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Abstract

Open phase faults are not commonly encounteredhenSbuth African power transmission
systems. However, when these faults do occur itlieetn major power system interruptions and
spurious tripping of healthy (circuits without f&)l circuits to trip without giving any indicatiaf

the type or location of the fault. This resultdangthy restoration times to find the open phasé fa
without any fault detection devices. The intentafrthis study was to investigate open phase faults
and assess the impact thereof. An investigationasaslucted on an open phase fault on the bus-
section of the transmission high voltage yard atl@yg Power Station. The investigation utilised
the Koeberg network configuration, power systenadahd protection settings in order to simulate
the fault and validate the results with the simalaimodel. The simulation model was tested by
simulating short circuit faults with the curreneéer circuit protection scheme characteristics and
settings. The results of the investigation confintleat the current feeder protection schemes do
not take open phase fault detection into accouht Back-up earth-fault protection which is
normally utilised to detect and trip for high reéaitce faults, did indeed detect and trip for open
phase faults where the unbalance currents summatsrabove the minimum setting threshold of
300 A although the fault clearing times was extrigni@ng. However, this was not the case for all
instances. The feeder tripped due to zero sequarreents instead of negative sequence currents.
In addition the impact of open phase faults waestigated on the Koeberg generator circuit to
confirm that the generator would be protected agjairgative sequence currents and trip based on
the generator protection philosophy, the coordohated configure generator protection settings.
The literature research comprised of the preseatleiie protection philosophies, a review of
currently used feeder protection schemes, available feeder protection schemes, technologies
available or technologies that have the potendialetect an open phase fault. An evaluation of the
currently used protection schemes and new protecichemes available was conducted.
Considerations with respect to the protection seh@exibility, adaptability with regards to co-
ordination and configuration of the protection sokein conjunction with the feeder protection
philosophies, modifications and additions to therrent feeder protection schemes were
considered.
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Abbreviations

% Percentage

3, Residual current

3Up (3Vp) Residual voltage

3V, Zero Sequence Voltage
ARC Auto Re-Close

CccC Charging Current Compensation
CPU Central Processing Unit
CT Current Transformer

DAS Data Acquisition System
DC Direct Current

DT Definite Time

E/F Earth Fault

EHV Extra High Voltage

ERTU Enhanced Remote Terminal Unit
HIF High Impedance Fault

HMI Human Machine Interface
HV High Voltage

lo Zero Sequence Current
IBias Current Bias

IDMT Inverse Definite Mean Time
IED Intelligent Electronic Device
I nominal Nominal Current

Km Kilometre

KPI Key Performance Indicator
kV Kilo Volt

ms Milliseconds

MV Medium Voltage

NPS Negative Phase Sequence
o/C Overcurrent

00Ss Out Of Step
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PD Pole Discrepancy

PLC Power Line Carrier

PSSE Power Systems Simulation for Engineers
PST Parameter Setting Tool

R Resistance

RMS Root mean square

SCADA Supervisory Control and Data Acquisition
SIR Source Impedance Ratio

Tq Time Delay

TEF Definite and inverse time delayed residual a@werent
TOC Time Delay Over Current

VT Voltage Transformer

X Reactance

z Impedance

Zsr Zone 3 Forward

Z3Rr Zone 3 Reverse
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CHAPTER 1: INTRODUCTION

1. Chapter introduction and motivation of research topic

South African power transmission network preseotgmtion schemes cannot detect an open phase fault.
Distance or impedance type of line feeder protectichemes are predominantly utilised with the begig
current differential protection [1]. Eskom (SA pawility) had focused on protection schemes tetbe
protect the network based on the most common faufterienced and that could occur on the transamnissi
and sub-transmission lines, since the majorityaoits on the Eskom National Grid occur betweenlsing
phase and ground or double phases and ground, kaswhunt faults [1]. The shunt and phase to phase
short circuit faults on the network result in a staltial increase in current flow towards the faodation

and conventional over-current protection schemes wtitised to detect and protect against these low
impedance faults [2]. Fault causes are mainly figig discharges (over-voltages which initiate @uikin
flashovers), birds (actual contact and streamenspwerhead lines, veld fires, pollution caused by t
environmental conditions and, to a lesser degrestact with vegetation. Short-circuit faults resuita
substantial increase in current hence, in the rtgjof applications, are easily detectable to alamirip

the circuit [2].

As this type of faults give rise to unbalanced dtads on the network with little or no rise in cent in

the faulted or healthy phases, detection had be@grewing concern within the utility business. &gk
Transmission had two major interruptions of suppiythe last five years ([3] & [4]) give a detailed
description of the fault. This type of fault is sad by direct lightning strike, a conductor burnoffydue

to a hot connection or theft of a conductor, ttieetabeing a common and a serious contributor@en
circuit faults can exist on the transmission anb-gansmission system for a long time since theyrmt

detectable.

Open circuit or series faults gives rise to unbe¢ahconditions on the network with little or noerim
current in the faulted or healthy phases thus tletetias become a growing concern within the power
network. South African power transmission nationatwork had two major interruption of supply
(interruption of supply of greater than one systamute is classified a major interruption in thetléve
years (references [3] & [4] give a detailed dedarip of the fault.) This type of fault is caused thyect
lightning strike, a conductor burning off due tdat connection or theft of a conductor, the lalteing a
common and a serious contributor [1]. Open phaseitifaults can exist on the transmission systemaf

long time and without being detected [5].

Open phase circuit faults may be detected as wltapalance in radial feeds or single supply, open
phasing of a supply results in single phasing act@wers motors, customer experiencing problemsguri
starting of three phase induction motors (polepstig) or when random operations are performed en th

network that result in the operation of protectihue to unbalance current if the loading is adedyatgh

[6].
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However, the impedance feeder protection schemes tha capability to trip for negative phase segeen
(NPS), however the NPS elements are not enablednfacshalled to trip). Enabling of NPS elements
causes a conflict with single-phase trip and aatese philosophy. Single-phase trip and auto-seclo
philosophy was developed to prevent an interruptimicustomers for an intermittent single-phasetfaul
The relay is marshalled in this configuration ton@hate tripping the feeder in totality (trippingp®les of
the breaker) for a single phase fault (one phasatih fault) [7].

1.1 Benefitsof thisstudy

A number of benefits are anticipated and are antastgers, a method for detecting, alarming andginig
open circuited transmission and sub-transmissioeddes; reducing the unbalance (negative phase
sequence) in the Eskom transmission and distribut@work; reducing the thermal stress on Eskomds a
customers’ rotating (motors and generators) plamiproving the detection of conductor theft and
qualifying the impact of an open phase circuit faarh the South African transmission national power
network.

1.2 Research problem

It is hypothesised that the currently used transimisprotection schemes in South Africa do not take
account of open phase circuit faults, hence, opesefaults cause major network interruptions wthese
faults occur due to spurious tripping of partshe power transmission system without correct irichosof

the fault type or location.

1.3 Research questions

The fundamental research question:

What is the impact of open phase faults on the powtvork?

1.3.1 Can the present protection schemes detect opee fdats?

1.3.2 What are the possible solution options to enableatien of an open phase faults?

1.3.3 What changes will be required to the current EH¥dfr protection philosophy to enhance or
enable open phase detection?

14 Objectives

The objective is to justify that the problem stagamis true by conducting an analysis of an opessgh
fault on transmission circuits and their behavibwferacteristics that impact rest of the powemoek;
performing simulations of the open phase fault gisPigSilent Power Factory simulation software;
conducting studies using the characteristics amdtfonality of the line feeder protection schemathw
calculated and coordinated settings configuredetify operations of the protection during an opéage

fault condition; and finally, recommending applicatbased solutions.

15 Outlineof chapters

Chapter 1: Introduction
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The background to problems related to open phasirg described and explained with respect to the
impact on the power system. By conducting simutetiof the fault and presenting the results, the
objectives of research problem (to analyse the qiemon of open phase faults) will lead to the
formulation of application-based solutions. Theesesh questions are stated and the benefits of the

research are emphasised.

Chapter 2: Literature survey
This chapter shares the information of the curpawer transmission system protection schemes umsed i
correlation with the line feeder protection philpeg and future means of enhancing to ensuring open

phase detection, alarming and tripping by studyingerous literature relating to this research topic

Chapter 3: Research methodology
The methodology, techniques and the strategy oéstigating the open phase fault condition and its

subsequent impact on the power transmission syistentlined.

Chapter 4: Investigations and simulations

This chapter captures the investigation of an adtamlt that occurred on the South African power
transmission network with simulations of the opdrage fault together with short circuit faults as a
comparison and qualification of the simulation modée protection relay characteristics were inasen
into the simulation model to test the protectidiayeharacteristics and settings with respect ttstircuit

faults and evaluation of these characteristicsregj@an open phase fault.

Chapter 5: Results of investigation and simulations
Results of the investigation and simulations désctiin chapter 4 were recorded, analysed and ass&ss

conclude the hypothesis of this particular study.

Chapter 6: Recommendations and conclusion

Recommendations as an outcome of the literatudbestun chapter 2 and the results of the simulatiamd
investigation of chapter 4 together with the anialg$ the results discussed in chapter 5 will bevjated as
possible mitigation should the hypothesis provddotrue. The conclusion of the research will béesta

based on the analysis of the study.

16 Conclusion
The background and motivation of the research pralwas presented together with the research quosstio
that will provide direction into the analysis respd in chapters 2, 4 and 5. The outline of the tgrap

presented a structured platform to enable the tixeof the research to be achieved.
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CHAPTER 2: LITERATURE SURVEY

2 Introduction

The objective of this chapter is to provide backgrmb information pertinent to the research topie th
current line feeder protection schemes utilise@auith Africa, explanation and analysis of theirragien
characteristics and setting or marshalling. Thigptér also provides a background into possibletisoisi

that are available or are being developed by thews feeder protection scheme manufacturers.

2.1 Currently utilised line feeder protection schemes

A list of the feeder protection schemes presergbduor available from protection scheme manufactuse
tabulated below and also gives a description ofr theotection functionalities and characteristics t

illustrate the protection schemes limitations anélexibility with regard to open circuit fault dettion.

Table 2-1: Feeder Protection Schemes [1]

Relay Type Manufacturer Generation
Type —H Reyrolle Phase 1
P10/P40 Alstom Phase 1

LZ32 ABB Phase 1
THR Reyrolle Phase 1
R3z27 Siemens Phase 1
YTG Alstom Phase 1
SlypSicn GE Phase 2
Micromho Alstom Phase 2
SLS GE Phase 2
TLS GE Phase 2
PXLN Alstom Phase 3
7SD512 Siemens Phase 3
7SA513 Siemens Phase 3
REL 561 ABB Phase 4
REL 531 ABB Phase 4

Phase 1 - Electromechanical relays and very e&styeate electronic relays;

Phase 2 - Electronic relays;

Phase 3 - Digital relays; and

Phase 4 - Microprocessor based (Programmable)igjatet Electronic Devices.

The list of feeder protection schemes in Table\®ak further broken down into type and generation of
feeder protection currently in use. From Table &Was evident that the protections relays weréhofe

feeder protection types namely, impedance or distacurrent differential and directional overcutren
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2.1.1 Impedance protection

Currently, transmission and sub-transmission lieedér protection schemes are predominantly of the
impedance protection type [1]. The measurementiplie of distance protection is that the relay chltes

the ratio of the voltage and current at the prebtsmtion of the fault [8]. The ratio equates te th
impedance (Z) and therefore measures the impedainttes line from the busbars to the location of the
fault. In the case where the measured magnitudéawdf impedance is less than to that of the line
impedance, this implies that the fault is somewtlwarahe line. If the fault impedance is greatemthize

line impedance, then this implies that the faulocated beyond the line and the remote end sudnstat

The basic impedance based protection relays useomd@ phase current and a one phase voltage for the
measurement of single-phase to earth faults [8fthWhie advances in technology other currents and
voltages of other phases had been integrated taelag operating quantities for enhanced operation
characteristics. As a result of changes in pratadechnology over the last few decades, variopssyof
protection schemes are in operation on the Soutitakf power transmission system. Electromechanical
“phase 1” (38%), electronic “phase 2" (32%), miamgessor base “Intelligent electronic devices” (IED
(30%) [25].

2.1.2 Current differential protection

Differential protection relays are used to detacits by comparing electrical quantities at alirterals of a
system element. Current differential relaying ie thost common principle used for transmission line
feeder protection [9], however current differensgahemes can only be applied on short lines. Fag lo
lines (distances above 100km) the use of a commtioit channel has the disadvantage of being costly

and reliability of the channels becomes a problgn [

2.1.3 Directional Overcurrent

Directional overcurrent relays are used to detbessp or ground faults in a particular directionagmower
transmission system and to initiate isolation asth faults [10]. They require a polarizing quanéitya
reference. The directional overcurrent relay iselidused for earth fault protection. For groundt&all
sequence quantities are available. The positivaesere quantities are negatively impacted by loadl an
therefore should be avoided when considering darth protection [10], leaving only zero and negati
sequence quantities as possible inputs to a grdiredtional element. The polarization method used i

specified as part of the relay type.

Polarization methods available are namely [10]:
Zer 0 sequence voltage polarisation
A zero-sequence over-current relay simply meastiressum of the three phase currents as in the

equation below:

I R Tl [Equation 2.1]

I, = Relay zero sequence current
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3lp = Residual current
I,= Phase ‘a’ current
I, = Phase ‘b’ current

I. = Phase ‘c’current

These residual elements should never be set masatise than the normal system unbalance. System
unbalances can be caused by conditions such aadoeahditions and un-transposed transmission liAes

zero-sequence voltage polarized ground directieleshent uses ¢/or 3V, as the polarizing reference.

3V, =V, +V, +V, ---[Equation 2.2]

Where:

3V = Zero sequence voltage

V, = Phase ‘a’ voltage

V, = Phase ‘b’ voltage

V. = Phase ‘c’ voltage

ZL, = Line sequence impedance

3lp = Residual current

Torque= [3v,| *|31 o| * Cos([0 - 3V, - (031, + 0ZL,)]) [Equation 2.3

The equation above represents the torque for asegroence voltage polarized directional elemerit [10

The sign of the torque is positive for forward tawdnd negative for reverse faults. If the polagzioltage
magnitude becomes too small, its angle becomedialiee The main problem with this zero sequence
voltage polarisation is that if the zero-sequenuiéage magnitude presented to the relay for a rerfautlt

is too low, the torque produced by the zero-seqeenttage directional element may be too low tassro
its minimum torque threshold. The solution to loalgrizing voltage magnitude applications is to ase
current polarized directional element. A zero-segee current polarized ground directional element
measures the phase angle difference between thedsidual current (3l and an external polarizing
source current gb)). Dual polarized zero-sequence directional elemgnthe combination of a zero-
sequence voltage polarized directional elementaardro-sequence current polarized directional eiéme

This element provides more flexibility than a seghethod of zero-sequence polarization [10].

Negative-sequence polarized directional elementg Htiae following advantage when compared to zero-
sequence voltage polarized directional elementgahe-sequence directional elements are inseaditiv
zero-sequence mutual coupling associated with lpatednsmission line applications.

Positive sequence voltage is usually applied &layrphase with a directional unit polarized by tiealthy

phase to phase voltage.
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2.1.4 YTG linefeeder protection relay scheme

The YTG relay is an impedance-based type of prioiect three phase relay with a mho characteristic
[11]. The YTG relay caters for phase faults andhetaults. The zones of protection of this relan ¢e
shown on the IX, IR Figure 2-1below [11].

jIX

Z3

IR

Figure 2-1: Three zones of protection for YTG type relay [11]

Polarising technique

Due to a lack of operation for zero voltage unbedahfaults, a YTG relay utilises a polarising vgéahat

is equal to 2% of the healthy phase voltage pladdulted phase voltage for zone 1 and zone 2sfgldf].

The technique is also known as partial cross-pgation of the mho characteristic. For zone 3 asebff
mho characteristic relay is used. Cross polarisatias the effect of increasing the steady state mho
characteristic in such that it covers for bettesistance coverage [11]. For the YTG relay the ¢ftdc

polarising is very small as only 2% of healthy agk is utilised.

jIX
V-1Z

Increased resistance coverage due to
cross polarisation of 2% Vs.

- V + 2% IR

Figure 2-2: IR-IX Diagram with an Effect of Polarisation on GE@pe - YTG Relay [11]

Relay characteristic angle setting
The relay characteristic angle of the relay cameiase the fault resistance coverage if it is sgetadhan

the line impedance angle as shown in Figure 2-8. §diting ranges from 4% 75. In the South African
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power transmission network, relay characteristiglanms set below the line angle to allow for beftault

resistance coverage. Consider the following mhoadteristic diagram for the explanation [11].

6% X«

XK = 95% \ h

\ 1
\ /
\ ’
N
A/

Figure 2-3: Effect of GEC, type - YTG Relay Characteristic [11]

2.1.5 TLSlinefeeder protection relay scheme

TLS protection scheme relays use multi input phasgle comparators to derive a variable mho type
characteristic with self-polarization and memoryi@c[12]. The distance function of the TLS relesses a
positive, negative and zero sequence voltage apdlaizing quantity for earth faults. The TLS relsas

the variable mho, reactance and directional chariatics [12].

Fault resistance cover age capability

In order to enhance the resistance coverage ofrelay, the characteristic timer angle adjustment is
available which can be configured in three waysamely [12], normal circle (# is equal to 90 degrees),
lens (if © is greater than 90 degrees), tomatod(if less than 90 degrees (Tomato shape providésr bet
resistance coverage).

Lenscharacteristic

In applications of long line feeder with larger heeristics, discrimination of load and fault cahbe
derived in the TLS; the TLS impedance protectionld@perate as a result of load encroachment [ItH.
Lens characteristics however aids in improvingititg of the function by enabling the relay chaexcstic

to be shifted away from load area as demonstrat€igure 2-4.
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jIX
Normal circle, at an angle of 90°

Lens characteristic at an angle of more than 90°

%

Tomato characteristic at an angle of less than 90°

Figure 2-4: Effect of TLS Characteristic Timer Angle Adjustmghg]

Tomato characteristic
For short lines, the amount of fault resistanceeced is very small and may result in the relaytripping
for high resistance faults on the line. The ton@taracteristics allow the TLS relay shape to besidf to

cover for more resistance as demonstrated in F2udr¢l2].

Reactance characteristic
This characteristic enhances the TLS relay scheatglgy to measure high resistance faults as dinéy

reactive component of the line is measured [12].

2.1.6 R3Z27linefeeder protection relay scheme

R3Z27 is an impedance protection relay scheme whéshmeasuring elements for each phase. TheR3Z227
protection relay scheme has an electrically sepdrabntact with each phase for distance and dorecti
measurement [13]. Figure 2-5 shows plain impedaecmally used on long lines (line impedance greater
than 250hms).

ZK

Xk

R«

Figure 2-5: Plain Impedance Circle of R3Z27 Relay, | =Z (Rajijus]
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6% X«

Xk = 95% \ !

\ U
\ ’
\ /
A\
\Y4

Figure 2-6: Modified impedance circle of an R3Z37 Relay, | #a(lius) [13]

Modified impedance with normal tolerance to arcistesmce covers at least 66% of reactance (X) as
depicted in Figure 2-6. This relay allows for thearacteristic to be shifted along the R-axis by 66%
reactance (X) to be able to give better resistiveetage without changing the reactance (X) reachgal
the line [13].Improved tolerance to arc that covEB2% of reactance (X) is achieved with the modifie

impedance characteristic with an increased. Comynotilised for short lines (line impedance lessntha
10ohms) [13].

2.1.7 LZ32protection relay scheme

The phase angle comparator is the basic measudngest used in the LZ32 relay protection schemé wit
fully cross-polarized Mho characteristics [14]. Tineasured impedance is shifted by 30 degrees fee thr

phase faults to ensure an improved fault coveragesingle phase to earth faults, the polariziolgage is
phase shifted by 12 degrees in the leading dine¢fid].

2.1.8 TypeH protection relay scheme

The basic measuring element used in type H protesitheme is the rectifier-bridge current-comparato
amplitude comparator. The phase angle comparatarTofpe H relay is derived from the rectifier bredg
current-comparator. Type H distance relays useoasepolarized Mho with a memory action for zone 1
and zone 2. For zone 3 an offset mho characteisticsed. The polarizing voltage is derived frora th

faulty phase voltage and the small amount of thadting phase voltage. For close up three-phasesfault
back-up offset Mho characteristic is used [15].
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2.1.9 SLYP/SLCN linefeeder protection relay scheme

The SLYP/SLCN feeder protection scheme relays areeroomplex relays designed specifically for those
lines with series capacitors. SLYP/SLCN use mulbiit phase angle comparators to derive differegpe’sy
characteristics. SLYP/SLCN has the following mharetcteristics: Self polarized mho relay with memory
action, lenticular characteristics, Offset-mho dutéeristics and directional characteristics. SLY@N

relays can also be set as a reactance relay [16].

2.1.10 Micromho line feeder protection relay scheme

The Micromho relays use multi-input phase angle garators to derive a variable mho type characierist
Micromho protection relay scheme has the followimgo characteristics [17]:

16% cross - polarized mho, offset Mho and lenticaldens Mho characteristic.

The sound phase cross-polarised voltage is comvést@ square wave before combining with 16% of it

with a sine wave self-polarizing voltage to giveximaum fault coverage [17].

2.1.11 Siemens 7SA513 linefeeder protection relay scheme

The Siemens 7SA513 feeder protection scheme isnerici (microprocessor based protection sachem with
digital processing) distance protection relay watlpolygon characteristic [18]. The relay provides f
measured current inputs and seven measured valtages=e current inputs are intended for inputshef t
phase currents of the protected line and the rénwafior earth current. One voltage input is avaddaior
each of the line-to-earth and line-line voltage®] [1

Earth fault detection is achieved by comparingzii® sequence current and the negative sequeneaicur
3lpis measured and the value is compared with thetivegahase sequence current for stability purposes
(3lp should be at least 0.3 times the negative phaggesee current). The relay utilises cross poladsat
method with the healthy phase voltage rotated ¥eds. For directional determination, sound phase a
stored reference or polarising voltages are uskdofktical directional line is shown in the Fig@r&. The
position is dependent on source impedance as wethe load current carried by the line immediately
before the fault. Consider Figure 2-8 for the dimwlity when the source impedance is consideoedhf
forward fault which confirms that the fault is iretkin a forward direction.

tix

inductive
= forwards

Directional —
characteristic -

reverse

capacitive

Figure 2-7: 7SA513 Directional characteristics [18]
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Zsn —_— R

~

Figure 2-8: 7SA513 Directional characteristic with source ingeck, forward fault [18]

Consider Figure 2-9 the following diagram for theedtionality when the source impedance is consider
for a reverse fault to assess and confirm the tiiireof the fault is in the reverse direction.

Z, - Line impedance

Zs; - Source impedance at source 1

F. - Fault on the forward direction

F, - Fault on the reverse direction

Zs, - Source impedance at source 2

It can be clearly seen from figure above that #layris stable for reverse faults.

Figure 2-9: 7SA513 Characteristic with source impedance, revisit [18]

High-Resistance earth fault protection

The directional determination of the 7SA513 utdisthe zero sequence voltage and dual polarisation
methods. The features available for high resistdaak protection [18] are directional earth fatdature
with non -directional back up, directional invettime zero sequence voltage and directional eadh fa
comparison. The directional earth fault with norediional back up can be used as a definite time or
inverse time over current protection; definite tipmvides adjustable pick up stage and adjustéive t
delay and for inverse time an over current valug atime multiplier can be set. Directional invetisee

zero sequence voltage function operates with a@rgavtime characteristics with a tripping time dwejent
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on the magnitude of the zero sequence voltagehdncase of directional earth fault comparisons it

directional protection function that has been edéehto form a directional comparison.

This can be achieved with the aid of telecommuidcasystems. A carrier channel is essential foheac
direction, which transmits signals of the direcéibearth fault protection to the other end of the.l
Tripping is only allowed if the relay operating theg has been satisfied and the signal was recdnoea
the other end. This function has an advantageitftan be used as a primary protection which alléavs

accelerated tripping of the circuit. Logic diagreashown in Figure 2-10.

—O- HO—

Forw. :l B | & Forw. S

Ue> direc. J T j\ //_ T direc. Ue
\ /

. — — , /. = — .

— T- & =Tii Trip+ & T-—

le> DELAY — | P //\\ P | DELAY le>
/ \
/ \

le> <l R e/ s R le>

Figure 2-10: 7SA513 Directional earth fault protection logic gliam [18]

Instantaneous earth fault is also available aseptioin when the line with a fault is switched onatdive
bus (either by auto-reclosure or switch on to jalit this case it is imperative that tripping shlibbappen
immediately and this function is referred to astslwion to fault protection. The same principle ten
achieved when the earth fault is detected, theentris above the setting pick up level and addition

directional discrimination is achieved [18].

2.1.12 SEL-321 linefeeder protection relay scheme

SEL-321 feeder protection relay scheme is a nunusiance protection relay with a Mho characteristi
for phase faults as shown in Figure 2-11, and dladeiral characteristic for earth faults as showirigure
2-12 [19]. This protection scheme has the funclipnto provide adequate protection for line feedefith

or without series compensation [19]. The South d¢4sini line feeder protection philosophy criteria aret
with this SEL-321 protection scheme. The load eachment capability for conditions of high load
currents that restricts the three phase relay elefrem being initiated and the enhanced singles inp
logic which has phase selection flexibility andegntation with three phase tripping preventing igmber
of single pole tripping and reclosure operatiores svme of the features of the SEL-321 feeder piiotec

scheme [19].

Rajesh Ramluckun SN: 205526656



Page?l of 71

Figure 2-11: SEL phase characteristics [19]

Figure 2-12: SEL earth fault characteristic [19]

2.1.13 ABB REL-531 protection relay scheme

ABB REL 531 feeder protection relay scheme opegapirinciples is discussed in section 4.1.2.

Broken conductor detection

The BRC function detects a broken conductor coomliby detecting the non-symmetry between currents
in the three phases. The relay measures the differeetween the maximum and minimum phase currents
[20]. A comparison of the magnitude of the minimaorrent with that of the maximum current results in
an output signal to enable tripping of the linediereonly if the setting criteria of the minimum cemt is

less than 80% of the maximum current for a set timerval is achieved. At the same time, the highes

current must be higher than a set percentage déthénal rated current [20].

I nstantaneous over current
The instantaneous over current function is usedaak-up protection for phase to earth faults odegrr
close to the terminal [20]. This enables a shodkh# fault clearance time for the phase to eaatlit$

with high fault current. The instantaneous, norectional, earth-fault over current protection (IQ@hich
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can operate in 15 ms (50 Hz nominal system freqyefoc faults characterized by very high curreriss,
included in the REL 531 relay functionality [20].

Time delay overcurrent protection

The time delayed residual over current protectib®@) which is an earth-fault protection, servesaas
built-in local back-up function to the distance fgaiion function. The time delay enable settingriiay to
detect high resistance faults and still perfornec@le tripping [20].

Definite and inver setime-delayed residual overcurrent protection

Earth-faults with high fault resistances can beected by measuring the residual curreng)(3irectional
earth-fault protection is obtained by measuringré®dual current and the angle between this cuaed

the zero-sequence voltage (3\[20]. The earth-fault over current protectionpsovided with second
harmonic restraint, which blocks the operationhié tesidual current (I contains 20% or more of the
second harmonic component to avoid tripping foustr current [20]. It is not possible to measure the
distance to the fault by using the zero-sequenogponents of the current and voltage, because tiee ze
sequence voltage is a product of the zero-sequemiwgonents of current and source impedance. It is
possible to obtain selectivity by the use of a cimmal comparison scheme, which uses communication
between the line feeder ends [20].

Directional comparison

| TEF--BLKTR
1
R — 1000ms
EF--BC ===
| —
TEF—TRSOTE
300ms & Er_ RSOV
—
! |operaton=on F}———————— ——E'__
!
3lo>
|loeimvivievLcs R} - t1 — -
21 t
aron S
I . =]
- l IMin
|
J = & tAMin
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l—x]
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Figure 2-13: Simplified Logic Diag for REL531 Definite & InveesTime-Delay Overcurrent Protection [20]

In the directional comparison scheme, informatibthe fault current direction is transmitted to thider

line end. A short operating time enables auto-m#otp after the fault. During a single-phase redigsi
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cycle, the auto-reclosing device must block theational comparison earth-fault scheme [20]. Thgclo

diagram is shown on the Figure 2-13.

2.1.14 Alstom Micom P444 protection relay scheme

Alstom Micom P444 is a distance protection scheprepower transmission networks, which includes
broken conductor detection function [21]. The pecttens features of this particular protection relay
scheme are namely [21], phase and earth faultrdist protection (21G/21P) (each has 5 independent
zones of protection); instantaneous and time @elayvercurrent protection (50/51) consisting ofrfou
available elements are with independent directigoatrol for the 1st and 2nd element, the fourdmant
can be configured for stub bus protection in break® a half arrangement; instantaneous and time
delayed neutral overcurrent protection (50N/51Npsisting of two elements are available; directional
earth fault protection (DEF/67N) which can be cguafed for channel aided protection including two
elements which are available for backup definitehéault (DEF); maximum of residual power proteatio
or zero sequence power protection (32N). This eferoan provide protection element for high resisgan
fault, eliminated without communication channelganvoltage Protection (27). Two stages, configierab
to measure either phase to phase or phase to heolf@ge. Stage 1 may be selected as either IDMT
(Inverse Definite Mean Time) or DT (definite timah)d stage 2 is DT (definite time) only; over-vokag
protection, (59) two stages, configurable to meagither phase to phase or phase to neutral vol&igge

1 may be selected as either IDMT (inverse defimean time) or DT (definite time) and stage 2 is DT
(definite time) only; directional or non-directidr@egative sequence overcurrent protection (67/36)s
element can provide backup protection for many lamzad fault conditions; switch on to fault (SOTF)
protection (50/27), these settings enhances thegion applied for manual circuit breaker closurig on
reclose (TOR) protection (50/27), these settingsaanes the protection applied on auto-reclosurhef
circuit breaker; power swing blocking (78), seleetblocking of distance protection zones ensurasilgty
during the power swings experienced on sub-trarsomsand transmission systems. The relay can
differentiate between a stable power swing andsa t&f synchronism (out of steps); voltage transésrm
supervision (VTS). To detect VT fuse failures, thisvents mal-operation of voltage dependent ptiotec
on AC voltage input failure; current transformepswision (CTS) used to raise an alarm should ane o
more of the connections from the phase CTs becamiéyf broken conductor detection (46BC) to detect
network faults such as open circuits, where a coimiumay be broken but not in contact with another
conductor or the earth; circuit breaker failuretpotion (50BF) generally set to back-trip upstrearuit

breakers, should the circuit breaker at the pretetgrminal fail to trip, two stages are provided.

The Micom P444 has the following non-protection features as well:

The auto-reclosure with check synchronism (79/28ymits up to 4 reclose shots, with voltage
synchronism, differential voltage, live line/deagsband dead bus/live line interlocking available;
measurements, selected measurement values polted hAhe/cable terminal are available for disptay
the relay or accessed from the serial communicatfanility; fault/event/disturbance records, avaléa

from the serial communications or on the relay ldigfault and event records only); distance toltfau
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locator, reading in km, miles or % of line lengtnd four independent setting groups to cater for

alternative power system arrangements or custopesifec applications [21].

The Alstom MiCom P444 open phase detection

It is possible to apply a negative phase sequemeecorrent relay to detect the series or open itircu
condition of one phase. However, on a lightly lahtlae, the negative sequence current resulting feo
series fault condition may be very close to, os ldgn, the full load steady state unbalance grigiom

CT errors, load unbalance etc. In this case for load the negative sequence element would not be
energised and no tripping of the affected circd]]

The Alstom MiCom P444 relay incorporates an elemghich measures the ratio of negative phase
sequence current,] to positive phase sequence currégt This will be affected to lesser extent than the
measurement of negative sequence current alonee 8ie ratio is approximately constant with vaoias

in load current. Hence, a more sensitive setting beaachieved [21].

Setting Guidelines
When a conductor becomes open circuited, curremh fthe positive sequence network will be series
injected into the negative and zero sequence nksaamross the break [21].

In the case of a single point earthed power systieene will be little zero sequence current flowargd the

. | . L .
ratio of —2 that flows in the protected circuit wilpproach 100%. In the case of a multiple earthedegpow
1

I
system (assuming equal impedances in each sequetwerk), the ratio— will be 50%. It is possible to
1

. | , . . . .
calculate the ratio of —2  that will occur for yarg system impedances, by referring to the foltuyvi
1

equations:-
Eg (ZZ + ZO)

l,. = ----[Equation 2.4
" 4L, + Ll + 2,7, = !

-E,Z,

| = Equation 2.5
F leZ + ZlZO + ZZZO [ q ]

Where:
E, = System Voltage

Z, = Zero sequence impedance
Z, = Positive sequence impedance

Z, = Negative sequence impedance

I;r = Positive sequence current
I,e = Negative sequence current
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Therefore:

[Equation 2.6]

L . I . .
It follows that, for an open circuit in a particulsart of the system:2 can be determined from ttie o

l
zero sequence to negative sequence impedance. sit Imeunoted however, that this ratio may vary
depending upon the fault location. It is desiraiblerefore to apply as sensitive a setting as plesdib
practice, this minimum setting is governed by theels of standing negative phase sequence current
present on the system. This can be determined &osystem study, or by making use of the relay
measurement facilities at the commissioning stdgine latter method is adopted, it is importantaée
the measurements during maximum system load condijtito ensure that all single phase loads are
accounted for [21]. Note that a minimum value of 8¥#gative phase sequence current is required for
successful relay operation. Since sensitive settiraye been employed, it can be expected thatdheeat
will operate for any unbalance condition occurrolgthe system (for example, during a single pole-au
reclose cycle) [21]. Hence, a long time delay isessary to ensure co-ordination with other protecti
devices. A 60 second time delay setting may becapirhe following table shows the relay menu foe t
Broken Conductor protection, including the avaiabétting ranges and factory defaults:

Table 2-1: Alstom MiCom P444 Relay Setting Range [21]

_ _ Setting Range _
Main Text Default Setting i Step Size
Min M ax
Enabled/
Broken Conductor Enabled Disabled*
1514 0.2 0.2 1 0.01
I/l Time Delay 60s Os 100s 1s
Io/l; Trip Disabled Enabled Disabled

* If disabled, only a Broken Conductor Alarm is piide.

Example Setting

The following information was recorded by the retaying commissioning [21]:
I fuiloag = L000A

I, = 100A

I
therefore the quiesceﬁliz— ratio is given by:
1

I
|_2 =100/1000 = 0.05
1

To allow for tolerances and load variations a sgttf 200% of this value may be typical:

|
Therefore setl—2 =0.2
1
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Set b/l; Time Delay = 2s to allow adequate time for shartut fault clearance by time delayed

protections and single phase auto-reclosing [21].

2.1.15 Current differential line feeder protection

Current differential feeder protection uses thenggle of current balance, same as the well-known o
proven transformer differential protection [22].eTfeeder differential protection relays are of mueneric
type. This technology has been used more frequeettgntly as these schemes cost less than the
impedance protection scheme. The line differeptiatection function can be used on two terminaddint

can be applied on MV, HV as well as on EHV overhiaels and cables [22]. The measurement is phase
segregated, which gives correct phase selectioralfdypes of faults, including simultaneous faubts
double circuit lines and faults between lines #edént voltage levels [22].

The differential protection is neither affected bgltage and current reversal at series compensated
systems, nor by harmonics produced by HVYDC or SMStailations. Unequal CT ratio in the two line ends
can be compensated for [22]. Two binary signalshmexchanged between the terminals. The signals ca
be persistent, when used for other than trippimp@ses. The differential protection requires a 8adbit/s
digital communication link, which can be achievether by dedicated optical fibres or by multiplexed

channels [22]. Communication is required in botlections or both ends of the line feeder.

The maximum transmission time for which the différal function will block is 15 ms [22]. For longe
transmission times, the differential function vii# blocked and an alarm “Communication Failure’l b
given. The tripping function will not be blocked ratute switching, as long as the communication tisne
<12 ms [22]. Neither will a false operation be @iy any changes in the communication time [22.Th
exchanged message is controlled by added checkistormation and corrupted telegrams are not

evaluated.

2.2 Possible ways of detecting open phase faults

The literature that could aid in finding applicatibased solutions was studied and discussed i deésil

to gain the understanding.

2.2.1 Negative phase sequence protection

Negative sequence overcurrent elements are awilakthe microprocessor based impedance protection
schemes. Negative sequence overcurrent elememistdespond to balanced load and can thus be set to

operate faster and more sensitively than phaseowent elements for phase to phase faults [7].

2.2.2 \Voltagetransformer fusefailure

This logic function is implemented in the impedamnekay to block the relay to trip the breaker. Tloigic
was introduced to prevent impedance protectionaiey incorrectly for a VT fuse failure. This logian

be used to detect one phase open circuited fatial faed but not for a ring feed network [21].
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2.2.3 Linetraps

Currently the Transmission and Sub-transmissioddezutilises line traps and carrier equipmentven t
phases of the feeder. Two line traps are instale@ither side of the feeder, a total of four lireps for
one feeder. The carrier equipment is interfacedh wie protection schemes in accordance with the EHV

feeder protection philosophy [23].

Possible Solution Option
Install line traps on all three phases on the lecal remote ends of the feeder. The reason foightse
following [8] & [23] namely, if one of the phases bpen circuited, the carrier signal will be lost o

interrupted and the protection will trip all thneleases of the feeder.

Advantages of line traps:
The carrier signal lost will be interpreted as @em phased condition; and tripping of the feedér lve

initiated.

Disadvantages of line traps:
Additional cost to install one additional line treyith related equipment on either end of the fegdand

carrier failure will result in tripping of feedemgorrectly.

2.2.4 Detecting high-impedance faults caused by downed conductors
The reference [24] produced by ABB to detect Higtpédance Faults (HIF’'s). The author’s intention was

to investigate the similarities between a downeddcetor and an open phase condition taking into
consideration that the downed conductors can cortee dontact with surfaces with impedances which
could be significantly lower than the impedanceanfopen phase fault but the method or principles of
detection could have the potential to also deteaien circuit fault condition [24].

Downed or open conductors are potentially life éteaing. If the lines remain alive, human contast c
result in serious injury or fatality. Arcing carsalstart fires. A HIF (high impedance fault) isitglly a
fault that occurs in the event of a live conductaking electrical contact with ground. Various tyud
surface are imaginable (a road surface, side viiak, branch, etc). The commonality of these susfase
that they reduce the flow of current towards thdtfeo a level so small that it cannot be reliabtected

by conventional overcurrent protection schemes.[24]

Typical HIF currents on a the distribution systegim cange from zero amperes for contact with asgimalt
dry sand to fifty amperes for contact with wet grés seventy five amperes for contact with reirdgdrc
concrete [24]. A problem however is the HIFs teadexhibit not only low fault currents but random
behaviour with unstable and wide fluctuations imrent level. The fault signals have significantlighn

levels of harmonics and have high frequency compisnas shown in Figure 2-14.
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Figure 2-14: HIF Signal [24]

Most of the research conducted by ABB into HIF'sl liacused on developing sensitive but reliabletfaul
detectors. The methods developed make use of, segu®mponents, neural networks, communication
schemes and harmonic analysis. An additional prolitethat not all HIF’'s can be detected regardidss
the method used. For example if a conductor nesetid of a radial feeder falls to the ground, \itle
current flows and the load loss is negligible [ZH}is makes it difficult to detect the fault condit. It was
apparent to ABB designers that it is practicallypossible to detect all HIF's and achieve high sggur
against false trips. Also, while communication soke are extremely useful for detecting the loss of
potential on a distribution line, they tend nothi® cost effective as the communication make udéad
optic cables and as the line length increases,cti® becomes significantly high [26]. With these
challenges, it seemed virtually impossible in thestpto devise a perfect system for detecting HIF's
nevertheless ABB designers have taken on the ciggland have developed algorithms for this purpose
[26].

Detection algorithms
In the last 5 years, ABB in conjunction with LafétgeCollege in the USA had managed to formulate new

algorithms namely [26]:

Neural network algorithm

The neural network algorithm developed for HIF'@iisvo layer network, using back propagation with a
adaptive learning rate. After low pass filteringheee cycle window of data was normalised to ubéfore
being used as input depicted in Figure 2-15. Thgetaoutputs for training were set to one for a Hdifel
zero for non — HIF [26].
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Figure 2-15: Neural Network Algorithm [26]

Wavelet algorithm

The wavelet algorithm was based on multi-resolutaoralysis of recorded current loads via discrete
wavelet transform [26]. This algorithm delivers esdription of load currents as they change witpees

to time at different scales are associated with fimguency components and small scales are assdciat
with high frequency signatures [26]. The wavele@nsform decomposes the current signal into little
wavelets that are localised both in time and freqgyeand are all scaled and dilated replicas ofstirae
mother wavelet [26].

2.25 Linedifferential protection with an enhanced characteristic

This paper describes the operation principle dé lififferential protection [22]. The author exploris
method to see whether these enhancements in thdiffierential protection could be used to detquro

phased faults.

The advantages of this type of protection are baws [22]:

Line differential protection with an enhanced clotesstic is immune to power swings, series impedan
unbalances and mutual coupling. Only require linerents to determine whether the fault is in the
protected zone. Provides protection of cables,esedompensated lines, three terminal and short

transmission lines.

The disadvantages of line differential protectidthvan enhanced characteristic [22]:

Communication hardware cost is substantially moqgensive compared to the tele-protection used by
impedance type of protection schemes as the lifferential protection uses fibre optic as means to
communicate which require a high bandwidth commatisas channel.

2.2.6 Open-pole detection

On single pole circuit breakers there is a simpéthmod to detect an open pole, the simplest beiagise
of the auxiliary contacts of the circuit breakesmely, the normally closed and normally open cdstf]
These contacts are physically hardwired to thedegdotection scheme to provide circuit breaketusta

(circuit breaker open or closed), this can alsowlred to the supervisory, control and data acqoisit

Rajesh Ramluckun SN: 205526656



Page30 of 71

system (SCADA) remote indication and control [8pwever, protection schemes have integrated the pole
discrepancy or pole disagreement detection angingp[8]. Basically it uses one normally closed ame
normally open contact of each single pole circudaker. The normally closed contacts are connednted
parallel and the normally open are connected irallghror shunt and the two groups are connected in
series. This simple way of detecting an open dirawuld be detected and indicated very effectively.
However in this arrangement of using the auxilieoptacts is not always reliable or fail safe astacts
could become dirty or not make contact properlye Tiiechanical mechanism could be misaligned and
would not change the position of the contacts tegylin incorrect status of circuit breaker indioat
which will trip the circuit breaker on pole discesy. The open pole detection arrangement would
however only cater for open circuit conditions ¢eglaby circuit breaker malfunctions and not aidihg

detection of open circuited faults created by adcator broken.

2.2.7 Negative phase sequence protection

Negative phase sequence (NPS) protection elemeatavailable on 90% of the distance or impedance
protection schemes presently in use. The negalissgsequence elements however have been disabled a
it conflicts with the current extra high voltageH¥) feeder protection philosophies. Specificallg tingle
phase trip and auto-reclose functionality and #l$® quite complex to correctly co-ordinate negatihase
sequence protection [7]. However, Schweitzer Ergging Lab. Inc Pullman, Washington, USA and
British Columbia Hydro Vancouver produced a papet dealt with negative phase sequence (NPS) co-
ordination called “Negative sequence overcurreeiment application & co-ordination in distribution
protection” by A.F. Elneweihi, E. O. Schweitzer & M. Feltis. This paper formulated a guideline et

be used for negative phase sequence (NPS) co-ticiird].

The guidelines for coordinating negative sequedtS) overcurrent elements with phase overcurrent
elements [7]:

Start with the furthest downstream negative phaspience (NPS) overcurrent element (eg distribution
feeder relay in a substation); identify the phageraurrent device (e.g. line-recloser fuse dowiastrérom

the negative sequence overcurrent element thdtgseatest concern for coordination. This is usutie
phase overcurrent device with the longest cleatinge; consider the negative sequence overcurrent
element as an equivalent phase overcurrent elerDentve pickup, time dial, curve type, or time dela
settings for this equivalent element to coordinvaith downstream phase overcurrent device. As amg@h
coordination would be performed. Load consideraioan be disregarded when deriving the equivalent

phase overcurrent element settings; multiply thevedent phase overcurrent element pickup setting b

/3 to convert it to the negative sequence overcuekament pickup setting in terms df 8urrent; set the
next upstream negative sequence overcurrent eletnectordinate with the first downstream negative
sequence overcurrent element and so on. Again ic@tieh is not influenced by load considerations.
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2.2.8 Analysis of open phase conductor

It was assumed a single open phase fault (withambgd the feeder making contact between othergshas
or ground) on a feeder that used impedance protestith negative phase sequence element. The parpos
of the analysis was necessary to show the levetegétive sequence current generated for a siqge o

phase fault. Also how negative sequence overcuelentent settings relate to these current levéls [7

L
L ]

Ea o 7
Ec() () EB

Figure 2-16: Showing the “A” Phase Open Circuit Fault in a F@Vire Distribution System [7]

Where:

Z, : Load impedance

Z,, :Positive sequence load impedance
Z,, :Negative sequence load impedance
Z, :Zero sequence load impedance

Z,, :Positive sequence source impedance
Z,. :Negative sequence source impedance
Z,. . Zero sequence source impedance

I, : Positive sequence current

I, : Negative sequence current

I, : Zero sequence current
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Figure 2-17: Equivalent Sequence Network for an Open Phase BawdtFour-Wire System [7]

Iy = Epn {2y +[Z50 2o (Zy +Z,)]}

=B (Zy +Zo )12y (25 + 2o ) + 25 2y, )] [Equation2.7]

h Iz = I1ZOL /(ZZL +ZOL)
:EAleL /[Z;u_ (ZzL + Zo|_) + ZzLZOL)] [Equation 2.8]

Before the “A” phase conductor opened, the follgyviequation held true for the balanced four-wire

system.

I =En/Z, [Equation 2.9

Combining equation (3) into equation (2) results in

=12, 2 2, (25 +2Z0)+ 2524 ] [Equation 2.10]
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|3| 2| = |3| Ly Zoy N2y (Zy +Zo ) + ZZLZOL]| [Equaion 2.11]

For example purposes, &, Zz 23

Then, |3l ,| 31| — [Equation 212]

Equation 2.12 indicates that the negative overoatirstement (operating onl3 ) detects the negative
sequence current generated by the open phase ¢ondoadition if its pickup magnitude is set eqtml
[, (1, continually varies within minimum and maximum loagfrent levels) restating this relationship in

terms of the “equivalent” phase overcurrent elenpéckup.

“Equivalent” phase element pickup‘ = /\/5‘ =0.977 ----[Equation 2.13]

Discussion

From the reference [7], it was evident that negafitiase sequence protection was capable of detectin
open phase condition. Negative phase sequence (&lB®8gnt can be activated in the impedance feeder
protection schemes. During a single open phase, filagl protection will detect an unbalance and tinip
feeder. When using the negative phase sequencecpoot, care must be taken to cater for normal load
unbalances and for single-phase trip and autoasrg. If the negative sequence element operdies, t
will cause a three-phase trip. However, it is rec@nded that if the negative phase sequence tripping
delayed by using a timer set between 1.5 to 2 sksctiren the suggested time will allow sufficienteifor

the circuit breaker to auto re-close for a singhage earth fault. The negative sequence co-ordimati

(grading) must be conducted to eliminate the péssitpping of healthy feeders [7].

Disadvantages of negative phase sequence tripping:

The co-ordination of negative phase sequence dsinission and sub-transmission is a great chajeng
possible hindrance to negative phase sequence (&ifitation is a lack of guidelines in power tigls

on how to coordinate negative sequence overcuelentents with other power system protective devices
that operate on different electrical quantitiepiease and zero sequence currents;

extremely long man hours would have to be spensionulating faults using simulation software like
Power system simulation for engineers (PSSE) Bigsilent PowerFactoryco-ordination would mean re-
calculation of the network parameters and formogptiew protection settings; implementation can day
made once the entire transmission and Sub-Tranemiss re co-ordinated to prevent mal-operation of

protection; this option would be rather tedioussaonomical and almost impractical to implement.

2.3 Protection schemes considered during research simulations
The Table 2-1 listed numerous line feeder protectelays schemes however for the simulation studies
conducted in chapter 4, taking the actual openefadt incident [4] into consideration it was aisoious

decision to choose the current differential protectscheme (ABB REL-561), numeric impedance or
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distance protection scheme (ABB REL-531). The reador the choice was to simulate the open phase
fault condition experienced during the Koeberg diecit [4]. These protection schemes are the latest
version of line feeder protection schemes avail@blthe South African power transmission system and
coincidentally it was also the same line feedetgmtion schemes used on the Koeberg line feedehe at

time of the incident [4].

The ABB REL-531 and ABB REL- 561 feeder protectammemes characteristics could be simulated using
the DigSilent PowerFactorysimulation software together with the protectionnfoguration settings
available from the South African power utility (Esk). The added advantage was that the ABB REL-531
protection scheme had all the protection featuresraore that met the requirements by the Eskonmaextr
high voltage (EHV) feeder protection philosophy][ZBhe additional features was the “broken condticto
feature available. The ABB REL-561 is of the cutréype. These two relay protection schemes gave
adequate options to test the functionality thattladl other older technology schemes had with added

flexibility of co-ordination.

The literature that was studied in this chapter &lgd become more apparent and better understabd wi

the simulations conducted in Chapter 4.

24 Conclusion

A significant amount of literature was available &hort circuit faults however literature for opphase
faults was not as readily available. The currened line feeder protection relays schemes wasestud
and discussed with reference to the line feedeteption philosophy. Various protection specialists,
students and protection relay manufacturers hawveliest and made advancements into possible
technologies and techniques of detecting open pfadets but no clear “one size fits all” solutioa t

resolve the challenge of open phase fault detection
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CHAPTER 3: RESEARCH DESIGN AND METHODOLOGY

3 Introduction of chapter

This chapter is paramount as it provides the teghes and methodology of the research conductedngak
into consideration the research problem and releguwestions, the ultimate objective of qualifyirge t
constraints of the current line feeder protectisnnell as the perceived or proven impact of opeasph
faults on the South African power transmission rekwvere focussed on.

3.1 Research design

Quantitative Research Design was conducted usirly bon-experimental and experimental research
techniques with the objective of being acquaintéith the open phase fault impact on the networkthed

ability or shortcomings of the currently used potiten relay schemes.

3.2 Non-experimental research technique

Present line feeder protection schemes, functignatid settings philosophies were studied and at@di

3.3 Experimental research technique
Modifications required on present relays schemes imaestigated. Analysis of the phase iv and v
microprocessor based relays to detect an openiteidccondition was undertaken. Differentiation bedw

a single-phase trip for a phase to ground faultaandpen circuited condition was shown as a caioula

3.4 Research methodology
The Literature survey was conducted by obtaining siladying related papers, the present South Africa
EHV & HV feeder protection philosophy, protectiorlay schemes manuals, fault history and fault

investigation reports. Simulations were conducté&tl eurrent feeder protection schemes and settings.

3.4.1 Sourcing of literature

The power transmission protection relay schemesuaian(hard copies), EHV(extra high voltage)
protection philosophy, fault investigation reparating to open phase faults and protection peréorce
and line feeder protection settings configuratiogse obtained from libraries, soft copies werersed
from protection relay manufacturers’ websites, 8muth African power utility national control centre
(Eskom).

3.4.2 Seguence of simulation studies

The simulation software used wB#gSilent PowerFactoryor the investigation and analysis of the open
phase fault condition. Line feeder protection waseased and selected for the respective feederthdth
relevant protection relay scheme. The protectidtings of the respective line feeders were conégueind
entered into the simulation model. The impedant®yreharacteristics were generated and plottedirwith
the simulation model. The power system configuratiefore the open phase fault was completed on the
simulator by ensuring that the simulation modelahatl the actual power system configuration atithe t

of the fault. The simulation was conducted by opgrthe relevant phases as described in chaptehetl. T
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author initiated a three phase to ground faultrenliusbar with an extremely high fault resistari€eq00
ohm) to simulate an open phase fault. The opesefault incident was configured using the casdystu
file which had the current South African nationalygr network configuration and power plant datae Th
results were plotted on the relay characteristicd analysed. Voltage depression simulations were
conducted with the result of the open phase famltistion to evaluate the impact of the fault oe gower
network stability. Many tweaks including the loadssaling factor had to be reduced to 0.95 inrés¢ of

the power network apart from the Cape network gteofor the simulation to converge and solve wligch
described in chapter 4 as Duvha power as the referbus overload. Consecutive simulations of open
circuit faults were conducted to further analyse #ifects of these faults on the power network.rSho
circuit faults were simulated as assurance thatsimelation model used was authentic and corrdog T

results produced from the simulations were analgsetidiscussed in chapter 5.

3.5 Derivation of application-based solutions

From the literature review in chapter 2, the sirtiataand results in chapters 4 and 5, various swist
were recommended considering the practicality ef application, economic impacts, time to implement
and cost effectiveness of solutions.

3.6 Conclusion of chapter

This chapter provided a taxonomy of the researddysiconsidering the research design, techniques,
methodology, literature review of the research estent, the sequencing and methodology of the
simulations. This provided evidence of the impdamen phase faults on the power transmission rmitwo
and an assessment of whether the current proteatibsed was adequate to detect, trip, and provide
possible solutions to mitigate these deficiencies.
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CHAPTER 4: INVESTIGATION AND SIMULATION OF OPEN PHASE
FAULTS

4  Chapter introduction

This chapter primarily deals with the investigatiminopen phase faults and the simulation of theséd

on the South African transmission network at theel@rg substation. ThBigSilent PowerFactory
simulation software was used in the investigatidPtection relay schemes were configured and the
relevant protection settings of the power line &redand transformers were utilised in the softwate
results were analysed with reference to the exgdeptetection scheme operations, characteristics and

protection philosophies.

4.1 Principle of operation, philosophy and functionality of the line feeder protection

schemes
The purpose of this section is to provide the dpgon and operating functionality of the Koebe@dkV
line feeder protection and the EHV line feeder gophy. The ABB REL 531and the ABB REL 561 line
feeder protection schemes are utilized on the Kiget@0 kV line feeders and will be discussed iraié

this chapter.

4.1.1 EHV linefeeder philosophy

South Africa’s transmission power network line fee@mpedance or distance protection uses redundancy
of main protection, namely, Main 1 and Main 2. Maimand Main 2 are two feeder impedance protection
schemes (ideally the two schemes should be frorerdift manufacturers in order to enhance the
dependability and reliability) [23]. The two mainopection (Main 1 and Main 2) has an independent DC
power source and a separate core of current aridgeotransformers that would trip the circuit begak
energising the respective Main 1 or Main 2 cirdugeaker trip coils. Main 1 and Main 2 protectionske

use of two independent telecommunication mediumertgure reliability and security of the protection
[23]. The sending end impedance protection relayrnanication with the remote impedance protection
relay is achieved by telecommunications [23]. Tetemunication primary device called “line traps” are
installed on the centre phase of transmission ambdtransmission feeders to enable telecommunication
between the sending and receiving end of the &eddr [23]. Back-up earthfault protection is alsed to
cater for high resistance faults that can occuthenline feeder for which the impedance scheme aann

operate.

The line feeder impedance protection scheme wilisgpedance measurements which are categorised in
zones of protection. Minimum of two zones are uses, under-reaching and one over-reaching zone. The
practice is to have three zones of protection withe impedance protection scheme (zone 1, zom&l 2 a

zone 3). The tripping times for the zones are guméible for reach of the line feeder and time.He t
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microprocessor based relay schemes, these zonésdanelually marshalled for directionality, timena
characteristic of the impedance plain (mho or qgiletéral characteristic). Zone 1 is normally se8@86 of

the line positive sequence reactance, zone 2 0% and zone 3 is set to 150% [23].

Principle of distance protection

Typically, distance protection relays consist ofreth stages, mho, quadrilateral and reactance
characteristics. The distance protection relay icens phase faults and earth faults. The threeestag
consists of zone 1 protection which typically cev@0% of the line, zone 2 covers 120 % of the, [rome

3 is configured to reverse reach which covers 20%line on the reverse direction and zone 3 &odwv
which covers 150% of the line [8]. The zones oftpection of this relay can be shown on the jIX, IR

diagrams and Zis the line impedance as shown in Figure 4-1 agdre 4-2.

JIX 3
Z, Z2
1
IR
Z3

Figure 4-1: Three zones of protection for a mho or reactanegactteristic relay [8]

7L Z Reactanci
Resistance X 4 / Reactanc

/z
Resistance

Re /
» R

/ \&v Directional

Figure 4-2: Three Zones of Protection for a Quadrilateral Ctiaristic Relay [23]

Zone 1 is to trip instantaneously as it is assuthatlit covers the fault inside the line only. Zdhés to
ensure that the remaining part of the line, whiohaovered by zone 1, is protected and zone 2 sdher
remote busbars also. Zone 2 is normally delayedismypically set to trip after 400 ms. Zone 3 hias
forward reach and the reverse reach. The zoneeé3seveach is to provide a backup for local butats
taking into account 20% measuring errors, infeedi laigh fault resistance. The zone 3 reverse react m
not overreach adjacent transformers taking intmuact 20% measuring errors and infeed. The zone 3

forward reach is the overreaching element thattfans to provide a backup for the remote statiduus,

Rajesh Ramluckun SN: 205526656



Page39 of 71

should not overreach zone 2 of shortest line adjatethe remote end. Zone 3 is normally delayed by
second [23].

Zone reach settings
All setting calculations should incorporate a 20%asuring error, except for load encroachment where
50% safety margin is applied to prevent unwantgeping during disturbances and transient overload

conditions [23].

Zone 1 setting

The zone 1 reach is based on line parameters @mgidthe following limitations listed in order of
priority. Zone 1 tripping is instantaneous, namedjthout any intentional time delay. Zone 1 may be
reduced to below 80 %, following further fault stsl in the following situations [23]; on series
compensated lines, depending on the size and gosifithe series capacitor to avoid overreachingpses

of slow or lack of capacitor bypass, unless thayr@corporates other precautions; on teed linegssto

not overreach the remote end of the teed linejr@s Ithat have traction feeders teed off them, wigmy
transformers in parallel, not to overreach thesmdfiormers; on lines that are used to supply small
customers via capacitive coupling, not to overretteh capacitive divider; on relays that allow for a
selection of resistive reach independent from o#tweres to ensure that the ground elements of zone 1
cover at least a resistance of 10 primary ohmse Zomust not encroach on the load characteristic avi
minimum 50% margin. Usually this requirement iscemdtically covered once other zones with larger

reaches are selected.

Zone 2 setting
The zone 2 time delay is normally set to 400 mstHa event that zone 2 overreaches the zone 1
characteristics of the lines adjacent to the rersatestation, a time discrimination must be providEue

local zone 2 timer setting is increased to 500 nusthe remote zone 2 timer setting is reduced r2s.

The zone 2 reach is optimised based on fault gudame for a particular application considering the
following limitations listed in order of priority(The minimum setting of zone 2 is 120% of the line
positive sequence reactance) [8]:

Zone 2 should not encroach onto the load charatitesvith a minimum of a 50% margin (1.5 * Z2 <
Zload); zone 2 should not overreach the transfogrireparallel at the remote substation in adventeed
conditions; zone 2 should provide maximum faultistesice coverage and should not be less than 10
primary ohms; zone 2 should not overreach the Zosetting of the shortest line adjacent to the temo
end; in cases where zone 2 overreaches the zomarhcteristics of the lines adjacent to the remote

substation then the time discrimination must bdiegetween the relevant zone 2 settings [8].

Zone 3 forward setting
When a forward zone 3 is provided, its tripping banused as a remote back-up where required. The Zo

3 time range is from 1 to 3 seconds. The zone @dal reach is calculated based on fault studies
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conducted by using the simulation software for atipaar application considering the following
limitations listed in order of priority [10]:

Zone 3 must not encroach the load characteristit azminimum of a 50% margin (1.5 * Z3 < Zload);

zone 3 should provide the required level of backaopording to specific requirements or as negatiate
with the relevant customer(s); zone 3 should nerm@ach transformers in parallel at the remotetatiba

in adverse infeed conditions, unless specific hgethunctionality is required; zone 3 should not rogach
the remote zone 2 reach in adverse infeed conditiomless time discrimination is applied; zone aggh
to-ground element should cover resistive faultdhvatpreferred minimum of 20 and a maximum of 50
ohms primary. Always ensure that the back-up ef@uhl-protection is set to operate for at leasODabms
primary phase-to-ground resistive fault on the.lWhen the zone 3 elements are used as one obtherp

swing detection elements, allowance is to be madé& power swing blocking characteristics [10].

Settings of relay starting elements

Overcurrent starter settings

Set the overcurrent starter settings greater thatirhes the emergency load current, if the stdrips the
circuit breaker, to avoid overload tripping. SeR limes the emergency load current to achieve tbette
sensitivity if the starter does not trip directlfythe overcurrent starter is the only startertfor relay, lower
settings should be considered to ensure adequasiigiey [10]; should pick up for faults at the @:of the
furthest reaching zone [10]; should accommodatétthephase currents, under fault conditions, inessc

of full load [10]. This arises in a multiple-eartiistem where proportions of the earth-fault curflent in

the un-faulted phases such that the apparent imped&s decreased to such an extent making phase
selection difficult. The overcurrent starter sejtirshould be set to be sensitive enough to allomash

fault resistance coverage as possible.

Under impedance starter setting

The under impedance starter has two current ssitone is set for minimum voltage and the otheetsat
100% voltage. The current setting for minimum vgéahould ensure the required sensitivity. Theypck
at 100% voltage should be set such that it onligpigp at a current that is greater than [25] najrielyl.5
times the emergency load current to avoid overko@ging if the starter trips the circuit breakerdafor

1.2 times the emergency load current to achievebseénsitivity if the starter does not trip.

Auto-reclose (ARC) philosophy

The auto-reclosing philosophy was developed to rensestoration of power as quickly as possible to
prevent an interruption of supply. Generally the@\R initiated after an instantaneous Zone 1 opmeraif
protection for a line fault; however depending be application, in some instances, Zone 2 protectiay

be marshalled to initiate ARC [8].

Thesngle phase ARC cycle
When a single phase to ground fault occurs, sipgkese trip is initiated on the respective phaseediter

a single phase ARC (auto reclose) is initiatedhdf fault is still detected then the “three-phasiggping is
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initiated while the protection blocks any ARC (auézlose) further and has to be physically reseidee
the breaker [25]. The dead time on the single pA&Y€ (auto reclose) is 1 second thereafter closirgpe

breaker is performed without synchronising checthasother two phases are closed.

The multi-phase ARC cycle sequence

During multi-phase fault condition, three-phas@ging occurs, then three phase ARC (auto reclase) i
initiated closing breaker. If the fault is stilltéeted, three-phase tripping occurs and the piotetlocks
any further ARC (auto reclose) preventing the dlesaf the feeder breaker. In order to close thakee

the breaker must be physically reset to close thaker [8].

Fast ARC for three-phase trip is not used by Eskmnsmission to avoid stress to rotating machines
(synchronous and asynchronous machines) at poatirst and customer plant.

Additional featuresof theimpedance protection scheme

Impedance protection has the following functioryadis well [23]:

Current reversal guard applied in the case of [@rideders; the switch-on-to-fault protection catéor
single and three-pole switch-on-to-fault conditioasd covers the full line length. Switch-on-to{fau
tripping is three poles and is effected via a lsghovercurrent threshold and/or the first ovetigagzone
in the forward direction; direct transfer trippinigr EHV (extra high voltage) feeder protection
applications, each of the tripping systems provideadirect transfer tripping facility with inputs rikeed
from within the scheme or external to the schemger@ion of this input initiates three-pole tripgin
without auto-reclose and initiates the circuit-lwevafailure protection; voltage transformer (VT)séu
failure function prevents the impedance relay framnecessary operation as a result of the loss laige
due to VT fuses failure; transfer facility are dable on most transmission substations with a fesins
busbar (for circuit breaker maintenance purposeevihe feeder is still energised) and a facitityt
transfers protection outputs from the feeder cirdareaker to the transfer coupler circuit breaker i
provided; power swing blocking; overvoltage tripgitweak in-feed tripping and negative phase seqenc
(NPS) protection.

4.1.2 ABB REL 531 protection scheme

The ABB REL 531 feeder protection relay scheme msiiaeric distance protection relay with a polygonal
characteristic. The REL 531 allows for settindioné resistance, reactance and fault resistancpdsitive
and zero sequence independently [20]. The mainggerpf the REL 531 protection scheme terminales th
protection, control and monitoring of overhead dirend cables in solidly earthed networks with high
requirements for fast operating times (less thae owncle). Typical characteristics of the REL 531
protection scheme can be shown on the Figure 43-aure 4-4 for phase and earth loop.
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. RFPE

Figure 4-3: ABB REL 531 typical characteristic for phase lo@0]
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Figure 4-4: ABB REL 531 typical characteristics for phase tale#oop [20]

Where:

Zy - earth return impedance

RFPE - Phase to earth fault resistance

XIPE - Zone 1 reactance setting for phase to dad
R1PE - Zone 1 resistive setting for phase to dadh

Broken conductor detection function of ABB REL 531

The broken conductor detection function detectsakdn conductor condition by identifying the non-
symmetry between currents in the three phasesods dhis by measuring the difference between the
maximum and minimum phase currents. The relay coaspiie magnitude of the minimum current to that
of the maximum current and gives an output if thaimum current is less than 80% of the maximum
current for a set time interval. At the same tithe, highest current must be higher than a set ptrge of

the terminal rated current [20].

Instantaneous over curr ent

The instantaneous residual overcurrent functiosuitable as back-up protection for phase to eatifts
close to the terminal. This enables a short backaufi clearance time for the phase to earth fauits a

high fault current. The instantaneous, non-direaipearth-fault overcurrent protection (I0C), whican
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operate in 15 ms (50 Hz nominal system frequenoy)fdults characterized by very high currents, is
included in some of the REL 531 terminals [20].

Time delay overcurrent protection
The time delay residual overcurrent protection (J@@ich is an earthfault protection, serves asili-bu
local back-up function to the distance protectionction. The time delay makes it possible to setrdiay

to detect high resistance faults and still perfthenselective trip.

Definite and inver setime-delayed residual overcurrent protection

Earth-faults with high fault resistances can beectetd by measuring the residual curreng)(3irectional
earth-fault protection is obtained by measuringrégdual current and the angle between this ctimed

the zero-sequence voltage (3VThe earth-fault over current protection is pded with a second
harmonic restraint, which blocks the operatiorhi tesidual current contains 20% or more of thers&c
harmonic component to avoid tripping for inrushreat. It is not possible to measure the distandéeo
fault by using the zero-sequence components ofdhent and voltage because the zero-sequenceygolta
is a product of the zero-sequence components oémmuand source impedance. It is possible to obtain
selectivity by the use of a directional comparischeme, which uses communication between the tids e
[20].

Directional Comparison

In the directional comparison scheme, informatibthe fault current direction is transmitted to iiher
line end. A short operating time enables auto-sotp after the fault. During a single-phase recigsi
cycle, the auto-reclosing device must block theedadional comparison earth-fault scheme. The logic

diagram for the REL 531 protection scheme is prieskim the Figure 4-5.

— = L i
g IS |

- F i

Figure 4-5: Simplified logic diagram - REL531 def & inv timeddged residual overcurrent protection [20]
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4.1.3 ABB REL 561 protection scheme

The ABB REL 561 protection scheme is the line défgial scheme. The line differential function pices
phase-segregated true current differential praiedor transmission networks. The function compahes
currents entering and leaving the protected ovettiea or cable. This is done by exchanging theiwalf
the three phase currents in both directions evens5while integrated in a common digital messadge
currents are evaluated in both terminals on a pas@ basis that prevents the problem of the current

summation approach and provides phase selectiormation for single-pole tripping [9].

A dependable communication link is needed to alexghange of the current information between the
terminals at the line ends. Direct optical fibregalvanic communication links are supported, ad a®l
more complex digital communication systems like tipldxed and route switched networks. The
transmission time is continuously measured to p@worrect synchronization of local clocks. Two
independent binary signals can be transmitted foora line side to the other through the differential
communication link for direct inter-trip logics orformation purposes. The function of the line elifintial
function utilises the communication functionalitpdahardware for communication with remote end as
used for the function “Binary signal transfer tan@e end (RTC)”. The communication modules are
available in three options namely, optical, piloiren for short range and galvanic connection
communication equipment which are designed to ¢pexa64 kbit/s. The simplified block diagram oéth

line differential protection function is shown iigkre 4-6.

| N
i 1 N DATA TRANSMIT
i <’ DATA RECEIVE.
: i
IDIFL.RTCSEND1 [ ——————- .
' DIFL-RTCSEND2 DIFL-RTCREC1!
. DIFL-BLOCK DIFL-RTCREC2,
[ 3 ,
T 7 2 i
| 4 i
| 8 i
i 5 i
i 6 I
! i
! =11 DIFL-BLOCK |
i p— i
| == DIFL-CTSATi
I | L Idi i
I DIFL-TRIP-
] TRy

| .
Ibias |

! |
! i
s e o & e @) e’ ) 5 e s & s T ) S & e 5 i 18 e, 8 6 s 16 e 1 B s 6 s S s S . s i 6 s s s 8 ! 1 6 —

Figure 4-6: Simplified block diagram of line differential pratiéon function [9]

Where:

1 - Communication interface

2 - Communication logic

3 - Remote trip

4 - Remote current value

5 - Remote saturation detection
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6 - Remote block
7 - Fourier filter

8 - Saturation detector

Saturation detectors evaluate the phase curremg tise raw/ unfiltered samples issued every mibsel.

The detection is based on the secondary currersvimlr. At current transformer saturation as shown in
Figure 4-7, the stabilisation is increased at btshminals in the saturated phase. Therefore, phase
segregated “saturation” signals are included intthesmitted message. The ABB REL 561 differential
function will never trip for an open circuit conidin, instead, only for short circuit conditions. \mever the
impedance function in the same relay will be susbkpto tripping for open circuit conditions delmg

on the impedances that are calculated

1Dirr
CT=saturation

Normal condition

IMinOp

IBias

IMir;Sal ILvI1/2Cross
Figure 4-7: REL 561 Stabilisation characteristics [9]

Where:

IMinOp - Minimum differential operation current

IMinSat - Minimum phase current for saturation déten operation
IDiffLvI1 - Slope 1 stabilisation

IDiffLvI2 - Slope 2 stabilisation

ILvI1/2Cross - Slope 2 intersection

4.2 Background into an open phase fault at the Koeber g power station high voltageyard in
South Africa

Eskom’s Koeberg substation encountered an incideatto an open circuit fault on the red phase ef th
400 kV bus section A isolator, on the 400 kV busharl. A latent open circuit on the red phase of the
Koeberg substation’s 400 kV bus section isolatowAs discovered after the switching operation of
opening the bus coupler A. Prior to the openinghefbus coupler A, voltages were normal or heatttny
both sides of busbar no. 1 bus sections. Due tdfioent travel of the red phase main contactidi@she
gas insulated switchgear chamber, the contact didmmke sufficient contact to complete the circuit

resulting in the open phase. The Koeberg substatestrical circuit/single line diagram is shownFigure
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4-8. The generator transformer no.1 had been reduto service after out on routine maintenance.celen
all circuits had to be connected onto the 400 k'¥blam no. 1 (circuits that were connected on busb&t
was switched over to busbar no.2.) The generadostormer no.2, coupling transformer no.1, Acacdn
line feeder and Muldersvlei no.2 line feeder wdtewitched from the 400 kV busbar no.2 to the 480

busbar no.1.

The 400 kV buscoupler A circuit breaker was theasraswitched open. Upon switching open the circuit
breaker, the 400/132 kV coupling transformer na32 kV breaker, the Koeberg - Acacia 400 kV line
feeder breaker, the 400/132 kV coupling transforne? 132 kV breaker, the Koeberg - Muldersvlei2no.
400 kV line feeder breaker and the Koeberg - Muddlei no.1 400 kV line feeder breaker had tripped.

KOEDRBERG (Cape Town)

STNTR 2
STNTR 1

DASSN RTVLS L]J DUINE L
ACCES 2 BlLGRG U '
4 (L Py q r];
W M _____M_ 8 M m
W[t 0 3 T I 1. [ ® v
1 = R e
A5 | 51 ‘LJJ
| |
TRER 1 &2 ‘ %,\ux J %\L\
m- 1

e

MULDR 2
AUROR 1 MULDR | ACAC 1

;15:@ 1’\’—‘—“’*’#@ é mfg . ;:@:

fHus Scction NolaA
isolator with fauled
red phase

Figure 4-8: Koeberg power station high voltage yard single line

4.3 Simulation of the open phase fault at K oeberg substation

The simulation usindgigSilent PowerFactonsoftware was conducted with the current Koeber@ K0
network configuration to analyse the impact of gero phase fault on the circuits connected on the
Koeberg 400 kV busbars as a result of the blueelas-section A isolator being open while red and
white phases closed. It will also be used to vettifyt the present protection schemes protectionegies

will operate correctly for the protection settiraggplied to the protection schemes.

4.3.1 Configuration and simulation of the K oeber g substation open phase fault

The open phase fault at the Koeberg substationsimaslated with the configurations as shown figur@ 4
in a combined load flow and short circuit simulatistudy. The Koeberg substation consists of a a@oubl
400 kV busbar with a bus-section on each 400 k\barssfor connection or isolation of the two paftthe
same busbar; two bus-couplers between the 400 kWans to allow connection or isolation; two Koeberg
generators connected through the generator transfai24 kV/400 kV, 1050 MVA, Ynd 11) connected on
either side of the bus-coupler A and bus-sectioriofir 400 kV line feeders (Koeberg-Acacia, Koeberg-
Stikland, Koeberg-Ankerlig no.1 and Koeberg-Ankgmio.2) and two coupling transformers (400 kV/132
kv/22 kV, 250 MVA) connecting the 400 kV Koebergatiit to the 132 kV Koeberg circuit. The 400 kV
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Koeberg network was configured with the circuitsigected to the busbar no.1 as depicted in Figl@e 4-
The blue phase of the 400 kV bus section A of busbal was switched to out of service (blue phase a

opposed to red phase, due to software packagatiars).

Koeberg Gen?2 Koeberg Gen1
Koeberg Machine Type Koeberg Machine Type
® ® 3 )
= = s g
i3 i =3
is = &
55 = 8
) s & =
S G 2 ® i}

BE = +=

»—: -—m e | ] o

M é L 3 Tay

@
[ [
|

-

’—7-\.\
7]
Koeberg Power Station 4000132122 T2
Koeberg Power Station 4000132/22 T2

o

L3

Koeberg Power Station 400/132/22 T1
Koeberg Power Station 400013222 T1

= |

Acacia-Koeberg 132_2|S8 %/ Keeb

Figure 4-9: Koeberg power station single line diagram

The 400 kV feeder protection schemes were confayimghe simulation software for all 400 kV feeders
out of Koeberg substation. Koeberg-Acacia and Kogistikland 400 kV feeder were furnished with the
impedance or distance protection relay ABB REL 581Wwack up earthfault protection. Koeberg-Ankerlig
No.1 and 2, 400 kV line feeders consist of the liiiferential ABB REL 561 protection scheme. The
current differential protection scheme principlesvimased on Kirchoff's current node law, namely that
total current flowing into a node should equal alance the total current flowing out of the nodeglse a

short circuit has occurred.

The protection scheme type and settings were daatairom Eskom - National Control. The instrument
transformers (current transformers and voltagesfoamers) had to be configured and ratios set. The
protection settings were entered into their respedevice data. The Koeberg 400 kV feeders primect
relay phase (Ph) and ground (G) characteristic plaed depicting the impedance zones of the feeder
protection with the relevant 400 kV feeder or lingpedance parameters. The Koeberg-Acacia 400 kV
feeder ABB REL 531 distance protection relay chinastic plot as shown in Figure 4-10 and Figurgl4-

Zone 1, 2 &3 phase-phase and phase-ground chas#icteespectively is depicted on the diagrams.
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Figure 4-10: Koeberg-Acacia 400 kV feeder 1&2 protection relémage-phase characteristic
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Figure 4-11: Koeberg-Acacia 400 kV feeder 1&2 protection relénage-ground characteristic

The Koeberg-Stikland 400 kV feeder ABB REL 531 dligte protection relay characteristic plot as shown
in Figure 4-12 and Figure 4-13. Zone 1, 2 &3 phalsase and phase-ground characteristic respeciwely
depicted on the diagrams. The Koeberg-Ankerlig ramd 2, 400 kV line feeder ABB REL 561 current
differential protection relay step distance chagastic plot is shown in Figure 4-14 and Figures-Zone
land 2 phase-phase and phase-ground charactersgirctively are depicted on the figures. The tesuk
described and analysed in chapter 5. Faults witlérrelay characteristics will cause the relayri and
open the associated circuit breakers. Howeverdahht falls outside the relay characteristics oare
detected. Open circuit faults are characterisethfiyite resistance and therefore are almost imiptesso

be detected from the conventional impedance schemes
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Figure 4-12: Koeberg-Stikland 400 kV feeder 1&2 protection redase-phase characteristic (above)
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Figure 4-13: Koeberg-Stikland 400 kV feeder 1&2 protection refgase-ground characteristic
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Figure 4-14: Koeberg-Ankerlig no.1&2 400 kV feeder 1&2 protectielay phase-phase characteristic
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Figure 4-15: Koeberg-Ankerlig no.1&2 400 kV feeder 1&2 protecticelay phase-ground characteristic
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4.4 Koeberg-Acacialinefeeder short circuit simulation

A three phase short circuit phase was simulateg @mithe Koeberg-Acacia line feeder in order tadaie
the integrity of the model used in the simulatidrnis was conducted to prove that the simulation
converged, solved.

Figure 4-16 illustrates the result of a three phats@t circuit fault that was initiated in the miedf the
Koeberg-Acacia line feedelt is evident that the fault was detected in zonef Xhe protection relay
characteristic which is set at 80% of the line &gedhich confirmed that the relay operated as @efiny

the settings for a three phase fault at 50% ofitteefeeder length.

17
oo f &
17
3. 44
30 0 27 0 -24 0 -21 0 180 150 120 -9 00 -&" -3 00 H4f 3 00 600 900 13 0 450 180 210|240
. | A h | f ) L L i h ) h 1 1 1 f

=200
—5.00 ]
o 00
c1z.0
150
—s0

-21.0 -

-24 0 -

_ o -
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Figure 4-16: Koeberg-Acacia 400 kV feeder relay phase-phaseactenistic with fault in Zone 1

4.5 Open circuit fault analysis of the 132 kV side of the K oeber g substation

The fault was simulated once more on the Koebefgkd0busbar no.1 with an open circuit fault on tad
phase of the 400 kV bus section A isolator. Howeher simulation results showed that no fault curren
was flowing in the 132 kV side of Koeberg substatidhis was due to the two auto-transformers batwee
the Koeberg 400 kV and Koeberg 132 kV substationneoting the two Koeberg HV yards with a

common star-point (auto-transformers are electyicannected). Please refer to Figure 4-9.

4.6 Simulation of an open phase fault on the Koeberg-Ankerlig line feeders

A simulation was conducted by applying an open pHasllt on the Koeberg-Ankerlig No.1 and 2 line
feeders with the Koeberg 400 kV configuration asatin Figure 4-9. The Koeberg 400 kV bus-section A
and B closed with the red phase open on the bugsasolator, 400 kV bus-coupler A and B closetleT
result was as shown in Figure 4-17 (with Koeberg@a out of service) and Figure 4-18 (Koeberg-Azaci

in service), which is assessed and discussed tetha.
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Figure 4-17: Results of open phase fault on Koeberg-Ankerlid réono.2 feeders
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Figure 4-18: Open phase fault on Koeberg-Ankerlig no.1 & no.thwine Koeberg-Acacia feeder in service

4.7 Voltage smulation during the open phase of the bus-section

The purpose of this simulation was to calculatevititage depression due to the 400 kV feedersitripps

a result of the open circuit fault on the bus sectiThe simulation was significant to assess thHeage
depression which could result in instability on tBeuth African - Western Cape 400 kV local power
network. A load flow simulation was initiated usittge simulation software case study with the foltayv
circuits at Koeberg out of service: (the circuitpgied during the initial open phase on the Koel&@KV
bus-section A isolator as per section 4.3).

e 400/132 kV coupling transformer no.1 132 kV breaker
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« Koeberg-Acacia 400 kV line feeder breaker

e 400/132 kV coupling transformer no.2 132 kV breaker
*  Koeberg-Ankerlig no.1 400 kV line feeder breaker

e Koeberg - Ankerligno.2 400 kV line feeder breaker

4.8 Conclusion

Short circuit, open circuit and voltage depresssonulations were conducted in this chapter or wexio

scenarios with the results analysed and discusseltkipter 5.
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CHAPTER 5: RESULTSOF SIMULATIONS

5 Introduction

Simulation software was used to simulate the opeas@ fault incident at the Koeberg substation and
compared the results of the impedance or distaneddeder protection and earthfault protectioalbfine
feeders (not described and explained in chapterh®.simulation of the Koeberg open phase faultiet

was conducted as described in the previous chejittethe following results.

5.1 Koeberg-Acacia400kV line feeder

The Koeberg-Acacia line feeder has the ABB REL 8&tance protection scheme with the quadrilateral
characteristic of Zones 1 and 2 for phase-phasghasle-ground set to trip in the forward directdrthe
line feeder and Zone 3 phase-phase and phase-giouratshalled to detect a fault in the reversedtiion

to the line feeder. Zone 3 is used to detect aodkripping of the line feeder. The result of tpen phase
fault on the 400 kV Koeberg-Bus section No.1 blu€ephase isolator is shown (in Figure 5-1) bylihe
arrows on the phase-ground quadrilateral zone ctaistics. It is evident that the fault is not time
protection’s zone characteristics and hence this feeder will not detect the fault as the startingent
required by the relay was not fulfilled. It can ti@re be concluded from this that the protecti@hrbt

trip Koeberg-Acacia 400 kV line feeder.

300.H
240. Koeberg-Acacia Z2G |
one 2 |
180.
120.
1 Koeberg-AcaciaZ1G
f 60.0 one 1
T T T T T T T =T T T T T T T T T T T T T T T
-480 -420. -360 -300. -240. -180. - [\ 60.0 120. 180 240 300. 360. 420 480 540 600. 660. 720. 780 840 900
Koeberg-AcaciaZ3G
one 3
-180.+ 6

Figure 5-1: Koeberg-Acacia 400 kV feeder protection relay cbiastic

511 Thenormal IDMT earth fault protection for Koeberg-Acacia
The earthfault characteristic was simulated anttgrdoas shown in Figure 5-2. Analysis of the eéatlit
current @1, ori, =31, =1,+1,+1, =450.5 A) was detected by the ABBLRE1 earth fault element

The time the earthfault relay would trip is 11.5#2onds with the setting of Ipset = 0.15 and Tp<e85.
In this case there was no earthfault on the febdeever the open phase on the bus-section gaveorese
unbalance with normal load currents. This resuitethe 400 kV Koeberg-Acacia line feeder trippingla

isolation of the circuit.

Rajesh Ramluckun SN: 205526656



Pageb4 of 71

AK0 BT i A FEE |
ELREE L |I=C- [ e ]

rFIIII T
] Irpeet 030 |

Figure 5-2: Koeberg-Acacia 400 kV line feeder IDMT earthfallEF) protection relay curve

5.2 Koeberg-Stikland 400 kV line feeder

The Koeberg-Stikland line feeder has the ABB REL Siistance protection scheme, the same as the
Koeberg-Acacia line feeder with the quadrilaterabracteristic of Zones 1 and 2 for phase-phase and
phase-ground set to trip in the forward directidrtlee line feeder and Zone 3 phase-phase and phase-
ground set to detect a fault in the reverse dimecto the line feeder. Zone 3 is used to detecttdock

tripping of the line feeder.

The result of the open phase fault on the 400 k\h€wg-Bus section No.1 blue or C-phase isolator is
shown by the red arrows on the phase-phase ané-ghasnd quadrilateral zone characteristics as show
in Figure 5-3 & 5-4 respectively. It is evident ttie fault is not in the protection’s zone chaesstics
and hence this line feeder will not detect thetfasl the starting current required by the relay wais
fulfilled. It can therefore be concluded that theekerg-Stikland line feeder was not isolated by the

impedance protection scheme.

60.0+ é
] Koeberg-Stikland Z2P
450 Zone 2
1 Koeberg-Stikland Z4P ¢
i T Zone 4
' | Koeberg Stikland Z1P
Zone 1 v

|
T LN P P D L P L T T T P A R |
-30.0 044300 450 600 750 900 105. 120. 135 150. 165. 180. 195. 210. 225. 240. 255. 270. 285 300. 315

Figure 5-3: Koeberg-Stikland 400 kV line feeder protection yglbase characteristic
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Figure 5-4: Koeberg-Stikland 400 kV line feeder protection ygidase-ground characteristic

521 Thenormal IDMT earth fault protection for Koeberg-Stikland
The earthfault characteristic was simulated andréisalt plotted as shown in Figure 5-5. Analysighaf

earthfault current I( =31, =1,+1,+1, = 273.4A) was detected by AEB REL 53learthfault

element. The earth fault relay settings of Ipsét2=and Tpset = 0.4.

In this case the earthfault current seen by thihizeut protection relay on the feeder was too bowd was
not within the IDMT characteristics of relay as o@d on Figure 5-5. This resulted in the 400 kV
Koeberg-Stikland line feeder not tripping initially

EF
EC inverse
pset: 0.20
set: 0.40

Figure 5-5: Koeberg-Stikland 400 kV line feeder IDMT earthfa{llEF) protection relay curve

A further simulation was conducted shown in Figd® to validate the integrity of the earthfault
protection. Upon analysing this situation with tiest of the circuits connected to the bus-bar shitvet

both the Koeberg-Ankerlig line feeders tripped with seconds.

5.3 Simulation with the K oeberg-Ankerlig line feeder s out of service
A second simulation was conducted by opening triicibreakers on both Koeberg-Ankerlig line feeder

The earthfault protection setting of Ipset = 0.4 dpset = 0.4.
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I, =31,=1,+1,+1, =650.174 A. The time of the earthfault trip wag/B seconds as seen on Figure

r

5-6. This resulted in the Koeberg-Stikland linedeetripping which correlates to the actual lineder
tripping during the incident.

B*lo = 650.174 pri.A |

= ripping time = 8.778 s |
EF
EC inverse
pset: 0.20
10

Tpset: 0.40

uuuuuu

400 KV Node 17 Kesberg Stixiand

Figure 5-6: Koeberg-Stikland 400 kV line feeder IDMT earthfa{liEF) protection relay curve

5.4 Koeberg-Ankerlig 400kV line feeder no.1& 2

The Koeberg-Ankerlig 400 kV line feeder no.1&2 ietected by the ABB REL 561 as covered in Chapter
4. ABB REL 561 differential function will never frifor an open circuit condition, instead, only $brort
circuit conditions. However the impedance functinrthe same relay will be susceptible to trippiog f
open circuit conditions depending on the impedatitasare calculated. The result of the open pfeade

on the 400 kV Koeberg-Bus section No.1 blue or @sghisolator is shown by the red arrows on thegphas
phase and phase-ground quadrilateral zone chastictens shown in Figure 5-7 and 5-8 respectivelg.
evident that the fault is not in the protectionde characteristics and hence this line feedernailldetect

the fault as the starting current required by tayrwas not fulfilled.

4 o) Koeberg-Ankerlig Z3P
| Mone 3

{

L e B B B B B L I L L L LAY L
A0, -440. 4000 -360. -320. -260. -240. -200. -160. 120 800 -400 0 800 1200 180 200. 240

Koeberg-Ankerlig Z2P
Zone 2

1

¢ Dir-Z

-40.0

Figure 5-7: Koeberg-Ankerlig 400 kV line feeder no.1 & 2 prdfeo relay phase characteristic
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oeberg-Ankerig Z3G
60.0 Bone 3

30.0+

-270. -240. -210. -180. -150. -120. -90.0 -60.0 -30.0
| 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

0.0 90.0 120.
| 1 | 1 | 1

. oeberg-Ankelig Z2G
é Vone 2
-30.0 1

Figure 5-8: Koeberg-Ankerlig 400 kV line feeder no.1 & 2 prdiea relay phase-ground characteristic

54.1 Thenormal IDMT earth fault protection for Koeberg-Ankerlig

The open phase was simulated and the results oédhafault characteristic were plotted as shown in

Figure 5-9. Analysis of the earthfault currem{ € 31, =1, +1,+1, 60842 A) was detected by the

ABB REL 531 earthfault element. The time that tlagtlefault relay would take to trip is 5.896 seconds
with the setting of Ipset = 0.2 and Tpset = 0.3tHis case there was no earthfault on the linedeed
however the open phase on the bus section gavdorisa unbalance with normal load currents. This

resulted to the 400 kV Koeberg-Ankerlig line feederl and 2 tripping and isolating the feeder.

~B*I0= 700.842 pri.A ]
) /ITripping time = 5.896 s_|

[ [TEF
EC inverse

\'

o
00K 100 1000 wis . 10000
Koeberg Power Station\Koeberg 400 KV Ankerlig 1\Koeberg Ankerlig 1 T5A Koeberg Power 9 400 BW Ankerlig 1\Koeberg Ankerlig 1 RELES1

Figure 5-9: Koeberg-Ankerlig 400 kV line feeder no.1&2 IDMT #afiault protection relay curve

5.5 Koeberg-Coupling Transformer no.1& 2 (400/132/22kV)
The normal IDMT earth fault protection for KoebeZgupling Transformer no.1 and 2 was simulated the

plotted as shown in Figure 5-10. Analysis of theltgault current g1, ) as detected by earthfault eleime
I, =3l,=1,+1,+1,=450.507 A

r
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The time it would take for the earthfault relayttip is 11.65 seconds with the settings of Ipsét¥5 and
Tpset = 0.35. In this case there was no earthéauthe feeder however the open phase on the btisfsec
gave rise to an unbalance with normal load currefitss resulted to the 400 kV Koeberg-Coupling
Transformer no.1 and 2 tripping and isolating ttaasformer from both the 400 kV and 132 kV Koeberg
network.

[TEF
EC inverse
pset: 0.15

10=450.5090A [Tpset: 0.35
=11.654s

Figure 5-10: Koeberg-Coupling Transformer no.1&2 IDMT earthfailEF) protection relay curve

5.6 Resultsof the voltage depression simulation

The simulation study with the 400/132 kV couplingrisformer no.1 132 kV, Koeberg-Acacia, 400 kV line
feeder, 400/132 kV coupling transformer no.2 132 Kdeberg-Ankerlig, no.1 400 kV line feeder and the
Koeberg-Ankerlig, no.2 400 kV line feeder out of\dee revealed that the voltage depression for the

current power network configuration in Cape regieas not significantly low. The result of the study
shown Table 5-1.

Table 5-1: Voltage measured on Cape region

Phase Voltage kV pu
VA 225.3 0.976
VB 229.6 0.944
VC 224.1 0.97

The largest voltage depression calculated as 56%tecsimulation study was not significant to acedy
impact the Cape network as opposed to a voltageegigipn of 21.8% of the actual incident at Koeberg
power station. This was attributed to the equivialenvirtual loads used for the simulation due he t
unavailability of the actual customer loads in camigon to the actual loads for the fault conditimnorder

to get the simulation to initiate and solve, thaddactor was changed to 0.95. The investigatida das
used to provide the root cause of the fault antbesttaken to stabilize the Cape 400 kV. Althouiga t

voltage depression was 21.8% in the Cape geogmphégion the national system frequency was
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unaffected and remained at the fundamental frequexic50Hz. Fortunately in this case

frequency load shedding minimum criteria of 49.5t#% not reached as shown in Figure 5-11.

the under

50 Hz Scheduled Frequency
SAPP non-firm sales
Unscheduled Hydro
SAPP Emergency Energy
Gas Turbines
49.5 Hz Pump Storage
Contracted Interruptible
49.2 Hz
49.1 Hz
49.0 Hz
Total 10%
48.8 Hz
50 %
48.5 Hz Load Shed
48.2 Hz
47.9 Hz Total 40%
47.0 Hz —Lﬁ
2
Figure 5-11: Under frequency load shedding stages [2] (above)
Table 5-2: Under frequency load shedding set criteria [2]
Stage Frequency (Hz) Delay (s) | Load Shed Percentage Stage
(MW) (%) Total
CVA Stage 1 49.2 0.3 1666 4.94% 11.88%
CVA Stage 2 491 0.3 1130 3.35%
CVA Stage 3 49.0 0.3 1212 3.59%
Mandatory 48.8 0.5 1884 5.58% 10.76%
Stage 1 48.8 1.0 992 2.94%
48.8 1.2 107 0.32%
48.8 15 378 1.12%
48.8 2.0 272 0.8%
Mandatory 48.5 0.3 264 0.78% 9.90%
Stage 2 485 0.5 1279 3.79%
48.5 1.0 557 1.65%
485 12 158 0.47%
48.5 1.5 118 0.35%
48.5 2.0 966 2.86%
Mandatory 48.2 0.2 83 0.25% 13.75%
Stage 3 48.2 0.5 2858 8.47%
48.2 1.0 348 1.03%
48.2 1.2 115 0.34%
48.2 15 297 0.88%
48.2 2.0 940 2.78%
Mandatory 479 0.5 2201 6.52% 10.37%
Stage 4 47.9 10 1135 3.36%
479 1.2 106 0.31%
479 2.0 57 0.17%
Total 19 121 56.65% 56.65%

Table 5-1 provides the set criteria that the powt@ity Eskom in South Africa utilizes to expeditmder

frequency load shedding in order to ensure powstegy stability with the power system frequency of

50Hz maintained. The local system control in thesi&a-Cape region opted to stabilize the transonissi
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network in the region by initiating manual load dtieg and restore the voltage. This resulted ir6132V

of local load that was shed to recover the voltaghe acceptable limit.

5.7 Simulation of an open phase fault on the Koeberg-Ankerlig line

The results of the simulation that was conductedylying an open phase fault on the Koeberg-Aierl
No.1 and 2 line feeders with the Koeberg 400 kV-fetion A and B closed with the red phase open on
the bus-section isolator, 400 kV bus-coupler A Bncdosed is shown in Figure 4-17 and Figure 4-1& wi

and without the Koeberg-Acacia line feeder in ssviespectively.

Table 5-3: Earth fault currents with an open phase fault @nkbeberg-Ankerlig no.1 & 2 lines

EarthFault EarthFault
Koeberg 400 kV Feeder | cyrrent without |  Current with
Acacia Acacia
Stikland 414A 358A
Ankerlig No.1 810 1020A
Ankerlig No.2 810 1020A
Acacia 0 593A

5.7.1 Evaluation of resultsshown in Table 5-3 and Table 5-4

The objective of the evaluation of the results wasconfirm that present line feeder protection is
inadequately configured to trip the line feederscdded below for an open phase fault. The main
protection would not trip but the back-up protectiavhich caters for resistive faults, would operaie
unbalance which is detected as zero sequence tuabithough its intended function was to detechhig
resistance ground faults. However the fault cleagatime is too long (in electrical protection terrirs
order to limit the adverse impact of electricalntland equipment damage the protection is confijtoe

isolate the fault within 1 second.

5.7.2 Koeberg-Stikland 400 kV
The Koeberg-Stikland line feeder showed an earthédul14 A and 358 A with and without the Koeberg-

Acacia line in service respectively. Figure 5-12wh the IDMT earthfault characteristic of the etatit
element with an Ipset = 0.2 and Tpset = 0.4. Feratrthfault current of 358 A and 414 A the Koeberg
Stikland line feeder does not trip for the opengghtault half way down the both Koeberg-Ankerligeli
feeders.
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The feeder protection correctly does not trip #eder. It will be seen in 5.6.1.3 that the Koeb&ngerlig
no.l and no.2 trips and isolates the open phadeftauboth instances of Koeberg-Acacia line feetter

service and out of service.

3710 =358.534 pri.A

100

o B*lo = 358.534 pri.A
EF
EC inverse
pset: 0.20
Tpset: 0.40
10 \

Figure 5-12: Koeberg-Stikland 400 kV line feeder IDMT earthfa{ilEF) protection relay curve

5.7.3 Koeberg-Acacia 400 kV

The Koeberg-Acacia line feeder showed an earthf#ub93 A. Figure 5-13 shows the IDMT earthfault
characteristic of the earthfault element with aetps 0.15 and Tpset = 0.35. For the earthfaultexurof
593 A the Koeberg- Acacia line feeder does triptfar open phase fault half way down the both Kagber
Ankerlig line feeders. The feeder protection cdityeirips the feeder in 5.01s as shown in Figurk35-

593.415 pri.A [TEF

501s EC inverse
pset: 0.15
Tpset. 0.35

Figure 5-13: Koeberg-Acacia 400 kV line feeder IDMT earthfaIEF) protection relay curve
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5.7.4 Koeberg-Ankerlig No.1 & 2 400 kV

The Koeberg-Ankerlig no.1& 2 line feeder experieh@n earthfault of 1030 A and 814.5 A with and
without the Koeberg-Acacia line in service respati. Figure 5-14 and Figure 5-15 shows the IDMT
earthfault characteristic of the earthfault elemeith an Ipset = 0.2 and Tpset = 0.3. For the éauth
current of 1030 A and 814.5 A the Koeberg-Anketlige feeder tripped correctly in 2.11s and 4.21s
respectively for the open phase fault half way domenboth Koeberg-Ankerlig line feeders.

B*10= 1030.090 pri.A__|
]

[Tripping time = 2911 s
EF
EC inverse
pset: 0.20

Tpset: 0.30
KS e

Figure 5-14: Koeberg-Ankerlig 400 kV feeder IDMT earthfault (TERith Acacia line feeder in service

B10= 814 512 priA
ripp

ing time = 4.214 s

EF

EC inverse
pset: 0.20
[Tpset: 0.30

Koeberg Power StationiKoeberg 400 ¥V Ankerlig1ii<osberg Ankerlig 1 TSA Koeberg Power StationiKoeberg 400 KW Ankerlig1iKosberg Ankerlig 1 RELSST

Figure 5-15: Koeberg-Ankerlig 400 kV feeder IDMT earthfault (TE€urve without Acacia line feeder in service

5.7.5 Koeberg generator no. 2

The effect of the fault on the two Koeberg-Ankedig0 kV line feeders was assessed to validateitgpp
of the Koeberg generator no.2. The Koeberg-Gers@lteas shown in Table 5-4 extracted from Figure 4
17 and Figure 4-18.

Rajesh Ramluckun SN: 205526656



Pages3 of 71

Table 5-4: Results of open phase fault on the Koeberg-Ankewdid and 2 feeders, generator sequence currents

Sequence kA without Acacia KA W't.h
Current in service caciain
service
I 22.13 22.05
P 2.34 2.3
lo 0 0

Table 5-5: Koeberg-Generator No.2 negative phase sequendegsett

Negative Phase Sequence settings
Alarm 1549A
DT-3s 2710A
IDMT - pick up 1549A

With reference to Table 5-5 it was confirmed théhva negative sequence currenj @f 2.34 kA and 2.30
kA that in both instances the IDMT pick-up settioig1549 A was met and the negative phase sequence

element was triggered resulting in a trip 5s anthitng the generator from the fault.

5.8 Root cause of the open phase incident

The 400 kV isolator is switched by means of a maua# shaft coupling of the three phases as shown i
Figure 5-16. The 400 kV bus section A isolator lispd shaft and gear mechanism that caused the open
circuit is shown in Figures 5-17 and 5-18 belowathh$how the coupling clamp over the joint betweden t
square cylinder shaft and the square rod mounttdgeiars. The black marks indicate the originakieye
position of the rod and the square shaft and tle displacement from the housing. The space ingtichy

the ruler shows the displacement length that reduitom the shift. The dirty area is the part thais

exposed all along and the clean area was the ahg#s normally covered inside the cylinder.

hite-to-blue
phase coupling -
shaft . Red phase
oupling shaft

onnects here

Figure 5-16: Overview of the isolator arrangement showing thepting between the white and blue phases
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.
Bolted clamp i

- >
ISquare rod . W

Displace gears

N\ outside the

Y \_\ ous
Figure 5-17: View of the coupling between the cylinder shadg end displaced gears at the back of the rod

Figure 5-18: Measurement of the shaft displacement

The above fault occurred which could not be ead#iected. Simulations were conducted to investitiete
actual characteristics of the protection relay rideo to explain the delay in clearing the faulteTduthor
aims to formulate recommendations to the protedttings philosophy and protective devices in otde
minimise the impact of such faults in future.

5.9 Conclusion

The results analysed in this chapter covered opasgfaults on the bus-section and line feeder ppase
faults. Impact of open phase faults was also caleduwith respect to the generator and confirmetlttie
negative sequence protection on the generatortddteropen phase fault. It was concluded thatythieal

line feeder protection being the impedance or aurdéferential protection do not detect an operageh
fault. In some instances the back-up earthfaultegton picked up the open phase as an unbalanee as
result of zero sequence currents measured butdi@altance was too slow.
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CHAPTER 6: RECOMMENDATIONS AND CONCLUSIONS

6. Introduction

The investigation and simulations were conductecbpen phase faults to evaluate the impact of these
faults and to confirm that the presently utilisetklfeeder protection schemes utilised includingkb#p
earthfault protection did not clear the open plfas#t adequately. The author therefore recommehes t
following to reduce the impact of open phase faaftd find ways to not only detect, but locate aipifor

these faults.

6.1 Power linecarriers

The power line carrier has the potential of beingractical solution with an addition of a set ofPL
equipment on the third phase considering thatwleduter phases of the power transmission linedieed
are presently equipped with power line carriersndimodifications to the tele-protection and alamgni

circuits should be done however, the economicsnamdifications require some investigation in future.

6.2 Negative phase sequence protection

It is recommended that once the South African powtgity has phased out all the phase | and phase |
protection schemes on the sub-transmission andryiasion line feeders the protection philosophies
should be reviewed to incorporate the negative @lsasjuence protection element and it also should be
configured to initiate a trip or alarm.

6.3 Detection of high-impedance faults caused by downed conductor s

ABB researched solutions and developed the ABB BEE feeder scheme. This scheme can and will

detect open phased conditions as well. The aummnmends this scheme to be evaluated together with
other feeder protection schemes for future use. @tiner functionalities and requirements must be

evaluated by the relevant protection engineeriregigfists.

6.4 Integrated current phase compar ator

This would be a very practical solution to implemérhe cost might be low per unit however instalin

on all feeders in Transmission might prove un-eaaical. This could be a very good application-based
solution where installation of these “current phasenparators” would take place on lines feeding

customers with sensitive equipment.

6.5 ABB REL 531 protection scheme

It would be recommended that this scheme be comdibto detect open phased faults, trigger an alarm
and/or trip. The latter being the more suitablaaptWhere tripping is initiated, care must be take set

the BRC-timer to only trip after a minimum time 86. The Extra High Voltage (EHV) line feeder
protection requirements of South Africa’s powelitytiEskom are also satisfied with this scheme. For

future replacement of EHV protection schemes a®Esihase out the less reliable or obsolete protecti
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schemes and new feeder installations. It is styoregfommended that this scheme or similar more mmode
schemes which has the full functionality and meatsthe Eskom requirements be installed on the

remainder of the line feeders.

6.6 Alstom Micom P444 protection scheme

This scheme has the functionality of detecting ampping for an open phase fault. However, it is
important that the power utilities protection eregrs evaluate the total protection scheme funditeesa

by conducting integrity test on the protection sohéefore taking a decision to use this scheme s@he
that was recommended for ABB REL 531 protectioresof would also apply for this scheme, namely for
single phase trip and auto-reclose, the broken wind timer must allow sufficient time for the fesed
circuit breaker to reclose. It is recommended by dthor to set the timer to 3s since this woulck gi

sufficient time for the reclosure of a “genuinetire” single phase to ground fault.

6.7 Enhanced remote terminal unit (ERTU)

This option would be the most cost-effective arfitieint method to detect an open phase conditidis T
option is a matter of reconfiguring the measuresmé@nsducer/s outputs to the protection paneltiael

to the ERTU. The measurements algorithm calculdtesunbalance from the three current inputs and
expresses it as percentage. If the percentage amtgalexceeds the prescribed or calculated maximum
unbalance setting, the alarm will be initiated tfi@ ERTU to the power utilities control room. Theler
considers this option as the practical and mosh@uwical yet the advantages of alarming and givivgy t
power utilities controller the information of an@pphased condition and the decision to trip tleelde

will depend on the impact it is having on the netw®&ometimes it would be more technically feasible
keep the feeder alive rather that to trip dependimghe magnitude of the loading and type of custam

connected to the supply.

6.8 Conclusion

It is concluded that the hypothesis, namely thanophase faults goes undetected with the preseat li
feeder protection schemes on the power transmisstmork, is true. This causes major power system
interruptions when they occur with long restorationes due to the challenge to identify the fauld a
physically locate the open phase fault. The imp&dpen phase faults cause spurious tripping df feee

line feeders and associated circuits (transformergors and generating plant). On the line feeddies,
impedance did not detect faults, however, the hgclkarthfault (used for high resistance fault deiay
protection picked up the unbalanced currents as sxjuence currents in some cases where the jpatect
setting of 300 A was exceeded. It must be notetiths not correct protection operation althoughvas
convenient that this protection triggered the opkase fault clearance but with long clearance tiritas

imperative that these faults despite not commonbuaing be detected correctly when they occur.

It was interesting to notice that there was a diffiee in measurements taken by different relay
manufacturers’ protection schemes and yet manufastare coming up with intelligent algorithms tad

with load currents and unbalances without comprimmishe integrity of being dependable, reliable and
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secure. A manufacturer opted to measure the phasents in the three phase and take the diffedentia
between the highest and lowest phase currentshigtest phase should be greater than the minimum

current setting value and the lowest phase cursdmlow 50% of the minimum current setting value.

6.9 Future Research

The open phase faults investigated and discusseldaipter 5 indicated a need for open phase faulet
detected and require isolation of the fault to pravspurious tripping of the power transmissionvoek.
Future research is required for modelling of negaphase sequence currents and method of negative
sequence current protection grading, revision ofVHie feeder protection philosophy to enable the
possibility of enabling the impedance negative sege elements to trip, broken conductor algorithms
modelling in order to test and validate the depébiiitia of these functionalities available from ingmnce
protection relay scheme developers or manufactuogtimising the possible solutions and assurirag th

the solution considered to resolve open phase dabdtction and tripping is reliable.
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