sub-multiple of the supplied grid waveform. There eases where the harmonics generated
are lower in frequency than the fundamental freqyeifhese harmonics are referred to as

sub-harmonics.

3. Some components in the Fourier series can not pessed as multiples of the fundamental

frequency. These harmonics are referred to asmeger harmonics.

4. Fourier series is approximated when a-periodiodistl waveforms are analysed.
In most cases numbérfrom above is encountered. The advantage is fieaindividual harmonic
components can be isolated and compared using Olaw'sThe harmonics of interest can be
isolated from the frequency spectrum [2]. In certeases where modulated or pulsed loads exist,
harmonics of type 2 is generated [2]. Pulse widthdulated loads can lead to harmonics of the
third kind [2]. The harmonics of the fourth kindnche generated by the arc furnaces and the inrush
current of transformers [2].
Harmonics originate from: [2]

1. Devices that employ switching techniques like itees and active motor drives.

2. Devices with non-linear current and voltage relaiups like saturated transformers and

saturated motors
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A clean waveform is one where the waveform comprisieonly one harmonic, the fundamental
frequency [3]. When looking at harmonics, it is gibke to get inter-harmonics, where the harmonic
source is not part of the fundamental frequencyrantiples of it, for example:

e A 50 Hz and 120 Hz combined waveform exist wheeeftindamental frequency is 50 Hz
and the multiples are 100, 150, 200 Hz etc. buetiergy content of the other harmonic is at
120 Hz. It is then possible for the harmonics 00 Hrz and 150 Hz, when measured, to
wrongfully include the energy content of the 120hézmonic [3].

2.2.2 Quantifying harmonics

Rectifiers and other non linear elements in a DIC gtation cause the distortion of system currents,
harmonics, inter harmonics, the consumption of treagower, the unbalance of supply voltage
and flicker [23], [24]. The need arose in industyquantify the efficiency of current consumption
from the grid by the load. Power Factor is refeitieeds the measure for consumption efficiency [5].
Power Factor has traditionally been measured axdbme of the phase difference between the
voltage and current waveforms [8]. Power Factor lbarexpressed as the ratio between average

power consumption and apparent power consumptiofgb

average _ average

S Y/

rms rms

pftrue =

When looking at the project the assumption is nthdé nonlinear loads are present that will cause
a distortion in the supply waveform. When lookirigttee generation of harmonics for the project,
the focus is on the passive (uncontrolled) rectifi?hen steady state harmonics are present the
voltage and current harmonics can be presentedHoyaer series [5].

v(t) =V, sin(kegt + 3,)
k=1

i(t) =31, sinkegt +6,)
k=1
k is theharmoniocnumber
«, is thefundamenthbfrequencyin radians

ois thephaseangleof thespecificvoltageharmonic
@is thephaseangleof thespecificcurrentharmonic
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Theroot mean square (RMS)values of the specific harmonics can then be Gatled [5].
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Looking at the formulae, when addressing a singlemionic at a time, the sinusoidal RMS

characteristics apply because a single harmomotising more than a sinusoidal waveform.

The average power can then be calculated.

o0

average z krms krms® COS@ 6 ) 1average+ PZaverage+ P3average+

k=1

k is theharmonicnumber
Jis thephaseangleof thespecificvoltageharmonic
@is thephaseangleof thespecificcurrentharmonic

Other means of quantifying the amount of distorttbe original waveform has undergone is to
measure th&otal Harmonic Distortion or THD [5].

%
THD, e = 2 100%

voltage —

1
k is thespecificharmonimumber

The THD measurement is thus expressed as a pegeenitadistortion the waveform has undergone.
The lower the THD the better the system is in teofdistortion.
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2.2.3 Harmonics in balanced and unbalanced three pise systems

For balanced systems the harmonics have specifisephelationships with regard to the three
phases and the system impedances for the speaificomics must be included in the modelling of a
system. Systems are very sensitive to small unbatam the supply phases, especially the phase

angles of the current and voltage waveforms [J], [8

When positive and negative half cycles of the povadtage and current waveforms have symmetry
about the x-axis only odd harmonics are gener&gdThere is a traditional belief that balanced

power systems can not generate zero-sequence ativeeggarmonics, but this is not always the

case when harmonics are generated or present isydiem [8]. Three phase power electronic

converters can generate non-characteristic harmomieen supplied by un-balanced three phase
supplies [2].

When looking at harmonics in balanced three phgsess, harmonics have various effects on the

operation of equipment based on the specific hartnon

Harmonic number fundamental 2nd 3rd 4th 5th 6th

Sequence + . G 4 (i)

The sequence of the harmonic describes the effiech&armonic energy has on the system. For
example, when a motor is supplied by tffehdrmonic it wants to turn in the direction of Cquten,
when the ¥ harmonic energy is supplied to a motor it wantgum the motor in the opposite

direction of operation [3].
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The sequence of the harmonics can be equated hysméthe following [3]:

3rd
harmonic

120°
lagging /\@

120°
lagging I~

Fundamental
frequency

[3]

Figure 2.2.3.1 — The illustration of zero sequendgarmonics [3]

The region in red shows that, in terms of the funeiatal frequency, the result of the three
waveforms within the red region is equal to zelusta zero sequence. But looking at tffe 3
harmonic, if the three harmonic energies are addagperposes and becomes three times more than
the original energy. The energy content in the sage causes heating of equipment such as motors
and transformers [3]. Triplen (zero sequence) harosoare responsible for neutral conductor
overheating [8]. The unbalance of three phase gugpthe system has zero sequence harmonics
flowing in the power networks. For the zero seqeemarmonics there must be a path to flow in the

network in the form of ground wires and shunt cépe[7].
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2.2.4 Harmonic modelling and simulation

The simulation of harmonics can identify potentrakonant conditions [2]. The analysis of

harmonics can be divided into three steps [2]:

1. The various harmonic generating sources must bdifel and relevant modelling of the

sources must be done

2. After the modelling for the sources are completaael for the complete system must be

obtained to simulate the system as a whole

3. Simulations for various scenarios must then be run

Harmonic models

The most common model for harmonic analysis is lmgetling the harmonic sources as current
sources, specified by its magnitude and phasersped¢®], [7]. Data for this type of modelling can
be obtained by actual measurements or theoreticalels. When a system contains a dominant

harmonic source the phase spectrum is not important

For unbalanced or severely distorted voltage wawefothe modelling of the harmonic sources
becomes complex. These models are dependant oop#rational modes of devices, operating
states might have to be broken up in smaller pamt$ added together and finally time domain
analysis of the data might be considered [2]. Hamicscan have time varying characteristics, to
avoid missing these varying harmonics it must lmduthed to ensure a more realistic interpretation

of the distorted waveform [2].

Time domain analysis of the system of interest can be done. The disdedga is that the
simulation has to run until steady state has beatched before analysis. There are problems
associated with this method, identifying when th&tesm has reached steady state and in some cases
techniques have to be used to obtain steady state reasonable time. This applies to lightly

damped systems that take very long to reach st&gaty [2].
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Frequency domain analysigss the other method available to analyse the sy§tgnihe frequency
domain waveforms generated in the DC sub-stati@u ly Transnet can be broken into various

sinusoidal waveforms that are added together.

In 1882 Joseph Fourier, a French physicist and enaditician published a document called “analytic
theory of heat” [41]. In this document Fourier ddsed how a waveform can be broken up into its
fundamental frequency and a combination of mulsiplef the fundamental frequency. The
fundamental frequency and its’ multiples becamesknas harmonics. Doing the Fourier analysis of
a time domain waveforms gives a “component” likeresentation of the waveform in the frequency
domain. A seemingly distorted waveform can thusbbesken up in a fundamental sinusoid and
multiples of that fundamental, where the fundamleniihhave the largest amplitude. The amplitude

will decrease as the multiples of the fundamem&ajdency increases.

time domain of the various harmanics fourier representation of the harmonics

T T
— fundamental
— 2nd harmanic

5th harmanic I g
— 10th hamanic
— resulting waveform | |

amplitude
amplitude

L . . . L . . L .
120 40 160 180 200 il 0 2 4 3 g 10 12
time (sec) frequency (Hz)

Figure 2.2.4.1 - the time domain (left) in comparison tohe frequency domain analysis (right) of the resultig

waveform, the waveform data was arbitrarily generaed with a 50 Hz fundamental frequency

From figure 2.2.4.1 it is evident that a Fourieaguency domain analysis will give more information
regarding the harmonic components of a waveform tteequivalent time domain representation.
For frequency domain analysis the waveforms mudiniear and time invariant. If the system does
not comply, methods can be used to still decompusevaveforms. Piecewise linear modelling can
be done. The process is then repeated until thefaaw is decomposed. The Fourier method for
frequency domain analysis can thus be used forinear time varying systems by isolating parts of
the waveform and adding the results to analyseriiee waveform [7]. When analysing harmonics,

each harmonic can be represented by a two portt@ohoe model [7].
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DQ modelling

The DQ modelling approach is a method developeaoutahe instantaneous values of, in our case,
three phase transformers onto an active and reaetws. The main aim thus is to have space
orientated or shifted axis, like in the case otéhphase transformers on one set of axis (x and y)

an attempt to compare them [10], [11].

The main advantage of DQ modelling is that the rhbeégs to eliminate switching action, like the
zero crossings of the three phase transformer Afplguin an attempt to establish time invariant
models [12]. The ideal would be to calculate the bltages and currents generated by rectifier
circuits without having the influence of switchippenomena such as commutation and conduction
[13].

2.2.5 Nonlinear Voltage and Current sources

The best example of nonlinear current and voltagationships are transformers, due to their
nonlinear magnetization characteristics [2]. Théseéces, due to their waveforms being affected by
voltage peaks, can not be modelled just as cusemtces. The modelling of these devices must
include both the current and voltage charactesstithese devices include power electronic
converters and rotating machines, the distortioaratteristic of motors are greatly affected by
over-voltage and saturation operation of the defdte

2.2.6 Network and load modelling

In most cases, the identifying and modelling ofnmamic sources in a system model has to be
carefully considered. The trade-off between too yneomponents against too few components
usually affects the accuracy of the models wittarddo actual measurements [2]. In most cases the
assumption can be made that the transformer imgedardominant in a model and for distribution
cables shorter than 500 feet the capacitance afahke can be neglected [2]. The modelling of the
entire feeder line must be done in regions wheeestlb-station under test is not supplied with an
unbalanced supply [2].
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In many cases the modelling of harmonic sourcethersame grid can be modelled as frequency
dependant impedances to simplify calculations, wuthe current and voltage harmonics having

linear relationships when looking at only one hanmat a time [2].

For balanced three phase systems the models cammpdified by converting the three phase
systems into PI- or T-circuits. These models angeddant on the length of line present in the
system [2]. A few things must be kept in mind wHeonking at modelling systems with long

transmission lines [2]:

1. Cable capacitance can usually be neglected exdegrewwong cable stretches are available.

2. Rule of thumb estimations for including cable paggens in the model is when the length of
cable available in the system exce&88/n miles for overhead cables af88/n miles for
underground cables. Whemas the harmonic number [2].

For example, the system has 10 miles of overheblgésa@nd the 12 harmonic is looked at,
thus the ratio 150/12 gives us 12.5 miles is th&imam length before line parameters
should be included in the modelling. The systeny dwas 10 miles of overhead lines, thus

the parameters do not need to be included.

3. For high voltage modelling, higher than the Transwpply voltage, the skin effect of the
conductors must be taken into account due to thetfat the skin resistance plays an

important role in the damping mechanism of the [Rje

Many models do not include the effect of the chaoigeesistance with regard to frequency. Due to
the skin effect, resistance goes up as frequenogases. If the same harmonic current, 1A for
example, flows, the losses in the higher harmowitisbe more compared to the fundamental loss
due to the increased skin resistance [5]. The cligtestress in cables is increased due to harmonic

voltages and the life span of the cables decrd@}ef29].
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Apart from the pollution introduced by harmonicsldasses in terms of heat, harmonics also have

the following disadvantages [29]:

Motors Harmonics causes a decrease in efficiency agdiécof motors
Capacitors Harmonics causes a decrease of efficiency andaticelerated failure of
dielectric materials

Circuit Breakers Harmonics causes false tripping of breakers

Transformers Harmonics causes noise levels to increase dudumsian and a reduction in
efficiency

Meters Harmonics causes measurement errors that maydeadatéssive billing

Transformers

As early as 1916 thé“harmonic was identified as being a point of conc@he saturated iron in
transformers and machines generates thé&@monic, delta winding topologies was proposed in
1916 to prevent the™harmonic from flowing due to the absence of a rwtonductor in delta

configurations [8]. The following things must bensadered for transformers [2]:

1. The transformer configuration and space orientatibthe winding must be kept in mind

when modelling the system when looking at phasisshi

2. Transformers have nonlinear characteristics whedethinog the core loss resistance. The
dominant parameter for harmonic effects is the inear inductance of the transformer.

3. There are stray capacitances between the windimgjshe core of the transformer saturates
at some stage. The effect of the stray capacitenoaly noticeable for frequencies higher
than 4 kHz.

When a transformer is supplied by an unbalancezktphase input or the winding parameters per
phase such as winding resistance is not equatrahsformer will be a source of harmonics. When
a transformer is driven into saturation it alsodrees a source of harmonics [3]. The resistance
increase posed with the increase of frequency dubket skin effect must be taken into account for
transformer design [5]. Harmonics thus manifestnmbelves as power losses and in turn as

generated heat in the transformer due to the dtente
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Harmonics inherently cause reduced life spans saflation, reduced power factors and efficiency,
increases in operating temperature and a lackstésyperformance [30]. Transformers are usually
produced to make optimal use of their magnetic coaterials, thus having a peak magnetic flux
density in its steady state [8]. During large disainces harmonics can considerably increase the
harmonics generated [7]. When peaks occur theroaterials are subjected to large magnetic flux

density, thus saturation of the core materials[&1].

The magnetizing current associated with the cotaraton of transformers produce only odd
harmonics. Transformers can be designed to utiferent topologies to eliminate some of the
odd harmonics. Due to inherent properties of tla-delta transformer design the triplen (zero
sequence) harmonics can be absorbed by the segoneltéa windings due to the absence of a
neutral wire on the secondary delta windings [&], Transformers produce harmonics whether the
load coupled to it is nonlinear or not and the hamits produced are odd. Balanced excitation is the
product of symmetric sinusoidal voltage supplyhte transformer. When a load consumes or draws
direct current from the transformer the excitatbmtomes unbalanced, then an average flux exists

and the transformer excitation current containsxered odd harmonics [7].

Largerotating Loads

For induction motors the resistance normally insesain the form ofi“a wheren is the harmonic
and a is a factor betweel®.5-1.5 Most motors have delta winding topologies, thhe tzero

sequence harmonics do not have a path to propgtjate

For a machine to not generate harmonics the magfiek in the machine must have a perfect
sinusoidal distribution. This means that the maeldoes not operate in saturation. Harmonics are

also generated due to the imperfection of theibigion of the windings in the motor [7].
Harmonics can cause a decrease in the torque o€tiod machines as well as vibration. Positive

sequence harmonics causes the development oftehgfie in the direction of the motor rotation;

negative sequence harmonics causes the inverse [7].
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Converters

The variable speed drives employed by Transneinfduiction motors use converters. Converters
are responsible for distortion of the waveform stheurrent and voltage harmonics can be seen on
the DC and AC side. The harmonics generated arendimt on the amount of “switches” or

devices used in the topology. The following harnesrare generated: [7], [14], [22], [34]

np+1 on theACside

np ontheDCside

nis theharmonidnteger
pis thenumberof devices

Converters can have characteristic and non-chaistateharmonics. Characteristic harmonics
occur when the control of the firing of devices/hes is kept constant and the converter is
supplied by a balanced three phase supply. Un-ctegistic harmonics occurs when the converter
is supplied by unbalanced three phase suppliessah&ol of the converter is active and changes
the whole time like motor drives trying to conttbe speed of the motor [7].

2.2.7 Passive rectifier harmonics

Passive diode rectifier operation has instancesevbleases are shorted with each other, the process
is called commutation. When the phases are shdrtauises large current transients [3]. For a 12
pulse rectifier, the harmonics created1&n and multiples of it wheren is the fundamental
frequency [3], [33]. Various rectifier topologiesererate different harmonics that can be

summarised as follows:

type of diode device number of diode (pulses) geraed AC harmonics
half wave rectifier 1|2,3,4,5,6....

full wave rectifier 2(3,57,911..

three phase full wave 6 5,7,11,13,17,19...
three phase full wave 120 11,13, 23, 25, 35, 37.....

Apart from the single pulse half wave rectifier, shof the other loads produce symmetric current

harmonics on the AC side of the rectifier.
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The harmonics generated can serve the purposedih@ harmonic sources. Harmonics can also
indicate faulty diodes in the rectifier if harmosiare generated that are uncharacteristic of the
rectifier topology [3].

The operation of passive rectifiers is based onesassumptions, where the AC supply is assumed
to be ideal, the main transformer is ideal andcbeduction of the diode is assumed not to overlap
[35].

2.2.8 Harmonic suppression

Various methods exist to reduce harmonics and #mrgy content [3]:

1. Passive filters tuned for specific harmonics: théifiers are used to clamp specific

harmonics, thus periodic harmonics.

2. Active filters: these filters are used to firstlyeasure harmonics and on the next cycle

produce currents to reduce the energy content.

The advantage of passive filters over active flisrthe price of the passive components used. The
advantage of the active filter is that it can “Wacspecific harmonic frequencies and adapt
accordingly, thus the active filter is more dynaraid efficient [23]. In some cases hybrid filters
are employed to save money and to have an actiwgrendor some frequency bands, thus

combining the advantages of both filter topolod2s.

Another method of reducing the harmonic energyimtrease the rectifier pulses; the harmonics
shift up in order. The amplitude for harmonics banobtained by taking the fundamental amplitude

or DC amplitude in the case of the rectifier andding it by the harmonic order [3].

Most power systems have capacitance and inductaimponents, therefore resonance between the
components are likely. When a nonlinear load predua harmonic at the resonant frequency,
resonance of that component will occur [8], [23¢sBnant states have two disadvantages: it causes
the waveform to distort even further and nuisangging of sensitive electronic devices might
occur [8]. Careful consideration must be taken wimging to compensate for harmonics. The
inclusion of shunt capacitors might lead to resaeaat higher frequencies [7], [8].
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For parallel resonancethe harmonics sources are seen as current sotheegoltage drop across
capacitors and inductors are experienced. The trésulhat the insulation of capacitors and
inductors are severely stressed [7], [8]. For palragésonance the voltage peaks generated are at th

nonlinear load responsible for the harmonics.

Series resonanceccurs when the majority of inductance and capac#gaomponents are in series
with the nonlinear load. For series resonance tiege peak generated by the nonlinear source is
only present at the feed transformer/sub statiom,itbcan potentially be far away [8]. Harmonic
voltages cause excessive currents in capacitoestadihe relationship [8]:

dv

| =C.—
dt

| is thecurrent
Cis thecapacitane

dv. . e
at is thevoltageharmoniccontentoveraspecifiedtime

Most nonlinear loads are inductive and the inclasad shunt capacitors can worsen harmonic
performance due to potential resonances. A goainative is utilizing active or passive filters to
suppress harmonics [5]. In terms of passive filtdre suppressed harmonic energy is absorbed in
the form of generated heat. Reactors can be addeawer systems to move resonance frequencies

away from generated harmonic frequencies [8].

IEEE 519 recommends the maximum allowed voltage and cisreslating to the amount of

waveform distortion present [2]. The philosophy i6EE 519 is that [8]:
1. Users of the grid control the current harmonicsegated by controlling the nonlinear loads

2. Power system utilities should limit the voltage rhanic limits by controlling the system

impedances
3. The power system users plus the suppliers are megpe for keeping harmonic levels in

check.
The IEEE 519 is just a recommended guideline feraiand not a legal document [8].
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2.3 Passivefilters

2.3.1 Introduction

Passive filters are used as a cheap and modeedtetyive way to suppress harmonics generated by

passive rectifiers. The reason for suppressing daica can be summarised as follows [27]:

 Harmonics are undesirable because they “consumg” gfathe transformer, cable and
electric motor electric capacity, influencing pen@ance and efficiency of the mentioned
components. The generated harmonics, in most cesesto flow back toward the source
of the energy.

The common belief is that passive components sactapacitors and inductors are linear under
normal circumstances, but when the supplied voliageot sinusoidal the driven current is not
sinusoidal. The result: when non sinusoidal volsagee applied to complex loads harmonics are
going to be generated and have to be compensatgd7io The purpose of harmonic filters is to

absorb currents generated in a circuit in an etimrstop the circulation of the unwanted currents

generated by components in a circuit [29].

Passive filters are used for specific frequendieshe case of Transnet, filters are used for 6@0 H
(12" harmonic) and 1200 Hz ($armonic), these frequencies are the dominantdwios created

by the passive 12 pulse diode rectifiers. When iloplat the harmonic filters Transnet employs,
acceptor filters are used. These filters have dndtor and capacitor in series and the resultds th
the voltage drop across the capacitor is 180° bphase with the voltage drop across the inductor
and the resulting voltage drop across the seri@sd_C is zero. The series L and C circuit thus acts
as a “short” or very low impedance path for theedirirequency current flowing [27], [29]. A
critical design characteristic that influences pfegformance of passive filters are the fact that th
filler impedance at the frequency of interest mist lower than the equivalent short circuit
impedance presented by the source of the circeifilter is employed in [27]. Filter charactercsi

is thus dependant on the ratio of the filter impedato the total impedance of the source,
effectively making the path of least resistance fitter and not the source. The ratio has a
fundamental flaw. The flaw is the fact that the @dpnce of the complex system changes

continuously [28].
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To improve the quality of the passive componenis eificiency, due to losses due to generated
heat while absorbing harmonic energy, filters h&webe of a very good quality in terms of
tolerance, materials used and cross section/ dreangponent conduction materials. The tolerance
of the components plays a critical role in the phass of the filter cut-off and the centre frequenc
of the filter, thus effectively absorbing the filtproperly. Passive filter components in the total
circuit may result in unwanted resonance [27]. Whaaking at passive filters, up to 60% of the
filter amount can be spent on capacitors [29].

The disadvantage of passive filters is that chamgdke power frequency changes the harmonic
frequencies accordingly, the passive filter thumdpéess effective [29]. Traction filters along twit
the physical traction line (catenary) present fesgpy specific impedances and the presence of

these frequency dependant components might leastmance of the system components [19].

Catenary

i
O

LOCOMOTIVE IT

Rail

Positive Negative

|

Input impedance of the
traction system seen from
sub station terminals

Rectified AC

SUB STATION

Figure 2.3.1.1 — The illustration of the various cmponents in the traction supply system that might hve an

influence with resonance [19]

When locomotives decelerate they inject energy batk the traction system and the motors
become generators. The process is called regemer&turing regeneration harmonics are injected
into the grid, thus locomotive line filters are ded to suppress generated harmonics [19]. In
railway traction systems the sub station and lodoraocan generate or absorb harmonics
depending on the operation of the locomotive [T%le sub station harmonics filters are only used
to protect the sub station AC to DC converter fraver voltage due to harmonics [19].
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2.3.2 System impedance

During motoring, the locomotive and the sub stat®responsible for the generation of harmonics
[19]. Passive filters, having combinations of indunce and capacitance, are used to suppress
harmonics or whole bands of frequency. The paddiee operates on the principle that the filter

must present lower impedance to the harmonic themest of the system/load on the DC side [23].

Substation terminals

The sub station will be responsible for the genemnabf characteristic and non-characteristic DC
side harmonics. These harmonics will propagateheorest of the traction system. The system
impedance will comprise of a sub station outpueffjla locomotive input filter and the catenary
connecting the system. For a given frequency thmedance presented by the system to the source

will be zero, during this state over currents Wil experienced in the system [19].

2.3.3 Sub station equivalent model and filters

DC sub stations employ two types of filters for thepression of harmonics: a simple low pass
filter may be used or more complex filter tuned cfieally to suppress generated characteristic
harmonics [19]. DC sub stations have 12 pulsefrexsi The advantage 12 pulse has over six pulse
is that the harmonics generated are of a higheerprthus reduced energy content [19]. The

harmonic filter must be able to absorb the energgent in the harmonics it has to suppress.

The AC equivalent model for the sub station carcdrgsidered as being a short at 50 Hz. This can
be verified by the low inductance of the secondairyding of the transformer, the inductance is
generally in the 0.1 mH range [19].

X, =2nfL

X, is theimpedance

f is thefrequency

L is theiductanc

Thus the equivalent impedance for AC is 0Q31this can be considered a short.
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Modelling of the traction system is thus dependanthe secondary impedance of the transformer
at 50 Hz. The model does not hold when the equmndiee impedance at 50 Hz is the same or
smaller. The equivalent line impedance is represkhy 63 m of track, thus the model accuracy is
lost as soon as the train is closer than 63 meacstib station [19]. There are two commonly used
filters [19]:

LO RO ! !

C1 C2 E: C3 .
R i Rzﬁ -
+

Polish filter with Harmonic filter at 600 and 1200 Hz 2 Pole ltalian Low Pass filter

Cc

Figure 2.3.3.1 — The types of passive filters commonlyess [19]

The filter on the left in figure2.3.3.1is used to suppress specific harmonics, tHe amd 24'
harmonic generated by the 12 pulse rectifier. Thgpuwt capacitor C3 (red circled region) is
responsible for increasing the trap frequency [T@f low pass sub station filter is responsible for

clearing traction line oscillations [19].

24 12 Pulserectifiers

2.4.1 Introduction

Passive twelve pulse rectifier operation is critioaterms of harmonic generation. These generated
harmonics are repetitive, when supplied by balanbesk phase supplies. DC sub stations employ
transformers with more than one secondary threesglwutput. In Transnet the transformer
secondary is a six phase system. Passive diodéemscare well known for the injection of current
harmonics into the power grid, these injected eurh@rmonics are responsible for the overloading
of shunt capacitors and the interference of thebD€voltage at points of common coupling [26].
The railway service in Poland also consists of sets of three phase secondary outputs from a
three phase system [25]. The idea with increadiegsecondary windings to six phases is because
the rectifier converting AC to DC will now consist more pulses. More phases entail lower ripple
and higher harmonics, thus the energy contenteoh#fltmonics is reduced.
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Various factors are known for influencing diodetiféer operation and the generation of harmonics
[25]:

» Transformer construction symmetry

* Supply voltage symmetry

* Harmonic content of the supplied waveforms

» Transformer operation in saturation

* Finally, the characteristics of commutation betwtentransformer and the rectifier circuit

The final bullet regarding the commutation of theetifier circuit will form the centre of the
discussion. The basis of the modelling of the fiectis the fact that every switching cycle of the
rectifier experiences commutation [25], [32].

2.4.2 Commutation

Commutation is the process where one conductindediyanch is still conducting when the next
branch has started conducting [25]. When two di@tesnvolved in commutation it is referred to
as simple commutation. When multiple diodes arelwved in commutation, the process is referred

to as complex commutation [25].

Commutation is responsible for current decay in tietifier circuit. Decay takes place when
various voltages interact with each other duringhcwtation. The one voltage is the phase voltage
from the transformer windings and the other voltageself-induced due to inductance in the
commutation circuit. The self induced voltage isp@nsible for decreasing the phase voltage across
the rectifier and consequently the rectified vodtagffers as well, thus a voltage dip [25].
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2.5 DC sub station modelling

2.5.1 Introduction

It is very important to identify power harmonicsthe DC traction environment. These harmonics
originate from traction controllers and sub statreetifiers. The generated harmonics poses the
threat of interfering with sensitive signalling awdmmunication equipment. Over-voltage and
over-current is also a possibility at the pantograp the locomotive due to harmonics [15], [18],
[19]. DC traction systems are considered as beairgelharmonic sources due to the fact that most
locomotives are seen as non linear loads. Modtefiemand on a DC sub station comes from non

linear loads and the AC/DC converter of the subatas non linear [22].

Railway traction system frequency dependence i®midgnt on the impedance presented by sub
station line filters, locomotive line filters ante traction line [19]. Harmonics with frequency
content in the power and audio band have to berssppd [18]. The introduction of new
generation controlled traction loads or motor dsiveave seen the increase of current harmonics
introduced in the grid. The new drives have caubkeddegradation of power quality and network
safety [16].

The DC traction system consists of various passa@ponents, such as filters, inductance and
capacitance of motors, overhead lines and trangimniThe complex configuration of all these
passive components is at risk of having resonaguincy points that are the same as harmonics
being generated. The result is over current and woktage [15]. In terms of rectifier circuitry, ¢h
harmonics that are generated are due to the @acsivitching properties of the switching devices
(diodes) [17].

Passive rectifier topologies consist of 12 diodesimg up the AC to DC rectifier. Twelve pulse
rectifiers are made up of two six pulse rectifibesng in series or parallel. The advantage of a
twelve pulse rectifier over the six pulse rectifigiits ripple rejection, the generated harmonies a
less severe, better utilization of the transforraad better voltage regulation [21]. The main
difference between 6, 12 and 18 pulse rectifiees thie order harmonics generated and the
magnitude of the generated harmonics.
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The 18 pulse rectifiers have the smallest voltagele (compared to 6 and 12 pulse rectifiers) on
the DC voltage due to it having the most pulses, fisult is the reduction in the harmonic
distortion [9]. The main traction supply transf@ntan be illustrated as follows [21]:

N N QR

NN

NN

N N QR

Figure 2.5.1.1 — The main traction supply configurtion, two six pulse passive rectifiers are in par#l with each
other [21]

The topology as seen from the above (figure 2.5 dhtbws two six pulse rectifier configurations in
parallel. The secondary consists ofleta and wye connection where the reactance of the two
windings are assumed to be equal, but they selderdwe to construction flaws and the attempt to
realise a ratio of/3 between the two windings. Reactance evaluatioisusily done by doing short
circuit tests on the transformer [21].

DC substations employ filters to suppress harmomicghe DC sub station. Typical filter

installations suppress the following harmonics {17]

—

For a passive 12 pulse rectifier systen
AC side DC side
11,13 23,25 12 24

The above table represents the harmonics geneaatefbr every harmonic a filter is employed to

suppress the harmonic. In some cases high paas fdte employed in sub stations as well [17].
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2.5.2 Modelling

Investigation has been done to model DC tractiostesys supplied by 12 pulse rectifiers and
controlled traction drives using time domain sintiolas [15]. Simulation of complete power
systems are very complex due to interaction of paeerces and the frequency dependence of the

feeder lines [18]. The frequency dependence ofitnadines must be taken into account [15], [19].

The parameters of interest for modelling sub statiis the impedance per frequency presented by
the system under test and the influence it hashiersystem as a whole per frequency [15]. It is very
difficult to make detailed measurements of harmemicthe rail environment and the result is that

most information regarding DC traction systemsrélvays are made by simulations [15].

The traction system can be modelled using a twbrpodelling approach [16].

Sl i 12 A2 B2 Ly
Ut | u2 | U3

v—C1 D1 v c2 024

Figure 2.5.2.1 — The two port modelling approach acabe used to model whole systems based on the inpand
outputs [16]

Every two port model represents components of thetibon system. In the case of the referred

literature everyN locomotives in the traction system is represebteN+1 two port models [16].

When the AC supply to the sub station is assuméahbad and the devices such as transformers
and rectifiers are linear, all the sub station congmts can be analysed in terms of frequency. These
components can be expressed as Norton equivalemeiit source) circuits for every frequency.
The analysis of the power system then entails doiogal analysis per frequency of the power

system [17].

Track Modelling

Rail lines or better known as tracks have two pseso the rails are used for conducting traction
current and signalling currents. For the modelloogh cases of current conduction must be taken

into account due to the various propagation freqiesn[15]. Signalling systems propagate in the

low kHz region and traction current propagatestatia.
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Linemodelling

Traction line modelling, consisting of the overheeatenary with rail return, has to take the
frequency dependence of the transmission line nsideration [19]. Traction system lines can be
modelled as mutually connected parallel conductessere the conductors can be seen as the

following [18]:

* Power cables (catenary)
» Auxiliary cables (feeder cables)
» Earth wires

« Communication wires

The capacitance can be assumed constant with fiegubut the resistance and inductance of the
line will change with frequency due to the skineetfin the rails and the ground. The constant

capacitance value is setldt.4 nF / km[19].

The track can be modelled in terms of an admittamckimpedance matrix where that is dependant

on the distance from the source, the sub statib) [18].

i —
Self Mutual Mutual
impedance impedance admittance

|
W @
‘ admittance

Ground

dvl_
o =1z

dl
L=y v)
X
dx isthedistancesegmenbver whereolumn vetorsV andl is measuredthus perfrequency)
Zistheimpedancenatrix

Y is the admittanc matrix

Figure 2.5.2.2 — The components making up the traakodel used for DC supplied sections of track [15]
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The measurements for admittance and impedanceakea telative to ground [15]. For practical
measurements of admittance and impedance betweeaikh and the ground it is very difficult due
to the following reasons [15]:

1. The ground conditions differ with depth and the iemwment, thus the conductivity and

permittivity can differ when doing measurementdiéferent locations.

2. The actual rail is made of a ferrous material thaay have an influence on the

measurements

The modelling approach can be used for time doranalysis by looking at phase variables or as
modal variables for frequency domain analysis [E8jr the rail impedance modelling the rail
resistance increases and the rail inductance dexgeeth the increase of the frequency in the track
This is due to the skin effect [15], [18]. Line n&dichg, like catenary modelling can take the form
of a two port/wire model where the one wire is tiadenary and the other the return conductor for
the sub station. The connection mechanism betwéen tivo conductors can be seen as
predominantly capacitive [18]. For the modellingtioé track feeder line a polynomial can be used
to model the resistance [19]:

R(f)=C,.f°+C,.f*+C.f'+C, Q/km

C,=1159x10"

C,=-7812x10"°

C, = 2245x10™

C, = 1743x10*

A threepartfit for inductance

L(f)=1585mH/km for f <16Hz
L(f)=1585- (466x107)(f —16)mH/km  for 200>f >16Hz
L(f)=133x10°+6x10°.(27.f)* mH/km for f >200Hz
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The corresponding traction line model is as foll¢®8:

L R

—l—

L is the inductance
R is the impedance .
C is the capacitance C =/ G
G is the admittance

Figure 2.5.2.3 — The traction line model as used fesimulation of track sections, the passive compom¢s are

dependant on the length of the section of intere§t 9]

For simulation of transmission lines (traction Bhewhere line effects are insignificant, simple
models can be used to analyse traction lines.rBasmission effect to be insignificant, the highest
frequency of interest is not allowed to completerenithan one cycle. For a 6 kHz waveform it is
42.1 km.T modelling for one site does have limitations. HE thighest frequency of interest’s
wavelength is shorter than 10 kilometres Thenodel is not valid. DC sub stations are spaceg onl
20 km apart, thus for T modelling of one site lleagths of longer than 10 km can only be used
[18].

2.5.3 Traction interference considerations

Interference between traction power systems anuhbBigg systems can possibly occur due to the

following coupling mechanisms [15]:

1. Conductive interference — when two propagation mediums (signalling andtioa) share
the same conductor they interfere with each other.
2. Inductive interference — when changing magnetic flux linkage between twaductors

occur.

V= L.ﬂ
dt

3. Electrostatic interference — when admittance characteristic capacitive drgdeause

voltages to charge and discharge in conductorksegroximity

v=cd
dt
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Traction System modelling

The traction system could be modelled as follov§:[2

VL - ILoad
—_—
YN —
+ L

Lo Zload

Vripple| @

%
|
2 G) comp Zioad
.
wod ()

Filter 2.5.3.1 — The model used for traction systes[20]

Icomp is the Norton equivalent circuit for the harmonitefs. The RED region represents the sub
station, the variable load represents the frequelependant elements and the load represents the

purely resistive elements in the system [20].

2.6 Capacitor aging

Capacitor selection forms a critical part of desagrharmonic filters - using the right material and
design geometry would enable the components tcatgéor years. Reliability of the component is
critical. The design of the capacitors are dependarthe environment in which the component is
functioning, the voltage applied over the termindle shape of the applied wave, the pulse
repetition and the duty cycle of the wave shapd, [B¥]. The general formulae that applies to
capacitor design i$; = ¢ A/d, when the assumption is made that the capaciteratipn is linear.
The design parameters for capacitors are govemehebareaA) of the plate, which is dependant
on the clients needs and the separatinbgtween the plates are dependant on the life gpan
client wants and the insulation material the maciuf@r must use to ensure reliability. The
permittivity of the materialg) is the materials ability to insulate the capacgiates [36].

Factors influencing the life cycle of the capacitthe operating temperature, the pH value of the
solution, the applied voltage. The operation ofazaors at 80% of the rated operating voltage is
considered to be optimal in terms of its life cydléhen looking at temperature, for every 8°C the

temperature rises above 40°C the life cycle ofctiqgacitor halves [36].
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The aging of capacitors can also occur due to toairoence of electrical discharge. In the case of
oil impregnated dielectric capacitors, partial dege occurs when cavities are left in the dielectr
during manufacturing or partial discharge occuremvthe gas is formed during capacitor operation
[38].

The formation of hydrogen gas during capacitor apen can be seen as a medium with a lower
permittivity as that of the oil/paper dielectricarpal discharge in these formed gasses occur, the
formation of the hydrogen and the rate of gas gdimer is dependant on the amount of electrical
stress the capacitor is subjected to. Once enoaghhgs formed, complete breakdown of the
dielectric occurs and the capacitor fails. Befatalt breakdown occurs, the hydrogen causes the
total permittivity to reduce, thus reducing the a&apor capacitance. The aging of capacitors

therefore influences the capacitor values [38].

Capacitor insulation aging:

‘ conductor

Partial
Discharge ©

Oil and Paper © T /
insulation
\ Formed gasses

O/ \O\O

| conductor

Figure 2.6.1 — The illustration of the partial distarge contributing to the aging of capacitors

Another consideration is the formation of wax armbtine electrodes due to the insulation oil being
under electrical stress. The generated wax arohedetectrodes promotes the formation of
hydrogen gas which in turn promotes partial disghaihe quality of the oil used as the insulation
in conjunction with the paper plays an importanério the absorption of the formed hydrogen gas

in an attempt to extend the life span of the capa{b].
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2.7 Conclusion

The chapter dealt with the literature availableamaim to try and get an understanding of what
other people have done and to try and quantifyptioblem at hand. The literature covers methods
that are used in theory and practice to measure gaiaahtify harmonics as well as to weigh

measurement and modelling methods against each iatla@ attempt to use and develop methods

that best suits the application of this study.

The literature also quantifies why the conditionnmaring of passive components are needed,
especially capacitors. The chapter also highligltssible scenarios that cause harmonics and that
influence harmonics in DC sub stations with passagtifiers and filters. The possibilities will for

the basis of the simulation chapters. The liteetlso gives a good indication of valid assumptions
that can be made when looking at components witbootpromising the integrity of the measured

data.
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CHAPTER 3: MODELLING

3.1 Introduction

The modelling of a DC sub station presents the dppity to get a mathematical representation of
the DC sub station. The advantage of having a matieal model of a system is that quick and
relatively accurate validations and calculations ba done to obtain specific data of interest. The
efficiency and accuracy of the model is dependanthe need for the model to be simple and the
assumptions that were made when the model wasajmel It is quite easy to see that the more
assumptions are made, the easier the model devetdgmcomes, but at the cost of accuracy with
regard to actual measured data. The biggest disgaly@ of modelling is the fact that it is virtually

impossible to cater for all possible operating sciers.

The assumptions that have been made will be qiethéfs the development of the model goes on.
The first assumptions made are that the DC sulbstahly generates periodic harmonics and that
the diodes act as ideal switches. Various papers haen written in the field of passive rectifier

modelling. The work discussed in [32] deals witpassive rectifier supplied by a star and delta
secondary from a transformer. The model in [32]eBtigates commutation and conduction of
passive diode rectifiers (12 pulse) and the modétame is a formula for computing the current

output of a passive diode rectifier for one swingchperiod of a set of diodes (commutation and

conduction).

The development of the model for the purpose of finoject involves adapting the secondary
supply topography from the original model and teedep the new model from first principles with
the guidance of [32]. The second part of the maidells with expanding the model to include the
reactor, wave filters, rail and catenary conditiarsl locomotive impedances in the time and
frequency domain. Changing parameters and investggéhe influence it has on the performance
of the harmonic filters might enable the model useibetter understand wave filter condition
monitoring data. The aim of the model is to vetiig actual measurements and simulations done
later in this document and finally to have a sirfigdi mathematical representation of the sub

station.
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3.2 Model development

The fundamental difference between the model ih &2 the development of the model specific to
this study is the space orientation of the trams@arsecondary windings. Transnet employs 2 star

windings on the secondary windings of the main Supansformer in an aim to get a six phase

supply.

Transformer Primary and Secondary:
Primary: Delta
Secondary: Star-Star

V max.sin(at +a)
360°, 0°

330°
V max.sin(at +a —3C°)

270° 90°

V max.sin(at +a +90°)

120°

V max.sin(at +a +12C°)

240°

V max.sin(at + a —12C°)

V max.sin(at + a —15C°)

180° Scale: 1 segment = 30 degrees
legend:

. Primary: Delta
I sccondary: star
Il sccondary: Star

Figure 3.2.1 — The space orientation of the main éeler transformer for a Transnet DC sub station

The space orientation for the transformer secondarging was chosen in such a way to eliminate
certain harmonics. Usually the transformer desigmsao reduce doubling in the neutral (triplen
harmonics) that cause heating/ageing in motorsteantsformers. Figur®.2.1 will serve as the
space orientation reference for the developmerthe@fmodel. The convention adopted in figure
3.2.1is that rotation is clockwisey is expressed in radiangmax is the maximum AC voltage
(phase to neutral voltage),is the time the model is running and thkle andred A, B, C
characters refer to the starting winding for thiemtation, thus theed windings are30° leading to

theblue winding if the convention is adopted that rotatisrclockwise.

A passive 12 pulse rectifier employed by Transoeiststs of 2 six pulse rectifiers in series and the
advantage as discussed in chaés that the first generated harmonic is th& harmonic (12
pulses) and thus the energy content of the harmiemelatively low due to a lower amplitude (+
3300/12) as opposed to a 3 pulse rectifier (+ 3300/
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The trade-off between efficiency and cost of impdetation brought the design of passive rectifiers
in the late 1970’s and 1980’s to 12 pulse recsfier

12 Pulse rectifier circuit:

\%|
V2

V3

} w (deg) vbe

no A

af V AC
. L~
I & & , /
va . ,
V5 )
V6

Figure 3.2.2 — The representation of the rectifietopology used by Transnet in the DC sub station

The representation of the blue AC supply linesgnre3.2.2is fed from theéblue star connection in
figure 3.2.1(A blue is equal tov1, B is equal tdv2 andC is equal toV3). The same applies for the
red AC supply in figure8.2.2whereA red is equal tov4, B red is equal tov5 andC red is equal

to V6. Thepurple arrow in figure3.2.2indicates the various 50 Hz AC waveforms, wherkilog

at the zero x-axis the location of the six wavefermorresponds to the vector locations of the star
windings in figure3.2.1 The black arrow in figur8.2.2 indicates the resulting DC voltage where
the DC ripple has a period of 30° (360/12 pulses).

The firing/ switching of the diodes will thus nogppen at once, due to the fact that the phase
voltages did not start at the same time. Beformdedcan start conducting the applied voltage over
the diode terminals must be equal or greater theanfarward biasing voltagev(l). To further
explain the diode firing sequence, a simulation d@se in Simulink with a circuit similar to that of

figure 3.2.2with a linear load (resistor) and the followingasptions was made:

* The diodes were ideal

* The AC supply voltage was balanced

* Only periodic harmonics will be generated

» Commutation and conduction happens over fixed dsrithe assumption

builds on the fact that diodes are ideal
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Delta Star/Star series 12 pulse diode conduction and commutation

Figure 3.2.3 — The switching sequence of two 6 palsliode rectifiers in series fed from two star toplogies

Figure 3.2.3 illustrates the principle of diode firing>( — D12) for the rectifier configuration
Transnet employs in DC sub stations. Tied circle indicates an arbitrarily chosen region of
operation for the rectifier. The region could hdeen chosen anywhere in figlB2.3because the
diode firing patterns repeat with only the specdiodes firing that changes. Thed region will
further be used in the derivation of the model. Tdreen line indicates the region where
commutation goes over into conduction. Tdack arrow indicates the direction of commutation
moving over into conduction, the direction of theow coinciding with the phase naming

convention in figure3.2.1

3.2.1 Derivation of an expression for commutation aring diode rectifier operation

The derivation of an expression for commutationraudiode rectifier operation is an adaptation of
the commutation interval expansion of [32]. Dughe assumptions that were made, the operation
of the diode rectifier is of a periodic nature, ghthe rectifier operation will have the same
characteristics during commutation for multipletarses.
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Commutation:

V max.sin(at + a)

V maxsin(at + a +2—;)

V maxsin(at +a —2—;)

V maxsin(at +a —5—5)

V maxsin(at +a —%)

Figure 3.2.1.1 — The commutation circuit and the the dependant voltage waveforms present in the cir¢u

The commutation circuit in figure.2.1.1 only includes the diodes that are present during

commutation. These diodes were represented iretheegion on figure3.2.3

o [

D3 \ \
D4 \
D5
D6
D7
D8
D9
D10 I

D11
D12

¢

Figure 3.2.1.2 — The region of interest from figure3.2.3 that indicates what diodes are involved inoenmutation

In figure 3.2.1.2the green line indicates where the commutatioeggiace, thus when two diodes
effectively shorts out two voltage sources withreather. During the commutation instarizé and
D3 are paralleled. The circuit in figuB2.1.1is populated by the data presented in figh&e1.2

Trigonometric Rule 1:
sin(x £ y) = sin(x) cosiy) £ cosix) sin(y)
Trigonometric Rule 2:

a.cosix) +hb.sin(x) = C.cosix +8) _where

C=+Ja’+b’ _and_@= tan’l(%:)
Trigonometric Rule 3:

J'cos(ax).dxzi Sin(x)

Figure 3.2.1.3 — The summary of the trigonometricules that were used to simplify the expressions thapter 3
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The derivation of the equivalent commutation exgi@scan be shown as follows:

Writing the equation for comutation:

‘jj't 3zOI =(V1-V2)+ (V5-V4) =V, oo 1

(V1-V2) =V maxsin(at +a) - Vmaxsm(ax+a——)
Set (wt+a) =y
(\/1—V2)—Vmaxsin(y)—Vmaxsin(y——n)

=V max sin(y) —V max[sin(y )cos(z—) sm( )cos(y)] ....... (Trig _rule_1)

=V max(sin(y)L- cos(%) + cos(y)(+sin(?))]
=V max(sin(y)(@5) + cos(y )+ 0866)]
=/3V max cos(y—%r) ........................................................... (Trig _rule_2)

(V1-V2) =+/3V max cos(t + o —]—?)T)
Similarly:
V5-V4) =V maxsin(at +a —5—(;7) -V maxsin(at +a —%)

(V5-V4) = —/3V maxsin(at + @)
Substituting into (1):

((jjltl +3Z. ddDC =/3V max[costt +a ——) SNt + )] Ve oooiivimen 2
Integrating (2):
((jjltl +3Z. ddic =+/3V max[costt +a - g) =SiN(t + )] —Vpervveeiiiimneenne 2

From equation (1), the impedance of the secondathe feeding transformer is assumed to be

inductive; thus the formula is applied to calculdie potential voltage across the inductor.

V= Ld—I
dt

The reason for trying to derive a voltage expras$ur the operation of the diode rectifier during

commutation is because of another assumptiontieaDC bus voltage is considered constant.
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The process of integrating equation (2) is sumredrizelow.

0< at <U where U is the commutatiin angle
O<t< v for time domainanalysis
w

thefollowing boundaryconditionsapply:
att=0;1, = GandatU ;1. =1,

Figure 3.2.1.4 — The integration parameters and bowdary conditions for the commutation interval

The blue block, figure3.2.1.4 is used to quantify the limits for integration eduation (2). When
looking at theblue block, it can be seen that the commutation angle which indicates the
condition where diode one and three conduct atst#me time. The snubber circuits included in
these diodes try and limit these circumstancesrtoramum. The parameter of interest in thlae
block is the time parametet’“because the voltage waveforms are time basedblduk refers to
the currentll = 0 at parametet = 0. When looking at the green line in figuge2.1.2the line
represents = 0 and the black arrow in figurg2.1.2represents the direction of propagation based
on the convention adapted in figulB2.1 At angleU the forward bias voltage diode 1is reached
and conduction starts, thuslatthe conduction current is equal to the DC curtedt, thusl dc =

11.

LF:

u u

e_dl, 9. _dl,
{z.a.dn!s.z.—

C dt
dt

Z.1,®)fs +[32.1,. ()

U U
z.|1(z)j—z.|1(o)+ 3z.|DC(Z)j—3z.|DC(o)
insertingtheboundaryconditions

Zl DC[%J -z(0)+3z.l DC(QJ -3z2...(0)

w
4z.|DC(%j—sz.|DC(o)

Figure 3.2.1.5 — The integration of the left handide of equation (2) and the inclusion of the bounda conditions

and integration parameters from figure 3.2.1.4

The integration of equation (2) entails getting reggions for the DC current and voltage rectified
by the 12 pulse passive rectifier by eliminating thifferential components of the parameters of
interest. By integrating the left hand side of @tra(2), figure3.2.1.5 the same has to be done on
the right hand side of (2).
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RF:

u

[y u u
(«@.\/ max Tcosm +a —]—;).dt— Tsin(ax + a).dt] - TVDC dt

(@.\/ max 1
w

: T
sinat +a -
( 3)

o 1 u u
0 —C—U\cosm+a)\g =Voele.....ruled)

1 sin(@(0)+a —]—3T)

(@.\/ max—1
| w

+ l\cos@).(o) + a)} -V, (Uj
w w

sin(w.(u} +a —ﬂ) 1 cos@z(uj +a)
w 3 w w

theassumptioms madethatV . (0) =0
V3V max
” A

Figure 3.2.1.6 — The integration of the right handside of equation (2) and the inclusion of the bouraty

sinU +a—%’) ~|cosU +a)| - sin(a—%r)

+cos¢r)} —VDC(U)
w

conditions and integration parameters from figure 32.1.4

The right hand side of equatioR) (is integrated in theyreen block, figure 3.2.1.6 with the
integration parameters inserted. The reason fakiomg up equation?) in a left and right hand side

is to simplify the equation first.

Commutation:

o) o

~|cosU +a)| - + \cos@)q —VDC[B)

w

. T
sinU +a-=
v 3)

. T,
sin(a —5)

Figure 3.2.1.7 — The expression for the commutationterval

The combination of the left and right hand sidesusmmarised in thblack block, figure3.2.1.7

The black block is the equation for the commutation of altepulse passive rectifiers fed by a
transformer with the same space orientation asedilby Transnet. The steady state commutation
expression in thélack block thus shows what the aim of the model is. &ime is to get a model

that is independent of switching characteristicsmdyusteady state.
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3.2.2 Derivation of an expression for commutation aring diode rectifier operation

The derivation of an expression for conduction wgidiode rectifier operation is an adaptation of
the conduction interval expansion of [32]. Duehe aissumptions that were made, the operation of
the diode rectifier is of a periodic nature, thuee trectifier operation will have the same

characteristics during conduction for multiple arstes.

Conduction
V max.sin(at +a) V1 £t > 1
X z D1 Idc |
V3 |
V max.sin(at + a —@) v2 D5 J
3 - — — ——— I —Vd
. 57, @, — e — — — I
Vmax.sm(ax+a—€) V5 |
| D8
. n < |
Vmaxsm(ax+a—g) lvo = " __ oo __ __ __ _

Figure 3.2.2.1 — The conduction circuit and the tira dependant voltage waveforms present in the cirduli

The main difference between the conduction intearal the commutation interval is the fact that
the forward voltage bias has been overcomediode 1is conducting whilediode 3 has stopped
conducting as was the case with commutation. THeag® expressions on the left have been
derived from the actual orientation Transnet emphith three phase transformers. The impedance
“Z” is shown in figure3.2.2.1and represents the inductance of the wire andvthdings of the

transformer secondary.

The conduction interval can be formulated as foow

Writing the equation for conduction:

4.2.%:(\/1—v2)+(v5—v4) VAR )

Inserting the voltage values into the formulae:
V1-V2) =V maxsin(at + a) -V maxsin(at + a —2—:)
Set (wt+a)=y
V1-V2) =V maxsin(y) -V maxsin(y—z—;)

=V max[sin(y)@- cos(%r) + cos(y)(+sin(2?”))]
=V max[sin(y)(L5) + cos(y )¢ 0866)]
=/3V maxcos(y - g) .......................................................... (Trig _rule _2)

(V1-V2) =~/3V maxcos(t +a —%T)
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Similarly:

. 5n . n
V5-V4) =V maxsin(at +a _E) -V maxsin(at +a _E)
(V5-V4) = —/3V maxsin(at + )

Substituting into (3):

4.Z.d(|j—“’tC =+/3V max[costt +a - g) =siN(@t +@)] ~Vieerrrerrrmeronnes @

Integrating (4):

4.z.%=[3.v max[costd +a—g) —SIN(@t + )] ~Voporrrrrrroaroonnn @

The simplification of equation (4) entails solviagnplifying the equations left and right of the

equal sign of (4).

Us<sats< % where Uis theconduction angle

U T . . .
— <t <—for time domainanalysis

7 6.a

Figure 3.2.2.2 — The integration parameters for theonduction interval

The parameters for the integration of (4) are shawthe blue block, figure3.2.2.2 When the
commutation and conduction interval is summed itadgs to one switching cycle (360°/12 pulses).
The conduction cycle starts as soon as the comimutahgle is overcome and stops when one

switching cycle is completed, then the cycle repéaelf.

LF:

%

| 2z Yec gy
oo dt

14Z.1 Dc(t)\gw

Ui V)
4.Z| Dc[a}] - 4.Z| DCEZ)]

Figure 3.2.2.3 — The left hand side of equation (déeing integrated with the parameters from figure 32.2.2

The conduction interval expression is simpler th@ commutation interval expression due to the

fact that less diodes and voltage sources congritouthe equivalent circuit shown3m2.2.1
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The right hand side of equation (4) follows:

RF:
b B &
(x@.\/ max| | cost +a —%T).dt ~ [sin(at + a).dt} = [Voedt
u u [
(\F3.V max] * sin(at +a L —l\costd +a)\5% —’VDC\S% ..... trig _rule(3)
W v w w w
(x@.\/ max 1 sin(w.(lj +a —E) - cosw(lj +a) 1 sin(w.(gj +a —E) + 1 cos@{gj +a) —Voc(lj +VDC(EJ
| w 6.w 3 w 6.0 w) w 3| w) w 6.0 w
T
Ty
3V max sin(E+a —E) - cos§+a) —lsinU +a —E) +|cosU +a)| |-V 6
w 6 3 3 w

Figure 3.2.2.4 — The right hand side of equation J4eing integrated with the parameters from figure3.2.2.2

The green region, figure 3.2.2.4, shows the paet@iression obtained for the conduction interval

after integrating the right hand side of equatibn (

Conduction:

T_y

+|cosU +a)} ~V,o| —
w

sin(a—g) cos€+a) sinU +a—§)

g e (2]

Figure 3.2.2.5 — The conduction circuit and the tira dependant voltage waveforms present in the cirdui

The expression for the conduction interval has lggean in theblack block, figure3.2.2.5 The
assumption that the commutation and conductiomvateepeats every 30° entails that the start and
end of every cycle is the same, thus meaning thatstart and end of every cycle has the same

values. The start of the commutation cycle andetigkof the conduction cycle has the same values.

3.2.3 The expression for one switching cycle

The expression for one switching cycle can be seethe summation of the results from figure
3.2.1.7and3.2.2.5 The summation of the commutation and conductxpression will enable the

formulation of one expression. The expression @gefrendent of the switching variations during
steady state operation of the passive rectifiee fdsult is a DC current equation for a 12 pulse

passive rectifier as used by Transnet for the fipacansformer topology used.
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weareinterestedn thefirst Commutationandconductioninterval0 < at < %

m
Ty
4Z'|Dc(”j_4w (@Vmax]{ 6
6.w w w

sinU +a > 3) +|cosyY +a)@ V| 22— ...
Add (5) and (6)

4z (é)] -32.1,.(0)= [@Vwmaxj{

sinU +a—737 ~|cosU+a)| - sin(a—g)

cos€+ Q)

©

. T,
sin(a _E)

eloly

........................... @

+|cos@)| +

} _VDC

T
cos@+=
o 6)

. T,
sin(a _E)

. 1T,
-sin(a _E)

The expression for one switching cycle of the passectifier is represented by equatiai. (The
commutation interval is represented byb)( and theconduction interval by 6). The various
coloured lines in (5) and (6) represent the factbas cancel each other out during the addition of

the two expressions.

The calculation of the parametehas been adapted from the prescribed method |n [32

Calculating a:

Looking at this scenario the circuit for the 12 pulse rectifier looks as follows:

Using: v = % +V, +V =V, (D4)
4.2.% =3V max[costt +a —g) —SIN(@t + )] ~Voporrorroccerrren, @
We obtain: \/,
%‘tdlm = ﬁ,\/ max[cosgut + a —%T) —sin(at +a)] +3'L4DC Divide by 4 and multiply by -3
Ldlm:ﬂ.\/max[cos(r—g)—sin(ina)H% ...... subitutewt = 7~
dt 4 6 6 4 6
-3zdl,. _-343 T 3V
—— L =———Vmax[cosf —-—) -sin(-+a)| +—==........
at 2 [cos¢ 6) (6 )] 2 )]
Next we get:

(V1-V2) =+/3V max cos(t +a —g) ........ sbstitutewt = %

(V1-V2) =+/3V max cos@ '%T) ....... 0)

And:
(V5-V6) =V maxsin(at +a —5—6”) -V maxsin(at +a +g)

Measureme

=+/3V max cosw+a—%) ..................................................... (Trig _rule_1&2)

(V5-V6) =+/3V max cosgt +a—g) ......... substitutewtzg

(V5-V6) =+/3V max cos@)........ 10)
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The calculated equations (8) - (10) are substititedequation (D4)

constant

=820l _ =343 V max[costr - —) - sin(g +a))+ —3'\:{“

dt
3Zd|DC PV, V-V

=/3V max cos(@)

=+/3V max cosf@ -

Summing we get:
V,,=— ?:@ E)+3TJ§Vmaxsm(a+ )+ Vec 43V max cos(r“——) ++/3V max cos@) -V
Ve 1

Trigonometric rule 4:
COSIX + y) =C0SIX) cosly) F sin(x)sin(y)

. =3V max.[z cos@ —g) + sin(a +%) +cos@)]

As stated the voltage at wt = 30° is zero, thus the voltage over D4 is also zero
V C

0=+/3V max.[1 cos(a - E) +cos@) + fsm(a + )]

Voc 1 L3
23V max [4 os(a )+4sm(a+ )+cos(a)]

Now we apply trigonometric rule 4:
1 cos@ —ﬁ) = %[cos(a )cos%) +sin(@ )sin(g)] ...... trig _rule_4

Ty, trig_rule_1

3 sin@ +’ET) =%[sin(a )cos%) +cos@)sing)]
Applying trig rule 2

[1 cos@ —%) + % sin(a + g) +cos@)] = cosa [15915]+sina[0.77452

=(1.7699).cosia —0.4529))......rad
VDC
——bc = (17699.cos@ —0.4529
44/3V max (17699.cos@ 2
where
V,. =3000
V max=133Q............... Transnet Data

0.18395= cos@ - 0.45293
cos*(0.18399 = o - 045292

1.3857928+0.45292=a
a =1.8387128 radians

The calculated value for alpha can be used in tmepatation of the current expression for one

switching cycle.
Now we can compute the periodic current as presented over one switching cycle
LT
4z.1 [&j -3z Dc(o)z[@}{ - sin(a - )| +|cos@) + sin(a - ) - z }—VDC Bl o
From our assumption that at 0 and 30° the cycle repeats, if assumed symmetry we get:
J3v .
V max . T, . TT. T,
[wj[ -sin@ - 3" |cos@)| +|sin@ —E)‘ —|cos@ + E)H -V, %
IDC(o,’g = — 2
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The current equation for one switching cycle isregped in equation (12). Looking at the DC sub
station, the main supply transformer and the pas$l pulse diode rectifier can be expressed as
equation (12). The assumption is still made thdy periodic harmonics are generated. Expression
(12) can now be used to represent a DC currentceodihe current source and the components

contributing to the impedance of the DC sub stasianillustrated as follows:

- Al rrent source - xpression (12
o TPy REACTOR - om0
‘ l } 1 F1 (600 Hz) - 1.172 mH, 60 uF
ol F2 (1200 Hz) - 1.7259 mH 10 uF
() = £ 2 = L (track model) - 2.75mH
T L T4 T R (track model) - 0.194 Ohm
C (track model) - 200 nF
G (track model) - 3.333 M Ohm
Load (locomotive) - 12,73 mH

Figure 3.2.3.1 — The representation of the currensource [expression (12)] with the rest of the DC sustation

circuit (passive components), the orange region regsents the impedances of interest

The current through the equivalent impedance ofotfaege region in figure3.2.3.1will give a
voltage expression for the condition monitoringtbé passive harmonic filters in the DC sub

station. The values for the passive componenfigume 3.2.3.1were gathered from [42], [43].

3.2.4 The expression for calculating the equivaleminpedance of the DC sub station

The calculation of the equivalent impedance of dhenge region in figur8.2.3.1can be broken

into various sub sections.

=t TN

S
[
=W

Ty
|

|
i
HH

Figure 3.2.4.1 — The circuit used for the computabin of the equivalent impedance of the DC sub statip the

coloured regions will be computed separately and #n added
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blue_region:

=[(((FIC)™ + (FIL)) )" +((F2C) " +(F2L) ) )1
green_region:

=((L+(R)

burgandy_region:

((©)"+(G)™ +(load)™)™

The impedance calculation for the separate regaars now be simplified and the equivalent

impedance can be calculated as follows:

(LCFIC)™ + (FIL) ™)) +((F2C) " +(F2D) 7) 1) 7173 +{((C) " +(G) ™ + (load) ™) ™ +((L) +(R)} )™

where

10 ., ,wx1172 . ., 106 L, wx 17259 ., .\ 4 10 N
({[(((wxso) +( G 2) ) +(((wx10) +( G )1 +{((m)) + (3333x10°) " +
wx1273 ., ., wx 275 i
( T 3)) +(( G (019D} ) e 3

The biggest complexity of the expression is the that the track model is expressed as the
component value per meter. The values used fotréo& model were taken over a track span of
1km, but the model will not hold for any other diste of track. The computation of the voltage

drop across the equivalent impedance follows below:

ghiiis 411 W

S
11
|
| | I..ﬂ.r\__ 4
s .....I\n

Figure 3.2.4.2 — The DC sub station circuit, wherequation (12) serves as the ideal current sourcegueation (13)
serves as the impedance of interest [purple regioahd the reactor [yellow region] is in series witlthe impedance

of interest

The reactor@.9 mH is in series with the equivalent impedance shawthe purple region. The

reason for having all the components in the purptgon is that the track model components and
the locomotive are outside the substation. Ther§ltare parallel to the track model and the
locomotive, thus all the components in the purplgion form part of the interest and investigation

in this study.
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The final expression that will be used for the gldtion of the voltage waveforms for the condition

monitoring of the DC sub station passive harmoittiers is shown below:

voltage=

10, , ,wx1172 , 100 L, wx 17259 . .y 4y 10 <1 0P\
Uy + (T (O + (P gy yrag( 0 )+ (3333x10) +
(P (22 o199y

- sin(1.8387128- ’737)

+|cos(.8387128| + sin(1.8387128- LGT)

cos(.8387128+ ig)

Ex

ax0.1x107

The aim of the condition monitoring of the DC suhti®n passive harmonic filters is to find a

simple mathematical model for the DC sub staticqudfion (14) is only dependant an(radians)

so its makes it possible to compute voltage vataesany value ofw. The parameteéymax is the

AC supply phase to ground voltage and the param\C is the assumed constant DC bus
voltage. These two parameters are available fothallsub stations and can be fed into equation
(14).

3.2.5 Conclusion

The aim of the chapter was to find a simple mobat will enable the user of the model to obtain
voltage data that can be used for the conditionitoong of the passive harmonic filters in the DC
sub station. Expression (14) is the outcome of @) but the development of a mathematical

model has the following disadvantages:

The model is limited by the length of the trackttisaused to compute the values for the
track model.

The model is confined to only one operating scendfia fault condition is simulated the
model would not be able to accommodate the chanresew model will have to be
generated for every possible operating fault caoolit

The model is more complex than originally thought.
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The model for the condition monitoring of the sufatisn filters does not have a practical
implementation possibility due to the fact that éxpression is so limited and complex. The model
thus serves the purpose of getting a better uratetistg of the operation of the sub station and in
particular the passive switching/conversion of ACDXC. The result: the DC sub station presents
much more complex operating combinations and mdégklopment restrictions than originally
thought. The development of a mathematical modedbideasible.

69



CHAPTER 4: SIMULATIONS

4.1 Introduction

The simulation structure of the chapter involves ithvestigation of different scenarios in the sub
station. The investigations will serve the purpogérying to gather harmonic specific information

based on the various circumstances.

Complex locomotive loads
- injection of voltages

Track loading for
various distances and
for 600 and 1200 Hz

Ideal sub station

with/without
harmonics filters
Diode influence simulation
/ - Diodes in short circuit

- Diodes with reverse polarity

Simulation of sub station

Snubber
simulation Transformer and line
inductance

- Ideal winding alignment
- Unbalance in inductance
- Unbalance in phases

A4

Passive harmonic Supply voltage
filter variations - phases

- frequency

- unbalance

Figure 4.1.1 — The simulation structure of the sulstation

The simulations isolates circumstances in ordese®the influence these various conditions might
have on each other in terms of tt@" and24™ harmonic introduced into the DC supply grid. The
simulation of all these circumstances is criticaélchuse these different scenarios can not be

simulated on an actual sub station from a safetygeetive and a financial perspective.

The simulations will thus serve as being the refeeeto actual measured data to try and isolate
specific operational circumstances such as un-bathrphases or faulty harmonic filters. For
example, when 600 Hz voltage amplitudes are medsuhe measured values can be used to

diagnose problem conditions in the sub station.
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The main aim is to do condition monitoring of th€ Bub station harmonic filters, but if the results
are inconclusive (between a working filter and dfametioning filter) the study will try and give
the data user other options that may have an imflien the500 and 1200 Hz harmonics, thus
trying to diagnose the harmonic sources.

The conclusion of the chapter (sectibri) will summarize all the investigated harmonic s&sr
for 600 and1200Hz frequency bands with the aim of helping to dage the condition of the sub

station influencing the performance of the harmditiiers.

4.2 Simulation background

The simulation of the ideal DC sub station is darsthg MATLAB SIMULINK  where the
simulation is solved using differential equatio@f)E solvers. There are various ODE solvers that
have specific purposes, but the best all roundesoly the ODE45 solver. In the case of the
simulations in this chapter th®@DE45 solver used too much of the computer's memoryaso

moderately stiff or “relaxed” solver was used, nantlee ODE15 solver.

=} Simulation Parameters: test6_7_2011 g|§|@

Saolver W'orkspac:elf’D| Diagnostics| Advanced| Heal-TimeW’Drkshop|

Simulation time
Start timek 0.0 Stop time: | 1.2

Solver options

Type: Wj | ode15s [stiff/MDF] |

7~ May step size: | 126 ative talerance: ’W
Min step e Absolute tolerance: ’W
Initial step size: ’r M aximum arder: m
Output options

Fiefine output j Fiefine factor: ’77 |
|
(u]: | Cancel | Help | |

Figure 4.2.1 — The screenshot of the solver used the simulation

In figure 4.2.1the purple region shows the simulation time. Témson for making the simulation
1.2 seconds is that second of data is needed for ease of use andrtheéd2 seconds of the

simulation the sub station has not reached steadly, shus the firdd.2 seconds of data is discarded

from the computation of the FFT.
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The orange region shows that th@DE15 solver uses variable step sizes in the computatidhe
differential equations. The model decides the ogtistep size for every differential equation it
computes based on the complexity of the equation.

The variable step poses a problem when the FFheoflata is computed because of the variable
time step being converted to a variable frequertep.sWhen the FFT is done the data must be
interpolated by X-axis data with a fixed step stbeis converting the data to ultimately have fixed

frequency steps. Havingsecond of data simplifies the interpolation preces

The blue circled area indicates the maximum step size dheesis allowed to take, thus ensuring

that data would not be lost. The maximum step iglages to a minimum sampling frequency.

Thegreen circled area indicates that the model is not adldwo “filter” the solver solutions in an

effort to restrict data from further being roundsdthe solver.

The sub station that is simulated is shown in #gu@.2

Representation of a DC sub station used for simulation
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Figure 4.2.2 — The Simulink schematic for the DC dustation

A rail section is considered as being about 20 &g land the sections are fed from either side by a
DC sub station. For the purpose of the documerarbitrary distance of 1 km from the sub station

was chosen and the sub station was isolated, tily®oe sub station feeds the section.
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The reason for isolating the sub station is becafisiee fact that sub stations influence each other
when harmonics are generated. Every colour regidigure 4.2.2shows a region a simulation is
going to be conducted in.

4.3 Simulation of an ideal sub station

4.3.1 The frequency simulation of the ideal sub stian

The simulation of an ideal sub station will sergetlae bench mark for operating failures of various
components of the DC sub station during operatidre aim is to eventually measure the sub
station conditions and haves80 and1200Hz threshold for the condition monitoring of subaten
harmonic filters. The threshold is the voltage nieasents for the ideal sub station with / without
the harmonic filters. Throughout the section thephed data is representative of the DC sub station
simulation of figure4.2.1. The simulation parameter of interest is the DC Wolsage, thus the

output of the station.

The reason for choosing the voltage measuremehedause it can be realised in practice via
measurement coils on the rails or on a movinguetiicle. The disadvantage is that the parameters
outside the sub station have potential differerec@sss the components, which will influence the
measurements if they are made at the end of aeatlon. To eliminate the problem of voltage
drops across measurement influencing the overétthg® measurements the measurements have to

be made at the exit of the sub station.
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The ideal sub station was simulated and voltageilsition of the sub station is presented in this

section of the document.

The ideal DC sub station where the station footprint is obtained
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Figure 4.3.1.1 — The simulation of the ideal DC subtation with and without the harmonic filters, the top figure
illustrates the simulated data for a 10 kHz spectrm, the middle figure illustrates the zoomed area aund the

12" harmonic and the bottom figure illustrates the zomed area around the 24 harmonic.

The graphed data for the ideal sub station clesdrbws the impact the filters have on the generated
12" and24™ harmonic, granted that the filters are assumeuettperfect” or 100% efficient. The

purple circled area on the top figure in figdr8.1.1lindicates amplitude higher than the harmonics
lower in frequency - this is not characteristiofat harmonic theory teaches us. The only possible

reason for this is that resonance occurs at teguéncy.

The simulation of the DC sub station has the prjnfacus of zooming in on th&2" and 24"
harmonics, where the data without the harmonier8itserves as the worst case threshold and the
data with the harmonics filters in place as thet Besnario. So when a DC sub station’s DC bus
voltage is measured it will be possible to quantifg whether the harmonic filters are effectively
suppressing the harmonickl' and24™) and possible reasons for the reduced efficiench s
blown rectifier diodes, AC supply unbalance andnelvi®wn filter components or filter components

being out of specification.
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In order to quantify the upper and lower boundshefideal sub station the amplitudes of 12

and24™ harmonics are measured. The measured valuesvare ag follows:

with harmonic filter | without harmonic filter
600 Hz
1200 Hz

Table 4.3.1.1 — The amplitude values for the simuled ideal DC sub station

The 12" and24™ harmonic amplitude values are summarised in tdt8el.1and the red column
shows the amplitude values for the simulated satost without harmonic filters. The green area
indicates the various amplitude values for the $aed sub station when the harmonic filters are
present. The red column values will indicate th@arpbound of respective harmonic amplitudes
and the green column will be used as the lower Baidrihe respective harmonic amplitudes. These
limits/bounds will be used to asses the efficieméythe harmonic filters at theé2" and 24"

harmonics.

The rest of chaptet deals with the influence of various operating gbods on the efficiency of
the harmonic filters, thus giving the data useefgnence framework for assessing measured data
and finding possible factors (operating fault cdiodis) influencing the efficiency of the harmonic

filters.

4.3.2 The time domain simulation of the ideal subtation

This section of the document deals with the timmdiom analysis of the ideal sub station. The aim
of the section4.3.2 is to show the difference between the time donmmulations and the
frequency domain simulations for the same subastainstance. In various instances the time
domain simulations can be used to visually seegefgam containing noise and even oscillations,
but it is difficult to accurately analyse the “nedlior source of the noise. The advantage of the
frequency spectrum is that the waveform can edmlyompared to a noiseless footprint and the
source of the noise can be seen where the ide#brinob differs from the actually measured
footprint.
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The ideal DC sub station where the station footprint is obtained

-] — without wave fitter
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Figure 4.3.2.1 — The time domain simulation of thédeal DC sub station where the figure on the top ithe data
for the duration of the simulation and the figure & the bottom is a zoomed view of the time signal ding steady

state

The data in figurel.3.2.lillustrates the problem with time domain signahlgeis. To do analysis,
the time duration of one cycle of a periodic wavefanust be known in order to compare similar
looking waveform data. Figuré.3.2.1has the advantage of indicating when steady s@gns,
thus the inrush currents etc of the big induct@rgehstabilised. In the case of the figure above the
steady state starting time can be take@.aseconds. Most of the assumptions made througheut t
literature and the modelling process rely on tlet fiaat the generated harmonics are periodic, thus

originating from steady state time waveforms.

4.4  Investigation based on snubber operation

Power electric converter devices such as diodesa@arfronted by various types of stresses relating
to the switching capabilities of the device. Snubbare used to relieve the stresses from over

voltages and over currents during turn on and adirof the devices.
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The switching stresses can be reduced by the snabljellows: [44]

» The snubber limits the voltage applied over thaaeduring turn off transients

* The snubber limits the current transients during tan

* The snubber limits the rise of current (di/dt) digrturn on

* The snubber limits the rise of voltage (dv/dt) dgrturn off

» The snubber is used to condition or shape the Binfctrajectory during turn on and turn
off

The snubber topology used for Transnet applicati®tise un-polarized RC snubber. The snubber
is responsible for limiting over voltages, becaakthe reverse current snap-off in the presence of

stray inductances.

R1=54 kQ

C1=047 pF

R2 =54 kQ

snubber

Pk - —HET

¥

m 1 0.9 mH reactor
Diode
.
50 He souree A24h harmonie filter 29th harmonic filter complex load
— > I l
= 4

=

Figure 4.4.1 — The circuit diagram and setup of thenubber test with the two snubber scenarios in red

The values used for the setup was chosen baseaeamctual component values used in Transnet
installations. The complex load was gathered froem30 Hz impedance of a locomotive and track
[39].

simulation parameters:

snubber C 2.47 JF
snubber R 54 ka
reactor L @.9 mH
12th harmonic filter L 1.759 mH
12th harmonic filter C 1@ pF
24th harmonic filter L 1.172 mH
24th harmonic filter C 50 pF
camplex load R 40
camplex load L 19 pH
diode forward voltage W 10 v
diode inductance Lon @H
diode resistance Ron @.253 Q
source frequency Hz 5@ Hz

Table 4.4.1 — The values used for the simulation tiie snubber efficiency
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The following results were obtained from SIMULINKrailations.

Effect of no snubber on diode operation:

0.006 0.008 018 002 ot oom

0002 0004 0DO0E QOO02 001 0012 0014 0016 0018 002

Figure 4.4.2 — The impact of the snubber circuit i®vident on the damping of the oscillations, the dde without a
shubber is blocked in burgundy and the diode equippd with the snubber used in Transnet is blocked wiit blue.

The X-axis of the graphs is time in seconds and thé-axis is the voltage across a complex load.

The simulation results ifigure 4.4.2 shows the effect the snubber had on the dampinipeof
recovery of the diode voltage for one switchingleyd@he voltage measurement was used because

the snubber is utilised to damp voltage (dv/dt) aver voltages.

The aim of the experiment was to prove that theleioperating with a snubber has, as close as
possible, linear operation in terms of harmonicdpicgion. The outcome of the experiment is thus
that for the purposes of the document, the dioderaipn can be assumed ideal in terms of

harmonic production.
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4.5 Simulation of supply fluctuations and unbalance

DC sub stations are often confronted by un-baladg&dsupplies from the supplier. The term un-

balanced refers to voltage harmonics present inasrmaore of the three AC supply phases, this
scenario is often realised when equipment suchaaable speed drives are supplied of energy on
the same grid. The generated harmonics from esliin the same grid mitigates towards the DC
sub station and these harmonics find their way thi® DC supply grid. The types of voltage

fluctuations investigated in this section dealshwibltage dips on a single phase, phase shifts
encountered on a single phase and finally highukaqy voltage sources introduced on a single

phase.

The section presented investigates the differessipdities that influence supply balance of the AC
grid.

The simulation of AC supply conditions when the filter is present in the sub station
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Figure 4.5.1 — The graphs for the simulated voltagBuctuations on one phase of the ideal DC sub siah, the top
graph illustrates frequency spectrum of the simulabn data, the middle graph shows the zoomed voltagiata for
600 Hz of the top graph and the bottom graph showthe zoomed voltage data for 1200 Hz for the top gpd. The

simulations were done while the harmonic filters wee active.

A 3 kHz interference sourcdBLUE graph) was included in the simulation of the idaah station
to try and isolate the interference source to ingate the effects the interference source would

have on the ideal DC sub station harmonics.
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The interference source presente8®/ amplitude at3 kHz on the secondary of the ideal sub
station and was present on one phase, thus phastar (AY) and phas@l star (AY1). The
problem with these harmonics is that they are oitethe3 — 100 kHzrange. As mentioned in
Chapter 2, the high frequency harmonics severely influertcassformer saturation which leads to
non-linear characteristics of the transformer, tmaking the system vulnerable for resonance and

other harmonics that can be generated.

Voltage dips RED graph) in energy supply grids is a very commoruo@nce, due to the fact that
various utilities are present on the same grid pn@tide large amounts of energy to complex loads,
thus inrush current and voltage sags on the ACignmbssible. The simulation of the voltage dip is
aimed to see the influence on the passive rectfiédo DC bus. The voltage dip simulated.&o

of the supplied 1330 VAC. A0% voltage dip on the supplied AC phases is consileasebeing

quite severe and most under voltage detectors wartkect1 0% fluctuations.

Phase shiftsGREEN graph) can sometimes be attributed to the marurdagt process of the
transformers. The quality of the transformer intp@ymes down to the tolerances between the
phases. In practice there are rules governingdleeainces between phases. A 10 degree phase shift
on a phase is possible but probably highly unlikélye phase shift will be smaller in practice for a

working sub station.

The summary of the simulated data for 600 and 120 summarised in the following table:

Sub station conditions: value: 600 Hz | value 1200Hz
ideal with harmonic filter ﬁ
10 % VAC dip on phase A with harmonic filter 0.582 1.718 V
10 degree phase shift on phase A with harmonirfilt 0.251V 1.358 V/
3kHz 50V AC noise on phase A with harmonic filter APB V 2.210V

ideal without harmonic filter _

Table 4.5.1 — The summary of the supply fluctuatiom when the harmonic filters are included in the sulstation
simulations

The data in tabld.5.1shows that the most severe supply fluctuation d¢ardis thelO % voltage
dip, secondly is th8 kHz source and lastly is tHé) degree phase shift. The table also shows that
the harmonic amplitude for th&0 degree phase shift is lower than the ideal subostavith

harmonic filter green block).
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When looking at the voltage dip and the phase staftexpect harmonics to be generated in the
order of 100 Hz and 100 Hz multiples, when only phase has been simulated for having supply
fluctuations. If more phases have been simulateél supply fluctuations, the result will be a lower

frequency and its harmonics.

The following figure illustrates the principle wieedifferent phased harmonics influence each
other.

Components Phasor

Phasor

]
Resulting
- — Components

Components Components

Figure 4.5.2 — The summation of subtraction of comgments can be seen as breaking the phasors into
components and subtracting or adding components.

The voltage dip and the generated 600 and 12000d®onent is added to the 600 and 1200 Hz
component of the ideal sub station (figdr.2. The phases are of such nature that components of
the harmonics are added. The result is a 600 a@@ B2 harmonic component higher that the 600
and 1200 Hz component for the ideal sub statioe. vditage dip amplitudes, in comparison to the
ideal sub station amplitudes indicate that voltdgs would have an influence on the performance
of the harmonic filters, due to the fact that tiieefs may not be able to completely suppress the

additional harmonic energy.

The reason for the phase shift being lower thandéal sub station harmonic at 600 Hz can be due
to the phase difference between the ideal sulbat&d0 Hz component and the phase shift 600 Hz
component. The harmonics actually subtract fromheaber, thus the lower resulting amplitude.

The phase difference of 10% on one phase actualiyahpositive influence on the performance of

the harmonic filters.
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The 3 kHz 50 V source influence on the 600 and 1200 Hz compisnean be attributed to inter-
harmonics or the influence that higher order haimb@ave on harmonics below the fundamental
componentd kHz). A possible reason for that is that &V component is quite large in relation
to the other components 8tkHz. The injected noise source has a negativaienfie on the

performance of the harmonic filters.

The simulation of AC supply canditions when the fiter is not present in the sub station
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Figure 4.5.3 — The graphs for the simulated voltagBuctuations on one phase of the ideal DC sub siah, the top
graph illustrates frequency spectrum of the simulabn data, the middle graph shows the zoomed voltagiata for
600 Hz of the top graph and the bottom graph showthe zoomed voltage data for 1200 Hz for the top gpd. The
simulations were done while the harmonic filters we not active.

The top graphs in figurd.5.1 clearly show the impact the harmonic filters hawethe absorption
of the harmonics compared to figuté.3 The aim of figurel.5.3is to investigate the influence the

supply fluctuations have on the sub station wherhrmonic filters are not present.

The summary of the simulated data for 600 and 12@0voltage amplitudes are shown in the

following table:

Sub station conditions: value: 600 Hz | value 1200Hz|
ideal with harmonic filter

10 % VAC dip on phase A without harmonic filter 1220 V 51.529 V|
10 degree phase shift on phase A without harmdltec f 111.530V 28.700 \}
3kHz 50V AC noise on phase A without harmonic filte 133.583 V 66.644 V

ideal without harmonic filter

Table 4.5.2 — The summary of the supply fluctuatios when the harmonic filters are excluded from the uh

station
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The voltage data for the supply fluctuation simolas are shown in tabk.5.2 In comparison to
table4.5.1the amplitude values are large, and this indicditesmpact the harmonic filters have on
the respective frequency bands. Figlii® 2illustrates the principle why the voltage dips qdse
shift produces higher and lower harmonic amplituskspectively compared to the ideal simulated

sub station without harmonic filters.

The main difference between t680Hz results and th#200Hz results is the scenarios that are the
most severe, in figurd.5.1the highest amplitude was that of the voltage gigjgure 4.5.3the
highest amplitude was th& kHz noise source. The reason for this is becatise 1200 Hz
component is more likely influenced by tA&Hz interference source than t6@0 Hz components
because it is the closest. The amplitude of therfietence source is large in relation to the other

harmonics aB kHz and the possibility exists that sub-harmoeixist.
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4.6 Simulation of the influence of transformer secondary winding inductance

The simulation of the transformer secondary windinguctance characteristics is important
because transformer design flaws and tolerancésathaout of specification play a very important
role in the balance of the supply to the passicéfrer. The aim of this section is to investigabe
influence additional inductance on one phase habt®ideal sub station. The frequency spectrum
of the simulated voltage data has been graphedsadsented in figuré.6.1

The simulation for wire inductance on the transfromer secondary with the rest of the sub station ideal
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Figure 4.6.1 — The voltage frequency spectrum forhe ideal sub station with harmonic filters where tke
transformer inductance has been changed for one pbka, the top graph indicates the total frequency spgum,

the middle graph the 600 Hz zoomed components ante bottom graph the 1200 Hz zoomed components.

The generated harmonics on the top graph in figusel shows the influence B4 (BLUE graph)

and 10% (RED graph) tolerance of th®.1 mH transformer secondary inductance has on the
frequency spectrum. Th&0% tolerance inductor frequency amplitudes are latban thel%
tolerance inductor for the lower frequency baiid{ 2 kH2. The increased amplitudes are
attributed to thel0% tolerance inductor attributing to a larger un-bakain the phases than the

% tolerance inductor variation.
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The following table summarises the obtained amgéitualues for 600 and 1200 Hz:

Sub station conditions: value: 600 Hz value 1200Hz:
ideal with harmonic filter
wire inductance 1% tolerance 0.124V 2.150V

wire inductance 10% tolerance 0.110V 1.967 V|
ideal without harmonic filter

Table 4.6.1 — The summary of the simulated inductotolerance influence on the supply balance and the

generated harmonics at 600 and 1200 Hz

The data form tabld.6.1shows the influence the variation of the inductalue has on one phase
on a DC sub station. THE200Hz components are very close to the simulationeslbf the ideal

sub station.
From figure4.5.2 the principle is shown where harmonic componéadsl” together if they have
the same frequency value. In the case of the induttlerance simulation, the harmonic

components subtracted. These components are tbwifu:

* The generated00and1200Hz components from the rectifier

* The generated harmonics from the un-balance caustte inductor tolerance
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The simulation of the influence the tolerance @& siecondary wire inductance has on the harmonics

generated in the sub station supply circuit follows

The simulation for wire inductance on the transfromer secondary with the rest of the sub station ideal without harrmonic filters
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Figure 4.6.2 — The voltage frequency spectrum forhe ideal sub station without harmonic filters wherethe
transformer inductance has been changed for one pbka, the top graph indicates the total frequency spgum,

the middle graph the 600 Hz zoomed components ante bottom graph the 1200 Hz zoomed components.

The simulation results presented in figdt6.2 the top figure, shows that ti€% tolerance graph
(red graph) harmonics are dominant compared to 1P inductance toleranceblue graph)
betweerD and3 kHz. The amplitude difference between biee andred graph can be attributed to

the degree of unbalance in the AC supply to theipasectifier circuit.

The summary of the inductor tolerance simulatiaestabled below in tablé.6.2

Sub station conditions: value: 600 Hz value 1200Hz:
ideal with harmonic filter

wire inductance 1% tolerance without filters 13357 66.524 V

wire inductance 10% tolerance without filters 133.8/ 64.063 V
ideal without harmonic filter

Table 4.6.2 — The summary of the simulated inductotolerance influence on the supply balance and the

generated harmonics at 600 and 1200 Hz with the hanonic filters are excluded from the simulations
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The measured amplitude values for 600 and 1200relxery close to the values obtained for the
ideal sub station without filtersgd blocks). The unbalance caused by the inductoraots is not

large enough to have a large harmonic influencther600 and 1200 Hz frequency components.

4.7 Simulation based on diode operation and failure states

The investigation of the failure modes of a diotlattmakes up the passive rectifier circuit
converting AC/DC in the sub station is very impattaln practice, various scenarios have been
documented where a diode has been installed witrse polarity, a diode shorts after failure and a
diode becomes open circuit after failure. The itigasion of the project does not deal with the
condition monitoring of the diodes, but when thedsedes fail or is installed incorrectly it might
have an influence on the generation of harmonibges& circumstances might have an influence on

the performance of the harmonic filters.

The simulation of diode conditions when the harmonic filter is present

I
— dinde shmed

H‘ ‘\‘J'J'

— diode circuit

s

d\ude reverse polarity

vr11|

P

QDDD

4000 5000

frey (Hz)
conditions when tl

BDDD

QDDD 10000

The simulat f diod he harm filt ent
—— T T
10 ‘ L ‘ — diode shorted
= H H H — dinde apen circuit
< | | | dinde reverse polarity
o ! ! !
&0 e B R RARRR R posneneeoes EERRAt SRR emenenis
5 : : : : : : :
= : : : = ’\ : : :
o ! : : : :
@ : . :
R - e — — B e
K] ; ; ; ; ; ; ; ;
| | | | | | | |
595 556 597 558 559 600 601 602 603 604 605
eq (Hz;
The simulation of diode conditions when the harmonic filter is present
e e e s Y SR S ——— S— T
10 ‘ L ‘ — diode shorted
= — diode open circuit
5 | | | dinde reverse polarity
0 ! : !
&0 e B R R hAR R ? EERR AR eemeeeenis
s ! | ! !
s !
oy H | B |
@ ; ! ! !
Bt e
s : : : :
| | | |
185 1198 g7 1198 1199 1200 120 1202 1203 1204 1205
freq (Hz)

Figure 4.7.1 — The voltage data for various diodep@rating conditions when the sub station harmonicilters are

installed, the top figure illustrates the completespectrum of the diode scenarios, the middle figur#lustrates the

zoomed 600 Hz components and the bottom figure ikfrates the 1200 Hz components

The diode simulation voltage data is shown in feg7.1 and compared to the figures in section
4.6the generated harmonics are more - the harmoreawaltiples 050 Hz.
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The reason for this is because the “faulty” diods to switch one of the phase voltages every half
cycle, either positive or negative half o568 Hz AC supply voltage. With passive rectifiers each
diode is responsible for switching once evBfyHz. The50 Hz harmonics apply to all the diode

operation scenarios.

The summary of the simulated diode operating caonmitdata is presented in taldlg.1below.

Sub station conditions: value 600 Hz: value 1200Hz:
ideal with harmonic filter

shorted diode with harmonic filter 0.247\V 0.999 V
diode open circuit with harmonic filter 0.291\V OBV
diode reverse polarity with filter 0.280 V 1.142|V

ideal without harmonic filter

Table 4.7.1 — The summary of the simulated diode epating conditions and the generated harmonics atd® and

1200 Hz while the harmonic filters are included

The simulated voltage amplitudes indicate thatatiglitudes for the diode operating conditions are
lower than the ideal sub station simulation amggtuThe lower amplitudes can be attributed to the
harmonic phases having components 180° out phdker@gpect to the ideal sub station harmonic

components. The result: harmonic components thmtast from each other.

The simulation of diode conditions when the harmonic filter is not present
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Figure 4.7.2 — The voltage data for various diodep@rating conditions when the sub station harmonicilters are
not installed, the top figure illustrates the compéte spectrum of the diode scenarios, the middle fige illustrates

the zoomed 600 Hz components and the bottom figuikustrates the 1200 Hz components
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The data presented in figuder.2illustrates the influence the harmonic filters @an the generated

harmonic amplitudes in comparison to figdré.1

The summary of the results is presented in talMe2below.

Sub station conditions: value 600 Hz: value 1200Hz:
ideal with harmonic filter

shorted diode without harmonic filter 83.844|V 3ms/
diode open circuit without harmonic filter 99.150|V 38.778 V
diode reverse polarity without filter 87.022|\V 3854V

ideal without harmonic filter

Table 4.7.2 — The summary of the simulated diode epating conditions and the generated harmonics atd® and

1200 Hz while the harmonic filters are included

The harmonic amplitudes for the diode operatingdd@mns indicate that the amplitudes are lower
than that of the ideal sub station without harmdiiters. The amplitudes” values are relatively
close to each other with the biggest amplitude dpéire open circuit scenarios. This is due to the
snubber circuits still being present during theerse polarity simulation and during the shorted

diode simulation there is still continuity throutite short (lowest amplitude).

4.8 Simulation of track impedance and the effect on sub station harmonics

The track impedance has been characterised inflH&te the investigation looks at the quantifying

track components such as inductance and capacitemtcthe influence the distance away from the
sub station has on the equivalent track impedahice.model includes the influence of the feeder
supply (VDC positive), the impedance to earth fritna rail, the impedance of the rail and finally

the impedance between the two rails.
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The figure below, figure 4.8.1 illustrates the e@lent track impedance model.

Track Model

Where
R is the resistance in the rails
I G L is the inductance in the rails
C is the capacitance between the rails
G is the conductance between the rails

the componenvalue:are:

R =0.194mQ/m

wl =0.864mQ/m

G =03 mS/m

wC =0.0000628nS/m

thesevalueswerefora transmitedfrequencyof 50Hz

Figure 4.8.1 — The equivalent track impedance modébr railway lines being fed from DC sub stations

The component values illustrated in figute3.1is expressed per meter, due to the fact that the
model is dependant on the distance the train i flwe source, the DC sub station. The model
introduces an additional parameter to the investigaof this document, namely distance from the
sub station. In practice, this would not be feasiilie to the fact that the condition monitoring rai
bound trolley or similar will not be able to measuhe distance from the sub station in order to
factor in the track model into the measured amgédéitualues. The assumption is thus made that the
condition monitoring measurement will always be @lahthe same distance from the sub station.

4.9 Simulation of locomotive impedance and the effect on sub station harmonics

Traction locomotives consist of various componetitat present complex impedances, the
components range from induction motor sets to beveirives responsible for the speed control of
the locomotive. One of the components that candosidered as having a substantial influence on
the overall impedance of the locomotive is the matts. Three assumptions are made regarding

the impedance of the locomotive:
* The locomotive impedance is made up of mostly itidlaaeactance

* The induction motors do not operate in saturation

* The locomotives used in Transnet have the samedamoe
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The importance of assuming that the motor operaidimear is that the inductance present in the
motor is constant. The reason for making the assomghat all the locomotives in Transnet have
the same impedance is because it is actually pexbess a design guideline to locomotive

manufacturers, where the guideline specifies minmnhacomotive consishO Hz impedance.

The 50 Hz impedance of the sub station was testdddnsnet and the data gathered is presented as
follows [43]:

impedance
T T

track current and impedance
T T

48f — impedance
—-  ymean 5
46k —-  ystd il e

4.4 B

5 — impedance
(LU — traccurrent |1

impedance (Ohm)

std deviation 0.1153
mean 3.916

1 1 1 1 1 WDD 1 1 1 1 1 1
0 50 100 150 200 250 300 380 50 100 150 200 280 300

time (sec) time (sec)

Figure 4.9.1 — The measurement of the impednace 3 Hz of a locomotive [43]

The results obtained from figu#e9.1can be used to find the impedance of the locoma@iGH0
and1200Hz. The assumption was made that the inductiororaain the locomotive presents the

dominant impedance of the locomotive. Actual indace, capacitance and resistance values of the
locomotive have not been measured.

X = R at50Hz
thusfor 600Hz:
Xiowo = 2715 Lo [491]

f isthefrequencythatincrease@ndtheassumptionisnadethatL staysconstant
X =45(5)
X oo = 482 for 600Hz
Theameprincipleis appliedfor 1200Hz:
Xioeo = 96Q2 for 1200Hz
Theinductnaceanbecalculatedrom (4.9.1):
- Xloco
Tonf
L=0.0127H

L=1273mH
The above formulae present a way of calculating @@ and 1200 Hz impedance of the

locomotive. The assumptions made have a linearcteféem the increase of the locomotive
impedance.
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The results for the locomotive simulations while thub station harmonic filters are present are

shown in figure4.9.2
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Figure 4.9.2 — The simulated data for various locootive scenarios while the harmonic filters are instlled, the

top figure shows the simulated frequency spectrunthe middle figure illustrates the 600 Hz zoomed spé&rum

and the bottom figure shows the 1200 Hz zoomed spraon

The influence of the locomotive inductance is expeédo have resonance at different frequencies,

due to the inductance having a dominant influentéhe sub station supply circuit. The top figure

in figure 4.9.2confirms that resonance is present at variousi&eges for the various numbers of

locomotives in the simulation. Thed circled areas indicate resonance.

The summary of the 600 and 1200 Hz amplitudeshiersub station with harmonic filters are given
below in table4.9.1

Value: 600
Sub station conditions: Hz value 1200Hz:
ideal with harmonic filter
1 locomotive fed by sub station with filters 0.3295 216V
2 locomotive fed by sub station with filters 0.573 2.263V
3 locomotive fed by sub station with filters 0.M5 2199V
4 locomotive fed by sub station with filters 0.463 2.081V

ideal without harmonic filter

Table 4.9.1 — The amplitude values for the locomate simulation with the harmonic filters included in the sub

station

92



The data presented in table9.1 does not show any definite “patterns” based onnin@ber of
locomotives in the simulation, for instan@locomotives have the highest amplitudes@66 and
1200 Hz. The only reason for the amplitudes is that difeerent locomotives have a resulting
inductance that causes resonance at different érezgess, where the higher harmonics can be seen
as closer to their respective resonance frequenthesonly constant in the data is the fact that th
amplitudes for the various locomotives are higlmantthe amplitude for one locomotive while the

sub station is equipped with harmonic filters.

The simulation of the influence that locomotivesédan the sub station DC supply voltage circuit

when the harmonic filters are excluded can be shaviigure4.9.3

s The simulation for obtaining different locomotive configurations when the harmanic filtter is out
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Figure 4.9.3 — The simulated data for various locontive scenarios while the harmonic filters are didaled, the
top figure shows the simulated frequency spectrunthe middle figure illustrates the 600 Hz zoomed spé&rum

and the bottom figure shows the 1200 Hz zoomed spraon

The top figure in figuret.9.3illustrates the resonance various locomotive nusper locomotive
consist has on the frequency spectrum. The resenaing2 locomotive consist is the most severe
between7 and8 kHz. The effect of resonance in the simulated ages for figure4.9.2and4.9.3
differs because the harmonic filters have beenuebed for figure4.9.3 thus indicating that the

inductance and capacitance of the filters playl@waith resonance.
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The measured amplitude values form the simula@wasummarized in tab#e9.2below.

Value: 600

Sub station conditions: Hz value 1200Hz:
ideal with harmonic filter

1 locomotive fed by sub station without filters 1335 V 66.380 V|
2 locomotive fed by sub station without filters 12074 V 63.494 V|
3 locomotive fed by sub station without filters 1227 V 60.702 V|
4 locomotive fed by sub station without filters 14490 V 59.120 V|
ideal without harmonic filter

Table 4.9.2 — The amplitude values for the locomaté simulation with the harmonic filters excluded inthe sub

station

The amplitude values in tabf#e9.2indicate that all the values for the number oblootives in the
locomotive consist are lower than the value foritteal sub station without harmonic filters. This
can be attributed to the summation of harmonict dha out of phase with each other, resulting in

lower amplitude values.

4.10 Filter components

The investigation of the influence harmonic filteomponents has on the performance of the
harmonic filters forms the core of the documente Tondition monitoring of sub station harmonic

filters will largely focus on the components thae aubjected to ageing. The harmonic filters
employed by Transnet consist of inductors and aagrac The component that is affected by ageing

the most is the capacitor in the harmonic filter.

Filter capacitors in Transnet is monitored in tewhthe tolerance it has based on the originalejalu
thus 4 simulations was run, where #gteorted capacitor and th20% tolerance is the worst case
scenarios. When the harmonic filter capacitorscatside the specified toleranci0f6) the filter

can be seen to have a poor efficiency with rega@bsorbing the designated frequency component
energies. The filter cut off frequencies shift avieym the designe@00 and1200Hz frequencies,
resulting in reduced performance and increased drampollution.
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The simulation results are shown in figdr&0.1below.
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Figure 4.10.1 — The simulation investigating the ffuence of harmonic filter components on the perfomance of
the filter, the capacitor operating conditions havebeen simulated, the top figure shows the frequencgpectrum,
the middle figure shows the 600 Hz zoomed componentand the bottom figure illustrates the 1200 Hz

components

The data shown in figurd.10.1 shows the influence the capacitors tolerances havehe
performance of the harmonic filters. In practtcand10% tolerances are still seen to be viable. In
figure 4.10.1thepurple circled region illustrates the drift of the frequees as soon as the tolerance

of the capacitors exceeds the allovi®§so value.

A clear indication that th& and 10% tolerance rule has merit can be seen when lookirthea
black graph in the top figure.
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The amplitude values for tH&00 and 1200 Hz frequency regions are summarised in tablod.1

below.
value

Sub station conditions: value: 600 Hz | 1200Hz:
ideal with harmonic filter
harmonic filter capacitor shorted 58.385|V 22.738 V
harmonic filter capacitor 20% tolerance 54.1V 5835 V
harmonic filter capacitor 10% tolerance 17.269 V .52 V
harmonic filter capacitor 5% tolerance 7.858 V v A\
ideal without harmonic filter

Table 4.10.1 — The summary of the 600 and 1200 Hmplitudes for the simulation of the influence of cpacitor

tolerances and short circuit on the sub station

The amplitude values in tab#e10.1shows that fo600 Hz the two worst case simulations (shorted
Incee of thel200 Hz

amplitudes, th0% tolerance had very high amplitude values for unaixygld reason apart from

capacitor and20% tolerance) the values are reasonably close.

the possibility of resonancélthough the5 and10% tolerance capacitance is seen as being within
specification, it can clearly be seen that the grarnce of the filters will be drastically reduced
based on the amplitude values for 600 and 1200 Hz.

4.11 Conclusion

The condition monitoring of DC sub stations entailslding a reference framework of operating
scenarios in order to accurately diagnose faultyiprgent that contribute to the l2zand 24
harmonics in the supply grid. The ideal conditioanitoring scenario would be if the filters were
installed and works properly (best case) and wihenfitters are not included in the sub station
(worst case). This is not always the case and wheasured values at 600 and 1200 Hz are not
conclusive with regard to the best and worst casegference framework must exist where

operating scenarios as broken diodes or out ofifsga®on filter capacitors have been simulated.

The advantage of the simulations is the fact tkhaharios can be simulated that would not have
been possible in practice due to safety and firrdmeasons. The disadvantage is that it is almost
impossible to simulate all the possible operaticgnarios, thus a complete reference for all
operating conditions will probably not be possibar this chapter, the ideal sub station was
simulated to obtain the benchmark for the subatatesting with and without harmonic filters. The
sub station was simulated with only one “fault” ddgion at a time, to try and quantify the condition
in terms of 600 and 1200 Hz.
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The simulation of the sub station was don®ATLAB SIMULINK and the data was simulated
in the time domain, with thEFT done afterwards. Various differential solvers weied and the
optimal solution was found to be tREDE15 solver fromSIMULINK .

A tabled reference framework for the simulationtleé sub station with operating scenarios is
presented in tablé.11.1

Sub station conditions: value: 600 Hz value 1200Hz:
ideal with harmonic filter _
harmonic filter capacitor shorted 58.385 V 22.733 \|
harmonic filter capacitor 20% tolerance 54.1V 5835 V
harmonic filter capacitor 10% tolerance 17.269 V 520 V
harmonic filter capacitor 5% tolerance 7.858 V v\
1 locomotive fed by sub station without filters 133 V 66.380 V|
2 locomotive fed by sub station without filters 12074 V 63.494 V|
3 locomotive fed by sub station without filters 1227 V 60.702 V|
4 locomotive fed by sub station without filters 14490 V 59.120 V|
1 locomotive fed by sub station with filters 0.320 2.216 V
2 locomotive fed by sub station with filters 0.573 2.263V
3 locomotive fed by sub station with filters 0.4M5 2.199V
4 locomotive fed by sub station with filters 0.463 2.081V
shorted diode with harmonic filter 0.247V 0.990 V|
diode open circuit with harmonic filter 0.291\V OBV
diode reverse polarity with filter 0.280 V 1.142 V
shorted diode without harmonic filter 83.844|V 3ms/
diode open circuit without harmonic filter 99.150|V 38.778 V
diode reverse polarity without filter 87.022|\V 3854V
wire inductance 1% tolerance with filters 0.124V A5V
wire inductance 10% tolerance with filters 0.110V 1.967 V
wire inductance 1% tolerance without filters 133.57 66.524 V
wire inductance 10% tolerance without filters 133.8/ 64.063 V
10 % VAC dip on phase A without harmonic filter 1220 V 51.529 V|
10 degree phase shift on phase A without harmdltec f 111.530V 28.700 \f
3kHz 50V AC noise on phase A without harmonic filte 133.583 V 66.644 V
10 % VAC dip on phase A with harmonic filter 0.582 1.718 V
10 degree phase shift on phase A with harmongrfilt 0.251V 1.358 \/
3kHz 50V AC noise on phase A with harmonic filter APV 2.210 V|
ideal without harmonic filter

Table 4.11.1 — The summary of the various operatingcenarios for the DC sub station, the RED regiorsithe
ideal sub station without harmonic filters and the GREEN region is the ideal sub station when the haronic
filters is included
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The amplitude value for th20% capacitor toleranc&200Hz component is large and will cause a
sub station trip/failure. When amplitudes are mesin practice it is possible to have more than
one scenario on tab#e11.1 an example of such situations follows.

EXAMPLE:

The measurements have been conducted on a DCaidnsind the value di.45 V for 600 Hz
and2.2 V for 1200Hz was measured. The values do not clearly inglittzdt the sub station filters
are working, thus looking at tabfel1.1, the following possibilities can be read from thble:

value
Sub station conditions: value: 600 Hz | 1200Hz:
3 locomotive fed by sub station with filters 0.4M5 2.199V
4 locomotive fed by sub station with filters 0.463 2.081V
3kHz 50V AC noise on phase A with harmonic filter APB V 2.210V

The three possibilities are in the region of theasuged values for 600 and 1200 Hz, but the test
vehicle has known impedances at these frequentiesresult might be that 2kHz interference

source is present on one of the phases.

The simulation scenario such as the 3 kHz intenfegesource is hypothetical and illustrates the
principle of operation for the document. The aimttué simulation chapter is to verify the model

results. The verification of the model is not pbisidue to the complexity of the model as stated in
chapter 3. The actual measurement will be usecetibyvhat the assumptions made for simulation

did not have an influence on the simulations comg&o the actual measurements.
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CHAPTER 5: ACTUAL TESTING

5.1 Introduction

The actual testing of the DC sub station involvyes measurement of the voltage harmonics at the
output of the DC sub station. In general DC sultisia employed by Transnet are old, 20 years

and older. The aim of the chapter is summariseavbel

DC Sub
Station

ISOLATE the
station and
measure the
voltage
harmonics

\

Measure with

| the harmonic | Measure with
filter in/out »

aload |
Compare
results
Measure |

» without a load

Figure 5.1.1 — The aim of the actual measurementhapter, the process runs from the top (left) to thebottom
(right)

The way the energy is transferred in the DC sujgpigt is by means of parallel sub stations, thus
having a common DC bus voltage. The sub statiomdribote to the energy demand in ratios
proportional to the distance from the presentedl.ld@om a harmonic mitigation perspective
having all the DC sub stations in parallel meard #¢h“sick” sub station injects harmonics into the
entire grid. The condition monitoring of a sub statmight be influenced by the neighbouring sub
stations. The isolation of the adjacent sub stati® cumbersome and not advised because
occupation of the lines are also needed, the sam&raints the old harmonic filter monitoring has.

The actual measurements on the sub station wil gireat insight into how many factors influence

the sub station harmonics and their amplitudes.
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5.2 Test procedure

The voltage measurement data will be used to olataiplitudes per frequency interval of the DC
sub station for various operating scenarios. Thedithe experiment is to obtain voltage harmonic
data to validate the results of the simulation thigrhapted. Validating the simulated data will

verify the assumptions made in terms of componeetation and linearity. The validation of the
data will also verify the assumption that a DC stddion can be isolated from the DC supply grid,

thus the reason for measuring the DC sub statitageharmonics.

5.2.1 Test setup

The test setup for the DC sub station can be ilitesti as follows:

AC Voltage:
22, 33, 44, 66, 88, 132 kV supplies

AC Circuit breaker
Transformer

Rectifier ¥

Reactor §

Harmonic Filters

Negative Return

DC circuit breaker
| 3 kv DC suii; Positive
J

3 kV DC supply_Negative

—\MW\—

Figure 5.2.1 — The proposed test setup for the DQiIs station

For the measurement of the voltage harmorgesen lines) a potential divider is proposed, where
the voltage measurement ha6Q:1 ratio , thus 88000 VDCwaveform will be represented by an
5V VDC waveform. The ratio is realised using linear eletsesuch a high 2 rated carbon
resistors. To isolate the voltage measurementra ptic measurement device is proposed and the
assumption is made that the fibre optic measuremewice is linear. To ensure that the voltage
measurement data is sufficient, the Nyquist sargptinteria is used where the bandwidth of the

fibre optic channel is at leas0 kHz if a frequency reach of the harmonic data is sbtldiz.
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The data acquisition device used will consist dfadional Instrument USB-9229 and a laptop. The

USB-9229 has to comply with the following:

* Channel to channel isolation

* Channel to ground isolation

* Atleast 30 V reach for the measure waveform (L88R9 has a 60 V reach)

» 1 voltage sampling channel

e 24-bit resolution to ensure accurate measuremestt av low voltages, thus a 24 bit 10V
reach for the measurement channels has a 0.00080008%egment resolution.

* Atleast 10 kHz sampling rate in order to effedyvwmeasure 5 kHz without aliasing

* Anti aliasing filters to reduce possible waveforistdrtion

A laptop with National Instruments Labview softwateall be used and software shall be developed

for the acquisition and saving of the data. Théofaing data structure shall be used:

Display data,
Open measurement CaripliE freduency speeium
ch:nnels on the USB- I Measure raw time OE s TNy
9229 (establish link 1 p?rgan'?z;egsaggm‘a“nsfr —»  domain data > Tra"Sfo”gzttgon on the
with device) coded parameters Save frequency data,
1 channels with x and
y axis

Diagram 5.2.1 — The conceptual representation of éhdata acquisition software

The validation of simulations with regard to actuabasured data is important, because the
simulation data plays the role of being a refereiocdDC sub station operating conditions that can
not be realised during normal train operation, sashshorted and faulty diodes and supply
unbalance. The most important measurement is tathgetowest and highest readings for the
condition monitoring of the filters by measuringetiame sub station with and without harmonic

filters. In practice this is obtained by taking ¢l series fuse for the filters.
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The following figures are used to illustrate thetailation and preparation of the sub station for

measurements.

Figure 5.2.2 — The installation of the potential diider in the DC sub station, the yellow arrows indiate the

connections, where the red wire is on the positiieus bar and the black wire on the negative bar

The measurements in the sub station were done ibg wgtic fibre in an attempt to make the

measurements as safe as possible.

e

Figure 5.2.3 — The fibre optic setup for the sub ation where the yellow numbers indicate the various

components used
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The yellow numbers used in figube2.3indicates the following:

1. The potential divider used to step the voltage dévwm 3330VDC to 5 VDC to be able to
measure the voltage harmonics.
2. The fibre optic transmitter consisting of a battex\DC to DC converter and the transmitter,

the transmitter has a bandwidthaZFMHz and a reach dfOV peak to peak.

The optic fibre was tested at the maximum sampfieguency of25 kHz and there was no
distortion or attenuation of the supplied wavef@ammaximum expected measurement voltage. The
test waveform was supplied by a calibrated frequegenerator. The results obtained indicate that
the fibre optic transceiver does not introducecadiainto the actual measurements.

Figure 5.2.4 — The measurement devices used for thequisition of the voltage data, the yellow numberindicate

the equipment used

The equipment used in figuBe2.4is the oscilloscope used for verifying the measwaets and for
measuring the initial testing conducted on theefibptic devices. The second device is used for data
acquisition, the National Instruments DAQ. The DAgQequipped with a Windows XP operating
system with National Instruments Labview installed it, thus the program written for data
acquisition for this specific study is loaded ottie machine and data is captured. The program can
be found inAppendix A.
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Figure 5.2.5 — The components that make up the harmnic filter, the photo on the left is the inductors the

middle photo is the series fuse and the photo onéelright is the capacitor

The problems generally encountered with the measeme of DC sub station components is that
there is no guarantee that the components arenvggiecification when taking into account that the
most recent surveys were done 1 year ago. Thergregmology of filter connection sees that the
filters are paralleled to the main line which igeli thus the tolerance of the components could not

be tested without disrupting the train traffic.

5.2.2 The Sub station test procedure

The proposed test setup for the sub station ureltrig that is totally isolated from the grid by
opening the section breakers on either side ofsthe station. This will ensure that adjacent sub
stations do not interfere with the measurements. Stb station under test, after complete isolation,
will be subjected to a load (10E max 600A), thusuemg linearity and eliminate possible

saturation of the sub station equipment becaussubetation can deliver 1200 A.

Sub Station .
under test Sub Station
Open |f \
== breaker = | L

| W

Figure 5.2.2.1 — The isolation principle of the DGub station
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The isolation of the DC sub station is aimed to thet same test setup as was used for the
simulation setup. The isolation of the sub statso ensures that adjacent sub station does not
influence the sub station under test. The problent®untered during testing at Savannah was that
the sub stations were not switched off due to esicegdraffic thus the sub stations influenced each
other. To further complicate the measurementsStneannah tests consisted of 6 and 12 pulse sub
stations with filters in and out. Nolte test sige®h station could however be isolated and measured
properly with and without harmonic filters.

The installation of a potential divider (3330VDC %0VDC) is done on the positive and negative
bus bars, which is done by loosening one bolt @er Bhe isolation of the measurements will be
done using fibre and the fibre is driven from bagie thus completely isolating the operator from

the cage.

The proposed testing at two sub stations was kgl

* Wave filters functioning: (Nolte and Savannah &tation)

1. loco panto down to get the sub station footprint

2. loco panto up (600A consumption)

* Wauve filters out: (Nolte test station)
The sub station is isolated completely by discotingahe fuse of the filter. This method is

the least invasive to the installation.

1. loco panto down
2. loco panto up

The aim of measuring the sub station with and withtbe presence of the locomotive (load) is to
investigate the harmonic being generated in thesy@ply grid. In chapte# the assumptions were
made that the DC supply grid is considered to Bsléss and to operate in the linear region of the
components, thus the components only generatedieharmonics and the AC supply is balanced.
The measurement of the DC sub station that is testlavill give actual data to evaluate the

assumptions made during simulation.
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In the case of Savannah station it is not posskevaluate the no load situation, because the sub
stations are in parallel loads very far away isdblabsorb energy from the sub station, thus there
IS no guarantee that the sub station under tassioplying energy to a load.

5.3 Measurement results

The measurement of the sub stations, Nolte andnBawa is summarised in this section of the
chapter. The obtained results for the Nolte sutiostdest were chosen as being the closest to the
simulation scenarios due to the sub station ismiatiom the grid as well as the fact that the sub

station passive filters are within specificatiorséa on the most recent survey.

The actual measurements of a DC sub station when the locomotive panto graph is up
CImCTCoCTIToCoIToCToooooECCTooTooTooTooTicTooooToooTooTo I e |
—— sub station with filters
sub station without filters

Z-i-----------=Co:

voltage [v)

a 2000 4000 BO0O 8000 10000 12000
frequency (Hz)

Figure 5.3.1 — The actual result measured at Noltsub station when the locomotive is presented as@ad

The measured scenario in figuse3.1 was used as the baselines or thresholds for sl
chapter4. Thered line indicates the sub station when the filters present and thielack line
illustrates the sub station without filters. Theas@rements were made at Nolte sub station after
being isolated from the DC supply grid. Effectivelye values gathered here will serve as the
calibration constants for the data in talé1.1.The comparison between figube3.1 and figure
4.3.1.1should be made and the first observation thatbeamade is that the harmonics are more in
the case of figur®.3.1 This can be expected because the model did mopensate for all the

harmonic sources present in the DC supply circuit.

106



The second observation that can be made is thatef3.1.1has a definite point of resonance
betweens and7 kHz but figure5.3.1does not have a definite point of resonance dwenteasured
frequency spectrum. The zoomed data for the paemet interest of figurg.3.1is shown below:

The actual measurements of a DC sub station when the locomotive panto graph is up

—— sub station with filters
—— sub station without filters

valtage (V)

550 560 570 580 590 500 B10 520 530 540
frequency (Hz)

Figure 5.3.2 — The 600 Hz zoomed graph for the siughation measurement when the locomotive presentd@ad to

the sub station

The measured sub station data in figbr&.2 already rejects the assumption that the AC sugply
balanced, the graphs indicate a drift in the fregye Thered graph illustrates the sub station with
harmonic filters and thélack graph represents a sub station without harmottierdi when a
locomotive presents a load to the DC supply circliite 1200 Hz zoomed area of figlse3.1is
presented below:

The actual measurements of a DC sub station when the locomotive panto graph is up

L L T
; X ' : sub station with filters H
----- Fom oo e e e b oo beeo ool —— sub station without filters |

waltage (V)
T

11580 1160 1170 1180 1190 1200 1210 1220 1230 1240 1250
frequency (Hz)

Figure 5.3.3 — The 1200 Hz zoomed graph for the sidtation measurement when the locomotive presentsi@ad

to the sub station
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The data in figures.3.3 emphasises that the sub station experienced fregudnift on the AC
supply grid. Thered graph illustrates the sub station with harmonieifs and theblack graph
represents a sub station without harmonic filteleenva locomotive presents a load to the DC

supply circuit.

with filters without filters
NOLTE site 600 Hz 1200 Hz 600 Hz
load 1.02234784 V| 1.07001403

Table 5.3.1 — The summarised results of the amplities at 600 and 1200 Hz for the actual measuremerit idolte
DC sub station

Theyellow sections in tabl&.3.1show the amplitude values of the actual measurentarie when

the sub station harmonic filters were present wadncomotive presented a load. Tyelow
region measured amplitudes for 600 and 1200 Hzheresame, this might be that the filter design
consideration was to limit the actual harmonic agl to a maximum of 1 V, thus the 600 Hz
passive filter has to absorb more energy. dfange regions in tablé.3.1 shows the amplitudes
measured for the various frequencies of interesnwtine harmonic filter was disabled in the sub
station when a locomotive presented a load. Thesiyadfilter influence can be seen when
comparing theyellow andorangeregions with each other. The actual amplitudeasuesd in table
5.3.1appear higher than the values on the graphs dile tiact that the graphed data was measured
as peak hold root mean squared while the tableldetdeen converted to peak values because the
simulation results in chaptdris represented as peak values. The tabled vadudise 600 and 1200
Hz components have been taken at the peak of tineoh&c, although frequency drift was evident.
The aim is to get the maximum value of the harmamd not the specific value at 600 and 1200
Hz. In chapterd one operating condition was simulated at a timdenkeeping the sub station

ideal, the actual measurements actually have v&operating conditions playing a role.
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The measured data used to evaluate the assumpdide timat the DC sub station can be considered

as lossless when the load is not present is graiphteé section below.

The actual measurements of a OC sub station when the locomotive panto graph is off

J

o
i — sub station with filters
il — sub station without filters

---------------------------------

_________________________________

____________________________________________________________________________

—————————————————————————————————————————————————————————————————————————

voltage (v

1] 2000 4000 B000 8000 10000 12000
frequency (Hz)

Figure 5.3.4 — The spectrum of the data obtained vem the harmonic filter are included and excluded whn the
sub station is not presented with a load while betisolated

Thered graph illustrates the sub station with harmonliefs and theéblack graph shows the sub
station without harmonic filters. The main diffecenbetween figureS.3.4and5.3.1is that figure
5.3.4sees a reduction in the harmonic amplitudes anditye A further observation can be made
that resonance or a harmonic source exists arduktdz. Great care has been taken to eliminate

aliasing in an attempt to eliminate the generatibfalse data/harmonics during sampling.

The main verifications from figurg.3.4with regard to figur&.3.1is the following:

» The generated harmonics increased with the inttemtuof a load (locomotive) that was
assumed to be purely inductive due to the largeoraofThe locomotive might, in part, be
responsible for the generation of more harmoni@n tivas initially expected when the

assumption was made that the load is purely indecti

* The components that make up the rail actually ac bbad even when a locomotive is not
present.
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* The components in the DC supply circuit operaterimery close to saturation. The fact that
non periodic harmonics are generated when energypglied to a load (even marginal
amounts with regard to normal operation) is indieatof components operating in
saturation. The assumption made that the comporeattinear does not hold in practice
based on the results obtained in fighré.1and5.3.4

The zoomed graphs of figuBe3.4are discussed below.

The actual measurements of a DC sub station when the locomotive panto graph is off

T T T
-| — sub station with filters
-| —— sub station without filters

voltage V)

550 a60 a70 580 5590 B00 B10 g20 g30 540 g0
frequency (Hz)

Figure 5.3.5 — The 600 Hz zoomed graph for the sidbation measurement when no loads are presented ttoe sub

station

Thered graph on figuré.3.5indicates the sub station equipped with harmottier§ when the DC
supply grid is not presented with a load from aotootive. Theblack graph illustrates the
measurements taken when the harmonic filters weseodnected and the sub station was not
presented with a locomotive as a load. Thad graph illustrates that the DC sub station was
subjected to frequency drift on the AC supply giitie disadvantage of measuring the sub station
while frequency drift is present is that the e#ieccy of the passive filters actually reduce duthéo
filters™ inability to adapt to frequency drift, thuhe filter cut-off frequency (600 Hz) no longer
correlates with the actual measured frequency pEag.reason for thblack graph being close to
600 Hz and the red graph is further is becausengesurement times differ and the frequency drift

changes regularly.
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The black graph clearly shows that the harmonics of theipas®ctifiers are present even when
the sub station is not feeding a load. This capart be due to the parasitic capacitances, the rail
model contributing to the circuit in terms of adoand saturation of the components even during

sub station idling.

The 1200Hz zoomed graph of figure 5.3.4 is preskmté¢he following figure.

The actual measurements of a DT sub station when the locomative panto graph is off

PR P S - T EEEE—— =  P——— F PT——— | =
. : : : . : sub station with filters

S R A R e Ao Fo------ —— sub station without filters 4

-----------------------------------------------------------------

voltage )

—
D-

1160 170 1180 11890 1200 1210 1220 1230 1240
frequency (Hz)

Figure 5.3.6 — The 1200 Hz zoomed graph for the sudtation measurement when no loads are presented toe

sub station

The red graph illustrates the sub station witholaicamotive as a load when the passive harmonic
filters are enabled. The frequency drift is oncaimagvident and when looking at the data in figure
5.3.5 and 5.3.6 it is evident that the drift issle$ 600 Hz than at 1200 Hz, while in theory thé& dr

is supposed to be twice the amount for 1200 Hz tha600 Hz.

frequency drift
theory actual
600 Hz 599 HZ
1200 Hz 1198 Hz

Table 5.3.2 — The table showing the extend of theefjuency drift of the measured data at Nolte DC sulstation
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The summary of the measured data for the DC sulorstat Nolte when the locomotive was not

used as a load is presented below.

with filters without filters
NOLTE site 600 Hz 1200 Hz 600 Hz 1200Hz
no load 0.25685994 V| 0.22206504 V|

Table 5.3.3 — The summarised results of the amplities at 600 and 1200 Hz for the actual measuremerit idolte

DC sub station under no load conditions

The yellow region in table5.3.3shows the results for the sub station measurenvgms the sub
station had no load from a locomotive while thenimamic filters were installed. The sub station was
completely isolated, thus the only load present thasmpedance of the track. Theange region
indicates the peak of the measured amplitudes wiherharmonic filters were disabled and the
locomotive did not present a load to the sub statidhe influence of the harmonic filters can be
seen when comparing tlyellow andorange region with each other. The amplitude values bieta
5.3.2is significantly larger than the values in tabl8.3and can be attributed to the fact that the
locomotive was used as a load, the energy demartikdeosub station increased and the amplitudes
of the generated harmonic increased accordingly.

54 Conclusion

The measurement of the DC sub stations presented pooblems with regard to filter tolerance
information and changing sub station operating ¢ars, due to un-availability of documents,
safety of the person and cost implications if a stabion is damaged. The other consideration was
that DC sub stations are paralleled, and one faulbystation with regards to harmonics influences
the whole DC supply grid in that region. The aimm@asuring the sub station is to obtain threshold
data (sub station with and without harmonic filjets calibrate the table4(11.] gathered in
chapterd in an attempt to compensate for the factors tleaewot included in the simulations such

as parasitic capacitance and non linear operafiocoroponents that were simulated as linear.
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The actual measurements of two sub stations, Sataand Nolte is summarised in the following

table.
with filters without filters
600 Hz 1200 Hz 600 Hz 1200Hz
NOLTE site
load 1.02234784 V| 1.07001403 VN5 1180848 V| 13110679 V|
no load 0.25685994 0.22206504|V 13.2703 V  3.92604
SAVANNAH site
load 27.8076 V| 11.5362
load 21.2898 V| 11.9616
no load 19.8198 \/ 3.76884 V
no load 25.077 V| 3.4191
load 1loco with filters|
; load 1loco no filters

Table 5.4.1 — The summarised results of the amplities at 600 and 1200 Hz for the actual measuremerit olte

and Savannah DC sub stations when the harmonic féts are enabled and disabled.

The results obtained from Nolte sub station is m@red as being the closest to ideal due to the sub
station being completely isolated. The measurerae®avannah sub station was used to quantify
the influence other sub stations has on the gestrdadirmonics. Savannah sub station was not
isolated from the DC supply grid. The grid is feg dub stations employing either 6 or 12 pulse
passive rectifiers.

The greenregion in tables.4.1indicates the lower threshold (sub station witteffs) and theed
region shows the maximum threshold (sub statiohout filters). When looking at the results for
Savannah compared to the results of Nolte then® ielation to each other. The possibility exists
that although a locomotive was not close to SaViarsud station; energy was still consumed from
the sub station from locomotives even 10 km awdye dbtained results for Savannah thus only
show the enormity of the problem at hand - dailgragion of the DC supply grid involves sub

stations influencing each other due to load sharing

The Savannah sub station results do however irgltbat the distance to the load/locomotive does
not have such a big impact on the measurementeaxit of the sub station. The potential drop
over the track components such as the inductandecanductance is marginal due to it being
paralleled with the impedance of the locomotive althis very small with regard to the equivalent
track components. The influence of the locomotsséhus dominant regardless of the distance from
the sub station, because the measured harmonictad@s! are almost similar with the locomotive

close to the sub station and far from the subastati
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The distance observation might be explained dubedC grid having almost unlimited energy at
its disposal from DC sub stations in the regionpdyipg the same grid. Another possibility might
be that the 6 pulse rectifier harmonic componesntzdditive to the 600 Hz harmonic from the 12
pulse rectifier and finally that the harmonic fiken Savannah is out of specification and does not
absorb the 12 and 24" harmonic properly anymore. The most recent surepgprt indicated that

the harmonic filters are with specification, bug tieport is almost 1 year old.
Because the DC sub station at Nolte was complételated, the voltage drops over components

were evident due to adjacent sub stations not sapgiting it with energy. These actual measured

results will be compared to the simulation resultshapter6.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Introduction

The possibility of doing condition monitoring of D€lib station passive harmonic filters has been
investigated in this document. The primary aim loé¢ tnvestigation is to measure the voltage
harmonics at 600 and 1200 Hz in an attempt to naakéenformed decision whether the passive
harmonic filters are still operational, within sg@ation, outside specification and faulty. The

secondary aim of the investigation is to diagnosssible faulty sub station components (such as
diodes etc) that influence the efficiency of tHeefioperation. All DC sub station 600 and 1200 Hz
components are thus classified based on an iddalstation footprint for various operating

conditions.

The ideal sub station has been classified in terihtiserature and the assumptions made during the
formulation of the ideal sub station is intendedntake the simulation and modelling simpler
without losing critical data. The investigation awas to simulate operating conditions and to
calibrate the simulation results with results aieai from actual measurements of a DC sub station

considered as being ideal.

The investigation presented various hurdles witiare to the actual measurements of the DC sub
station. The DC supply grid topology entails thet DC sub stations are parallel to each other in an
attempt to share the load presented by the locemaotihe problem with this, however, is that sub
station harmonics influence each other. To measurgub station in isolation entails taking
occupation of a 20 km section of track, disruptiregn operation. Simulating actual operating fault

conditions on actual sub stations was not allowszltd safety and cost reasons.

The aim was to measure the sub station while micefeeding the grid with the nearest load to the
sub station being the measurement locomotive. Téhenethod involves taking the sub station out
of service and measuring the passive componernisoiation. The ideal method entails measuring
the sub station filters without entering the sulitish and taking it out of service. During the

investigation the voltage was measured withoutngkhe filters out of service but the sub station

was still entered for instrumentation.
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6.2 Investigation findings

The ideal is to have a model, simulation and acnedsurements that are the same, but in the case
of the condition monitoring of passive harmonicefis the results did not match. The simulations
and model were simplified by making assumption®tam literature and will be discussed later in

this section.

The aim of the model development was to obtain #tnemaatical model describing the operation of
the ideal DC sub station based on the same assumaptiade for the simulations. The model was
not intended to be used for the calculation of haamim amplitudes for all the simulated operating
fault conditions, as the process would have takenhmionger than the object based simulation of
the sub station using SIMULINK. If the approach using the model for calculating operating

conditions was adapted, a new formulation for eva@pgrating condition would have had to be
formulated. The model does serve the purpose oérmstehding the operating principle of the DC

sub station from a mathematical perspective.

The realisation is made that the sub station cab@aheasured in practise by measuring the voltage
harmonics at the exit of the sub station by medrs load presented by a locomotive. The main

differences between theory and practise are aswsl|

* The assumption was made that the components opertiteir linear region, this is not the
case.

* The assumption was made that the sub station eyalsupplied by a balanced three phase
AC supply. The assumption was discredited duringaeneasurements.

* The load presented to the sub station by meansloftanotive cannot be considered as
being purely inductive. The new fleet of locomosiveamploy active motor speed drives.

* The influence of the DC sub stations on each ottes underestimated; locomotives in
other DC sub station feeding sections influencezh esther. The influence was evident at
Savannah DC sub station.

116



The DC sub station used for actual measuremenbeaseen as close as possible to the ideal sub
station simulated in chaptérof this document. The actual measured resultdeazompared to the

simulated results as follows:

sub station condition value simulated value measude simulated/measured (unit-less)

load with filter 600 Hz 0.3295 V 0.25685994 1.283
load with filter 1200 Hz 216V 0.22206504 \} 9.727
load without filter 600 Hz 133.2263 V 13.2703 \ 10.04
load without filter 1200 Hz 63.38 V 3.906082 V] 16.226

Table 6.2.1 — The summary of the simulated and acalimeasured results for the parameters of interest
(600 and 1200 Hz) with the blue region representinghe factor between the simulation and

measurement results

The results summarised in talBe2.1 in the blue region indicates that there is no rckaator
difference between the simulation results and tteah measured results. The findings of the actual
measurements and the simulation results are tlwanatusive. The only pattern that can be seen is
that the 1200 Hz component factors for the subostatith and without filters are bigger than the
600 Hz component factors. The observation indic#éttes other factors than was thought to be
dominant plays a role with regard to the higher ponents. The indication in figu4.3.1.1in
comparison to figuré.3.1 clearly shows dominant resonance in the simulatiwhile the same
result was not present during actual measuremtnis,indicating that other components than what
was thought as being dominant had an influencehendata. The simulated voltage harmonic
amplitudes are larger than the actual measurememnigating that the generated harmonics in
practice are attenuated due to voltage drops owaeilons components, thus discrediting the

assumption made that components are lossless.

The objective of the investigation was to obtaitalale such as tabk11.1that is calibrated with
actual measurements and gives the measuremenidiechtne ability to diagnose the sub station
600 and 1200 Hz components in an attempt to mothitefficiency and operating status of passive
harmonic filters. By obtaining the actual measuasatplitudes from a table and diagnosing potential
faulty sub station components, the technician cagpkthe sub station filters efficient and prolong
the lifetime of the harmonic filter components lopiting harmonic amplitudes caused by faulty
components. The investigation does not, howevee gi conclusive factor for the calibration of
table4.11.1that is populated from the simulation of criticgderating conditions. The result is that
it will not be possible to use the prescribed mdtbbmeasurement to enable diagnosis of DC sub

stations based on only measured voltage harmonics.
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The outcome of the study is thus that the fielthamonic filter condition monitoring has too many
unknown parameters influencing the measuremerdsriparison to the known parameters used for
simulations. Possible reasons for the many unknoavameters is that the DC sub station cannot be
isolated from the grid, the grid is comprised o tomplex locomotive, the complex track sections
and finally the complex AC supply grid. Making asgtions based on any of the mentioned
complex “circuits” proved to be a big underestiraatiThe result is that the DC sub station is more
complex than originally quantified and an almodinite amount of factors can critically influence

the 600 and 1200 Hz generated harmonic components.

6.3 Futurework and implementation possibilities

The field of condition monitoring of DC sub statipassive harmonic filters is a great concern for
Transnet due to the introduction of power harma@nalties for harmonics by utilities. Until this
particular study was started the condition monmgrof passive harmonic filter components has
been neglected and the harmonic filter componeiisorement method outdated.

The investigation covered the acquisition of vadtdgarmonics, but the possibility of measuring
harmonic impedance by means of measuring voltagecammrent harmonics should be pursued.
With the constraints of not being able to enter [i& sub station without taking occupation and
measuring the components, other data acquisitissilpitities should be investigated in an attempt
to accurately do condition monitoring of the DC ssifation filters. This entails the possible

development of a measurement trolley that will eas a load with known impedance.

The obtained results also indicate that furtheestigation needs to be done in the field of parasit
components that influence the generated harmoriitiseoDC sub station employed by Transnet.
Known parasitic components will ensure that morkneomvn sub station parameters are quantified

and the result will be more accurate simulatiorss mathematical models.

Currently the investigated method for doing comditimonitoring of DC sub station passive
harmonic filters cannot be used due to fact thanémy unknown factors influence the measured
results in comparison to the ideal simulated sabast. The investigation does, however, serve the
purpose of a starting point for future work highliing possible constraints of doing condition

monitoring of passive harmonic filters in future.
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The condition monitoring of passive harmonic fi#tespens up the possibility of monitoring the
filler components more efficiently and finally ensig that even passive harmonic filters, with

proper monitoring and maintenance, can efficierstlyppress 600 and 1200 Hz harmonics for

prolonged periods of time.
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APPENDIX

In Chapter4 the MATLAB code for the SIMULAINK simulation thahas been done. The
SIMULINK simulation data is time based and the freqcy data was needed. Every operating

condition from chapte# has been graphed using the template below

clear;

%THE PROGRAM COMPUTES THE FFT OF THE CONTINIOUS SAMPLED DATA
load vnf.mat;

load vwf.mat;

% for Vnf where nof stands for no filter

vnf(:,1);

vnf(:,2);

VX

vy
%[vx,vy] = unique(vx);
Xl = 0.2:1/40000:1.2;
vyi = interpl(vx,vy,xi);
vY = fft(vyi);
VYY = abs(vY(1:10000))./3.6338e+004;
frek = 0:1:9999;
% for Vwf where nof stands for with filter
vwf(:,1);
vwf(:,2);

%[vx,vy] = unique(vx); % the function eleimates doubles

v1ix

vly

x1i = 0.2:1/40000:1.2; %need one second of data to ensure that the frequency
spacing will be exact, thus 40kHz
vlyi = interpl(vlx,vly,x1i);
vly = fft(vliyi);
vlYY = abs(vlY(1:10000))./3.6338e+004; %FFT only half the data is used the rest is
mirrored
frekl = 0:1:9999;
subplot(3,1,1);
semilogy(frek,vYY);
hold on;
semilogy(frekl,viYY, ' '-r');
grid on;
title('The ideal DC sub station where the station footprint is obtained');
xlabel('freq (Hz)'");
ylabel('logscale voltage (V)');

legend('without wave filter', 'with wave filter');
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subplot(3,1,2);

semilogy(frek,vYY);

hold on;

semilogy(frekl,viYY, ' '-r');

axis([595 605 © 2e2]);

grid on;

title('The ideal DC sub station where the station
xlabel('freq (Hz)');

ylabel('logscale voltage (V)');

legend('without wave filter', 'with wave filter');
subplot(3,1,3);

semilogy(frek,vYY);

hold on;

semilogy(frekl,viYY, ' '-r');

axis([1195 1205 @ 2e2]);

grid on;

title('The ideal DC sub station where the station footprint is obtained');

xlabel('freq (Hz)');
ylabel('logscale voltage (V)');

legend('without wave filter', 'with wave filter');

The code has further been adapted for graphingaheus simulation outputs, but the code above

serves as the template. The object based prograynoade of the data acquisition software is

footprint is obtained');

shown below. The programming was done in LABVIEW 8om National Instruments.

|25lJDD I

Finite Samples ¥

LD test135.bdms

TOME

: OnboardClock [+]
“+open of creake

Ao IFvaltage channell
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The display of the program is simple. The datamm@ed, stored and then displayed as a frequency
spectrum during the recording process. The metligdmapling used is peak hold and the sampling
frequency is 25 kHz. The saved file extensions.ta@msand the extraction of the data is done via a
“readsections.Vi [40]. Once conversion from .tdms to .txt is dotiee data is graphed with
MATLAB.

stop

Devijai0 NG |

Waveform Graph
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Time

The MATLAB code used for the graphing of the actma&lasured data follows:

clear;

%the graphing of the data for the actual measurements
load toets131PD.txt;

load toets132PD.txt;

load toets133PD.txt;

load toets134PD.txt;

load toets135PD.txt;

load toets136PD.txt;

load toets137PD.txt;

X = 0:1:12499;

%the no load testing with and without filters
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%panto af

PD11 = (toets131PD.*6938.4)'; %with filters with 6938.4 the PD multiplication factor
PD1 = PD11(:,1);

PD51 = (toets135PD.*6938.4)"'; %without filters

PD5 = PD51(:,1);

%panto op

PD21 = (toets132PD.*6938.4)"; %with filters

PD2 = PD21(:,1);

PD61 = (toetsl136PD.*6938.4)"'; %without filters

PD6 = PD61(:,1);

figure (1);

semilogy(x,PD1,"'-r'");

hold on;

semilogy(x,PD5,"-k");

hold off;

grid on;

title('The actual measurements of a DC sub station when the locomotive panto graph is
off");

xlabel('frequency (Hz)');

ylabel('voltage (V)');

legend('sub station with filters', 'sub station without filters');
figure (2);

semilogy(x,PD2,"'-r'");

hold on;

semilogy(x,PD6,"'-k");

hold off;

grid on;

title('The actual measurements of a DC sub station when the locomotive panto graph is
up');

xlabel('frequency (Hz)');

ylabel('voltage (V)');

legend('sub station with filters', 'sub station without filters');
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