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Abstract

Within power utility networks, transient and perreah faults cause power interruptions to
customers. Research has indicated that most fthdtsresult in breakers tripping within MV

networks are temporary in nature. Other sources ldso indicated that approximately 30% of
permanent faults started as a transient faulttyples of faults in an electrical network do put

strain on electrical equipment to a certain degree.

A need therefore arises to explore alternative vediydearing transient faults in order to increase
network reliability. If transient faults are cledrmore effectively, it will influence power quality

positively by reducing the length of voltage dipsldimiting voltage dip propagation.

This dissertation contains research performed ereffectiveness of methods that aims to clear
transient faults on MV networks (11 kV and 22 kVitheut causing momentary supply loss to
customers due to breaker ARC operations. Transaiit clearing is achieved by interrupting

fault currents very quickly.

For transient earth faults, this can be achievednbynentarily disconnecting the neutral earth
connection of the NECR. For transient phase-to-@Haslts, this can be achieved by single-
phase tripping - which will open only one of theotaffected phase breakers within 30 ms. The
fast operation greatly reduces the amount of i@h&eand damage that is formed during a fault

condition. This, in turn, improves the overall sesg rate of both schemes.

MV line - and transformer models were created,fietiand validated by means of calculations,
simulations and field testing. The validated limel dransformer models were used to develop
integrated models for each of the two fault-clejschemes. The integrated models were used to
simulate the expected network response under diffefault conditions. After implementing
both fault-clearing schemes on actual MV networtke simulated results of the integrated

models were validated with measurements.

Neutral tripping is effective in the clearing ofghiand low impedance earth faults. It was found
that by implementing neutral tripping, as many &4% of earth faults were successfully
cleared. The fault-clearing effectiveness of neutrgping is primarily determined by the
capacitive coupling of the MV network. Single-phaspping is effective in the clearing of earth
faults and phase-to-phase faults. It was found blgatmplementing single-phase tripping, 58%

of earth faults and 94% of phase-to-phase faultsee geccessfully cleared. The fault-clearing



effectiveness of single-phase tripping is primardetermined by the feedback current

magnitudes of\/Y transformers as well as the capacitive couptinghe MV line.

Implementing these methods of transient fault abgaresults in less stress being placed on
breakers, conductors and transformers within the Mdwork. The efficiency with which
transient faults are cleared positively influenoeswork reliability as transient faults will not
result in permanent faults. The speed with whiahgient faults are cleared improves the power

guality of the MV network with regards to voltagipsl sustained and momentary interruptions.

Lastly, the neutral breaker and single-phase bresttgemes will result in up to 50 times fewer
burn wounds on people or animals in the unforturaige where inadvertent contact is made

with the MV network due to the fast tripping capdiais of both schemes.

Key words: Single-phase tripping, neutral tripping, transiintlt, capacitive coupling, medium

voltage, power quality



Opsomming

Tydelike en permanente elektriese foute veroorsagewenste kragonderbrekings in elektriese
verspreidingsnetwerke. Navorsing toon dat die nmebeld foute wat veroorsaak dat
stroombrekers in 11kV- en 22kV-distribusienetwekkiak, tydelik van aard is. Ongeveer 30%
van permanente foute het begin as gevolg van ‘alilg@l fout. Alle elektriese foute veroorsaak

egter stremming op verskeie elektriese komponente.

Daar is dush behoefte om alternatiewe oplossings te onders@kydelike foute effektief kan
blus en sodoende netwerkbetroubaarheid verbetdierintydelike foute effektief geblus kan

word, sal die toevoerkwaliteit verbeter omdat spagsknikke verkort word.

Hierdie verhandeling omvat navorsing oor die effgiteit van verskeie tegnieke om tydelike
foute in 11kV- en 22kV-kragnetwerke te blus sondar n drie-fase toevoeronderbreking te
veroorsaak. Tydelike foute kan geblus word deur fietstroomvioei so gou moontlik te
onderbreek.

Tydelike aardfoute kan geblus word deur die neetraardverbindingspunt van die

neutraleaardingskompensator (NECR) tydelik te dmeexk. Fase-na-fase foute kan geblus word
deur enkel-fase klinking, waarna slegs een vantwlee geaffekteerde fases binne 30 ms sal
klink. As gevolg van die hoé spoed waarteen di&dar&link, sal die hoeveelheid geioniseerde

lug en skade aan die elektriese netwerk wat tytidosittoestand veroorsaak word, verminder.

Die 11kV- en 22kV-kraglyn en transformatormodekeantwerp en gestaaf deur middel van
berekeninge, simulasies en praktiese toetse. Dstagiele lyn- en transformatormodelle is
gebruik om geintegreerde modelle vir elk van diegwoutklinkingtegnieke te ontwerp. Die
geintegreerde modelle is gebruik om die kragnetwerkeaksie onder verskeie fouttoestande te
bepaal. Al twee foutklinkingtegnieke is op bestaandlkV- en 22kV-kragnetwerke
geimplementeer en die gemete resultate is vergeigk die simulasie resultate van die

geintegreerde modelle.

Neutrale klinking is effektief om hoé en lae impesi@ aardfoute te blus. Gedurende die
navorsing is bevind dat 83.4% van al die aardfeutesesvol geblus het na die implementering
van die neutrale klinkingtegniek. Die effektiwit@@n neutrale klinking is hoofsaaklik afhanklik
van die kapasitiewe-koppeling van die kragnetwdgkkel-fase Kklinking is effektief om

aardfoute sowel as fase-na-fase foute te blus. 8ada die navorsing is bevind dat 58% van



alle aardfoute en 94% van alle fase-na-fase fattsesvol geblus het na die implementering van
die enkel-fase klinkingtegniek. Die effektiwiteiaw enkel-fase klinking is hoofsaaklik afhanklik
van die A/Y-transformators se terugvoerstroom, sowel as kaipasitiewe-koppeling van die

kraglyn.

Die implementering van die twee bogenoemde foutkiigtegnieke het gelei tot minder
stremming op stroombrekers, geleiers en transfarsain die elektriese kragnetwerk. Die
effektiwiteit waarmee foute blus, dra by tot digrbabaarheid van die elektriese kragnetwerk
omdat tydelike foute nie ontwikkel in permanentetéonie. Die spoed waarteen foute geblus
word, dra ook by totn verbetering in toevoerkwaliteit ten opsigte varmrsgngsknikke, en

tydelike sowel as permanente kragtoevoeronderbgekin

As gevolg van die hoé klinkingspoed van al tweetKkinkingtegnieke sal tot 50 maal minder
brandwonde veroorsaak word in ongewenste gevalde weens of dier kontak mét elektriese

kragnetwerk maak.

Seutel woorde: Enkel-fase klinking, neutrale klinking, tydelikeut, kapasitiewe-koppeling,

toevoerkwaliteit
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--- Chapter 1 ---

Introduction

1.1 Background

Eskom, being the largest electricity supplier irutBoAfrica, has quite an extensive medium
voltage (MV) network. Figures in the Eskom annwgdart of 2015 indicated that the total length
of power lines equate to 368331 kilometres. Moantfi5% of these power lines are overhead
MV power lines (6.6 kV, 11 kV, 22 kV and 33 kV) [1}1V overhead lines are more prone to

transient faults when compared to HV and EHV lirkg to the following reasons [2]:

» The BIL of the insulators on MV lines are much lowlean on HV lines

» The footing resistance of MV structures are higkrich could lead to back flashovers
during lightning storms

» HV structures are primarily constructed from stesl compared to wooden MV

structures.

Currently, the majority of breaker operations wittMV networks can be ascribed to transient
faults caused by lightning, animals, vegetation amad [3], [4]. Phase-to-phase fault current
magnitudes are generally much higher on MV netwakscompared to earth faults when
NECR’s are installed. For this reason, it is moiiicdlt to quench a phase-to-phase fault
without a breaker operation. Secondly, with phaspkase faults there is no way of clearing the
fault current path without causing a supply intptron to customers. In the case of earth faults,
the fault current path can be interrupted by termplyr ungrounding the MV network [4]. If the

fault current path is removed, the electric ard gilench - provided that the capacitive coupling

of the MV network is such that the capacitive catiie lower than 35 A [5].
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1.1.1 Electrical faults

The energy associated with an open air electricatan cause an enormous amount of electrical

and mechanical stress on an overhead MV networ.hBlat generated by an electrical arc could
range roughly anywhere from 708D up to 18000C [6]. It is, therefore, imperative to limit the

total amount of energy that could arise during kctecal arc. Electrical network components

that are generally the most exposed to damage d¢éysepeated network faults are [7]:

> Breakers
» Conductors
» Transformers, and

> lIsolators.

The amount of arc energy generated during a fawltition is dependent on the system voltage,
fault current magnitude and the time the fault nreman the electrical network [8]. When a

transient fault occurs on an MV overhead line, pstieam breaker is required to trip in order to
clear the fault from the electrical network. If thansient fault was to remain on the electrical
network for a prolonged period of time, it can fesu the failure of upstream equipment [7].

This will cause a sustained interruption to all thestomers connected downstream from the
breaker that tripped. Figure 1-1 shows an examplerg&va conductor failure occurred due to a

transient fault remaining on the electrical netwfanka prolonged period of time.

|

]

L

Figure 1-1 Conductor failures on MV overhead line d  ue to initial temporary fault (lightning)
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1.1.2 Power quality

Eskom, which is currently the largest power utilitySouth Africa, is governed by the National
Energy Regulator of South Africa (NERSA). One aof @ispects that NERSA governs is power
qguality. The power quality of an electrical networkfers to voltage continuity, voltage
disturbances and waveform quality. The main foaesas of this dissertation with regards to
power quality are voltage dips as well as momengary sustained interruptions. Voltage dips
represent a very important aspect within the payuality field due to the impact it can have on
plant operations [9]. Severe voltage dips are galyeraused by faults on the electrical network.
The duration of such dips depends on the faultritigacapabilities of protection equipment [10].
In the event that a voltage dip is short and simathagnitude, some plant equipment might be
able to ride through the duration of the voltagp duccessfully. However, for more severe
voltage dips that are deeper and longer in natineegchances for plant equipment to ride through
such dips are quite slim [11]. Guidelines have bgmen in the NRS 048-2 as to what the
acceptable limits are with regards to voltage difigure 1-2).

1 2 | 3 | a4 | s | e | 7
Number of voltage dips per year
Network voltage range .
(nominal voltages) Dip window category

X1 X2 T S Z1 Z2

6,6 kV to < 44 kV extended overhead 85 210 115 400 450 450
6,6 kV to =44 kV 20 30 110 30 20 45
=44 kV to =220 kV 35 35 25 40 40 10
220 kV to = 765 kV 30 30 20 20 10 5

Figure 1-2 Number of allowable voltage dips per yea r[12]

Even when a transient fault does not develop infrelnanent fault, the power quality of an
electrical network is still affected in terms opdierformance and momentary interruptions [13].
Consider the single line diagram shown in Figui& 1-
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HV (132kV)

Figure 1-3 Single line electrical network diagram

For a fault occurring on Line D, the relevant limeaker will trip to isolate the faulty section of
line from the electrical network. The voltage dipused by the fault will propagate to all
neighbouring lines that are connected on the sambadr. Depending on the location of the fault
and the fault level at the substation, the voltdigeencountered on the MV line can propagate to
the HV line.

An MV breaker opens all three its poles when tmgpfor a fault on the MV distribution
network, regardless of whether the fault is a nplitase fault or earth fault. This causes a
momentary three-phase interruption which resultmators stalling as contactors drops out. This
in turn results in an interruption of plant prodant although the three-phase breaker may have
successfully reclosed three-seconds later dueetdaiht being temporary in nature. Guidelines
have been given in the NRS048-2 as to what acceptabits are with regards to sustained

interruptions. The limits are shown in Figure 1-4.

1 2 3

Unplanned interruptions,

Network category Planned interruptions, number

number
A 3(6) <1(3)
B 18 (75) 4(11)

NOTE 1 The values for 50 % of customers reflect the number of events per annum that are generally
not exceeded in the case of 50 % of customers in South Africa.

NOTE 2 The values for 95 % of customers reflect the number of evenis per annum that are generally
not exceeded in the case of 95 % of customers in South Africa.

NOTE 3 Characteristic values for category C networks will generally be between those of category A
and category B networks.

Figure 1-4 Number of allowable sustained interrupti ons per year [12]
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1.2 Problem statement

Within power utility networks, transient and perreah faults cause power interruptions to
customers. Research has indicated that most fthdtsresult in breakers tripping within MV
networks are temporary in nature [14], [15]. Othswurces have also indicated that
approximately 30% of permanent faults started aarsient fault [16]. All types of faults in an

electrical network do put strain on electrical gupént to a certain degree.

During the 2014/2015 and 2015/2016 financial ye#s,majority of breaker operations within
the Eskom Distribution Free State Operating Unitevdue to transient faults, as shown in
Figure 1-5. The raw data was obtained by compibngivot table from historical fault data
captured within the Eskom network equipment andoperance system database [17]. The
following root causes in Figure 1-5 can be clasdifias being transient faults and have a

combined weight of approximately 61%:

» Overhead line problem
» Fault not found
» Conductor problem

> Adverse weather.

Tree Contacts Wood Structure Problem

2.73%
0.98%
Tower/Structure/Pole Prublem___________________-_-_-_-_-_-_

Breaker Problem

1.43% 4.14%

Theﬂ: :
1.55% / i
Protection Scheme Problem

1.23%

Bundle Conductor Problem
1.13%

Cable Problem
1.36%

Power Transformer Problem

4.44% Conductor Problem

5.64%
Planned Work

7.03% Fault Not Found

1.26%

Insulator Problem
1.54%

Jumper Problem
5.10%

No Fault found
1.35%

Figure 1-5 Root causes resulting in customer interr uptions for the period April 2014 — March 2016

[17]
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A need therefore arises to explore alternative vediydearing transient faults in order to increase
network reliability. If transient faults are cledrmore effectively, it will influence power quality

positively by reducing the length of voltage dipsldimiting voltage dip propagation [10], [11].

In order of frequency of occurrence, phase-to-efantits occurs the most, followed by phase-to-
phase, phase-to-phase-to-earth and, lastly, balathcee-phase faults [18]. It follows from the
literature available that earth faults on HV netkgoaccount for 70% of all faults and earth faults
on EHV networks for 90% of all faults [19].

The two types of fault-clearing methodologies tlaé studied during the course of this

dissertation are:

» Neutral tripping
» Single-phase tripping.

The objective of this dissertation is to conducbaparative study between neutral tripping and

single-phase tripping in medium voltage networkstii@ purpose of clearing transient faults.

1.3 Challenges to address

The challenges listed in this section form an irdégart of the overall research methodology of

this dissertation.

1.3.1 Protection philosophy

To integrate the neutral breaker scheme and tlggesphase breaker scheme into the protection
philosophy of an existing electrical network coypdove to be challenging. A protection
operating philosophy is developed for each schemsb $hat it does not negatively impact the
overall functioning of the existing protection pigbphy of equipment. The protection
philosophies of the schemes are designed to limittmount of arc energy and ionised air during
fault conditions. The safety of humans, animals agdipment are important factors that are

taken into consideration when designing and praltyianplementing the schemes.
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1.3.2 Line model

The accuracy of the line model used in this dissen is of utmost importance. The line model
influences the magnitude of the secondary arc ntreghich exists as soon as the primary arc
guenches. The secondary arc current can be dedimélde current that continues to flow in the
electrical arc after interrupting the primary faglirrent path. The secondary arc current is
applicable to both the neutral breaker and sindlesp breaker schemes. The secondary arc
current is the sum of the electromagnetic (indejtand electrostatic (capacitive) currents [20].
If the capacitive and inductive coupling betweea thulty and healthy phases is strong enough
the secondary arc current will sustain the eleakr@ec [21]. In order to quench an electrical arc

successfully, the fault current needs to be lowant35 A [5].

It is, therefore, imperative that accurate calcatet be performed and verified with the help of
line model simulations. The results of these caltohs and simulations will provide the
magnitude of the capacitive current, which could exgected during fault conditions. The
overall effectiveness of the arc-quenching cap@sliof both the neutral breaker and single-

phase breaker schemes are dependent on the capaaitient.

1.3.3 Transformer model

The transformer model also influences the magnitodlethe secondary arc current. As
mentioned, the magnitude of the secondary arc cudetermines whether or not a fault will
quench [5]. The accuracy of the transformer moslehore applicable to the single-phase breaker
scheme. The validation of the transformer modédl waldone by means of field tests that will be

performed.

1.3.4 Integrated models

Both the verified line - and transformer models emenbined to develop integrated models that
simulate the response of an electrical network ufaddt conditions. It is vital that the integrated
models yield valid results to ensure that no umdes results occur during the implementation

of the neutral breaker and single-phase breakenseb on actual MV networks.
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1.4 Methodology

The methodology of the dissertation is shown iruFegl-6. The outline of the methodology was

primarily guided by the challenges that need taddressed.

Firstly, a detailed literature study was condudtearder to fully understand the principles of
electrical arcs, electrical faults, power qualitydathe effects of capacitive coupling. After a
better understanding of fault-clearing fundamentadsl been obtained, a unique protection

philosophy per fault-clearing scheme was developed.

Before work could commence on developing an integranodel for each of the two fault-

clearing schemes, the parameters of the line amsformer models within ATPdraw needed to
be verified and validated. The verification of the model is done by means of calculations and
is afterwards validated with field test measuremmeihe validation of the transformer model is

also done by means of field test measurements.

Information gathered from the line and transformm@dels are then used to identify suitable trial

sites where the single-phase breaker and neutrakbr schemes are implemented.

The verified and validated line - and transformesdeis are combined to develop integrated
models for the neutral breaker and single-phasakbreschemes. The integrated models are used
to simulate the operation and fault-quenching céitiab of the neutral breaker and single-phase

breaker schemes.

After the successful simulation of both fault-ciegr schemes, the schemes are practically
implemented at the identified trail sites. The dmted results are then compared to actual
measured results, which form part of the validatprgcess with regards to the developed

integrated models.

Lastly, a comparison is made between the neutipitrg and single-phase tripping fault-

clearing philosophies.
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Challenges to address

Protection philosophy

J

Develop protection philosophies for neutral breaded

single-phase breaker schemes
L

v

|}

Line model Transformer model W

A 4

Develop line model in order to simulate
capacitive coupling currents accurately

Develop trinsformer model in order f
simulate feedback currents accurately

[

Y

Do -ealculated, simulated and

NO

NO measured results correlats?
|
YES
L '
‘ Integrated models
——|

breaker schemes usina mod

Combine the verified line and transformer modelgidwelop
integrated models for neutral breaker and singkesph

|

‘ Implement schemes

schemes on MV networks

|

Do simulated and
measured results correlate?

YES
\J

Compare philosophies

Implement and test neutral breaker and single-phesaker

Figure 1-6 Dissertation methodology
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1.5 Dissertation overview

Chapter 2 provides a brief overview of literatuegarding electrical faults and ways of limiting
and reducing electrical arc energy. Arc quenchirgghods are also discussed. The nature and
importance of transient faults, and ways of mitiggsuch faults are reviewed. Furthermore, the
effects which transient faults have on power quaiit terms of voltage dips and supply
interruptions are also discussed. Chapter 2 dissltise theory regarding capacitive coupling as

this is one of the fundamental issues that inflesrtbe quenching of electrical arcs.

Chapter 3 gives an overview of the developmentrofgetion philosophies regarding the two

proposed transient fault-clearing schemes. Thesestliemes being:

> Neutral breaker scheme on MV networks

» Single-phase breaker scheme on radial MV lines.

The proposed operating philosophies of both scherealso established in Chapter 3.

Chapter 4 focusses on creating, verifying and waéild) a line model. The accuracy of the line
model has a direct influence on the magnitude efsacondary arc current which could sustain
an electrical arc. Therefore, a comparison is dmteveen the calculation and simulation results
in order to verify the accuracy of the line modséd in the ATPDraw simulation package. The
calculation and simulation results are validatethwivo sets of measured results. The results and
validated line model is then further used in thiegnated models, which is discussed in Chapter

6 of this dissertation.

Chapter 5 focusses on validating a transformer inodibe accuracy of the transformer model
has a direct influence on the magnitude of the rs#&xy arc current that could sustain an
electrical arc. Therefore, a comparison is donevéen two sets of simulation and measured
results in order to verify the accuracy of the sfarmer model used in the ATPdraw simulation
package. The validated transformer model, is thethér used in the integrated models, which is

discussed in Chapter 6 of this dissertation.

Chapter 6 focusses on selecting suitable locatidmsre the neutral breaker and single-phase
breaker schemes will be implemented. Simulationbaih schemes are done and the results
analysed in order to determine whether it is pdsdi implement both schemes. Based on the

simulation results obtained, each scheme’s advastagd limitations are also briefly discussed.
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Chapter 7 contains measured results of both impiéedeschemes. The measured results are
discussed and compared to the simulated resultsdier to validate the integrated models that
were created in Chapter 6.

Chapter 8 aims to compare the neutral breaker imgtesphase breaker philosophies with each

other. The comparison includes the following:

Transient earth fault-clearing capabilities
Transient phase-to-phase fault-clearing capalslitie
Impact on power quality

Advantages of each philosophy

Limitations of each philosophy

YV V V V V V

Proposed locations to implement each scheme.

Chapter 8 also includes relevant recommendaticaisaie made with regards to improving the
operation of both schemes and in view of futureaesh.
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--- Chapter 2 ---

Literature study

As basis to explore the problem statement desciihé@hapter 1, the theory around electrical
arcs, electrical faults, single-phase tripping, powuality and the effects of capacitive coupling
needs to be reviewed.

2.1 Electrical arcs

2.1.1 Background

An electric arc can be described as a rapid reledsenergy due to insulation breakdown.
Insulation breakdown occurs between a live elemitrionductor and earth, or between two live

conductors at different potentials [6], [8]. Theidhrelease of arc energy can be in the form of

[6]:

» Heat energy

» Light energy

» Mechanical energy - Shockwave
» Sound energy.

There are numerous factors that can result in aotredal arc forming within an electrical

network. Some of the factors are [2], [6]:

» Insulation breakdown of equipment due to pollutiacgrrosion, condensation or
mechanical failure

» Overvoltage conditions that exceed the basic inisuldevels of equipment

» Foreign objects like animals and vegetation thagatr a fault path between two

conductors or a conductor and earth.

12|Page



2.1.2 Arc energy

The energy associated with an open air electricalpiaces an enormous amount of electrical

and mechanical stress on an overhead MV network.hElat generated by an electrical arc could
range roughly anywhere from 708D up to 18000C [6]. It is, therefore, imperative to limit the

amount of energy generated during an electrical arc

According to IEEE standard 1584 of 2002 [8] theilakde incident energy of an electrical arc,
to which a person might be exposed, for a phaggse system voltages up to 15 kV is

calculated as

B = cn (55) (%) @

and the incident energy of an electrical arc, floage-to-phase system voltages above 15 kV, is

calculated as

E = 5.12x105VL (5;), )

whereE is the incident energy (cal/ént is the arcing time (s), x is the distance fac@ris the
calculation factory is the system voltage (Mp is the distance from possible arc point to person
(mm), E, is the normalised incident energy (calfymandI; is the three-phase bolted fault

current (A).

As can be seen in the two equations above, theldntienergy is dependent on the system

voltage, fault current and the amount of time #ndtfremains on the electrical network.

2.1.3 Limiting or reducing arc energy

Limiting arc energy under fault conditions can lome in a number of ways. The most practical
ways are to reduce the fault current magnitudeo eeduce the amount of time the arc remains

on the electrical network during fault conditions.

The earth fault current in a MV electrical netwaikn be limited by installing a neutral earthing
compensator with a neutral earthing resistor. @uirén Eskom, neutral earthing compensators
and resistors are installed on the MV side of ttigtion transformers. The NECR limits the
earth fault current to a maximum of approximated@ 2\. The installation of a NECR allows for
the detection of earth faults by creating an epdimt in the delta configured MV network, as

shown in Figure 2-1.

13|Page



HV Winding LV Winding
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Figure 2-1 Earth fault current flow in a network gr ~ ounded by means of a NECR [22]

Another way of limiting earth fault current is bgstalling Peterson coils. The tuning of such
coils can prove to be challenging [5]. In some ¢oas the magnitude of earth faults are limited
by operating the overhead electrical network iruagrounded configuration. The magnitude of
earth fault currents is mostly dependent on the@tia-earth capacitive coupling of the feeder as
shown in Figure 2-2 [5].

E -
- (: ) " L1
=P : : <« L2
. 13
Eis —> -
N _

CEarth ‘ ‘

RFauIt

Figure 2-2 Capacitive currents flowing in an uneart  h network under fault conditions
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The installation of NECRs and Peterson coils reduttee phase-to-earth fault levels in a
network. The reduction of phase-to-phase faultlegan be accomplished by means of current
limiting fuses or current limiting reactors [23R4]. One disadvantage of a current limiting
reactor is that it introduces additional impedamte the electrical network, which results in
additional voltage drops. It can also introducemmarics into the electrical network due to the
additional inductance altering the parallel resmggpoint of the network, especially if there are
shunt capacitors installed downstream on radial dd¥vorks [25]. The reduction of the phase-
to-phase fault level of a network negatively aféettte network stability. Starting of large motors

might cause voltage dips and have longer starimgs.

With reference to equation (1) and (2) the eleatrxc energy is directly proportional to the
arcing time. The arcing time can be defined astated amount of time it takes to clear a fault
from the electrical network - which is usually a@red by the tripping of a circuit breaker. The
total fault-clearing time is the summation of thetpction relay operating time, which depends
on the type of protection philosophy that is impésmed, plus the breaker opening time. Typical
breaker mechanism opening times can range from 3680 ms with regards to MV breakers
and cannot be influenced. The protection relay atpey time can, however, be modified by

changing the protection settings philosophy orréhey [26].

2.1.4 Arc quenching

Electrical arcs can be quenched in a number okewifft ways. The most common way of
guenching an arc is to remove the source of cufesding into the fault by means of a breaker
operation. The electrical arc is quenched insigebiteaker poles by an insulation medium (oil,
vacuum or S as the breaker contacts move apart from each [#fig An arc on an overhead

line can also self-extinguish due to the risinghaf hot ionised air that increases the electrigal a

resistance up to a point where the arc quenchéd stsated in Figure 2-3.

14 o\ AEE Lo

Figure 2-3 Arc quenching due to heat rise [7]
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The presence of strong winds can also increasel#iogrical arc resistance to a point where the

arc quenches, as illustrated in Figure 2-4.

o ‘

Figure 2-4 Arc quenching due to an increase in arc resistance [7]

Studies conducted in Finland regarding ungrounde#\2 networks [5] have concluded that if
the fault current in an overhead electrical netwogk be reduced to a point below 35 A, the
electrical arc should quench. Other research hasrsithat an electrical arc cannot sustain itself
if the AC voltage drops below 120 V [6].

In the case of an earth fault, limiting the faulrrent below 35 A is possible by temporarily
unearthing the MV network. By unearthing the netwyahe return path of the fault current back
to the substation is removed. The earth fault shaplench, provided that the fault is of a

temporary nature and capacitive coupling of theromgded MV network is less than 35 A [5]

In the case of a phase-to-phase fault, it is qliffecult to limit the high fault currents to a pi

below 35 A in order to ensure successful arc quegchit has been recorded that a number of
phase-to-phase faults, which were initiated bythgig, successfully quenched on their own
without any breaker operation [28]. Figure 2-5 bekhows an example of natural quenching

without a breaker operation.

16|Page



‘Wawelarmy ¥oltege GALG dpr - Sap ] | #EALE Waveharms GAEG_07-03_ 201 0#Ganspan_§5

+100kA direct stroke

/

\_/ Voltage
I !IL I“rlumuru;-un.llnip g | ERIT "::; Wavelarms GAED_07-03_ 201 0@ Ganspan_§5
: N\ ' Current ” v\
. [ | Current

(i e

o
r & %/7 w0

Arc quenching Arc quenching

Tuwsday 10 May UL, 3204 1239 09,008 - 88,054 Tuesday 16 Fehruary 2000, 1 04904 1200632 - 00,813

Figure 2-5 Example of arc quenching [28]
2.2 Electrical faults

An electrical fault is initiated by insulation biebwn between a live electrical conductor and
earth, or between two live conductors with différgrotentials. Electrical faults within an
electrical network can be permanent or temporaryaiture. Permanent faults, also referred to as
sustained faults, require the tripping of an ustrdreaker in order to isolate the faulty section
of the line. Temporary faults, which are also reddrto as transient faults, also require the
tripping of an upstream breaker in order to cléar fault from the network. Self-quenching of

temporary faults has been recorded without th@itngp of an upstream breaker [28].

2.2.1 Permanent faults

Sustained faults can be defined as faults thatohr@ permanent nature and result in circuit
breakers running through their auto-reclose sequentl the breaker ultimately locks out in the
open position. This requires that the fault be tedaand repaired before the electrical network

can be successfully re-energised. The followindi$aare categorised as sustained faults:

Failure of primary plant equipment
Failure of structures

Failure of conductors or cables

YV V V V

Failure of line hardware.
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Failure of line hardware includes equipment likeuilators, transformers, isolators and fuses. If a
fault remains across the sheds of an insulatoafprolonged period of time, it can lead to the

failure of the insulator as shown in Figure 2-6.

Figure 2-6 Insulator failure on the FIM 22 kV line  due to sustained fault across insulator sheds

Repeated flashovers across the sheds of an inswdtdead to the degrading of the insulator
material over time. When an insulator is not prbpelesigned, the electric field along the
surface of the insulator can become too high. Tésilts in the air along the surface of the
insulator breaking down, causing partial dischargasthe surface of the dielectric. Partial
discharges damage the carbon bonds in some polymieich causes carbon tracking to become
visible on the surface of the insulator, as showfRigure 2-7 [2]. Tracking will continue until a

flashover occurs.

Figure 2-7 Tracking across sheds of insulator [2]
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2.2.2 Transient faults

Transient faults can be defined as faults that nensa an electrical network and typically
require a circuit breaker operation to quench. osintases, as soon as the circuit breaker closes,
the object responsible for causing the temporamt faould not be part of the electrical circuit
anymore. During the fault condition, damage canchased to insulators, conductors, line
hardware and other electrical equipment due tchéee and mechanical energy associated with
an electrical arc. Transient faults also negativeipact power quality in terms of voltage dips
and momentary interruptions. Although air in a memfined space is a self-restoring insulation
medium, if the voltage across it exceeds 3kV/mntaahbver will occur and be sustained [2].

Scenarios that could cause transient faults wheis #he main insulation medium are:

» Wind
» Lightning strokes
» Animals

» Vegetation.

Conductor clashing occurs when overhead conduciash against each other and result in a
phase-to-phase fault. This usually occurs durinmderstorms where strong gusts of wind are
present. Conductor clashing occurs on MV lines thu¢he incorrect tensioning of overhead
conductors and where conductor spans are too lbmprrect tensioning causes excessive

conductor sagging, especially where long span fengte encountered [29].

Most lines in central South Africa are susceptibldightning activity [30]. It has been reported
that up to 78% of all MV equipment failures weraugad by lightning [28]. Lightning can be

defined as the phenomenon of a large electric drgghfrom a charged cloud, in the form of a
spark or flash [31], [32].

HV lines are usually equipped with shielding wiraad the tower footing resistances are
relatively low - typically less than 2Q. MV lines, on the other hand, are generally uridbid

and the footing resistance of these structureseanell in excess of 2Q. The basic insulation

level of HV and EHV insulators are also a factortlufee to six times higher than the 150 kV
BIL of MV insulators. Therefore, MV lines are mopeone to lightning flashovers and back
flashovers, especially for high amplitude lightnisigokes [33]. Although little can be done to
prevent lightning from terminating on an MV overtldae, an attempt can be made to minimise

the extent of the damage by clearing the faultuaskty as possible.
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2.3 Single-phase tripping of circuit breakers

Any fault condition within an electrical networkgeires a breaker trip in order to clear the fault.
The fault-clearing time influences the amount okmy which equipment on the network is
subjected to under fault conditions. The time Ketfor a breaker to trip will determine the

amount of ionised air and plasma that is formeceuadfault condition.

2.3.1 Single-phase tripping in HV and EHV networks

Single-phase tripping is utilised within HV and EH¥tworks where the majority of the faults
are earth faults. Single-phase tripping referdottipping of only the faulty phase as compared
to a full three-phase interruption. In order ofguency of occurrence, earth faults occurs the
most, followed by phase-to-phase, phase-to-phasaith and three-phase faults [18]. As was
pointed out earlier, current literature suggess the percentage of earth faults on HV and EHV
networks account for approximately 70% and 90%IdBalts respectively [19].

The single-phase auto reclosing philosophy on Eld¥slis configured in such a way that only
the single-phase breaker connected to the faulgelrips. The tripped breaker remains in the
open position for a short period of time to allowv the fault to quench whereafter the breaker
recloses. If the fault has successfully quencheel,breaker will remain in the closed position.
However, if the breaker recloses onto the faulttllee single-phase breakers will trip and

remain in the open position.

Literature indicates the following advantages wlsemgle-phase auto-reclosing schemes are
utilised in HV and EHV networks [20]:

» Improvement in system reliability and availability
» Improvement in the transient state stability of ¢tectrical network

» Decrease in overvoltage’s caused by switching.

One problem that is encountered in the single-phasto-reclosing philosophy is the

phenomenon of the secondary arc current. The sacpratc current can be defined as the
current that continues to flow in the arc after thipping of the single-phase breaker. The
primary fault current @) and secondary arc current.fl for a single-phase to earth fault is
graphically illustrated in Figure 2-8 [21].
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Figure 2-8 Single line diagram depicting phase-to-e  arth fault

The secondary arc current is the sum of the electgmetic and electrostatic currents assuming a

fully transposed, symmetrical transmission line ead be expressed as [20]:

[sec = Ism + Iscs (3)

where lsecis the secondary arc currehgy is the electromagnetic coupling current, &ndis the

electrostatic coupling current.

If the capacitive and inductive coupling betweea two healthy phases and the faulty phase is
strong enough, the arc will be sustained by th@rsdary arc current. When the arc does not
successfully quench, a three-phase trip will b&atdad once the single pole breaker recloses.
[34]. It can also be noted that the inductive cowplcontributes much less towards the

secondary arc current compared to the capacitiuplom component [21].

Zevallos and Tavares [35] mention that in the ca@ transmission line with a length of
100 km, the secondary arc current can be in thgerarfi 10 A to 100 A, due to capacitive and

inductive coupling.

Literature states that the initial arc (primary)apcoves to have a much greater deterministic
behaviour than the secondary arc, when observedgifield- and laboratory testing. The arcing

channel of the secondary arc can be severely miee by a number of external conditions,

which include factors like wind and the surroundiogised air [19]. Literature has shown that

the secondary arc in air can be expressed by n@amslifferential equation with regards to the

arc conductance, as [19], [36], [21]:

d_1¢ —
whereG is the stationary arc conductancés the arc time constant, agds the instantaneous

arc conductance.
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The stationary arc conductan€®) can be expressed as [19], [36], [21]:

G = larel (5)

Ust

wherei,,.. is the instantaneous arc current apdis the stationary arc voltage. The stationary

arc voltage is given by [19], [36], [21]:
Ugy = (u6 + r(l)liarcl) X larc (D), (6)

whereu, is the characteristic arc voltage per length. is the instantaneous arc length afids

the characteristic arc resistance per length.

The magnitude of the secondary arc current andseggo/oltage, which are present across the
secondary arc path, is essential as it will deteemvhether the arc extinguishes. The secondary

arc directly influences the success rate with @& the quenching of electrical faults [20].

2.3.2 Single-phase tripping in MV networks

A number of sources have indicated that the mgjafitfaults within MV networks are single-
phase faults [3], [4], [5], [37]. Furthermore, &$ralso been documented that a large percentage

of these faults are transient in nature [14], [16].
The following negative effects can be associatd single-phase tripping [25], [38]:

It can lead to ferroresonance in transformers
Will create a single phasing condition for threexpd motors
Fault may not clear due to the two healthy phasek{feeding into the faulty phase

YV V VYV V

Possible mal-operation of earth relays in doubteudi lines due to the flow of zero

seqguence currents.

Ferroresonance is a term that refers to the oBodlaphenomenon that occurs between a
capacitor and a non-linear inductor [39]. Duringréeesonance conditions, high overvoltages

and distorted overcurrent conditions may be en@redt[40].

Figure 2-9 below shows an unbalanced three-phastriebl diagram where the phase-A of the
supply voltage is opened, similar to a fuse failewadition or a single-phase breaker operation.

One should note that the transformer primary wigdiconnected in delta configuration.
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Figure 2-9 Loss-of-phase condition in an grounded e lectrical network [25]

During a loss-of-phase condition on a lightly loadeansformer with a delta or ungrounded wye
primary winding configuration, ferroresonance caow. The core of the transformer acts as the

non-linear inductance. The capacitance consists of:

» Coupling between the different phases of the oathie
» Coupling between phases and earth of the overliead |

Symptoms of ferroresonance include [25], [40], [41]
» Overvoltage and overcurrent
» Audible noise
» Insulation breakdown
» Sustained levels of distortion

» Overheating of equipment

Another challenge encountered with a single-phapping philosophy in MV networks is that

heat is generated in three-phase motors durindtagesunbalance event.

The main hurdle to overcome in order to implemeinigle-phase tripping on MV lines
successfully is the secondary arc phenomenon. 8acparc currents are normally encountered
in single-phase auto-reclosing schemes on HV and Etés. This is due to the capacitive and
inductive coupling, which the two healthy phasegehan the faulty phase - thereby inducing the
flow of a secondary arc current. It is importanatthwhen implementing single-phase auto-
reclosing philosophy, that the faulty phase mustéenergised long enough for the secondary
arc to quench.

The majority of MV lines within the Eskom networkeasupplied form a Ynd substation
transformer with aA secondary winding configuration. The pole mountethsformers that
supplies customers on radial MV lines hava ¢oad side and a Y supply side configuration
(Dyn). In the event of a phase-A to earth faulttbe delta configured MV line, the phase-A
breaker will trip. This is graphically illustratén Figure 2-10:
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Figure 2-10 Transformer A primary winding with phase-A breaker open [42]

With the phase-A breaker open, the voltage acrbsswig transformer winding remains
unchanged at nominal system voltagé.§). Transformer windingsva and wc will both
maintain only half of their original voltages asosm in Figure 2-10. The following equations

are applicable according to Norouzi [42]:

Vog = Vi, (7)
Voc =Voa =— %VB-C, (8)
la=0, )
lc=—lg (10)

Sutherland performed similar tests by creating panophase condition on &Y configured

transformer. He observed the following voltagesngepresent on the secondary side of the

transformer [38]:

Table 2-1 Voltages present on secondary side of

(phase-A)

AlY transformer under loss-of-phase condition

Transformer

configuration

Primary side of transformer:

phase-to-earth per unit voltages|

Secondangside of transformer:

phase-to-earth per unit voltages

Al'Y

VA.E VB-E VC-E

Vae Vp.e Ve

0 1 1

0.58 1 0.58
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The single-phase tripping of breakers could yibklfollowing advantages [38], [43]:

» Possibility of voltage dip ride through for plamugoment

» Reduces the impact of voltage dips that propagatie adjacent MV lines if breakers are
set to trip instantaneously for fault conditions

» Customers with single-phase loads, which are cdedeo the non-faulty phases will not
experience a power interruption

» If there are only single-phase customers on thelid®, and provided that customers are
equally split between phases, it will result inigngicant decrease with regards to the

average number of customers being interrupted gaimearth fault.

2.4 Capacitive coupling

Capacitive coupling is caused by the induction ofatternating charge onto another electrical
object, because of the presence of a voltage onvarhead power line. This is due to the
distributed capacitance between the overhead lik the object, as well as the distributed
capacitance between the object and ground [44].tRermost basic single-phase case, the

capacitive coupling is illustrated in Figure 2-11.

Line Obiject (line or large object)
o | o)
i \
c]
™ .
|\'—'---4/_|\ A" Cz —_— VZ
Figure 2-11 Capacitive coupling between overhead li  ne and adjacent object [44]

The relationship between the induced voltagg énd the system voltage of the overhead line to
earth ) is given by
C
VZ = V1 Cl—-:CZ f (11)
whereC, is the distributed capacitance between the overliradand the object, an@, is the

distributed capacitance between the object anti.eart
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From the equation given above, it is evident thd{:[

» Theoretically,V, can be as high a# if C; = C,. This suggests that high voltages could
be induced by means of capacitive coupling

» |If V, is short circuited (earth fault condition), theultant current flowing throug@; is
proportional to the length of the parallel expodueéveen the overhead line and object

» Magnitude of the capacitive coupling is dependenthe system voltage of the overhead
line

» Magnitude of the capacitive coupling is independ®nihe system phase currents of the
overhead line.

The total capacitive coupling of a MV overhead lineder normal operating conditions is
negligible due to the presence of all three phasb#h cancel each other out [45]. However,
during an earth fault condition in an ungroundetivoek, the picture changes quite drastically.
This is especially true in the case of long ruirz$ which are supplied from the same substation.
The majority of the capacitive coupling occurs kextw the two healthy phases and earth as well
as the coupling between the healthy phases andffaeted phase, as shown graphically in
Figure 2-12.

Figure 2-12 Capacitive coupling between phases and phase-to-earth in an ungrounded network
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A single line diagram depicting only the phase-aoHe capacitive coupling during an earth fault
is shown in Figure 2-13. One should note that andIce are the phase-to-earth capacitive

currents, andlcyp is the total phase-to-earth capacitive current.

HV System HV MV Ieap
YL MV line Phase-A
T ]
') Phase-B
o 1B E /
% L Phase-C 4
l Ic-g ,
(‘) n CE:[— Cg= ]_ ICap
Vg =10 la /
= — Earth (E) —— =

Figure 2-13 Flow of capacitive currents between phases and eart  h during an earth fault in an

ungrounded network [4]

When an electrical network is ungrounded undert faahditions, the network voltage neutral
reference point shifts from its normal fixed pdiotthe affected phase - thereby resulting in full

phase-to-phase system voltages being present apghas®-to-earth terminals [4], [46], as is

illustrated in Figure 2-14.

Network voltage Vce= Vca VB-£= VB-A

Neutral reference

Vc VB Vc Ve

Figure 2-14 Three-phase phasor diagram before and a  fter the unearthing of an electrical network

under earth fault conditions [4]

The secondary voltages of Y stepdown transformer will not change when thémoek is

ungrounded because there is still nominal phageiése voltages present across the transformer

MV windings.
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From Figure 2-13 and Figure 2-14, one can deduat tte total phase-to-earth capacitive
current between the healthy phases and edffq(pnase—to—ecarth capacitive current ), €an be

expressed as the sum of the current vectors:

ITotal phase—to—earth capacitive current = |IB—E+ lC—Elv (12)

or alternatively,

—_ o
ITotal phase—to—earth capacitive current — IB—ECOS(3O ) + IC—ECOS(SOO)’ (13)

wherelgg is the capacitive current flowing to earth fromape-B, andcg is the capacitive

current flowing to earth from phase-C.

The capacitive current between the healthy phasesd ahe faulty phase
(ITotal phase—to—phase capacitive current): ShOWN in Figure 2-12, can be expressed as tire du
the current vectors:

ITotal phase—to—phase capacitive current = I8—a *+ lc-al, (14)
or alternatively,

ITotal phase—to—phase capacitive current = 15.4€0S(307 + I, c0os(30°), (15)

wherelg.a is the capacitive current flowing from phase-Bptase-A, andc.a is the capacitive

current flowing from phase-C to phase-A.

Theoretically the total capacitive current can bdtten as (assuming delta overhead line

configuration):

lCapacitive total = ITotal phase—to—phase capacitive current + ITotal phase—to—earth capacitive currents

which can also be expressed in terms of systeragedt and capacitance as

21tfCeoupling Vpp
ICapacitive total — 73 ) (16)

where f is the power system frequend¥, is the system phase-to-phase voltage,@gging iS
the sum of the phase-to-phase and phase-to-eaditance.

Maatta [47] has indicated that overhead lines @20akV system could have a capacitance of
6 nF/km per phase with an earth fault current 66@. A/km. This does correlate with other

measurements that have been conducted where aitoapaurrent as high as 34 A was

observed. The 34 A was measured under an earth dandition in an ungrounded 22 kV

system, which had a combined overhead line lengthapproximately 600 km [7].
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Maatta [47] further indicated that cables couldduwe earth fault currents of up to 4 A/km,

which is significantly higher as compared to overhénes.

For a three-phase system, the capacitance per pleaseen the overhead conductor and earth

can be expressed as [48]:

2meg (17)

Cphase-to-earth - arcosh(%) !

= dz“—gz F/m, (18)
1n<-+ _2.1)

wherer is the radius of conductors (na), is the permittivity constant which is 8.85x¥0andd

is the distance between centre of the conductoeartth (m).

For a three-phase system, the capacitance betweerohductors can be expressed as [48]:

_ TEQ
Cphase—to—phase - arcosh(zi) ! (19)
T

_ mEQ

= — F/m, (20)
11’1(; + m - 1)

wherer is the radius of conductors (na), is the permittivity constant which is 8.85x%pandd

is the distance between centres of both condu(toys

From the equations above, it can be concludedthetmagnitude of the capacitive current is

dependent on the following factors:

» Length of the conductor

» Size of the conductor (thickness)

» Operating voltage of the electrical network
>

Distance between the conductors.

Another factor that also influences the magnitufihe capacitive current, but to a lesser extent,

is the distance between the conductors and eddth [4

29|Page



2.5 Power quality

The National Energy Regulator of South Africa, iccerdance with its directive on power
quality, has developed a number of standards ggs$ta with the managing of power quality by
licensees in South Africa. One such standard iSNRR& 048 standard [12], which focusses on

the quality of supply.

Power quality, also known as voltage quality, cevguite a number of disturbances within an
electrical network [50]. The power quality of ae@tical network with regards to voltage can be
grouped into three sections, namely voltage wavefguality, voltage disturbances and voltage

continuity.

The main factors influencing the voltage wavefomalgy are:

Voltage frequency
Voltage harmonics
Voltage magnitude

Voltage flicker

YV V V V V

Voltage unbalance.
The main events, which cause voltage disturbancedeztrical networks are:

Impulses/spikes

>

» Dips
» Swells
>

Transients.

The voltage continuity of an electrical networknfluenced by the number of interruptions that
occur. These interruptions can be divided into bategories, namely momentary and sustained

interruptions.

When transient faults on MV networks are clearetheit causing a power interruption to
customers, it improves the power quality of thatweek with regards to voltage continuity
(interruptions). By reducing the time that the faeimains on the network, one can improve the

power quality of that network with regards to vgkeadisturbances (voltage dips).
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2.5.1 Voltage dips

Voltage dips represent a very important aspectosigr quality due to the severe effect it can
have on plant operations [9]. Voltage dips can &ndd as a reduction in system voltage for a
period of less than three seconds. Voltage dipsusteally caused by equipment failures,
conductor clashing or lightning strokes within thlkectrical network. A voltage dip can also
occur due to starting of large motors [13]. Voltaljps encountered due to electrical faults are

more severe than voltage dips caused by the gargrof a motor [10].

Voltage dips are characterised by the dip depthchvis the difference between the actual
voltage and declared system voltage, and the digtidn. Figure 2-15 shows a window of how
voltage dips are currently classified in the NR8-@4standard with Z2 class dips being the most

severe in terms of dip depth and dip duration.

Range of dip Range of residual Duration
depth voltage t
AU n
(expressed as (expressed as
a percentage of a percentage of 20<t=150 ms 150 <t =600 ms 06<t=3s
declared voltage | jecigred voltage Us)
Uy)
10<AU=15 90=>U,285
Y
156 <AU =20 85>, =80 71
20<AU=30 80=>U, =70
30<AU=40 70> U, 2 60 X1° s
40 < AU <60 60 > U, = 40 X2 72
60 = AU =100 40=U.20 T

Figure 2-15 Voltage dip window [12]

By adjusting the fault-clearing times of protectiequipment within an MV network, it is
possible to reduce the duration of voltage dipg.[I8e dip depth is a function of the fault level
of the electrical network and cannot be altere@ddjysting the fault-clearing times of protection
equipment and can be written as [26]:

I
— fault current X 100% )

Ifault level

Vdip expected (2 1)

where Viip expectediS the voltage dip that can be expected at thec89laurt current IS the current
flowing under fault conditions, anig jever IS the maximum current that can flow under fault

conditions at the source.

3l1|Page



This formula can also be expressed in terms of otwmpedances. The voltage that can be

expected at the point of common coupling duringrad-phase fault is:

Zs
res T 7o+ Zg

(22)

whereZ; is the impedance of the ling; is the impedance of the source, & is the voltage

expected at the point of common coupling.

From the equations above, it is evident that aagetdip is more severe if the fault is located
closer to the source. The network impedance dyréatluences the depth of voltage dip that can

be expected [13].

Voltage dips are not only confined to the line ohick the fault occurs. Voltage dips can
propagate to all lines that are connected to theessource. If the depth of a voltage dip is severe
and remains on the network for a prolonged peridihee, it causes sensitive plant equipment of
customers to trip. This will have a negative finah@anpact on all customers who are supplied
from the same source. Some plant equipment miglatokeeto successfully ride through voltage
dips that are short in duration and small in magigt Research done with regards to the dip ride
through capabilities of programmable logic congmdl shows that the odds of such a controller

riding through a voltage dip reduces quite draByiees the dip duration increases [11].

Programmable Loglc Controllers

Trig Voltage
o

Perosni

K
[=1
]

Sag Duration In Cycles

Figure 2-16 Dip ride through capabilities of two di  fferent programmable logic controllers [11]

32|Page



The South African grid connection code for renewalpower plants connected to the

transmission system or the distribution systemegjiguidelines for the expected dip ride through
capabilities of a renewable power plant [51]. Dgrthe dip ride through process, the renewable

power plant must not disconnect form the electneivork (area A and B) as shown in Figure

2-17.

1.2

Umax|

2§ ¢
I

9o
9

Voltage(U) at POC
b
o o o
PO

o
]

Continuous Operating Range
Area A

Area C

:

Umin < Un < Umax

Figure 2-17 Voltage ride through capability for som

e categories of renewable power plants

(51]

Voltage dips caused by faults on a HV network iibpagate to the connected MV networks.

Faults on a radial MV line might also propagate#wallel MV lines depending on the system
fault levels and fault location. Research has iadid that sensitive production equipment of

industries can operate incorrectly during voltage donditions [52]. Figure 2-18 shows a

summary of fault types that caused the incorreetaton of sensitive production equipment.

Faults on
Transmission
System
31%

Faults on
Circui
[ 23%

Faults on Parallel
Circuits
468%

Cwn
t

Figure 2-18 Distribution of fault types, which resu

production equipment [52]

Ited in the incorrect operation of sensitive

It is, therefore, important to clear any fault anedectrical network as fast as possible in order t
reduce the duration of the voltage dip that capropagated onto parallel lines.
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2.5.2 Voltage continuity

The term voltage continuity refers to the abilifytioe power utility to provide an uninterrupted
power to customers [12]. The term voltage intetimiptcan be defined as an event where the
supply voltage falls to zero for more than threeesels [52]. A voltage interruption can be seen
as a planned or unplanned event that results imig@nnection of one or more phases of the
electrical network, which supplies a customer [M]ltage interruptions can be divided into two

categories, namely:

» Momentary interruptions

» Sustained interruptions.

An interruption occurs when the only remaining git¢o a point of supply is disconnected due

to:

» Permanent faults
» Transient faults
» Mal-operation of switchgear

» Emergency switching operations.

For an electrical fault within MV distribution netrks, a breaker will open all three its poles,
regardless of whether the fault is a multi-phasgt far earth fault. This causes motors to come to
a stop as motor contactors will drop out as soothee is a power interruption. This results in
an interruption in plant production, even thougé three-phase breaker may have successfully

reclosed after the temporary fault is cleared fthennetwork.
NERSA defines a momentary interruption within the®N048-2 standard as [12]:

» An unplanned or planned event

» Disconnection of one or more phases of the elettnietwork

» Event which is prevalent for a period of three-seisoto five minutes for MV and LV
networks, whereafter full three-phase supply mestdstored

» Event which is prevalent for a period of three-s@tsoto one minute for HV and EHV

networks, whereafter full three-phase supply mestdstored.

The NRS 048-2 standard specifies the allowable amofisustained interruptions per year, as

shown in Figure 2-19.
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1 2 3

Unplanned interruptions,

Network category Planned interruptions, number

number
A 3(6) =1(3)
B 18 (75) 4 (11)

NOTE 1 The values for 50 % of customers reflect the number of events per annum that are generally
not exceeded in the case of 50 % of customers in South Africa.

NOTE 2 The values for 95 % of customers reflect the number of events per annum that are generally
not exceeded in the case of 95 % of customers in South Africa.

NOTE 3 Characteristic values for category C networks will generally be between those of category A
and category B networks.

Figure 2-19 Allowable sustained interruptions pery ear stated within the NRS 048-2 standard [12]
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2.6 Critical literature review

All types of electrical faults put strain on eléctl equipment. In order to reduce the damage
caused by electrical faults, it is important to ueel the arc energy of the fault. Methods of
reducing the arc energy is to limit the fault catrenagnitudes by using current limiting reactors
or Peterson coils [4], [5], [23], [24]. A more eftere method to influence the arc energy is to
reduce the time the fault remains on the electneivork. Practically, it is quite difficult to

substantially reduce phase-to-phase fault curiersas MV network. Reducing the fault level of

a network can limit the phase-to-phase fault cusidmwever, the starting of large motors might
introduce voltage dips and have longer startinge$iniThe fault-clearing times can easily be
reduced by implementing an instantaneous tripphitpgophy. It is therefore proposed to reduce

the arc energy by means of the neutral breakersagle-phase breaker schemes.

Research has indicated that most faults, whicHtresbreaker operations within MV networks,

are temporary in nature [14], [15]. These findirdys seem to correlate with the number of
transient faults that equated to approximately 6i%Eskom MV networks within the FSOU

during 2014/2015 and 2015/2016 financial years.trahsient faults have a negative impact on
power quality with regards to voltage dips and aodt interruptions. When transient faults are
not cleared fast enough, it causes damage to eguiprwhich may lead to a permanent fault
occurring. Sources have also indicated that appratély 30% of permanent faults started as a

transient fault [16].

Faults in MV networks are generally cleared by nseainthree-phase breaker trips, which result
in a voltage interruption to customers. In EHV adA¥ networks, single-phase tripping is
utilised. In order to reduce the number of earthltfaencountered in MV networks, some
countries operate parts of their networks in arremngded configuration. When the fault current
is limited below 35 A in an ungrounded network @& A in a compensated network, faults
should successfully self-extinguish [5], [4]. Othsources have indicated that phase-to-phase
faults have self-extinguished even though the fauttent magnitude was much higher than 60
A in a compensated network [28], [53]. Althoughhas been recorded that faults could self-
extinguish at high fault currents, a more conséreasecondary arc current limit of 20 A is
recommended. This is to ensure that the fault-tigazonditions are optimal for any transient

fault event.

Capacitive current forms an important componenthef secondary arc current. Some of the
literature that was reviewed varied with regardshttiw much capacitive current could be

expected in ungrounded systems. In one case, aageveapacitive current of 0.35 A/km is
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calculated in an ungrounded 11 kV system [4]. Hugsates to 0.7 A/km for an ungrounded 22
kV system, which is relatively high. Another souiiodicates that the capacitive current in an
ungrounded 20 kV system is in the range of 0.06MAJ47]. Other work performed indicates

that an average of 0.06 A/km was measured on amounded 22 kV system [7]. When

comparing these findings, two of the results cateelvell with each other and will be used as a
guideline [7], [47]. Capacitive current is depeniden a number of variables, which include the
system voltage, conductor type and structure diloaeg49]. Therefore, the capacitive current
needs to be calculated from first principles focleanique scenario in order to obtain accurate

results.

It is well known that if an induction motor operaiti@ a voltage unbalance condition, it results in
the derating of the motor [54], [55], [56]. This dsie to the additional heat that is generated
within the windings of the motor during a voltagebalance condition. This again is due to the
heat build-up being influenced by the stator anrreesistance [55]. It does seem that the
derating of the motors in literature is only apabte to motors that operate in a voltage
unbalance scenario for an extended period of tivhention is made that a 1€ increase in
winding temperature will half the life expectanci a three-phase induction motor [56]. No
mention is made as to what the effects are witlandsyto life expectancy of motors when a
voltage unbalance scenario is encountered for arfigw seconds. According to the author of
this dissertation, if a voltage unbalance scenads to be encountered for a few seconds, it is

not likely that a 10C increase in motor winding temperature will occur.
2.7 Summary

In order to clear a transient earth fault, the mefoath of the current needs to be removed. This
can be done by installing a breaker between the RIB& earth, which will trip instantaneously
for an earth fault condition. Instantaneous trigpiaduces the arc energy of an earth fault quite
substantially when compared to the IDMT E/F pratectphilosophy of a normal MV feeder
breaker. There will be no supply interruption tosttumers when the delta configured MV

network is ungrounded temporarily.

In order to clear transient phase-to-phase faults¥' networks, it is proposed to only trip one
of the two affected phases instantaneously. Instedus tripping reduces the arc energy of the
phase-to-phase fault quite substantially when coethto the IDMT O/C protection philosophy
of a normal MV feeder breaker. Although the customil experience a reduction in voltage in
some phases, it will not result in a three-secamply interruption. Implementing single-phase

tripping on a MV feeder creates the possibilityoltage dip ride through for plant equipment.
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--- Chapter 3 ---

Protection philosophies

In order to support the exploration of the issuescdbed in Chapter one, this chapter elaborates
more on the functioning of the neutral breaker sindle-phase breaker schemes. In this chapter,
a unique protection philosophy is developed for tieitral breaker and single-phase breaker
schemes. The protection philosophies must be desdlsuch that they will integrate with

existing protection philosophies currently implertezhin distribution networks.

3.1 Clearing of transient faults

In order to attempt to clear any electrical fatlie secondary arc current, which is the sum total
of the electrostatic and electromagnetic couplimgent, must be limited to a value below 35 A
[5], [20]. The clearing of transient phase-to-eafttults can be achieved by temporarily

unearthing the network for a certain time period.

For phase-to-phase faults in MV networks, the abeggof transient faults is achieved by issuing
a three-phase trip, which results in a supply mi&ion to customers. However, if the fault path
of the two affected phases could be interruptedth®y operation of only one single-phase
breaker, the fault should quench - provided that iemporary in nature. This will not result in a

full three-phase supply interruption to customers.

3.2 Neutral tripping protection philosophy

3.2.1 Proposed neutral breaker scheme philosophy

In order to temporarily unearth the MV electricatwork, it is proposed that a circuit breaker be
installed between the NECR neutral and the subst&arth mat. Upon detecting any earth fault
condition, the proposed neutral breaker trips mistaeously in order to temporarily unearth the
network, as shown in Figure 3-1. This operationuoed the earth fault current to only the
capacitive current component - thereby allowing dnhe to quench as illustrated in Figure 3-2.
The capacitive current path is depicted by theedbtine in Figure 3-1 and Figure 3-2. One
should note that as soon as the MV network is ungted, the capacitive current increases

substantially due to the voltage rise on the hggitiases.
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Current due to capacitive
coupling between the
_______________________ lines and earth

170 km line

Earth fault current flowing back to the neutral of the NEC

Figure 3-1 A simple illustration that shows the cur rent paths for a 300 A transient earth fault

condition with neutral breaker in closed position ( grounded MV network)

v 170kmline

Fault will quench as \
: ! capacitive current is A
o NECR below 35A b

77

{CT 10A

Figure 3-2 A simple illustration neutral breaker in the open position (ungrounded MV network)

Where only one NECR is present at a substatioawrsin Figure 3-3, one pole of the three-

phase circuit breaker is used to connect the NEE€Rral with the substation earth mat. For

safety purposes, it is recommended that the ottebteaker poles are connected to earth.

Figure 3-3 Physical installation of the neutral bre

Neutral breake

aker scheme
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The neutral breaker remains in the closed posiiitii a fault current starts passing through the
NECR. The overcurrent protection functionality detneutral breaker is used to issue a trip
signal to the breaker under fault conditions. Tkierourrent pickup setting will be set to 10 A,
which is higher than the maximum pickup recommenfidedsensitive earth fault protection in
MV networks, in order to avoid any nuisance trigpi{i26]. The 10 A setting ensures that the
neutral breaker will not trip for any earth leakagerents that could be generated by insulators
and surge arrestors. In the event where the ndargaker trips for a fault condition, it remains in
the open position for a few seconds to allow fa& fluccessful quenching of the arc before it

automatically closes.

During the period where the MV network is tempdyatingrounded, the primary arc bypasses
the capacitive coupling of the faulty phase-toteanttil the arc is quenched [47], [57]. This is
illustrated in Figure 3-4 with the equivalent seee diagram shown in Figure 3-5, whéigis

the total phase-to-earth capacitance of the network

Ve
Z
Vs : P
Z -
v, — =
C‘E - == == RF

Figure 3-4 Earth fault in an ungrounded electrical network [47]

I Fault

el
T

Figure 3-5 Equivalent circuit for an earth fault in an ungrounded electrical network  [5], [47], [57]
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In the case where the fault resistance is zB¢o=(0), the fault current’{,,,;;) can be expressed
as [5], [57]:

Iraurr = 3C.wV, (23)
where the angular frequency of the electrical netvi®
o = 2nf. (24)

The fault current is dependent on the operatingagel of the network and the length of the
overhead line which influences the coupling capacé [49]. For a fault resistance greater than

zero, the fault current4, ) can be expressed as [5], [57]:

I—F_ (25)

Iom =
Y [ ey

The zero sequence current present at the substadiusists of the capacitive currents of the
healthy parallel lines, which are connected todhme NECR [5]. The zero sequence voltage
(Vo), also termed the neutral point displacement geltas dependent on the fault current that
flows due to capacitive coupling and is shown inatpn (26):

1
3wCg

V():

Ig/F. (26)

In the case of a solidly grounded network, the z@quence voltage is equal to the pre-fault
phase-to-earth voltage of the faulty phase. Thesglta-earth voltages of the healthy phases
under fault conditionsMy = 0) will not drastically increase due to the natkvvoltage neutral
reference point remaining at ground potential. Heeveas soon as the system is ungrounded
under fault conditions, the network voltage neuteference point shifts. This results in full
phase-to-phase system voltages, being presentatms-configured MV overhead line phase-
to-earth terminals as shown in Figure 3-6 [4], [468].

IB-E
Va /
______________________________________________ Va 30 s |Cap
Phase-A at earth potential
_Networkvoltage | Vce= Vca VeE= VBA

Neutral reference

Vc

VB

VB

Figure 3-6 Capacitive current and system voltage ve

ctors of an ungrounded MV network during an

earth fault condition [4]
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Due to the increase in phase-to-earth voltageshentwo healthy phases, the MV neutral
bushings of all substation transformers are reduinebe fully insulated [59]. It is also important
to ensure that the rest of the electrical netwsiiksulated for full phase-to-phase voltages across
phase and earth terminals. In the case of Eskom ridbvorks, all equipment is rated to

withstand phase-to-phase voltages across phasattoterminals.

When the neutral breaker has closed, irrespectivehether the fault has cleared or is still
prevalent on the network, the breaker remains énclbsed position for a set time. This setting
allows the relevant network breaker the opportutotysolate the permanent fault from the MV
network.

3.2.2 Operating philosophy of neutral breaker

In order to decide on how long the electrical netwoeeds to be ungrounded, the following

factors need to be taken into account:

» Sensitive earth fault protection philosophy
» Earth fault protection philosophy

» Time it takes for the secondary arc to quench.

Public fatalities and injuries are some of the bggrisks that power utilities face. Contact
incidents might occur due to energised power llagsg on the ground. A contact incident may
also occur in the case of low-hanging conductaas dine within arm’s reach, especially if such a
low-hanging conductor is in the vicinity of a humsettlement. The main challenge encountered
with a contact incident is that the fault curreatic be lower than the pickup current setting of
normal earth fault protection schemes [60]. The fault current experienced during a contact

incident could be due to a combination of:

» Network impedance
» High soil resistivity that results in a high eanthiresistance

» Fault impedance.

Although the fault current that passes throughragemight be relatively low due to high fault
impedance, ventricular contraction of the hearppassible. Ifsustained, ventricular contraction
could lead to death [49]. Therefore, sensitivere&atlt protection is vital for any power utility
as it could be the only protection that might pigk a high impedance fault condition. It is
recommended that the pickup current setting of iseasarth fault protection must not be set
lower than 3 A to avoid nuisance tripping of a leyadue to leakage currents in an electrical
network. It is also recommended that the pickupenirsetting of sensitive earth fault protection
42 |Page



must not be set higher than 9 A due to E/F praiacettings on a substation NECR being set at
10 A. For an 11 kV overhead line with a currentkpje setting of 6 A the maximum loop
impedance coverage (sum of the zero, positive aghtive sequence impedances) equates to
approximately 300@ at 11 kV and 600@Q at 22 kV for overhead lines [26].

For an earth fault or sensitive earth fault scenavithin the Free State operating unit, the
relevant MV breaker trips and remains open fordgkseconds before reclosing. During the three-
seconds in which the breaker is in the open positibe arc would have had ample time to
quench. If the arc has not quenched within theetlsecond period, it can be due to the fault

being permanent in nature.

3.2.3 Factors influencing the success rate of the neutral breaker scheme

An important factor which influences the succes® mf the neutral breaker scheme is the
guenching of the secondary arc. The secondary anerd is primarily dependent on the

capacitive coupling between:

» Remaining healthy two phases and earth

» Remaining healthy phases and the affected phase.

The magnitude of the capacitive current can be esgmd in terms of system voltages and

capacitance as [4]:

27tfCeoupling Vpp
Icapacitive total — NG ) (27)

where f is the power system frequend¥, is the system phase-to-phase voltage, @gghiing iS

the sum between the phase-to-phase and phasetiiczapacitance.
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The magnitude of the capacitive current is dependarthe operating voltage of the electrical
network and the combined length of all the lines BAC and D) connected to the same NECR.
This is shown graphically in Figure 3-7.

HV (132kV)

Figure 3-7 Single line diagram of substation

Ferroresonance should not be a factor when ungnoegriie network, since there is no single

phasing event present on the primary or secondaeyas the transformer.
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3.3 Single-phase tripping protection philosophy

3.3.1 Proposed single-phase breaker scheme philosophy

This dissertation aims to implement single-phagepimg on radial MV overhead lines. The

network diagram in Figure 3-8 illustrates that ¢heingle-phase breakers are installed after the
substation line breaker, one per phase. The aihatdor a phase-to-phase fault occurring on the
network, only one of the two affected single-phbassakers trips instantaneously and stays open

for a set time before it automatically recloses.

Referring to Figure 3-8 below as an example, ifrehis a phase-A to phase-B fault between
Breaker 2 and Breaker 3, only the phase-A singksplbreaker trips whilst the other two single-
phase breakers remain in the closed position. HasgA single-phase breaker remains in the
open position for one-second, to allow the secondac to quench, and then recloses. In the
event of a transient phase-A to phase-B fault, therdbreaker on the line trips after the phase-A
single-phase breaker quenches the arc successiulfhe event of a permanent phase-A to
phase-B fault, the normal system protection isslatee fault after the phase-A single-phase

breaker recloses.

The implementation of this philosophy enables tbenghing of transient phase-to-phase faults
without causing a three-phase supply interruptmmny of the customers on the line. The arc

energy is also limited, which reduces the damagesex by the electrical arc.

Proposed single
MV busbars phase breakers
at substation
A MV/LV customers
O c = 0= |
C (-
Vv
Feeder Breaker 1
Breaker MV/LV customers
Breaker 2 _
MV/LV customers
Breaker 3 _

Figure 3-8 lllustration of a MV line with a phase-t  o-phase fault
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The auto-reclose time of the single-phase breakesst to one-second because it:

» Ensures that there is sufficient time for transfantts to quench

» Limits the length of the single-phase momentangnniption to which customers are
subjected

» Limits the extent of voltage dip propagation ongtiouring lines.

When the single pole breaker recloses after a-&edtring attempt, it remains in the closed

position for one minute to allow normal system patibn to operate in the event of a permanent
fault.

In order to avoid nuisance tripping of downstreamabkers during the operation of the single-
phase breaker scheme, the loss-of-phase proteaticall the breakers must be set to operate
only after ten-seconds.

During the period in which one of the single-phdseakers are in the open position, the
sequence diagram in Figure 3-9 is applicable [61].

P Q
_ d : : > la __
- b N Sl _
R
1
1
P QT P QT P Qe T
Positive Negative Zero

Figure 3-9 Sequence diagram for a single-phase open circuit condition — reproduced from [61]

It can be seen from Figure 3-9 that the followinga&tions hold,

(Vadpq # 0, (28)
(V)pq = (Vodpq =0, (29)
I, =0, (30)
Ig = Ic #0. (31)
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Keeping in mind that, = 0, the phase sequence components of the currertecarpressed as
[61]:

I =3 @l + 2°10), (32)
_ 1.2

I, =@ + alo), (33)

lo =3 +1o). (34)

The advantage of implementing instantaneous trgppmthe range of 30 ms, is that the incident
arc energy will be limited quite significantly. Tlavailable incident energy of an electrical arc
can be expressed as [8]:

E = 5.12x105VI; (D—tz) (35)

whereE is the incident energy (cal/ént is the arcing time (s is the system phase-to-phase
voltage (V),D is the distance from possible arc point to pergom), andl; is the three-phase
bolted fault current (A).

As can be seen in equation (35), the amount okaergy is dependent on the system voltage,
fault current and the amount of time the fault remeaon the electrical network. By
implementing the single-phase breaker scheme,ahksfon the line can be cleared up to 40

times faster, from a worst case trip time of 1t8 80 ms.

3.3.2 Operating philosophy of single-phase breaker

The main concerns with regards to single-phaseitrgpare the secondary arc current and the

risks which are associated with single phasing ttimms and ferroresonance [38].

The secondary arc current is the sum of the capaabupling- and inductive coupling current.
The capacitive current of the single-phase breakbeme is much less when compared to the
proposed neutral breaker scheme. Reason beinga fphase-to-phase fault condition the
capacitive coupling between the phases and eartieggigible [49]. The conductor length
influencing the capacitive coupling is limited teetlength of the affected line only, and not all
the lines connected to the substation NECR, dwisdse with the neutral breaker scheme.

During a prolonged single phasing condition, thedings of a three-phase motor will heat up,
especially if the motor is operating under heawdiag conditions [38]. However, little heat is
generated within the windings of motors under a@lsirphasing condition if the event is only

prevalent for a second. During the one-second getie electrical arc would have had enough
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time to quench. This is due to the instantaneocuslesiphase breaker trip time of 30 ms, which

reduces the amount of ionised air forming duririgudt condition.

During lightning storms, MV fuses of transformere @rone to failure if they are not protected
by a parallel path surge arrestor [28], [62], [6B].a fuse failure occurs on a three-phase
transformer, the customer usually has to repdud the contact call centre of the power utility.
After the reporting of the single-phase event,atild take up to a few hours to restore three-
phase supply to a customer, due to various reagatarding to literature, a prolonged single
phasing condition on a lightly loaded transformeuld cause damage to the insulation of the
transformer due to ferroresonance. This leads toowrvoltage and overcurrent scenario
[25], [40], [41]. However, most of the time after aperator has replaced a failed fuse, the three-

phaseA/Y transformer is returned back into service withaay problems.

This does pose the question: How much detrimeraaiadje will occur within the one-second

during which a transformer might be subjected tereoresonance state? A reasonable deduction
can therefore be made that if most transformerslaleto withstand an extended time in a single
phasing condition, and still be operational, tharaes are high that when a transformer is

subjected to the same conditions, for only one+secib will not cause the unit to fail.

Lastly, the single pole breakers are configurettippon O/C protection with a definite trip time.
Therefore, the O/C pickup setting is set highenttie®e maximum load current of the line and
lower than the maximum continuous current ratinghefbreaker (100 A). A pickup of 80 A will
ensure that the breaker is still able to detedE/&nclose to the end of the MV line. The phase-B
breaker, which is normally the centre phase of\arttead MV line, is set to trip instantaneously
for a fault current above 80 A. The outer phaserfl pahase-C single-phase breakers have a
slight delay of 100 ms before tripping. This is @énsure that only one of the single-phase
breakers trip for a phase-to-phase fault. The sipgle breaker scheme is not able to detect an

earth fault or with a magnitude lower than the eatmpickup setting of 80 A.

3.3.3 Factors influencing the success rate of the single-phase tripping scheme

An important factor, which influences the succes® of the scheme, is the magnitude of the
secondary arc current. The magnitude is dependetihe capacitive coupling of the electrical
network and the inductive coupling due to the duedback feeding through/Y transformers. If
the sum of both these currents can be limitedvalae below 35 A, it will greatly assist with the
effectiveness of the proposed scheme [5]. The d@@macoupling component can be influenced
by implementing this scheme on lines which opesdta lower voltage or have a shorter line
length [44], [49].
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The time it takes for the arc to quench can beedsmsd by reducing the amount of ionised air
and plasma that is created during an electricall®L If there are excessive amounts of ionised
air, plasma and carbon formed during fault condgjoit might lead to the unsuccessful

guenching of the fault, resulting in a supply intgtion.

3.4 Summary - Protection philosophies

Both the neutral breaker scheme and single polekbrescheme are designed to encourage the
guenching of transient faults on MV lines. The @éfncy with which the schemes clear faults
can result in improved system reliability and poweality. Each scheme does, however, have its
own advantages and limitations; therefore, eackrsehwill have different criteria for choosing

where they should be implemented.

The neutral breaker scheme caters primarily fonsient phase-to-earth faults, although the
scheme might assist in clearing phase-to-phasestb-éaults. The scheme attempts to reduce
the earth fault current to a value below 35 A. Asrsas an earth fault of 10 A or higher is
detected, the neutral breaker will trip within 6&.nThis ensures that a transient earth fault is
cleared from the MV network as quickly as possildelimit damage to the electrical network,
humans and animals during a contact incident. Th&egption philosophy of the neutral breaker
scheme is designed in such a way that it will negrfere with any breakers currently installed
within the same MV network. The success rate ofringtral breaker scheme depends primarily
on the magnitude of the capacitive current. Thenitade of the capacitive current is influenced
by the combined lengths of all lines connectecheosame NECR as well as the voltage level of

the applicable MV network.

Due to the high risk of an electrical contact ireitd(broken or low-hanging conductor) within a
dense populated area, it is imperative to cleaetrth fault as quickly as possible. A fast fault-
clearing time will reduce electrical burn woundsstiantially during such a contact incident. It is
therefore proposed that the neutral breaker baliedtin densely populated areas where line

lengths are short.

The single-phase breaker scheme is able to cletlr \salts and phase-to-phase faults. As soon
as an earth fault or phase-to-phase fault is dededhe single pole breaker will trip within
30 ms. This ensures that transient faults are eteltom an MV network as quickly as possible.
During a phase-to-phase fault condition, only oh¢he two single-phase breakers trips. This
results in a customer only experiencing a losskafse condition for one-second as compared to

a three-phase momentary power interruption. Theeption philosophy of the single pole
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breaker scheme is designed in such a way thatlihat interfere with any breakers currently

installed within the same MV network.

Although this scheme can be implemented on shddrgr MV lines, it is recommended that this
scheme be implemented on long, rural MV lines.Ha tase of a rural MV line, which has a
length of at least 200 km, it is more likely thheé tline is exposed to a high number of transient

fault conditions.
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--- Chapter 4 ---

Line model verification

As mentioned by Hanninen [5], electrical arcs @tely to quench if the current can be reduced
to a magnitude below 35 A. It is important to werthe accuracy of the line model and the
parameters used in the simulations. The line paemédave a significant influence on the
magnitude of the capacitive current during faulbditions. In order to verify the line model,

mathematical calculations are compared to line rheuheulation results. The line model was
also validated by means of a field test where &cto@asurements were compared to the

simulation results of the line model.

4.1 Capacitive coupling in grounded networks

Figure 4-1 shows an earth fault condition withidual phase grounded electrical network. Note
that the phase-A breaker has tripped for the faardition.

Figure 4-1 Single line diagram of dual phase ground  ed network under an earth fault condition

The equivalent sequence diagram of Figure 4-1asvahin Figure 4-2.

Vg

Figure 4-2 Equivalent circuit diagram of a dual pha  se grounded network under an earth fault
condition
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The majority of the capacitive coupling occurs betw the healthy phase and the faulty phase.
While the phase-A breaker is in the open positiba,phase-to-earth capacitive coupling can be

neglected. The capacitive current is calculate@das the following assumptions:

» Arc resistance is neglected
» The faulty phase is at earth potential

» Phase-A breaker is in the open position.

4.1.1 Calculations - Dual phase grounded system

During an earth fault condition, with the phase-fedker in the open position, the voltage

between phase A and Bdy) reduces by a factor &f3 (phase-to-earth voltage). Therefore, the

total capacitive current between the healthy plaskthe faulty phase can be expressed as:

lcapacitive current — 2T[prhase—to—phaseVBA!

where f is the power system frequencyga is the system phase-to-phase voltage, and
Chonase-to-phaselS the phase-to-phase capacitance (F/m). The itapee between two phase

conductors can be expressed as [18], [48], [64]:

TEY

C —to— =—,
phase—to—phase arcosh(%)

TEQ

d, [a2 '
ln(; + a2 1>

where,r is the radius of conductors (na), is the permittivity constant which is 8.85x¥Dandd

is the distance between the centre of both condctp

Consider a 22 kV overhead line with a length of 82, which is strung with ASCR Fox
conductor, that has a radius of 0.415 cm. If thefigaration of the dual phase structure is such
that the faulty and healthy phases are 9 m andrOdbove ground level respectively, with a

distance of 1.309 m between the two phases, thecitaye current can be calculated as follows:

TEQ

d d2
ln<;+ aZz 1

Cphase—to—phase

_ TEg
1.309 1.3092
In + ——1
2r ar

= 4.842 pF/m
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lcapacitive current = 2TCphase—to—phaseVBa X lenght
= 21(50)(4.842 x 13%(12760)(232000)
=4.488 A
4.1.2 Simulations - Dual phase grounded system

Figure 4-3 shows the model created in the eleé¢ticaulation software package ATPdraw.

breaker opens @ 0.055
Substation fransformer  breaker closes @ 0.155

Source Hvtrf Overhead Fox 232km

IS
L]
[
(R%]

L X ]

L X B ]

Fault @ 0.02s
Fault quench @ 0.12s

Figure 4-3 Grounded dual phase network model
Table 4-1 displays the conductor specificationslusehe line model.

Table 4-1 Conductor specifications
ASCR conductor | Reactance (/km) | Resistance (/km) | Radius of conductor (cm)
Fox 0.45 0.86 0.4185

The physical dimensions of the T-Frame structuszlus the line model, including the mid-span

sagging of the conductors is given in Table 4-2.

Table 4-2 Physical dimensions of dual phase structu re model in ATPdraw

Phase conductor Phase-A | Phase-B
Horisontal dimension (m) 0 0.95
Height of conductors at T-frame structure (m) 9 9.9
Height of conductors at mid-span (m) 8 8.9
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The simulated capacitive current was found to Bel A (rms) as shown in Figure 4-4. This

correlates well with the calculated result of 4.488

25.00
(Al
18.75]

12.504

6.25+

0.00+

-6.25+

-12.504

-18.754

-25.00 T T T T T T T T T
0.08 0.09 0.10 0.11 0.12 [s] 0.13
(file Dualphase_EarthedNetwork_report.pl4; x-var t) c:LINEA -CAPA

Figure 4-4 Simulated capacitive current of dual pha  se grounded network
4.2 Capacitive coupling in ungrounded networks

Figure 4-5 shows an earth fault condition withidwal phase electrical network. Note that the
neutral breaker has tripped for the fault conditioausing the system to become temporarily
ungrounded.

Figure 4-5 Single line diagram of dual phase ungrou  nded network under an earth fault condition

The equivalent sequence diagram of Figure 4-5asvahin Figure 4-6.

Ve

Cpe + Cpa Rp

Figure 4-6 Equivalent circuit diagram of dual phase ungrounded network under an earth fault

condition
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The capacitive current is the sum of the coupliegMeen the healthy phase and faulty phase,
and the coupling between healthy phase and eanth capacitive current is calculated based on

the following assumptions:

» Arc resistance is neglected
» The faulty phase is at earth potential
» Neutral breaker is in the open position.

4.2.1 Calculations - Dual phase ungrounded system

During an earth fault condition, with the neutraddker in the open position, the total capacitive

current can be expressed as:
lCapaCitiVe total = ITotal phase—to—phase capacitive current + lTotal phase—to—earth capacitive current:
The capacitive current can be expressed in terragstém voltage and capacitance as:

2‘r[fcphase—to—phasevp—p
ITotal phase—to—phase capacitive current — \/§ )

_ 2T[fcphase—to—ealrthvp—e
ITotal phase—to—earth capacitive current — \/§ )

where f is the power system frequendypp is the system phase-to-phase voltagg,is the
system phase-to-earth voltag€pnase-ophase IS the phase-to-phase capacitance (F/m), and

Cphase-to-eartiS the phase-to-earth capacitance (F/m).

The capacitance between the healthy conductor @l ean be expressed as [18], [48], [64]:

2Ttgg
arcosh(%) '

Cphase—to—earth -
2Ttgg

d_ [a2 ’
ll’l(;‘l‘ I‘_Z_1>

wherer is the radius of conductors (na), is the permittivity constant which is 8.85x10 andd

is the distance between the centre of the condactrearth (m).
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The capacitance between the healthy conductorarityfphase conductor at earth potential can
be expressed as [18], [48], [64]:

TEY
d L]
arcosh( )

2r

Cphase—to—phase =

wherer is the radius of conductors (na), is the permittivity constant which is 8.85x¥0andd

is the distance between the centres of both condki@n).

Consider a 22 kV overhead network with a lengtl2®® km, which is strung with ASCR Fox
conductor, that has a radius of 0.415 cm. If thefigaration of the dual phase structure is such
that the faulty and healthy phases are 9 m andr@d&bove ground level respectively, with a

distance of 1.309 m between the two phases, thecit@ current can be calculated as follows:

Cphase—to—phase = 4 2
oo (2
2r 4r

TEQ
1.309 1.3092
lrl<2><0.004,15 + \]4(0.00415)2 - 1)

= 4.842 pF/m

Cphase—to—earth = 1T 2
e
r r

2Ttgg
2
9.9 9.9
ln<0.00415 + \/0.004152 - 1)

3.522 pF/m

_ 2T[fcphase—to—phasevp—p
ITotal phase—to—phase capacitive current — \/§

=4.488 A

_ 2T[prhase—to—earthvp—e
Iphase—to—earth capacitive current — \/§

=3.522 A

ICapacitivetotal = 8.01A.
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4.2.2 Simulations - Dual phase ungrounded system

Figure 4-7 shows the line model created in ATPdraw.

Substation transformer
Source Hvtit — Overhead Fox 232km

breaker opens @ 0.058
breaker closes @ 0.15s

¢ Fault@0.02s
l Fault quench @ 0.125

Figure 4-7 Ungrounded dual phase network model

Line models strung with ACSR Fox conductor weredugéhe line length was set to be 232 km.
The physical dimensions of the T-Frame structuesdun the line model, including the mid-

span sagging of the conductors, are given in Télde

Table 4-3 Physical dimensions of dual phase structu re model in ATPdraw

Phase conductor Phase-A | Phase-B
Horisontal dimension (m) 0 0.95
Height of conductors at T-frame structure (m) 9 9.9
Height of conductors at mid-span (m) 8 8.9

The simulated capacitive current was found to 84 & (rms) as shown in Figure 4-8. This
correlates well with the calculated result of 81 The slight difference in current can be

ascribed to the fact that during the simulatiomdrator sagging is taken into account.

20
Al
15

10

-10

-154]

-20 T T T T T T
0.07 0.08 0.09 0.10 0.11 0.12 013 [s] 0.14
(file Dualphase_UnearthedNetwork_report.pl4; x-vart) c:LINEA -CAPA

Figure 4-8 Simulated capacitive current of dual pha  se ungrounded network
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4.3 Capacitive coupling in three-phase grounded networks

Figure 4-9 shows an earth fault condition withigraunded three-phase electrical network. Also

note that the phase-A breaker is in the open positi

Ve /&/\ -
. _/ z ‘ Cen
Va ‘ T‘ ‘s
CE:: RF

Figure 4-9 Single line diagram of three-phase groun  ded network under an earth fault condition

Cca+ Cpa Rp

Figure 4-10 Equivalent circuit diagram of three-pha  se grounded network under an earth fault

condition

The majority of the capacitive coupling is betwébka two healthy phases and the faulty phase.
With the phase-A breaker in the open position, ¢apacitive coupling between the healthy

phases and earth can be neglected.
The capacitive current is calculated based ondhewWing assumptions:

» Arc resistance is neglected
» The faulty phase is at earth potential

» Phase-A breaker is in the open position.
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4.3.1 Calculations - Three-phase grounded system

During an earth fault condition with the phase-Adker in the open position, the three-phase
phasor diagram changes as shown in Figure 4-1keRiaphase voltages under normal system
conditions reduce to phase-to-earth values. The pfise difference betweérns and Vac
influences the sum total of the capacitive curidund toV being zero after the opening of the

phase-A breaker shown in Figure 4-11.

V= VasB
Ve,

\VB-C

Ve

Vc=Vac

Figure 4-11 Phasor diagram of grounded system befor e and after a single-phase breaker
operation

Therefore, the total capacitive current betweenhdbalthy phases and the faulty phase can be
expressed as:

j— o
ITotal phase—to—phase capacitive current = IB—ACOS60 + IC—ACOS6001

where Ig.a is the capacitive current flowing from phase-Bpioase-A,lc.a is the capacitive
current flowing from phase-C to phase-A, apgqcitive current 1S the total phase-to-phase
capacitive current. The capacitive current can kgressed in terms of system voltage and
capacitance as:

_ 21chphase—to—phasevp—p
ITotal phase—to—phase capacitive current — \/§ )

where f is the power system frequency, is the system phase-to-phase voltage (which is
equivalent to phase-to-earth voltage), &ghse-t0-phasdS the phase-to-phase capacitance (F/m).

The capacitance between two healthy phases arfdtitig phase can be expressed as [64]:

_ TEQ

Cphase—to—phase - 1 (d\/g) ,
n( &2
r

wherer is the radius of conductors (na), is the permittivity constant which is 8.85x%pandd

is the distance between the centres of both cootki@in).
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Consider a 22 kV overhead network with a lengtl2®® km, which is strung with ASCR Fox
conductor, that has a radius of 0.415 cm. Whenhtee overhead conductors are equally spaced

with a distance of 1m between two phases, the @agacurrent can be calculated as follows:

ey
ln(%g)

_ TEQ
- 13
In
0.00415

= 3.0785 nF/m.

Cphase—to—phase =

Due to the equally spaced lif@sa is equal tadCca. The capacitive current is calculated as:

2nfC Vp—
_ phase—to—phase Vp-p o
Itotal phase—to—phase capacitive current = 73 X 2 x cos(60°) A

=1.649 A.

4.3.2 Simulations - Three-phase grounded system

Figure 4-12 shows the three-phase line model aleatATPdraw.

breaker opens @ 0.04s ..K..
Substation transformer breaker closes @ 0.16s iﬁ
Source Hvtrf L-’ne?
W7 002 AH 00U~ U i itope o e L
EAT o =k
28
}’0048

Fault @ 0.02s
Fault quench @ 0.12s

Figure 4-12 Grounded three-phase network model

The same overhead line length and conductor tyeel us the calculations, are used in the
simulation. The physical dimensions of the T-Frasteuctures as well as the conductor

specifications are given in Table 4-4.
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Table 4-4 Physical dimensions of three-phase struct  ure model in ATPdraw

Ph.no.  React Rout Resis Horiz Wiower | Wrnid
# [ohmdkm AC] | [om] [ohmAkm AC]  [m] [m] [mn]
1 1 0.45 0.4185 086 1] a a
2 |2 0.45 0.4185 086 05 8868 B.86E
33 0.44 0.4185 086 1 ] ]

The simulated capacitive current was found to 166 A (rms) as shown in Figure 4-13. This
correlates well with the calculated result of 1465

4.0

[Al
2.5+

1.0

-0.5-

-2.0-

-3.5-

-5.0 T T T T T
0.07 0.08 0.09 0.10 0.11 0.12 [s] 0.13
(file Fusesav er_capacitivecurrent_earthfault.pl4; x-vart) c:LINEA -PPA

Figure 4-13 Simulated capacitive current of three-p  hase grounded network
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4.4 Capacitive coupling in three-phase ungrounded networks

Figure 4-14 shows an earth fault condition withinumgrounded three-phase electrical network.

Figure 4-14 Phase-A to earth fault

The majority of the capacitive coupling in an urearetwork is between:

» The healthy phases and the faulty phase
» The healthy phases and earth.

The capacitive current is calculated based ondhewWing assumptions:

» Arc resistance is neglected
» Faulty phase is at earth potential

» Earth resistance back to the substation is neggigib
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4.4.1 Calculations - Three-phase ungrounded network

Figure 4-15 shows the three-phase phasor diagréoneband after the network is ungrounded,
while there is a phase-A to earth fault presenthennetwork. While the network is temporarily
ungrounded during an earth fault condition, thesphim-earth voltages can increase to phase-to-
phase values. The Gfhase difference betweeng/and Vic influences the capacitive current as

depicted in Figure 4-15.

IB-E

_________________ V )_’-\____ Va A \. |cap

Phase-A at earth potential

Networkvoltage |
Neutral reference

Vce= Vca VBE= VBA

Vc \Y:! \c \Y:!

Figure 4-15 Three-phase phasor diagram before and a  fter the unearthing of a system under an

earth fault condition [3]

The phase-to-earth capacitive current betweenghé#tty phases and earth can be expressed as:
ITotal phase—to—earth capacitive current — IB—ECOS3O0 + IC—ECOSSOO,

wherelg.g is the capacitive current flowing to earth fromaph B,lc e is the capacitive current
flowing to earth from phase C, ahgtqi phase—to—earth capacitive current 1S the total phase-to-

earth capacitive current.

The capacitive current between the healthy phaseshee faulty phase can be expressed as:

—_ o o
ITotal phase—to—phase capacitive current — IB—ACOS3O + IC—ACOS3O ,

where lg.a is the capacitive current flowing from phase-Bpioase-A,lc.a is the capacitive
current flowing from phase-C to phase-A, dffl4i phase—to-phase capacitive current 1S the total

phase-to-phase capacitive current.

Theoretically, the total capacitive current can wetten as (assuming delta overhead line

configuration):

ICapacitive total = ITotal phase—to—phase capacitive current + ITotal phase—to—earth capacitive current-

63|Page



The capacitive current can also be expressednmstef system voltage and capacitance as:

2‘r[fcphase—to—phasevp—p

ITotal phase—to—phase capacitive current = \/§ )
_ 2T[fcphase—to—eartth—e
lTotal phase—to—earth capacitive current — \/§ )

where f is the power system frequency,, is the system phase-to-phase voltagg, is the
system phase-to-earth voltag€pnase-o-phaseiS the phase-to-phase capacitance (F/m), and
Conase-to-earthiS the phase-to-earth capacitance (F/m). For eetphase system, the capacitance

per phase between the healthy and faulty phaseuctod can be expressed as [18], [48], [64]:

2Ttgg

C —to— =—,
phase—to—earth arcosh(%)

2Ttgg

T T e !
(¢4 % -1)
r r

wherer is the radius of the conductors (r),is the permittivity constant which is 8.85x1)
andd is the distance between the centre of the condacim earth (m). For a three-phase system
the capacitance between two conductors can be sseumtas [18], [48], [64]:

TEY
d L]
arcosh( )

2r

Cphase—to—phase =

TEQ
d d2 '
11’1<; + aZ 1)

wherer is the radius of the conductors (my,is the permittivity constant which is 8.85x0
andd is the distance between the centres of both condim).

As mentioned by Hanninen [5], electrical arcs @tely to quench if the current can be reduced
to a magnitude below 35 A. Therefore, in order @kensure that the electrical arc quenches, a
more conservative current of 20 A is chosen toheelitniting factor. For a capacitive current of
20 A the calculated allowable distances for varigystem voltages and conductor sizes are
given in Table 4-5 for T-frame structures. Figuré&ishows the physical dimensions of the T-
frame structures. The capacitive coupling calcafetiwere done assuming that the MV network
is ungrounded.
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Table 4-5 Maximum allowable line length for T-frame  structures
SyStem ACSR Cee Cce Csa Ceec Maximum
voltage (kV) | Conductor (F/m) (F/m) (F/m) (F/m) combined line
radius length
Fox — 2 2 2 2
11 6.61x10" | 6.574x10" | 5.36x10" | 5.18x10" 678 km
0.0042 m
Mink — 5 ) 5 5
11 6.83x10" | 6.79x10" | 5.66x10" | 5.45x10' 652 km
0.0055 m
Hare — 2 2 2 2
11 7.05x10% | 7.01x10" | 5.97x10 | 5.74x10' 626 km
0.0071 m
Fox — 2 2 2 2
22 6.61x10" | 6.574x10 | 5.36x10" | 5.18x10" 339 km
0.0042 m
Mink — 5 ) 5 5
22 6.83x10" | 6.79x10" | 5.66x10" | 5.45x10' 325 km
0.0055 m
Hare — ) ) ) )
22 7.05x10" | 7.01x10% | 5.97x10% | 5.74x10" 313 km
0.0071 m
S50 = S50 50
1
S S— HL ..... = j
- FRONT WVIEW

Figure 4-16 Physical dimensions of T-frame structur e
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4.4.2 ATP draw simulations

The capacitive coupling calculations, for a phas&/Aearth fault condition in an ungrounded
network, are verified with the line model created ATPdraw. The calculated maximum
allowable line lengths in Table 4-5 are used ast®mpo the line models. A capacitive current of

approximately 20 A must be obtained for each caserder to verify the accuracy of the three-

phase line model.

Figure 4-17 shows the ATPdraw line model for agronnded three-phase network and the

conductor specifications used in the line modeiven in Table 4-6.

Line C
LG
ﬁ/' 22KV system
B ASCR mink conductar
Line B T—strun_:tures
- Combined conductor length of 325km
T
Substation transformer Line A
¥oot0 e Trir [ @
HV source B g S o Bl
= ¢ :);
+
[l

Fault @ 0.02 seconds

MEC breaker opens @ 0.05 seconds =

Figure 4-17 ATPdraw capacitive coupling model

Table 4-6 Conductor specifications

ASCR conductor | Reactance (/km) | Resistance (/km) | Radius of conductor (cm)
Fox 0.45 0.86 0.4185
Mink 0.44 0.5 0.55
Hare 0.41 0.32 0.708

The physical dimensions of the T-Frame structuszlus the line model, including the mid-span

sagging of the conductors are given in Table 4-7.
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Table 4-7 Physical dimensions of T-frame structure

model in ATPdraw

Phase conductor | Horisontal Height of conductors at | Height of conductors
dimension (m) | T-frame structure (m) at mid-span (m)
Phase-A 0 9 8
Phase-B 0.95 9.9 8.9
Phase-C 1.9 9 8

The magnitude of the capacitive current obtainednfthe line model simulations are given in

Table 4-8.

Table 4-8 Simulated maximum allowable line length f

or T-frame structures

System voltage | ACSR Conductor Line Simulated capacitive
(kV) radius length couplingrmscurrent (A)
11 Fox 678 km 204 A
11 Mink 652 km 19.7 A
11 Hare 626 km 19.2 A
22 Fox 339 km 20.2 A
22 Mink 325 km 19.93 A
22 Hare 313 km 194 A

The simulated and calculated results correlate wigh each other. The slight difference with

regards to the magnitude of the capacitive curoamt be ascribed to conductor sagging and

voltage drops - which ATPdraw takes into considematCalculations were also performed on

the assumption that the faulty phase is at growtdnpial. ATPdraw takes the actual voltage at

the fault location into account.

The maximum allowable overhead line lengths catedlain Table 4-5 will be used as a

guideline for selecting appropriate locations tgliement the neutral breaker and single-phase

breaker schemes.
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4.5 Validation of capacitive coupling simulations

In order to verify the accuracy and validity of tbegpacitive current simulation results, two field
tests were performed. Both tests were done on-fifnase networks where the MV network was
temporarily ungrounded during a permanent eartlt faandition. The two test sites that were

used for the testing was Ganspan - and ThabongsHbstations.

4.5.1 Ganspan substation

At Ganspan substation, no underground MV cablesutilised, only MV overhead lines. Table

4-9 gives a brief overview of the test site.

Table 4-9 Ganspan substation details

Number of MV lines 4
Operating voltage 22 kV
Conductor types Combination of Fox, Mink and Hare
Structure types Majority T-frame structures
Combined length of overhead lines 560 km

For calculation and simulation purposes, Mink caridu was used. The majority of the
structures on the four MV lines are of a T-framenfaguration and is therefore used in the
capacitive current calculations. The physical dimens of the T-frame structures used in the

calculations and simulations are displayed in Tdbl®.

Table 4-10 Mink conductor and T-frame structure pro  perties

Ph.no. React Rout Resiz Horiz Wiower | Wmid
# [ohmkrm AC] | [cm) [ohm Ak AC]  [m] [rm] [rn]
1 1 044 0.55 ns 1] 9 .5
2 2 0.44 0.55 05 0.95 99 a4
33 0.44 0.55 05 14 ] 7.5
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By applying the formulas listed in section 4.4.1tluE dissertation, for a phase-A earth fault, the

following results were obtained:

6.79 x 10712 F/m,

(]
i
m

I

Ceg = 6.87 X 10712 F/m,
5.08 x 10712 F/m,

()
i
>

I

Coep = 4.76 X 10712 F/m.
The capacitive currents of both healthy phaseatih&an be calculated as:
Ig_g = 8.78A,
Ic_g = 8.89A.
With the total phase-to-earth capacitive curreiridpe
ITotal phase—to—earth capacitive current = IbeC0830° + I €0s30°,
=153 A.
The capacitive currents of both healthy phasekdddulty phase can be calculated as:
Ig_p = 11.37 A,
Ic.p = 10.64 A.

With the total phase-to-phase capacitive curreeisd)

—_ o
ITotal phase—to—phase capacitive current — IbaC0530 + IcaCOS30°,
=19.06 A.

The total capacitive current is therefore:

ICapacitive total — ITotal phase—to—phase capacitive current + ITotal phase—to—earth capacitive current:

=34.36 A.
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An overview of the ATPdraw model created to repgkc&anspan substation is shown in Figure
4-19.

Lo
ﬁ- Line A
LCC
ﬁ- Line B
LCC
ﬁ-‘ Line C

Line D

Source HVtrf
\ yoooz N-. K00 ! Al Line ;;%_{ LC‘? AI—» fcap
E EAT ."CE,G'

X 0045

Substation transformer

+|

breaker opens @ 0.05s

breaker closes @ 0.16s Fault @ 0.02s

Figure 4-18 Ganspan substation ATPdraw model

The simulated capacitive current during the unéagtiof the electrical network under an earth
fault condition was found to be 35.5 A (rms). Tbarelates well with the calculated capacitive
current of 34.36 A.

70
(AL
40
10
-20
-50
'80 T T T T T T T
0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 [s] 0.15
(file necbrkr_Ganspan_sim_report.pl4; x-var t) c:X0009A-ICAPA

Figure 4-19 Simulated capacitive current (35.5 A)

A permanent earth fault was created on the 22 k\KGAverhead line, which is supplied from

Ganspan substation, during a field test. The MWoéit was temporarily ungrounded for a short
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period to allow for the measurement of the capaeiturrent. The capacitive current was

measured to be approximately 34 A (rms) as showkigare 4-20. During the period in which

the MV network was temporarily ungrounded, the gh@searth voltages increased.

waveforms voltage GAKG Decl1 toJan12@GAKG

Waveforms Currenl tGAKG DeclltoJan12@GAKG

Voltage rise on healthy phases

)

System ungrounde

09:37:07.400me
Tuesday 20 December 2011, 09:37:07: 00.387 - 00.539

450ms

l

System grounded

500ms

550ms

Figure 4-20 Measured capacitive current on GAKG lin

ungrounded

e (34 A) while MV network was temporarily

The measured, simulated and calculated capacitivemt results correlates with each other. It

can therefore be said that the line models usedeirATPdraw simulation is now verified to be

accurate.

4.5.2 Thabong East substation

At Thabong East substation the majority of the Matwork consists of overhead lines although

there is a small section of underground cable pissent. Table 4-11 gives a brief overview of

the test site.

Table 4-11 Thabong East substation specifics

Number of MV lines 8
Operating voltage 11 kv
Structuretypes T-frame structures
Combined length of overhead lines 195 km

Conductor used

Majority Mink conductor with

sections of Fox conductor

Combined length of MV cable

5.7 km

Under ground cable used

95 mnf XLPE cable
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For calculation and simulation purposes, Mink cantduwas used. The physical dimensions of

the T-frame structures used in the calculationssamdlations are displayed in Table 4-12.

Table 4-12 Mink conductor and T-frame structure pro  perties

Ph.no.  React Rout Resis Horiz Wiower | Wrnid
# [ohmdkm AC] | [om] [ohmAkm AC]  [m] [m] [mn]
1 1 0.44 0.55 ns 1] ] FA
2 044 0.55 ns 0.95 913 a4
3 044 0.55 ns 113 9 .5

The XLPE cable specifications used in the calcotetiand simulations are displayed in Table
4-13.

Table 4-13 XLPE cable (95mm ?) specifications

DATA LNIT VALLE
R Ohirndm 0.000247
# Ohirndrm (.00
= pF A 0.000303

By applying the formulas listed in section 4.4.1tlu dissertation for a phase-A earth fault, the

following results were obtained with regards to ¢apacitance of only the overhead lines:

Cg_g = 6.97 x 1072 F/m,
Cc—g = 7.09 x 10712 F/m,
Cg_a = 5.08 x 10712 F/m,
Coep = 4.76 X 10712 F/m.
The capacitance of the XLPE 95 rhoable is:
Ceg =Cgoa = Ceop =Cg_g =1.727 x 1075 F/m.
The sum of the phase-to-earth capacitive currdrtseooverhead line and MV cable are:
Ig_g = 3.56 A,
Ic.g = 3.59A.
With the total phase-to-earth capacitive curreitudated as:
ITotal phase—to—earth capacitive current = 1p—g€0830° + Ic_gcos30°,

=6.2A.
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The sum of the phase-to-phase capacitive currénke mverhead line and MV cable are:
Ig_a = 5.43A,
Ic_p = 5.3A.
With the total phase-to-phase capacitive curreloidated as:
ITotal phase—to—phase capacitive current = I-aC0830° + I¢_,c0s30°,

=9.29 A

The total capacitive current is therefore:

ICapacitive total = ITotal phase—to—phase capacitive current + ITotal phase—to—earth capacitive current:
=155A.

An overview of the ATPdraw model created to regkcdhabong East substation is shown in
Figure 4-21.

Substation transformer
Source HViF

A"’@

WD) 40091, _pl> X008 U s tine

+l

Ica
X0030

breaker opens @ 0.05s

breaker closes @ 0.18s Fault @ 0.02s

Figure 4-21 Thabong East substation ATPdraw model

The simulated capacitive current, shown in Figw224during the unearthing of the electrical
network under an earth fault condition, was foumdbé¢ 15.1 A (rms). This correlates well with

the calculated capacitive current result of 15.5 A.
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[A]
20

10+

-104]
-204]

-30 T T T T T T T
0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 [s] 0.16
(file necbrkr_TE_sim_report.pl4; x-var t) c:X0006A-ICAPA

Figure 4-22 Simulated capacitive current (15.1 A)

A permanent earth fault was created on the 11 kG TiZerhead line, which is supplied from
Thabong East substation. The MV network was ungtedrfor a short period to allow for the
measurement of the capacitive current. The capaditirrent was measured to be approximately
15.9 A (rms), as shown in Figure 4-23.

Waveforms Voltage @ TEGT2 MV Voltage
1k

12kV
10KV
Bkv
14
4V
2k
Dk
-2kV
4RV
5KV
Bk
-10kv
-2k
-14kV

RMS Current @ TEG72

Capacitive current

16876A

10:06:46.600ms 800ms 10:05:47.000ms ims H0ms
Wednesday 07 September 2016: 10:05:46 - 10:05:47

Figure 4-23 Measured capacitive current on TEG line  (approximately 15.9 A) while network was

temporarily ungrounded

The measured, simulated and calculated capacitivemt results correlates with each other. It
can, therefore, be said that the line and cableefsodsed in the ATPdraw simulation is now
verified to be accurate.
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4.6 Summary - Line model

For electrical arcs to quench in an ungrounded odwthe secondary arc current needs to be
below 35 A [4], [5]. One of the contributing facsotowards the secondary arc current is the
capacitive coupling current. From the calculati@md simulation results, it is clear that the

capacitive current is dependent on the followingdes:

Length of the overhead line
Size of the conductor
Operating voltage of the electrical network

Distance between the conductors

YV V V V V

Distance between conductors and earth.

When comparing the calculated capacitive currerdulte of the various overhead line
configurations with the corresponding simulatiarelimodels, the results correlates as shown in
Table 4-14.

Table 4-14 Comparison between the calculated and si  mulated capacitive current results, for
different overhead line configurations

Overhead line configuration Calculated results  Satad results
Dual phase grounded network 4.488 A 4.44 A
Dual phase ungrounded 8.01 A 8.31A
network

Three-phase grounded 1.65A 1.66 A
network

The slight difference between the calculated amiiisted results can be ascribed to conductor
sagging and voltage drop that ATPdraw takes intesicteration. Capacitive current calculations
were also performed on the assumption that theyfgailase is at ground potential. ATPdraw
takes the actual voltage at the fault location icbasideration, which is dependent on factors

like the arc and earth impedance.

The calculated and simulated results shown in Tdkl® of an ungrounded three-phase MV
network correlated well with the measured resulitaimed from the two field tests. The line
models can therefore be seen as being accurateidirie used in the integrated models of the
neutral breaker and single-phase breaker schent&sapter 6.
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Table 4-15 Comparison between the calculated, simul

results on an ungrounded three-phase network during

ated and measured capacitive current

an earth fault condition

Test location

Calculated resu

IIBimulated result

Measured resuylt

Ganspan substation (22 kY,

34.36 A 355A 34 A
560 km overhead line)
Thabong East substation (11 kV,

155 A 15.1 A 159 A

195 km overhead line, 5.7 Km

underground cable)

Underground cables have a much larger influencéghenmagnitude of the capacitive current

compared to overhead lines, as shown in the Thab@asg measurements. When the conductor

size and length of a MV cable increases in the agtwit results in the increase of the capacitive

current. It is therefore recommended that the atlbireaker and single-phase breaker schemes

not be implemented in MV networks that utilise urgteund cables that exceed 15 km in length

and have a nominal cross section area larger thanr§.
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--- Chapter 5 ---

Transformer model verification

In this chapter, a transformer model is createdTiPdrawin order to simulate the transformer’s
response under a loss-of-phase condition. Theftianer model will be verified by means of a
field test, to ensure that the feedback currentthef transformer model is accurate. The
magnitude of the feedback current influences the qurenching ability of the single-phase
breaker scheme. Consider the earth fault condittmated on the primary side of &Y
transformer, which is shown graphically in Figurd.5Even after the phase-A breaker trips for
an earth fault on the line, current will still badk fed into the earth fault through the primary
windings of theA/Y transformers. The feedback current magnitydesl dependent on the load

current of the transformer [38].

Ve Ic

Figure 5-1 Feedback current through  A/Y transformer during an earth fault, under a loss-  of-phase

condition
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5.1 Transformer model

5.1.1 Transformer parameters

The majority of pole mounted transformers instaled MV rural lines within the Free State
range from 25 kVA to 100 kVA in size. The followirtgansformer parameters were used in

order to populate the 50 kVA transformer model inPAraw:

Table 5-1 Transformer parameters

Parameter Value
Primary voltage (phase-to-phase) 22 kV
Secondary voltage (phase-to-phase) 440V
Winding ratio at nominal tap 95
Primary winding resistance (@ 20) 85.48Q
Primary winding inductance 461.62 mH
Secondary winding resistance (@"2) 0.0274Q
Secondary winding inductance 89.43 uH
Excitation current 1.85A
Equivalent iron loss resistance 1.98M
Average flux density 1.778T
Vector group Dynll
Core type Three leg core

5.1.2 Feedback current

Sutherland [38] performed tests by creating a @dgshase condition on a/Y configured

transformer. He observed the following voltagesl@secondary side of the transformer:

Table 5-2 Voltages present on secondary side of  A/Y transformer under a loss-of-phase condition
(phase-A) [38]

Transformer Primary side of transformer: Secondangside of transformer:
configuration| phase-to-earth per unit voltages|  phase-to-earth per unit voltages
VA-E VB-E VC-E Va_e Vb_e VC_e
ALY
0 1 1 0.58 1 0.58

Even though there is no voltage present on theegpAgsrimary side of the transformer, 58% of

the LV nominal voltage is still measured on theoselary side of the transformer.
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5.1.3 Transformer model simulation

The ATPdraw model used to simulate the transforfaedback current during an earth fault
condition is shown in Figure 5-2. A 4.6 kVA singtease load is connected to the phase-c
secondary side of the transformer. An earth fisulteated on the phase-C conductor 20 ms into

the simulation.

breaker opens @ 0.04s
Substation transformer breaker closes @ 0.16s
| Ty X0028
Source HVirf ) — Ling _ §TridVv .
r O 20001 a1+ X003 Al [tofg _ . XOJ2 TV
= T o =0} \—O\X\.ﬂ'ﬂl
T L N
FAULT BOKVA Load
X0031

- Fault @ 0.02s
Ph_ase C breaker Fault quench @ 0.12s
which  opens to
create a loss-of
phase condition -

Figure 5-2 ATPdraw model - loss-of-phase condition

The earth fault condition causes an increase ipkiase-to-earth voltages of the healthy phases,
which continues until the phase-C breaker opengerAthe phase-C breaker opens, the
transformer is energised by only two phases. Timellsited MV voltage waveforms are shown in

Figure 5-3.

40
[kvV]

30 Phase-C breaker opens
20 /

10- /

0_

-10 -
-20 -

_30_
Phase-C earth fault

_40 T T T T
0.00 0.02 0.04 0.06 0.08 0.10 [s] 0.12
(file Fusesaver_report_trfr_feedback.pl4; x-var t) v.TRFMVA V. TRFMVB V. TRFMVC

Figure 5-3 Simulated MV voltage waveforms
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It can be seen from Figure 5-4 that two of the pkHasearth voltages on the secondary side of

the A/Y transformer decrease to approximately 58%, wtherphase-C breaker is open.

400

Phase-C breaker opens
300

200+

i

o
|

-200+

-300

-400 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 [s] 0.12
(file Fusesaver_report_trir_feedback.pl4; x-var t) vTRFLVA Vv TRFLVB Vv.TRFLVC

Figure 5-4 LV voltage waveforms

Figure 5-5 shows the current waveform on the semgnside (phase-c) of theY transformer.

30
(A
20

10+

-10—4

-20-

Phase-C breaker opens

-30 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 [s] 0.12
(file Fusesaver_report_trir_feedback.pl4; x-var t) ¢:X0028C-TRFLVC

Figure 5-5 Phase-c current waveform (secondary side of transformer)
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Figure 5-6 shows the feedback current on the pyiramie of the transformer, during the loss-of-
phase condition. One should note that the trangplimfeeding approximately 120 mA (rms)

back into the earth fault.

0.4
(A
0.3-

Feedback current
0.24

0.1+

0.0+

-0.1+

-0.2+

-0.3 Phase-C breaker opens
'04 T T T T T
0.00 0.02 0.04 0.06 0.08 010 [s] 0.12

(file Fusesaver_report_trir_feedback.pl4; x-var t) c:LINEC -TRFMVC

Figure 5-6 MV feedback current (120 mA rms)

8l|Page



5.1.4 Transformer model verification

In an attempt to verify the transformer model, mikir scenario was created on a 50 kVA
transformer. The phase-C isolator of the transformas removed to create a loss-of-phase
condition. To simulate an earth fault condition tpease-C transformer MV bushing was

earthed. Figure 5-7 shows the field test setup.

Phase-C transforme
MV bushing earthed

Voltage divider resistors

Figure 5-7 Transformer feedback current test setup

The MV voltages are measured by means of a resitader circuit. The phase-C feedback
current is measured by means of a Rogowski coie TN voltage and currents are also

measured during the course of the test. The overalisurement taken during the field test is
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shown in Figure 5-8; note that the 50 k\WAY transformer was energised by only two phases
during the course of the field test.

Waveforms Voltage PTPE171-MV@Petrusburg Sub

Transformer being supplied by only two phag

Min/Max L1 Waveforms Current, PTPE171-MV@Petrusburg Sub

014
004 MV feedback currel
-01A

Waveforms Voltage PTPE171-LV@Petrusburg Sub

LV voltage:

Min/Max L3 Waveforms Current, PTPE171-LV@Petrusburg Sub

LV breaker closed® LV load curren

LV breaker opene===s

10:41:40s 50s 10:42:00s

Tuesday 16 August 2016: 10:41:30 - 10:42:03

Figure 5-8 MV and LV voltage and current waveforms

With no load connected to theY transformer, the feedback current is dependeiy on the
transformer excitation currents, which was in taege of 10 mA. As soon as the single-phase
load was added to the transformer, the feedbackeruflowing into the fault increased to
approximately 132 mA (rms). A detailed measurentdérihe MV and LV voltages and currents
are shown in Figure 5-9.

83|Page



Waveforms Voltage PTPE171-MV@Petrusburg Sub
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Figure 5-9 Detailed waveforms - Feedback current ap  proximately 132 mA (rms)

The measured result of the feedback current showfigure 5-9 correlates well with the
simulated feedback current of 120 mA (rms). Thaage waveforms of both the simulated and
measured results also align when compared with etiwr. The transformer model created in
ATPdraw is now validated to be accurate.

5.2 Feedback current vs transformer loading

To determine what the feedback current responsa thnsformer is under a loss-of-phase
condition when the load is varied, a simulationdezkto be performed. Four transformers were
used in the simulation, with loads ranging from51K/A to 7.61 kVA. Figure 5-10 shows a
graph of the feedback current plotted against testormer load, during an earth fault, under
loss-of-phase condition.
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Figure 5-10 Feedback current plotted against transf ~ ormer load

From the results it is evident that the feedbackeru linearly increases as the transformer

loading increases. In order to validate these figsli a similar field test was performed. The

overview of the field test results are given indg5-11. The field test results also indicate that

the feedback current of the transformer increasesaily as the transformer loading increased.
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Figure 5-11 Measured results

of feedback currentin  creasing linearly as transformer loading
increases
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5.3 Summary - Transformer model

For electrical arcs to quench in an ungrounded otwthe secondary arc current needs to be
limited below 35 A [4], [5]. One of the contribugrfactors towards the secondary arc current is
the transformer feedback current, which is presdmn a loss-of-phase occurs during a fault

condition.

When comparing the simulated results of A¥ transformer model with the measured results,

the feedback current magnitude correlates well eétbh other as shown in Table 5-3.

Table 5-3 Feedback current of A/Y transformer with 4.6 kVA connected load

Feedback current magnitude

Simulated result 120 mA

Measured result 132 mA

The slight difference between the simulated andsuea results, shown in Table 5-3, can be
due to measurement errors of the current transicroied during the field test. The tap position
of the transformer will also influence the magnéudf the feedback current. The voltage

waveforms of the simulated and measured resultsadiigned with each other.

From the simulation and measured results in Se&i@nit is evident that the magnitude of the
feedback current is linearly dependent on the lugaaif theA/Y transformer. Similar findings

were obtained when tests were performed arfYatransformer in a 12.7 kV network [38].

The transformer model and parameters can be selegirag accurate. The validated transformer
model will be used in the integrated models of tieeitral breaker and single-phase breaker

schemes in Chapter 6.
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--- Chapter 6 ---

Site selection and Integrated models

In Chapter 6, trial sites are identified for theutnal breaker and single-phase breaker schemes.

Suitable trail sites are selected based on:

» Findings regarding capacitive coupling discusse@hapter 4
» Historical fault data of proposed locations

» Lightning density analyses of proposed locations.

The validated line model in Chapters 4 and thedetid transformer model in Chapters 5 are
combined to develop integrated models in ATPdragp&asate integrated models are created for
the neutral breaker and single-phase breaker schen@hapter 6, which are used for simulation

purposes.

6.1 Identification of trial sites

6.1.1 Background for choosing trial sites for neutral breaker scheme

The neutral breaker scheme aims to clear transanth faults without causing a supply
interruption to customers. The scheme might aldaraithe clearing of phase-to-phase-to-earth

faults, by eliminating the earth fault current campnt.

The combined length of all lines that are connetettie same NECR, where the neutral breaker
scheme is implemented, contributes to the magnitfdine capacitive coupling current. It is
recommended that this scheme be implemented in-degkity populated areas where line
lengths are relatively short. Currently, within thekom FSOU, the protection philosophy with

regards to urban lines are summarised in Tabl¢26]1

Table 6-1 ARC philosophy for urban MV overhead line s

Fault condition Number of ARCs allowed
o/IC 1

E/F 1

Sensitive E/F 0
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If any of the line breakers within an urban MV dwead network trips on sensitive E/F
protection, the breaker will lock-out. When a brealock-out occurs, the Eskom operator first
needs to inspect the MV line before he is allowedldse the line breaker, even though there is a
high probability that the fault was temporary intura. In some cases, the switchgear and
protection panels are old and do not allow sepaaate reclose settings of normal E/F and
sensitive E/F protection. This causes a breakeip@nd lockout for an E/F condition as well. If
a breaker trips and locks out on an urban line,ciwhmormally supplies a large amount of

customers, it negatively impacts SAIDI and SAIFlues.

It is recommended that the neutral breaker scheoteb@ implemented in areas where MV
cables are in excess of 15 km in length. This is tuthe significant contribution that cables

have on the capacitive coupling of the electriedivork, as discussed in Chapter 4.

6.1.2 Background for choosing trial sites for single-phase breaker

The single-phase breaker scheme aims to cleandrdarsarth faults as well as phase-to-phase
faults by means of single-phase tripping. The s&haids in reducing the amount of arc energy

which electrical equipment is exposed to duringgrent fault conditions.

The capacitive coupling during a fault conditiorlimited only to the length of the MV line on
which the single-phase breakers are installed. proposed that this scheme be implemented on
long rural lines (> 200 km), with a history of nuroes transient faults events. The Eskom FSOU

protection philosophy for rural MV lines is sumnsa&d in Table 6-2 [26]:

Table 6-2 ARC philosophy for rural MV overhead line s

Fault condition Number of ARCs allowed
o/C 2

E/F 2

Sensitive E/F 0
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6.2 Neutral breaker proposed sites

The substations listed in Table 6-3 were seleabedte implementation of the neutral breaker
scheme. A large number of customers are currenpipleed by these substations. The MV lines
supplied from these substations have experienceteraus transient fault events over a two-
year period. Based on the findings in Chapter Uswbstations listed in Table 6-3 will have a

capacitive current of less than 20 A.

By implementing the neutral breaker scheme at éhected substations, approximately 23% of
the current customer base of 232953 within the Bsk&OU will be included.

Table 6-3 Proposed sites to implement neutral break  er scheme

Substation name MV lineCombined Number of| Historic

voltage |length of MV| customers transient faults
lines supplied

Thabong Bulk 132/11 kV 11 kV 36.6 km 6524 32.3%

Thabong East 132/11 kV 11 kV| 200.7 km 14382 40.59¢

Meloding 132/11 kV 11 kv 148.5 km 10730 47.45%

Theunissen Munic 88/11 kV 11 kV 252.5 km 5668 6274

Kutlwanong 132/11 kV 11 kV 50.5 km 11934 37.2%

Two years of historical data obtained from EskomMEPS database was used to produce the
information listed in Table 6-3. For more detailatbrmation on the types of faults experienced
at the substations refer to Appendix A. Transiandts mostly fall into the following root cause
categories:

» Overhead line problem
Fault not found
Conductor problem

Adverse weather

YV V V V

Lightning.

A gridded exposure lightning analysis was perforrfadall MV lines connected to the selected
substations. The Eskom fault analysis and lightiimgating system (FALLS) was used to
perform the gridded exposure analysis over a fivaryperiod, to obtain the average lightning
ground stroke density maps. Some areas of the M&slindicate an average ground stroke
density as high as 30 strokes per year. Refer f{weAgix B for the detailed lightning study per

substation.
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6.3 Single-phase breaker proposed sites

The Petrusburg East (PTPE) and Diepfontein (PTRIKY overhead lines, which are supplied
from Petrusburg substation, were selected to impignthe single-phase breaker tripping
philosophy. The Petrusburg East overhead line sepl24 customers and has a length of 233
km. The line has a total of 153 pole-mounted tramsérs installed, with a combined installed
capacity of 7.5 MVA. The Diepfontein overhead lisgpplies 2140 customers and has a length
of 18 km. The line has a total of 34 pole-mountegzhdformers installed, with a combined
installed capacity of 2.5 MVA. The Diepfontein okiead line also supplies the Petrusburg
municipality. The loading of both lines rarely egded 2.5 MVA over a 18-month period, as
shown in Figure 6-1.
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Figure 6-1 Load profiles of PTPE and PTDIl over an 1 8 month period

A gridded exposure lightning analysis was performadthe Petrusburg East and Diepfontien
MV lines by using the FALLS system. The gridded @syre analysis in Figure 6-2 and Figure
6-3 show the lightning ground stroke density withagoplied 2 km x 2 km grid. The analysis was
performed over a seven-year period in order toiobtlae average lightning ground stroke

densities. Some areas of the MV lines indicatetbargl stroke density, which was as high as 29
strokes per year. The thematic legend in Figure &@ Figure 6-3 displays the normalised

ground stroke density, which is the average amotigtound strokes per year.
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Figure 6-3 Seven-year GSD for the Diepfontein 22 kV  line (2009 — 2016)

For the period of April 2015 to March 2016, all fisuon the Petrusburg East and Diepfontein
MV lines were analysed. This was done in order édfy the information stated in literature

regarding the number of transient faults, and tygfefaults that are more prevalent in electrical
networks [3], [4], [5], [14], [16], [18]. Table 6-Below shows the percentage of transient faults

versus permanent faults.
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Table 6-4 Percentage of permanent and transient fau  Its

Transent faults
84%
64%

Per manent faults
16%
36%

MV line name

Petrusburg East

Diepfontein

The 233 km rural Petrusburg East line has a highasentage of transient faults compared to the

18 km urban Diepfontein line. The possible reagonshe higher amount of transient faults are:

» Larger area exposed to lightning

» Greater exposure to animals and vegetation

» Average spanning distance between poles is longhich could lead to conductor
clashing during windy conditions

» More equipment installed on the line that can fail.

Table 6-5 below shows the percentage of earthdaudtsus multi-phase faults encountered on

the Petrusburg East and Diepfontein lines.

Table 6-5 Percentage of earth faults and multi-phas e faults over a one-year period

MYV line name

Earth faults

M ulti-phase faults

Petrusburg East

78%

22%

Diepfontein

86%

14%

The results given in Table 6-6 indicate what thee@etage fault contribution was of each phase

of the Petrusburg East and Diepfontein overheaslin

Table 6-6 Percentage phase contribution to faults 0 ver a one-year period

MV line name Phase-A Phase-B Phase-C
Petrusburg East 28% 67% 5%
Diepfontein 37% 53% 10%

The results in Table 6-6 indicate that the phassBductor on the MV overhead lines had the
most faults on it. Both lines were constructed vaiti-frame configuration, where the phase-B is
elevated above the other phase conductors andfdahereauses it to be more exposed to
lightning strikes. In the event of a phase-to-pHasst, chances are very high that the phase-B
conductor will form part of the fault. The chanaae very slim of a phase-A to phase-C fault

occurring on a T-frame structure.
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6.4 Simulation results

ATPdraw is used to model the neutral breaker anglesphase breaker schemes in order to
observe the system response under fault conditDuneng the simulation process, attention is

paid to both the LV and MV voltage and current waves.

Table 6-7 displays the conductor specification,aluhis used in the verified and validated line

models:
Table 6-7 Conductor specifications
ASCR conductor | Reactance (Q/km) | Resistance (/km) | Radius of conductor (cm)
Fox 0.45 0.86 0.4185
Mink 0.44 0.5 0.55
Hare 0.41 0.32 0.708

The physical dimensions of the T-Frame structugsdun the line model, including the mid-

span sagging of the overhead lines, are given loleTé:8.

Table 6-8 Physical dimensions of T-frame structure

model in ATPdraw

Phase conductor | Horisontal Height of conductors at | Height of conductors at
dimension (m) | T-frame structure (m) mid-span (m)
Phase-A 0 9 8
Phase-B 0.95 9.9 8.9
Phase-C 1.9 9 8
Table 6-9 shows the fault levels used in the sitrara
Table 6-9 Fault levels on MV side of the substation  transformer

Fault type Fault current
Phase-to-phase fault 4 kA
Phase-to-earth fault 355 A
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6.4.1 Neutral breaker simulations

Figure 6-4 displays the simplified ATPdraw inte@@imodel of the neutral breaker scheme. The
validated MV line — and transformer models were bovad to create the integrated model. A
phase-A earth fault condition is created 20 ms theosimulation. The neutral breaker is set to
trip 30 ms after the earth fault is detected. Tddtfclears 70 ms after the neutral breaker trips,
whereafter the neutral breaker recloses. The M\faipg voltage was set to be 11 kV and T-
frame line models were used that are strung withkMionductor. The section of underground

cable was selected to be a 95 three-core XLPE cable.

- | ine A

e LineB

s Line C

——= Lneo
Substation transformer i
= LJTM

Source HVitrr o[-0 = X000
W D0 Yooof ,«H X00 U s Line e 0CAe LV]
X0008 = =
hi Customer LV

fcacd *

Y0024 _
g LineF

Fault @ 0.02 seconds

. Line G } Fault quenches @ 0.12 seconds

M LineH
Meutral breaker opens @ 0.05s
Meutral breaker closes @ 0.15s

Figure 6-4 ATPdraw model of the neutral breaker sch  eme

The model shown in Figure 6-4 was created to raf@did’habong East substation - where the
scheme will be installed. The overhead lines atobhg East substation have a combined length
of approximately 195 km and an underground cabigtke of 5.7 km. The capacitive current
measured during the simulation was 15.1 A (rms) @nshown in Figure 6-5. Note that the
capacitive current is measured during the periocereshthe MV network is temporarily

ungrounded.
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Figure 6-5 Capacitive current flowing during the un grounding of the ATPDraw model — 15.1 Arms

The contribution of the 5.7 km underground cablevaiels the capacitive current is quite
significant. In this case, the section of undergmbgable is responsible for approximately 60%
of the total capacitive current, which is similar tesults obtained by MAaattd [47]. This is
primarily due to the short distance between thesaf the cable as compared to the distances

between the phase conductors of an overhead line.

The MV current and voltage waveforms at the pointhe fault are shown in Figure 6-6 and
Figure 6-7. Note that the voltage of the two hgafthases almost reached phase-to-phase values
during the earth fault condition, as was mentiorsd literature [4], [46]. It is of utmost
importance to ensure that all equipment installadttee MV line is rated for phase-to-phase

voltages across phase-to-earth terminals.
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Figure 6-6 MV current waveforms of the ATPDraw mode |
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Figure 6-7 MV voltage waveforms of the ATPDraw mode |

The LV currents and voltages which exist on theosdary side of a/Y transformer is shown in
Figure 6-8 and Figure 6-9. The nominal LV phasedoth voltages on the secondary side of the
transformer is 230 V. Note that during the peridaeve the MV network is ungrounded it does
not influence the voltages measured on the secpsitie of theA/Y transformer.
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Figure 6-9 LV voltage waveforms of the ATPDraw mode |

During the MV earth fault condition, only a slighisturbance is noted in the LV voltage

waveform as shown in Figure 6-9.
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6.4.2 Single-phase breaker simulations

Figure 6-10 displays the ATPdraw integrated modethe single-phase breaker scheme. The
validated MV line — and transformer models were bovad to create the integrated model. A
phase-to-phase fault and earth fault conditionréated 20 ms into the simulation. Only the
phase-A breaker is set to trip 30 ms after a faudietected. The fault will guench 70 ms after the
phase-A breaker trips, whereafter the phase-A lereadcloses. The MV operating voltage was
set to be 22 kV and T-frame line models were ubed &re strung with Fox conductor. This
model was created to replicate the Petrusburg E&$tline where the scheme will be

implemented.
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Figure 6-10 ATPdraw model of the single-phase break  er scheme with a Phase-A to Earth fault

The ATPdraw model contains fourteen 50 kVA transfers, which all operate at full load. Due
to the age of the Petrusburg East line, the phlydicaensions of the T-Frame structures differ
from the standard, bird-friendly T-frame structur@®e physical dimensions of the T-Frame
structures used in the line model, including thd-span sagging of the overhead lines are given
in Table 6-10.
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Table 6-10 Physical dimensions of T-frame structure model in ATPdraw

Ph.no.  React Rout Resis Haoriz Wiower | Wrnid
# [ohrndkm ALC] | [em) [ohrmdkm AC] | [m] [m] [m]
11 0.45 04185 086 1] a 7
2 |2 0.45 0.4185 086 1.75 ] 7
33 0.45 0.4185 086 KR ] 7

For a phase-A to earth fault, the secondary anentimeasured during the simulation was 7.4 A

and the waveform is shown in Figure 6-11.
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Figure 6-11 Secondary arc current measured of the A TPDraw model during earth fault condition

The MV voltage and current waveforms during thetheéault are shown in Figure 6-12 and
Figure 6-13. The phase-A breaker opens 30 ms lngdault. The load current prior to the fault

was approximately 17.7 A (rms) and the waveforshiswn in Figure 6-14.
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Figure 6-12 MV voltage waveforms of the ATPDraw mod el - Phase-A earth fault
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Figure 6-13 MV current waveforms of the ATPDraw mod el - Phase-A earth fault

100 |Page



40
[A]
25

10

-20-

-354

'50 T T T T T T T T T
0 4 8 12 16 [ms] 20
(file Fusesaver_report_earthfault.pl4; x-vart) c:NECA -ITOTAA  c:NECB -ITOTAB c:NECC -ITOTAC

Figure 6-14 MV load current prior to the earth faul  tin the ATPDraw model

The LV voltages and currents which exist on theoedary side of a/Y transformer during an
earth fault are shown in Figure 6-15 and Figure66Note that the nominal LV phase-to-earth
voltage on the secondary side of the transform2B8@V. Even though the phase-A MV voltage
is zero after the phase-A single-phase breakes, taipeduction in only two of the phase-to-earth
voltages is noted. This is a vast improvement wt@mpared to the normal earth fault-clearing
philosophy, which would have resulted in a threessel power interruption.
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Figure 6-15 LV voltage waveforms of the ATPDraw mod el - Phase-to-earth fault
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Figure 6-16 LV current waveforms of the ATPDraw mod el - Phase-to-earth fault

A second simulation was performed in ATPdraw fgrhase-to-phase fault condition (phase-A
to phase-B). The fault was created 20 ms into itnelation. Only the phase-B breaker is set to
trip 30 ms after a fault is detected. The phasphase fault clears 30 ms after the phase-B
breaker opens, whereafter the phase-B breakersestldhe same model shown in Figure 6-10

was used for the phase-to-phase fault simulation.

The MV voltage and current waveforms during theseh-phase fault is shown in Figure 6-17
and Figure 6-18.
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Figure 6-17 MV voltage waveforms of the ATPDraw mod el - Phase-to-phase fault
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Figure 6-18 MV current waveforms of the ATPDraw mod el - Phase-to-phase fault

The LV voltage and current waveforms which existtlom secondary side ofdY transformer,
during a phase-to-phase fault, are shown in Figut® and Figure 6-20. Note that the nominal

LV phase-to-earth voltage on the secondary sideeofransformer is 230 V.
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Figure 6-19 LV voltage waveforms of the ATPDraw mod el - Phase-to-phase fault
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Figure 6-20 LV current waveforms of the ATPDraw mod el - Phase-to-phase fault
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6.5 Summary - Integrated models

The neutral breaker scheme and the single-phas&kdirecheme each has its own advantages
and disadvantages. With regards to an earth faatiiton, the neutral breaker scheme will have
the least negative impact on the voltage wavefdirasa customer will experience according to
the simulation results. When temporarily disconimgcthe MV network from earth, the voltages
on the secondary side ofAdY transformer might be slightly lower than normailtil the E/F is
cleared. Under a single-phase breaker tripping itiond two of the three LV phase voltages
could drop to as low as 58% of the declared nomimdlage. However, this still affords
customer plant equipment the opportunity to ridedlgh the one-second dip when compared to

a three-second power interruption.

According to the simulated results, both schemesahte to clear transient earth faults without
resulting in a three-phase power outage. Only ithglesphase breaker scheme is capable to clear

transient phase-to-phase faults without resulting three-phase power outage.

The primary factor that determines the success o&téhe neutral breaker scheme is the
magnitude of capacitive current flowing when MV wetk is ungrounded. Although there is
also capacitive current present with regards toofheration of the single-phase breaker scheme,
it is to a lesser extent. The primary factor inflamg the success rate of the single-phase breaker

scheme is the amount of current being back fedthedault, through tha/Y transformers.

105|Page



--- Chapter 7 ---

Measured results

In order to verify and validate the simulated résof the integrated models, both schemes were
installed on MV networks. The testing of the schenmyolved creating faults on overhead MV
lines. A number of continuous logging QOS wavefoaoorders were installed during each test

at different locations in order to obtain all teejuired data.

Three sets of tests were conducted to evaluatedb&al breaker scheme. A permanent earth
fault was created in order to determine whetherstttieme protection philosophy functions and
integrates correctly with other breakers in the esamatwork. A transient earth fault was also
created in order to determine how fast such a fpuginches. Lastly, a phase-to-phase fault was
created in order to determine whether the neutedier is able to clear a phase-to-phase fault

condition.

Two sets of tests were conducted to evaluate tiggesphase breaker scheme. A transient earth
fault condition was created in order to determiog Hast the fault current can be cleared. A
transient phase-to-phase fault condition was aisated in order to determine how fast the fault

current can be cleared by only opening one ofwhedffected phases.

7.1 Neutral breaker tests

7.1.1 Test site layout

The neutral breaker tests were performed by plasimeof the existing MV breakers on bypass.
The E/F was created on the secondary side of asbgdabreaker to ensure the continuity of
supply to the customers during the testing of thatmal breaker scheme. A second advantage
was that the breaker could be closed remotely tireacreated E/F. This reduces the risk of an
operator being exposed to step and touch poteritiatee case where the breaker is closed
manually. A continuous logging QOS recorder wasaiied on the MV busbars of the substation
and the transformer MV CTs were used to measuréathiecurrent during the test as shown in

Figure 7-1.
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Figure 7-1 Setup of QOS recorder at substation

A second continuous logging QOS recorder was ilestadt the breaker where the E/F was
simulated. The voltage of the overhead line wassmea by means of a voltage divider as

shown in Figure 7-2. Two resistors were used tp she high voltage down to a measurable

110 V. The earth fault current was measured byguairogowski coil.

47 kQ resistor.

Figure 7-2 Photo of field test setup including the

Earth with

Regowski coll

QOS logger and voltage divider
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In order to create a temporary earth fault condjte thin piece of wire was spanned across the
sheds of a 22 kV insulator. The one end of thelatsu was connected to one of the MV
overhead conductor phases. The other end of thdaios was connected to the crow foot
earthing arrangement of the breaker installatiohis Twas done in order to ensure that the

earthing resistance is kept as low as possibledoae the risks of step and touch potential.

When closing the breaker onto the fault, the thirevepanned across the insulator burns off
immediately, resulting in an electrical arc formifidne electric arc bridges the insulator and will
only quench if the secondary arc current is beldwA3in an ungrounded network [5]. An

overview of this setup is shown in Figure 7-3.

FPON

!I

Figure 7-3 MV insulator with thin copper wire acros s sheds to initiate earth fault
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7.1.2 Tests performed

Three sets of tests were performed to ensure lieateutral breaker scheme functions correctly

with regards to:

> Transient earth fault
> Permanent earth fault
» Phase-to-phase fault

In principle, for an earth fault current (10 A dgler) on the MV network, the neutral breaker
trips instantaneously and remains in the openipasior two-seconds. During this time the earth
fault should clear if the fault is temporary in & After this, the neutral breaker closes and
remains in the closed position for 60 seconds ltmahormal system protection to operate and

isolate the fault in the case of a permanent faulthe MV network.

7.1.3 Commissioning test results

When creating the transient phase-to-earth faulthenRepeater 11 kV line, which is supplied
from Theunissen Munic substation, the neutral beealeared the fault successfully before any
other breaker on the MV line tripped for the faligure 7-4 shows the voltage- and current
waveform measured at the substation and Figuresiiels the voltage- and current waveform

measured at the fault location on the line.
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Figure 7-4 Transient earth fault cleared by neutral breaker on TGPO line (voltage and current

waveforms measured at substation)
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Figure 7-5 Transient earth fault cleared by neutral breaker on TGPO line (voltage and current

Figure 7-6 below shows the earth fault event inendetail, as measured at the fault location.

The earth fault cleared in approximately 60 ms. Vbkages of the two healthy phases rise as

the

temporarily unearths the MV network for two-secanfis the neutral reference point shifts, full

phase-to-phase voltages can be measured across-tpheath terminals up until the arc

waveforms measured at fault location)

E/F fault starts. The neutral breaker openscaxpately 30 ms after the fault starts and

guenches [4].
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-200A

Waveforms Voltage TGPO@TM substation

Waveforms Current TGPO@TM substation Neutral breaker In Open pOSItl
Fault start\ /\ - Fault clear
_ MV current
/\ A\— 4
\/ \/4 \/

12:55:41.320ms 360ms 380ms 400ms 420ms
Tuesday 27 January 2015, 12:55:41: 00.295 - 00.429

A video camera with a recording rate of 60 frames gecond was used to visually record the

earth fault event. Figure 7-7 shows three conseedtames from the video recording that is

Figure 7-6 Waveforms of transient fault (measured a  t fault location)

displayed below the measured waveforms of the igahfult event.
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Figure 7-7 Detailed waveforms of transient fault co  ndition with electric arc

The breaker where the E/F occurred was programnitbcthre protection settings in Table 7-1:

Table 7-1 E/F protection settings of breaker at TGP 097-71-2

E/F protection parameter Value
Time multiplier 0.1
Pickup current 30A
Protection curve Standard Inverse - IMDT

For an earth fault current of 144 A, the calculatiéa time of the breaker at TGPO97-71-2 is
475 ms. The calculated trip time is the sum of [DEIT protection trip time plus the 30 ms it
takes for the breaker mechanism to physically ofée neutral breaker fault-clearing time of

60 ms is a vast improvement when compared to theesdional 475 ms fault-clearing time.

A similar test was performed where a transient\E#s created on a 22 kV network. Figure 7-8
shows the voltage and current waveforms measurédeasubstation and also the LV voltage

waveform measured at the customer point of supfe neutral breaker opens approximately
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50 ms after the earth fault starts and unearthsngtevork for two-seconds. While the MV
network is temporarily ungrounded nominal systertage is measured on the secondary side of

the A/Y transformers in the electrical network.

Waveforms Voltage GAKG@GAKG MV V0|tage
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Figure 7-8 Transient earth fault cleared by neutral breaker

When creating the permanent phase-to-earth fauth@rmRepeater 11 kV line, which is supplied
from Theunissen Munic substation, the neutral keegkotection scheme functioned correctly.
The neutral breaker tripped for the E/F and renthinghe open position for two-seconds, where
after it closed again. After reclosing, the neutmaaker remained in the closed position for 60
seconds, enabling the TGPO97-71-2 line breakeripoand isolate the permanent E/F. The
voltage and current waveforms recorded during thenpnent earth fault event are shown in
Figure 7-9.
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Figure 7-9 Permanent earth fault on the 11 kV Repea ter line

fault component. The phase-to-phase fault cursentt influenced by the tripping of the neutral
breaker. Such a recorded event is shown in Figtr@. The phase-to-phase fault was cleared by
one of the line breakers located at TBP140-3 orBifaedfort pumps 11 kV line, supplied from

Theunissen Munic substation.
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Figure 7-10 Phase-to-phase fault - not cleared by n  eutral breaker
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7.2 Single-phase breaker tests

7.2.1 Test site layout

The single-phase breaker tests were performed diging one of the existing MV breakers on
bypass. Both the E/F and phase-to-phase faults wex@ed on the secondary side of the
bypassed breaker. A continuous logging QOS recondesr installed on the MV busbar of the

substation and the transformer MV CT’s were usemiéasure the current during the test.

A second continuous logging QOS recorder was ilestaht the point where the faults were
created. The fault current was measured by meaRe@dwski coils. A third continuous logging
QOS recorder was also installed in a LV meter kimskonitor the LV voltage waveforms at the

customer point of supply.

In order to create a temporary phase-to-phase, fdngltsame process was followed as with the
neutral breaker scheme. A thin piece of wire wamspd across the sheds of a 22 kV insulator
to create a temporary phase-to-phase fault. Thelats was connected between two MV

overhead line phases, on the secondary side diyiressed breaker.

When closing the breaker onto the fault, the thimewbridging the insulator burns off
immediately, causing an electrical arc to form. Bhectrical arc easily bridges the sheds of the
insulator and will only quench if the secondary ancrent is low enough. An overview of this

setup is shown in Figure 7-11.
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Figure 7-11 MV insulator with thin wire across insu lator to initiate transient earth fault
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7.2.2 Tests performed

Two sets of tests were performed to ensure thatsihgle-phase breaker protection scheme

operates correctly during:

> Transient earth faults

» Transient phase-to-phase faults

In principle, for an earth fault or phase-to-phé&aseit (80 A or higher), the respective single-
phase breaker must trip instantaneously and remdime open position for one-second. During
this period the transient fault should quench, [led that the secondary arc current is low
enough [4], [5]. After the single-phase breakersek it remains in the closed position for 60
seconds before being able to trip again. This tifevs normal system protection to operate and

isolate the permanent fault from the MV network.

7.2.3 Commissioning test results - Transient earth fault

When creating a transient earth fault on the Petmgs East 22 kV line, which is supplied by
Petrusburg substation, the phase-A breaker cletredfault successfully. The voltage and
current waveforms recorded during the earth faudiné are shown in Figure 7-12. The first and
second waveform is the MV voltage and current messwat the substation and the last

waveform is the voltage measured on the secondaeyo$ aA/Y transformer.
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Figure 7-12 Transient fault cleared by single-phase breaker on PTPE line
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Figure 7-13 shows a more detailed view of the efatitt and it can be seen that the earth fault

clears within 10 ms.

Waveforms Voltage PTPE@Petrusburg Sub MV VOItagE

20KV

-20kV

100 A

A

IGA

Waveforms Voltage PTPEL70 TRFR LV@Petrusburg Sub

LV voltage

200V

-X0V

13:06:56.440ms 460ms 480ms 500ms 520ms 5ehms 560ms
Wednesday 06 July 2016, 13:06:56: 00.411 - 00.611

Figure 7-13 Waveforms of transient fault showing th at fault current cleared within 10 ms

Figure 7-14 shows the recorded MV voltage wavefamd sum of the transformer feedback
current measured at the substation while the pAasiagle-phase breaker is in the open position
for one-second. Figure 7-14 also includes voltageasured on the secondary side ohA/&

transformer.
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Figure 7-14 Voltage and current waveforms while pha  se-A breaker is open for one-second

The recordings in Figure 7-12 and Figure 7-13 iat#icthat the earth fault was cleared in
approximately 10 ms. As soon as the phase-A bregens for one-second, one can observe a
decrease in two of the phase-to-earth LV voltagethe transformer LV side. The current due to
magnetic and capacitive coupling was measured t.&& A (rms) during the period when the
phase-A breaker was in the open position. As ssaime breaker successfully recloses, one can
observe an increase in current - which decaysperead of 60 ms. This current can be ascribed
to the three-phase energising of the pole moumatstormers on the 22 kV line. A high speed
video was taken of the earth fault that was credfetdir consecutive frames in the video are

shown on the measured fault recording in Figur&.7-1
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Figure 7-15 Waveforms of transient earth fault with

electric arc that is barely noticeable

The breaker where the E/F occurred was programnithdire following protection settings:

Table 7-2 E/F Protection settings of breaker at PTP  E168-1

E/F protection parameter Value
Time multiplier 0.15
Pickup current 40 A

Protection curve

Standard inverse - IMC

T

For an earth fault current of 130 A, the calcudati@p time of the breaker at PTPE168-1 would
be approximately 910 ms. The 910 ms includes time suthe IDMT protection trip time plus

the 30 ms it takes for the breaker mechanism tsiphily open. The single-phase breaker fault-

clearing time of 10 ms is a vast improvement whemgared to the conventional 910 ms fault-

clearing time. The fast clearing time reduces ttoéng energy quite substantially. The voltage

dip that would have propagated on the neighbou?ddV lines for 910 ms is now limited to

only

10 ms.

119|Page



7.2.4 Commissioning test results - Transient phase-to-phase fault

In order to allow plant equipment to ride througpbhese-to-phase fault condition, it is important
that only one of the two affected single-phase keestrip. As mentioned in Chapter 3, the
phase-B breaker is set to trip faster than therdthie single-phase breakers. This will ensure
that theA/Y transformers still receive normal system supmtytwo of the three phases. When
creating a transient phase-A to phase-B fault erPtrusburg East 22 kV line, only the phase-B
breaker trips. The tripping of only the phase-Bgkrphase breaker clears the phase-to-phase
fault successfully. The voltage and current waveforecorded during the phase-to-phase fault
are shown in Figure 7-16. The recordings indichtd the phase-to-phase fault was cleared in
approximately 40 ms. As soon as the phase-B bregens, one can observe a decrease in two
of the phase-to-earth LV voltages. As soon as thaker successfully recloses, one can observe
an increase in current - which decays in a perio@0oms. This current can be ascribed due to

the three-phase energising of the pole mountedfwamers on the 22 kV line.
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Figure 7-16 Transient phase-to-phase fault cleared by phase-B single-phase breaker on PTPE line

Figure 7-17 shows the waveforms of the phase-te@lfault, that cleared in 40 ms, in greater

detail.
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Figure 7-17 Waveforms of transient phase-to-phase f  ault that cleared in 40 ms

Figure 7-18 shows the recorded MV voltage wavefand transformer feedback current

waveforms measured at the substation while theegsBasingle-phase breaker is in the open

position for one-second. Figure 7-18 also includelsage measured on the secondary side of a

AIY transformer. The sum of the transformer feedbamkrent was measured to be

approximately 5 A (rms).
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Figure 7-18 Voltage and current waveforms while pha  se-B breaker is open for one-second
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A high-speed video was taken of the phase-to-pfaagdethat was created. Some of the frames in

the video are shown below the measured fault réogid Figure 7-19.
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Figure 7-19 Waveforms of transient phase-to-phase f  ault as well as photos of the electric arc

The breaker where the fault occurred was programmittdthe following protection settings:

Table 7-3 O/C protection settings of breaker at PTP  E168-1

O/C protection parameter Value
Time multiplier 0.2
Pickup current 80 A
Protection curve Standard inverse - IMDT

For a fault current of 565 A, the calculated tiime of the breaker at PTPE168-1 would be
approximately 732 ms. The 732 ms includes the suitheoIDMT protection trip time plus the

30 ms it takes for the breaker mechanism to phigicgen. The single-phase breaker fault-
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clearing time of 40 ms is a vast improvement whemgared to the conventional 732 ms fault-
clearing time. The fast-clearing time reduces ttoéng energy quite substantially. The voltage
dip that would have propagated on the neighbou?ddV lines for 732 ms is now limited to

only 40 ms.

7.3 Summary - Measured results

The earth fault-clearing capabilities of both tleeitnal — and single-phase breaker schemes prove
to be very effective. While the MV network is tenngoly ungrounded during the operation of
the neutral breaker scheme, nominal system voliageeasured on the secondary side of the
AIY transformers in the network. When one of theglgrphase breakers opens to clear a

transient earth fault, two of the phase-to-earthvoltages reduce by roughly 43%.

The phase-to-phase fault-clearing capability of siregle-phase breaker scheme proves to be
very effective. This can be ascribed to the fasitfelearing of the scheme. Secondly, only one
of the MV phases will be disconnected for one-sdcdaring a phase-to-phase fault. This is a
substantial improvement compared to a conventipoaler interruption of a few seconds. The
neutral breaker scheme does not have the capatalitiear a phase-to-phase fault, however it

can aid in removing the earth fault component withimulti-phase to earth fault.

Both schemes contribute to the improvement of pogestlity in the networks where they are
installed. These schemes limit the effects of \gdtaip propagation to neighbouring lines as
transient faults are cleared from the MV networkchiaster. By implementing fast tripping in
both schemes, it greatly reduces the arc energynwbenpared to normal IDMT protection
philosophies. This fast fault-clearing time alsduees the amount of ionised air created during

an electrical arc and therefore reduces the rigktodinsient fault becoming a permanent fault.

The measured results from chapter 7, and simulatgdts from chapter 6, with regards to both
schemes, correlate well. The simulated MV voltagd eurrent waveforms match the voltage
and current waveforms measured during the fieldnigsThe simulated secondary arc current
(5.3 A rms) of the single-phase breaker schemealzdes well with the measured results (5.65 A
and 5 A rms). The slight difference can be ascritwethe loading difference of the MV line at
the time when the fault occurred. The loading défee will influence the magnitude of the
feedback current through the transformer windinge ithe fault. The simulated LV voltage
waveforms under fault conditions also align witrattrof the measured results. The slight
variation in the magnitude of the LV voltage wavefis can be ascribed to a difference in

transformer tap positions and the loading of thegformers.
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--- Chapter 8 ---

Conclusion and Recommendations

8.1 Overview

To conclude on the objective of the dissertatiohafer 8 compares the neutral breaker and

single-phase breaker schemes with each other. dearison includes the following:

Transient earth fault-clearing capabilities
Transient phase-to-phase fault-clearing capalslitie
Impact on power quality

Advantages of each scheme

Limitations of each scheme

YV V V V V V

Proposed locations to implement each scheme.

Chapter 8 also includes relevant recommendaticaisaie made with regards to improving the

operation of both schemes.

8.2 Conclusion

8.2.1 Neutral breaker scheme

The earth fault-clearing capabilities of the neluklneeaker scheme proved to be very effective.
Unfortunately, the neutral breaker scheme doehawt the capability to clear a phase-to-phase
fault. The scheme only aids in removing the eaathitfcomponent of a multi-phase to earth

fault.

The power quality issues that the neutral breakbemme addresses is a reduction in both
momentary and sustained interruptions that areethbyg earth faults. This scheme also reduces
the length of a voltage dip caused by an earth fawlall lines that are connected to the same
NECR. The speed with which the neutral breakermehiips is less than 60 ms after sensing an

earth fault condition.

After the commissioning of the neutral breaker seheat Thabong East, Thabong Bulk,
Kutlwanong, Meloding and Theunissen Munic substetidghe following results were obtained

within the period of a year:
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Table 8-1 Transient faults cleared by neutral break  er scheme

Substation name Number of Number of earth faults
earth faults cleared by neutral breaker

Thabong Bulk 132/11 kV 27 24
Thabong East 132/11 kV 85 73
Meloding 132/11 kV 105 89
Kutlwanong 132/11 kV 29 17
Theunissen Munic 88/11 kV 45 41

Total 201 244

Figure 8-1 gives the ratio between the permanemt @wansient earth faults which were

successfully cleared by the neutral breaker scheme.

B Permanent earth faults

m Transient earth faults
cleared by neutral
breaker

Figure 8-1 Ratio between permanent and transient ea  rth faults cleared by neutral breaker

From the results shown in Table 8-1 and Figure 8slmany as 83.8% of earth faults were
successfully cleared by the neutral breaker scheiti®ut causing a momentary interruption to

customers. This equates to a total of 244 less powarruptions experienced by customers. The
neutral breaker scheme also significantly redubedléngth of voltage dips caused by the 244
earth fault events, to as little as 60 ms. Thig ¥&st improvement in terms of power quality and

network reliability with regards to transient eafidllts on MV networks.

The fast fault-clearing time of the neutral breakeheme results in less damage caused to
upstream equipment. The time it normally takesafoearth fault protection to operate for a high
impedance earth fault is reduced from the secoandger to the milliseconds-range. By
implementing the neutral breaker scheme, it coattlice burn wounds on animals or humans by

a factor of up to fifty times in a case where inaxtient contact was made with a live conductor.

During the earth fault condition, customers migkperience a slight disturbance with regards to

their LV voltage waveform for a few milliseconds.owWever, as soon as the transient fault
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guenches, customers will experience normal systeltages on their LV network, even though

the MV network might still be ungrounded for a teeeonds.

The scheme coverage of the neutral breaker inclatleBlV lines that are connected to the

substation NECR at which the scheme is installesthematically shown in Figure 8-2.

HV (132kV)

Line Line Line Line

Figure 8-2 Neutral breaker scheme coverage

To ensure for the effective clearing of transientlfs, it is recommended that the scheme not be
installed in MV networks where the capacitive cauglcurrent exceeds 35 A. Therefore, the
sum of the overhead line lengths must not exce@dk@Ofor an 11 kV network, and 300 km for

a 22 kV network. If cables are present within an kBtwork, this must be taken into account as
the capacitive coupling of cables can be up tar8@s more compared to overhead lines. During
the period when the neutral breaker is in the opesition, the magnetic coupling of
transformers that are installed on the MV lined wnalt influence the magnitude of the secondary

arc current. The secondary arc current is deperafetite capacitive coupling current only.

8.2.2 Single-phase breaker scheme

The earth fault and phase-to-phase fault-clearapabilities of the single-phase breaker scheme
proved to be very effective. One of the factorpoesible for the success of the scheme is the
time in which a fault is cleared. The fast faukaning time of the single-phase breakers (less
than 30 ms), also results in less damage beingedates upstream equipment, and equipment

located at the point of the fault.

In terms of a power outage, customers who primariliise three-phase equipment will only
experience a one-second interruption on one plagsepmpared to a standard three-phase power

interruption of at least three-seconds. Anotheraathge of this scheme is that voltage dip
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propagation to parallel lines is reduced. The lergjta voltage dip experienced by parallel lines
is now only a few milliseconds instead of threeesets. This allows plant equipment to ride
through the voltage dip. The depth of the voltaigecdnnot be altered by the implementation of

this scheme. The depth of the voltage dip dependbefault level of the electrical network.

Four months of voltage dip data was analysed aP#teusburg substation; the focus being only
on voltage dips caused by faults on the PTPE aridll Riles. The information used to create a
scatter plot was obtained from the continuous legdOS recorder, which measured the MV
busbars voltage at the substation. A summary efvttitage dips is given in Table 8-2. The

voltage dip scatter plot is shown in Figure 8-3.

Table 8-2 Summary of voltage dips after implementin g single-phase breaker schemes

Voltage dip category Number of dips
I nsignificant 14
Y 7
X1 3
X2 1
S 1
T 2
Z1 4
Z2 3
Total 35
100%
$ [nsignificant
0%
Y =
— B0% : 3 + Zl
2 ' .
”"é 705 | L5
R X1 1], -
g W F— S S
3 9
2% X2 *
% 40% %O
E < 72
B 30% |
3
& 20% | T
: L 2
10% |
0% : - .
0.01 0.10 1.00
Event duration (seconds)

Figure 8-3 Voltage dip scatter plot at Petrusburg substation after implementing single-phase

breaker scheme
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One should note that 60% of all measured voltags dan be seen as being insignificant (which
includes Y-class dips). This is due to the fastitfalearing time of the single-phase breaker
scheme. The voltage dip length of 26 of the measulips was drastically reduced by the
operation of the single-phase breaker scheme tltaessfully cleared the transient faults. This
resulted in customers not experiencing a threergbqmower interruption compared to the
functioning of normal breaker operations. Figuré Below shows the ratio between the different

fault types that caused voltage dips at Petrussuibgtation.

B Phase-to-phase
faults

m Earth faults

Figure 8-4 Ratio between earth — and phase-to-phase  faults on PTDI and PTPE lines

Figure 8-5 shows the ratio between the permanetit &aults and transient earth faults that were

cleared by the single-phase breaker scheme.

m Transient earth faults
cleared by single phase
breakers

M Permanent earth
faults

Figure 8-5 Ratio between permanent and transient ea  rth faults cleared by single-phase breakers

Figure 8-6 shows the ratio between the permanemsgsto-phase faults and transient phase-to-

phase faults that were cleared by the single-phaessker scheme.

m Transient phase-to-
phase faults cleared by
single phase breakers

M Permanent phase to
phase fault

Figure 8-6 Ratio between permanent and transient ph  ase-to-phase faults cleared by single-phase
breakers
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In some cases, the earth fault current magnitude vedow the current pickup setting of the
single-phase breaker scheme. This caused the gihgke breakers not to trip for a high
impedance earth fault. Phase-to-phase faults hdorgher fault current magnitude compared to
earth faults, which are limited by the NECR. Therefthe single-phase breaker cleared a higher

percentage of phase-to-phase faults compared tto feaits.

Another voltage dip scatter plot was created ireotd determine what the voltage dip profile at
the Petrusburg substation would have been if thglesiphase breakers were not installed. The
fault current magnitudes, substation fault levelsl &reaker protection settings were used to
determine what the length of the voltage dips wddgle been. The hypothetical scatter plot is

shown in Figure 8-7 with the voltage dip summamegiin Table 8-3.

Table 8-3 Summary of voltage dips if single-phase b reaker scheme was not implemented

Voltage dip category Number of dips
I nsignificant 4
Y 1
X1 0
X2 0
S 10
T 0
Z1 10
Z2 10
Total 35
100%
oo | Insignificant . .
Y B
. 80% | - + S
@ &> &
£ | 71 | .-
g T | " &
- et -
.% 60% | = i\l . 'g R + & B
3 3 +
‘%’ 50% %‘_\‘ Xz g
Eo ame | =
3o |2 . 72
= =
= 200 |
T 44
108 |
0.01 0.10 1.00
Event duration (seconds)

Figure 8-7 Hypothetical voltage dip scatter plot at Petrusburg substation if single-phase breaker
scheme was not implemented
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The measured voltage dip scatter plot of Figurei8<mbined with the hypothetical dip scatter

plot of Figure 8-7 to illustrate the improvementwaitage dip performance. The combined dip

scatter plot can be seen in Figure 8-8. Note tmatblue diamond shaped markers indicate the

voltage dips measured at Petrusburg substation thiéh single-phase breaker scheme in

operation. The red square shaped markers indit@tehypothetical voltage dip scatter plot,

which would have been present if the single-phasaker scheme was not installed.
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Figure 8-8 Comparison of voltage dip scatter plotr  esults

Table 8-4 below shows a comparison between the unedwoltage dip results from Table 8-2

and the hypothetical voltage dips from Table 8-3.

Table 8-4 Comparison of voltage dip results

Number of voltage dips Number of hypothetical voltage
Voltage dip measured at substation after | dipsat Petrusburg substation if
category implementing single-phase | single-phase breaker scheme was
breaker scheme not implemented
Insignificant 14 4
Y 7 1
X1 3 0
X2 1 0
S 1 10
T 2 0
Z1 4 10
Z2 3 10
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Table 8-4 illustrates that the single-phase breakdeme reduces the effects of voltage dip
propagation quite substantially. With the schemiadénplemented, the voltage dips are much
shorter - which affords plant equipment the opputyuto ride through the voltage dips caused
by faults on the MV network.

Table 8-5 shows a comparison of momentary inteiwnpton the PTDI and PTPE lines. The
comparison took three scenarios into considerafdote that 19 of the 35 events were earth
faults.

Table 8-5 Comparison of momentary interruptions on MV lines

Linename: | PTPE | PTDI

Single-phase breaker scheme implemented: 3 1
Number of momentary interruptions
No scheme implemented: 23 12

Number of hypothetical momentary interruptions

Neutral breaker scheme implemented: 7 9
Number of hypothetical momentary interruptions

Implementing only the single-phase breaker schessalted in 74.3% less power interruptions
experienced by customers compared to not implemgrany scheme. Implementing only the
neutral breaker scheme resulted in 54% less powemruptions being experienced by customers

when compared to not implementing any scheme.

The scheme coverage of the single-phase breakeriied to the MV line on which the scheme

is installed, as graphically shown in Figure 8-9.

HV (132kV)

Y/A Transformer NECR

@o—

X -
Frorx

Line Line Line
A B C

Figure 8-9 A Single-phase breaker scheme installed  on Line D will only clear faults on Line D

With the single-phase breaker scheme installedvtienetwork remains grounded at all times
and therefore the capacitive coupling of the ovadhine under fault conditions is much less

when compared to an ungrounded network. The maitribator to the secondary arc current for
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the single-phase breaker scheme is the magnitudbeofransformer feedback currents. The
capacitive coupling of the MV overhead line doeg significantly contribute towards the
secondary arc current. Therefore, to ensure thasignt faults are cleared, it is recommended

that the feedback current due to the magnetic aogipif A/Y transformers not exceed 35 A.

8.2.3 Scheme comparison

Neutral tripping is effective in the clearing ofrgafaults and high-impedance earth faults. It was
found that by implementing neutral tripping, as ynas 83.4% of earth faults were successfully
cleared. The fault-clearing effectiveness of ndutrgoping is primarily determined by the

capacitive coupling of the MV network.

Single-phase tripping is effective in the clearofgearth faults and phase-to-phase faults. It was
found that by implementing single-phase trippin§%bof earth faults and 94% of phase-to-
phase faults were successfully cleared. The fdedtring effectiveness of single-phase tripping
is primarily determined by the feedback current mitagles of the\/Y transformers on the MV
line. In contrast to the neutral tripping, the ca@pee coupling contribution in single-phase

tripping is much less.

Implementing these methods of transient fault abgaresults in less stress being placed on
breakers, conductors and transformers within the Mdwork. The efficiency with which

transient faults are cleared positively influenceswork reliability, since transient faults are
cleared before they can develop into permanentstalihe speed with which transient faults are
cleared improves the power quality of the MV netwaiith regards to voltage dips, sustained

and momentary interruptions.

The neutral breaker scheme results in a reducfigower interruptions and voltage dips caused
by earth faults. The power quality of all MV lineonnected to the same NECR will be

improved. The neutral breaker scheme is capabtéeafing transient faults in 60 ms.

The single-phase breaker scheme results in a iedusft voltage dip length on all neighbouring
feeders. The MV line on which the fault occurs wiperience a one-second single-phase event
instead of a three-phase power interruption. Tinglsiphase breaker scheme is capable of

clearing transient faults in less than 40 ms.

A summary of the comparison between the neutradeneand single-phase breaker schemes is

given in Table 8-6.
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Table 8-6 Neutral tripping and single-phase trippin

g comparison

Neutral breaker

Single-phase breaker

Capable of clearing E/F

Yes

Yes

» Fault-clearing time

60 ms

10 ms - 40 ms

» Power quality impact

No negative impact on custonr
LV voltage.

Reduces length of voltage dips
caused by earth faults.
Reduces number of momentary
interruptions experienced by

customers due to earth faults.

Creates single-phasi event for all
customers on line for one-second.
Allows plant equipment to ride through
fault condition.

Reduces the length of voltage dips tha
propagate to neighbouring lines.
Reduces number of momentary
interruptions experienced by customer,
due to earth faults.

Capable of clearing high-

) Yes No
impedance E/F
Capable of clearing phase-
No Yes
to-phase fault
» Fault-clearing time N/A 10 ms — 40 ms
» Power quality impact N/A Creates a single phasing event for

customers on line for one-second.
Allows plant equipment to ride through
fault condition.

Reduces the length of voltage dips tha
are propagated to neighbouring lines.
Reduces number of momentary
interruptions experienced by customer,

due to phase-to-phase faults.

it

Scheme cover age Scheme cleis earth faults on a Clears faults only oMV line where
lines that are connected to the samscheme is installed.
NECR.

Limitations Scheme success rate limited Scheme success rate limited

magnitude of capacitive current

Secondary arc current must be les

than 35 A.

transformer feedback currents.
sSecondary arc current must be less th
35A.

an

M ounting location

In substation yard

Mounted on overhead line

Proposed site

implementation

Short overhead lines supplying a
large amount of customers

(townships).

Long rural overhead lines.
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8.3 Recommendations

The following recommendations can be made with négydo the work that was performed

during this study that may be useful for similaiufe work:

» When any test is performed on MV networks, safstihe first priority, especially when
faults are created in order to test the operatioaguipment. Special care needs to be
taken with regards to step and touch potentiainduain earth fault condition

» When implementing the neutral breaker scheme, itmportant to ensure that all
equipment installed on the MV network is rated fdrase-to-phase voltages across
phase-to-earth terminals.

» While monitoring the performance of the single-ghaseaker scheme, it was observed
that faults normally quenched within 40 ms aftdir@aker opens. Therefore, if the one-
second open time of the single-phase breaker camebtlaced to 80 ms, it will
substantially reduce the single-phase conditioneegpced by customers. The reclose
time of the single-phase breakers could not béosgedr than one-second due to hardware
constraints.

» A software constraint that was encountered withsingle-phase breakers used was that
the tripping time of the breaker can be adjustedtaps of 100 ms only. It will be
profitable if the breaker trip time can be adjused0 ms increments. This will allow a
person to set the minimum trip time to 70 ms, whiéh allow the breaker not to trip for
transformer inrush currents, since the inrush ciirasually decays to a value below the
OI/C pickup setting within 60 ms.

» It is important to ensure that the protection ptojohy of the neutral breaker and single-
phase breaker schemes can integrate with exiséitvgonk protection philosophies.

» It will be beneficial to install single-phase break on all lines that are supplied from the

same substation to optimise the reduction of velt@dig propagation.
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8.4 Closure

The research done in this dissertation was suaddasthowing the contribution towards power
guality by developing a protection philosophy fbe theutral breaker and single-phase breaker
schemes. Momentary interruptions, voltage dip pgagians and voltage dip times will be
reduced. One of the advantages of the single-pbesaker scheme is that three-phase LV
motors will be able to ride through the single-ghasent, which will reduce the overall plant

downtime of customers.

The neutral breaker and single-phase breaker schper®rmed well in clearing transient faults
from MV networks. This greatly contributes towalasiting the amount of equipment damage
caused by transient faults on MV networks due ® fést fault-clearing capabilities of the

schemes.

Both the schemes have a significant contributiothésafety of humans and animals in the case
where inadvertent contact is made with the MV nekwdecause of the fast fault-clearing

capabilities of the schemes.
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A. Appendix A - Transient fault data
Two years of historical data obtained from EskomMEPS database was used to produce the
figures shown in Figure A-1, Figure A-2, Figure Af&igure A-4 and Figure A-5. Transient

faults include, but are not limited to, the followgiroot cause categories:

» Overhead line problem
» No fault found

» Conductor problem

» Adverse weather

» Lightning

Sutel@ Theunissen Munic April 2012 to March 2014

Adverse

Weather Alarms Breaker Problem
Tree Contacts 0243 0.48% 2.16% Drop-Dut Fuse Link Problem
0.48% 5 Bundle Conductor 4 50,
Problem
Tuwer,’Stru:t;;e;’;ule Problem bt Foreign Object
2 0.24%
Surge Arrestor Problem 2 '?" h Bro i Insulator Problem

1.20% 072%

Scheduled Work. ]
3.13% Isglator Problem

b 1.20% Jumper Problem

D.96%

Power Transformer Problem

2.64%
Maintenance Related
Planned Work 168%
337%

Metering Unit Problem

Person/Labour Problem. 0.24%
0.96% No Faultfound

0.96%

Figure A-1 Root causes which resulted in customer i nterruptions at Theunissen Munic substation
(total of 416 events)
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QislceAno et

Kutlwanong April 2012 to March 2014

Voltage Regulator yypoq Adverse W)
Thert Froblem  spcpyre .
1.99% 0.35% Problem
3.32%

|

Telecoms Problem.
0.66%

Surge Arrestor Problem
0.33%

Ring MainUnit Problem
0.33%

Power Transformer Problem
5.32%

Breaker Problem

éather

Bundle Conductor Problem
1.99%

Conductor Problem

isolator Problem Non Eskom staff)
i 0.33%

Maintenance Related
332%

Mini-Sub Problem
1.33%

No Faultfound
332%

Figure A-2 Root causes which resulted in customer i
of 301 even

nterruptions at Kutlwanong substation (total
ts)

Meloding April 2012 to March 2014
Surge Arrestor Problem.
0.89%

Tree
Theft Contacts
177%_ 067% r

Problem
3.33%

Ring Main Unit Problem.
0.22%

Protection Scheme Probiem
1.55%

Power Transformer Problem
3.55%

Person/fLabour Problem
0.22%

‘Wood Structure

Adverse Weather
0.44%

Bundle Conductar Problem
3.55%
.Conductor Problem
377%

Cable Probiem
355%

Crossarm Problem
0.22%

Drop-Out Fuse Link Problem
0.44%

Human Element {

Non Eskom staff)

022%

Insulator Problem

0.89%

Maintenance Related
0.48%

Metering Unit Problem

0.89%

Mini-Sub Problem
111%

No Faultfound
2.44%

Figure A-3 Root causes which resulted in customer i

nterruptions at Meloding substation (total of

451 events)
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0.71%

Third Party.
071%

+ |ROOTCAUSE 1/ NFELC 7 CNCLOCATION.  Meonth v

Thabong Bulk April 2012 to March 2014

Tower/Structure/Pole Problem

Wood Structure Probiem

Tree Contacts
1.66% \ \

Adverse Weather

2.14%

Bundle Conductor Problem

Surge Arrestor Prnhlpm
071%

Protection Scheme Problem
166%

Person/Labour Problem

095%

1.66%

Clamping Device Problem
071%

Conductor Problem
4.51%

Customer Load Problem
1.43%

Drop-Out Fuse Link Problem
0.48%
Foreign Object
095%
Insulator Problem
0.48%

Isolator Problem
261%

Maintenance Related

Mini-sub 1.43%

Problem
0.24%

Figure A-4 Root causes which resulted in customer i

nterruptions at Thabong Bulk substation
(total of 421 events)

0.37%

1.68%

354%

1.86%

Planned Work

TRACEDURATION /" ROOT CAUSE ' NOFELE 7 CNCLOCATION
|Countof CIH
G Thabong East April 2012 to March 2014
Adverse Weather
_ 1.86%
Voitage Regulator Problem Wood Structure Problem PSR
Tree Contacts Loine 1Az 0.93%
0.37% Bundle Conductor Problem
Tower/Structure/Pole Problem 1.30%
0.93% Conductor Problem
1.86%

Surge Arrestor Problem

Ring Main Unit Problem

Person/Labour Problem

Drop-Out Fuse Link Problem
112%
Insulatar Problem

0.56%

Isolator Problem
0.93%

Maintenance Related
372%

Figure A-5 Root causes which resulted in customer i

nterruptions at Thabong East substation
(total of 537 events)
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B. Appendix B - Lightning analysis

A gridded exposure lightning analysis was perforroadall MV lines that are connected to the
proposed substations listed in Table 6-3 by usiiy EALLS system. The gridded exposure
analysis in Figure B-1, Figure B-2, Figure B-3, tig B-4 and Figure B-5 show the lightning
ground stroke density with an applied 2 km x 2 kid.grhe analysis was performed over a five-
year period in order to obtain the average ligigngnound stroke densities. Some areas of the
MV lines indicated a ground stroke density, whichswas high as 30 strokes per year. The
thematic legend in Figure B-1, Figure B-2, Figur& Brigure B-4 and Figure B-5 displays the

normalised ground stroke density, which is the ageramount of ground strokes per year
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Figure B-1 Five year GSD for Thabong East substatio n MV lines (2009 — 2014)
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Figure B-2 Five year GSD for Thabong Bulk substatio
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Figure B-3 Five year GSD for Meloding substation MV
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Figure B-4 Five year GSD for Kutlwanong substation

THEUNISSEN MUNIC - REPEATER

HEUNISSEN MUNIC- MASILO CHARLIE Overhead

MV lines (2009 — 2014)

0 Legentof T.. - -0 ]|

Itggrids by propdens

W 30t 62 (3037)
B 241030 (5885)
211024 (6033)
20021 (2315)
B 18020 (5001)
B sto18 (7020)

K

- THEUNISSEN MUNIC - MASILO BETA Overhead Line

]
i‘ THEUNISSEN MUNIC - ERFENIS Overhead Line

=]
0

R

HEUNISSEN MUNIC - MASILODELTA Overhead Line

HEUNISSEN MUNIC - MASILO CHARLIE

(THEUNISSEN MUNIC - BRANDFORT PUMPS Overhead Line

Figure B-5 Five year GSD for Theunissen Munic subst

ation MV lines (2009 — 2014)
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