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Abstract

This work contributes toward research in the field of lightning performandeigti Voltage Direct
Qurrent (HVDC) transmission lines, focusing on the impact of the line polarity oncillerice of line
faults. Although there has been some recent research into the influence of polarity, there appears to
be no confirmed effect that might influence the design of new linEse research presents an
investigation into the lightning performancef the two poles of the CahofBassa HVDC
transmission line. In order to compare the performance of the two polarities, the average lightning
exposure over an-gear period was confirmed to be very similar for both lindghtning stroke data

from the Sath African Lightning Detection Network was correlated with fault times from the
transmissiodine protection schemeThe classification of the lightning related faults was used to
determine the relative performance of the two poles, particularly in relatio polarity, and to infer

if there wasany influence of polarity on the lightning attachment proceRsis investigation for the
CahoraBassaschemeshows thattwenty-three out of twenty-five lightning related faults occurred

on the positive poleThe esults concur with performance experience on several HVDC lines from
China andCanada, whiclndicate that lightning related faults favour the positive pole by a rafio
between 8:1and 10:1. This represents a valuabt®ntribution, whichsubstantiates tht HVDC line
polarity has an influence on the lightning attachment process, and indicates that there is a need to

re-examine the lightning shielding design for HVDC transmission lines.
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1. Introduction

The Cahordassa High Voltage Direct Current (HVDC) scheme was commissiof&é,iarid

was the first to utilie thyristor devices foAlternating Current (AC) to Direct Current (DC)
conversionlt was aso the longest line length, highelstvDGroltage and highedtVDQoower
transfer capacity at the timeSince then, radern large capacity (HVDC) scherhase been
widely applied for seeral decadesDespite thisthere are certain areas for which internatial
standards and guidelines havet yet been developedind accepted One of these areas
appears to be lightning shielding desigmthe past, he principles for High Voltage Alternating
Current (HVAC) lines have been applied to HVYDC applications.altivewad literature shows
that the two poles of HVDC lines do not perforgually in respect of lightningihe lightning
performance of the CahorBass HVDC lines is investigated in order to determine if there is a

disparity in the lightning performance tife two poleswhich could arise from the polarity.
The structure of the dissertation is a follows:

Chapter 2(Hypothesis and Research Objective3he hypothesigo be investigated in tis
work is presented and the key research questions to be answerad discussedin this

chapter.

Chapter 3(Background) This chapter covers an overview of international trends in HVDC
transmission lines and why the performance of these lines is impqrtampared to HVAC in
general. The implications ofightning inducedfaults and the importance of lightning
performance of HVDC lines are discussed. The possible influence of the HVDC polarity in the
lightning attachment process is introduced. The Cafl®aasa HVD@ansmission linesre
described and compared to other imtrnational HYDC schemeim order to illustrate the
unique construction of thesspecificlines. The reasons for the distinctive line configuration of

the CahoraBassa linesand how this facilitates the investigation into the lightning
performance of thewo polaritiesare explained. The general principles for lightning protection
design for transmission lines such as the impact of shield wire number and its position relative

to the pole conductofs)are discussed in the context of various examples.

In orcer to investigate the lightning performance of the CahB@ssa transmission lines, fault
times from the protection system must be compared to lightning activity. Firstly, the operation
and limitations of lightning detection networks in generalintroduced. The details and

performance of the South African Lightning Detection Netwsdescribed.



Secondly, the operation of the protection system for the CaH@aasa transmission lines, the

originof the fault times and theiuncertainty; is discussed.

Chapter 4 (Literature Review and Gap Analysi$h this dapter, the findings of the literature
review, that was conducted to ascertain if there are any internationally documented effects of
polarity on the lightning performance of HVDC linespresented. Tis chapter explains the
traditional lightning protection philosophy as applied to HVi&hsmission linesand why

these methodsnay bedeficientfor HVDQransmission lines

Chapter5 (Approach Taken)The approach for comparing the lightning exposure testwthe
two CahoraBassa HVDC transmission lines is detailed. The approach for determining the fault
rate of these lines from the fault timesf the line protection system and lightning data is

explained

Chapter6 (Proposed Methodology)The method for cmparing thelightning exposure for the
two transmission line®f the CahoraBassa HVDC Scherligsedetailed. The methodology for
fault correlationprocessis presented. A method for the classification of the likelihood that a

particular stroke caused the fi#un questionis proposed.

Chapter7 (Results and Discussianyhe comparison between the lightning exposuoé the

two CahoraBassaHVDC transmission linegs givenfor an 8 year periodFault data was
available for seven years antie results ofthe correlations between faults and lightning
activity are provided for this 7year period Various significanttrends in the results are

described Several pecific examples of the fault correlations are discussed in detail.

Chapter8 (Conclusios and Further Work): The outcome of the researdhpresentedand it is
discussed whether the hypothesis has been adequatdiressedy this work. Further steps

built on these findings are identified in the recommendations fatHar work.

Supporting information igcluded in the appendices as follows:

Appendix A:Appendix A provides a tabular summary of the analysis of all the individual faults
that were conducted according to the methodologyGnapter 6 over the 7-year period. The
softwaretools usedas well aghe results of the simulationsre provided for each case. The
faults that have been correlated withghtning are highlighted and theletails of the

correlation result areontained inAppendix B



Appendix B:The graphicalanalyses of the fault correlmin for all probable strokes are
presentedin Appendix BThe details of the temporal anspatial correlation are sumed up

on the graphical depiction of the correlation.

Appendix CAppendix C contains a paper that was accepted and presented for puinicati
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2. Hypothesis andResearch Objectives

The hypothesis to be investigated in this wonlamely the influence of the
HVDC pole voltage on the lightning fault rate, is presented. Furthermioee, t

key research questions to be answered are discussed in this chapter.
2.1 Hypothesis

The hypothesis is that the HVDC line polarity has an effect on the lightning induced fault rate.
This research aims to investigate the effect of the HVYDC polarity oligtitaing perfomance

of the CahoreBassa HVDCansmission lines.
2.2 Effect of Pole Volige on Shielding Failure

The first hypothesis is that the positive pole on HVYDC transmission lines is more likely to
experience shielding failure under approaching negative downward leader. This is due to the
positive pole voltage having an additive effect the positive induced potential developed on

the conductor, and therefore increases the likelihood of the initiation of an induced upward

leader Maruvada2008).

CtKAd AYONBlFasSa GUKS STFSOGAGS al GGNY OGADBS NI RA dz3
negative poleconductoror shield wire, which is showim a simplified way irFigure 1 This

renders the positive pole more vulnerable to shielding failure represented by the shaded area

G 5 Qwhich is larger than that fol KS Yy S3I 0A GBS L42DonwarKlgadeys | & a50
approaching within the shaded areas may terminate on the conductor, thus representing
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Dc- Zone 2 Dc+

Zone 1

Figurel: Attractive radii forHVDQole conductors under approaching negative downward leader

Actually, the attractive radius of the negative conductor is smaller than that of the shield wire,
asthe negative voltage is opposite to the induced voltage on the conductor and therefore has
a suppressing effect on the initiation of upward leaders by decreasingubrllpotential on

the conductor. The situation is reversed for positive downward leadessilting in a larger

attractiveradius for the negative conductathan that of the shield wire.

The aim of this work is primarily to investigate the lightning performance of HVDC
transmission lines in relation to the HVYDC polafTtiye continuous volige on HVDC lines may
affect lightning attachment, niike with Alternating Current (AC) transmissiatere it is
generally assumed that there is no net effect of this voltage am lthtning attachment

process, due to the sinusoidal variation of the liregmtial.

The literature indicates that the effect of polarity is ignored, and that the design for lightning

protection for HVDC is based on traditional principles applied to HVAC (Rizk 2012).

2.3 Effect of Pole Voltage oBack-Flashover

The second hypothesis that positive HVDC pole is also more vulnerable to back flashover
events arising from negative strikes to the shield wire. This results from the increased stress
across the line insulation, due to the differenoetween thenegative impulsend the podive

pole voltage. This propensity has been demonstratgdhe modelling of a = 458V DC line
(Maruvada2008), where practically all flashovers due to negative stepped leaders affect the

positive pole.



For transmission lines in the conventional heigémge (i.e. notunusuallytall structures for

river crossings etc.), the majority of lightning exposure is to negative downward stepped
leaders Maruvada2008). Thigenerallyresults in a significant disparity between the lightning
related performances of the two poles, and indicates that lightning protection design must be

more carefully approached in HVDC cases thatrdalitional HVAGcases

Although local meteorological conditions vary, affecting lightning activity, typically the
majority of downwardstrokes,between 80% and 90% (Rak&wWman2003) are of negative
polarity. Therefore, the lightning performance of the two poles of an H¥El@meare
predicted to show a markethequality, with the positive pole beindar more affected by

lightning relaed faults due to bothshielding failure and baekashovermechanisms.

In order to investigate the effect of the HVDC polarity, the lightning performance of the two
poles of the CahorBassa + 53BVHVDC lines between Mozambique and South Africa will be

used as a case study.

2.4 Research Objectives

The objective is to investigate if the HVDC polarity of the conductor affects the lightning

performance. The following aspe@se investigated:

1 Determinewhether the design for lightning shielding, and for lightgiperformance
prediction for HYD@ansmissiorines, is covered in the literature.
1 Determine whether a disparity in the lightning performance is demonstrated in the

case of the CahorBassadVDQransmissiorines.

The following chapter gives the backgnd information to lightning protection of HVDC
transmission lines in general. Thghtning protection desigispecifics of various international
examples of HVDC transmission lines are compared to the C8ags HVDClines The

accuracy of both the Igning activitydata andthe protection fault times that are used in the

investigationis discussed.



3. Background

This chapter covers an overview thie international trends in HVYD@ansmission
lines and why the higlperformance ofHVDClines iscritical. The implications of
lightning induced faults and the importance of lightning performance of HVDC lines
are discussed. The possible influence of the HVDC polarity in the lightning
attachment process is introduced. The CahBassa HVDC transmission lings a
described, and compared to other international HYDC schemes in order to illustrate
the unique construction of these specific lines. The reasons for the distinctive line
configuration of the CahorBassa linesand how this facilitates the investigatiomto

the lightning performance of the twpolaritiesare explained The general principles

for lightning protection design for transmission lines such as the impact of shield
wire number and its position relative to the pole conductor(s) are discusseigein t

context of various examples.

3.1 Importance of Lightning Performancein Relation to HYDCTransmission

Lines

HVDC schemes require very higliability andavailability and thereforall aspects affecting
the line performance are importanfhe reasons whyigh performance levels are required of
HVDC transmission lines are explained in the general coafdtVDC transmissipas well as

in the case of th&€ahoraBassa HVDC scheme.
3.1.1 International Trends in HYDC Schemes with Overhead Transmission Lines

There isan increasing worldwide need for the construction of overhead High Voltage Direct
Current (HVDC) transmission systems in two main applications: Firstly, in traditional, long
distance pointto-point highenergytransfer applications, where the main benefiare lower
transmissiorline capital costs anceducedtechnical losses. Secondly, relatively recently there

has been a rapidly increasing requirement for HVDC due to-oigivey constraints for the
construction of new overhead lines to supply increagngrgy demand. This is because HVDC
systems use significantly less space compared to similarly insulated HVAC lines of equivalent
transfer capacityFigure2 depicts equivalent Extra High Voltage Alternating Current (EHVAC)
and HVDC line suitable for theansfer of 7 GW.



These HVDC schemes for trangfeg several Gigawatts of power, utdighyristors in the
converter stations and are referred to &ine Commutated Convert&e(LCC) schemgsr

colloquiallya@ &I +5/ [/t aaAxoeod
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Three single circuit 765k AC transmission lines . ¢
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Figure2: Equivalent EHVAC and HVDC overhead transmission lines for 4800

A similar comparison exists between the CB scheme an&kVM@BHVAC. The power rating of
conventional 40V circuits (as opposed to high surge impedance loading lines) is around
600MW per circuit. Therefore, three 40/ single circuit EHVAC transmission lines are
required to match the power transfer capacity of the 338 HVDC Caho#sassascheme,

whichis nominally rated at 192BIW in bipolar mode.

Consequentlyfor the advanagesmentioned abovethe application of HVDC is becoming
more widespread and the nedd understandaspects that affect the line performance, such a

lightning, is increasing.

3.1.2 Demand for Low Fault Rate for HYO@nsmissiorLines

In most caseshigh perfomance is demanded from HVYDC schemes for two primary reasons:
Firstly, due to the large power transfer capacities of HYDC compared to typical HVAC lines of

comparable insulation levels, outages have a proportionately larger impact.

Secondly, although the @idence of faults due to lightning may be low compared to other fault
mechanismstypically HVDC lines are relatively long compared to HVAC lines and therefore
the impact of fauls is emphased, and commensurately lower fault rates are required for the

same availability.

Lightning induced faults are a significant contributor to outagestramsmission lines in

general.



This places emphasis on understanding the impact of lightning on HVDC transmission lines,
particularly in areas of high lightning actitA global Lightning Flash Density (LFD) Map in
Fgure 3 indicates that the LFD varies widely across the globehagiights theconsequent

effect on transmission infrastructure. The LFD is given in flashes ggrekryear and has been
averaged fom data over the period from 1995 to 2003Several HVDC schemes besides
CahoraBassa are described and compared later in this chapter:-Hioj@ezi (Democratic
Republic of Congo), Nelson River (Manitoba, Canada) and Leyte Luzon (Philippines). These four
schemeshave beenindicated on the map. As can be seen frdiigure 3, the lightning
exposure and therefore the potential impact of lightning related outages would vary greatly
across these examples. The schemes located in tropical zones such as i{Kelimgz ad the
LeyteLuzon schemes which experience LFD of-4® and 10- 30 respectively, would
therefore experience a larger effedue to lightninginduced faultscompared to the Nelson

River Schemewvhich experiences a LFD of 8.2. In areas of highFDjt is clear that it would

be critical to consider lightning in the design of the transmissiors.line

Nelson
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Figure3: International HYDC schemes in relation to global lightning flash der’fsity
3.1.3 Significance of Outages due to Lightning Raubn the CahoreBassa HVDC

Lines

In the case of HVAC overhead lines, faults are interrupted by circuit breakers and after a brief

time, usually 300rd > GKS fAYS A& NBO2YyYySOiE2RSEY Ol wiRB®O S XK

results in brief outagewhichcan affect consmers with sensitive processes.

I RE LIG S FeloBaNByhhing Frequencproduced byNASA/GHRC/NSSTC Lightning Té@nbecember 2001.



Flashovers due to lightning on HVDC lines also result in momentary outages (approximately

200ms) where the voltage falls to zero and is then restored again.

The effect of a lightning induced fault is inde@ by the following example of a fault on

CahoraBassa Line 1 that occurred on thé"2§ October2013 at a time of 20:43:26.995.

The Transient Fault Recorder (TH&)nstalled at Apollo C® record the voltage and current
waveforms during transientaush as faults. The TFR recording from the time of the occurrence
of the faultis presented irHgure4. At the time of the fault, he voltage collapsed to zero, and
remained at zero for close to 2%0s. Thereafter, the voltage level raeghup for 50ms, ard
beyond about 32@ns after the fault time, the voltage leveh Pole 1 wasestored to normal
operational voltage Although the systenrecoversrapidly, there may still be a significant

impact in certain cases.
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Figure4: TFR rearding for fault on Line 1 at 20:43:995

2 Adapted from Miya (2014).
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The pole voltage is restored after up to two successive faults. If there are more than two faults

on one of the lines, the protection system will automatically switch the line back with one less
0 KSNBT2NB

bridge in seriesdr that pole I Y R

b

NBERdJdzOSR @2f il 3So

have 4 bridges of 138V each in series per pole giving a rated voltage ofl&B83s shown in

the simplified schematic iRkigure 5. Therefore,the postfault voltage would be at 40KV for

the positive pole instead of normal full operational voltage of &893
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Figureb: CahoraBassa bipolar HVDC scheme showing the bridge voltéges

The rated power per pole is 980W. Since the power transfer is proportiortal the voltage,

reducing the voltage from 538V to 400kV results in a subantial loss of almost 3201W
(400°/53F x 960 = 54MW). The fourth bridge is only switched back manually by operators

when the line is stable, and no further faults have occdrréherefore,there can be a

substantial loss in MW.hr whilst the line operates at reduced voltage for several minutes. The

transient and subsequent reduction in voltage which occurs when there is a line fault places

stress on the generators &ahora Bass as well as the line reactors which are subjected to

dynamic forces arising from the transient. particular, the reactors atApollo, which are oil

filled, are a concern as the forces that the windings are subjected to during these events cause

insulaton damage.

% Adapted from Bahrman (2007)
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3.2 LightningPerformance Design for OverheddansmissiorLines

The lightning performance of overhead transmission liselependent on the coordination of

anumber of related parameters that are discussed below.
3.2.1  Failure Modes of Overhead Linelsie to Lightning

There are two modes of failure due to lightning that may affect transmission lines, namely
GO AaK2OSNE YR GaKASEtRAY3I FlLAfdNBéd ¢KSasS (g2

¢KS YFAyYy RSairdy 02y airRiSING KA ibdce Gt koder sufeF SO0 a6 I
impedance and tower footing resistance. The primary aspects that would affect the
LISNF2NXY I yOS Ay NBaLSOl 2F daKASEtRAY3I FlLAfdNBE 1
in relation to the pole conductor. The tower geometind its effect on the lightning shielding

for the various schemes indicated on the map ematrastedlater in this chapter.

For EHVAC and HVDC transmission lines, faults due to shielding failure dominate in situations
where the lines have been adequétedesigned and constructed, e.g. correct design tower

footing resistancebave beerimplemented.
Shielding failure

In the case of shielding failure, the approaching downward leader bypasses the overhead
shield wire, and strikes the live phase (in the caB&C) or pole (in the DC case) conductor
bundle (Eskom 2005)The current impulse travelling along the condudbandle causesthe
development of avoltage proportional to the steepness of the impulse front and the
conductor bundle surge impedance. If #nmagnitude of the lightning current is sufficiently
high, a conductor potentialvhich may exceed the line insulation leveill be developed at

the insulator attachmentIn this case, there is a significant probability that there will be a
flashover acres the line insulation, from the conductor to the earthed structure. Below a
OSNIFAY GKNBakKz2ftR aiNR1S OdNNBYlG O06aONARGAOFf & 2NJ
will not result in insulation failure as the voltage developed will be insufffigiEEE 998 20).2

For overhead lines (neglecting the conductor voltage), the permissible stroke current
threshold must therefore be coordinated with the line insulation level. With the development
of the EGM it has been shown that thistriking distancé (defined in 3.2.2 hereindf a

downward leader is proportional to the stroke peak magnitude.

12



Therefore,large amplitude strokes are normally captured by the shielding system and only
relatively small strokes result in shielding failure, and in somesctsese strokes result in
faults. The abovas valid for both stroke polaritiessince this is the general case wher®C

offset is not considered
Backflashover

Ly GKS OrmafSh a2k g6NEQG] || f AIKIGyAy3d &A0GNR1gS Aad &dz0C
protection system and terminates on the structure, or shield wire. The lightning current

impulse causes thestructure potential to increase in relation to the surge impedances

presented by the tower and tower footing earth connection. If the potentiakiua structure

cross arm supporting the insulator exceeds the line insulation level, a flashover may occur

across the insulation from the tower to the pole conductiiiessling et al. 2002; Eskom 2005)

Since this flashover occurs from the structure to tive conductor, inthe oppositedirection

to the potential gradient during normal operation, it is termadi 6 FRX{lF 4 K2 GSNE & CI dzf (0 &
to backflashover typically occur due to relatively large magnitude strokes (Figure 6), which are
successfully captuckby the shield wire, but due to high tower footing resistance, may result

in a risein tower potential thatmayexceed the line insulation level.
3.2.2  Traditional Lightning Shielding Design Methsd

Conventionally, various versions of the Electrogeometric Md&&M) are applied to the

lightning shielding design for transmission lines.

The traditional Electr@seometric Model (EGM) was first applied to the shielding design of the
first EHV 345M0 !/ (NI yaYAaaazy fAySa Ay bopeiK ! YSNA Ol
around horizontal $ohase AC configurations with tower geometries that had large lightning

shielding angles and relatively low tower heights,(Bi@t al 2009). The EGMs applied to

tower designs with comparatively smaller shielding angles anldehigonductor attachment

heightsis shown by operational experience to consistently underestimate the shield failure

rate significantly ile, J, et al2009. This has led to the EGM being widely challenged. Tower

heights increase with the larger ground atances required for higher line voltage and due to

field effects in order to meet guidelines for the electric field at ground leMa¢refore, HVDC

lines typically have higher tower heights and smaller shieldimgles, whiclcompensate for

the increasedightning exposure.

13



According to the EGM the design is dependent on parameters associated with the downward

leader and is not affected by potential on the line.

Therefore, for both HVAC and HVDC transmission lines, the voltage on the energised

conductoris neglected in the lightning shielding design.

The EGM states that the stepped leader approaching ground will-fkesh the air gap

between the tip of the leader to a grounded structure thatiches aradiusaround the leader

tip that isdefined asthét A A NA {1 Ay3 RA&AGI yOSéd ¢KS AGNARTAY3I RAAQ
GFAYLFE 2dzYL¥ o0SG6SSy (GKS R2gy 6l NR fSFRSNI FyR (GfF
exceeds the electrical breakdown strength (IEE& 2012).

The striking distance is a functiof several parameters associated with the downward leader,
namely the leader potential and its associated charge, as well as the rate of change of electric

field. The geometry of the gap influences the electric field and theedfor striking distance.

y GdKA& Y2RStX (GKS aadNAR1AYy3a RA&GIYOSéE 2F (GKS ai
in the downward leader channel, and in turn the stroke peak current amplitude. The
YIF3IyAGdzZRS 2F (GKS aidNR1S RSTAySa e Pollodgidgi NA1 Ay 3 F

form:

Ds= af Equation ()

Where

Dsis the striking distance in meters
I is the return stroke current in kilampere
aandb are constants that depend on the ground object

The striking distance depends on dlacfield enhancement associated with the ground object
FYR (0KSNBT2NB (iEtiosiSdifferantidr Bigsishorizdntal wikegand the
ground It can be seen frorBguation (1)that the proficiency of a lightning protection system
increases with increasing stroke magnitude. Various versions of Bhaation (1) (with
different values fom andb) produce results that vary by as much as a factamaf (IEEE98
2012). The expression adopted by the IEEE 998 Working Group produces strikiteg s

distances and thus results in a more conservative design.

14



Equation (2) expresseshese radii in terms of the stroke curre(i}, for the conductors () and
shield wire €y) is as follows:
re=r,=8 Equation(2)

Figure 6 depicts the striking distances for the conductorg, (shield wire i) and ground rg).

TKS O2SBFATANIYIHIKS adNA1TAYy3I RA&AGEFEYOS (2 3INRdzyR A&
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Figure6: Traditional electrogeomtic model representation for a bipolar HVDC transmission line.

More sophisticated versions ttie EGM have been developed thednsider other factorsuch

as the structure height. Notably, Eriksson discovered that the attractive potential of a
structure © intercept lightning was not only dependent on the striking distance, but also the
connection of the downward stepped leader and the induced upward led&&E 998 2012)

This interception depends on the relative velocities and positions of these tvaeigaThe
successful leader interception is defined by a parabolic locus. The leader capture distance is
RSTAYSR I a KSRpandivadNbudditd & selatbd tdtthedsdiuéture heighs

shown inEquation 3

R,=0.671%H*®  Equation(3)

Where

His the structure height in meters
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Erikd & 2 gédinatrical model is depicted iRgure?.
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3.3 Review of Existing Lightning Shielding Designs for HVDC

This section presents a review of some international HVDC schemes with particular reference
to lightning shielding desigriThe dfferences between these schemes and the case study
CahoraBassa are discussed. The unique properties of the Ca3mssa HVDEcheme that
facilitate the comparison of the lightning performance between the polarities is highlighted

against the other examples
3.3.1 Introduction to the CahoraBassa HVDTransmissiorLines

The lightning performance of thevo HVDC transmission lisef the CahoraBassa HVDC lines

will be investigated in this research.

* Adapted from IEEStd998(2012)
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The Cahordassa HVDC scheme is comprised of two independent HVDC transmission lines.

Each line consists of about 7000 towers, and runs 146 S 6 SSy (KS a{2y3A2¢ [ 2
SQation (CS) ndd) (12 GKS I aaAl K2KRBRRNRBSE SOGNAO LIR2SSNI adlk Az
Gl LRft2¢ /{ Y2NIK 2F W2KIYyyS&a0dz2NBZ km{(SBulai K ! FNA OF
African portion from Apollo CS up to the border witlNl | Yo A Ij dzS F G  dguteT dzNR ¢ & K 2
8. Unfortunately, since lightning data is only available for the South African section, the
NEYFAYyAy3 aSOdGAaz2y gAtft y20i o0BnofHVDAE&HORKP ¢ KS a{ 2
a2l YOAILjdzS dzLJ (2 GKS {2dziK ! FNROI/Yl ©OZNRS.NJ & aNIBE Y I
Ol /. 0d !l LRtEt2¢é /{ YR GKS {2dziK ! FNAOIY L322 NIA2)
¢CNFyaYAaarzy {eaia@BB20lpIJSNI 62NE G9ai12VYé
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Figure8: Route of theCahoraBassa HVD@keme'.
3.3.2  Unique Properties othe CahoraBassa HVDC Lines
The Cahordassa HVDC Scheme has an unusual configuretinsistingof two separate

transmission lines thaare particularly suitable in comparing the performance between the

two lines since the twdineshave no mutual interetion and can be independentinalysed

® Original Line drawing produced from Open Street Map
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The Cahor&assa scheme is one of only two known HVDC schemes, where the positive and

negative poles are constructed as two independent lines. Thés uiilises selfsupporting
GY2yRt I Nt adNHBgueNBa akKz2gy Ay

Figure9: Mono-polar strain and suspension pylons of the CaheBassa HVDC schefhe

CahoraBassa is however completely unique, in that the poles follow different line routes,

generally separated by sevéidlometers agan be seen ikigure 10. The separation between

the lines is sufficient to distinguish between strokes to either line with high accuracy. Although
the lines are well separated from a lightning shielding point of view, it must be determined if
the two lines experience similar average weather conditions, and thus exposure to lightning
strokes. If the lightning exposure of the two lines is very sigdlazomparison between the

performances of the two poles would indicate if the DC line polarity had angitdéu

® Photo taken by G.J. Strelec in June 2012.
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Figure10: Mono-polar HVDC line routes between Apollo CS and Mozambique bdrder

There are small sections, particularly close to the terminal converter substatidrese the
lines run relatiely close together as shown Hgure 11. However, his is a small percentage of

the line length.

” Adapted from the CahorBassa line asset depictiontire Vaisala FALLS® software
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Figurell: CahoraBassa lines exiting Apollo €S

This scheme was constructed in this way in order to magntihe probability of common
mode failure due teextreme weather conditions, or flooding. The benefit of this construction
was illustrated in January 2013 when a sectiorLioie 1 which is operated as the positive
pole, was damaged due to flooding in Mozambiquiee 1was only restored in May 2013 and
therefore several hundred MW was lost fabout five months while the scheme was
operated at reduced capacity in mofpolar mode with only Line 2 in operatidiGreyling
2014)

Another potential benefit of separate lines for the two poles is in misiimg the risk due to
sabotage during times of political unrest. Nevertheless, both lines were severely damaged by
GSNNENRAG FOGAGAGE RdzNA yidlatei1RE(Siempys/2@18) | YR GSNBE 2y

3.3.3  Lightning Shielding Design Comparison Based on Shieldimgies

The main aspect that affects the shielding failure rate is the geometry of the pole conductor
relative to the shield wire(s). ThBS2 YSGiUNE Aa RSTAYSR o6& | aakKaAStR
FHgure 12. The shielding angle is defined as the includedeabgtween the line intercepting

the shield wire and pole conductbundleand the vertical plane.

8 Photo taken by G.J. Strelec in December 2015.
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Figurel2: Bipolar HVDC tower geometry depicting the lightning shielding angle.

Traditionally, the majority of High Voltage Afek were designed with a 38hielding angle,

oraSR 2y |y SYLANROFIf YSGK2R 27F fAIKGYyAy3T LINERI
YSGK2Réd | OO2NRAY3I (2 (KAa YSGK2RXZ NBRAdZOSR &aKA:
AKASERAY3I LINPRBYIHARY D $ KXE(I KARASHF a Oz2oryz2yf e | LIL
to the development of the [Ectro-Geometric Model (EGM). The EGM was developed as an

improved model for lightning shielding design, after the shielding angle method was applied to

the first EHV t@nsmission line in North America, and resulted in shielding failure rates that

were substantially higher than predicted. The EGM is described in more detail earlier in this

chapter.

Although the EGM does not directly provide shielding angles but rathénegethe geometry

Ay GSNxa 2F (GKS fAIKIGYAYy3I dGqadNAR1Ay3I RA&GEFYyOSéx
describe the basic toweop geometry. The EGM prescribes geometry that is related to

several parameters including the tower height, and elieedrclearances, as well as insulation

levels. The EGM will effectively resultreduced shielding angles being necessitatedrder

to achieve the requiretightningperformance targets for EHVAC and HVDC transmission lines.
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3.3.4 CahoraBassa Lightning S#ding Design

The Cahord3assa structures are not laterally symmetrical, with the position of the shield wire
offset from the center of the structurep reduce the shielding angle. The shielding angle is 15
for downward leaders approaching from the lef$ viewed irHgure 13. Leaders approaching

from the righthand side however encounter anegativeshielding angle, i.e15°.

PS7082

15° shielding angle
. ReS7

Figurel3: CahoraBassa monepolar suspension towettop geometr)?.

This means that the lightning igtding is more stringent for leaders approaching from the side

of the negative angle and the probability of a shielding failure is thus much lower.

® Extract fromCalora-Bassauspension tower outlineEskomdrawingno. 051/601A
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3.3.5 IngaKolwezi Lightning Shielding Design

Besides CahorBassa, the only other known HVB¢hemeto be consructed on monepolar
structures is the 1708m +500kV HVDC Ing#olwezischeme in the Democratic Rablic of
the Congo (Figure 3).

Separate structures reduce the risk due to common mode failure in certain cases, such as
construction defects, but since ¢hlines follow the sameoute, the risk of failure due to

extreme weather or flooding is not appreciably reduced.

Malkurdi

Abidan

Democratic Repulic

of Congo Kampala

1000km

Kolwezi

Lubumbashi

Figurel4: Route of thelngaKolwezi HVYDC scheme in the DRC

In this scheme, there are two main aspects that eiffthe shielding failure rate. Firstly, the
shielding angle, and secondly, the relative position of the shield wires and pole conductors of

the two independent HVDC lines.

A shielding of 20is indicated in théqgure 15. As is the case with the CaheBasaHVDdine,
the IngaKolwezi structures are not laterally symmetrical and the position of the shield wire
has been offset from thecentre of the structureto improve the shielding of the pole

conductor.

1% Originalline drawing produced from Open Street Map

23



— | 20° shielding angle E(
PK]

Figurel5: Mono-polar structures of the IngaKolwezi HVDC scherfie

In thisscheme the pole conductors are separated by a modesh&0The close separation of
the two poles significantly influences the mutual lightning shielding effects between the two
lines. This has the effe of reducing the shielding failure rate in the zone of interaction
between the two shield wires, where the shielding effects of the two overlap. Leaders
approaching from the outside of the two mospmlar lines encounter a negative shielding

angle of-20°, and shielding failure is improbable.

Smaller shielding angles improve the lightning shieldifbeshielding angles here are not as
small as some other casesy. Cahord8assa HVDC transmission linel®wever, the relative
arrangement of the twdinesand mutual shielding interaction optimés the efficacy of this

design. The design challenge would be to balance the shielding failure rate from both sides.

Since the ightning Hash Density (UB is exceptionally high along the route of this line
(between D and 70), the reduction in reliability associated with the close proximity of the two
lines may have been outweighed by the improvement in shielding accompanying the

arrangement.

Unfortunately, this mutual influence makes it complex to evaluate the lightexposure of
each line independently, and the effect of polarity on the lighting failure rate cannot be readily

investigated.

Photo taken by G.J. Strelec in March 2013
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Although both the CahorBassa and the Inggolwezi HVDC schemaesilise independent
mono-polar structures for each pole, théahoraBassa lines are singular in that due to their
substantial separation between the two poles, the lightning performance of each line can be

independently evaluated.
3.3.6  Nelson River Bipoles Lightning Shielding Design

The Nelson Riverifiolesof Hydro Martoba are significant as the liseare located in Canada
where the lightning flash density is significantly lower than for the rest of the examples

discussed in this section.
Overview of Nelson River Bipoles

All other HVYDC schemes besides CalBaasa anthe IngaKolwezi are constructed on bipolar

structures for reasons of economy, and in ordemtinimise land usageBipole 1is rated at

+463.5kV and runs nearly 90GmFNR Y GKS Ay O@SNISNI adl dAzy awl

G52 NESe¢ 3 vy Sdniddba2whilgt Bipole)Rid ratedaat £500kV and is about 40km
longer, runningbetween the inverter statiot | Sy RIly &¢ & 5(ENRIB)R ¢

Hudson Bay

Sundance
Gillam

Henday Converter Station
Radisson Converter Station

Canada

500km

Dorsey Converter Station

nnnnnnn

United States of America

Figurel16: Route of the Nelson River HVDC scheme in Manitoba, Calfada

12 Originalline drawing produced from Open Street Map
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A further ecanomic saving is that the Nelson River bipoles are constructgueafominantly
guyedmast bipolar structures, whichutilise significantly less steel than selfipporting
structures(Eskom 2015)The use of guyed towers introduces the advantage of reduoeet
surge impedance due to the parallel combination of the mast and four guywires, contributing

toward areduced fault rateresulting fromthe backflashover mechanisrtEskom 2015)

Lightning shielding design of Nelson River Bipoles

Operationally, the twanside pole conductors are of positive polarity. The pole conductors are
separated by only 6t (Rizk 2012}herefore the inside pole conductors experience enhanced
lightning shielding compared to the outside negative pole conductors in an analogoyasvay
describedfor the IngaKolwezi schemeSmilar to IngaKolwezi, this configuration is not
conducive for comparing the performance between the positive and negative polarities since

the lightning shielding of the two poles is not equal.

N e

T 7\.‘ ol /

,l' : 9':’)\. 30° shielding angle 1 I

| X

Figurel7: Structures for the Nelson Riverumber 1 and 2bipoles at Dorsey cs.

Single lightning shieldg wires per bipole are evident in the structure geometry of the Nelson
River towers, which results in shallow shielding angles %f8§ingle shield wire reduces costs
in terms ofthe cost of the conductoland also as the resultant reduced loading on the

structure saves tower steel mass.

¥ Photo taken by J. Lindsay, Augusb20under license of the Creative Commons
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It is likely that be lightning shielding dégn for the Nelson River bipolegere based on the
traditional shielding angle method ar@D° was selected This isdue to relatively low risk of
lightning induced faults arising from the low keraunic leas$ociated withthese northern

latitudes as can be seen iAgure 3 of a global lightning flash densitgap where the LFD is

less than 3.
Nelson River Bipole Lightning Performance

The lightning performance of the Nelson River HVDC lines between 1998 and 2000 show that
AaSOSNIf fAIKGYyAy3I NBEF (SR -Fil ldF AP 2NFOfditgBES R KBS f RiN
(Shelemy& Swatek2001).

Faults attributed to shielding failure were due to relatively low lightrétrgke amplitudes as

shown inFgure 18. The lightning shielding design coordination is such that shielding failure

will occur for small amplitudéi G N2 1 Sa o0St2¢ || GKNBaK2fR fS@St 0¢
current) that is unlikely to cause potentials large enough to cause insulation failure and thus

line faults. In this case, the strokes leadiiogfaults due to shielding failure are below the

threshold level indicating that the lightning shielding design may be inadequate. It is

unexpected that a stke with an amplitude of 15A (Fgure 18) resulted in a fault.

Conversely, large amplitude strokes result in failures that are assumed to be due back

flashover mechanism.

CKSNBF2NB:X (GKS fA3IKGYyAy3d AYyRdAzOSR Fl dz & SEKAOAI
modes. There will be a range between the distributions of current amplitudes for the two
modes of failure, where the lightning protégh system and insulation coordination design will

successfully prevent lightning induced faults (Shel&n8watek2001).
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Figurel8: Lightning related faults on the Nelson River HYDC IMes

3.3.7 LeytelLuzon Lightning Shielding Dgsi

Most other HYDCschemes are constructed of bipolar structures that support both positive

and negative pole conductors, and are generally isolated from other HVDC lines as shown in
FHgure 19 of the LeyteLuzon £35&VHVDC scheme in the Philippines.

Figure 19: Structures of the Leyte Luzon HVDC scheme in the Philippifies

4 Adapted fromShelemy& Swatek2001)
5 Photo fromhttp://www.mapelveiculos.com.br/home/hvddransmissiorppt accessed on 10 January 301
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In such cases, lightning performance studies comparing the performance of the positive and
negative poles are valid, as the structure is laterally symnadteind the pole conductors are

equally exposed to downward leaders.

This particular HVDC line is constructed with two shield wires positioned for a relatively steep
shielding angle (1% improving the shielding of the pole conducttr.addition the shiel wire

is relatively close to the pole conductor compared to single shield wire designs. This improves
the inductive coupling between the shield wire and pole conductor, and therefore results in a
proportionately lower voltage difference between the shielite (and tower), and the pole

conductor, during a strike to the shield wire. This reduces the probability of aflaestiover

3.3.8 International Lightning Protection Design Best Practice for HVDC Lines

As can be seen in the previous examples, the lightrfirglding design varies significantly, but
does seem to be loosely related to the prevailing lightning flash density in the area. A concern
over the lightning performance prediction of HVDC lines is that in many cases there does not
appear to be consistendn the lightning shielding design for HVDC. This is apparent in the
previous examples where various configurations and shielding angles have been employed. A
compelling example is shown KFigure 20which depics the only HVDC lirerossing in the
western hemisphere, near Wing in North Dakota. Such line crossings pose a large risk to the

power system as a structural failure on one line could result in the loss of two bipoles.

This case is curious because the two bipoles have significantly different digitghielding
designs despite being exposed to a similar average level of keraunic activity along their routes.
The Square Butte (SB) bipgmommissioned in 19774)ses guyednast structures, similar to

the Nelson River scheme with a single shield wiré)(@ilst the Coal Creeknderwood (CU)
bipole (commissioned in 1979uses selsupporting towers with two shield wires and
therefore steeper shielding angles ) ®ffering better protection(ChanKi et al. 2009) The
seltsupporting towers and dual shielgire configuration come at a substantial cost premium

but it seems that the shielding benefit over the single shield wire design has not been
guantified. The CU bipolbat is comprised o$elf-supporting towers operates at +40¢/, and

SB bipole operateat £250kV (ChanKi et al. 2009and it appears that the design has been

optimised to save costs.
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Figure20: HVDC line crossing in North Dakota, USA

15° shielding angle

Besides the variation in lightning shielding desmmther aspect that ispparent in all these

examples is the need tmptimise the costs of the HVDC tamission line. The cost

optimisation of HVDC lines is perhaps even more critical than with HVAC, due to the generally

significantlylonger line lengths. Yet the performanasaiso more important than HVAC due to

the much higler power transfer of HVDC and therefore impact of outages. These two

56+actors, whichaffect the costto-performanceratio (discussed further ir8.1.2) logically

emphasig that the understandingof the lightning performance andhe shilding design

implications of HVDC lingis of utmost importance.

3.4 Lightning Detection Networks

In this section the general operation of the South African Lightning Detection Network

(SALDN) is described. The operation of the Lightning Detection NetbWdN) (explains the

performance potential, which is dependent on the circumstances such as the stroke

magnitude and the position of the lightning detection sensors of the LDN.

3.4.1 Background of the South African Lightning Detection Network

The South African Wela¢r Service (SAWS) manages the South African Lightning Detection

Network (SALDN). The initial netwpdomprised ofnineteend = I Aal € I [ {Tnnné

CG Enhanced Lightning sensavas installed in 2005The sensors are located across South

Africa inorder to provide lightning data coverage of South Africa, Lesotho and Swaziland.

Yt k22 GF 1Sy o0& a2daKevYlyalAaés wdzyS.

30

HamnZ

dzy RSNJ f A0Sy as

¢ K dzy R

27T

iKS

/



+lAalflé Aa 2yS 2F LDNKsBsterd 8uNfBers2aadi alsd ginsSangy | G A 2 y I €

operates the U.S. National Lightning Detection Network (Bardo 2005). The sdfigoreZ1)

were an international performance standard at the time. The LS7000 sensors are designed to
detect cloudto-ground (CG) lightning strokes. Later models such as the LS7002 can also detect
Inter-Cloud and IntreCloud (collectively IC) lightning dischageowever,these are of lesser

practical interest compared to CG strokes that affect ground objects.

Figure21: Vaisala LS700 Clot@round Lightning Sensor (Bardo 2005).

In 2010,4 additional sensors were adddad the network fa a total of twentythree sensors.

Figure depicts the complete SALDN at present (Jan 2016).
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Figure22: The South African Lightning Detection Network sensor positions (Gibjen 2012).
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3.4.2 Lightning Detection Techniques used by the BAL

The Vaisala LS7000 sensors that make up the SALDN use a combination of two techniques
called Low Frequency (LF) Magnetic Direction Finding (MDF) and Time of Arrival (TOA) to
provide lightning stroke location (Smidt 2004). The combination of the MDF TDé

~ A s oA = o4
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i
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The operation principles and limitations of the two techniques that are used by the SALDN

sensors are described in more detail in thédaing two sections.
Magnetic Direction Finding Technique

The Magnetic Direction Finding (MDF) sensors detect the direction of the magnetic pulse
emanating from a lightning stroke. The direction of two or more sensors can be used to
determine the strokedcation as shown ifigure23. Triangulation must be used to determine

the stroke location when only two MDF sensors detect the field. There is an azimuth error in
the direction detection, which produces a quadrilateral locus, within which the stroke
occured. The most likely and therefore reported location is determined by mamg the

sum of the square of the azimuth errditdunt 2012)

LDN Sensor 1 LDN Sensor 2

Locus within
which actual

stroke occurred LDN Reported

Stroke Location

.
-
N N .
. .
- ‘:
3
"-—-__;* py
g
’
J‘ N
P

Errorsin

Direction

Figure23: Reported stroke position as determined by the MDF technidﬁe

7 Adapted from Hun{2012.
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When three or moe sensors report a lightning discharge, an ojgation algorithm can be

used to minimi§ Gry3ats
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reported directions of the three sensors. The most probable location is not necessarily the

actual stroke location but should be in close proximity.

MDF
Sensor 1

Actual stroke

. . /
location ~——=3X) "¢ L2

Optimal \
Estimate / ".‘

MDF
Sensor 2

O

I
s
I
i
L

MDF
Sensor 3

Figure24: Optimal location for stroke location by MDF technique with three detecting sensors.

There are certain geometrical arrangements of the relative positions of the detecting sensors

and lightning stroke, where the MDF technique can pro

duce poor restten the lightning

strike occurs close to the line between the only two reporting sensors, even small errors in

azimuth can produce large errors in locatidrherefore,for useful results in all cases, there

should be at least three detecting sensorsr{@inset al.2000).

Time of Arrival Technique

The Time of Arrival (TOA) technique determines the position of the lightning based on the

(Global Positioning System) GPS coordinates of the sensors, and the difference in the time of

detection of the electromgnetic pulse that emaates from the lightning stroke.
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As the sensors are located at different distances from the position of a stroke and the

detection times are known, the location of the stroke can be calculated.

From the arrival times of the electrorgaetic pulse, the possible location of the stroke as
detected by each sensor is described by a hyperbolic locus. For the determination of the
stroke position, a minimum of three sensors must detect the pulse. Errors in time detection of
the pulse by eachesnsor result in an offset in the position of the stroke as defined by the
hyperbolas. Due to these errors, the hyperbolas will not intersect at a single point and instead
multiple intersections of the hyperbolas define an area within which the positidheo§troke

is locatedas shown irFigure 25 The reported location is obtained by mingng the sum of

the squares of the errors between the detecting sensors (Hunt 2012).

TOA
Sensor 1

O

Actual stroke
location

TOA
O Sensor 3

Optimal
Estimate

O

TOA
Sensor 2

Figure25: Optimal estimate of stroke position as defirteby the TOA techniqulé.
Combination Method
By using a combination of the MDF and TOA techniques which is commonly referred to as the

Improved Accuracy using Combined Technology (IMPACT), the stroke location can be reported

evenwhenonly two sensors detédhe electromagnetic pulse (Hunt 2012).

'8 Adapted from HuntZ012.
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which is an area within which the true position of the stroke exists with a finite probability.
These ellipses araltS Ny I G A @St & BE F 3 RBY R anil Bd dsshdidedwith a
particular confidence (usually 50%, 90% or 99%) that the true stroke position is within that
ellipse.The center of the ellipse is the optimal position, and not necessarily thepisiion,

as shown irFigure 26 A 50% ellipse means that there is a probability of 0.5 that the stroke
occurred within that ellipseThe 50% ellipse is substantially smaller than the corresponding
99% ellipse, as the larg&9% confidence ellipsegncompas a larger arearelated to the
higher probability that the stroke occurred within the ellipgéhe scaling factor between the

50% and 99% ellipse major and minor axes is a fixed 2&#8Bmins et al. 1998.

Confidence or Error Ellipses

Legend:
X —True stroke location
O — Reported stroke location at center of ellipse

Figure26: Confidene ellipse with the reported location and true stroke location.

3.4.3 LDN Operation and Performance

LDNs utilis sensors that detect the magnetic field associated with the lightning return stroke
current. The stroke peak current amplitude is inferred from the surad peak magnetic field

while the electric field is sampled in order to determine the stroke polarity.
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The accuracy with which the LDN reports a lightning stroke location depends on the number of
sensors that detect the magnetic field associated with streke. Two factorsdetermine the

number of sensors that detect a stroke.

a. Stroke peak current amplitude: The magnetic field is proportional to the return stroke
current, and the sensors have a minimum detection threshold, therefore the number of

deteding sensors will be dependent on the return stroke peak current amplitude.

b. Distance between the sensors and the stroke: The magnetic field is inversely
proportional to the distance between the sensor and the stroke locatibimerefore, the
number of deecting sensors will also depend on the relative position of the sensors to the

stroke location.

Depending onthe combination of the stroke amplitude and the relative positions of the
sensors, the number of detecting sensors will vary for each strokevdiuaions conducted

on the U.S. National Lightning Detection Network (NLDN), it was found that strokes detected
by a minimum of three sensors had location errors between 0.1 akih @hereas strokes
detected by only two sensors showed location errors &hRor more (Hunt 202). Asthe
number of detecting sensors is related to the peak current amplitude, the location error

decreases with increasing stroke amplitude.

The relationship between the location error and the number of detecting sensors is caosiste
with the MDF and TOA techniques, whisyghe process of the minimsation of the errors of
individual sensors means that increasing numbersregorting sensors will result in a

decreasing location error in the reported location of a stroke.

In order forthe LDN to report the stroke location using the combined MDF/TOA technique, a
minimum oftwo sensors must detect the stroke. If there are otwo detecting sensors, the
StftAaLAS KFa | aFftlFrGddSySReé | LIISH NI yyebngsh& S NB

major axis as shown Fgure27. As stated above, the location error is abowr2 or more.
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Figure27: Confidence ellipse for the reported stoke location with two detecting senddrs

If the combination of strokeraplitude and relative position of LDN sensors is such that more
than two sensors detect the magnetic field, the accuracy in the location of the stroke

improves.Confidence ellipses fathree andfour detecting sensors are shovimFigure 28

19 Adapted from an extract from Vaisala FALLS ®
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Figure28: Confidence ellipses for sbke locations with three and four detecting sensdfs

In Figure 28the ellipse for the 18 kA stroke detected by 4 sensors has a scaling factor of about
2 along the major and minor axes compared to thHipse for 9 kA detected by the same
number of sensorsThe relationship between the ellipse size asitbke current isnot direct

one. Whilsthigher current strokes will generally be detected by more sensorstlage:fore

the position will be computed meraccuratelythis is not true of every detection. The sizle
ellipse isprimarily dependent on which specific sensors detected a stroke, as well as the

internal settings of th&.DNsystem and the sensof€ummins et al. 1998.

For the U.S. NLDN, whiclsas similar technology to the SALDN, strokes with an estimated
peak current of kAaretypically detected by between twand four sensors, whst strokes of
25kAare detected by between 6 and 8 sensors (Cumratre. 19983). This is alstypicalfor

the SALDMNs shown in the investigation

If the number of sensors that detect the stroke increases further, the confidence ellipse tends
toward a circle. The red circie Figure 23epicts the position of a stroke that was detected by
twelve Sensors. The onge ellipses arstrokes, whichhave only been detded by three or

four sensors.

20 Adapted from an extract from Vaisala FALLS ®
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Figure29: Confidence ellipses for individual strokes téeted by twelve four and three sensor§”.

3.4.4  Accuracy of the Lightning Data

The two main pgormance parameters for a LDN are detection efficiency (DE) and location
accuracy (LA). The flash DE is the ratio of the number of reported flashes to the number of
actual flashes. If the DE is loanly relatively higheamplitude flashes will be deteatie The

location accuracy is simply the resolution with which the stroke location is known.

The performance specification for the Vaisala LS7000 sensors used for the SALDN provide 90%
detection efficiency (DE) of clotd-ground lightning and a median loda accuracy of 50t
(Smidt 2004).

Figure30 shows a sample of the performance of the SALDN for the week between the 17th
and 24th of November 2014. Each block on the map iski®By 100km square. Within each
block, four values are reported. The topmber is the median stroke location accuracy in
kilometres. The required location accuracy 590m, which is a typical international
performance target. This median location accuracy is associated with the seats] which

is the number of strokes thawere detected. The third number is the flash DE, for which the

target is 90%.

2L Adapted from arextract from Vaisala FALLS ®
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The fourth value is the number of reported flashasd the average number of strokes to
flashes ¢multiplicity€) is between about 1.8 and 3. If the targets for both locationuaacy

and detection efficiency are met, the values are depicted in green, whereas if below the
target, the values arandicated inred. Some parts of the country such as the Western Cape
are not adequately covered by detection sensors and therefore dorepdrt performance
statistics. In these areas, lightning activity is very low and lightning is of little impact, therefore

sensors have been concentrated in parts of the country where better value can be obtained.

During periods with high lightning actiyjtthe detection efficiency of the LDN is reduced, and
therefore some of the strokes may not be reported by the LDN. During periods of low lightning
activity, the detection efficiency is comparatively high. In cases where the correlation is close
but not precise, the faults are assumed lightning related as the spatial correlation is good, and
the fault is likely to be associated with a subsequent stroke. Subsequent strokes in a flash are

separated by the aler of between 65 and 8ihs (Cooray010).
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Figue 30: Sample of the performance of the SALDN for the week;224 November 2014 (Courtesy of
Richard Evert).
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35 CahoraBassaProtection Scheme Operation and Accuracy

In this section, the basic operation of the Cah8assdine protection system is explained.
The accuracy of the fault time stamps used for the lightning correlatidisdsissed

3.5.1 Operation of the Protection Scheme

¢tKS 5/ fAYS LINRBGOGSOGA2Y &aedadasSy TFdzyOadAazylt GeLs
{ @ 4G SYé¢an sygskrB coMponents of theystem are shown irFigure 31. The basic

operation is as follows: A surge detector is installed in the Power Line Carrier (PLC) coupling
capacitors (CC) at the terminals of the line being monitored. During a fault, this detecto

rectifies the resulting high derivative voltagkop, whichis compared to gre-set trigger

level. The detector thus triggers for signals with both positive and negative slopes

(Vestergaard 2006).

The protection scheme operates with the Line Fault LacétF), whichis used to detect
faults and to determine their location on the DC lines of Pole 1Roid2 by using the Time of
Arrival (TOA) technique of the travelling wave that results from a fault transient. GPS satellites
synchrorised at each end fothe line being monitored are used to time stamp the arrival time

of the incoming front of the first travelling wave (Vestergaard 2006).

§G PS Satellite

2

Fault location with
travelling wave surges

_________________________________________________

Figure31: Main components of the LFL systém

2 pdapted fromVestergaard2006)
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The LFL system reports the GPS clock tifoesthe protection system pick up. For the
purposes of fault correlation, the LFL system provides the fault times from the protection
scheme. The times reported by the LFL are reported to nanose@satutionand have been
rounded to milliseconds for theurposes of entering the fault times into the lightning fault

correlationsoftware, whichonly accepts the fault times to thétvel of resolution

¢tKS [C[] aeaidtsSy Aa O2YLINRASR 2F (62 NBRdzyRIy(d &8
which is a backupot the primary system. The secondary system has not been operating

reliably andtherefore has been disregardeth this investigation. The fault times reported

from the LFL system are assumactcurate ashey are derived from GPS times. The LFL system

was canmissioned in September 2008. Protection scheme reports therefore commence on

the 17th September 2008.

3.5.2  Fault Reporting from the Line Fault Locator

For the purposes of this investigation, lime fault constitutes a breakdown of the line

insulation and a sho circuit to earth. This short circuit results in the normal operational

voltage collapsing to a very low value. Tdperation of theprotection system isbased orthe

rate of voltage collapse, i.e. dv/dt. There is a defined threshold of dv/dt that id asea
GNRAIISNI F2N) G6KS LINRGSOlAz2zy aeaiSyod wkisSa 62@S
Gt 2tS Hé 06SAy3aT NBO2NRSRX AYRAOFGAY3 | FldAf b 2y
the protection threshold, the current is reduced to zdyp altering the bridge thyristor firing

angle to O. After 250ms has elapsed allowing the fault arc to be extinguished, the voltage is

ramped up to 10% below full operational voltage for testing period of five minutes, to see if

the line resists furtheflashovers.f there is a econd fault within five minutes,he affected

L2t S Aa af 2 QbltdgeisRegaizeral y R G KS

wktiSa GKFG FINB 0St2¢ (GKS G(KNBaAK2fR YlIe& NBadzZ G A
These events are due to indeterminatansients, whickare currently under investigation, and
ya2i fAYyS Fldddad hyd 2F GKS LRaariofs S¢sSyda (K
suspected to be flashover of the insulated shielded wire spark Glagtefore,at 2t S né R2Sa
notindicateaf I dzf G 2y SAGKSNX Y Sy @ @ dhespdeBdis®gardedy 2

There is one LFL report per dajiile the system is in operation. Most of the reports are blank,
indicatingthat no fault eventshavebeenrecorded. A small portion of the repts detail faults

on either Pole 1 or Pole 2, or in some cases both.
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The primary LFL system is not operational at all times and therefore there may be some line
faults that are not reported by the LFL. For treason,the faults from the LFL system v
been crosscheckedvith a database of faults maintained by the Apol& operationastaff
(Greyling 2015). During thecrosscheckingprocess, some faults were identified on the
database that were not reported on the LFL. These additional faults havedoesidered for

the correlation withlightningactivity. However, the database fault times are accurate only to a
second resolution, and in a few cases a minute resolution, which increases the uncertainty in

the lightning correlation process.

Generallythe LFL time stamps should be precisweverthere may be cases where the LFL
may not always beccurate,as the threshold for protection pickup may not be calibrated. In
order to calibrate the systemit is necessary to stage smal faults on the lineas thesefaults
stress the line reactors and generator machines at the Sorgalroelectric plant, the
calibrationhasnot been completed. There is raefinite information available regardintpe

potential inaccuracy of the LFL.

In order to have fully reduratht systems, it is planned to commissionnaw and more

sophisticated LFL system in February 2@b@lto calibrate both systems simultaneously.

3.6 Scope of the Dissertation

The scope is to investigate the lightning performance of thel@iBouth African pdion of

the two CahoreBassa HVDC lines. Firstly, the overall average lightning exposure of the two
lines will be determined, allowing the exposure of the two lines to be compared. Secondly, all
line faults from the line protection system will be correldtevith lightning data, in order to

determine if the fault was caused by lightning.

The faults that are determined to be lightning related are not differentiated between the
shielding failure and baekashover modes of failure, but probable causes forufailare
discussed. The classification of the modes of failure based on modelling will be investigated in

future work.

The aim of the investigation is primarily to compare the influence of the DC polarity on the
incidence of lightning faults, and to detemme if the results agree with other published

findings.
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The research does not addrets® underlying lightning physics that may explain a disparity in
the performance of the two poles. The dissertation proposes further work thay be

necessary to modehe HVDC casand determine the lightning shielding design impact.

In the following chapter, the literature review into the lightning performance of HVDC
transmission linedn relation to polarity is given. The gaps in the understanding of the

lightningprotection of HVDC liness discussed.

44



4. Literature Review and Gap Analysis

In this dhapter, the findings of the literature reviewthat was conducted to ascertain

if there are any internationally documented effects of polarity on the lightning
performarce of HVDC linesare presented. This chapter explains the traditional
lightning protection philosophy as applied to HVAC transmission lines, and why these

methods may be deficient for HVDC transmission lines.

Theresearchcommencel with a literature reviev in order to develop an impression of the
state of the art lightning protection design and lightning performance of HVDC transmission

lines.

There is substantial literature on the lightning protection design of transmission lines.
Comprehensive textbooksn lightning protection Cooray 2010) and on overhead lines
(Kiesslinget al. 2002; Eskom 2005)do not consider particular lightning protection
requirements for DC linesThere is aly one known published reference booklgruvada
2008)that considers therequirements for lightning protectio design for HVDC (Rizk 2012).
Although this philosophys based on the contributio of a single researcher, it remains the

best approach for HYDC design to date

Traditional lightning protection design methodach as he ElectreGeometric Model (EGM)

and published international standards (IEEEB 2012) as applied to HVAPplicationsmay

not be suitable for HVYDC, and revised models are requikedably, thesedraditional design
principlesdo not cater for ground objets enerdsed at an HYDC voltage and may therefore be
inadequate for design optirsation and performance prediction. Traditional methods have
been extended, or new models developed, for HVDC lightning protection analysis as proposed
by several researcher@aruvada2008; You 2010; Nayel 2010). These models include the
effect of the HVDC pole voltages, but there appears to be no consensus on the approach at

present.

In February 2012, the Cigré working group WG C4.26 was established to assess the existing
methods (EGM) for lightning shielding analysis for Extra High Voltage (EHV) and Ultra High
Voltage (UHV) for both AC and D&nsmission lines (Cigré 2016).
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There have been several papers published around the performance of HVDC lines in respect of

lightning related faults with the focus on shielding failure.

The generabperationalexperiencewith bipolar +50kV HVDC lines Dhinaindicates that the
positive pole experiences significantly more direct stroke penetration evérds lead to
outages. In paricular, for the +50&V JiangCheng line, which is a part of the Thi@erges
project commissioned in 2004, 11 out of 13 lightning shielding failure related outages occurred
on the positive poleHe, H.et al.2009). This trend is consistent wiplerformarce recordson

the £500kV TiarGuang and GuBuang linesHe, H, et al. 2009

The operational experience data for the500kV HVDC linem China Southern Power Grid,
indicates that the ratio between the number of shielding failure faults for positivd an
negative poles of lines iwughlybetween 8:1 to 10:1 (Hel, et al2009). In agreement with

the operational datafractal simulation results showeatiat the probability of shielding failures

to positive pole conductors is significantly higher thant thianegative conductorsHe, J, et al.
2009. This is also consistent with the lightning phygisplained further in 8.2.1yvhere
under conditions of negative downward leaders, the positive pole conductor more readily
experiences induced upward leadensd is consequently, more vulnerable to shielding failures
(He, J, et al. 2009

During the period of 1994ral 1995, the Hydro Quebec + 4KU line from Radisson to Nicolet
(1200km), experienced 12 lightning related fts) i.e. 0.5 Faults/10Rm/year, where 9 of

these faults occurred on positive pole (Rizk 2012).

Another compelling example demonstrating the apparent vulnerability of the positive pole is
the two bipolar Nelson River (Bipole 1: +463and Bipole 2: +50RV) HVDC lines of Hydro
Manitoba, where 4 out of 5 faults that occurred due to lightningffected the positive pole
(Maruvada2008). Furthermore, despite being better shieldedyet positive poles are more
affected by lightningthan the negative poleperationally, the positive polaritg run on the
inside conductors of the two bipolar lines, which are separated by a mlistance of60m
(Figure 32). This results in significantly better shielding for the posipedesthan for the
negativepoles whichare operated on the outside condiaes. This case also suggests that the

positive pole is more susceptible to lightniimgluced outages.
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Although the above three exampeare not statistically significant, there is a consistent
indication that there appears to be an influence of the pole voltage on the lightning

attachment process.

Over several decades, worldwide operational data for BEHVAC transmission lines has
shown that the majority of lightning related faults are due to shielding failltte,(H et al.
2009. This is consistent with performance data fr@hina, whichindicates that for EHVAC
transmission lines, more than 90% of lightning related outages areadsigielding failure, and
further that the rate of failure for HVDC lines exceeds that of EHVAC Hieedj(et al. 2009.
Therefore, lightning shielding failure is emphasised over b#akh incidents in the

performance of HVDlhes.

From the literaturereview, it seemsthat the HVDC polarity does affect the lightning
performance of HVYDC transmission lines. It is also apparent that the understanding of lightning

protection applied to HVDC transmission lines is inadequate.

The next chapter explains thepproach for investigating the lightning performance of the

CahoraBassa HVDC Transmission lines.
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5. Approach Taken

The approach for comparing the lightning exposure between the @aboraBassa
HVDQransmission lines idetailed The approach for determing the fault rate of
these lines from the fault timesof the line protection system and lightning data is

explained.
5.1 OverallApproach

Thetwo transmission lines of th€ahoraBassgCBHVDGchemewill be used as a case study
to investigate trends in lighing induced faults on thee lines, in order to compare the two

poles in terms of lightning performance.

Reliable performance data is accepted to be scarce internationally (Rizk 2ZBidR)s despite
lightning faults havingcharacteristic signatures witlsteep wave fronts that are readily
distinguishable from other faults e.g. flashover due ¢wound fires under the line.
Furthermore, the sensitivity of historical performance information makes it difficult for utilities
to publish. It is therefore fortunia that about 7 years of fault and lightning data is available

for the Eskom portion of the CaheBassa HVDC Lines.

The first part will be to compare the overall lightning exposaféhe two poles of the CB

schemeover ang-year period.

The second part iV be to correlate all line faults overfayear period with lightning activity in

order to determine whicHline faultswere caused by lightning.

If the lightning exposure for the two lines is very similar, a comparison can beimadderto

determine f the HVDC line polarity hasyimfluence on the fault rate.
5.2 Approachfor Comparing the Lightning Exposure

The aim of the research is to compare the influence of the pole valtighe two polarities,
on the incidece of lightning related fault$or the comparison to be valjall other influences

must be excluded
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5.2.

Several factorsnay influence the formation and discharge of lightning to the ground. The

1

Factors Affecting the Lightning Exposure of Ground Objects

lightning exposure of the two lines caube different due to various factors including the

following:

Altitude ¢ Asthe lines may be separated by sevekdbmetres the altitude of the two lines

may differ by several hundred meterste reduced distance between cumulonimbus clouds

and groundmay affectthe lightning exposuref the two lines There is also a decrease in the

return stroke current with increasing altitude, which may affect the probabilityighftning

inducedfaults.
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Figure33: Altitude above Sea Levalong the South African Portion of the CB Transmission Lines.

Topographyc The ground topography associated with the line route may raayiarts of the

line being elevatedcompared to the surroundingrea, whichmay affect the lin@ exposure

to lightning activity.

Vegetation¢ Where the lines are partially shielded by tall treedpwer strike incidence can

be expected. In open areas, the line will experience a shorter strike period

Local meteorological effects; Altitude and ground topography may afft local weather

conditions, thereby influencing lightning exposure.
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Besides the abovmentioned factors there may be other unknowaspects thainfluence the

lightning exposure of the two lines.

5.2.2  Approach for Comparing the Lightning Exposure

There aredwo main reasons why the factors that influence the lightning exposure listed above

will not be investigated:

a) The first is that since the situation is complicated with several influencing factors, a
detailed analysis along the line route is not coesadl a practical approach and the significant

effort of such an analysis will not produce corresponding value in the outcome.

b) The second is that the data set of lightning strokes that resulted in faults is insufficient
to be of statistial significanceThe aimisto determine if there are any trends that concur with

international reporting on the performance of other HVDC lines.

For these reasons, the approacratherto compare the overall lightning exposure of the two
lines for the 50km line length,and if the exposure is very simiJdhen any factors that may
result in a disparity are effectively negatazhly the effect of the polarity will determine the
incidence oflightninginduced faults That is, if the overall lightning exposure is very Isimi

the factors that affect this exposure can be ignored.

Therefore,the overall exposure of the two lines will be compared, in order to determine if a
comparison between the two polarities would be valid, without detailed investigation into all

the factass affecting the lightning exposure of each individual line.

5.3 Approachfor Determining Fault Rate

Fault times from the line protection system will be correlated with lightning data. Since faults
cannot practically be correlated withbsolute certainty, a mems of classifying the likelihood

that a particular stroke caused the fault in question will be defiimetthe methodology

In the next chapter, the methodology that will be followed in order itoplement the
approach described in thhapterwill be proposed.
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Proposed Methodology

The method for comparing the lightning exposure for the two transmission lines of
the CahoraBassa HVDC Scheme is detailed. The methodology for fault correlation
processis presented. A method for the classification of the lilkeod that a

particular stroke caused the fault in question is proposed.
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6.1 Overview ofthe Methodology

The overall methodology iBustrated inthe followingflow chart(read from bottom upwards)

Conclusion: | 'f HVDC polarity has an effect, what further work is proposed?

If not, no further work is required

Quantify the effect of HYDC

. polarity on the fault rate
Interpretation of Results

Identify anomalous cases to be
excluded from comparison

0 B B

' " "

Compare lightning exposure

Identify lightning between two lines

related faults indicating

line perfformance
A <A
-

b A .,

]
e .t

Identify multiple faults
due to subsequent
strokes of a flash

Analysis
p s
Fs u r Y
Perfi ial and : N N
t T
= ur;:l ;Ei;:; :tic:'-n para Dretermine statistical lightning
’ exposure of each line
hs ,
e ™y
|
~
Process fault data to
obtainwvalid fault times
for each line
hs -
) |
. b
Data Obtain fault data from
line protection system Obtain lightning stroke
Cnllentinn data from SALDN

Hypothesis: Does HVDC polarity influence the lightning fault rate?

Figure34: Overview of the prgposed methodology.
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There are two main processeBhe first igo comparethe lightning exposure of the two lines.

The second is to correlate line faults with lightning activity.

Both processes require lightnindata, whichis provided by the South AfricaLightning
Detection Network (SALDNhat is managed by the South African Weather Service (SAWS).
The protection time stampsof the fault correlationsoriginate from the HVDGnk protection

scheme.

Once both processes have beeommpleted,the results ca be interpreted to determine if the

hypothesis has been proven.

Both of these processs are performed using a lightning analysis software package described

in the next section.
6.2 Evaluation of the Methodology

In order to evaluate the proposed methodologlye performance results of the CB lines will

be compared to other international operational experiences.
6.3 SoftwarePackagdJsed for Lightning Analysis

The lightning data is analysed with the Vaigalal Fault Analysis and Lightning Location
{ealdsSyYy &edbh3.74{ developed by Global Atmospherics Inc. of Tussaonain
the USA (VaisakcquiredGlobal Atmospherics in 2002).

FALLS is a spatial and temporal lightning analysis program, which performs lightning exposure
analyses in terms of regiohstatistical analyses, asset exposure and asset reliability analyses
(Smidt 2003). There are several tools in éRALLSsoftware that can be used for lightning

related analysishoweverthe following two tools have been used in this work:

a) Small Ared&xposure AnalysgsUsed to determine the lightning exposure of an asset

for a certainperiod.

b) Reliability Analysig This tool has been used to correlate lightning events with line

fault times.

The SAE and RA tools produce both graphical and tabutiputs of the analysis. The SAE and

RA functionality and outputs are described in the relevant sections.
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The FALLS software is loaded with lightning data from the SALDN. Fault times for correlation

investigations are entered manually into the software.

6.4 Methodology for Comparing the Lightning Exposure of the Cah@assa

Lines

A methodology for comparing the overall lightning exposure for the two lines is proposed
below. This process is performed using tBenall Area Exposure Analygi®l in the FALLS

software introduced above.

6.4.1 Determining the Effect of HYDC Polarity on the Lightning Fault Rate

In order to investigate the hypothesis that the HVDC polarity affects thenligghinducedault

rate, the two polarities must be compared under the same cond#tiorhe significant factor
influencing the relative lightning performance between the positive and negative poles is the
overall lightning exposure of each line. If the lightning exposurdghef two lines were
different, a comparison would only be possibifeall factors that could affect the lightning

performance were compensated for.

Therefore, in order to compare the lightning related performance of the two poles, it is
necessary to verify that the lightning exposure of the two m@adar lines is very wiilar,

despite the lines following different routes.

6.4.2 HVDC Line Polarity Reversal

Since this investigation concerns the possible influence of the DC line polarity on the lightning
performance, it is critical to associate any lightning induced fault withlitteepolarity at the

time that a particular fault occurred.

As HVDC schemes are comprised of two identical pole conductors, it is possible to assign
either positive or negative polarity to a particular pole conductor, by altering the configuration

of the thyristor bridges at the terminal converter stations.

Historically,Pole 1 has beenoperated almost exclusively in the positive polarity. This is best

suited to theconfiguration of the thyristor bridges at theonverter statian.
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The Scheme was constrectin the mid1970s and spares are no longer available for most of
the original bridge equipment. Apollo was refurbished several years ago, whilst the
Mozambique operator does not have the capital to refurbish Songo. Presently there are only
seven functioal bridges at Song@s shown irFigure %), subsequentlyboth poles cannot be

operated at full voltage simultaneously.

APOLLO LINE or POLE 2 SONGO

E(ZI)E Decommissioned ﬂ)f
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DDA [
=bYLYLYUL

Figure35: CahoraBassa Bipolar HVD&&hemewith 7 bridges at Songz&

Pole 1 is usually operated at poséifull voltage of +538V DC, withfour bridges of 13%Vin
series. Pole 2 is operated #dt00kV DC since therare only three bridgesn seriesavailable for
the negative poleFigure & shows the relative positions of the line routes for Pole 1 Boé

2.

Thepreferenceisto operate the positive pole at full voltage rather than the negatiee two
reasons. Firstly, the positive pole experiences a better sigrabise ratio (S/N) for power line

carrier (PLC) telecommunications in relation to dperational line voltagéHubbard 2016)

% Adapted from Bahrman (2007)
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Secondlythe negative pole results in a greater influence of induced currents at ground level,
due to higher negative charge carrier mobility, and therefore it is desirable to operade at
reducal voltage(Hubbard2016)

0 50 100 150km

Line 2
- 400kV

N

Line 1
+ 533kV

g R .

Figure36: CahoraBassa Monepolar HVDC lines showing normal polarity arrangem%‘nt

During the winter o014,the poles were reversed aridne 1 was operated as negative. This
reversal was necessitated by a technicallppem at Songo converter station. It was however
verified that there was no lightning activigtoseto the line during this period and therefore

no influence on the performance statistics.

24 Adapted from the CahorBassa line asset depictionthre Vaisala FALLS® software
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6.4.3 Regional Statistical Analysis and Lightning Flash Density atbegCahora

Bassa Lines

This&FALLStechnique is used to determine the historical average lightning exposure over

large geographical areas (Smidt 2003).

The lightning ground flash density mégr 2006 to 2011(Figure 37), shows that the flash
density is igher near Apollo CS, between ¢5 lightning flashes per square kilometre, and
reduces to between & 2 flashes per kiclose to the Mozambique bordefherefore, the
500km South African portion predominantly affects the overall lightning performarfcthe

scheme.
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Figure37. CahoraBassa line route overlaid onto the lightning ground flash density map from 2Q06
2017,

This technique is not of particular significance for the investigation of the lightning exposure of
the Cahoa-Bassa lines specifically, but provides a picture of the lightning activity in the
general area. The Asset Exposure Analysis technique described next, is important for the

analysis of the lightning exposure of the CahBessa lines.

% Adapted fromGibjen(2012
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6.4.4 Introduction to Asset Exposure Analysis

Exposure Analysis (EA) can be used to determine the level of lightning exposure within user
defined areas around asset infrastructure, such as power lines. A lightning exposure factor
provides an objective relative comparison of tighg activity in relation to proximity along

the exposure area of the asset (Smidt 2003).

The EA technique provides trends of lightning exposure over assets, and displays this exposure
in terms of the amount and intensity of lightning, discriminated fapty and amplitude

within userdefined asset buffers (Vaisala 2012).

In general, EA alvs the asset owner to priorissmitigation measures and justify expenditure

based on the risk of lightning faults.

¢KS a{YFtt ! NBI O9ELRAKEBLCIYH{&a AR Fdi{p! NB @FFSNE
SA G KSNI-by-LI2GALYRGAEY 2 NJ I GINARRSR SBARPAGKE: I YYVERAAAR
depicts individual lightning events as points signifying their reported locations, whereas the

ANK RRSR S E Liaemithaf lightrihg activity vikhin defined grid squares over the

analysis area.

The SAE analysis function was used to determine the lightning exposure statistics for the two
CahoraBassa lines, over a period @ifjhtyears, from the 1st March 2006 tstlMarch 2014,
for which SALDN data was available at the time (December 2014).

CKS {! DyldARWMlE FdzyOuAz2y ¢l a dzaSR G2 RAaALX I & GKS
stroke. The density of the dots gives a subjective indication of the lightniokestiensity.

The lightning exposure for the CaheBassa lines is demonstrated by the cumulative lightning

strokes for both positive and negative polaritiegthin a 1km buffer region around each of

the two lines. An example for the SAE for CaHgaasaline 1 between Apollo CS and the

Mozambique border for the period between the 1st October 2014 and the 31st March 2015 is

shown inAigure38® LY RAGJARdzrf &aGNR{1Sa&a NP RSLAOGSR Fa GR2
dots are notindividually discernibleon the graphical representation of the South Africa

portion of the line.
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Figure38: Graphical presentation of SAE analysis for the South African portion of €aBassd.ine 1
for 1 October 2014 31 March 2015°.

The individua strokes are visible ifrigure 3, which shows the first 3&m of Line 1 from
Apollo CS.

% Adapted from an extract from Vaisala FALLS ®
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Figure39: Graphical presentation of SAE analysis for CahBessa ine 1 near Apollo converter
station for 1 October 2014 31 March 205%".

6.4.5 Information Available from Small Area Exposure Analysis
Running the SAE analysis tool for an asset produces statistics of the lightning activity during

the period of consideration. The lightning statistics for this period are shown in the browser in
Fgure40.

D2

=10l x|

[Floan KAGT JMin KA(+) | Max kAt) _[JMean kA(+)

Figure40: Lightning statistics for th&South African portion of Cahor8assdine for the period SAE for
the period 1 October 2014 31 March 2015.

The following are salient aspects of the lightning exposure:

A. Numberof strokes: Thergvere 13,118strokes within the buffer region fdine 1.

2" Adapted from an extract from Vaisala FALLS ®
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B. Percentage of positive strokes: Only 5.3% of the strokes were positive. All positive
strokes below 1&A are disregarded from thetatistics,as there is potential that thes€loud
to-Ground (GG) strokes may be misidentified with CletedCloud (&C) strokes. This skews

the statistics slightlyin favour of a higher percentage of negative polarity strokes.
C. The maximum, mean and minimum peak currents are given.

D. As expectd the mean positive stroke peak current (D1) is higherk@®1than thatof
the negative polarity (18A).

Graphical representatios of sections of the Apoll®afuri Line 1 of the lightning exposure

produced by the FALLS SAE Analysis tool for the pedodtfre 1st of March 2006 to the 1st

of March 2014are shown inFigure 4land Figure 4 | & o0ST2NBX efMd DK G R20¢
lightning stroke. riterestindy, the density of the strokes along the transmission lines appears

to be noticeably higher than the swunding areathough ths is to be expected, as tall objects

such as power lines are associated with a greater probability of being struck by lightning due

02 KIGAYy3 |y aFGaGNFOGAGS LRGSYOGALE ¢ ANBFIGSNI GKIy

APOLLO CONVERTER
STAHO

Figure4l: Graphical presentatiorof SAE Analysis for the CaheBassa ine 1 near Apollo CS for the
period SAE 1 March 20061 March 2014

28 Adapted from an extract from Vaisala FALLS ®
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SOUTH AFRICA - MOZAMBIQUE
BORDER AT PAFURI

Figured42: Graphical presentation of SA&nalysis for the CahorBassdine 1 near theSouth Africa-
Mozambique border at Pafuri for the period SAE 1 March 2@0BMarch 2014°.

By comparingFigure4l and Figure £, it can be seen that the lightning stroke density is
significantly higher to the south of the line near the Apollg @®paral to that nearto the

border with Mozambique

These point events are used in the statistical analysis of the lightning exposure of the two

CahoraBassa lines over the period of consideration from 1 March 2006 to 1 March 2014.
6.4.6 Input Data and Outputs for SnibArea Exposure Analysis

¢CKS a{VYlftft I NBlI 9ELR&dzNB !'ylteaaraég o6{! 90 ¢22¢

determine the lightning statistics for the Cahora Bass HVDC transmission lines.

The input browser for the SAE Analysis tool is showkigure43 below. The significance of

the various inputs and options are explainbereafter.

2 Adapted from an extract from Vaisala FALLS ®
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FALLS Small Area Exposure Analysis Options x|

Database: Selected Asset(s)
Lightnin Time Period for
B! g APOLLO CAHORA BASSA 1 P ; .
database consideration
option tart Time: End Time: Time Zone:
2013-10-26 20:00:00 I201 3-10-26 21:00:00 IEMT+D2 on :I
— = Area around
Stroke current inimim Peak k] for Analyses: Buffer Radius/Segments: N
threshold / A
0 fsoc[m_=]7fi2. for analysis

[~ Map Lightning Activity And Show Statistics
@' eBuff # Scale on the x-axis

0 Allof _—"| for time units

Used to _® Trend Graph Time Intervals of: / .
determine when | _— meiliend tepre ‘ Scale on the x-axis

Select buffer
region only

lightning activity I [How = ] for c.u.rrent
took place amplitude
@eak Current Graphs Current Intervals of: Mazximum [ké| Interval:
Used to lightning e Jeac \ Maximum stroke
stroke current current bin that

distributions

Dptions... | Defauts | vedy | 0¢ | Cancel | el LLE L e

Figure43: Small Area Exposure Analysis input scréen

Below follows a description of each input and wiegdtion should be selected for thSAE

analysis.
Database Options

CKSNE FINB (g2 aSia 2F ftA3IKGYyAy3a RIGFol&asSasz
accurate fault times are available, it is preferred to use the stroke database to find close
correlations between lightning emés and the recorded fault times. The following database

options exist in the software:

1. awSiFAfY S € R¢ Lightrong événis are loaded into the database as they occur
2. dwS LINE OS & & S R £ThedR ldétabasésaatedmanually loaded daily with all

lightning events including delayed detection sensor reports that were affected by

communication network availability.

3. G{ LI yYSRé cR3pinhed | datdbases use all data available from the
d wS LINE @&abasé&sRugd then utiisreattime data at theend of the reprocessed data

set

%0 Adapted fromSAE Browsdrom Vaisala FALLS ®
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Therefore,d WS LIN2 OSdaSR¢ RIEUGFIOIaSa ohAVSHSRIVYENDI ORALIE K

are used for the correlation process.
Minimum Peak kA for Analyse

This specifies the minimum threshold modulus (since both pdataritire included) of the

stroke currentthat is to be considered in the analysis.
Buffer Radius

The buffer radius is a distance from the asset that defines the area that is to be included in the
analysis. Due to accuracy limitations of the SALDN, it ism@emded to use a minimum
buffer radius of km, however when investigating lightning activity that may have affected

the aset, the buffer should be minimésl, and lkmis therefore suitable (Evert 2011).
Display Lightning Events and Statistics

Theanalysda A& LISNF2NNXSR 2yfeé& Ay (GKS o0dzFFSNJ NBIA2Y
which is typically km2y SAGKSNI aARS 2F (KS fAySod S5AaLXF&Ay3
suitable as this option considers all lightning activity within the regiahgreas the

investigation objective is to determine the lightning exposure of the asset. The option of

RAALIE FeAy3I alff 2F GKS [/ dzNNByd al L) wSaraz2yé Aa dz
assess the lightning exposure over large areas, anddhul for siting new infrastructure, or

identifying areas where the greatest opportunity for improvement exists (Smidt 2003).
Time trend graphs

Time trend graphs are a graphical presentation of lightning activity that allows the user to

investigate timerelated trends (Vaisala 2013). The total period for the analysis is between the
SYGSNBR a{idFNI¢ IyR G9yRé UAYS | yRaxkadheRAJARSR Ay
FEAE LI 20Ga GKS aO2dzy(é 2 NI ykdgoofadiesy® ShownAind K Gy Ay 3 &
FHgure 44 below. The graphs are plottddr either negative opositive polarity or both. In the

graph below (Figure 44 colour is usedto depict polarity The blue portion of the bars

represents positive polarity strokes, whilst the greepresentsstrokes of negative polarity. It

is apparentin thisregion thatthe positive polarity strokemake upa small proportion of the

overall lightning exposure. The time trend graphs are useful for determining when lightning

activity occurred
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= — Positive lightning stroke count

Negative lightning stroke count

Figure 44: Stroke time trend forCahoraBassa ine 1 ApollePafuri for the period from 1 October 2013
¢ 29 October 201%.

Asthe graphs are displayed for the selected total time period for the analysis, an appropriate
time interval must be selected for display purposes, e.g. for analysis periotisnaith, a time

interval of 1 day can be used to determine which days lightning activity occonced

If greater accuracy is required concerning the time of day when the lightning occéred,
hourly intervals can be selected for example, but smaller time intervals may be difficult to

display in a way conducive for interpretation as there may be too much detail.

In Hgure 45, the time trend graph has been used to ascertain which days of theemmonths
Ay (KA a drOdeasd) thier ®as ightning activity. This is useful in order to rule out
lightning as a cause of faults during the dry sea3bere may be daym the dry seasowhere
there is lightning activity, although it must beted that it is very limited, at roughly a 10th of

the activity that occurs on thunderstorm days in the summer months.

31 Adapted fromSAE outpufrom Vaisala FALLS ®
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»—_ 18 June

1 August

4 Negative strokes

Figure45: Stroke Time Trend Cahoiassa ine 1 ApollePafuri from 1 June 2008 30 August 200%.

In thisresearch, time trend graphs were used to determine when lightning activity occurred.

That is, in order to confirm if there was lightning activity during the period when a particular

fault occurred. If there was no lightning, individual faults need notusthér investigated for

correlation with lightning strokes. This is particularly usefulféaits, whichoccurred during

GKS GRNE &Sl azyé

GKSNB y?2

tfAIKGYyAyYy3

I OG A @A U

occur in the dry seasorkigure 46 below depicts the lightning activity for 8month period

during the dry season from the 1st of June 2009 to the 30th of August 2009. As can be

expected, there was very little overall lightning activity, however there were thunderstorms on

the 18th of June, 1sbf August and 27th of August. SAE Analysis can therefore be used to

exclude all days where no thunderstorm activity occurred from the investigation.

Stroke count

winter months

Activity increases in spring 1€

Very sparse lightning activity during

b

Ll

A4

Time interval

1 1 1
S5, N LU A0 U U 0, . L, .0 PO A A A 0 L PO L O L0 LA

Il g Mk
ozl atsalovorlort otz ovis: oo eahe ot

Figure46: Stroke TimeTrend for CahoreéBassd.ine 1, Apollo-Pafuril March 20B ¢ 1 March 2014

%2 Adapted fran SAE outpufrom Vaisala FALLS ®
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For periods of analysis of a year, displaying time intervals of 1 day is the practical limit that can
be displayed for interpretationwith this time interval, it is difficult to ascertain the date on

which there may have been activjtgs there are 365 segments on the horizontal axis.
Peak Current Graphs

The peak current graphs plot the distribution of the stroke count in relation to the stroke peak
current or intensiy. This distribution charactegs the lightning activity within thbuffer zone.

The divisions on the-Xxis represent the peak current levels expressed as bins associated with
the stroke. The current intervals are ussrlected and the recommended step increment is

1 kA (Evert 2011). The Maximum current interval is thghest amplitude current that will be
individually displayed. Above thikreshold,all larger magnitude strokes will be accumulated
into a single stroke count bin. The maximum current interval must be set according to the
nature of the investigationTypcally,there are relatively few strokes with amplitudes above
50kAand the maximum interval can be set to this value. If it is necessary to investigate details
about largeamplitude, strokes the value can be set to say, 230 It is extremely unlikely &t

there are any amplitudes exceeding l6®@asshownin Figure47.

The Yaxisisthe & (i NBduid dReNiimber of strokes for a given peak current amplitude.

Stroke Peak Current Frequency (Negative Polarity)

500 —

i Very few strokes larger Largest negative stroke
; than 70kA amplitude: 151kA

i . v

SR RN L3RS By FARA RS 120 PABS P R B P A AESEA A RS 1A Y RS R RA RARNRA BN RARARN RARA BN (KA RA RARARAN

2T T T e e T T T e e T B B S R b o T P b s e T ame

Estimated Peak Current in kA

Figured7. Peak Current Frequency foregative polaritystrokes for CahoraBassdine 1 ApollePafuri
for the period from October 2018 31 March 2015".

33 Adapted fromSAE outpufrom Vaisala FALLS ®

34 Adapted fromSAE outpufrom Vaisala FALLS ®
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Stroke Peak Current Frequency (Positive Polarity]

Positive strokes below
10kA are disregarded due
% — to possible identification
with intra cloud strokes

~sc00

1 53 | 157

30117 Daze Dazs Daze Daaa Doz Do Daas Tase Tise 18]
1S 118 123 127 131 135 139 143 W4T 151 1S

nla s ssls7lerles leo 73 77 a1 Vestgoloa! o7 Taor Trostaoels B
31 38 39 43 4 S1 55 59 63 67 71 75 79 8 & 91 8 8 103 107 M S 159

Estimated Peak Current in kA

Figure48: Peak Current Frequency faositive polaritystrokes for CahoraBassa Line 1 ApoHBafuri
for the period from 1 October 2018 31 March 2015°,
The peak current graphs facilitate the comparison of the lightning exposure between the
transmission lines for the positive and negative poles. The time trend graphs show the polarity
of the lightning strokes but do not depict the magnitudéerefore,the SAE Analysis can be

used to compare the lightning exposure in terms of polarity.

This comparison formihe basis of the investigation, as in ordercompare the effect of the
HVDC Line polarity on the lightning performance, the lightningibligion within the buffer

regions for thetwo lines must be very similar.

% Adapted fromSAE outpufrom Vaisala FALLS ®
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6.5 Methodology for Fault Correlation

The following section proposes a methodology for correlating line faults with lightning activity.
This process is performed using tReliabilityAnalysistool in the FALLS software introduced

above
6.5.1 Introduction to Fault Correlation with Lightninéctivity

In order to correlate line faults with lightning events, both temporal and spatial comparisons
must be performedFor the correlations to be caidered positive, both temporal and spatial
matches must be very close. Therefore, the fault correlation process depends on the accuracy

of the time and positionnformation, whichwill be compared.

Firstly, the recorded time of a fault from the line protmn system is correlated with lightning
stroke times from the LDN dat&hereforethe success of the time correlation depends on the
accuracy of both the time stamp from the protection system as well as the reported stroke

time from the LDN. The accusaof both systems is discussed below.

Secadly, the locations of the timeorrelated lightning strokes must be spatially correlated

with the position of the line. The position of the transmisslome support towers is accurately

known from the Global Pdsning System (GPS) and is loaded into the simulation software.

The stroke position is however not precisely known. The LDN providedsbf SR a 02y FARSY
St t Adslddfiried inrChapter 2 (Backgrounyl which are ellipse shapedireaswherein which

there is a finite probability that the lightning stroke in question occurred. All strokes with

confidence ellipses that overlapthe usRISFA Y SR a0 dzZFFSNI 1 2y Sé¢ | NRPdzy R (K
for the analysisTherefore,the accuracy of the LDN in detecting the piosis of strokes is

important. The operation andetectionaccuracy of theSALDN idescribedn Chapter 2.

Y A oA = a

[5bQ& RSGSOG GKS StSOGNRYFIYSGAO Lz 4Sa F3a20A1 1
to group a number of strokes into a flash, based @tedted time and reported location

(Cummins et al. 1998. Either lightning flashes or strokes can be cated with faults.
However,individual lightning strokes are used for fault correlation purposes, as the fault times

are accurately known and can berrelated with individual strokes. In soncasesthere may

be several faults associated with multiple strokes of a single flash. These groups are

considereda single fault evenbn the line
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Generally fault times correlate preciselye( within one millisecond) with lightning stroke

times. These differences arise from roundiof§) of the fault times. However, occasionally

AaYFff RAFTFSNByOSazr 2F (KS 2NRSNI 2F mnQa 2F YA€,

time are evident.

6.5.2  Definition of Bufer Zone and Confidence Ellipse

Buffer Zone for Lightning Analysis

The buffer zone is a uselefined area around an asset within which the impact of lightning
discharges will be investigated. This alldasstrokes thatare too far from the line tanteract,

to be disregardedThe buffer zone is defined in terms of a radius around the asset as can be
seen inAgure49where a radius of kmaround the ApollePafuri Line 1 has been defineti€
distance betweerthe outside of buffer zone is Bm). The buffe zone will result in a area
parallel to the line with a fixed width of Kiim to be defined wherein which lightning activity

will be considered.

1km buffer zone around line

Cahora-Bassa
(Apollo-Pafuri) Line 1

Figure49: Example of km buffer zone for ApollePafuri line 1 near Apollo C&

Where the line section for investigation terminates at the border with Mozambi ftigure

50), it is apparent that the buffer zone is defined in terms of a radius as can be seen around

% Adapted from an extract from Vaisala FALLS ®
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the final transmission line tower. Furthermore, discharges outside oflier zone are
discarded, and only discharges within the buffer zone are displayed and considered in the

statistical investigation.

Lightning strokes
with buffer zone ¥
1km radius
Buffer Zone
* Apollo-Pafuri Line 1 (Positive)
®,
o‘?}\
ot
S
&

Figure50: Example of km buffer zone for ApollePafuri line 1 near to the Mozambique bord&f.

Confidence Ellipséssociated with Lightning Strokes

Due to the nature of the detection of lightning discharges by the Lightning Detection Network
(LDN), there is uncertainty in the detected position due to detection errors associated with
individual sengrs. This results in the reported position being displayed as an elliptical, locus
instead of a precise point locatipas can be seen ifgure51. The centre of the ellipse is the
optimal calculated location of the stroke but is normally not the acttrake position due to

the aforementioneddetection errors. The shape and size of the confidence ellipse that is
associated with the predicted location of the stroke primarily dependstten number of

detecting sensors.

57 Adapted from an extradrom Vaisala FALLS ®

71



Confidence
ellipse

Reported position
(center of ellipse)

Figure51: Confidence ellipses for selected strokes.

The FALLS software alloesor ellipses with variougevels of associated confidence, namely
50%, 90% and 99%, to be display@&r statistical analysis of lightning activity, a 50% or
GYSRALI yé O2s¢i% dsed8onvever foStault chrtelation,a 99% confidence ellipse is
recommended (Evert 2011as there is a 50% probabilityith a median ellipse that the fault
occurredoutside of the ellipseand it doesnot make itconducive for the correlation dault
events with lightning activity. The confidence ellipse that has been selected for fault

correlation is for a 99% confidence level, meaning that there is 99% confidence that the true

stroke location is within the 99% confidence ellipse.

Therefore, all strokes with confidence ellipsatat overlap the buffer zone are considered

potential strikes to the line. Strole with ellipsesthat do not overlap the buffer zone are
SEGNBYSte dzytAalsSte (G2 KFEBS GSN¥YAYylI(i6R2FZYy G1&RS
line. The default buffer zone that has been used ksnlon either side of the line. This results

in large numbers of spatially correlated strokes during times of high lightning activity and
therefore increases the computation time required foretsimulation. A smaller buffer zone

less than 500n was considered but is not deemed prudent to utilesbufferzones, whiclare

similar to the potentially large striking distance associated with large magnitude strokes.
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It is also preferable to incledmore strokes in the process so as not to exclude potential
strikes to the line by interpreting each correlated case based on factors other than the simple

mathematical correlation used by the software.

In Hgure 52, an example of fault correlation is deped, in order to demonstratethe

confidence ellipses associated with different strokes. Three different colours of ellipses are
evidentwhich are interpreted as follows: The grey ellipses are those that overlap the buffer

zone but are outside of the tira tolerance for the fault correlation. The orange ellipses are

those that fall within the tempora. (1 2 f SNI yOS dyQIISINEIIS R € & tANGS OQIA[A[2{yV
correlation. The red ellipse is the optimal correlation between the fault time and the lightning

stroketime thatfalls within the buffer zone and is therefore spatially correlatdth the line

[m— S— T

0 500 1000 1500m Spatially correlated

__——"stroke outside of the
AapcB79

time tolerance ]
AR cRE0
g 1aP-¢8 68 ‘“’o:(o 1AP-CB 78
Ry

AAP-CB 67 #P-CB 76

1km buffer zone around

transmission line AF-CB 81

#P-CB 80
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AP-CB 65 .
\ spatial correlation
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strokes within the time /
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Figure52: Example fault correlation depicting stroke confidence ellipses

6.5.3 Introduction to Reliability Analysis

The Reliability Anadys (RA) tool in FALLS provides atonene correlation of events affecting
the asset, such as transmission line faults, with lightning events. The analysis provides the

location, amplitude and polarity of the correlated lightning event (Smidt 2003).
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Therefore,RA has been used for the correlation of faults on the CaBassa HVDC lines with

lightning stroke data from the South African Lightning Detection Network.

6.5.4

Input Data and Outputs for Reliability Analysis

The following section described the opt®and functionality of the Reliability Analysis tool in

the Vaisala FALLS softwafégure53 shows the input browser for the Reliability Analysis.

CASfRa flroStfSR a! ¢ Uz abé N O0KS alyYs
explained in crossSF SNEY OS® hlLJiA2ya a9¢ 02 alg KIS
explained belowHgure53.
CErrT— =
A;]:itga:t:sieng Database: Selected Asset(s): B. Time period
i B | Reprocessed Stroke ¥ | APOLLO CAHORA BASSA 2 for analysis
Start Time: End Time: Time Zone:
stroke [201312-14 00:00:00 [zm31275 000000 GMT+0200 =] E. Confidence
for Ellipse
current Y | Minimim Peak [kA| for Analyses: Buiffer Radius/Segments: Ellipse Confidence/Nodes: P
threshold Iu— I.I—mm = f,]ﬁ I__laaz = Pl e
F. Enter Fault [T Mutirle F"“E’““’"'I D. Time period
details here "~ Addone new faul for asset  Faul Time/Preciion (sec} 5/ | Fauk Type: for analysis
|APOLLO CAHORAE ~] | i [FauLT =
¥ Map Lightning Activity, correlating with bulfered assets and fault times G. Display all
I[Full] Include All spatially correlated lightning d “Spatial Correlations”
Fault Correlation Rule:
H. Select Closest time ta fault is fault-conelated =l

“closest time”

Al time-correlated are fault-correlated
I™" |Highest peak curtent time-corelated is fault-correlated

Time Trend Giaphs ime Intervals of:
l1_ Minute 'I
I Peak Current Graphs Current Intervals of: Maximum [ka] Interval
[ ka [F0
Options... Defaults | Verify | Cancel |

Not used for
correlations

Figure53: Reliability Analysis input screen indicating the selection of options for fault correlations.

The following options a&r significant for the fault correlations:

E¢ The confidence associated with the error ellipses used in the spatial correlation is selected
here. The options are 50%, 90% or 99%. The confidence level that the true stroke position is

GLIBNDSY (IS 02y FARSYOSE @

A % 4 A x
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For faultcorrelations,a 99% ellipse is selected such that there is a probability of 0.99 that the
stroke occurred within the ellipse and therefore there is a high confidence in the spatial

correlation.

FCCKS FldzZA & RSGFAf A ' NB Sy d SN, WiicNdpendtbe LINS & 4 A y 3
following screerdepicted inFigure 546 KSNB GKS Tl dzA & RIFIGS FyR GAYS A
GKS GAYS AYGSNBIFE FT2N G§KS 02 inbliBténtaliskedeyfedloy | f @ & A &
Fa (KS terkdsi®theélPARLE software and is the time tolerance around the entered

fault time that will be considered for the correlation between the fault and the stroke times.

x
Asset Fault Information
Asset Name Date/Time (GMT+02:00) Precision(sec) Fault Type
Details of th [ ]
et {[APOLLO CAHORA_2010-10-30 19.04:21.661 000020.0000 FALLT |
E2. Time interval
El. Enter Date and / 1 for correlation
Time of the fault ) - —
Asset List Date Time Precisio]  Fault Type
|APOLLO CAHORA E x| ||2016/02/05 00:00:00.000 | [60  [FAULT =l
oKk | Add Delete | Cancel |

Figure54: Manual fault entry screen for Reliability Analysis.

G¢ There are two options for the display of the spatially correlated ellipses. Either all spatially
correlated lightning is displayed or alternatively only that which is within the time tolerance is
displayed. This option is not critical to the outcome of the correlation, but the option for

displaying all the spatially correlated lightning has been used for this analysis.

HCE KSNBE FNB GKNBS 2LJiA2ya F2N GKSOHKICH dit-faf / @INANSS |
O2NNBf ISR fAIKIGYAYyI A& Of I davsddeSiRamBtod Cl dzf G/ 2
ARSYGATFe GKS Oldzal GAGS adNR1S® ¢KS aSO2yR 2LJiAZ2
correlated is classified as fault correlatedisTis also not appropriat@s the aim is to identify

GKAOK &aGNR1S Kra GKS Of2asSaid dGAYS O2NNBflFGA2Yy |

A ¥ 4 A x

GAYS G2 Flrdf ¢ Kra 088y a8tSOGsSRD
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6.5.5 Methodology for Identification of the Probable Stroke Resulting in thauk

The most probable stroke to have caused a particular fault is identified by considering a
combination of the temporal and spatial correlation. The temporal correlation is made
between the fault time and the reported stroke time. The spatial correfatibetween the
transmission line coordinates and the confidence ellipse associated with a particular stroke.
The evaluation of these correlations allows the most probable stroke to be identified and
thereafter the likelihood that that stroke caused theult in question to be estimated. In some
cases, the most probable stroke may show correlations that mean the probability that the

stroke caused the fault is low.

The amplitude of the stroke is another factor that influences the probability of a fautl If
other factors are the same, the probability of a flashover increasith increasing stroke
amplitude. However, this probability also depends on the tower footing resistaheegfore,

the amplitude of the stroke cannot be considered in determining lilkelihood that a fault

was caused by a particular stroke, and has been disregarded from the analysis as the tower

footing resistances are not known.

The temporal and spatial correlations are classified in the comméartseach graphical

analysidn accadancewith Table 1land Table3 respectively.
Temporal Correlation Classification

There is high confidence in the fault time from the protection system and the reported stroke
time from the lightning data, therefore most faults that were caused by liglgtisimould show
near exact time correlations. Some faults on the Apollo fault datab@sey(ing2015) were

not recorded by the LFL, which may have been offline at the time, and therefore the time is
not precisely known in these instances. In masses,the time has been recorded to a

resolution of seconds but in other cases, only the minutes have been captured for the fault.

Tablel: Key for the classification of temporal correlation.

Correlation classification Criteria for temporalcorrelation ranking

The fault time and reported stroke time are the same ( less thamg,

S (EmeE) the difference is only due to rounding of the LFL fault time )

Close (Orange) The fault time and reported stroke time are the close ( less than 20€)

¢CKS GAYS O2NNB hmis)jORYhe adlt timel i#2ndt NE

Fear (Ree) precisely known (up to second tolerance)
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Spatial Correlation Classification

In the RA analysis in FALLS, all strokes with confidence ellipses that overlap the bufteezone
considered to be spatially correlated, however this does not mean that such strokes
terminated on the line. The buffer zone that has been used is eithemb@® 1000m (as
recommended by Evert 2011), some strokes that overlap the buffer zone may be a
considerable distance away from the liget arestill included in the correlation. Since the
attractive radius of the shield wire or pole conductors under each approaching downward
leader is not known, a conservative minimum buffer radius of l0@as ued so as not to

exclude any strokes that could have potentially terminated on the line.

As99% confidence ellipses have been used in the correlation studies, stroke ellipses that do

not overlap the transmission line alo not approach within thedstriking distance, are

unlikely to have terminated on the line. Calculation of the striking distance can be used as a

cursory determination of whether a stroke could potentially have terminated on the line. The

striking distance is a function of the stroke peakrent amplitude and therefore large

amplitude strokes may have considerable striking distances. The relationship used by IEEE in

Std. 998 (2012) for direct lightning stroke shielding protection has been used to calculate the

striking distance. Theelationship adopted by the IEEE yields conservative vallresrder to

Ot raar¥fe (KSasS aidiNR1Sa I|a SAilmSaskswhereAtE 2 NJ 4Gt 2
confidence ellipse does not overlap the linke striking distance must be compared to the

distancebetween the line andhe ellipse

The equation for thestriking distancell), in terms of the stroke currend), for the conductor

and shield wire is as follows:
D,=8 % Equation(4)

Striking distances are presentatdTable 2.An estimate of striking distance can be calculated
from the correlated stroke currerih accordance witlEquation (4)Column 7 inTable 2. This
equation gives a conservative value for the strikiigjance, whictcould be a little as a half of
that predicted by other modeldEEE 998 2012Jherefore double this distancas deemed as
a2 2N] Ay 3 { G§NR{ A eanpdekta ihd distariee betivden the canfidgnced S
ellipse and the lindColumn 8 inrable 2)If the comparison is closé is considered thathere

is a fair probability that the stroke could have terminated on the.line
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Table2: Striking distances associated with fatdbrrelated strokes.

1 2 3 4 5 6 7 3
. Tower Striking Working
Fault No. Lm\:e Date Fault Time Stroke Current Location Distance Striking
Polarity & Polarity (Probable) |EEE 998 Distance
[m] [m]
1. 19 01 2009 23:13:38:108 72 52.36 104.72
2. 1901 2009 23:13:41:151 116,117 28.34 56.68
3. 2001 2009 00:50:42:744 442,443 50.45 100.20
4.a 17 02 2009 20:28:40:024 76 66.50 133.00
5. 17 02 2009 20:51:17:543 68 30.91 61.82
6. 0112 2009 01:28:52:564 & 573 771 38.02 76.04
7. 1601 2010 01:16:39:590 74 63.13 126.26
8. 0910 2010 15:16:42:625 389 25.64 51.28
9. 0910 2010 15:22:10:571 344 44,47 88.94
10. 09 10 2010 15:24:13:888 361 59.66 119.31
11. 09102010 15:26:18:488 384 50.45 100.80
12. 27102010 09:21:40:248 12,13 33.37 66.74
13. a 30102010 19:04:20:427 71,72 52.36 104.72
14. 30102010 19:04:21:661 74 33.37 66.74
15. 07 11 2010 00:37:25:390 506 30.91 61.82
16. 1112 2010 18:36:03:593 69 92.22 184.45
17. 2412 2010 03:04:35:625 70 87.99 175.98
18. 16 03 2010 11:03:24:535 39 74.55 149.11
19. 03102010 13:49 308, 309 119.43 238.86
20. 26102013 43:26.0 63.13 126.26
21. 26102013 43:26.0 72 63.13 126.26
22. 26102013 55:38.0 72 57.88 115.76
23. 12112013 09:54.6 72 52.36 104.72
24, 28112013 16:48:05:550 56-62 33.37 66.74
25. 1412 2013 20:52:49:493 39 68.15 136.30
26. 1501 2014 18:30:09:008 72 50.45 100.20

The gatial correlations are classified in accordancenwtfite criteria inTable 3

Table3: Key for the classification of spatial correlation

Correlation

s Criteria for temporal correlation ranking
classification

The center of 99% confidence ellipse is close to the transiaiséine, within
the buffer zoneOR

The 99% confidence ellipse overlaps the transmission line partially

The 99% confidence ellipse does not overlap the transmission line but is wi
the striking distanceOR

Fair (Orange)

The confidence ellipse is vergrge due to few sensors involved in detecting
the stroke (<4)

The confidence ellipse overlaps the buffer zone marginally but is not close t
the striking distance
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The combination of the temporal and spatial classifions can be used to aorie the

likelihood of a particular stroke causing the fault in questaeording to the criteria iffable
4,

Table4: Categoisation of the likelihood that a stroke caused a fault.

Temporal correlation

Poor Close Exact
Good
Spatal
i Fair
correlation
Poor

All strokes that are classifiddd SAGKSNI I caSRB dIYEIKA IKE] GNAK22R |
in the summary of the correlation results. Strokes that havB e Of  AaaAFTASR & aG[ 26 ¢
[26¢6 I NBE O2YyaARSNBR dzytA{Ste G2 KI @bmte dzZaSR GKS
overall performance statistics
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7. Results and Discussion

The comparison between the lightning exposud the two CahoraBassaHVDC
transmission lines, is givdor an 8 year periodFault data was available for seven
years and he results of the correlations between faults and lightning actiaitg
provided for this #ear period Varioussignificanttrends in the results ardescribel.

Several specific examples of the fault correlations are discussed in detail.
7.1 Introduction
This chapteis comprisel of the presentatiorof the resultsof two main research aspects.

The first is the comparison between the lightning exposures of the talespof the Cahora
Bassa transmission lirffer an 8-year period and there is a discussion around general trends

associated with the lightning exposure.

The second aspeceviewsthe results of all the lightning correlated faultsr the Cahora
Bassa Linegver a7-yearperiod. Specific examplegre exploredn detail and peculiaritieare

explained Probable causes of the faults are discussed.

A specificsection ofLine 1 has been identified wher&e lightning fault rate is extraordinarily
high. This sectin is anomalous as it only comprisasew hundred metersf the linelength,
yet it is along this section thaabout halfof the total faultsof the entire 200(km line occur
The environmenal influence and possibleadditional causes for the high faultate are

discussed.
7.2 Comparison of the Lightning Statistics for the Two Cah&assa Lines

The lightning expsure within a buffer zone of Km around each line was determined by the
FALLS SAE analysis. The exposure was determined by SAE analys&yeaitperiod from

the 1st March 2006 to the 1st March 2014 for which SALDN data was available at the time. The
analysis was performed for Line 1 and Line 2 separately. Theriéme graph for ine 1 shown

in Hgure 55 indicates the periods where there waghining activity during thé&-year period

(predominantlyduring the rainy season).
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This graph shows the overall cyclical nature of the lightning activity while highlighting the
significant differences in the distribution between yedfsr eactyear,the end of December is

used as amdication of time reference.

Dec 2010 Dec 2011 Dec 2012

2000 Dec 2006 Dec 2007 Dec 2008 Dec|| 2009 Dec 2013
]
1
1
1

2500
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03-0114-26106-2108-18110-11 112-08l01-31 03-28105-2307. 18181211 1-07b1.02l02-27k04-23b6- 18be-13)10-08112.03101- 2832552007 15b5-08111-0412-30b2.24 ba-21 b6 1881 r0-08h 2-01101-25103-23105- 1807 13109-07111.021 2-2802-2204-18b6-13be-osh0-03l11.281-23103.2005- 157 10bs-0h 0-20h2-25hz-
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Figure55: SAE analysis for ApoHBafuri line 1 for the8-year period from the 1st March 2006 to the
1st March 201,

The comparison of the lightning exposure was perfed separately for positive and negative
stroke polarities between the two lines. The SAE analysis provides the statistics of the lightning

exposure in terms of the stroke count versus the lightning peak current amplitude.

The stroke peak current distrilion is displayed in terms of the lightning stroke frequency

versus peak current amplitudes depicted inFigure 56and 57. The count for each integer

peak current value is referred i this discussioh & G o0Ayaé d® ¢KSNB | NB (g2
line, acne for each lightning stroke polarity. This statistical analysis provided by the FALLS

software allows the lightning exposure of the two poles to be compared.

Thedistributions for negative strokes for theo lines are shown iigure56 andFigure57.

% Output from Vaisala FALLS ®.
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Figure56: Positivepole (Line 1) stroke peak current frequency for strokes of negative polafity
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Figure57: Negativepole (line 2) stroke peak current frequency for strokes of negative pola‘f?ty

Upon visual inspection, the two distributions appear to be very similBnis similarityis
O2yFANNYSR o6& OIF t Odzt I (A y Athestrole amplitdiEdeiwges thRA FFSNBy O

distributions for ine 1 and.ine 2.

This difference in the distribution of gative stroke count per peak current amplitude is

depicted inFigure 58 Due to the probabilistic nature of flashover due to lightning, it is
O2yRdzOA @S (G2 YIS ty a2@0SNIftf O2YLI NRARaA2yé 0SG8S:!
¢CKS dal GSNDIS RAFOISEWENVRSNBR 'y 2LWGAYEFE O2YLI NRaz2y
meaningful when expressed as a percentage. The difference between the two distributions is

marginal with an average percentage difference across the amplitude bins of h0d%

standard deviation of 6.77%.

* Qutput from Vaisala FALLS ®.
“°Output from Vaisala FALLS ®.
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Figure58: Comparison betweemegative stroke count forpositive pole (Line 1) andnegative pole
(Line 2).

The stroke countdistributions for positivepolarity strokes for the two lines are shown in
Figure 59 and Figure60.
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Figure59: Positivepole 1 (Line 1) stroke peak current frequency for strokes of positive pola?i‘ty

“L Output from Vaisala FALLS ®.
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Figure60: Negativepole (Line 2) stroke peak current frequency for strokes pbsitive polarity42.
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Figure61: Comparison betweemositive stroke count forpositive pole (Line 1) andnegativepole (line
2).

As only 5% of the values are used in producing the distributidres,distributions for the

positive strokes are not assmoothe asthe distributiors for the negativestroke polarity The

distributions appear unexpectedly dissimjlaas can be seen ifrigure 61 Despite the

differencesacross stroke amplitudebetween the two distributionsbeing largethan for the

negative stroke counthe averagedifference between the two distributions is marginal

“2Output from Vaisala FALLS ®.
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Theaverage percentage difference across the amplitbdes is the same as for the negative

distribution, andisrelativelysmall at 1.01% with standhrd deviation of 17.33%.

Comparison of the stroke peak current frequency between the two lines for both positive and
negative stroke polaritieare shown inFigures 56, 57, 58nd 60 respectivelyThe comparison
indicatesthat the lightning exposure for #htwo linesis very similar over the-gear period of
analysis Therefore, the lightningcorrelated faults for the two lines are compared in the
following section, in order to determine the influence of the polarity on the lightning induced

fault rate.

7.3 Results ofthe Fault Correlations

The results of the fault correlatiafor the 517km South African portion of the CahoBassa
HVDC Linebetween Apollo CS and the Pafuri Border with Mozambiquegatenin Table 5

below.
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Table5: Summary of the fault correlation on the Cahoiassa HVDC Lines for the period between the

17 September 2008 and 31 August 2014.

Fault Line Fa;:rlén'l;lme Stroke Tim_e Spatial Stroke No. qf Towgr
No. Polarity Fault Date protection and Correlation | Correlaion Curreqt & | Detecting Location
from FALLS from FALLS | Polarity Sensors (Probable)
system
1901 2009 | 23:13:38:108 11 72
1901 2009 | 23:13:38:193 3 74
1901 2009 | 23:13:38:232 3 73
1901 2009 | 23:13:38:395 3 73
19 01 2009 | 23:13:38:438 5 73
19 01 2009 | 23:13:41:151 2 116-117
20 01 2009 | 00:50:42:744 2 442-443
20:28:40:024 ) 12 76
17022009 | 5.8.40:138h) 2 73-74
17 02 2009 | 20:51:17:543 2 68
01:28:52:564
01 12 2009 Py 01:28:52:645 5 771
01:16:39:617 10 73
16 01 2010 | 01:16:39:590| 01:16:39:677 8 82
01:16:39:744 8 74
15:16:41:982 8 396
15:16:42:062 10 392
0910 2010 | 15:16:42:625| 15:16:42:161 8 389
15:16:42:200 7 389
15:16:42.551 3 389
09 10 2010 | 15:22:10:571| [15:22:40:571 | 5 344
09 10 2010 | 15:24:13:888| |[IDi0AA20/ | 2 361
09 10 2010 | 15:26:18:488 I 3 384
3 12-13
21:21:40.323 7 13
27102010 | 2121:40.248| 577577 00 12 1
21:21:40.768 4 13
o h 4 71-72
30102010 | 19:04:20:427| 5 126
30 10 2010 | 19:04:21661 4 74
07 11 2010 | 00:37:25:390 3 506
1112 2010 | 18:36:03:593 12 69
2412 2010 | 03:04:35:625 12 70
16 03 2011 | 11:03:24:535 7 39
0310 2011 | 13:49:45:00 15 308- 309
26 10 2013 | 00:44:00:000 9 431-432
26 10 2013 | 20:43:25:995 9 72
26 10 2013 | 20:5537:955 7 72
12 11 2013 | 17:09:54:590 8 72
2811 2013 | 16:48:05:550 1 3 56- 62
1412 2013 | 20:52:49:493| 20:52:49:622 12 39
1501 2014 | 18:30:09008 | [18:30:09:008 | 8 72
Legend:

-]ndicates positive HVDC transmission line, and positive lightning stroke polarities

BLUEnNdicates negative HVDC transmission line, and negative lightning stroke palarities

Stroke times INGREEN NB @GS EEDOYS O2 N\Bd difieranze/is only due to
roundingoff of the LFL fault time)

Strokes times iIYELLOW y RA O G S & Of 2 a&Xnmsh YS O2NNBf | GA2y a4

Strokes times ik y RA O (i(8200én$,J8e8 NGtd) or uncertain time correlationgSee
Note 2below).

Strokes times iGREYnhdicate multiple strokes of a single flash that are not fault correlated
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Notes:

1. Fault number 10 shows a difference of 318 between the fault time and the closest stroke
time. This igliscussedurtherunder7n F2 NJ a Tl dzZf & mné o0St 24

2. Fault number 19 and 20 were obtained fraslatabaserecords from the Apollo staffand
wasnot reported by the LFL linked to the protection systeAithoughreasors for this are
uncertain it is possible that the LFL system was rérational at this timeresulting inthe

time of thefault not beingaccurately known.

Table 5was compiled from the information presented in Appendices A and@endix A
contains a tabular summary of the lightning correlation results for each fauirded by the
line protection schemeAppendix BO2y Gl Aya (GKS 3INILKAOFE Cl![[{ ¢

correlation for each fault
7.4 Discussion around correlations that are not ideal

The following is a discussion around fault correlations that are not ideatremndfore require
further interpretation of the circumstancethat contribute to thecorrelatiors. These faults
are numbered in accordance with the faulisted in Table5. The discussions should be read in

conjunction with thecorrespondinggraphical carelations with the same fault numbein

Appendix B
Abaut two thirds of the faults inTable54 K2 g ¢gKI G OFy ©6S O2y&aARSNBR dA
CldzZ G O2NNBflFliA2ya NS O2yaARSNBR GARSFfé& AT (KS

a. Temporal correlation: Tharhe correlation between the fault time and the lightning

stroke time is less than®s.

b. Spatial correlation: The 99% confidence ellipse of the stroke overlagsatm&mission

line.

In most of these cases, there have also been a large number of repdridN sensors and

therefore the confidence in the reported stroke position is high.

The following is an examptgf a¥ | dzf § O2NNBt F A2y (GKIFG hdide Of F a4ATFA
reporting LDN sensors forigcorrelated stroke. The fault time and tharte of the correlated

stroke are the same.
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99% confidence ellipse
well positioned on line

Reported optimal position
of the stroke is almost
coincident with the line

Figure62: Ideal spatial correlation between line and reported stroke position

The following are fault correlations ifable 5that are considerechot ideal Thecriteria for
classifiation of the correlationjn the methodology for fault correlatiqgrare applied for the
temporal and spatiaiatchingin order to categose the likelihood that the correlated stroke
resulted in the faultThe likelihood that a stroke resulted in a fadtdlassified as eithdow,
mediumor high. Strokes that are regarded as of low probability have been disregarded from

the overall statistics of the line.

Fault 2(refer to Figure B.2

In this case, the temporal correlation is exact. There were only tworting sensors although
the confidence ellipse overlaps tHme; the uncertainty in the stroke position is largée

overall likelihood that this stroke resulted in the faultgdium

Fault 6(refer to Figure B.J

There is a difference of #8s in thetemporal correlation between the fault time and the
stroke. Thisorrelationis considered fajibased on the criteria in the methodology. The spatial
correlation is goodThe overall likelihood that this stroke resulted in the fault is considered

medium

Fault10 (efer to Figure B.1)

This fault has been correlated according to the following criteria used by FALLS Reliability

Analysis:
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a. Fault time is within the time interval for analysis around the fault time

b. 99% confidence ellipse coincided wiihffer zone around the line

However, each correlation is considered in detail in order to determine the probability of

correlation. The following comments can be made about this correlation:

Temporal correlation: As th819mstime interval between the falti and the stroke times is

significant, the time correlation is considered poor.

Spatial correlation: As there were only two sensors reporting this stroke, the confidence
ellipse is approximately 1km along the major axis, therefore the confidence is gpatial

correlation is low.

Theprobability that this stroke resulted in the fault in questiorlagr and this correlatiorhas

beendisregardedrom the performance statistics.

Fault 14(refer to Figure B.1%

The fault time is 19:04:21:660 and the strokieneg is 19:04:21:660526600Hence, the

temporal correlation is exact.

Although the confidence ellipse overlaps the buffer zone, the boundary of the ellipse is still
approximately 600n from the line and this is outside of the optimistic striking distanta o
9 kA stroke of about 7én. Therefore,the overall likelihood that this stroke resulted in the

fault ismedium

Fault 16(refer to Figure B.1Y

The temporal correlation is exact, at 18:36:03:583 for both the fault and the correlated stroke.

Although the confidence ellipse overlaps the buffer zone, the boundary of the ellipse ia still
distance ofapproximately 200n from the line. The striking distance is calculated to ben92
by the equation adopted by IEEE998 2012 for the stroke amplitude bA4this distance is
conservative an@ccording to other Electr@®eometric Modelscould be as much as double.
addition, this does not take into account HVDC polagtfects whichmay affect the striking
distance Therefore, the line is considered to be kWt the potential striking distance. The

overall likelihood that this stroke resulted in the faulhiedium
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Fault 19(refer to Figure B.2D

The time of the fault imnly known to the second resolutign.e. 13:49:45. Although the times
match to this restution, the lightning adivity cannot be precisely timeorrelated with the

fault.

Despite this, lhe spatial correlation of the stroke error ellipse with the line is gomith the
ellipse overlapping the line significantly. Therefore, the overall proipatithat this stroke

caused the fault isigh.
Fault20 (efer to Figure B.21L

The time of the fault is known to the minute resolution, i@:44:00;therefore, there is

uncertainty in the temporal correlation.

The spatial correlation of the stroke errellipse with the line is favourable with the centre of
the ellipse close to the line. Therefore, the overall probability that this stroke caused the fault

is considereanedium
Fault25 (efer to Figure B.2%

The time of the fault isLl29ms before the closst time correlated strokeTherefore,the

temporal correlation is fair.

The stroke error ellipse touches the line and therefore the spatial correlation is Jbed.

overall probability that this stroke caused the fault is classifieshedium
Conclusion

Based on the above discussions, fault numbers 2, 6, 14, 16, 19, 20 and 25 are cortsitered

of a medium or high likelihood to have been caused by the correlated stroke.

7.5 Distribution of correlated stroke amplitudes

The distribution of stroke amplitudesat have been correlated with line faults can be show

graphically irHgure 63.
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Figure63: Peak current amplitude and polarity of the fauttorrelated strokes.

Fault number B encircled with the red ellipse, is comprised obtlightning stroke events that
occurredin locationsfar aparton the linebut at the same time. There was a negativek?8
stroke near tower 71 and a positive kA stroke near tower 126. According to the lightning
database, these strokes occurred at pesty the same time 19:04:20:427 on the 30th October
2010.Fault number 10 has been classified as having a low probability of causing the fault and

has been disregarded from the fault statistics amdepictedremoved fromFigure 63

7.6 Discussion of the Redts of Fault Correlations

The results are discussed with partiaudanphasis on trends related polarity.

7.6.1 Total Number of Lightning Correlated Line Faults

The total correlated lightning faults over7ayear period are 25. Some of these reported faults
are actually comprised of several line faults occurring in close proximity on a section of line
between several towers, which seem to have been caused by subsequent return strokes of a
single lightning flashAsthe successive faul@re likelycaused by tsokes of a single flastihe

faultsare grouped together and reptad as a single fault incident.
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