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Abstract

This work contributes toward research in the field of lightning performance of High Voltage Direct
Current (HVDC) transmission lines, focusing on the impact of the line polarity on the incidence 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 lines. The research presents an
investigation into the lightning performance of the two poles of the Cahora-Bassa HVDC
transmission line. In order to compare the performance of the two polarities, the average lightning
exposure over an 8-year period was confirmed to be very similar for both lines. Lightning stroke data
from the South African Lightning Detection Network was correlated with fault times from the
transmission-line protection scheme. The classification of the lightning related faults was used to
determine the relative performance of the two poles, particularly in relation to polarity, and to infer
if there was any influence of polarity on the lightning attachment process. This investigation for the
Cahora-Bassa scheme shows that twenty-three out of twenty-five lightning related faults occurred
on the positive pole. The results concur with performance experience on several HVDC lines from
China and Canada, which indicate that lightning related faults favour the positive pole by a ratio of
between 8:1 and 10:1. This represents a valuable contribution, which substantiates that 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 Cahora-Bassa High Voltage Direct Current (HVDC) scheme was commissioned in 1979, and
was the first to utilise thyristor devices for Alternating Current (AC) to Direct Current (DC)
conversion. It was also the longest line length, highest HVDC voltage and highest HVDC power
transfer capacity at the time. Since then, modern large capacity (HVDC) schemes have been
widely applied for several decades. Despite this, there are certain areas for which international
standards and guidelines have not yet been developed and accepted. One of these areas
appears to be lightning shielding design. In the past, the principles for High Voltage Alternating
Current (HVAC) lines have been applied to HVDC applications. International literature shows
that the two poles of HVDC lines do not perform equally in respect of lightning. The lightning
performance of the Cahora-Bass HVDC lines is investigated in order to determine if there is a

disparity in the lightning performance of the two poles, which could arise from the polarity.
The structure of the dissertation is a follows:

Chapter 2 (Hypothesis and Research Objectives): The hypothesis to be investigated in this
work is presented and the key research questions to be answered are discussed in 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 important, compared to HVAC in
general. 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 Cahora-Bassa HVDC transmission lines are
described, and compared to other international HVDC schemes, in order to illustrate the
unique construction of these specific lines. The reasons for the distinctive line configuration of
the Cahora-Bassa lines, and how this facilitates the investigation into the lightning
performance of the two polarities are 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 discussed in the context of various examples.

In order to investigate the lightning performance of the Cahora-Bassa transmission lines, fault
times from the protection system must be compared to lightning activity. Firstly, the operation
and limitations of lightning detection networks in general is introduced. The details and

performance of the South African Lightning Detection Network is described.



Secondly, the operation of the protection system for the Cahora-Bassa transmission lines, the

origin of the fault times and their uncertainty, is discussed.

Chapter 4 (Literature Review and Gap Analysis): In this chapter, 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 lines, is 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.

Chapter 5 (Approach Taken): The approach for comparing the lightning exposure between the
two Cahora-Bassa HVDC transmission lines is detailed. The approach for determining the fault
rate of these lines from the fault times of the line protection system and lightning data is

explained.

Chapter 6 (Proposed Methodology): The method for comparing the lightning exposure for the
two transmission lines of the Cahora-Bassa HVDC Scheme is detailed. The methodology for
fault correlation process is presented. A method for the classification of the likelihood that a

particular stroke caused the fault in question is proposed.

Chapter 7 (Results and Discussion): The comparison between the lightning exposure of the
two Cahora-Bassa HVDC transmission lines, is given for an 8 year period. Fault data was
available for seven years and the results of the correlations between faults and lightning
activity are provided for this 7-year period. Various significant trends in the results are

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

Chapter 8 (Conclusions and Further Work): The outcome of the research is presented and it is
discussed whether the hypothesis has been adequately addressed by this work. Further steps

built on these findings are identified in the recommendations for further work.

Supporting information is included 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 methodology in Chapter 6 over the 7-year period. The
software tools used, as well as the results of the simulations, are provided for each case. The
faults that have been correlated with lightning are highlighted and the details of the

correlation result are contained in Appendix B.



Appendix B: The graphical analyses of the fault correlation for all probable strokes are
presented in Appendix B. The details of the temporal and spatial correlation are summed up

on the graphical depiction of the correlation.

Appendix C: Appendix C contains a paper that was accepted and presented for publication at
the “19th International Symposium on High Voltage Engineering”, in Pilsen, Czech Republic, 23
— 28 August 2015. The paper is entitled “Comparison in the Lightning Performance between
the Poles of the Cahora-Bassa +533 kV HVDC Lines”.



2. Hypothesis and Research Objectives

The hypothesis to be investigated in this work, namely the influence of the
HVDC pole voltage on the lightning fault rate, is presented. Furthermore, the

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 HVDC polarity on the lightning performance

of the Cahora-Bassa HVDC transmission lines.
2.2 Effect of Pole Voltage on Shielding Failure

The first hypothesis is that the positive pole on HVDC 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 on the positive induced potential developed on
the conductor, and therefore increases the likelihood of the initiation of an induced upward

leader (Maruvada 2008).

This increases the effective “attractive radius” of the positive conductor compared to the
negative pole conductor or shield wire, which is shown in a simplified way in Figure 1. This
renders the positive pole more vulnerable to shielding failure represented by the shaded area
“Dc+”, which is larger than that for the negative pole shown as “Dc-”. Downward leaders
approaching within the shaded areas may terminate on the conductor, thus representing

“shielding failure”.

Downward leaders in “Zone 1” and “Zone 3” are likely to terminate on the ground, whilst in

“Zone 2" leaders are most likely to be captured by the shield wire.



Dc- Zone 2 Dc+

Zone 1

Figure 1: Attractive radii for HVDC pole conductors under approaching negative downward leader.

Actually, the attractive radius of the negative conductor is smaller than that of the shield wire,
as the negative voltage is opposite to the induced voltage on the conductor and therefore has
a suppressing effect on the initiation of upward leaders by decreasing the overall potential on
the conductor. The situation is reversed for positive downward leaders, resulting in a larger

attractive radius for the negative conductor, than 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 HVDC polarity. The continuous voltage on HVDC lines may
affect lightning attachment, unlike with Alternating Current (AC) transmission where it is
generally assumed that there is no net effect of this voltage on the lightning attachment

process, due to the sinusoidal variation of the line potential.

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 on Back-Flashover

The second hypothesis is 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 difference between the negative impulse and the positive
pole voltage. This propensity has been demonstrated by the modelling of a + 450 kV DC line
(Maruvada 2008), where practically all flashovers due to negative stepped leaders affect the

positive pole.



For transmission lines in the conventional height range (i.e. not unusually tall structures for
river crossings etc.), the majority of lightning exposure is to negative downward stepped
leaders (Maruvada 2008). This generally results 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 than for traditional HVAC cases.

Although local meteorological conditions vary, affecting lightning activity, typically the
majority of downward strokes, between 80% and 90% (Rakov & Uman 2003), are of negative
polarity. Therefore, the lightning performance of the two poles of an HVDC scheme are
predicted to show a marked inequality, with the positive pole being far more affected by

lightning related faults, due to both shielding failure and back-flashover mechanisms.

In order to investigate the effect of the HVDC polarity, the lightning performance of the two
poles of the Cahora-Bassa + 533 kV HVDC lines between Mozambique and South Africa will be

used as a case study.

24 Research Objectives

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

performance. The following aspects are investigated:

e Determine whether the design for lightning shielding, and for lightning performance
prediction for HVDC transmission lines, is covered in the literature.
e Determine whether a disparity in the lightning performance is demonstrated in the

case of the Cahora-Bassa HVDC transmission lines.

The following chapter gives the background information to lightning protection of HVDC
transmission lines in general. The lightning protection design specifics of various international
examples of HVDC transmission lines are compared to the Cahora-Bassa HVDC lines. The
accuracy of both the lightning activity data and the protection fault times that are used in the

investigation is discussed.



3. Background

This chapter covers an overview of the international trends in HVDC transmission
lines and why the high performance of HVDC lines is critical. 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 Cahora-Bassa HVDC transmission lines are
described, and compared to other international HVDC schemes in order to illustrate
the unique construction of these specific lines. The reasons for the distinctive line
configuration of the Cahora-Bassa lines, and how this facilitates the investigation into
the lightning performance of the two polarities are 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 discussed in the

context of various examples.

3.1 Importance of Lightning Performance in Relation to HVDC Transmission

Lines

HVDC schemes require very high reliability and availability and therefore all aspects affecting
the line performance are important. The reasons why high performance levels are required of
HVDC transmission lines are explained in the general context of HVDC transmission, as well as

in the case of the Cahora-Bassa HVDC scheme.
3.1.1 International Trends in HVDC Schemes with Overhead Transmission Lines

There is an increasing worldwide need for the construction of overhead High Voltage Direct
Current (HVDC) transmission systems in two main applications: Firstly, in traditional, long
distance point-to-point high-energy transfer applications, where the main benefits are lower
transmission line capital costs and reduced technical losses. Secondly, relatively recently there
has been a rapidly increasing requirement for HVDC due to right-of-way constraints for the
construction of new overhead lines to supply increasing energy demand. This is because HVDC
systems use significantly less space compared to similarly insulated HVAC lines of equivalent
transfer capacity. Figure 2 depicts equivalent Extra High Voltage Alternating Current (EHVAC)
and HVDC line suitable for the transfer of 7 GW.



These HVDC schemes for transferring several Gigawatts of power, utilise thyristors in the
converter stations and are referred to as “Line Commutated Converter” (LCC) schemes, or

colloquially as “HVDC Classic”.
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Figure 2: Equivalent EHVAC and HVDC overhead transmission lines for 6000 MW.

A similar comparison exists between the CB scheme and 400 kV EHVAC. The power rating of
conventional 400 kV circuits (as opposed to high surge impedance loading lines) is around
600 MW per circuit. Therefore, three 400 kV single circuit EHVAC transmission lines are
required to match the power transfer capacity of the 533 kV HVDC Cahora-Bassa scheme,

which is nominally rated at 1920 MW in bipolar mode.

Consequently, for the advantages mentioned above, the application of HVDC is becoming
more widespread and the need to understand aspects that affect the line performance, such a

lightning, is increasing.

3.1.2 Demand for Low Fault Rate for HVDC Transmission Lines

In most cases, high performance is demanded from HVDC schemes for two primary reasons:
Firstly, due to the large power transfer capacities of HVDC compared to typical HVAC lines of

comparable insulation levels, outages have a proportionately larger impact.

Secondly, although the incidence of faults due to lightning may be low compared to other fault
mechanisms, typically HVDC lines are relatively long compared to HVAC lines and therefore
the impact of faults is emphasised, and commensurately lower fault rates are required for the

same availability.

Lightning induced faults are a significant contributor to outages on transmission lines in

general.



This places emphasis on understanding the impact of lightning on HVDC transmission lines,
particularly in areas of high lightning activity. A global Lightning Flash Density (LFD) Map in
Figure 3 indicates that the LFD varies widely across the globe and highlights the consequent
effect on transmission infrastructure. The LFD is given in flashes per km? per year and has been
averaged from data over the period from 1995 to 2003. Several HVDC schemes besides
Cahora-Bassa are described and compared later in this chapter: Inga-Kolwezi (Democratic
Republic of Congo), Nelson River (Manitoba, Canada) and Leyte Luzon (Philippines). These four
schemes have been indicated on the map. As can be seen from Figure 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 the Inga-Kolwezi and the
Leyte-Luzon schemes which experience LFD of 40 - 70 and 10 - 30 respectively, would
therefore experience a larger effect due to lightning induced faults compared to the Nelson
River Scheme, which experiences a LFD of 0.2 - 3. In areas of high LFD, it is clear that it would

be critical to consider lightning in the design of the transmission lines.
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Figure 3: International HVDC schemes in relation to global lightning flash densityl.

3.1.3 Significance of Outages due to Lightning Faults on the Cahora-Bassa HVDC

Lines

In the case of HVAC overhead lines, faults are interrupted by circuit breakers and after a brief
time, usually 300 ms, the line is reconnected in a process called “Auto Re-Close” (ARC). This

results in brief outages which can affect consumers with sensitive processes.

! Adapted from “Global Lightning Frequency” produced by NASA/GHRC/NSSTC Lightning Team, 10 December 2001.



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

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

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

Cahora-Bassa Line 1 that occurred on the 26™ of October 2013 at a time of 20:43:26.995.

The Transient Fault Recorder (TFR) is installed at Apollo CS to record the voltage and current
waveforms during transients such as faults. The TFR recording from the time of the occurrence
of the fault is presented in Figure 4. At the time of the fault, the voltage collapsed to zero, and
remained at zero for close to 250 ms. Thereafter, the voltage level ramped up for 50 ms, and
beyond about 320 ms after the fault time, the voltage level on Pole 1 was restored to normal
operational voltage. Although the system recovers rapidly, there may still be a significant

impact in certain cases.
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Figure 4: TFR recording for fault on Line 1 at 20:43:995°.

2 Adapted from Miya (2014a).
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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
bridge in series for that pole, and therefore at reduced voltage. Both Apollo and Songo CS’s
have 4 bridges of 133 kV each in series per pole giving a rated voltage of 533 kV as shown in
the simplified schematic in Figure 5. Therefore, the post-fault voltage would be at 400 kV for

the positive pole instead of normal full operational voltage of 533 kV.
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Figure 5: Cahora-Bassa bipolar HVDC scheme showing the bridge voltages3.

The rated power per pole is 960 MW. Since the power transfer is proportional to the voltage,
reducing the voltage from 533 kV to 400 kV results in a substantial loss of almost 320 MW
(400°/533% x 960 = 540 MW). The fourth bridge is only switched back manually by operators
when the line is stable, and no further faults have occurred. Therefore, 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 at Cahora Bassa, as well as the line reactors which are subjected to
dynamic forces arising from the transient. In particular, the reactors at Apollo, which are oil
filled, are a concern as the forces that the windings are subjected to during these events cause

insulation damage.

% Adapted from Bahrman (2007)
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3.2 Lightning Performance Design for Overhead Transmission Lines

The lightning performance of overhead transmission lines is dependent on the coordination of

a number of related parameters that are discussed below.

3.2.1 Failure Modes of Overhead Lines due to Lightning

There are two modes of failure due to lightning that may affect transmission lines, namely

“back-flashover” and “shielding failure”. These two failure modes are described below.

The main design considerations that affect “back-flashover” performance are tower surge
impedance and tower footing resistance. The primary aspects that would affect the
performance in respect of “shielding failure” are the number and position of the shield wire(s)
in relation to the pole conductor. The tower geometry and its effect on the lightning shielding

for the various schemes indicated on the map are contrasted later in this chapter.

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

footing resistances have been implemented.

Shielding failure

In the case of shielding failure, the approaching downward leader bypasses the overhead
shield wire, and strikes the live phase (in the case of AC) or pole (in the DC case) conductor
bundle (Eskom 2005). The current impulse travelling along the conductor bundle causes the
development of a voltage proportional to the steepness of the impulse front and the
conductor bundle surge impedance. If the magnitude of the lightning current is sufficiently
high, a conductor potential which may exceed the line insulation level, will be developed at
the insulator attachment. In this case, there is a significant probability that there will be a
flashover across the line insulation, from the conductor to the earthed structure. Below a

III

certain threshold stroke current (“critical” or “coordination” current), strikes to the conductor
will not result in insulation failure as the voltage developed will be insufficient (IEEE 998 2012).
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 the “striking distance” (defined in 3.2.2 herein) of 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 some cases these strokes result in
faults. The above is valid for both stroke polarities, since this is the general case where a DC

offset is not considered.

Back-flashover

In the case of “back-flashover”, a lightning stroke is successfully captured by the lightning
protection system and terminates on the structure, or shield wire. The lightning current
impulse causes the structure potential to increase in relation to the surge impedances
presented by the tower and tower footing earth connection. If the potential on the structure
cross arm supporting the insulator exceeds the line insulation level, a flashover may occur

across the insulation from the tower to the pole conductor (Kiessling et al. 2002; Eskom 2005).

Since this flashover occurs from the structure to the live conductor, in the opposite direction
to the potential gradient during normal operation, it is termed a “back-flashover”. Faults due
to back-flashover typically occur due to relatively large magnitude strokes (Figure 6), which are
successfully captured by the shield wire, but due to high tower footing resistance, may result

in a rise in tower potential that may exceed the line insulation level.

3.2.2  Traditional Lightning Shielding Design Methods

Conventionally, various versions of the Electrogeometric Model (EGM) are applied to the

lightning shielding design for transmission lines.

The traditional Electro-Geometric Model (EGM) was first applied to the shielding design of the
first EHV (345 kV) AC transmission lines in North America in the 1950’s. It was developed
around horizontal 3-phase AC configurations with tower geometries that had large lightning
shielding angles and relatively low tower heights (He, J, et al. 2009). The EGM as applied to
tower designs with comparatively smaller shielding angles and higher conductor attachment
heights is shown by operational experience to consistently underestimate the shield failure
rate significantly (He, J, et al. 2009). This has led to the EGM being widely challenged. Tower
heights increase with the larger ground clearances required for higher line voltage and due to
field effects in order to meet guidelines for the electric field at ground level. Therefore, HVDC
lines typically have higher tower heights and smaller shielding angles, which compensate for

the increased lightning 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

conductor is neglected in the lightning shielding design.

The EGM states that the stepped leader approaching ground will flash-over the air gap
between the tip of the leader to a grounded structure that touches a radius around the leader
tip that is defined as the “striking distance”. The striking distance is therefore the length of the
“final jump” between the downward leader and the ground object where the electric field

exceeds the electrical breakdown strength (IEEE 998 2012).

The striking distance is a function of 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 therefore the striking distance.

In this model, the “striking distance” of the stepped downward leader is related to the charge
in the downward leader channel, and in turn the stroke peak current amplitude. The
magnitude of the stroke defines the “striking distance” given by a formula of the following

form:

Equation (1)

Where

D, is the striking distance in meters.
lis the return stroke current in kilo-ampere.
a and b are constants that depend on the ground object.

The striking distance depends on electric field enhancement associated with the ground object
and therefore the coefficient “a” in Equation (1) is different for masts, horizontal wires and the
ground. It can be seen from Equation (1) that the proficiency of a lightning protection system
increases with increasing stroke magnitude. Various versions of the Equation (1) (with
different values for a and b) produce results that vary by as much as a factor of two (IEEE 998
2012). The expression adopted by the IEEE 998 Working Group produces shorter striking

distances and thus results in a more conservative design.
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Equation (2) expresses these radii in terms of the stroke current (/), for the conductors (r.) and

shield wire (r;) is as follows:

0.65

ri=r.=8 1 Equation (2)

Figure 6 depicts the striking distances for the conductors (r.), shield wire (r;) and ground (r,).

The coefficient “a” for the striking distance to ground is not the same as for conductors.
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Figure 6: Traditional electrogeometric model representation for a bipolar HVDC transmission line.

More sophisticated versions of the EGM have been developed that consider other factors such
as the structure height. Notably, Eriksson discovered that the attractive potential of a
structure to intercept lightning was not only dependent on the striking distance, but also the
connection of the downward stepped leader and the induced upward leader (IEEE 998 2012).
This interception depends on the relative velocities and positions of these two leaders. The
successful leader interception is defined by a parabolic locus. The leader capture distance is
defined as the “attractive radius” (R,) and was found to be related to the structure height, as

shown in Equation 3:

R,=0.671 I°7* H*®  Equation (3)

Where

H is the structure height in meters.

15



Eriksson’s geometrical model is depicted in Figure 7.

Leader
interception locus

Striking
distance __--=="""""~== Downward
. leader

Induced
leader

Attractive
radius

33

This section presents a review of some international HVDC schemes with particular reference
to lightning shielding design. The differences between these schemes and the case study
Cahora-Bassa are discussed. The unique properties of the Cahora-Bassa HVDC scheme that

facilitate the comparison of the lightning performance between the polarities is highlighted

Figure 7: Eriksson’s Electrogeometric Model®.

Review of Existing Lightning Shielding Designs for HVDC

against the other examples

3.3.1

The lightning performance of the two HVDC transmission lines of the Cahora-Bassa HVDC lines

Introduction to the Cahora-Bassa HVDC Transmission Lines

will be investigated in this research.

* Adapted from IEEE Std 998 (2012)
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The Cahora-Bassa HVDC scheme is comprised of two independent HVDC transmission lines.
Each line consists of about 7000 towers, and runs 1414 km between the “Songo” Converter
Station (CS) near to the “Cahora Bassa” hydroelectric power station in Mozambique, and
“Apollo” CS north of Johannesburg, South Africa. This study will consider the 517 km South
African portion from Apollo CS up to the border with Mozambique at “Pafuri” shown in Figure
8. Unfortunately, since lightning data is only available for the South African section, the
remaining section will not be analysed. The “Songo” CS and the 897 km of HVDC line through
Mozambique up to the South African border are managed by “Hidroelectrica de Cahora Bassa”
(HCB). “Apollo” CS and the South African portion is owned and operated by South Africa’s only

Transmission System Operator, “Eskom” (ABB 2016).
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Figure 8: Route of the Cahora-Bassa HVDC scheme®.
3.3.2 Unique Properties of the Cahora-Bassa HVDC Lines
The Cahora-Bassa HVDC Scheme has an unusual configuration consisting of two separate

transmission lines that are particularly suitable in comparing the performance between the

two lines since the two lines have no mutual interaction and can be independently analysed.

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

negative poles are constructed as two independent lines. This line utilises self-supporting

“mono-polar” structures shown in Figure 9.

Figure 9: Mono-polar strain and suspension pylons of the Cahora-Bassa HVDC scheme®.

Cahora-Bassa is however completely unique, in that the poles follow different line routes,
generally separated by several kilometers as can be seen in Figure 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 similar, a comparison between the

performances of the two poles would indicate if the DC line polarity had any influence.

® Photo taken by G.J. Strelec in June 2012.
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Figure 10: Mono-polar HVDC line routes between Apollo CS and Mozambique border’.

There are small sections, particularly close to the terminal converter substations, where the
lines run relatively close together as shown in Figure 11. However, this is a small percentage of

the line length.

’ Adapted from the Cahora-Bassa line asset depiction in the Vaisala FALLS® software.
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Figure 11: Cahora-Bassa lines exiting Apollo cs®.

This scheme was constructed in this way in order to minimise the probability of common
mode failure due to extreme weather conditions, or flooding. The benefit of this construction
was illustrated in January 2013 when a section of Line 1, which is operated as the positive
pole, was damaged due to flooding in Mozambique. Line 1 was only restored in May 2013 and
therefore several hundred MW was lost for about five months, while the scheme was
operated at reduced capacity in mono-polar mode with only Line 2 in operation (Greyling

2014).

Another potential benefit of separate lines for the two poles is in minimising the risk due to
sabotage during times of political unrest. Nevertheless, both lines were severely damaged by

terrorist activity during the 1980’s and were only restored in late 1997 (Siemens 2016).

3.33 Lightning Shielding Design Comparison Based on Shielding Angles

The main aspect that affects the shielding failure rate is the geometry of the pole conductor
relative to the shield wire(s). This geometry is defined by a “shielding angle”, indicated in
Figure 12. The shielding angle is defined as the included angle between the line intercepting

the shield wire and pole conductor bundle and the vertical plane.

8 Photo taken by G.J. Strelec in December 2015.
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Figure 12: Bipolar HVDC tower geometry depicting the lightning shielding angle.

Traditionally, the majority of High Voltage AC lines were designed with a 30° shielding angle,
based on an empirical method of lightning protection design called the “shielding angle
method”. According to this method, reduced shielding angles engender superior lightning
shielding protection. This “shielding angle method” was commonly applied to HVAC lines prior
to the development of the Electro-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 transmission 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 rather defines the geometry
in terms of the lightning “striking distance”, the shielding angle can nevertheless be used to
describe the basic tower-top geometry. The EGM prescribes geometry that is related to
several parameters including the tower height, and electrical clearances, as well as insulation
levels. The EGM will effectively result in reduced shielding angles being necessitated in order

to achieve the required lightning performance targets for EHVAC and HVDC transmission lines.
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3.3.4  Cahora-Bassa Lightning Shielding Design

The Cahora-Bassa structures are not laterally symmetrical, with the position of the shield wire
offset from the center of the structure, to reduce the shielding angle. The shielding angle is 15°
for downward leaders approaching from the left as viewed in Figure 13. Leaders approaching

from the right hand side, however, encounter a negative shielding angle, i.e. -15°.
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Figure 13: Cahora-Bassa mono-polar suspension tower-top geometryg.

This means that the lightning shielding 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 from Cahora-Bassa suspension tower outline - Eskom drawing no. 051/601A.
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3.3.5 Inga-Kolwezi Lightning Shielding Design

Besides Cahora-Bassa, the only other known HVDC scheme to be constructed on mono-polar
structures is the 1700 km £500 kV HVDC Inga-Kolwezi scheme in the Democratic Republic of

the Congo (Figure 3).

Separate structures reduce the risk due to common mode failure in certain cases, such as
construction defects, but since the lines follow the same route, the risk of failure due to

extreme weather or flooding is not appreciably reduced.
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Figure 14: Route of the Inga-Kolwezi HVDC scheme in the DRC™.

In this scheme, there are two main aspects that affect the 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 20° is indicated in the Figure 15. As is the case with the Cahora-Bassa HVDC line,
the Inga-Kolwezi structures are not laterally symmetrical and the position of the shield wire
has been offset from the centre of the structure to improve the shielding of the pole

conductor.

1% Original line drawing produced from Open Street Map.
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20° shielding angle

Figure 15: Mono-polar structures of the Inga-Kolwezi HVDC scheme™.

In this scheme, the pole conductors are separated by a modest 60 m. The close separation of
the two poles significantly influences the mutual lightning shielding effects between the two
lines. This has the effect 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 mono-polar lines encounter a negative shielding

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

Smaller shielding angles improve the lightning shielding. The shielding angles here are not as
small as some other cases e.g. Cahora-Bassa HVDC transmission lines. However, the relative
arrangement of the two lines and mutual shielding interaction optimises the efficacy of this

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

Since the Lightning Flash Density (LFD) is exceptionally high along the route of this line
(between 40 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 lightning exposure 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.

24




Although both the Cahora-Bassa and the Inga-Kolwezi HVDC schemes utilise independent
mono-polar structures for each pole, the Cahora-Bassa 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 River bipoles of Hydro Manitoba are significant as the lines are 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 HVDC schemes besides Cahora-Bassa and the Inga-Kolwezi are constructed on bipolar
structures for reasons of economy, and in order to minimise land usage. Bipole 1 is rated at
1+463.5 kV and runs nearly 900 km from the inverter station “Radisson” to a rectifier station
“Dorsey”, near Winnipeg, Manitoba, whilst Bipole 2 is rated at 500 kV and is about 40 km

longer, running between the inverter station “Henday” and “Dorsey” (Figure 16).
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United States of America

© OpensStreetiiap contributors

Figure 16: Route of the Nelson River HVDC scheme in Manitoba, Canada™.

12 Original line drawing produced from Open Street Map.
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A further economic saving is that the Nelson River bipoles are constructed of predominantly
guyed-mast bipolar structures, which utilise significantly less steel than self-supporting
structures (Eskom 2015). The use of guyed towers introduces the advantage of reduced tower
surge impedance due to the parallel combination of the mast and four guywires, contributing

toward a reduced fault rate resulting from the back-flashover mechanism (Eskom 2015).

Lightning shielding design of Nelson River Bipoles

Operationally, the two inside pole conductors are of positive polarity. The pole conductors are
separated by only 60 m (Rizk 2012), therefore the inside pole conductors experience enhanced
lightning shielding compared to the outside negative pole conductors in an analogous way, as
described for the Inga-Kolwezi scheme. Similar to Inga-Kolwezi, 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.
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Figure 17: Structures for the Nelson River number 1 and 2 bipoles at Dorsey cs®.

Single lightning shielding wires per bipole are evident in the structure geometry of the Nelson
River towers, which results in shallow shielding angles of 30°. A single shield wire reduces costs
in terms of the cost of the conductor and also as the resultant reduced loading on the

structure saves tower steel mass.

B Photo taken by J. Lindsay, August 2005, under license of the Creative Commons.
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It is likely that the lightning shielding design for the Nelson River bipoles were based on the
traditional shielding angle method and 30° was selected. This is due to relatively low risk of
lightning induced faults arising from the low keraunic level associated with these northern
latitudes, as can be seen in Figure 3 of a global lightning flash density map 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
several lightning related faults occurred relating to both “back-flashover” and shielding failure

(Shelemy & Swatek 2001).

Faults attributed to shielding failure were due to relatively low lightning stroke amplitudes as
shown in Figure 18. The lightning shielding design coordination is such that shielding failure
will occur for small amplitude strokes below a threshold level (“critical” or “coordination”
current) that is unlikely to cause potentials large enough to cause insulation failure and thus
line faults. In this case, the strokes leading to faults due to shielding failure are below the
threshold level, indicating that the lightning shielding design may be inadequate. It is

unexpected that a stroke with an amplitude of 15 kA (Figure 18) resulted in a fault.

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

flashover mechanism.

Therefore, the lightning induced faults exhibit a “bimodal” distribution for the two fault
modes. There will be a range between the distributions of current amplitudes for the two
modes of failure, where the lightning protection system and insulation coordination design will

successfully prevent lightning induced faults (Shelemy & Swatek 2001).

27



Shielding Failures: 4

35kA
£ 24
3 Back-flashovers: 2
:g 105kA 135kA
@ 1 4 15kA 25kA Design is effective
-E for middle range
5 amplitudes

0 20 40 60 80
Peak Current Amplitude [kA]

Figure 18: Lightning related faults on the Nelson River HVDC lines™.
3.3.7 Leyte-Luzon Lightning Shielding Design
Most other HVDC schemes are constructed of bipolar structures that support both positive

and negative pole conductors, and are generally isolated from other HVDC lines as shown in

Figure 19 of the Leyte-Luzon £350 kV HVDC scheme in the Philippines.

Figure 19: Structures of the Leyte - Luzon HVDC scheme in the Philippinesls.

* Adapted from Shelemy & Swatek (2001).
15 Photo from http://www.mapelveiculos.com.br/home/hvdc-transmission-ppt accessed on 10 January 2016
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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 symmetrical and 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 (15°) improving the shielding of the pole conductor. In addition, the shield 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 shield wire (and tower), and the pole

conductor, during a strike to the shield wire. This reduces the probability of a back-flashover.

3.3.8 International Lightning Protection Design Best Practice for HVDC Lines

As can be seen in the previous examples, the lightning shielding 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 consistency in 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 in Figure 20 which depicts the only HVDC line-crossing 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 lightning shielding
designs despite being exposed to a similar average level of keraunic activity along their routes.
The Square Butte (SB) bipole (commissioned in 1977) uses guyed-mast structures, similar to
the Nelson River scheme with a single shield wire (30°) whilst the Coal Creek—-Underwood (CU)
bipole (commissioned in 1979) uses self-supporting towers with two shield wires and
therefore steeper shielding angles (15°) offering better protection (Chan-Ki et al. 2009). The
self-supporting towers and dual shield wire configuration come at a substantial cost premium
but it seems that the shielding benefit over the single shield wire design has not been
quantified. The CU bipole that is comprised of self-supporting towers operates at £400 kV, and
SB bipole operates at £250 kV (Chan-Ki et al. 2009) and it appears that the design has been

optimised to save costs.
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Figure 20: HVDC line crossing in North Dakota, USA™.

Besides the variation in lightning shielding design, another aspect that is apparent in all these
examples is the need to optimise the costs of the HVDC transmission line. The cost
optimisation of HVDC lines is perhaps even more critical than with HVAC, due to the generally
significantly longer line lengths. Yet the performance is also more important than HVAC due to
the much higher power transfer of HVDC and therefore impact of outages. These two
56+factors, which affect the cost-to-performance ratio (discussed further in 3.1.2), logically
emphasise that the understanding of the lightning performance and the shielding design

implications of HVDC lines, is 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 Network (LDN) 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 Weather Service (SAWS) manages the South African Lightning Detection
Network (SALDN). The initial network, comprised of nineteen “Vaisala LS7000” Thunderstorm
CG Enhanced Lightning sensors, was installed in 2005. The sensors are located across South

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

'8 Photo taken by “Wtshymanski”, June 2010, under license of the Creative Commons.
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“Vaisala” is one of the foremost international LDN system suppliers and also owns and
operates the U.S. National Lightning Detection Network (Bardo 2005). The sensors (Figure 21)
were an international performance standard at the time. The LS7000 sensors are designed to
detect cloud-to-ground (CG) lightning strokes. Later models such as the LS7002 can also detect
Inter-Cloud and Intra-Cloud (collectively IC) lightning discharges; however, these are of lesser

practical interest compared to CG strokes that affect ground objects.

Figure 21: Vaisala LS700 Cloud-Ground Lightning Sensor (Bardo 2005).

In 2010, 4 additional sensors were added to the network for a total of twenty-three sensors.

Figure depicts the complete SALDN at present (Jan 2016).
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Figure 22: The South African Lightning Detection Network sensor positions (Gibjen 2012).
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3.4.2 Lightning Detection Techniques used by the SALDN

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 and TOA
technologies in a single detection sensor is referred to as “Improved Accuracy using Combined

Technology” (IMPACT).

The operation principles and limitations of the two techniques that are used by the SALDN

sensors are described in more detail in the following 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 stroke location as shown in Figure 23. 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
occurred. The most likely and therefore reported location is determined by minimising the

sum of the square of the azimuth errors (Hunt 2012).

LDN Sensor 1 LDN Sensor 2

Locus within
which actual

stroke occurred LDN Reported

Stroke Location

Errorsin

Direction

Figure 23: Reported stroke position as determined by the MDF technique”.

7 Adapted from Hunt (2012).
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When three or more sensors report a lightning discharge, an optimisation algorithm can be
used to minimise the “angle disagreement” between the sensors. Figure 24 shows the
“triangle of error” that is produced by the azimuth errors between the three sensors. The

IM

“optimal” or “most probable” location is computed by minimising the errors between the
reported directions of the three sensors. The most probable location is not necessarily the

actual stroke location but should be in close proximity.
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Figure 24: 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 produce poor results. When the lightning
strike occurs close to the line between the only two reporting sensors, even small errors in
azimuth can produce large errors in location. Therefore, for useful results in all cases, there

should be at least three detecting sensors (Cummins et 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 electromagnetic pulse that emanates 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 electromagnetic 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 each sensor 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 position of the stroke
is located as shown in Figure 25. The reported location is obtained by minimising the sum of

the squares of the errors between the detecting sensors (Hunt 2012).
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Figure 25: Optimal estimate of stroke position as defined by the TOA techniquels.
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

even when only two sensors detect the electromagnetic pulse (Hunt 2012).

'8 Adapted from Hunt (2012).
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This method depicts the reported location of the stroke by means of a “location error ellipse”
which is an area within which the true position of the stroke exists with a finite probability.
These ellipses are alternatively referred to as “confidence ellipses” and are associated with 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 the true position,
as shown in Figure 26. A 50% ellipse means that there is a probability of 0.5 that the stroke
occurred within that ellipse. The 50% ellipse is substantially smaller than the corresponding
99% ellipse, as the larger 99% confidence ellipses encompass a larger area related to the
higher probability that the stroke occurred within the ellipse. The scaling factor between the

50% and 99% ellipse major and minor axes is a fixed 2.578 (Cummins et al. 1998b).

Confidence or Error Ellipses

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

Figure 26: Confidence ellipse with the reported location and true stroke location.

3.4.3 LDN Operation and Performance

LDNs utilise sensors that detect the magnetic field associated with the lightning return stroke
current. The stroke peak current amplitude is inferred from the measured 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 the stroke. Two factors determine 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

detecting 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 location. Therefore, the
number of detecting sensors will also depend on the relative position of the sensors to the

stroke location.

Depending on the combination of the stroke amplitude and the relative positions of the
sensors, the number of detecting sensors will vary for each stroke. In evaluations 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 and 2 km whereas strokes
detected by only two sensors showed location errors of 2 km or more (Hunt 2012). As the
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 consistent
with the MDF and TOA techniques, whereby the process of the minimisation of the errors of
individual sensors means that increasing numbers of reporting sensors will result in a

decreasing location error in the reported location of a stroke.

In order for the LDN to report the stroke location using the combined MDF/TOA technique, a
minimum of two sensors must detect the stroke. If there are only two detecting sensors, the
ellipse has a “flattened” appearance where there is a significantly larger uncertainty along the

major axis as shown in Figure 27. As stated above, the location error is about 2 km or more.
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Figure 27: Confidence ellipse for the reported stoke location with two detecting sensors’

If the combination of stroke amplitude 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 for three and four detecting sensors are shown in Figure 28.

¥ Adapted from an extract from Vaisala FALLS ©.
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Figure 28: Confidence ellipses for stroke locations with three and four detecting sensors’’.

In Figure 28, the 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 the ellipse for 9 kA detected by the same
number of sensors. The relationship between the ellipse size and stroke current is not direct
one. Whilst higher current strokes will generally be detected by more sensors and therefore
the position will be computed more accurately, this is not true of every detection. The size of
ellipse is primarily dependent on which specific sensors detected a stroke, as well as the

internal settings of the LDN system and the sensors (Cummins et al. 1998b).

For the U.S. NLDN, which uses similar technology to the SALDN, strokes with an estimated
peak current of 5 kA are typically detected by between two and four sensors, whilst strokes of
25 kA are detected by between 6 and 8 sensors (Cummins et al. 1998a). This is also typical for

the SALDN as shown in the investigation.

If the number of sensors that detect the stroke increases further, the confidence ellipse tends
toward a circle. The red circle in Figure 29 depicts the position of a stroke that was detected by
twelve Sensors. The orange ellipses are strokes, which have only been detected by three or

four sensors.

2 Adapted from an extract from Vaisala FALLS ©.
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Figure 29: Confidence ellipses for individual strokes detected by twelve, four and three sensors’".

3.44  Accuracy of the Lightning Data

The two main performance 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 low, only relatively higher-amplitude flashes will be detected. 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 cloud-to-ground lightning and a median location accuracy of 500 m

(Smidt, 2004).

Figure 30 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 is 100 km by 100 km square. Within each
block, four values are reported. The top number is the median stroke location accuracy in
kilometres. The required location accuracy is 500 m, which is a typical international
performance target. This median location accuracy is associated with the second value, which
is the number of strokes that were detected. The third number is the flash DE, for which the

target is 90%.

2 Adapted from an extract from Vaisala FALLS ©.
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The fourth value is the number of reported flashes and the average number of strokes to
flashes (“multiplicity”) is between about 1.8 and 3. If the targets for both location accuracy
and detection efficiency are met, the values are depicted in green, whereas if below the
target, the values are indicated in red. Some parts of the country such as the Western Cape
are not adequately covered by detection sensors and therefore do not report 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 activity, the 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 order of between 65 and 87 ms (Cooray 2010).
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Figure 30: Sample of the performance of the SALDN for the week 17 — 24 November 2014 (Courtesy of
Richard Evert).
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3.5 Cahora-Bassa Protection Scheme Operation and Accuracy

In this section, the basic operation of the Cahora-Bassa line protection system is explained.
The accuracy of the fault time stamps used for the lightning correlation is discussed.

3.5.1  Operation of the Protection Scheme

The DC line protection system functional type is referred to as “Line Derivative Protection
System”. The main system components of the system are shown in Figure 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 detector
rectifies the resulting high derivative voltage drop, which is compared to a pre-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 Locator (LFL), which is used to detect
faults and to determine their location on the DC lines of Pole 1 and Pole 2 by using the Time of
Arrival (TOA) technique of the travelling wave that results from a fault transient. GPS satellites
synchronised at each end of the 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

cc cc

Figure 31: Main components of the LFL systemzz.

* Adapted from Vestergaard (2006)
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The LFL system reports the GPS clock times for the 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 nanosecond resolution and have been
rounded to milliseconds for the purposes of entering the fault times into the lightning fault

correlation software, which only accepts the fault times to that level of resolution.

The LFL system is comprised of two redundant systems: “Primary LFL” and “Secondary LFL”
which is a backup to the primary system. The secondary system has not been operating
reliably and therefore has been disregarded in this investigation. The fault times reported
from the LFL system are assumed accurate as they are derived from GPS times. The LFL system
was commissioned 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, a line fault constitutes a breakdown of the line
insulation and a short circuit to earth. This short circuit results in the normal operational
voltage collapsing to a very low value. The operation of the protection system is based on the
rate of voltage collapse, i.e. dv/dt. There is a defined threshold of dv/dt that is used as a
trigger for the protection system. Rates above the threshold will result in either “Pole 1” or
“Pole 2” being recorded, indicating a fault on either one of the two lines. If the dv/dt is above
the protection threshold, the current is reduced to zero by altering the bridge thyristor firing
angle to 0°. After 250 ms 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 further flashovers. If there is a second fault within five minutes, the affected

pole is “locked out” and the voltage is kept at zero.

Rates that are below the threshold may result in “Pole 0” being recorded by the LFL scheme.
These events are due to indeterminate transients, which are currently under investigation, and
not line faults. One of the possible events that may result in “Pole 0” being recorded is
suspected to be flashover of the insulated shielded wire spark gap. Therefore, “Pole 0” does

not indicate a fault on either Line 1 (“Pole 1”) or Line 2 (“Pole 2”) and has been disregarded.

There is one LFL report per day while the system is in operation. Most of the reports are blank,
indicating that no fault events have been recorded. A small portion of the reports 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 this reason, the faults from the LFL system have
been crosschecked with a database of faults maintained by the Apollo CS operational staff
(Greyling 2015). During the crosschecking process, some faults were identified on the
database that were not reported on the LFL. These additional faults have been considered for
the correlation with lightning activity. 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.

Generally, the LFL time stamps should be precise. However, there may be cases where the LFL
may not always be accurate, as the threshold for protection pickup may not be calibrated. In
order to calibrate the system, it is necessary to stage several faults on the line, as these faults
stress the line reactors and generator machines at the Songo hydroelectric plant, the
calibration has not been completed. There is no definite information available regarding the

potential inaccuracy of the LFL.

In order to have fully redundant systems, it is planned to commission a new and more

sophisticated LFL system in February 2016, and to calibrate both systems simultaneously.

3.6 Scope of the Dissertation

The scope is to investigate the lightning performance of the 517 km South African portion of
the two Cahora-Bassa 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 correlated with 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 back-flashover modes of failure, but probable causes for failure are
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 determine if the results agree with other published

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

necessary to model the HVDC case, and determine the lightning shielding design impact.

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

lightning protection of HVDC lines, is discussed.
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4. Literature Review and Gap Analysis

In this chapter, 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 lines, are 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.

The research commenced with a literature review 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 textbooks on lightning protection (Cooray 2010) and on overhead lines
(Kiessling et al. 2002; Eskom 2005), do not consider particular lightning protection
requirements for DC lines. There is only one known published reference book (Maruvada
2008) that considers the requirements for lightning protection design for HVDC (Rizk 2012).
Although this philosophy is based on the contribution of a single researcher, it remains the

best approach for HVDC design to date.

Traditional lightning protection design methods such as the Electro-Geometric Model (EGM),
and published international standards (IEEE 998 2012) as applied to HVAC applications may
not be suitable for HVDC, and revised models are required. Notably, these traditional design
principles do not cater for ground objects energised at an HVDC voltage and may therefore be
inadequate for design optimisation and performance prediction. Traditional methods have
been extended, or new models developed, for HVDC lightning protection analysis as proposed
by several researchers (Maruvada 2008; 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 DC transmission 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 general operational experience with bipolar £500 kV HVDC lines in China indicates that the
positive pole experiences significantly more direct stroke penetration events that lead to
outages. In particular, for the 500 kV Jiang-Cheng line, which is a part of the Three-Gorges
project commissioned in 2004, 11 out of 13 lightning shielding failure related outages occurred
on the positive pole (He, H, et al. 2009). This trend is consistent with performance records on

the +500 kV Tian-Guang and Gui-Guang lines (He, H, et al. 2009).

The operational experience data for the +500 kV HVDC lines in China Southern Power Grid,
indicates that the ratio between the number of shielding failure faults for positive and
negative poles of lines is roughly between 8:1 to 10:1 (He, J, et al. 2009). In agreement with
the operational data, fractal simulation results showed that the probability of shielding failures
to positive pole conductors is significantly higher than that of negative conductors (He, J, et al.
2009). This is also consistent with the lightning physics (explained further in 8.2.1) where
under conditions of negative downward leaders, the positive pole conductor more readily
experiences induced upward leaders and is consequently, more vulnerable to shielding failures

(He, J, et al. 2009).

During the period of 1994 and 1995, the Hydro Quebec * 450 kV line from Radisson to Nicolet
(1200 km), experienced 12 lightning related faults, i.e. 0.5 Faults/100 km/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: +463 kV and Bipole 2: +500 kV) HVDC lines of Hydro
Manitoba, where 4 out of 5 faults that occurred due to lightning, affected the positive pole
(Maruvada 2008). Furthermore, despite being better shielded, the positive poles are more
affected by lightning, than the negative poles. Operationally, the positive polarity is run on the
inside conductors of the two bipolar lines, which are separated by a mere distance of 60 m
(Figure 32). This results in significantly better shielding for the positive poles than for the
negative poles, which are operated on the outside conductors. This case also suggests that the

positive pole is more susceptible to lightning-induced outages.
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Figure 32: Hydro Manitoba’s Nelson River two bipolar HVDC transmission lines configuration.

Although the above three examples are 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 500 kV EHVAC transmission lines has
shown that the majority of lightning related faults are due to shielding failure (He, H, et al.
2009). This is consistent with performance data from China, which indicates that for EHVAC
transmission lines, more than 90% of lightning related outages are due to shielding failure, and
further that the rate of failure for HVDC lines exceeds that of EHVAC lines (He, H, et al. 2009).
Therefore, lightning shielding failure is emphasised over back-flash incidents in the

performance of HVDC lines.

From the literature review, it seems that the HVDC polarity does affect the lightning
performance of HVDC transmission lines. It is also apparent that the understanding of lightning

protection applied to HVDC transmission lines is inadequate.

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

Cahora-Bassa HVDC Transmission lines.
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5. Approach Taken

The approach for comparing the lightning exposure between the two Cahora-Bassa
HVDC transmission lines is detailed. The approach for determining the fault rate of
these lines from the fault times of the line protection system and lightning data is

explained.
5.1 Overall Approach

The two transmission lines of the Cahora-Bassa (CB) HVDC scheme will be used as a case study
to investigate trends in lightning induced faults on these lines, in order to compare the two

poles in terms of lightning performance.

Reliable performance data is accepted to be scarce internationally (Rizk 2012). This is despite
lightning faults having characteristic signatures with steep wave fronts that are readily
distinguishable from other faults e.g. flashover due to ground fires under the line.
Furthermore, the sensitivity of historical performance information makes it difficult for utilities
to publish. It is therefore fortunate that about 7 years of fault and lightning data is available

for the Eskom portion of the Cahora-Bassa HVDC Lines.

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

scheme over an 8-year period.

The second part will be to correlate all line faults over a 7-year period with lightning activity in

order to determine which line faults were caused by lightning.

If the lightning exposure for the two lines is very similar, a comparison can be made in order to

determine if the HVDC line polarity has any influence on the fault rate.
5.2 Approach for Comparing the Lightning Exposure

The aim of the research is to compare the influence of the pole voltage, of the two polarities,
on the incidence of lightning related faults. For the comparison to be valid, all other influences

must be excluded.
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5.2.1 Factors Affecting the Lightning Exposure of Ground Objects

Several factors may influence the formation and discharge of lightning to the ground. The
lightning exposure of the two lines could be different due to various factors including the

following:

Altitude — As the lines may be separated by several kilometres, the altitude of the two lines
may differ by several hundred meters. The reduced distance between cumulonimbus clouds
and ground may affect the lightning exposure of the two lines. There is also a decrease in the
return stroke current with increasing altitude, which may affect the probability of lightning

induced faults.
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Figure 33: Altitude above Sea Level along the South African Portion of the CB Transmission Lines.

Topography — The ground topography associated with the line route may result in parts of the
line being elevated, compared to the surrounding area, which may affect the line’s exposure

to lightning activity.

Vegetation — Where the lines are partially shielded by tall trees, a lower strike incidence can

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

Local meteorological effects — Altitude and ground topography may affect local weather

conditions, thereby influencing lightning exposure.
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Besides the above-mentioned factors, there may be other unknown aspects that influence the

lightning exposure of the two lines.

5.2.2 Approach for Comparing the Lightning Exposure

There are two 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 considered 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 statistical significance. The aim is to determine if there are any trends that concur with

international reporting on the performance of other HVDC lines.

For these reasons, the approach is rather to compare the overall lightning exposure of the two
lines for the 500 km line length, and if the exposure is very similar, then any factors that may
result in a disparity are effectively negated, only the effect of the polarity will determine the
incidence of lightning induced faults. That is, if the overall lightning exposure is very similar,

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 factors affecting the lightning exposure of each individual line.

5.3 Approach for Determining Fault Rate

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

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

In the next chapter, the methodology that will be followed in order to implement the
approach described in this chapter will be proposed.
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Proposed Methodology

The method for comparing the lightning exposure for the two transmission lines of
the Cahora-Bassa HVDC Scheme is detailed. The methodology for fault correlation
process is presented. A method for the classification of the likelihood that a

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

The overall methodology is illustrated in the following flow chart (read from bottom upwards):
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Figure 34: Overview of the proposed methodology.
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There are two main processes: The first is to compare the lightning exposure of the two lines.

The second is to correlate line faults with lightning activity.

Both processes require lightning data, which is provided by the South African Lightning
Detection Network (SALDN) that is managed by the South African Weather Service (SAWS).
The protection time stamps for the fault correlations originate from the HVDC line protection

scheme.

Once both processes have been completed, the results can be interpreted to determine if the

hypothesis has been proven.

Both of these processes 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 methodology, the performance results of the CB lines will

be compared to other international operational experiences.

6.3 Software Package Used for Lightning Analysis

The lightning data is analysed with the Vaisala-GAl Fault Analysis and Lightning Location
System (“FALLS”) Version 3.2.4., developed by Global Atmospherics Inc. of Tucson, Arizona in
the USA (Vaisala acquired Global Atmospherics in 2002).

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

related analysis; however, the following two tools have been used in this work:

a) Small Area Exposure Analysis — Used to determine the lightning exposure of an asset

for a certain period.

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

fault times.

The SAE and RA tools produce both graphical and tabular outputs 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 Cahora-Bassa

Lines

A methodology for comparing the overall lightning exposure for the two lines is proposed
below. This process is performed using the Small Area Exposure Analysis tool in the FALLS

software introduced above.

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

In order to investigate the hypothesis that the HVDC polarity affects the lightning induced fault
rate, the two polarities must be compared under the same conditions. The significant factor
influencing the relative lightning performance between the positive and negative poles is the
overall lightning exposure of each line. If the lightning exposure of the two lines were
different, a comparison would only be possible if all 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 mono-polar lines is very similar,

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 with the line polarity 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 been operated almost exclusively in the positive polarity. This is best

suited to the configuration of the thyristor bridges at the converter station.
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The Scheme was constructed in the mid-1970s 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 functional bridges at Songo (as shown in Figure 35), subsequently, both poles cannot be

operated at full voltage simultaneously.
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Figure 35: Cahora-Bassa Bipolar HVDC scheme with 7 bridges at Songozs.

Pole 1 is usually operated at positive full voltage of +533 kV DC, with four bridges of 133 kV in
series. Pole 2 is operated at -400 kV DC since there are only three bridges in series available for
the negative pole. Figure 36 shows the relative positions of the line routes for Pole 1 and Pole

2.

The preference is to operate the positive pole at full voltage rather than the negative, for two
reasons. Firstly, the positive pole experiences a better signal-to-noise ratio (S/N) for power line

carrier (PLC) telecommunications in relation to the operational line voltage (Hubbard 2016).

» Adapted from Bahrman (2007)
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Secondly, the 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 operate at a

reduced voltage (Hubbard 2016).

0 50 100 150km

Line 2
- 400kV

\ Line 1

+ 533kV

Figure 36: Cahora-Bassa Mono-polar HVDC lines showing normal polarity arrangementu.

During the winter of 2014, the poles were reversed and Line 1 was operated as negative. This
reversal was necessitated by a technical problem at Songo converter station. It was however,

verified that there was no lightning activity close to the line during this period and therefore

no influence on the performance statistics.

2% Adapted from the Cahora-Bassa line asset depiction in the Vaisala FALLS® software.
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6.4.3  Regional Statistical Analysis and Lightning Flash Density along the Cahora-

Bassa Lines

This “FALLS” technique is used to determine the historical average lightning exposure over

large geographical areas (Smidt 2003).

The lightning ground flash density map for 2006 to 2011 (Figure 37), shows that the flash
density is higher near Apollo CS, between 10 — 15 lightning flashes per square kilometre, and
reduces to between 1 — 2 flashes per km? close to the Mozambique border. Therefore, the

500 km South African portion predominantly affects the overall lightning performance of the

scheme.
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Figure 37: Cahora-Bassa line route overlaid onto the lightning ground flash density map from 2006 -
20117,

This technique is not of particular significance for the investigation of the lightning exposure of
the Cahora-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 Cahora-Bassa lines.

» Adapted from Gibjen (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 lightning 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 by polarity and amplitude

within user-defined asset buffers (Vaisala 2012).

In general, EA allows the asset owner to prioritise mitigation measures and justify expenditure

based on the risk of lightning faults.

The “Small Area Exposure” Analysis (SAE) tool in the “FALLS” software offers two variations,
either a “point-by-point” or a “gridded exposure” analysis. The “point-by-point” analysis
depicts individual lightning events as points signifying their reported locations, whereas the
“gridded exposure” shows the density of lightning activity within defined grid squares over the

analysis area.

The SAE analysis function was used to determine the lightning exposure statistics for the two
Cahora-Bassa lines, over a period of eight years, from the 1st March 2006 to 1st March 2014,
for which SALDN data was available at the time (December 2014).

The SAE “point-by-point” function was used to display the analysis on a “point” basis for each

stroke. The density of the dots gives a subjective indication of the lightning stroke density.

The lightning exposure for the Cahora-Bassa lines is demonstrated by the cumulative lightning
strokes for both positive and negative polarities, within a 1 km buffer region around each of
the two lines. An example for the SAE for Cahora-Bassa Line 1 between Apollo CS and the
Mozambique border for the period between the 1st October 2014 and the 31st March 2015 is
shown in Figure 38. Individual strokes are depicted as “dots”, however, due to the scale; these
dots are not individually discernible on the graphical representation of the South Africa

portion of the line.
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Figure 38: Graphical presentation of SAE analysis for the South African portion of Cahora-Bassa Line 1
for 1 October 2014 - 31 March 20157,

The individual strokes are visible in Figure 39, which shows the first 30 km of Line 1 from

Apollo CS.

% Adapted from an extract from Vaisala FALLS ©.
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Figure 39: Graphical presentation of SAE analysis for Cahora-Bassa Line 1 near Apollo converter
station for 1 October 2014 — 31 March 20157,

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

Figure 40.
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Figure 40: Lightning statistics for the South African portion of Cahora-Bassa line for the period SAE for
the period 1 October 2014 — 31 March 2015.

The following are salient aspects of the lightning exposure:

A. Number of strokes: There were 13,118 strokes within the buffer region for Line 1.

%" 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 10 kA are disregarded from the statistics, as there is potential that these Cloud-
to-Ground (C-G) strokes may be misidentified with Cloud-to-Cloud (C-C) strokes. This skews

the statistics slightly, in favour of a higher percentage of negative polarity strokes.

C. The maximum, mean and minimum peak currents are given.

D. As expected the mean positive stroke peak current (D1) is higher (21 kA) than that of
the negative polarity (16 kA).

Graphical representations of sections of the Apollo-Pafuri Line 1 of the lightning exposure
produced by the FALLS SAE Analysis tool for the period from the 1st of March 2006 to the 1st
of March 2014 are shown in Figure 41 and Figure 42. As before, each “dot” represents a
lightning stroke. Interestingly, the density of the strokes along the transmission lines appears
to be noticeably higher than the surrounding area, though this is to be expected, as tall objects
such as power lines are associated with a greater probability of being struck by lightning due

to having an “attractive potential” greater than the surrounding area.

APOLLO CONVERTER
STAHO

Figure 41: Graphical presentation of SAE Analysis for the Cahora-Bassa Line 1 near Apollo CS for the
period SAE 1 March 2006 — 1 March 2014%%,

% Adapted from an extract from Vaisala FALLS ©.
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Figure 42: Graphical presentation of SAE Analysis for the Cahora-Bassa Line 1 near the South Africa -
Mozambique border at Pafuri for the period SAE 1 March 2006 — 1 March 2014%.

By comparing Figure 41 and Figure 42, it can be seen that the lightning stroke density is
significantly higher to the south of the line near the Apollo CS, compared to that near to the

border with Mozambique.

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

Cahora-Bassa lines over the period of consideration from 1 March 2006 to 1 March 2014.
6.4.6 Input Data and Outputs for Small Area Exposure Analysis

The “Small Area Exposure Analysis” (SAE) Tool in the Vaisala FALLS software was used to

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

The input browser for the SAE Analysis tool is shown in Figure 43 below. The significance of

the various inputs and options are explained thereafter.

% Adapted from an extract from Vaisala FALLS ©.
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Figure 43: Small Area Exposure Analysis input screen®.

Below follows a description of each input and what option should be selected for the SAE

analysis.

Database Options

There are two sets of lightning databases, one for “Flashes” and the other for “Strokes”. Since
accurate fault times are available, it is preferred to use the stroke database to find close
correlations between lightning events and the recorded fault times. The following database

options exist in the software:

1. “Real-time” databases — Lightning events are loaded into the database as they occur.

2. “Reprocessed” databases — These databases are manually loaded daily with all
lightning events including delayed detection sensor reports that were affected by

communication network availability.

3. “Spanned” databases — Spanned databases use all data available from the
“Reprocessed” databases and then utilise real-time data at the end of the reprocessed data

set.

% Adapted from SAE Browser from Vaisala FALLS ©.
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Therefore, “Reprocessed” databases will be more complete than “Real-time” databases, and

are used for the correlation process.

Minimum Peak kA for Analyses

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

stroke current that 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 is recommended to use a minimum
buffer radius of 1 km, however when investigating lightning activity that may have affected

the asset, the buffer should be minimised, and 1 km is therefore suitable (Evert 2011).

Display Lightning Events and Statistics

The analysis is performed only in the buffer region by selecting “Asset Buffer Region Only”
which is typically 1 km on either side of the line. Displaying “All of Current Map Region” is not
suitable as this option considers all lightning activity within the region, whereas the
investigation objective is to determine the lightning exposure of the asset. The option of
displaying “All of the Current Map Region” is used for “Regional Statistical Analysis” in order to
assess the lightning exposure over large areas, and is useful 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 time-related trends (Vaisala 2013). The total period for the analysis is between the
entered “Start” and “End” time and is divided into the “Time Intervals” along the X-axis. The Y-
axis plots the “count” or number of lightning events (either strokes or flashes) as shown in
Figure 44 below. The graphs are plotted for either negative or positive polarity, or both. In the
graph below (Figure 44) colour is used to depict polarity. The blue portion of the bars
represents positive polarity strokes, whilst the green represents strokes of negative polarity. It
is apparent in this region that the positive polarity strokes make up a small proportion of the
overall lightning exposure. The time trend graphs are useful for determining when lightning

activity occurred.
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Figure 44: Stroke time trend for Cahora-Bassa Line 1 Apollo-Pafuri for the period from 1 October 2013
—29 October 2013*,

As the 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 periods of 1 month, a time

interval of 1 day can be used to determine which days lightning activity occurred on.

If greater accuracy is required concerning the time of day when the lightning occurred, 6-
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 Figure 45, the time trend graph has been used to ascertain which days of the winter months
(in this case the “dry season”) there was lightning activity. This is useful in order to rule out
lightning as a cause of faults during the dry season. There may be days in the dry season where
there is lightning activity, although it must be noted that it is very limited, at roughly a 10th of

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

3 Adapted from SAE output from Vaisala FALLS ©.
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Figure 45: Stroke Time Trend Cahora-Bassa Line 1 Apollo-Pafuri from 1 June 2009 — 30 August 2009%.

In this research, 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 not be further investigated for
correlation with lightning strokes. This is particularly useful for faults, which occurred during
the “dry season” where no lightning activity is expected. Although atypical, storm events may
occur in the dry season. Figure 46 below depicts the lightning activity for a 3-month 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, 1st of August and 27th of August. SAE Analysis can therefore be used to

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

A4

Activity increases in spring 1€

Very sparse lightning activity during
winter months

Stroke count

1 1
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Figure 46: Stroke Time Trend for Cahora-Bassa Line 1, Apollo-Pafuri 1 March 2013 — 1 March 2014.%

%2 Adapted from SAE output from 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 interpretation. With this time interval, it is difficult to ascertain the date on

which there may have been activity, as 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 intensity. This distribution characterises the lightning activity within the buffer zone.
The divisions on the X-axis represent the peak current levels expressed as bins associated with
the stroke. The current intervals are user-selected and the recommended step increment is
1 kA (Evert 2011). The Maximum current interval is the highest amplitude current that will be
individually displayed. Above this threshold, 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 investigation. Typically, there are relatively few strokes with amplitudes above
50 kA and the maximum interval can be set to this value. If it is necessary to investigate details
about large amplitude, strokes the value can be set to say, 200 kA. It is extremely unlikely that

there are any amplitudes exceeding 160 kA as shown in Figure 47.

The Y-axis is the stroke “count” or the number 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‘\'\‘I'\'\‘\‘I‘\‘I'I‘\'\‘I’I'\'\‘I‘\'I'W‘I‘\'\’I'\‘\'\‘I‘HW‘ B BA RN BABAN
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Estimated Peak Current in kA

Figure 47: Peak Current Frequency for negative polarity strokes for Cahora-Bassa Line 1 Apollo-Pafuri
for the period from October 2013 — 31 March 2015*,

% Adapted from SAE output from Vaisala FALLS ©.

3 Adapted from SAE output from Vaisala FALLS ©.
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Figure 48: Peak Current Frequency for positive polarity strokes for Cahora-Bassa Line 1 Apollo-Pafuri
for the period from 1 October 2013 - 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 magnitude. Therefore, the SAE Analysis can be

used to compare the lightning exposure in terms of polarity.

This comparison forms the basis of the investigation, as in order to compare the effect of the
HVDC Line polarity on the lightning performance, the lightning distribution within the buffer

regions for the two lines must be very similar.

% Adapted from SAE output from 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 the Reliability Analysis tool in the FALLS software introduced

above.

6.5.1 Introduction to Fault Correlation with Lightning Activity

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

of the time and position information, which will be compared.

Firstly, the recorded time of a fault from the line protection system is correlated with lightning
stroke times from the LDN data. Therefore, the 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 accuracy of both systems is discussed below.

Secondly, the locations of the time-correlated lightning strokes must be spatially correlated
with the position of the line. The position of the transmission-line support towers is accurately
known from the Global Positioning System (GPS) and is loaded into the simulation software.
The stroke position is however not precisely known. The LDN provides so-called “confidence
ellipses” as defined in Chapter 2 (Background), which are ellipse shaped areas wherein which
there is a finite probability that the lightning stroke in question occurred. All strokes with
confidence ellipses that overlap the user-defined “buffer zone” around the line are considered
for the analysis. Therefore, the accuracy of the LDN in detecting the positions of strokes is

important. The operation and detection accuracy of the SALDN in described in Chapter 2.

LDN’s detect the electromagnetic pulses associated with lightning strokes, and use algorithms
to group a number of strokes into a flash, based on detected time and reported location
(Cummins et al. 1998a). Either lightning flashes or strokes can be correlated with faults.
However, individual lightning strokes are used for fault correlation purposes, as the fault times
are accurately known and can be correlated with individual strokes. In some cases, there may
be several faults associated with multiple strokes of a single flash. These groups are

considered a single fault event on the line.
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Generally fault times correlate precisely (i.e. within one millisecond) with lightning stroke
times. These differences arise from rounding-off of the fault times. However, occasionally
small differences, of the order of 10’s of milliseconds, between fault time and lightning stroke

time are evident.

6.5.2 Definition of Buffer Zone and Confidence Ellipse

Buffer Zone for Lightning Analysis

The buffer zone is a user-defined area around an asset within which the impact of lightning
discharges will be investigated. This allows for strokes that are too far from the line to interact,
to be disregarded. The buffer zone is defined in terms of a radius around the asset as can be
seen in Figure 49 where a radius of 1 km around the Apollo-Pafuri Line 1 has been defined (the
distance between the outside of buffer zone is 2 km). The buffer zone will result in an area
parallel to the line with a fixed width of 1 km to be defined wherein which lightning activity

will be considered.

1km buffer zone around line

' Cahora-Bassa

(Apollo-Pafuri) Line 1

Figure 49: Example of 1 km buffer zone for Apollo-Pafuri Line 1 near Apollo cs*.

Where the line section for investigation terminates at the border with Mozambique (Figure

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 ©.



the final transmission line tower. Furthermore, discharges outside of the buffer zone are
discarded, and only discharges within the buffer zone are displayed and considered in the

statistical investigation.

Lightning strokes 4
with buffer zone i
1km radius
Buffer Zone
*
*
* *
*
* *
*
* Apollo-Pafuri Line 1 (Positive)
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N,
OQ\
o
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Figure 50: Example of 1 km buffer zone for Apollo-Pafuri Line 1 near to the Mozambique border®.

Confidence Ellipse Associated 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 sensors. This results in the reported position being displayed as an elliptical locus,
instead of a precise point location, as can be seen in Figure 51. The centre of the ellipse is the
optimal calculated location of the stroke but is normally not the actual stroke position due to
the aforementioned detection errors. The shape and size of the confidence ellipse that is
associated with the predicted location of the stroke primarily depends on the number of

detecting sensors.

% Adapted from an extract from Vaisala FALLS ©.
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Figure 51: Confidence ellipses for selected strokes.

The FALLS software allows error ellipses with various levels of associated confidence, namely
50%, 90% and 99%, to be displayed. For statistical analysis of lightning activity, a 50% or
“median” confidence ellipse is used. However, for fault correlation, a 99% confidence ellipse is
recommended (Evert 2011), as there is a 50% probability with a median ellipse that the fault
occurred outside of the ellipse, and it does not make it conducive for the correlation of fault
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 ellipses that overlap the buffer zone are considered
potential strikes to the line. Strokes with ellipses that do not overlap the buffer zone are
extremely unlikely to have terminated on the line unless within the “attractive radius” of the
line. The default buffer zone that has been used is 1 km on 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 for the simulation. A smaller buffer zone
less than 500 m was considered but it is not deemed prudent to utilise buffer zones, which are

similar to the potentially large striking distance associated with large magnitude strokes.
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It is also preferable to include more 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 Figure 52, an example of fault correlation is depicted, in order to demonstrate the
confidence ellipses associated with different strokes. Three different colours of ellipses are
evident which are interpreted as follows: The grey ellipses are those that overlap the buffer
zone, but are outside of the time tolerance for the fault correlation. The orange ellipses are
those that fall within the temporal tolerance (called “Precision Interval” in FALLS) for the
correlation. The red ellipse is the optimal correlation between the fault time and the lightning

stroke time that falls within the buffer zone and is therefore spatially correlated with the line.
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Figure 52: Example fault correlation depicting stroke confidence ellipses

6.5.3 Introduction to Reliability Analysis

The Reliability Analysis (RA) tool in FALLS provides a one-to-one 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 Cahora-Bassa 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 options and functionality of the Reliability Analysis tool in
the Vaisala FALLS software. Figure 53 shows the input browser for the Reliability Analysis.
Fields labelled “A” to “D” are the same as for the Small Area Exposure Analysis and are
explained in cross reference. Options “E” to “H” have been used for the correlations and are

explained below Figure 53.

x|
Aé:itga:t:sizg Database: Selected Assel(s) B. Time period
-
i | Reprocessed Stroke ¥ | APOLLO CAHORA BASSA 2 for analysis
Start Time: End Time: Time Zone:
Stroke |Z|]1 31214 00:00:00 IZO'I 3-12-15 00:00:00 GMT+02:00 vI E. Confidence
for Ellipse
current Y | Minimim Peak [kA| for Analyses: Buiffer Radius/Segments: Ellipse Confidence/Nodes: P
threshold I—u I.I—mm = )]ﬁ mﬁﬁ% = Pl e
- : I D. Time period
F. Enter Fault " Mukiple  Fauk Enty.. for an:; sis
details here Add one new fault for asset: Fault Time/Precision [sec.k &/ Fault Type: Y
|4PoLLO caHORAE ] | i |FauLT =
¥ Map Lightning Activity, correlating with buffered assets and fault times G. Display all
| FFuil Include &1l spatially conelated ightring | “Spatial Correlations”
Fault Correlation Rule:
H. Select Closest time to fault is fault-comelated =l
“closest time” Al tirme-comelated are fault-corelated
I™" |Highest peak curtent time-corelated is fault-correlated

Time Trend Giaphs ime Intervals of:
l1_ Minute 'I
Not used for
I~ Peak Curert Graphs Current Intervals of: Mazimum [k&] Interval: correlations
[k [50

Options... Defaults | Verify | Cancel |

Figure 53: Reliability Analysis input screen indicating the selection of options for fault correlations.

The following options are 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

within that ellipse is given by the selected “percentage confidence”.
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For fault correlations, 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.

F — The fault details are entered here by pressing the “Fault Entry...” button, which opens the
following screen depicted in Figure 54, where the fault date and time is entered in “E1”, and
the time interval for the correlation analysis is entered in “E2”. The time interval is referred to
as the “Precision Interval” in the FALLS 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 |

Figure 54: 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.

H — There are three options for the “Fault Correlation Rule”. The first option is that all “Time-
correlated” lightning is classified as “Fault Correlated”. This has not been used, as the aim is to
identify the causative stroke. The second option is that “Highest peak current” that is time
correlated is classified as fault correlated. This is also not appropriate, as the aim is to identify
which stroke has the closest time correlation and therefore the third option for the “Closest

time to fault” has been selected.
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6.5.5 Methodology for Identification of the Probable Stroke Resulting in the Fault

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 correlation is between 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 the fault 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 fault. If all
other factors are the same, the probability of a flashover increases with increasing stroke
amplitude. However, this probability also depends on the tower footing resistance; therefore,
the amplitude of the stroke cannot be considered in determining the likelihood 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 comments for each graphical

analysis in accordance with Table 1 and Table 3 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 lightning should show
near exact time correlations. Some faults on the Apollo fault database (Greyling 2015) 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 most cases, the time has been recorded to a

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

Table 1: Key for the classification of temporal correlation.

Correlation classification Criteria for temporal correlation ranking

The fault time and reported stroke time are the same ( less than 2 ms,

g1 e 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 200 ms )

The time correlation is “poor” ( >200 ms ) OR The fault time is not

) 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 buffer zone are
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 either 500 m or 1000 m (as
recommended by Evert 2011), some strokes that overlap the buffer zone may be a
considerable distance away from the line yet are still 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 500 m was used so as not to

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

As 99% confidence ellipses have been used in the correlation studies, stroke ellipses that do
not overlap the transmission line or do not approach within the “striking 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 peak current 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. The relationship adopted by the IEEE yields conservative values. In order to
classify these strokes as either “Fair” or “Poor” spatial correlations, in cases where the
confidence ellipse does not overlap the line, the striking distance must be compared to the

distance between the line and the ellipse.

The equation for the striking distance (D;), in terms of the stroke current (/), for the conductor

and shield wire is as follows:

Equation (4)

Striking distances are presented in Table 2. An estimate of striking distance can be calculated
from the correlated stroke current in accordance with Equation (4) (Column 7 in Table 2). This
equation gives a conservative value for the striking distance, which could be a little as a half of
that predicted by other models (IEEE 998 2012). Therefore, double this distance is deemed as
a “Working Striking Distance” that can be compared to the distance between the confidence
ellipse and the line (Column 8 in Table 2). If the comparison is close, it is considered that there

is a fair probability that the stroke could have terminated on the line.
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Table 2: Striking distances associated with fault-correlated 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 spatial correlations are classified in accordance with the criteria in Table 3.

Table 3: Key for the classification of spatial correlation.

Correlation

e .- Criteria for temporal correlation ranking
classification

The center of 99% confidence ellipse is close to the transmission line, within
the buffer zone OR

The 99% confidence ellipse overlaps the transmission line partially

The 99% confidence ellipse does not overlap the transmission line but is within
the striking distance OR

Fair (Orange)

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

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

likelihood of a particular stroke causing the fault in question according to the criteria in Table
4.

Table 4: Categorisation of the likelihood that a stroke caused a fault.

Temporal correlation

Poor Close Exact
Good
Spatial
Fair
correlation
Poor

All strokes that are classified as either a “Medium, High” or “Very High” likelihood are reported
in the summary of the correlation results. Strokes that have been classified as “Low” or “Very

Low” are considered unlikely to have caused the faults, and have been disregarded from the

overall performance statistics.
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7. Results and Discussion

The comparison between the lightning exposure of the two Cahora-Bassa HVDC
transmission lines, is given for an 8 year period. Fault data was available for seven
years and the results of the correlations between faults and lightning activity are
provided for this 7-year period. Various significant trends in the results are described.

Several specific examples of the fault correlations are discussed in detail.

7.1 Introduction

This chapter is comprised of the presentation of the results of two main research aspects.

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

associated with the lightning exposure.

The second aspect reviews the results of all the lightning correlated faults for the Cahora-
Bassa Lines over a 7-year period. Specific examples are explored in detail and peculiarities are

explained. Probable causes of the faults are discussed.

A specific section of Line 1 has been identified where the lightning fault rate is extraordinarily
high. This section is anomalous as it only comprises a few hundred meters of the line length,
yet it is along this section that about half of the total faults of the entire 1000 km line occur.
The environmental influence and possible additional causes for the high fault rate are

discussed.

7.2 Comparison of the Lightning Statistics for the Two Cahora-Bassa Lines

The lightning exposure within a buffer zone of 1 km around each line was determined by the
FALLS SAE analysis. The exposure was determined by SAE analysis for the 8-year period 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. The time trend graph for Line 1 shown
in Figure 55 indicates the periods where there was lightning activity during the 8-year period

(predominantly during 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 years. For each year, the end of December is

used as an indication of time reference.
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Figure 55: SAE analysis for Apollo-Pafuri Line 1 for the 8-year period from the 1st March 2006 to the

1st March 2014%,

The comparison of the lightning exposure was performed 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 distribution is displayed in terms of the lightning stroke frequency

versus peak current amplitude, as depicted in Figure 56 and 57. The count for each integer

peak current value is referred to in this discussion as “bins”. There are two distributions per

line, one for each lightning stroke polarity. This statistical analysis provided by the FALLS

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

The distributions for negative strokes for the two lines are shown in Figure 56 and Figure 57.

* Output from Vaisala FALLS ©®.
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Figure 56: Positive pole (Line 1) stroke peak current frequency for strokes of negative polarity”.

8000

7000 —

6000 —

5000

4000 —

~3I 00

3000 —

2000 —

1000 —

-
-]
-
-
e
-]
L
-
M
-2
w
-
w
o
-
-
-
L]
o
Py

Estimated Peak Current in kA

Figure 57: Negative pole (Line 2) stroke peak current frequency for strokes of negative polarity4°.

Upon visual inspection, the two distributions appear to be very similar. This similarity is
confirmed by calculating the “average difference” across the stroke amplitudes between the

distributions for Line 1 and Line 2.

This difference in the distribution of negative stroke count per peak current amplitude is
depicted in Figure 58. Due to the probabilistic nature of flashover due to lightning, it is
conducive to make an “overall comparison” between the stroke distributions of the two lines.
The “average difference” is considered an optimal comparison. This average difference is most
meaningful when expressed as a percentage. The difference between the two distributions is
marginal with an average percentage difference across the amplitude bins of 1.01% and a

standard deviation of 6.77%.

% Output from Vaisala FALLS ®.
“° Output from Vaisala FALLS ©.
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Figure 58: Comparison between negative stroke count for positive pole (Line 1) and negative pole
(Line 2).

The stroke count distributions for positive polarity strokes for the two lines are shown in

Figure 59 and Figure 60.
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Figure 59: Positive pole 1 (Line 1) stroke peak current frequency for strokes of positive polarity“.

“* Output from Vaisala FALLS ©.

83




500 —

400

300 —

~S 00

200 —

100

1 6 1" 16 21 26 31 36 41 46 51
Estimated Peak Current in kA

Figure 60: Negative pole (Line 2) stroke peak current frequency for strokes of positive polarity”.

600

500

400

300

N
200 W
100 M

Wi

= Negative Line Count

Stroke Count

Positive Line Count

<)
) 4
[

Wit

1 4 7 10131619 22 2528 31 34 37 40 43 46 49
Peak Current Amplitude [kA]

Figure 61: Comparison between positive stroke count for positive pole (Line 1) and negative pole (Line
2).

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

positive strokes are not as “smooth” as the distributions for the negative stroke polarity. The

distributions appear unexpectedly dissimilar, as can be seen in Figure 61. Despite the

differences across stroke amplitudes, between the two distributions, being larger than for the

negative stroke count, the average difference between the two distributions is marginal.

“2 Output from Vaisala FALLS ©.
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The average percentage difference across the amplitude bins is the same as for the negative

distribution, and is relatively small at 1.01% with a standard deviation of 17.33%.

Comparison of the stroke peak current frequency between the two lines for both positive and
negative stroke polarities are shown in Figures 56, 57, 59 and 60 respectively. The comparison
indicates that the lightning exposure for the two lines is very similar over the 8-year period of
analysis. Therefore, the lightning-correlated 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 of the Fault Correlations

The results of the fault correlations for the 517 km South African portion of the Cahora-Bassa
HVDC Lines, between Apollo CS and the Pafuri Border with Mozambique, are given in Table 5

below.
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Table 5: Summary of the fault correlation on the Cahora-Bassa HVDC Lines for the period between the
17 September 2008 and 31 August 2014.

Fault Line Fat;lrto':":me Stroke Tim.e Spatia.l Stroke No. o.f Tow.er
No. Polarity Fault Date o and Correlation Correlation Curren_t & | Detecting Location
from FALLS from FALLS Polarity Sensors (Probable)
system
19012009 | 23:13:38:108 11 72
19012009 | 23:13:38:193 3 74
1. 19012009 | 23:13:38:232 3 73
19012009 | 23:13:38:395 3 73
19012009 | 23:13:38:438 5 73
2. 19012009 | 23:13:41:151 2 116- 117
3. 20012009 | 00:50:42:744 2 442 - 443
20:28:40:024 h) 12 76
4 17022009 1 51.58.40:138 ) 2 73-74
5, 17022009 | 20:51:17:543 2 68
01:28:52:564
6. 0112 2009 % 593 01:28:52:645 5 771
01:16:39:617 10 73
7. 16012010 | 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
8. 09102010 | 15:16:42:625 | 15:16:42:161 8 389
15:16:42:200 7 389
15:16:42.551 3 389
9. 09102010 | 15:22:10:571 | [15:22:10:571 | 5 344
10. 09102010 | 15:24:13:888 | |[ISI0AA200 = | 2 361
11, 09102010 | 15:26:18:488 -: 3 384
3 12-13
21:21:40.323 7 13
12. 27102010 | 21:21:40.248 | 5 500 Son 1 5
21:21:40.768 4 13
) 4 71-72
13. 30102010 | 19:04:20:427 [ ' 5 126
14, 30102010 | 19:04:21:661 | [19:04:21:660 | 4 74
15. 07112010 | 00:37:25:390 3 506
16. 11122010 | 18:36:03:593 12 69
17. 24122010 | 03:04:35:625 12 70
18. 16032011 | 11:03:24:535 7 39
19. 03102011 | 13:49:45:00 : 15 308-309
20. 26102013 | 00:44:00:000 2 9 431-432
21. 26102013 | 20:43:25:995 9 72
22. 26102013 | 20:55:37:955 7 72
23. 12112013 | 17:09:54:590 8 72
24. 28112013 | 16:48:05:550 3 56-62
25. 14122013 | 20:52:49:493 | 20:52:49:622 12 39
26. 15012014 | 18:30:09:008 | [8:30:09:008 | 8 72

Legend:
- indicates positive HVDC transmission line, and positive lightning stroke polarities.
BLUE indicates negative HVDC transmission line, and negative lightning stroke polarities.

Stroke times in - are “exact” time correlations (<2 ms, the difference is only due to
rounding-off of the LFL fault time).

Strokes times in YELLOW indicate “close” time correlations (<200 ms).

Strokes times in - indicate “poor” (>200 ms, see Note 1) or uncertain time correlations (See
Note 2 below).

Strokes times in GREY indicate multiple strokes of a single flash that are not fault correlated
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Notes:

1. Fault number 10 shows a difference of 319 ms between the fault time and the closest stroke
time. This is discussed further under 7.4 for “fault 10” below.

2. Fault number 19 and 20 were obtained from database records from the Apollo staff, and
was not reported by the LFL linked to the protection system. Although reasons for this are
uncertain, it is possible that the LFL system was not operational at this time, resulting in the

time of the fault not being accurately known.

Table 5 was compiled from the information presented in Appendices A and B. Appendix A
contains a tabular summary of the lightning correlation results for each fault recorded by the
line protection scheme. Appendix B contains the graphical FALLS “Reliability Analysis”

correlation for each fault.

7.4 Discussion around correlations that are not ideal

The following is a discussion around fault correlations that are not ideal and therefore require
further interpretation of the circumstances that contribute to the correlations. These faults
are numbered in accordance with the faults listed in Table 5. The discussions should be read in
conjunction with the corresponding graphical correlations with the same fault number in

Appendix B.

About two thirds of the faults in Table 5 show what can be considered “ideal correlations”.

IM

Fault correlations are considered “ideal” if the following two criteria are met:

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

stroke time is less than 2 ms.

b. Spatial correlation: The 99% confidence ellipse of the stroke overlaps the transmission

line.

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

therefore the confidence in the reported stroke position is high.

IH

The following is an example of a fault correlation that is classified as “ideal”. There were nine
reporting LDN sensors for this correlated stroke. The fault time and the time of the correlated

stroke are the same.
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Figure 62: Ideal spatial correlation between line and reported stroke position

The following are fault correlations in Table 5 that are considered not ideal. The criteria for
classification of the correlation, in the methodology for fault correlation, are applied for the
temporal and spatial matching in order to categorise the likelihood that the correlated stroke
resulted in the fault. The likelihood that a stroke resulted in a fault is classified as either low,
medium or 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 two reporting sensors although
the confidence ellipse overlaps the line; the uncertainty in the stroke position is large. The

overall likelihood that this stroke resulted in the fault is medium.

Fault 6 (refer to Figure B.7)

There is a difference of 72 ms in the temporal correlation between the fault time and the
stroke. This correlation is considered fair, based on the criteria in the methodology. The spatial
correlation is good. The overall likelihood that this stroke resulted in the fault is considered

medium.

Fault 10 (refer to Figure B.11)

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 with buffer 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 the 319 ms time interval between the fault 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 10 km along the major axis, therefore the confidence is the spatial

correlation is low.

The probability that this stroke resulted in the fault in question is low and this correlation has

been disregarded from the performance statistics.

Fault 14 (refer to Figure B.15)

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

temporal correlation is exact.

Although the confidence ellipse overlaps the buffer zone, the boundary of the ellipse is still
approximately 600 m from the line and this is outside of the optimistic striking distance of a
9 kA stroke of about 70 m. Therefore, the overall likelihood that this stroke resulted in the

fault is medium.

Fault 16 (refer to Figure B.17)

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 is still a
distance of approximately 200 m from the line. The striking distance is calculated to be 92 m
by the equation adopted by IEEE998 2012 for the stroke amplitude of 43 kA. This distance is
conservative and according to other Electro-Geometric Models could be as much as double. In
addition, this does not take into account HVDC polarity effects, which may affect the striking
distance. Therefore, the line is considered to be within the potential striking distance. The

overall likelihood that this stroke resulted in the fault is medium.
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Fault 19 (refer to Figure B.20)

The time of the fault is only known to the second resolution, i.e. 13:49:45. Although the times
match to this resolution, the lightning activity cannot be precisely time-correlated with the

fault.

Despite this, the spatial correlation of the stroke error ellipse with the line is good, with the
ellipse overlapping the line significantly. Therefore, the overall probability that this stroke

caused the fault is high.

Fault 20 (refer to Figure B.21)

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

uncertainty in the temporal correlation.

The spatial correlation of the stroke error ellipse 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 considered medium.

Fault 25 (refer to Figure B.26)

The time of the fault is 129 ms before the closest time correlated stroke. Therefore, the

temporal correlation is fair.

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

overall probability that this stroke caused the fault is classified as medium.

Conclusion

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

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 amplitudes that have been correlated with line faults can be shown

graphically in Figure 63.
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Figure 63: Peak current amplitude and polarity of the fault-correlated strokes.

Fault number 13 encircled with the red ellipse, is comprised of two lightning stroke events that
occurred in locations far apart on the line but at the same time. There was a negative 18 kA
stroke near tower 71 and a positive 11 kA stroke near tower 126. According to the lightning
database, these strokes occurred at precisely 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 and is depicted removed from Figure 63.
7.6 Discussion of the Results of Fault Correlations

The results are discussed with particular emphasis on trends related to polarity.

7.6.1  Total Number of Lightning Correlated Line Faults

The total correlated lightning faults over a 7-year 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 flash. As the successive faults are likely caused by strokes of a single flash, the

faults are grouped together and reported as a single fault incident.
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A significant example of this is the series of faults that occurred on the 19 January 2009, which

is investigated in Specific Example 2.

7.6.2  Influence of Polarity on the Incidence of Faults

The HVDC scheme is comprised of two “poles” which are independent power lines of positive
and negative polarity. Similarly, cloud-to-ground lightning strokes are also either of positive or
negative polarity. There are two failure modes for lightning induced faults on transmission
lines, namely “shielding failure” and “back-flashover”. The combination of the line and stroke
polarities and failure modes results in eight permutations of polarity interaction. These
combinations cannot be investigated at this stage because faults due to the two failure

mechanisms have not been differentiated.

7.6.3 Line Polarity

Of the total lightning correlated faults, twenty-three (92%) are on the positive line (Line 1),
and two (8%) are on the negative line (Line 2). The positive polarity appears to be more
affected by lightning activity. The mode of failure being either back-flashover or shielding
failure has not been determined. The polarity of the line may influence the probability of
failure in relation to the lightning polarity depending on the mode of failure. Therefore at this
stage it cannot be determined if the positive line polarity increases the probability of strike by

negative downward leader.

7.6.4  Stroke Polarity

Of the faults of the positive line, 21 out of 23 (91%) were due to strokes of negative polarity
which is consistent with the proportions of positive and negative polarity lightning activity

determined by the Area Exposure Analysis.

Only two (8%) out of 25 correlated faults are due to positive strokes, which corresponds with
the overall lightning exposure statistics from the SAE analysis for the 8-year period, where

between 5% and 10% are positive strokes.

7.6.5 Stroke Amplitude

Some faults are caused by unexpectedly low amplitudes. Correlated faults in Table 5 show

positively correlated faults for stroke peak amplitudes as low as 7 kA.
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This is anomalous as this is significantly lower than what is expected to result in flashovers for
transmission lines. There are two mechanisms whereby lightning may result in faults on

transmission lines:

a) Back-flashover - These faults are due to strokes attaching to the shield wire or tower,

that result in insulator flashovers due to high structure footing resistances.

b) Shielding failure — These faults arise from strokes bypassing the shield wire and

terminating on the pole conductor bundle.

Figure 64 depicts the fault on Hydro Manitoba’s Nelson River HVDC Transmission Lines
between 1998 and 2000. The “bimodal” fault distribution suggests that the outages are
related to the two modes of failure, namely, shielding failures and back-flashover (Shelemy &
Swatek 2001). In this case, relatively low stroke amplitudes of 15 kA, 25 kA and 35 kA resulted
in faults that are presumed to be due to shielding failure. It is suggested that the large

amplitudes of 105 kA and 135 kA resulted in faults due to back-flashovers.

3 7 Failure mode 1:
Shielding Failures

2 Failure mode 2:
Back-flashovers

Number of Faults
—
|

0 7 I I [ T | |
0 20 40 60 80 100 120
Peak Current Amplitude [kA]

Figure 64: Faults on the Nelson River HVDC transmission lines between 1998 and 2000%.

The Nelson River results appear to be what may be expected if the insulation coordination for

a transmission line is appropriately designed.

** Adpated from Shelemy & Swatek (2001).
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“Appropriately designed” means that there is an acceptably low probability of faults occurring
that result in the target fault rate, usually expressed as faults/100 km/year being met. The
target for fault rate depends on the particular application and the main factors being power
rating, and impact of outages. The target fault rate is the rate, which is economically feasible

whilst achieving acceptable technical performance (Kiessling et al. 2002; Eskom 2005),

The fault amplitude distribution for the Cahora-Bassa Lines is dissimilar and contains
unexpectedly many faults due to relatively low amplitudes as can be seen in Figure 65.

Twenty-two out of twenty-five faults (88%) occurred for stroke amplitudes below 35 kA.

4
£3 P, T~
= h
- / \'
]
o K h
© 2 i ~
o ! AN
3 / ~
E I e §
21 ! Sy
-
1 ....."‘-.,_
I -"'"-..___
/ [ LT —— I
O IIIJIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1 6 11 16 21 26 31 36 41 46 51 56 61
Peak Current Amplitude [kA]

Figure 65: Number of lightning correlated faults vs. peak stroke amplitude for the period from August

2008 to August 2014.

The distribution of faults is spread across the amplitudes, and appears to loosely mimic the

distribution of the number of strokes versus the peak current amplitude for Line 1. This

shown in the similarity between Figure 65 and Figure 66. The envelope of the stroke peak

current frequency has been superimposed on the number of faults vs. peak current amplitude

to highlight this. This indicates that there is a similar probability of failure across

amplitudes.
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Figure 66: Positive pole (Line 1) negative polarity stroke peak current frequency.

Further investigation is required to determine the reason for the unexpected distribution of

fault amplitudes; however, preliminary assessment indicates two possible modes of failure:

a) Back-flashover — Small amplitude strokes intercepted by the shield wire yet still

resulting in faults due to exceptionally high structure footing resistances.

b) Shielding failure — Low amplitude strokes below the “coordination current” that may

bypass the shield wire and terminate on the pole conductor.

The first reason is more probable as in most of the cases of relatively low amplitude strokes
that result in faults, are due to tower footing resistances are high. Measurements taken

confirmed high tower footing resistances.

The second reason is less likely as the insulator lightning impulse withstand level is high
(1800 kV) and the quad conductor bundle surge impedance is relatively low due to four
31.8 mm diameter sub-conductors with a spacing of 450 mm (Holtzhausen et al. 2007). The
high impulse withstand level is a product of the high insulator creepage that is required for the

suppression of leakage current for adequate pollution performance.

7.7 Specific Examples of Fault Correlations

The process of fault correlation and the interpretation of the results are explored by means of

the following specific examples.
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7.7.1 Specific Example 1: Fault for 15 January 2014

The first example is where the fault correlation is ideal, and there is a high degree of

confidence that the fault was caused by the identified lightning stroke.

The time of the fault and the correlated lightning stroke are both recorded as 18h30:09:008,

whilst the spatial correlation is favourable as shown in Figure 67.

I Stroke time - 18:30:09:008 |

| Fault time - 18:30:09:008 J

Exact temporal correlation

Good spatial correlation with line

Figure 67: Ideal correlation for fault number 26 on the 15 January 2014.

7.7.2  Specific Example 2: Faults for 19 January 2009

On the 19th of January 2009, there were six line faults reported by the protection system that

correlated with lightning strokes are shown in Table 6.

Table 6: Fault correlation result for faults occurring on the 19 January 2009 on Cahora-Bassa Line 1.

Fault Line . Stroke Time & Inter-stroke Stroke Current & .
Number Polarity Pate e e Correlation interval Polarity Location (Probable)

la 1901 2009 23:13:38:108 Tower 72

1b 1901 2009 23:13:38:193 2; 22 Tower 74
1c 1901 2009 23:13:38:232 omm Tower 73
1d 19012009 23:13:38:395 i Tower 73
le 1901 2009 23:13:38:438 Tower 73
2 1901 2009 23:13:41:151 Tower 116, 117

There were six faults reported on this day. All six of the faults demonstrate an “exact
correlation” in time where the reported time from the LDN corresponds precisely with the
protection time stamp to the millisecond as shown in the table. An “exact correlation” is
defined as one where the difference in time between the fault time and the stroke is less than

2 ms.
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The first five faults between 23:13:38:108 and 23:13:38:438 are separated by several 10’s of
milliseconds and are probably due to subsequent strokes of a single flash. The arithmetic
mean of the inter-stroke time interval for this series of five strokes is 82.5 ms. Inter-stroke
time intervals observed in various geographical regions around the globe have not been found
to vary greatly and the arithmetic mean ranges between 64.3 and 87 ms (Cooray 2010).
Therefore, the inter-stroke interval is within the normal range. The reported stroke location
for each stroke is not identical, but is proximate between towers 71 and 74 as shown in Figure
68. The subsequent strokes in a flash are known to vary in position by up to several hundred
meters or more. Furthermore, since these individual stroke events are concentrated in a

relatively small area, the supposition that the strokes are related within a single flash is further

/é-QkA
1d -11KA

substantiated.

1c -9kA

Legend: 1a .18kA
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Figure 68: Graphical Reliability Analysis for 19 January 2009 depicting confidence ellipses for the 5
fault-correlated strokes between 23:13:38:108 and 23:13:38:438.

Figure 69 is an extract from the Line Fault Locator (LFL) download for all faults occurring on the
19th of January 2009. There are 15 faults reported on “Pole 1” which is the positive line. These
faults occurred between 23:13:32:849 and 23:13:41:151.
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Figure 69: LFL download for all faults reported on the 19th January 2009.

The interpretation of the time of the fault reported in the LFL download is illustrated by means

of example by examining the first fault in Figure 70.

"2009.01.19"," 38:288","Fault Time sec, 2800 ns, Pole 1"

Fault time:|23:13 849

Figure 70: Interpretation of fault time for the first fault recorded on the 19th January 2009.

Therefore, the reported time of the first fault was 23:13:32:849. This fault time was entered
into the Reliability Analysis (RA) tool in Vaisala FALLS software in order to determine any
correlation with lightning strokes. Despite there being substantial lightning activity during this
period (as can be seen in graphical display of the RA in Figure 72), the closest time correlation
was with a stroke that occurred at 23:13:32.085, 764 ms before the fault was reported by the
protection system and therefore did not show a close correlation with any particular lightning
stroke. Figure 71 shows an extract of the output of the RA for the fault at 23:13:32:849. The
closest time correlation is highlighted and is indicated in the check box for correlation on the

far left of Figure 71.
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Fault time from Lightning Stroke
protection system Detection Time
B& ts_lightning Browser
Corr|ID Asset Name TimeCorr Fact | Fault Time GMT+02:00 Precision(s) |Time GMT+02:00 PkCurr(kA)

Ofr 2| APOLLO CAHORA BASSA 0.565651 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:06.788 -9
Ofr 3 | APOLLO CAHORA BASSA - 0.603363 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:09.051 -8
Ofr 4| APOLLO CAHORA BASSA - 0.677423 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:13.494 -7
Ofr S| APOLLO CAHORA BASSA - 0.6867 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:14.051 -10
Ofr 6| APOLLO CAHORA BASSA 0.743992 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:17.489 -10
Ofr 7| APOLLO CAHORA BASSA 0.744306 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:17.507 -12
Ofr 8| APOLLO CAHORA BASSA 0.745833 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:17.599 -17
Ofr 9| APOLLO CAHORA BASSA 0.808625 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:21.366 -10
Ofr 10 | APOLLO CAHORA BASSA 0.816257 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:21.824 -1
l: X 11| APOLLO CAHORA BASSA - 0.987263 | 2008-01-19 23:13:32.849 60 ] 2009-01-19 23:13:32.085 -13
O|r 12 | APOLLO CAHORA BASSA 0.921141 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:37.581 -8
O|r 13 [ APOLLO CAHORA BASSA * 0.913479 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:38.040 -16
O|r 14 | APOLLO CAHORA BASSA 0.912353 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:38.108 -18
O|r 15 | APOLLO CAHORA BASSA 0.910984 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:38.190 -5
Olr 16 | APOLLO CAHORA BASSA 0.910941 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:38.193 -9
O|r 17 | APOLLO CAHORA BASSA - 0.91028 | 2009-01-19 23:13:32.849 60 | 2009-01-19 23:13:38.232 -9
e 121 apP0110 caHORA RASSA - 0907571 | 2000.01.19 23-13-32 849 &0 |2000.01.19 23:13-38 305 11

Figure 71: Extract of the output browser for Reliability Analysis showing all spatially correlated
strokes between 23:13:06:788 and 23:13:38:395.

The graphical representation of the RA for the fault occurring at 23:13:32:849 is depicted in

Figure 72. The “best correlation” is shown as a bold red ellipse. This stroke is the closest time

correlation to the fault time but the 99% confidence ellipse does not overlap with the

transmission line and therefore it is unlikely that this stroke terminated on the line. All other

spatially correlated strokes within the time tolerance are displayed as orange confidence

ellipses.
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Best correlation

| _— 2 x 1km buffer zone

Figure 72: Graphical Reliability Analysis depiction for the fault occurring at 23:13:32:849.

Due to the poor temporal correlation between the fault and the stroke time, and the poor
spatial correlation between the line and the confidence ellipse of the stroke indicated above,

the fault is considered unrelated to lightning activity.

For reasons of efficiency, the RA was not performed for each of the 15 reported protection
system faults. The subsequent 14 faults were analysed by means of a single RA analysis. Since
the faults are within a very short period of less than 5 seconds, a single RA can be used to
check for correlation on all 14 faults. Figure 73 shows the output browser for RA for all
spatially correlated strokes between 23:13:33:494 and 23:13:41:151. The RA has been set to
display all spatially correlated strokes for 60 seconds before and after the fault time. This
period is referred to as the “Precision interval” and is indicated by the “Precision” column
highlighted in the output browser. As lightning strokes during this period were frequent, there
are a large number of spatially correlated strokes. Therefore, only a few strokes have been

selected for display purposes.
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Corr|ID Asset Name TimeCorr Fact |Fault Time GMT+02:00 | Pr Time GMT+02:00 PkCurr(kA) | NumSer
OlF 11| APOLLO CAHORA BASSA 0.584856 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:13.494 -7 2
D £ 12| APOLLO CAHORA BASSA - 0.594134 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:14.051 -10 3
Olr 13| APOLLO CAHORA BASSA 0.651425 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:17.489 -10 4
D F 14| APOLLO CAHORA BASSA - 0.651739 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:17.507 -12 S
Olr 15| APOLLO CAHORA BASSA 0.72369 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:21.824 -1 5
Olr 16 | APOLLO CAHORA BASSA - 0.986292 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:37.581 -8 2
Olr 17 | APOLLO CAHORA BASSA 0.995081 | 2009-01-19 23:13:38.403 60 | 2008-01-19 23:13:38.108 -18 1
Olr 18 | APOLLO CAHORA BASSA - 0.996449 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:38.190 -5 2
Olr 19| APOLLO CAHORA BASSA 0.996492 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:38.193 -9 3
Ol|r 20 [ APOLLO CAHORA BASSA - 0.997153 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:38.232 -9 3
| |ks 21| APOLLO CAHORA BASSA 0.999863 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:38.395 -1 3
Ol|r 22 [ APOLLO CAHORA BASSA 0.999416 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:38.438 -9 5
O|F 23| APOLLO CAHORA BASSA - 0.984371 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:39.341 -12 2
D F 24 | APOLLO CAHORA BASSA 0.960757 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:40.758 -34 3
O|r 25| APOLLO CAHORA BASSA - 0.955639 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:41.065 -3 2
fF 26 | APOLLO CAHORA BASSA 0.954206 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:41.151 -7 2

Figure 73: Tabular output browser for Reliability Analysis for 19 January 2009 showing all spatially
correlated strokes between 23:13:33:494 and 23:13:41:151.
Comparing the download from the LFL and the output of the RA, it is evident that there are six
correlated faults, which are highlighted in green in Figure 74. The remaining seven fault time

stamps that do not correlate with lightning strokes are highlighted in yellow.

Date Fault time from LFL Lightning Correlation Result

Line

19 012009 23:13:38:117
19 012009 23:13:38:202

19 012009 23:13:38:241
19 012009 23:13:38:404

19 01 2009
1 19 01 2009
1 19 01 2009

23:13:38:447
23:13:38:493
23:13:38:602

No correlation
Mo correlation
Mo correlation

Figure 74: Summary of lightning correlated faults for the 19th of January 2009.

It is notable that the stroke amplitudes ranging between 7 kA and 18 kA are unexpectedly low
to have resulted in line faults. As the line impulse insulation level is high (1800 kV), stroke
amplitudes of this magnitude will only result in line faults if the tower footing resistance is
excessively high. The possibility of high footing resistances must be further investigated in

order to confirm if this is the cause of these faults.

In addition, all strokes are of negative polarity, which is opposite to the positive line voltage.
Negative impulses are more likely to result in flashovers on the positive line by the back-
flashover mechanism, as the opposite polarities result in additive voltage stress across the line

insulation.
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Figure 75: Graphical Reliability Analysis output for the fault occurring at 23:13:41:151 on the 19th of
January 2009.

The sixth fault was shown to correlate with a negative stroke of amplitude of 7 kA and a
probable strike position between Tower 116 and 117 as shown in Figure 75. Only two LDN
sensors were involved in the stroke detection and hence the 99% confidence ellipse is
relatively large. The sixth fault, which occurred at 23:13:41:151, is distinct from the group of
five faults between 23:13:38:108 and 23:13:38:438, both temporally and spatially, and is
therefore considered a separate fault incident. Approximately 2.7 seconds had elapsed
between the group of five faults and the sixth fault. Furthermore, the reported position of the
sixth fault is between tower 114 and 120 whereas the group of five faults occurred between

towers 71 and 74.

This example is significant because it shows a number of strokes within a flash that are

correlated with protection system time-stamps.

7.7.3 Specific Example 3: Faults for 16 January 2010

On the 16th of January 2010, a single fault on Line 1 was recorded by the protection system as

shown in Figure 76.

"2010.01.16","01:16:40:690","Fault Time 39 sec, 590288200 ns, Pole 1"

Figure 76: LFL download reporting a single line fault on Line 1 occurring on the 16th January 2010.
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The fault time from the protection system is interpreted as 01:16:39:590 as explained in
“Specific Example 1”. The FALLS RA Tool was used to determine if there were any lightning

strokes that correlated with this fault time.

The FALLS analysis shows that there were two flashes close to the fault time. The first flash is
comprised of two strokes at 01:15:25:562 and 01:15:25:600. The second flash is comprised of
three strokes occurring at 01:16:39:617, 01:16:39:677 and 01:16:39:744. The strokes occurring
at 01:16:39:617 and 01:16:39:677 are closest to the fault time of 01:16:39:590. In addition, the
strokes are spatially well correlated with the line, as their confidence ellipses overlap the
buffer zone but only come within about 500 m of the transmission line, as can be seen in
Figure 77. The stroke at 01:16:39:744 shows good spatial correlation but is 150 ms after the
reported fault time. This last stroke is considered the most probable stroke to have resulted in
the fault. It is likely that this fault is correlated with lightning, as there are multiple strokes
around the time of the fault. The centroid of the triangle formed by these three strokes

corresponds closely with the position of the line.
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cause fault - 01:16:39:744
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7d - 01:16:39:677

-16kA 7b - 01:15:39:600
7a-01:15:25:562
7¢-01:16:39:617 Centroid of three strokes
TimeCorr Fact | Fault Time GMT+02:0¢| Precision(s) | Time GMT+02:00 | PkCurrika) |Latitude  |Longitude |chisq | ensmai |ensmin |
0.426034[2010-01-1601:16:0000] 7@  60] 2010-01-16 01:15:25 562 26 7 05148 0.2574
0.426659 | 2010-01-16 01:16:00.00 7b &0 .01 c2c ) Flash 1 s 1.287 0.5148
0.339713| 2010-01-16 01:16:0000]  7C _ 60] 2010-01-16 01:16:39.617 -16 3 05148 0.2574
0.338721 | 2010-01-16 01:16:0000| 7l 60] 2010-01-16 01:16:39.677 8 Flash 2 3 05148 05148
0.337608 ] 2010-01-16 01:16:0000] 7@ 60| 2010-01-16 01:16:39.744 24 ) ; 3 0.7722 05148

Figure 77: Graphical Reliability Analysis for fault occurring on 16th January 2010.
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7.7.4  Specific Example 4: Faults for 30 October 2010

Fault correlation

This is an unusual case (and unique in this investigation) where the LFL system reported a
single fault occurring at 19:04:20.427 on the 30th October 2010, but there are two separate
strokes that occurred a significant distance apart (approximately 20 km), that are time
correlated with this fault. The first stroke occurred close to tower 71 (“Stroke 71”) with an
amplitude of -18 kA. The second correlated fault took place near tower 126 (“Stroke 126”),
with an amplitude of +11 kA. Stroke 71 and stroke 126 are clearly two distinct lightning events.
The reported time from FALLS for both strokes is precisely 19:04:20.427 as can be seen in the

output browser below the graphical presentation of the RA in the lower part of Figure 78.

“Stroke 71” and “Stroke 126”

ﬁ\\\

|corr|i0 | Asset Name | TimeCorr Fact [Fault Time GMT+02:0¢| Precisionts) | Time GuMT+02:00 [Pxcurrika) [Lagfide  [Longitude |chisq | ensaaj [ensmin _ [emangie  [Freedor|mutti [mumser|

APOLLO CAHORA BASSA 38217 | 2010-10-30 19:04.00.00 €0]2010-10-30 19.03.26 292

10 256854 28676 2 21.879 1.0296 426 1

4

8|38

APOLLO CAHORA BASSA

2| 2010-10-30 19:04.00.00 | Str, 71 60f 2010-10-30 19:04:20.427 18 -25.7959 284912 0.7 1.287 0.7722 153

APOLLO CAHORA BASSA

APOLLO CAHORA BASSA 2010-10-30 1:04.00.00 60 | 2010-10-30 19:04.21 660 ) -25.7871 28,4991 12 07722 05148 498 4

0

5 0

2010-10-30 19:04:00.00[Str. 12 6of 2010-10-30 19:04:20 427 1 257219 28,6251 01 48905 1287 485 1 [}
6 0

0

0

B

882
213|8

APOLLO CAHORA BASSA 2010-10-30 19:04:00.00 60 | 2010-10-30 19.04:50.202 -12 -25.7995 28.4861 16 07722 05148 416 3

APOLLO CAHORA BASSA 0.160421 | 2010-10-30 19:04:00.00 60 | 2010-10-30 19.04:50.37¢ 10 -25.795 28.4766 09 33462 07722 313

ooooog

Figure 78: Graphical Reliability Analysis for 30 October 2010 showing two correlated stroke positions.

Determination of Probable Causative Stroke

It is not possible to conclusively determine which of the two strokes resulted in the line fault.
In some cases, visual line inspections can reveal the position of the line fault by means of
evidence of flash marks on the insulators. This is determined by electric arc damage to metal
end fittings similar to marks that are caused by arc welding, or by arc by-products on the
insulation material. In this case, the fault occurred more than 5 years ago and it is unlikely that

any evidence of arc by-products would remain at this stage,
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even under close visual examination. Arc damage to the end fittings would still remain but
cannot be determined without a line outage or live-live techniques permitting close
inspection. Furthermore, the line has since been “reinsulated” with silicone rubber long-rod

insulators, which have replaced the original glass disc insulator strings.

It is considered that the stroke occurring close to tower 71 is the stroke most likely to have
resulted in the line fault, due to one of the possible breakdown mechanisms, namely back-

flashover and shielding failure:

a) Back-flashover mechanism — “Stroke 71” is more likely to have caused a line fault for
two reasons. Firstly, the stroke amplitude is nearly 40% higher (-18 kA vs. +11 kA) and it is of
the opposite polarity to the line polarity, resulting in greater stress across the line insulation
and a higher probability of back-flashover. Secondly, the tower footing resistances in the
vicinity of tower 71 are unusually high due to local geological conditions and therefore tower-
top voltage increases would be proportionately high and more likely to result in back-

flashovers.

b) Shielding-failure — As the stroke and line have opposite polarities, it is likely that the
probability of shielding failure associated with this stroke is higher than that of a stroke of the
same polarity as the line. This is because opposite polarities result in a greater potential for
induced streamers from the pole conductor, which effectively increase the probability of
shielding failure. However, the opposite polarities result in lower voltages developed across

the line insulation and therefore reduce the probability of flashover.

The stroke occurring close to tower 126 is spatially correlated with the line, with the most
probable reported location coincident with the line. This positive stroke is considered less
likely to have resulted in a line fault. The centroid of the triangle formed by these three strokes

corresponds closely with the position of the line.

7.8 Discussion of Anomalous Area with High Fault Rate

Out of the combined 25 line faults on both lines, 23 faults occurred on Line 1, which is the
positive pole. Out of these 23 faults on Line 1, 11 faults occurred over a short section of about
3500 m comprised of 8 towers between towers 68 and 76 and is highlighted in Figure 79

within the red ellipse.
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8 Tower positions of correlated faults for Line 1
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Probable Tower Positions

Figure 79: Probable tower positions for faults on Line 1 from August 2008 to August 2014.

The route of the two lines is 517 km long, running from Apollo CS to the Mozambique border
and therefore, the combined line length results in over a thousand kilometres of exposure. It is
remarkable that such a high proportion of the lightning related faults are concentrated in a
very small area and only on one of the two lines. The section in question, between towers 68
and 76 and its position relative to Apollo CS are illustrated in Figure 80. The majority of the
faults in this anomalous area occur between towers 69 and 74. This position is approximately

25 km along the line northeast of Apollo CS.
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Figure 80: Affected Line 1 section between towers 68 and 76*.

This section of Line 1 is adjacent to the N4 (Pretoria — Witbank) highway as can be seen in
Figure 81. Line 1 crosses the N4 highway at this point, between towers 77 and 78, and

continues in a North-easterly direction.

* Adapted from line asset depiction in Vailsala FALLS ©
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This section of Line 1 is referred to as the “N4 spot” by the operational staff at Apollo CS, due
to the numerous associated lightning faults at this position, over the years. There have been
several investigations into suspected lightning faults, which occurred in this particular area.
Miya (2014a, 2014b) compiled detailed investigative reports for two line faults that occurred
in October 2013.

4

Fy
‘Google eacth
<

Figure 81: Aerial view of the affected Line 1 section between towers 69 and 74%,

Several possible contributing factors result in the very high fault rate on this section of line:

a) High structure footing resistances - This section can clearly be seen to cross a rocky
outcrop. This geological feature probably results in very high local soil resistivity and therefore

structure footing electrode resistances.

b) High relative elevation — The towers of this section are generally elevated above the

surrounding area due to the rocky outcrop. Tower 69 is particularly exposed.

7.8.1 Structure Footing Resistances

A common cause of a high fault rate on a transmission line due to lightning is high tower
footing resistances. Often high footing resistances are related to more elevated positions,
which increase lightning exposure, thus exacerbating the problem. The tower footing
resistance of tower 69 was measured using a Low Frequency (LF) measurement technique in

May 2014 (Pretorius 2014a).

4 Adapted from Miya (2014a).

107



A LF technique is appropriate in this case because the shield wire is insulated from the
structures and therefore, from an earthing point of view, each tower electrode is
“independent”. If, however the shield wire were bonded to the structures, a High Frequency
(HF) technique using a specialised instrument would be applicable. This is because the
measurement of an individual tower cannot be performed without the undue influence of the
adjacent tower electrodes. The use of a HF technique aims to obtain an indication of the local
tower footing resistance as by using a high frequency, the relatively high impedance of the
shield wire compared to the tower footing impedance means that the adjacent tower

electrodes are largely excluded.

The instrument used was the four terminal earth tester, “Megger DET 2/2” shown in Figure 82,
and the test was repeated along several trajectories and thereafter averaged to obtain 835 Q

(Pretorius 2014a).

Figure 82: Earth resistance tester instrument used for LF measurement displaying a typical reading for

this section of line*.

46 Adapted from Pretorius (2014a)
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Subsequently in August 2014, the LF measurement of the tower footing resistance at tower 69
was repeated, and additional measurements were performed at towers 70, 71 and 72

(Pretorius 2014b). Table 7 presents the measured resistances.

Table 7: Measured tower footing resistances for towers 69, 70, 71 and 72 (Pretorius 2014b).

Tower Number Measured Tower Footing Resistance [Q]
69 1065
70 843
71 839
72 No obtainable reading

Note: No reading was obtained for tower 72 due to the resistance being out of range

The design for Cahora-Bassa (CB) lines was performed in the early 1970’s and the details are
not available. Furthermore, values for the nominal tower footing resistances for the 533 kV
HVDC towers are not published in the Eskom standard for the “Earthing of Transmission Line
Towers” which is compiled around HVAC. The tower footing resistance values are related to
the Lightning Impulse Withstand Level (LIWL) for the line insulation. The other significant
factors that influence this relationship are the required fault rate, tower surge impedance and
coupling between phase and shield wire conductors. Therefore, in order to get an indication of
a suitable value for the CB line consistent with the practice for HVAC lines, the insulation levels
can be compared between the HVDC and HVAC line values and used to estimate the tower
resistance value. Table 8 encapsulates the lightning impulse withstand levels and tower
footing resistance values for the various nominal system voltages applied by Eskom for HVAC

transmission systems.

Table 8: Nominal tower footing resistance values for HVAC Lines according to the Eskom standard
(TST41-3, 2006).

Nominal system voltage Lightning Impulse Withstand Level Nominal footing resistance
[kV] [kv] (Q)
132 kv 650 20
220 kv 1050 30
275 kv 1175 30
400 kv 1550 40
765 kv 2100 50
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The LIWL for the CB lines is 1800 kV. By linear interpolation between the LIWL for 400 kV of
1550 kV and for 765 kV of 2100 kV, the tower footing resistance value for CB would be 45.5 Q.

The measured values for towers 69 to 71 are about 20 times higher than the estimated tower

footing resistances of 45.5 Q.

As the tower footing resistances are very high on this section, the probability of back-flashover
due to strokes terminating on the shield wire would be high, even for relatively low amplitude
strokes, and this is the main factor that could account for the unusually high fault rate on this

section of Line 1 between towers 68 and 76.

7.8.2 Local Geological Conditions

From observation of the surface, the local conditions are consistent with extensive rock
outcrops of quartzite as can be seen in Figure 83. Quartzite is known to have high resistivities
in relation to most other types of rock, and in turn, up to three orders of magnitude higher

than most soil types.

Figure 83: Typical local geological conditions near towers 69 — 74 (Pretorius 2014a).

Several of the towers have foundations in decomposed metamorphic rock as can be seen for
tower 69 in Figure 84. The locations for towers 72 and 73, exhibit rocky conditions, which are

similar to that of tower 69.
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Figure 84: Soil conditions near tower 69 (Miya, 2014a).

The area surrounding towers 70 and 71 show evidence of cohesion-less sand with low organic
content, mixed with some decomposed rock. Whilst in Figure 85 of tower 74, sandy conditions

without rock are apparent. Both these conditions are associated with high soil resistivities.

Figure 85: Soil conditions near tower 74 (Miya, 2014a).
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Tower 77 in the foreground of Figure 86 is located in sandy conditions similar to the conditions

at tower 74. The N4 highway can be seen running between towers 77 in tower 78 in

background of Figure 86.

Figure 86: Soil conditions near tower 77 (Miya, 2014b).

The geology of the area is mostly comprised of quartzite based metamorphic rock. Resistivities
were determined by soil resistivity investigations using the “Wenner array”. It was ascertained
that the resistivies ranged from about 17.4 kQ.m to 64.7 kQ.m (Pretorius 2014a). Furthermore,
the high resistivities extend deeply into the soil structure as was determined by the soil
resistivity surveys, and can also be seen from the cut out for the N4 highway about 1.2 km

North-North-West from tower 69 (Pretorius 2014a) in Figure 87.
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Figure 87: Typical local subsurface structure shown in N4 road cut-out”.

7.8.3 Line Elevation above Surrounding Area

The section between towers 69 and 73 is elevated above the surrounding area as the line is
constructed along a ridge formed by an exposed rocky outcrop (Figure 88). In addition, there
are no tall trees or other objects that would screen the line. Whilst, towers 68 and 74 are less
exposed and are situated in areas, which are associated with conditions of lower soil

resistivity. An example of this can be seen in Figure 85 of tower 74.

7 Adapted from Pretorius (2014a)
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Figure 88: The elevated position of tower 69 (Pretorius 2014a).

In conclusion, the section of Line 1 between towers 68 and 76 experiences an unusually high
fault rate due to a combination of specific local geological and topographical reasons.
Localised meteorological conditions affecting cloud formation are not considered a factor, as

cloud formation is at several kilometres above ground level.
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8. Conclusion and Further Work

The outcomes of the research are summarised and it is discussed as to whether the
hypothesis has been adequately addressed by this work. Further steps built on these

findings are identified in the recommendations for further work.

8.1 Conclusion

Comparison of the stroke peak current frequency between the two HVDC lines, for both
positive and negative stroke polarities show that the lightning exposure for the two lines is

very similar over the 8-year period of analysis.

The results from the lightning exposure investigation of the Cahora-Bassa HVDC lines indicate

the fault rate due to lightning for the positive line to the negative line is about 10:1.

It appears that the polarity affects the lightning performance. This result concurs with

international findings in several references, mainly in China but also in Canada.

In China, investigations indicate that faults due to shielding failure favour the positive pole by
between 8:1 and 10:1. The literature suggests that the dominating lightning induced fault

mode is shielding failure.

Faults for Cahora-Bassa have not been differentiated between shielding failure and back-
flashover at this stage. The classification of the fault mode is required to make a closer

comparison to the international performance data.

8.2 Further Work

The following proposed significant steps are required to develop a better understanding of the
mechanisms and associated parameters involved in lightning protection and performance

prediction of HVDC lines:
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a. Model development — A model to be developed for HVDC lines that will simulate the
“attractive distances” for lightning, in relation to the stroke magnitude and polarity, as well as
the voltage level and polarity of the pole conductor. This model would predict the maximum
threshold penetration current that could result in shielding failure and thus a direct strike to
the pole conductor. This model would allow faults to be differentiated between the shielding

failure and back-flashover mechanisms.

b. Verification of the model - The model predictions will be compared to the actual

performance of the Cahora-Bassa lines in order to verify the validity of the model.

C. Experimental work — Possibilities and validity of experimental work to further this

understanding may be proposed.

8.2.1 Development of a Model

Traditional methods of lightning protection system design evolved around HVAC lines. These
models neglect the conductor voltage in the lightning attachment process in two significant

ways:

a. The line voltage is negligibly small when compared to the tip potential of the

descending leader (Risk 2012).

b. On AC systems, the power frequency voltage has a mean value that approaches zero

(Maruvada 2008) and therefore any voltage-induced effects appear to be largely negated.

Clearly, the second assumption is not applicable to HVDC. However, the first is also inaccurate

in the HVDC case.

The line operational voltage should not be compared to the tip potential of the descending
leader, but should be considered in relation to the space potential (electric field gradient) that

is required for the initiation of an induced upward leader (Rizk 2012).
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The effective conductor voltage (U.) resulting in positive leader initiation is given by the
following expression according to Rizk (2012):
Ue=V,g+Eh+U; Equation (5)
Where
V,.¢ is the pole to ground voltage
E, = Ambient ground field due to cloud charge
H is the height of conductor above ground

U; is the induced voltage at conductor position due to descending leader

charge
A significant portion of the space potential required (around 30% for a positive 600 kV pole)
may be provided by pole voltage (Rizk 2012). The effect of pole voltage is all but ignored in
published models (Rizk 2012) except for an extension of the Rizk model in (Maruvada 2008)

which was developed in order to evaluate HVDC lightning performance.

After review of the published models, with specific focus on those that incorporate conditions
particular to HVDC, the apparent validity of the models will be assessed. This process will
culminate in the adoption of a suitable model or possible development of a revised or

extended version of an existing model.

8.2.2 Simulation for Model Verification

In order to differentiate between lightning induced faults that were due to shielding failure

and back-flashover, the maximum penetration current must be determined.

The development of a model will be pursued in further work. It is planned that simulations will
be performed using the model in order to investigate its validity by means of correlation with

field performance.

8.23 Experimental Testing

Experimental testing depends on how effectively the lightning attachment process can be
simulated. Full-scale tests are expensive and require very high impulse voltages. Therefore, for

practical reasons such tests are often conducted with scale models.
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The validity of such “scaled-down” tests is frequently stated to be questionable or even
completely invalid (Golde 1941; Becerra & Cooray 2008) as the conditions for these discharges

do not simulate lightning leaders.

Large air-gap laboratory tests are frequently used to simulate the conditions under which
upward positive leaders are initiated, although these tests cannot fully replicate the conditions

during natural lightning (Becerra & Cooray 2008).

It is challenging to initiate flashovers by means of the leader mechanism in laboratory
conditions, even at impulse voltages in the megavolt range. There are possibilities related to
using slower wave fronts (e.g. switching impulses) to initiate leader breakdown. However, the
electric fields associated with switching impulses, do not adequately approximate the field
produced by a negative downward leader. With switching, the electric field rate of change
varies from fast to slow whereas with natural lightning the rate of change is reversed from

slow to fast as shown in Figure 89.
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Figure 89: Simulated electric field for switching vs. various peak return lightning stroke currents
associated with downward descending leaders (Becerra & Cooray 2008).

The execution of large-scale representative tests requires extensive resources that are not

readily available. Therefore, no experimental work is proposed at this stage.
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Appendix A: Tabular Summary of Lightning Correlation
Results for All Faults

A.1 Introduction

Table A.2 condenses the correlation results for each fault recorded on the line protection
between the 17th of September 2008 and the 31st of August 2014.

A.2 Software used

The following two “FALLS” software tools were used to perform the analysis. The results of the
analysis are summarised in the Table A.2 for all fault events:

a) Small Area Exposure (SAE) — This tool is used to determine when lightning activity
occurred within selected periods, and within the buffer region.

b) Reliability Analysis (RA) — Reliability Analysis checks for correlations between fault
incidents and lightning activity. Temporal correlations are made between the
entered fault time and lightning stroke times. The temporal correlation is only
performed for reported stroke positions that are spatially correlated with a buffer
region around the line.

A.3 Results of SAE and RA analysis
The line polarity and fault correlation result are highlighted according to the Table A.1 below:

Table A.1: Colour legend for tabular correlation results.

Legend

Green — Fault No Colour — No Fault Red — Positive Line Blue — Negative Line

Correlation Correlation Polarity Polarity

Table A.2: Results of SAE and RA analysis for faults between 17 September 2008 and 31 August 2014.

Line | Fault Date | Fault time from protection system | Lightning correlation result and comments
1 | 19092008 12:58:28:809 m sg:ﬂ:ﬁ:g:i g‘t‘;'glglgt:'tsn ipneg”"d
1 | 21092008 02:38:46:781 Eﬁ Sg:ﬂ:'ﬁ;’tc';':i g‘:sﬁ;m ipnegr'Od
SAE: No lightning activity on these days.
1 2109 2008 02:49:04:415 SAE shows lightning activity on 26th September only (15
Strikes)
21 09 2008 10:32:02:000
2309 2008 22:32:01:518
2409 2008 14:56:54:482
1 | 27092008 11:24:24:347 m Sg:n:'ﬁ:tcr;:‘rge g‘t‘;'gﬁgt:; ipneg”c’d
27 09 2008 13:04:12:992
27 09 2008 15:09:45:885
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SAE: SAE analysis for 02 October 2008 shows negative
Lightning between 19:28 and 19:52 and positive
Lightning at 21:40. Otherwise, there was no lightning

1 01102008 05:12:32:916 activity at the time of these faults.
(These faults were likely due to pollution flashover due to
fog etc.)
01102008 05:16:23:476
02 10 2008 03:52:26:479
1 02 10 2008 04:09:16:401
1 02 10 2008 04:16:10:669
1 02 10 2008 04:41:49:443
1 02 10 2008 04:48:25:440
1 02 10 2008 05:20:09:571
1 02 10 2008 05:37:02:388
1 02 10 2008 05:42:03:206
1 02 10 2008 05:44:08:291
1 02 10 2008 04:41:49:000
1 02 10 2008 04:48:25:000
1 05 10 2008 06:52:33:000 SAE: No lightning activity
1 05 10 2008 06:52:33:000 SAE: No lightning activity
SAE: Negative lightning between 20:00 and 24:00
1 071102008 04:28:56:000 (The faults were probably due to pollution flashover due
to fog etc.)
1 07 10 2008 04:29:12:000
1 07 10 2008 05:25:19:000
1 07 10 2008 04:28:56:000
1 07 10 2008 04:29:12:000
1 07 10 2008 05:25:19:000
SAE: No Lightning on the 09 November 2008.
1 09 11 2008 12:45:36:372 - 518 Details of faults recorded:
Recorded as 6 faults on Line 1 between 12:45:36:372 -
518
SAE: No Lightning on the 09 November 2008.
Details of faults recorded:
0911 2008 12:45:36:555 - 881 Recorded as 12 faults on Line 2 between 12:45:36:555 -
881
SAE: No Lightning on the 09 November 2008.
Details of faults recorded:
0911 2008 12:45:38:454 - 826 Recorded as 13 faults on Line 2 between 12:45:38:454 -
826
SAE: No lightning on the 10 November 2008
1 | 10112008 | 10:51:00962- 105101619 | Detalsoffaults:
Numerous faults on Line 1
between 10:51:00:962 - 01:619
SAE: No lightning on the 10 November 2008
10112008 |  10:51:00:962 - 10:51:01:619 | Detals of faults:

Numerous faults on Line 2
between 10:51:00:962 - 01:619
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[ SAE: No spatially correlated lightning
3011 2008 01:43:35:936 and 945 RA: No Lightning at time of faults
. SAE: No spatially correlated lightning
3011 2008 01:43:36:194 and 204 RA: No Lightning at time of faults
02 12 2008 02:02:01:000 SAE, RA: No Lightning
1012 2008 03:52:49:000 SAE, RA: No Lightning
22122008 10:42:51:000 SAE, RA: No Lightning
22122008 10:42:51:000 SAE, RA: No Lightning
26 12 2008 04:17:55:934 and 945 SAE, RA: No Lightning
26122008 04:17:56:206 SAE, RA No Lightning

2009

19 01 2009 23:13:38:117 RA: No correlation

19 01 2009 23:13:38:202 RA: No correlation

19 01 2009 23:13:38:241 RA: No correlation

19 01 2009

1901 2009 23:13:38:404 RA: No correlation

23:13:38:447

RA: No correlation

19 01 2009

23:13:38:493

RA: No correlation

19 01 2009

B

2001 2009

23:13:38:602

00:50:45:100 and 161

RA: No correlation

RA: No correlation

24 01 2009 19:30:22:183 RA: No correlation, SAE: Single negative stroke at 19h05

24 01 2009 19:33:22:437 RA: No lightning, SAE: No lightning during period 19:00 -
20h00

24 01 2009 19:34:22:217 and 225 RA: No lightning, SAE: No lightning during period 19:00 -
20h00

24 01 2009 19:37:30:860 RA: No lightning, SAE: No lightning during period 19:00 -
20h00

12 02 2009 09:01:04:734 - 995 SAE: No lightning during period 08:30 - 09h30

Three faults were recorded by protection system.

12 02 2009

09:01:05:422

SAE No Lightning during period 08:30 - 09h30

Protection system recorded two faults.

17 02 2009 20:47:53:956 - 967 RA: Multiple lightning strokes between 20:47:05 and
20:48:43, but no correlation according to RA
Four faults recorded: 20:47:53:058, 068, 092, and
17 02 2009 20:47:53:058 - 54:101 20:47:>4:101

RA: Multiple lightning strokes between 20:47:05 and
20:48:43, but no correlation according to RA

125



1

17 02 2009

2102 2009

20:51:11:237

05:35:10:447 and 546

RA: No correlation
Closest correlation with a stroke at 20:51:17.543

—

RA: No lightning activity

2 21022009

11:46:34:000

RA: No spatially correlated lightning

RA No Lightning

12032 1:07:30:471-742
1 032009 01:07:30 Protection system recorded three faults recorded
20 03 2009 10:40:20:000 RA: No spatially correlated lightning
am o RA: No spatially correlated lightning
22032009 10:22:30:296 and 305 SAE: No lightning activity during this period
22 03 2009 10:55:17:444 SAE: No lightning during this period
22 03 2009 11:38:03:319 and 328
22 03 2009 12:11:34:718 and 727
Protection system recorded four faults at 12:14:16:376,
24 03 2009 12:14:16:376 - 402 385, 392, 402
SAE: No lightning during this period
Protection system recorded three faults at 12:46:14:421,
24 03 2009 12:46:14:421 - 447 430, 447
SAE: No lightning during this period
Protection system recorded four faults at 13:44:22:858,
27 03 2009 13:44:22:858 - 887 867, 877, 887
SAE: No lightning during this period
Protection system recorded three faults at 13:44:23:102,
27 03 2009 13:44:23:102 - 123 110,123
SAE: No lightning during this period
Eight faults recorded at the following times:
27 03 2009 14:16:32:650 - 901 14:16:32:650, 669, 679, 690, 702, 711, 89, 901 - 901
SAE: No lightning during this period
Seven faults recorded at the following times:
27 03 2009 15:00:58:029 - 294 15:00:58:029, 039, 049, 060, 273, 282, 297
SAE: No lightning during this period
Eight faults recorded at the following times:
27 03 2009 15:32:42:202 - 465 15:32:42:202, 211, 221, 242, 444, 453, 465
SAE: No lightning during this period
. SAE: No lightning during June 2009 except for negative
1 05 06 2009 12:39:14:000 strokes on 18-06-2009
1 05 06 2009 12:40:11:000
1 05 06 2009 02:01:36:000
1 05 06 2009 02:01:00:000
1 11 06 2009 01:47:38:000 SAE: No lightning except for on 18-06-2009
1 11 06 2009 01:43:00:000
SAE: No lightning activity during July 2009
1 2 :02:00:
1 7072009 06:02:00:000 First lightning activity on 01-08-2014
1 23 07 2009 09:19:11:000
1 23 07 2009 09:47:00:000
1 28 07 2009 12:38:56:000
1 28 07 2009 01:47:06:000
1 28 07 2009 12:38:00:000
1 28 07 2009 01:47:00:000
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SAE: No lightning activity during July 2009

1 0508 2009 02:25:25:000 Only lightning activity on 01-08-2014
1 05 08 2009 02:25:00:000
1 10 08 2009 06:06:25:000
1 10 08 2009 06:06:00:000
1 29 08 2009 02:57:38:000
1 30 08 2009 10:46:49:000
1 30 08 2009 12:22:20:000
1 3008 2009 14:19:26:000
1 3008 2009 02:41:11:000
RA: No spatially correlated lightnin
3008 2009 04:14:37:000 SAE: No IF:ghtni\r:g activity dur‘ging thi period
30 08 2009 04:35:01:000
3008 2009 04:57:34:000
3008 2009 05:19:12:000
RA: No Lightning at 13:09:36
1 01092009 01:09:36:000 SAE: No Iigghtningg activity during this period
1| 12092009 01:49:06:000 [Possbly poluion mluced fahoverd
1 12 09 2009 02:31:04:000
1 12 09 2009 03:39:29:000
1 12 09 2009 01:49:00:000
1 12 09 2009 02:31:00:000
1 12 09 2009 03:30:00:000
1 12 09 2009 03:31:00:000
1 12 09 2009 03:39:00:000
1| 7002000 | 122750760and 778 | 0 2006.05.18 00:00:0
1 17 09 2009 14:27:16:181
1 18 09 2009 08:57:46:136 and 145
1 18 09 2009 10:21:41:937 and 10:21:42:027
1 18 09 2009 10:29:18:885 and 894
1 18 09 2009 10:37:08:803 and 812
1 18 09 2009 10:52:46:142 and 231
1 18 09 2009 12:59:29:735 and 825
1 18 09 2009 14:54:17:466 and 475
1 18 09 2009 15:10:34:404 and 413
1 18 09 2009 17:58:27:637 and 646
1 18 09 2009 18:13:09:614 and 623
1 | 23092009 03:29:54:503 and 512 (Sgi:\t‘;’;fszitglt‘ij:zg‘i ;nftie;)"’d
1 23 09 2009 03:29:31:198 and 207
1 | 23092009 06:16:05:640 f‘gi:\t':’:;gszitgl';g::;:ignfﬁ‘;e;)'(’d
1 23 09 2009 06:27:42:204
1 23 09 2009 06:28:04:842 and 851
1 23 09 2009 07:13:23:220
1 23 09 2009 09:11:48:361
1 23 09 2009 09:24:33:475 and 484
1 23 09 2009 12:43:00:000
1 23 09 2009 12:47:00:000
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1 24 09 2009 01:18:24:381 SAE: No lightning activity during this period
1 24 09 2009 01:54:15:406
1 24 09 2009 01:18:00:000
1 24 09 2009 01:54:00:000
1 3009 2009 01:10:06:544 - 553 SAE: No lightning activity during this period
1 12 10 2009 23:56:57:626 and 635 RA: No lightning correlation (See RA)
1 13 102009 12:36:05:222 and 231 RA: No lightning correlation
1 20 10 2009 06:23:38:829 and 838 SAE: No lightning activity during this period
1 20 10 2009 06:49:01:170
Recorded as four faults on Line 2 between 10:01:29:434
04 11 2009 10:01:29:434 - 804 and 804
RA: No lightning correlation
06 11 2009 12:10:00:000 SAE: No lightning activity during this period
Recorded as four faults on Line 2 between 12:40:20:245
06 11 2009 12:40:20:245 - 514 and 514
SAE: No lightning activity during this period
1 10 11 2009 15:37:59:444 and 453 Recorde'd as t'wo faL'I|t.S on Line 1 at 15:37:59:444 and 453
RA: No lightning activity
. 19 11 2009 04:27:00:142 RA: No spatially correlated lightning
This fault actually occurred on Line 1 and not 2 as
1 1911 2009 00:48:28:127 - 148 (;‘rllgmally indicated. Indicated as three faults128, 137,
RA: No correlation with lightning
1 | 19112009 04:27:00:000 No Fault according to LFL

RA: No spatially correlated lightning

14 01 2010

2001 2010

05 12 2009 23:56:41:153 and 162 RA: No Correlation
1 1312 2009 10:42:46:431 SAE: No spatially correlated lightning
1 13122009 11:11:52:385
1 1312 2009 11:33:38:736
1 1312 2009 11:41:49:333
13 12 2009 12:59:04:846 SAE: No spatially correlated lightning
1312 2009 13:10:38:238
13122009 13:20:41:679
18 12 2009 06:40:55:189 RA: No lightning, SAE: No lightning during this period

18:59:58:344

23:50:47:674

Original fault time 18:59
RA Best time correlation with 19:00:19 (-6 kA)
Poor spatial correlation

RA: No spatially correlated lightning

1902 2010

05:34:42:295

RA: No correlated lightning
SAE: No lightning activity
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1 25 05 2010 05:58:57:517 SAE: No lightning at the time of these faults
1 26 05 2010 07:46:42:988 Some lightning activity on the following: 4, 1& 29 May
1 03 07 2010 03:18:04:911 SAE: No lightning activity at the time of these faults
1 03 07 2010 04:08:02:742
1 03 07 2010 04:12:00:750
1 03 07 2010 05:05:48:337
1 03 07 2010 05:07:51:246
1 03 07 2010 06:53:20:491
1 03 07 2010 06:53:39:394
1 1007 2010 14:06:31:188
1 19 07 2010 06:48:53:282
1 03 08 2010 03:14:34:878 SAE: No spatially correlated lightning
1 12 08 2010 07:35:48:970
1 1508 2010 12:34:07:598
1 19 08 2010 15:02:53:955
1 1908 2010 15:03:59:744
1 1908 2010 16:20:42:809
1 2108 2010 02:52:59:448
1 2108 2010 03:16:33:394
1 2108 2010 03:54:10:207
1 2108 2010 04:05:16:206
1 2108 2010 06:49:31:382 and 672
1 2508 2010 05:33:59:740
1 26 08 2010 05:47:04:936
1 27 08 2010 04:58:32:315
1 27 08 2010 05:02:17:499
1 28 08 2010 03:59:33:670
1 28 08 2010 04:29:53:376 SAE: No lightning activity during this period
2 29082010 12:21:16:827 RA: No lightning correlation
1 0109 2010 15:27:34:906 SAE: No lightning activity during this period
1 0109 2010 15:30:18:803
1 02 09 2010 12:18:09:535
1 02 09 2010 15:00:58:495 SAE: No lightning at the time of these faults
1 02 09 2010 15:01:22:617 No lightning in Sept 2010 except for 10Sept & 27Sept
1 02 09 2010 15:05:41:983
1 03 09 2010 14:37:12:762
1 04 09 2010 04:29:26:329
1 04 09 2010 05:21:02:353
1 04 09 2010 05:21:28:685
1 04 09 2010 06:04:11:760
1 05 09 2010 04:45:30:550
1 05 09 2010 05:02:32:996
1 05 09 2010 05:03:07:704
1 06 09 2010 06:29:02:124
1 08 09 2010 02:34:16:387
1 08 09 2010 03:35:22:455
1 12 09 2010 06:35:02:829
1 12 09 2010 08:00:20:354
SAE: No lightning at the time of these faults
1 13 09 2010 15:34:57:295 No lightning in September 2010 except for on 10Sept and
27Sept
1 14 09 2010 15:56:28:534
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Appendix B: Graphical Reliability Analysis of Fault Correlations

B.1 Introduction

This appendix presents the details of the fault correlation process and elaborates in a graphical format on the classification of each of the faults that were
considered “probable” to have been caused by a lightning stroke. The strokes that are considered “probable” are selected based on criteria that are defined
in B.3. This appendix is compiled from the output from the “Reliability Analysis” (RA) tool in “FALLS” software program.

B.2 Information Presented in the Graphical Analysis

Each fault that has been correlated with lightning activity is described in a separate graphical analysis. The analysis presents the following information that
is shown in figure B.1:

A Graphical RA output — The graphical output depicts the correlated lightning stroke confidence ellipses and the line with its buffer zone. The
graphical output allows the spatial correlation of various lightning strokes with the line to be examined.

B. Tabular RA output — This RA output lists the various correlated lightning strokes with a certain time tolerance around the inputted fault time. The
most probable stroke time is highlighted.

C. Fault number — The number of the fault is highlighted on the tabular output

D. Fault time — The fault time from the protection system is highlighted so that it can be compared to the stroke that is most closely correlated.

E. Stroke time — The reported stroke time is highlighted for the most probable stoke to facilitate comparison with the fault time

F. Comments — Comments are made about the temporal and spatial correlations as well as any other significant details pertaining to the fault such as

the stroke amplitude of the probable stroke. The comments are explained in more detail in the next section.
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B.3 Comments in Graphical Analysis

The following comments are made for each graphical analysis presented.

J Temporal correlation — The temporal correlation is classified according to the criteria in Table B.1.
J Spatial correlation — The spatial correlation is classified according to the criteria in Table B.2.
. Stroke amplitude and polarity — The mean value for peak current amplitude for lightning exposure along the Cahora Bassa lines is 16 kA. Strokes

that are significantly above this value, say 50% more (24 kA) are considered “High”. About half of this mean value i.e. single digit amplitudes are considered
”LOW"_

Some of the analyses have peculiarities that have been emphasised in the comments, such as:
. Negative line polarity — The vast majority of strokes affect the positive polarity line, therefore faults affecting the negative pole are highlighted.

. Low number of detecting LDN sensors — A low number of detecting sensors increases the uncertainty in the reported position of the stroke.
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| Stroke time - 18:36:03:593

I Fault no. 16 time - 18:36:03:593

TeLAP-CE TR
pr AL PP et 75
LoPs

7
I
]
(T T
/U’CE &7

Comments:
*» Temporal correlation is exact

A.
Graphical RA
output

PN

High stroke amplitude: -43kA

F.
Comments

Anne! Bame TimeCorr Fact | Fasl Time GMT 0000 | Precluionis) | Time GUIT=0308 PiCurrika] | Latitude Longiteds | Chitg EnSMaj [ [ Froedor | Musi | humier
F B3 | APGLLD CARORA BASE, 0 BS80S | 2018-12-11 18- M 0 S50 FEEE e L -2% BraT 28 a8 o) arra 23 I o
F Bl | APGLLD CAmORL BASSS 0 GOTEES | 234240 IEMEOLERD | e - y IR R T % 7 2458 D5 JELR i L
T &4 | APOLLD CamORa Basss 0 REEG | 20081211 0836 02560 [16 ] Jroncend-n 183843593 ) l 4 T8 264808 13 a8188 [EI] 146 L] []
F B4 | ARGLLD CamOils BASEY B SRS | 25181211 IR M A1 85 “ [ leormmarere- euren ety -5 THES L AENY L0 SLisk Ll 34 1% B
F 67 | APOLLD CamDRh Pii5al 0 alree | 2 B 21 550 ol TRE2 2847 L Tz Q1 g T 1 L]
L & | AROLLG Camdila au* 0 &3l | 35 L5 1aEl] b 18 X Tl ] aa 18308 LEETE ] M3E 3 L]
F Bl | APDLLD CAmDRA BATSA 0T | 20001211 BB ME 01550 B A SIETTN TR ALET is RO 058 354 R i L]

D. Fault time
E. Stroke time

C.

Fault number E. Stroke time

B.
Tabular RA
output

Figure B.1: Key to the information presented in the “Graphical Analysis” of the fault correlation.
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Faults from protection system for 19-01-2009 1C KA ]

38 sec, 192628100

1d -11kA
Fault Time 32 sec, 84922800 ns, Pole 1" 5
1t _Time 38 - 40234 00 _ns, Pole 1 L.g.nd'
3:13:40:040", "Fault Time 38 sec, 107795300]ns, Pole % | Centre of confidence
13.20-2%6" "Eault Time 3 ns, Pole 1" i
f'-':::IZ :40:400","Fault T ns, Pole 1" ellipse

"23:13:41:528","Fault Time 38 sec,
"23:13:41:672","Fault Time 38 sec,
"23:13:41:816","Fault Time 41 sec,

593036000
602142200
150620200

o
o
—_—
o

b b b b b b e e e e e e e 2

ns,

Comments for most probable stroke 1a:
*  Exact temporal correlation

*  Good spatial correlation

¢ Low stroke amplitude: -18kA

Multiple strokes in a single flash
|core] 0 |Asset Hame | TimeCorr Fact | Fault Tithe GMT+02:00 | Precision(s) | Time GMT+02:00 |Prcurrika) |Latitude  |Longitude |cChisq | Ensmai | ensmin |enangle | Freedor | Mutti lllumScrlI
Ol 11| APOLLO CAHORA BASSA 0.584856 [ 2009-01-19'33:13:38.403 60 [ 2009-01-19 23:13:13.484 7 256775 285232 03 21.879 0.7722 3157 1 0 2
D F 12 | APOLLO CAHORA BASSA 0.594134 | 2009-01-19 2}\{3 38.403 60 | 2009-01-19 23:13:14.051 -10 -25.7202 286168 28 3.3462 0.7722 3145 3 0 3
alr 13| APOLLO CAHORA BASSA 0.651425 | 2009-01-19 23:1%38.403 60 [ 2009-01-19 23:13:17.489 -10 257378 28626 05 1.0296 0.5148 3533 s 0 3
Ol 14 | APOLLO CAHORA BASSA 0.651739 | 2009-01-19 23:13:34,403 60 | 2009-01-19 23:13:17.507 12 257361 286253 1.7 1.0296 05148 3625 6 0 s
D F 15 | APOLLO CAHORA BASSA 0.72389 | 2009-01-19 23 1338}\3 " 60 | 2009-01-19 23:13:21.824 -1 -25.74 286244 34 1.0296 07722 2997 6 [} S
alf 16 | APOLLO CAHORA BASSA 0.986292 | 2009-01-19 23:13:38.403\, -25.8551 286864 03 19,8198 1287 3357 1 0 2
Ol 17 | APOLLO CAHORA BASSA 0.995081 | 2009-01-19 23:13:38.403 13 60]2000-01-19 23:13:38.108 -18] .25.7969 28.4928 43 0.5148 02674 3556 17 0 1
D F 18 | APOLLO CAHORA BASSA 0.996449 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:38.180 -5 25791 28.5903 1 18018 07722 1" 1 0 2
alr 19| APOLLO CAHORA BASSA 0.996492 | 2009-01-19 23:13:38.403 b &0 1-19 23:13:38.193 ol 25795 28.4971 0.1 1.287 0.5148 2495 3 0 3
m|G 20| APOLLO CAHORA BASSA 0.997153 | 2009-01-19 23:13:38.403 . -25.79% 26.4985 2 1.8018 0.7722 19.2 3 0 3
. T 21| APOLLO CAHORA BASSA 0.999863 | 2009-01-19 23:13:28.403 -25.7972 28.4962 01 1.8018 05148 3578 3 0 3
(m|[ 22| APOLLO CAHORA BASSA 0.999416 | 2009-01-19 23:13:38.403 .25.8007 28.4543 23 0.7722 0.5148 3545 7 0 s
Ol 23| APOLLO CAHORA BASSA 0.984371 | 2009-01-19 23.13:38.403 257273 28,5568 0 144144 0.7722 3155 1 0 2

Figure B.2: Fault number 1a - 1f for 19 January 2009.
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Stroke time -23:13:41:151

Fault no. 2 time - 23:13:41:151

Comments:
*  Exact temporal correlation

*  Two detecting sensors
*  Low stroke amplitude: -7kA

G PO OOT PP Lt VW T T v,
3% RACASRALS ™

‘| Legend:
Centre of confidence
| ellipse

|cort|1D | Asset Hame | TimeCorr Fact | Fault Time GMT+02:00 | Precision(s) | Time GMT+02:00 |PkCurr(kA) |Latitude  |Longitude | ensmaj | Enlsmin |Freedor | Mutti | Numsen
Ol 25| APOLLO CAHORA BASSA 0.955639 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:41.065 3 -25.7607 28.592 03 20592 0.7722 7.8 1 0 2
16 26 | APOLLO CAHORA BASSA - 0.954206 | 2009-01-19 23:13:38.403 2 602009-01-19 23:13:41.151 7 25.747 28,6465 33 20.8494 0.7722 316 1 0 2
Ol 27| APOLLO CAHORA BASSA 0.953535 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:41.191 I 257831 28,6255 0.1 21.879 1287 3356 1 0 2
Ol 28| APOLLO CAHORA BASSA 0.951566 | 2009-01-19 23:13:38.403 60 | 2009-01-19 23:13:41.309 4 25,7608 28.5869 02 20592 0.7722 87 1 [) 2
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Figure B.3: Fault number 2 for 19 January 2009.




Close-up of fault location

Comments: |
*  Exact temporal correlation :
*  Good spatial correlation
*  Stroke amplitude: -17kA
Stroke time -00:50:42:744
Fault no. 3 time - 00:50:42:744
Z
|corr| 1D | Asset hame | TimeCorr Fact | Fault Time GMT+02:00 | Precision(s) | Time GMT+02:00 | PkCurrikA) [Latitude  |Long | chisa |ensmaj  [ensmin  |enangle  |Freedor|mutti |Numser
:] F 1| APOLLO CAHORA BASSA 0.202457 | 2009-01-20 00:50:42.000 10 | 2009-01-20 00:50:34.025 -12 -246463 29.1648 45 16.2162 1.5444 7 1 0 2
j F 2| APOLLO CAHORA BASSA 0.379819 | 2009-01-20 00:50:42.000 10 | 2009-01-20 00:50:35.798 -9 -25.3756 28.7123 0 221364 1.0296 844 1 0 2
] F 3| APOLLO CAHORA BASSA 0.438355 | 2008-01-20 00:50:42.000 10 | 2009-01-20 00:50:36.384 -5 -24.5284 292702 6.1 13.3848 1.287 76.9 1 0 2
. T 4| APOLLO CAHORA BASSA 0.925607 | 2009-01-20 00:50:42.000 3 10 §2009-01-20 00:50:42.744 -17 -246699 29.2246 15 0.7722 0.5148 3529 9 0 7
j F S| APOLLO CAHORA BASSA 0.911732 | 2009-01-20 00:50:42.000 10 | 2009-01-20 00:50:42.883 =24 -24,6803 29.2313 12 8.7516 07722 208 3 0 3
:I F 6 | APOLLO CAHORA BASSA 0.351124 | 2009-01-20 00:50:42.000 10 | 2009-01-20 00:50:48.489 -8 -24.7434 29.1913 29 21.3642 1.0296 M8 1 0 2
: F 7 | APOLLO CAHORA BASSA 0.260952 | 2009-01-20 00:50:42.000 10 | 2009-01-20 00:50:49.390 18 -25.9203 28.3622 25 10.0386 07722 3567 9 0 8
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Figure B.4: Fault number 3 for 20 January 2009.




Fault no. 4b time - 20:28:40:024

Stroke time -20:28:40:024

AP-CB 84

4P=CB 94
«P=CB 92
4P<CB 90
«P-CB 88

P-CB 86,

Fault no. 4b time - 20:28:40:138

Stroke time -20:28:40:138

Comments for both 4a and 4b:

Exact temporal correlation
Good spatial correlation

Stroke amplitude 4a: -26kA
Stroke amplitude 4b: -17kA

|corr|10 | Asset Name | TimeCorr Fact | Fault Time GMT+02:0¢| Precision(s) PkCurr(kA) |Latitude  |Longitude |Chisq | Ensmaj |ensmin  |enangle  |Freedor|mutti [numsen
.
g+ 1[APOLLO CAHORA BASSA 0.997569 [ 2009-02-17 20:28:40.00 2009-02-17 20:28:40,024 26 -25.7975 28.5084 17 0.5148 0.2574 349.7
W 2| APOLLO CAHORA BASSA 0.986226 | 2009-02-17 20:28:40.00 10] 2008-02-17 20:28:40.138 A7 -25.7962 28.4985 06 0.7722 0.5148 3446

Figure B.5: Fault number 4a and 4b for 17 February 2009.




Fault no. 5 time - 20:51:17:543

o

T

Vi

Stroke time -20:51:17:543

SN

N

Comments:

Exact temporal correlation

*  Low stroke amplitude: -8kA

by "

|core|iD [Asset Hame [ TimeCorr Fact [Fault Time GMT+02:0¢| P ) |Time GMT+02:00 [Pkcurrika) |Latitude  |Longi [chisq [Ensmaj [Ensmin |enangle  |Freedor|Multi [Humsen
[F 129 | APOLLO CAHORA BASSA - 0.208735 | 2009-02-17 20:51:17.00 60 [ 2009-02-17 20:50:29.524 -50 -25.8133 28.5099 28 0.7722 0.5148 3493 19 0 13]
|F 130 | APOLLO CAHORA BASSA - 0211982 | 2009-02-17 20:51:17,00 60 | 2009-02-17 20:50:29.719 -15 -25.7852 28,4648 52 1.0296 05148 3331 . [ 4
i 131 | APOLLO CAHORA BASSA 0.305638 | 2008-02-17 20:51:17.00 60 | 2009-02-17 20:50:35.238 26 -25.6837 286125 12 10.5534 1.5444 58 2 0 3
J|F 132 | APOLLO CAHORA BASSA 0649039 | 2009-02-17 20:51:17.00 60 | 2009-02-17 20:50:55.942 -8 -25.8114 28.4983 03 18.018 07722 314 2 0 3
|3 133 [ APOLLO CAHORA BASSA 0.990956 | 2009-02-17 20:51:17.00 5 60]2009-02-17 20:51:17.543 -8 -25.8446 28.5363 0.2 17.2458 07722 3141 1 [ 2
miG 134 | APOLLO CAHORA BASSA - 0.412922 | 2009-02-17 20:51:17.00 60 [ 2009-02-17 20:51:52.225 23 -25.8553 28.5058 15 223938 0.7722 310 2 0 3
|F 135 | APOLLO CAHORA BASSA 0412588 | 2009-02-17 20:51;17.00 60 | 2009-02-17 20:51:52.245 10 -25.835 28,5478 0.1 131274 0.7722 3143 2 0 3
e 136 | APOLLO CAHORA BASSA 0.106348 | 2008-02-17 20:51:17.00 60 [ 2009-02-17 20:52:10.619 5 -25.8324 28.4121 09 30888 0.7722 59.7 2 0 3
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Figure B.6: Fault number 5 for 17 February 2009.



Comments:

Good spatial correlation
Low stroke amplitude: -8kA
Negative line polarity (Line 2)

Close-up of fault location

best time
6 correlation 645ms —
Tower 771

%
Y
& Fault no. 6 time - 01:28:52:573 Stroke time -01:28:52:645
:1 g
°
|core| 10 | Asset Name | TimeCorr Fact |Fault Time GMT+02:0¢| Precision(s) | Time GMT+02:00 | Prcurr(ka) |Latitude |1 |chisq | Ensmaj | ennsmin |enangle  |Freedor|mutti [numser
O[rF 88 | APOLLO CAHORA BASSA 2 0.0693993 | 2009-12-01 01:28:52.00 10[2009-12-01 01:28:42.694 13 236722 29.7772 03 0.7722 0.7722 3278 7 0 s
Ol 89| APOLLO CAHORA BASSA 2 0.0771862 | 2009-12-01 01:28:52.00 10| 2009-12-01 01:28:42.772 14 236745 297775 03 0.7722 07722 3217 7 0 s
Ol 90 [ APOLLO CAHORA BASSA 2 0.240361 | 2009-12-01 01:28:52.00 10 2009-12-01 01:28:44.404 A7 -24.5685 29.2429 13 0.7722 0.5148 354 1 0 7
OlF 91| APOLLO CAHORA BASSA 2 0.850382 | 2009-12-01 01:28:52.00 10 [ 2009-12-01 01:28:50.504 14 226346 311704 0.3 10.296 1.287 313 1 0 2
OfF 92| APOLLO CAHORA BASSA 2 0.959513 | 2009-12-01 01:28:52.00 10| 2009-12-01 01:28:51.585 10 245929 292334 02 10,5524 1287 3478 1 0 2
Ol 93| APOLLO CAHORA BASSA 2 0.959533 | 2008-12-01 01:28:52.00 10| 2009-12-01 01:28:51.595 7 -24.909 28.9264 39 84942 0.7722 3389 1 0 2
Ol 94 | APOLLO CAHORA BASSA 2 0.935503 | 2009-12-01 01:28:52.00 6 10 ]J2005-12-01 01:28:52.645 1 236092 29.8253 11 0.7722 0.7722 3246 B 0 s
O|r 95 | APOLLO CAHORA BASSA 2 0.927917 | 2009-12-01 01:28:52.00 10 | 2003-12-01 01228:52_]21 -5 -24.3976 29.1912 11 22.1364 1.02%6 796 1 0 2
QOlr 96 | APOLLO CAHORA BASSA 2 0.0248144 | 2009-12-01 01:28:52.00 10 2009-12-01 01:28:01.752 1 245314 292507 0.3 9.2664 1287 347.1 1 0 2
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Figure B.7: Fault number 6 for 1 December 2009.




: I pa—

Fault reported by the protection system for 16" January 2010
"2010.01.16","01:16:40:690","Fault Time 39 sec, 590288200 ns, Pole 1" | Fault no. 7 time - 01:16:39:590
f_

/\ Time difference: 154ms TB 92

Comments:

Stroke time -01:16:39:744

*  Good spatial correlation

AP-CB 66

AP-CB 65

Fault no. 7 time - 01:16:39:590

Time difference: 27ms
-~ -26kA -8kA
Stroke time -01:16:39:617 -16kA

41
Multiple strokesin a single flash
AP-CB 59
|corr]ip | Asset Hame | TimeCorr Fact |Fault Time GMT+02:0¢| Precision(s) | Time GMT+02:00 |Pkcurrika) |Latifide  |Longitude |cChisq | Ensmaj [ensmin  |enangle  |Freedor|mutti | Humser|
OfF 351 APOLLO CAHORA BASSA - 0.426034 | 2010-01-16 01:16:00.00 60| 2010-01-16 01:15:25.562 26] / 257988 26,4984 27 05148 02574 3415 2 0 13
Ol 352| APOLLO CAHORA BASSA - 0.426659 | 2010-01-16 01:16:00.00 60| 2010.01-16 01:15:25.600 5|/ 257983 285213 18 1287 05148 349.4 3 0 3
Ol 353 | APOLLO CAHORA BASSA - 0.338713 | 2010-01-16 01:16:00.00 60} 2010-01-16 01:16:39.617 6| 258074 26,4991 3 0.5148 02574 3497 16 0 10
Ol 354 | APOLLO CAHORA BASSA - 0.338721 | 2010-01-16 01:16:00.00 60 2010-01-16 01:16:39.677 as| 257959 26,5293 13 0.5148 0.5148 346.1 12 0 8
Wr 355| APOLLO CAHORA BASSA 0.337608 | 2010-01-16 01:16:00.00 60] 2010-01-16 01:16:39.744 24| 257924 285015 13 0.7722 0.5148 3812 12 0 8

Figure B.8: Fault number 7 for 17 February 2009
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Faults reported by the protection system for 9" October 2010
"2010.10.09","15:13:42:051","Fault Time 38 sec, 710379000 ns, Pole 1"
"2010.10.09","15:13:58: e i Pole 1"
"2010.10.09",15:16:46:0477," sec, 62539900 ns,|Pole 1"
"2010.10.09","I5722 13 056 , FaOrc 11 IU Sec, , Pole 1"
"2010.10.09","15:24:14:048" ,"Fault Ti 13 sec, 888260300 ns, Pole 1"
"2010.10.09","15:26:22:055","Fault Time\l8 sec, 487524200 ns, Pole 1"

Comments: R
Fault no. 8 time - 15:16:42:625
Stroke time - 15:16:42:551 K~ _gkA

* Low stroke amplitude: -6kA

Wultiple strokesin a single flash

-32kA

[corr| I;D

Figure B.9: Fault number 8 for 9th October 2010.
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| Asset Hame | Timecorr Fact | Fauit Time GMT+02:00 | Precisionts) | Time cmT+02:00 |Picurrika) [Latitude  |Longitude [chisq |Muiti | Humser|
Ol 11| APOLLO CAHORA BASSA - 0.439608 | 2010-10-09 15:16:42.000 60 2010-10-09 15:16:08.376 5 -24.9681 28.9395 19 0 2
|k 12| APOLLO CAHORA BASSA - 0.999694 | 2010-10-09 15:16:42.000 60| 2010-10-09 15:16:41.982 -32 -24.8104 29.1136 07 0 8
D F 13| APOLLO CAHORA BASSA - 0.998964 | 2010-10-09 15:16:42.000 Eﬂ" 2010-10-09 15:16:42.062 25 -24 806 29.0937 2 0 10
Olr 14| APOLLO CAHORA BASSA - 0.997315 | 2010-10-09 15:16:42.000 60| 2010-10-09 15:16:42.161 15 24,8234 29.1032 0.8 0 8
F 15| APOLLO CAHORA BASSA - 0.996672 | 2010-10-09 15:16:42.000 &0j| 2010-10-09 15:16:42.200 =11 -24.8321 29.1012 0.4 0 T

O
F 16 | APOLLO CAHORA BASSA - 0.950814 | 2010-10-09 15:16:42.000 60§ 2010-10-09 15:16:42.551 -5 -24. 8089 29.0927 0.2 0 3
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tower 344
Comments:

* Exact temporal correlation

Fault no. 9 time - 15:22:10:571

* Positive stroke amplitude: +14kA Stroke time - 15:22:10:571

[corr]iD [asset name [Timecorr Fact [Fault Time GMT+0z:0(] Precision(s) [ Time GMT+02:00 [Prcurrika) Jratitude  JLongitude [chisa [ensmaj [ensmin [enangle  JFreedor[muiti Juumser]
O ] 17 [ APOLLO CaHORA BASSA | 0.991658 [ 2010-10-09 15:22:10.00] 60]2010-10-09 15:22:10.501 16 29376 289777 27] 61776 | 1.029 | 3584 13] of 9
O | 12| APOLLO CAHORA BASSA. | 0.990488 | 2010-10-08 15:22:10.00] O so] 2010-10-09 15:22:10.571 14 25067  289%2| 81| 2574 0.5148 73| & of 5

Figure B.10: Fault number 9 for 9 October 2010.
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Stroke time -15:24:14:207
A 10
Fault no. 10 time - 15:24:13:888

Comments:
*  Poortemporal correlation - out by 319ms Tower 361

¢ Stroke amplitude: -22kA

[corr[iD [Asset name | TimeCorr Fact |Fault Time GMT+02:00 |Precision(s) |Time GMT+02:00 PKCurr(kA) |Latitude  [Longi |chisq | Ensmaj [ensmin  [enangle  |Freedor|muti [numser|

O | 1] APOLLO CAHORA BASSA 1 | 0.994678 [2010-10-09 15:24:13.888 10  so]po10-10-09 15:24:14.207 -2 -248404]  29.0328] 4] 10.206 | 1.287] s| 1] o] 2

Figure B.11: Fault number 10 for 9 October 2010.
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11

Stroke time -15:26:18:487

Fault no. 11 time - 15:26:18:488

Comments: Tower 384
. Exact temporal correlation
[cort[i0 [asset name [Timecorr Fact [Fault Time GMT+02:00 [Precision(s) [Time GmT+02:00 [Prcurrika) JLatitude  [Longitude [chisq [ensmai [ensmin ~ Jenange  Jrreedor[munti [numser]
m ] 2[APOLLO CAHORA BASSA | 0999983 [ 2010-10-09 15:26:118.488 | 11 sofz010-10-09 1525118487 | 7] -248208] 29.0739] (X 4.1184] 0.7722 2287 3] 0] 3
Ols | 2| APOLLO CAHORA BASSA - 0.424433 | 2010-10-09 15:26:18.485 | 60]2010-10-09 15:26:53.022 | 3| 2ssees| 20089 0.4 1.02%6 | 0.5148 | 3175 13| of s

Figure B.12: Fault number 11 for 9 October 2010.
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Stroke time -21:21:40.249

|

12

Fault no. 12 time - 21:21:40.248

- To

ér 12 -13

Comments:

«  Exact temporal correlation
*  Good spatial correlation
*  Low stroke amplitude: -9kA

| TimeCorr Fact |Fault Time GMT+02:00 | Precision(s) |Time GMT+02:00

TCort 1D |Asset Name [PkCurr({kA) |Latitude |Longitude [ ChiSq TEnsma; | ENlSmin |EllAngle |Freedor

| F 19 | APOLLO CAHORA BASSA - 0.35031 | 2010-10-27 21:21:40.248 60 [ 2010-10-27 21:21:01.267 -5 -25.9462 282777 37 20.5494 1.287 326.9 1 0 2|
M| F 20 | APOLLO CAHORA BASSA - 0.631053 | 2010-10-27 21:21:40.248 60 [ 2010-10-27 21:21:18.111 -10 -25.5044 28.3045 0.8 1.02% 0.5148 3544 5 1] 4
| |y 21 | APOLLO CAHORA BASSA 0.999591 | 2010-10-27 21:21:40.248 12 so[z010-10-27 2121:20.249 -8 -25.9068 28.3081 21 1.8018 0.7722 18.4 3 0 3]
| F 22 | APOLLO CAHORA BASSA - 0.995746 | 2010-10-27 21:21:40.243 60 [ 2010-10-27 21:21:40.323 -13 =25.9036 28.312 0.6 0.yraz2 0.5145 3372 9 0 T
| F 23 | APOLLO CAHORA BASSA - 0.997532 | 2010-10-27 21:21:40.248 60 [ 2010-10-27 21:21:40.396 -21 -25.9027 28.3079 1.3 0.5148 0.5148 330.5 19 0 12
Nl F 24 | APOLLO CAHORA BASSA - 0.991333 | 2010-10-27 21:21:40.248 60 [ 2010-10-27 21:21:40.768 -10 -25.9025 28.3077 3 1.0296 0.5148 3544 5 0 4]

F 25 | APOLLO CAHORA BASSA 0.0712158 | 2010-10-27 21:21:40.248 60 [ 2010-10-27 21:22:35975 -12 -25 8985 28.3233 0.2 1.0296 0.5148 3543 5 0 4]
|
N F 26 | APOLLO CAHORA BASSA 0.0712124 | 2010-10-27 21:21:40.248 60 | 2010-10-27 21:22:35.975 -8 -25.9424 28.4261 8.1 15.9588 0.7722 3121 1 0 2|
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Figure B.13: Fault number 12 for 27 October 2010.




LI L LI L

Stroke time -19:04:20:427

AN 13b
Fault no. 13b time - 19:04:20:427

Tower 126

Stroke time -19:04:20:427

[ 13a
Fault no. 13a time - 19:04:20:427

Comments for both 13a and 13b:
. Exact temporal correlation
¢ Good spatial correlation

Tower 71 . Stroke amplitude: -18kA
/{—_‘_ﬁ_‘_‘_‘_‘—l—\_
|corr|iD Asset Name | TimeCorr Fact | Fault Time GMT+02:0¢| Precision(s) | Time GMT+02:00 |Pkcurrika) |Latitude | Longi | chisq | Ensmaj |ensmin  |Enangle Freedor | Multi | NumSer||
F 356 | APOLLO CAHORA BASSA - 0.438217 | 2010-10-30 19:04:00.00 50]2010-10-30 15:03.26 293 _10 -25.6854 28676 2 21.879 1.0296 436 [ ] 2
T 357 | APOLLO CAHORA BASSA - 0.659542 | 2010-10-30 19:04:00.00 13a eof 20101030 190420427 =18 -25.7859 26.4912 0.7 1.287 0.7722 153 5 0 4
F 358 | APOLLO CAHORA BASSA - 0.659542 | 2010-10-30 19:04:00.00 13b eof 2010-10-30 19:04:20.427 11 257218 286251 0.1 4.8906 1.287 435 [ ] 2
F 359 | APOLLO CAHORA BASSA - 0.638993 | 2010-10-30 19:04:00.00 60 | 2010-10-30 19:04:21.660 2 -25.7871 28.4991 12 0.7722 0.5148 3498 5 0 4
F 360 | APOLLO CAHORA BASSA - 0.163288 | 2010-10-30 19:04:00.00 60 | 2010-10-30 19:04:50.203 12 -25.7995 28.4861 16 0.7722 0.5148 3416 8 ] 6
F 361 | APOLLO CAHORA BASSA - 0.160421 | 2010-10-30 19:04:00.00 60 [ 2010-10-30 19:04:50.375 -10 25.795 26.4766 0.9 3.3462 0.7722 313 3 0 3

Figure B.14: Fault number 13a and 13b for 30 October 2010.
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Stroke time -19:04:21:660

14
R TR
Fault no. 14 time - 19:04:21:661 75 58
#P-CB 85
AP-CB 83
AP-CB 80
1AP-CB 79
1

Comments:

*  Temporal correlation is exact

. . .

Tower 74 Poor spatial correlation
*  Low stroke amplitude: -9kA
[core]i0 | Asset name | TimeCorr Fact |Fault Time GMT+02:00 | Precision(s) [Time GMT+02:00 |Pkcurrika) [Latitude  [Longitude [Chisa [ Ensmai | ensmin |enangle  [Freedor|mutti Jnums

O|F 356 | APOLLO CAHORA BASSA1 0.438217 | 2010-10-20 19:04:00.000 60 | 2010-10-30 19:03:26.293 -10 -25.6854 28.676 2 21.879 1.0296 48.6 1 0 2
D T 357 | APOLLO CAHORA BASSA1 0.659542 | 2010-10-30 19:04:00.000 60 [ 2010-10-30 19:04:20.427 -18 -25.7959 28.4912 0.7 1.287 07722 15.3 5 0 4
I:l F 358 | APOLLO CAHORA BASSA 0.659542 | 2010-10-20 1%:04:00.000 60 [ 2010-10-20 19:04:20.427 11 -25.7218 28.6251 0.1 4.8906 1.287 485 1 0 2
. F 359 | APOLLO CAHORA BASSA1 0.638993 | 2010-10-30 19:04:00.000 14 60 2010-10-30 19:04:21 660 -9 -25.78T1 284991 1.2 07722 05148 34938 5 0 4
O|F 3560 | APOLLO CAHORA BASSA1 0.163288 | 2010-10-20 19:04:00.000 60| 2010-10-30 19:04:50.203 -12 -25.7995 28.4881 16 07722 05148 3416 8 0 [:]
D F 381 | APOLLO CAHORA BASSA 0.160421 | 2010-10-30 15:04:00.000 60 | 2010-10-30 19:04:50.375 -10 -25.795 28.4768 0.5 3.3462 07722 33 3 0 3

Figure B.15: Fault number 14 for 30 October 2010.
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Stroke time - 00:37:25:389

/
Fault no. 15 time - 00:37:25:390

Comments:
*  Temporal correlationis exact
*  @Good spatial correlation

Tower 506

[corr]i |Asset hame | TimecCorr Fact [Fault Time GMT+02:00 [precisi [Time GmMT+02:00 |Prcurrika) [Latitude i [ chisa | Ensmaj [ensmin [enangle  |Freedor|mutti [numser
[F 1033 APOLLO CAHORA BASSA - 0.131723 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:35:07.903 16 -24.0616 29.5766 0.3 1.5444 05143 133 7 0 5
mG 1034 | APOLLO CAHORA BASSA 0.575889 | 2010-11-07 00:37:00.000 60 [ 2010-11-07 00:36:34.553 5 242772 29.5258 0.7 16.2162 1.0296 0.3 1 0 2
mG 1035 | APOLLO CAHORA BASSA 0.827151 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:35:49.629 5 24,3475 29.5009 3 17.5032 1.0296 789 1 0 2
| 1035 | APOLLO CAHORA BASSA 0.873272 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:37:07.604 7 243261 29322 0.9 19.0476 0.7722 347.9 1 0 2
m|G 1037 [ APOLLO CAHORA BASSA 0.799891 | 2010-11-07 00:37:00.000 80 | 2010-11-07 00:37:12.007 9 242439 29.3819 06 2.0592 0.7722 300 3 0 3
mG 1038 | APOLLO CAHORA BASSA 0.700798 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:37:17.952 7 239183 295938 96 19.8198 1.5444 64.4 1 0 2
AlF 1039 | APOLLO CAHORA BASSA 0.577223 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:37:25.367 9 24,0222 29.6049 06 0.7722 0.7722 3437 3 0 5
M 1040 | APOLLO CAHORA BASSA 0.576855 | 2010-11-07 00:37:00.000 15 so0[2010-11-07 00:37:25.389 ) -24.0257 295915 0.3 18018 0.7722 12.7 3 [) 3
| 1041 | APOLLO CAHORA BASSA 0.576005 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:37:25.440 13 -24.0029 295922 06 1.0296 0.7722 2956 7 0 5
G 1042 | APOLLO CAHORA BASSA 0.575415 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:37:25.475 A7 240134 29.6069 0.7 0.7722 05148 353 12 0 8
mG 1043 | APOLLO CAHORA BASSA 057484 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:37:25.510 20 24,0171 29,6056 0.5 1287 05148 6.4 10 0 7
miG 1044 | APOLLO CAHORA BASSA 0.376317 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:37:37.421 7 -24.0189 296353 12 10.0386 1.0296 856 1 0 2
G 1045 | APOLLO CAHORA BASSA 0.184179 | 2010-11-07 00:37:00.000 60 | 2010-11-07 00:37-48.949 S -24.1961 29,5881 41 15.7014 1.0296 81.8 1 0 2
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Figure B.16: Fault number 15 for 30 October 2010.




5P-CB 88

Stroke time -18:36:03:593

AAF-CB 26

AF-CB 84

16

5F-CB 82

Fault no. 16 time - 18:36:03:593 “PCB 80
1 1AP-CB 79
) -
|: {APLCB 68 1AP-CB 78
AP-CB 67 SPELO PARIRLY Lot o
1AP-CB 66
14P-CB 65
AP-CB 64
AP-CE 63
. .
A8 Comments:
\ | «  Exact temporal correlation
AP-CB 61 . .
L ik »  Poor spatial correlation (but may be
. within the striking distance)
H *  High stroke amplitude: -43kA
aP.CH 58
fap-cB 57
| MAP-CB 56

[corr]iD [ Asset ame TimeCorr Fact |Fault Time GMT+02:00 | Precision(s) [Time GMT+02:00 |Pkcurrika) [Latitude  [Longitude [chisq | £ii shaaj [eismin  Jeiangie  [Freedor|muti [numser|
D F 63 | APOLLO CAHORA BASSA 0.846089 | 2010-12-11 18:36:03.593 &0 | 2010-12-11 18:35:54.358 -8 -25.8747 28.3813 36 136422 0.7722 123 1 ] 2
D F &4 | APOLLO CAHORA BASSA 0.927469 | 2010-12-11 18:36:03.593 &0 | 2010-12-11 18:35:59.241 -8 -25.8251 28.462 0.5 17.2458 0.5148 3548 1 '] 2
O 65 | APOLLO CAHORA BASSA 0.5555952 | 2010-12-11 18:36:03.583 16 60 J2010-12-11 18:36:03.553 -4% -25.788 28.4838 2.3 0.5148 0.5148 336 18 1] 12
I:l F 65 | APOLLO CAHORA BASSA 0.998979 | 2010-12-11 18:36:03.593 &0 | 2010-12-11 18:36:03.654 =20 -25.7955 28.4832 0.6 0.5148 0.5148 331 15 o 10
D F 67 | APOLLO CAHORA BASSA 0.998198 [ 2010-12-11 18:36:03.593 &0 | 2010-12-11 18:36:03.701 =20 -25.7962 28.4837 0.4 0.7722 0.5148 3487 13 o ]
Ofr 65 | APOLLO CAHORA BASSA 0.537545 | 2010-12-11 18:36:03.593 60 | 2010-12-11 18:36:31.340 =10 -25.819 28.4579 0.8 1.0296 0.5148 3528 3 o 3

Figure B.17: Fault number 16 for 11 December 2010.
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/

Stroke time -03:04:35:626

/

Fault no. 17 time - 03:04:35:625

17

£B84
<882
B 80
i se 1AP-CB 7
\ -CB72 D W s
pARUR AP-CBA7
s AP \0 4 \ \
Comments: :
*  Temporal correlationis exact
*  Good spatial correlation \
. High stroke amplitude: -40kA
|corr| 10 | Asset Name | TimeCorr Fact | Fault Time GMT+02:0| Precision(s) |Time GMT+02:00  [PkCurr(kA) |Latitude  |Longitude |Chisq | EnisMaj |eusmin  [Enangle  [Freedor[Multi [Numsen
OfF 36| APOLLO CAHORA BASSA | 0000756827 [ 2010-12-24 03:04:35.62 60]2010-12-24 03:03:35.67 8] -2seszs 28.3414 0.1 23,6808 0.7722 3143 1 0 2
Ol 37 | APOLLO CAHORA BASSA 0.00585523 | 2010-12-24 03:04:35.62 60 [ 2010-12-24 03:03:35.97 | 255663 28.6346 06 25.74 1.287 467 1 0 2
Ol 38 | APOLLO CAHORA BASSA 0.00790923 | 2010-12-24 03:04:35.62 60 [ 2010-12-24 03:03:36.10 8| 256998 28.3961 1.9 20.3346 0.7722 3143 1 0 2
O|r 39| APOLLO CAHORA BASSA 0.0156642 | 2010-12-24 03:04:35.62 60 [ 2010-12-24 03:03:26.56 -10 -25.7819 28.4921 11 16.2162 0.7722 3143 1 0 2
Ol 40 | APOLLO CAHORA BASSA 0.447171 2010-12-24 03:04:35.62 60 [ 2010-12-24 03:04:02.45 8| 258929 28.3349 638 18.5328 1.0296 47.4 1 0 2
[ 41| APOLLO CAHORA BASSA 0.999991 | 2010-12-24 03:04:35.62 I7 eo]2010-12:24 03.04:35.62 0] 257958 28.487 1.7 0.5148 02574 33138 17 0 12
Ol 42| APOLLO CAHORA BASSA 0.999172 | 2010-12-24 03:04:35.62 60 [ 2010-12-24 03:04:35.67 29 -25.79 28.4792 0.7 0.5148 0.2574 3396 20 0 12
D F 43| APOLLO CAHORA BASSA 0.998895 | 2010-12-24 03:04:35.62 60 | 2010-12-24 03:04:35.68 -15 -25.7932 28.482 0.7 0.7722 0.5148 3378 10 0 7
OlF 44 | APOLLO CAHORA BASSA 0.99844 | 2010-12-24 03:04:35.62 60 | 2010-12-24 03:04:35.71 -15 -25.7887 28.4808 1 0.5148 0.5148 3448 12 0 8
D F 45 | APOLLO CAHORA BASSA 0.551598 | 2010-12-24 03:04:35.62 60 | 2010-12-24 03:05:02.52 -15 -25.8053 28.4844 21 0.7722 0.5148 326 10 0 8
Olr 46 | APOLLO CAHORA BASSA 0.11569 | 2010-12-24 03:04:35.62 60 | 2010-12-24 03:05:28.6¢8 -13 -25.7983 28.4784 1 07722 0.5148 3496 10 0 8

Figure B.18: Fault number 17 for 24 December 2010.
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Comments:
*»  Temporal correlation is exact
*  Good spatial correlation

+  High stroke amplitude: -40kA

. +TAP-CB 41
|

L atARCR 40-

ol

TAF-LE 30

Stroke time - 11:03:24:535

18

Fault no. 18 time - 11:03:24:535

|corr]iD | Asset Name | TimeCorr Fact | Fault Time GMT+02:0(| Precision(s) | Time GMT+02:00 | Prcurrika) | Latitude Longitude | Chisq | Enismaj | Ensmin

T 1| APOLLO CAHORA BASSA - 0.591082 | 2011-03-16 11:03:00.00 18 &0 2011-03-16 11:03:24.535 31 -25.8597 28.3937 08 0.7722 0.5148
E F 2| APOLLO CAHORA BASSA - 0.590423 | 2011-03-16 11:03:00.00 60 2011-03-16 11:02:24.575 -23 -25.8748 28.3805 1.1 0.7722 0.5148
O|F 3| APOLLO CAHORA BASSA * 0.589584 | 2011-03-16 11:03:00.00 60 | 2011-03-16 11:03:24 625 -20 -25.8569 28.4027 1.8 0.5148 0.5148
Ojr 4 | APOLLO CAHORA BASSA - 0.588437 | 2011-03-16 11:03:00.00 60 | 2011-03-16 11:03:24.694 -30 -25.8594 28.4012 1.1 0.5148 0.5148
Ojr 5| APOLLO CAHORA BASSA - 0.587543 | 2011-03-16 11:03:00.00 60 | 2011-03-16 11:03:24.747 -20 -25.8578 28.399 07 0.5148 0.5148
Oir 6| APOLLO CAHORA BASSA - 0.586635 | 2011-03-16 11:03:00.00 60 | 2011-03-16 11:03:24.802 21 -25.8561 28.4001 05 0.5148 05148
Ojr 7| APOLLO CAHORA BASSA - 0.585742 | 2011-03-16 11:03:00.00 60 | 2011-03-16 11:03:24.855 12 -25.8569 28.2994 12 0.7722 0.5148

Figure B.19: Fault number 18 for 16 March 2011.

150




Comments:

*  Good spatial correlation
*  High stroke amplitude: -64kA

Stroke time - 13:49:45:191

19

Fault no. 19 time - 13:49:45:000

Tower 308 - 309

|corr|in | Asset Name TimeCorr Fact | Fault Time GMT+02:0¢| Precision(s) | Time GMT+02:00 PkCurr(kA) |Latitude  |Longitude |chisa | Ensmai ENlSmin Elangle  |Freedor|Multi |Humsen|
O[F 1] APOLLO CAHORA BASSA - 0.0242323 | 2011-10-03 13:49:00.00 240] 20111003 13:45:05.31 3] 249979 289422 26 1267 07722 3443 7 0 5
D F 2| APOLLO CAHORA BASSA 0.373809 | 2011-10-03 13:49:00.00 240 | 2011-10-03 13.:46:28.73 -28 =24 966 289587 41 33482 1.02%6 T2 [} 0 5
Ol 3| APOLLO CAHORA BASSA - 0.811702 | 2011-10-03 13:49:00.00 19 2:0[z011-10-03 13.49.45.18 4 250802 26.927 23 07722 05128 3528 18 0 15

Figure B.20: Fault number 19 for 3 October 2011.
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-8kA Possible stroke that
resulted in fault

Comments:

20 (-16kA)

*  Good spatial correlation

Probable stroke that
¢ Stroke amplitude: -16kA Troname stroke tha

resulted in fault

Stroke time - 00:44:20:557

Fault no. 20 time - 00:44:00:000

|corr D | Asset Hame | TimecCorr Fact | Fault Time GMT+02:00 |Precision(s) |Time GMT+02:00 | Prcurrika) [Latitude  |Longitude |cChisg | Ensmaj | Ensmin |enangle  |Freedor|muiti |Humser|
F 37 | APOLLO CAHORA BASSA - 0.629206 | 2012-02-11 00:44:00.000 300 2012-02-11 00:42:08.762 -5 -24.7251 291674 1 1.5444 0.7722 14 3 0 3
F 38 | APOLLO CAHORA BASSA 0.629221 [ 2012-02-11 00:44:00.000 300 | 2012-02-11 00:42:08.766 -7 -24.726% 2891807 0.3 1.5444 0.7722 2953 3 0 3
F 3% | APOLLO CAHORA BASSA 0629383 | 2012-02-11 00:44:00.000 300 | 2012-02-11 00:42:08.815 -1 -24.747% 291574 02 07722 0.7722 3497 10 0 T
F 40 | APOLLO CAHORA BASSA 0628768 | 2012-02-11 00:44:00.000 300 | 2012-02-11 00:42:08.531 -7 -24.7TH 291437 02 1.02%6 0.7722 3231 5 1] 4
F 41| APOLLO CAHORA BASSA- 0.727621 | 2012-02-11 00:44:00.000 300 | 2012-02-11 00:42:35.266 13 -24 6347 29.1939 06 07722 05148 3255 11 0 7
T 42| APOLLO CAHORA BASSA - 0.939935 | 2012-02-11 00:44:00.000 300 | 2012-02-11 00:43:41.981 -9 -24.7343 29.1812 07 1.029 05148 326.1 9 0 6
F 43| APOLLO CAHORA BASSA- 0.931478 | 2012-02-11 00:44:00.000 20 300] 2012-02-11 00:44:20.557 -16 -24.7036 29.2003 12 0.7722 05148 3253 10 0 7
F 44| APOLLO CAHORA BASSA - 0.931383 | 2012-02-11 00:44:00.000 300 | 2012-02-11 00:44:20.585 8 -24.7022 29.2029 06 1.0296 0.7722 322 7 0 5
F 45| APOLLO CAHORA BASSA - 0.686681 | 2012-02-11 00:44:00.000 300 | 2012-02-11 00:45:33.99% 10 -24 6664 29.2223 0.4 1.267 0.7722 2943 3 0 3

oomO000ood

Figure B.21: Fault number 20 for 11 February 2012.
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b5 L

Stroke time - 20:43:25:995

Comments:
*  Exact temporal correlation
*  Good spatial correlation
*  Stroke amplitude: -14kA

£ L

Fault no. 20 time - 20:43:25:995

|core] 10 | Asset Name | TimeCorr Fact | Fault Time GMT+02:00 | Precision(s) | Time GMT+02:00 | PkcurrikA) |Latitude  |Longitude |Chisq |ensmaj  |ensmin  |enangle  |Freedor|mutti |Humsen
O[F 59| APOLLO CAHORA BASSA 0.272626 | 2013-10-26 20:43:25.995 60 2013-10-26 20:42:42.353 2] 258814 28335 01 18018 1029 235 3 0 3
m|G 60| APOLLO CAHORA BASSA - 0.273713 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:42:42.418 13| 258628 28,3831 02 1287 1.0296 159 s 0 4
Ol 61| APOLLO CAHORA BASSA 0.274869 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:42:42.475 20| 258834 28,3461 03 10296 10296 306.7 13 0 8
OlF 62| APOLLO CAHORA BASSA - 0.570035 | 2013-10-26 20:43:25.995 60 | 2013-10-26 20:43:00.197 20| 2583 284716 14 2574 1.0296 15.7 7 0 5
mG 63| APOLLO CAHORA BASSA 0.631167 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:43:03.865 1 -25.7862 28.5294 02 1.267 1.029 3008 0 4
O+ 64| APOLLO CAHORA BASSA 0.999993 | 2013-10-26 20:4325.995| 2] 60 2013-10-26 20:43.25,995 24]  -2s.7%8 28,4903 02 10295 1.0296 3292 15 0 9
OlF 65 | APOLLO CAHORA BASSA 0.997866 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:43:26.123 28| 25791 28,4906 06 1,029 1029 3038 21 0 12
mG 66 | APOLLO CAHORA BASSA 0.997006 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:43:26.175 1 -25.7992 28.4986 03 18018 1.029 893 3 0 3
OfF 67| APOLLO CAHORA BASSA 0.992855 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:43:26.436 1 257919 28,4908 0.1 3.861 1.287 327.4 3 0 3
OfF 68 | APOLLO CAHORA BASSA - 0.988533 | 2013-10-26 20:43.:25.995 60 | 2013-10-26 20:43.26 683 1 257928 28,4922 0 1.287 1,029 177 s 0 4
mG 69| APOLLO CAHORA BASSA 0.575297 | 2013-10-26 20:43:25.995 60 | 2013-10-26 20:43:51.477 12| 257926 28518 03 1267 1.029 18 5 0 4
Ofr 70| APOLLO CAHORA BASSA - 0.573147 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:43:51.606 1 -25.7926 285177 03 1287 1.029 18 s ) 4
Olr 71| APOLLO CAHORA BASSA 0.568759 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:43:51.869 3| 258083 28,5367 0 23166 1.0296 276.4 3 0 3
Olr 72| APOLLO CAHORA BASSA 0.241989 | 2013-10-26 20:43:25.995 60 [ 2013-10-26 20:44:11.476 3| 258463 283794 02 1.287 10296 16 s 0 4

Figure B.22: Fault number 21 for 26 October 2013.
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Stroke time - 20:43:25:995

Fault no. 20 time - 20:43:25:995

NN EelE] e e e ey e e

22

/| 1pc y
1aFce 64 Vs
N

asndnnan -

14P-CB 113
14P-CB 112
1AP-C8 111
14P-CB 110

" 14P-C8 109

4.CE 108

Comments:

Exact temporal correlation
Good spatial correlation
Stroke amplitude: -21kA

[corr|i0 [Asset hame [TimecCorr Fact |Fault Time GMT+02:00 [Time GmT+02:00 [Prcurrika) [ratitude |1 [chisq [ Ensmaj [ensmin  Jemangle  [Freedor|muti [mumser|
F 76 | APOLLO CAHORA BASSA 0128198 | 2013-10-26 20:55:37.994 60 2013-10-26 20:54:45.686 14 -25.7813 28.5426 0.8 1.029 1.0296 3184 7 0 s
F 77| APOLLO CAHORA BASSA 0.224356 | 2013-10-26 20.55:37.994 60 | 2013-10-26 20:54:51.455 -16 -25.7779 285779 0.4 1.0296 1.0296 2963 11 0 7
F 78| APOLLO CAHORA BASSA 0.446296 | 2013-10-26 20:55:37.994 60| 2013-10-26 20:55:04.772 46 -25.7912 28.5465 1 1.0296 1.0296 3037 23 0 13
F 79| APOLLO CAHORA BASSA 0.448897 | 2013-10-26 20:55:37.994 0 2013-10-26 20:55.:04.928 -19 -25.7928 28.5454 03 1.0296 1.0298 3043 B 0 3
F 80 [ APOLLO CAHORA BASSA 0.450651 | 2013-10-26 20:55:37.994 60 [ 2012-10-26 20:55:05.033 -19 -25.7921 28,5445 07 1.0296 1.0296 2027 15 0 9
G 81 APOLLO CAHORA BASSA 0.452788 | 2013-10-26 20:55:37.994 60 | 2013-10-26 20:55:05.161 5 -25.7952 285529 0.4 2574 1.0296 2778 1 0 2
G 82 [ APOLLO CAHORA BASSA 0.453548 | 2013-10-26 20:5:37.994 60 | 2013-10-26 20:55:05.207 -16 -25.7932 28,5448 03 1.0296 1.0296 299.4 17 0 10
F 83| APOLLO CAHORA BASSA 0.454381 | 2013-10-26 20.55:37.994 60 2013-10-26 20:55:05.257 8 -25.7956 285456 06 1.029 1.0296 289 s 0 4
F 84| APOLLO CAHORA BASSA 0.455086 | 2013-10-26 20:5:37.994 60 | 2013-10-26 20:55:05.299 5 -25.7959 285452 12 1.0296 1.0296 %S 4 0 3
F 85| APOLLO CAHORA BASSA 0.702122 | 2013-10-26 20:55:37.994 60 [ 2012-10-26 20:55:20.121 72 -25.7964 28.4862 12 1.0296 1.0296 3252 17 0 10
£ 85 | APOLLO CAHORA BASSA 0.703772 | 2013-10-26 20:56:37.994 60 2013-10-26 20.55:20.220 13 -25.8016 28.4827 02 15444 1.0296 135 s 0 4
F 87 [ APOLLO CAHORA BASSA 0705152 | 2013-10-26 20:55:37.994 60 [ 2013-10-26 20:55:20.203 -9 -25.8014 28.483 03 18018 1.0296 249 3 0 3
G 83 | APOLLO CAHORA BASSA 0.705891 | 2013-10-26 20:55:37.994 60 | 2013-10-26 20:55:20.347 19 -25.8048 28,4807 0.3 1.02% 1.0296 3138 13 0 8
T 89| APOLLO CAHORA BASSA 0999345 | 2013-10-26 20:55:37.994 22 60]2013-10-26 20:55:37.955 21 -25.7972 28.4919 0.3 1.0296 1.0296 88 11 0 7
F 50| APOLLO CAHORA BASSA 0.780412 | 2013-10-26 20:55:37.994 60 | 2013-10-26 20:55:51.169 7 -25.8014 28.4382 21 17.5032 1.0296 636 1 0 2
F 91| APOLLO CAHORA BASSA 0.599455 | 2013-10-26 20:55:37.994 60 [ 2012-10-26 20:56:02.027 -19 -25.7672 286137 31 1.0296 1.0296 2919 15 0 9
F 92| APOLLO CAHORA BASSA 0.59841 | 2013-10-26 20:55:37.984 60| 2013-10-26 20:55:02.089 14 -25.7708 286188 X 2574 1.0296 217 1 0 2
£ 93| APOLLO CAHORA BASSA 0.59841 | 2013-10-26 20:55:37.994 60 | 2013-10-26 20:56:02.089 A7 25,767 28,6085 07 1.0296 1,0296 3129 13 0 8
F 94| APOLLO CAHORA BASSA 0,596179 | 2013-10-26 20:55:37.994 60 [ 2013-10-26 20:56:02.223 -1 257716 286051 12 1.0296 1.0296 337 7 0 B
£ 95| APOLLO CAHORA BASSA 0.475065 | 2013-10-26 20:55:37.994 60 [ 2013-10-26 20:56:09.490 23 -25.7908 285503 0.2 1.0296 1.029 349 17 0 10
F 96 | APOLLO CAHORA BASSA 0.471428 | 2013-10-26 20:55:37.994 60 | 2013-10-26 20:56:09.708 5 -25.7862 285768 0.1 23166 1.029% 2783 3 0 3

Figure B.23: Fault number 22 for 26 October 2013.
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Stroke time - 17:09:54:590
_ - 23
Fault no. 20 time - 17:09:54:590
AP-CB 65
AP-CB 64
iAP-CB 63 RS N
AP-CB 62 .
Comments:
{ap-CB 51 | = Exact temporal correlation
. . .
Locae0 Good spatial correlation
P = Stroke amplitude: -21kA
4P-CE5Y-
|corr| | asset name TimeCorr Fact |Fault Time GMT+02:00 | Precision(s) | Time GMT+02:00 |Prcurrika) [Latitude  [Longitude | cChisq | Ensmaaj | Ensmin |enangle  |Freedor|mutti |Humser
. T 29 | APOLLD CAHORA BASSA 0999999 | 2013-11-12 17:09:54.590 23 E0§ 2013-11-12 17:09:54.550 -18 -25. 8004 284909 21 1.0296 1.0256 2B45 13 o B
afr 30 | APOLLO CAHORA BASSA 0.999209 | 2013-11-12 17:09:54.590 €0 | 2012-11-12 17.08.54 631 5] 2572 28 4955 03 3.2462 1287 3203 3 0 3
D F 31 | APOLLO CAHORA BASSA 0998571 | 2013-11-12 17:09:54.590 B0 2013-11-12 17:09:54.676 -10 -25.7961 28 4956 0.5 15424 1.0256 2B5.9 s o 4
afr 32| APOLLO CAHORA BASSA 0.997207 | 2013-11-12 17:09:54.590 0 2012-11-1217:09:54.758 31 25,7967 28,4029 08 1.029 1.0206 005 23 0 13
D F 33 [ APOLLO CAHORA BASSA 0896323 | 2013-11-12 17:09:54.550 B0 | 2013-11-12 17:09:54.811 -8 -25.8039 28.5002 [1] 15444 1.0296 0.7 1 o 2
afr 34| APOLLO CAHORA BASSA 0.995992 | 2013-11-12 17:09:54.590 0| 2012-11-12 17:09:54.831 N 28.4969 02 1.287 1.0206 2836 5 0 4
D F 35 [ APOLLO CAHORA BASSA 0.895657 | 2013-11-12 17:09:54.5%0 60| 2013-11-12 17:09:54.848 -8 -25.7965 28.4559 o1 15444 1.0296 2B5.9 5 ] 4
afr 36 | APOLLO CAHORA BASSA 0.994783 | 2013-11-12 17:09:54.590 0| 2013-11-1217.09.54.902 14 25795 28 4922 02 1.0298 1.0206 310 ) 0 &
D F 3T [ APOLLO CAHORA BASSA 0.590459 | 2013-11-12 17:09:54.5%0 60 | 2013-11-12 17:09:55.162 =10 -25.7959 28.4961 0.z 15444 1.0296 2B5.9 5 ] 4
alr 36 | APOLLO CAHORA BASSA 0.989804 [ 2013-11-12 17:09:54.590 0 2012-11-1217.09:85.202 O 28,4957 02 15444 1.0206 2889 5 0 4
D F 39 [ APOLLO CAHORA BASSA 0.988887 | 2013-11-12 17:09:54.550 60 | 2013-11-12 17:09:55.257 =10 -25.7964 28 4962 01 15424 1.0296 2B5.9 5 ] 4
mG 40| APOLLO CAHORA BASSA 0.987476 | 2013-11-12 17:09:54.590 €0 2012-11-1217:09:85.341 1 25,7961 28,4949 03 15444 1.0206 2059 7 0 5
D F 41 | APOLLO CAHORA BASSA 0.984517 | 2013-11-12 17:09:54.550 60 | 2013-11-12 17:09:55.455 =10 -25.7964 28 4966 1 1.5444 1.0296 2B5.9 5 0 4
mG 42| APOLLO CAHORA BASSA 0.137042 [ 2013-11-12 17:09:54.590 0 2012-11-1217:10:46.367 8] 7o 28,4006 [] 19.8198 1.0206 2892 1 o 2
D F 43 | APOLLO CAHORA BASSA 0127716 | 2013-11-12 17:09:54.550 B0 | 2013-11-12 17:10:48.927 =11 -25.7995 28 4559 0.7 1.5444 1.0296 2B5.9 5 o 4

Figure B.24: Fault number 23 for 12 November 2013.
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Line 2 — Negative polarity

Tower 56 - 62 24

e
Stroke time - 20:43:25:995 Comments:
5 g .
o o . Exact temporal correlation
=
Fault no. 20 time - 20:43:25:995 *  Good spatial correlation
*«  Stroke amplitude: -9kA
*  Negative line polarity
|corr|ip | asset Hame | TimeCorr Fact |Fault Time GMT+02:00 |Precision(s) | Time GMT+02:00 |Prcurrika) |Latitude  |Longitude |[chisq | ensmaai | Ensmin |enangle  [Freedor|murti | Humsed
F 1] APoLLO caHORA BASSA 0.187719 | 2013-11-28 16:46:05.550 60| 2013-11-26 16:47:16.813 A7 -25.7969 28.4902 0.3 15444 1.0296 2895 5 0 4
F 2| APOLLO CAHORA BASSA 0193881 [ 2013-11-26 16:48:05.550 60 | 2013-11-26 16:4717.183 -10 -25.7981 28,4832 0.5 2574 1.0256 &1 3 0 E
B 3| APoLLo canORA BASSA ! 0.195641 | 2013-11-28 16:46:05.550 60 2013-11-28 16:47:17 288 -1 257978 28493 0.3 2574 1.0296 8.1 3 0 E
F 4| APOLLO cAHORA BASSA ! 0.197625 | 2013-11-28 16:46:05.550 60 | 2013-11-28 16:47:17.407 7 2579865 28,4941 0.4 2574 1.0296 86.1 3 0 E
F 5| APoLLO cAHORA BASSA : 0.57716 | 2013-11-28 16:46:05.550 60| 2013-11-28 16:47:40.180 143 -25.5553 286877 1.7 2.3166 1.0296 181 23 0 1
F & | APOLLO cAHORA BASSA : 0.784336 | 2013-11-28 16:46:05.550 60120131128 16:47:52613 5 287222 28.5906 0.1 2574 1.0296 2797 3 0 E
T 7| APOLLO CAHORA BASSA 0.895991 [ 2013-11-26 16:48:05.550 24  oof 201311-28 16:48:05.551 -8 -25.6064 28,4485 0.3 2,574 1.025%6 .2 3 0 E
£ 8| APOLLO CAHORA BASSA ! 0588819 | 2013-11-28 16:46:05.550 60 [ 2013-11-28 16:48:31.421 14 -25.8033 28.4521 0.2 15444 1.0296 2833 7 0 4
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Figure B.25: Fault number 24 for 26 October 2013.



Stroke time - 20:52:49:622

Fault no. 20 time - 20:52:49:493

25
e
Comments: |
*  Good spatial correlation
+  Stroke amplitude: -27kA
Tower 39 /
Multiple strokes in a single flash
Lcorr]i0 Asset Name | Timecorr Fact | Fault Time GMT+02:0(| Precision(s) | Time GMT+02:00 |prcprrin) |uatitude  |Longitude [chisa [ensmai  [ewsmin  [enangle  |Freedor|mutti |numsen|
Ojr 68 | APOLLO CAHORA BASSA 0.0316373 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:50:03.79%6 f -24 -25.8598 28.3689 0.2 1.0296 1.0296 2823 19 0 11
Ol 69 | APOLLO CAHORA BASSA - 0.03186865 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:50:03.624 1" -25.8595 283726 0.2 1.5444 1.02% 2856 £l 0 4
I:I F 70 [ APOLLO CAHORA BASSA - 0.0321377 | 2013-12-14 20:52:00.00 120 | 2013=12-14 20:50:03.857 i 29 25,8596 28.3694 0.4 1.0296 1.0296 287.4 21 a 12
D F 71| APOLLO CAHORA BASSA 0.351545 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:50:42.185 .l‘ -36 -25.8575 28.356 0.4 11.3256 1.5444 M 3 Q 3
gl 72| APOLLO CAHORA BASSA 0.936262 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:52:07 649 _|' -47 -25.86853 2B.3575 11 1.0296 1.029 2746 27 0 15
Or 73 | APOLLO CAHORA BASSA 0.936002 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:52:07.680 -9 -25.66548 28.361 0.1 1.5444 1.0296 2855 5 0 4
alr T4 | APOLLO CAHORA BASSA - 0.93525 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:52:07.770 12 -25.8757 283314 01 1.287 1.02% 205.3 7 0 5
I:I F 75 | APOLLO CAHORA BASSA - 0.828745 | 2013-12-14 20:52:00.00 120 | 2013-12-14 2(!:52:20.55!,f =21 -25.8882 28.3862 0.3 3.2482 1.0296 333.2 5 1] 4
|:| F 76 | APOLLO CAHORA BASSA 0.828519 | 2013-12-14 20:52:00.00 120 | 2013-12-14 ZH:SZ:ZD.S?# -7 -25.B36T7 28.3847 0.3 3.3482 1.287 330.3 3 0 3
air 77 | APOLLO CAHORA BASSA 0.828393 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:52:20.59; -16 -25.6403 26.3949 0.1 3.3462 1.287 330.5 3 0 3
Ojr 78 | APOLLO CAHORA BASSA 0.828027 | 2013-12-14 20:52:00.00 120 12-14 -4 -25.8552 283636 1.2 1.0296 1.0296 280.2 25 0 14
alr 79| APOLLO CAHORA BASSA - 0.56648 | 2013-12-14 20052:00.00 25  120)|2013-12-14 205240622 -27) -25.8607 28,3066 0.5 1,029 1.0296 287 21 0 12
D F 80 | APOLLO CAHORA BASSA - 0.585304 | 2013-12-14 20:52:00.00 120 2013-12-14 20:52:45.704 -16 -25.8568 282881 0.2 1287 1.0296 2934 " o 7
|:| F B1 | APOLLO CAHORA BASSA - 0.585345 | 2013-12-14 20:52:00.00 120 2013-12-14 20:52:45.753 -15 -25.8567 28.3844 0s 1.0256 1.0286 2803 15 a 8
Oir B2 | APOLLO CAHORA BASSA 0.584957 | 2013-12-14 20:52:00.00 120 2013-12-14 20:52:49.805 -12 -25.8565 28.3874 0.2 1.5444 1.0296 2854 7 0 5
Ojr &3 | APOLLO CAHORA BASSA 0.584394 | 2013-12-14 20:52:00.00 120§ 2013-12-14 20:52:49.873 -1 -25.8561 28.3873 0.2 1.5444 1.02% 295.4 7 0 5
Olr &4 | APOLLO CAHORA BASSA - 0.475407 [ 2013-12-14 20:52:00.00 120 | 2013-12-14 20:53:02.951 =11 -25.8478 28,3964 0.3 1.5444 1.02% 2856 5 0 4
I:I F 85 | APOLLO CAHORA BASSA - 0.472551 | 2013-12.14 20:52:00.00 120 | 2013-12-14 20:53.03.294 =18 =25.8488 28.3%4 0.3 1.287 1.0296 296.1 1" a T
D F 86 | APOLLO CAHORA BASSA 0.472125 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:53.03.345 -9 -25.848 28.3981 0.1 1.5444 1.02%6 2856 5 Q 4
Oir &7 | APOLLO CAHORA BASSA 0.470904 | 2013-12-14 20:52:00.00 120 | 2013-12-14 20:53:03.491 -7 -25.8453 28.395 0.3 3.3462 1.287 3303 3 0 3

Figure B.26:
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Fault number 25 for 14 December 2013.



Stroke time - 18:30:09:008

=iy

AP-CB 86
26 +AFCB 84
Fault no. 26 time - 18:30:09:008 FEE 82
“FCE 80
AP-CE 79
AP-CB 78
AP-CB 67 NFCBIT
AP-CB 66
{4P-CB 65
1AP-CB 64
Ap-cB 63
AP-CB 62
AP-CB 61 Comments
AP, *  Exact temporal correlation
*  Good spatial correlation with line
AP-CB 59
1AP-CB 58
[corr[iD Asset Name | Timecaorr Fact | Fault Time GMT+02:00 | Precisionis) | Time GMT+02:00 |PkCurrika) |Latitude  |Longitude | chisq |Ensmaj | Eltsmin Ellangle  |Freedor|Multi |Numser
I:] F 26 [ APOLLD CAHORA BASSA 0.19376 | 2014-01-15 18:30:09.008 B0 [ 2014-01-15 18:29:20.634 =23 -25.7995 28534 0.5 1.0288 1.0296 912 23 (V] 13
. T 47 | APOLLO CAHORA BASSA 0.999997 | 2014-01-15 12:20:09.008 26 B0 | 2014-01-15 18:30:09.008 -17 -25.7998 28.4976 26 1.0288 1.0296 288.1 19 o 11
Olr 45 | APOLLO CAHORA BASSA 0.995485 | 2014-01-15 18:30:09.008 60| 2014-01-15 18.:30:09.278 -7 =25.7975 254936 0.2 1.02%6 1.02%6 286.3 15 g
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Figure B.27: Fault number 26 for 15 January 2014.




Appendix C: Comparison in the Lightning Performance
between the Poles of the Cahora-Bassa 533 kV HVDC
Lines — Presented at ISH 2015

This appendix contains a paper that was accepted and presented for publication by
the 19th International Symposium on High Voltage Engineering, in Pilsen, Czech

Republic, 23 — 28 August 2015.
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The 19" International Symposium on High Voltage Engineering, Pilsen, Czech Republic, August, 23 — 28, 2015

COMPARISON IN THE LIGHTNING PERFORMANCE BETWEEN THE
POLES OF THE CAHORA-BASSA +533 kV HVDC LINES

G.J. Streleclz*, K.J. Nixonz, N. Parus' and H. Hunt’
! Eskom Research, Testing and Development, Sustainability Division, Rosherville, Lower
Germiston Rd., Johannesburg, South Africa
2 University of the Witwatersrand, School of Electrical and Information Engineering, Private Bag 3,
Wits 2050, South Africa
*Email: gavin.strelec@eskom.co.za,

Abstract: This paper compares the lightning performance between the positive and negative
poles of the 517 km South African portion of the 1414 km HVDC scheme between “Songo” hydro
power station in Mozambique, and “Apollo” converter station north of Johannesburg, South
Africa. This scheme is unique in that the positive and negative poles are constructed as two
independent lines, separated by several kilometres. The separation between the lines is sufficient
to distinguish between strokes to either line with high accuracy, whilst the lines are assumed to
experience similar average weather conditions, and thus exposure to lightning. The available
fault data for 7 years was analysed in order to compare the relative performance of the two poles

in respect of lightning related faults.

1. INTRODUCTION

High performance is demanded from High Voltage
Direct Current (HVDC) schemes due to the large energy
transfer capacities compared to typical Alternating
Current (AC) lines of comparable insulation levels.
Although the incidence of faults due to lightning may
be low, HVDC lines are relatively long and the impact of
faults is therefore emphasised.

This paper compares the lightning performance
between the positive and negative poles of the 500 km
South African portion of the 1414 km HVDC scheme
between “Songo” hydro power station in Mozambique,
and “Apollo” Converter Station (CS) north of
Johannesburg, South Africa.

Mozambique

South Africa

Figure 1: Cahora-Bassa HVDC Scheme

160

This scheme is unique in that the positive and negative
poles are constructed as two independent lines on
mono-polar structures (Figure 2), separated by several
kilometres. Internationally, all other HVDC schemes are
constructed on bipolar structures, except for the Inga-
Shaba scheme in the Democratic Republic of the Congo

of which the mono-polar structures separated by a
mere 60 m.
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Figure 2: Cahora-Bassa

Structure

Mono-polar Suspension

Operationally, Line 1 is run as positive, with four
bridges of 133 kV in series, resulting in a nominal
sending voltage of 533 kV. The converter design


mailto:gavin.strelec@eskom.co.za

configuration is best suited to Line 1 being positive.
Line 2 is operated at reduced voltage with only three
bridges in series for a nominal sending voltage of
400 kV. The negative pole is operated at reduced
voltage due to relatively poor signal to noise ratio
affecting the performance of the power line carries
telecommunications. Furthermore, the negative pole
results in higher nuisance induced DC currents at
ground level due to the higher negative ion mobility.

From July to August 2014, the polarities of the two lines
were reversed from their normal mode. Pole 1 was run
as negative due to an operational problem at Songo CS.
This has not affected the lightning performance
statistics as it was during the dry season and there was
no lightning activity during this period.

Figure 3: Mono-polar HVDC Lines between Apollo CS
and Pafuri Border running a distance of 517 km

The separation between the lines is sufficient to
distinguish between strokes to either line with high
accuracy, whilst the lines are assumed to experience
similar average weather conditions, and thus exposure
to lightning.

The investigation only considers the 500 km portion of
the line from the Mozambique border to Apollo CS
which is maintained and operated by Eskom, as there is
no performance data available at present, for the
Mozambique section operated by “Hydro Cahora-
Bassa”. The available fault data for the last 7 years, was
analysed in order to compare the relative performance
of the two poles in respect of lightning related faults.
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2. BACKGROUND

In the design for lightning performance for AC lines, the
sinusoidal variation in the potential of the conductor
means that it is generally assumed that there is no net
influence on faults due to lightning, in relation to the
polarity of the downward stepped leader. Therefore,
the line potential has been neglected in the design of
overhead lines from a lightning protection perspective.

In the case of HVDC however, the constant potential
and polarity of the line are expected to have a
significant effect on the incidence of lightning induced
faults [1].

There are two types of fault that can occur on an HVDC
line due to lightning:

a) Shielding failure — In the case of shielding failure,
the downward leader bypasses the overhead
shield wire, and strikes the pole conductor. If the
magnitude of the lightning current leads to a
conductor potential exceeding the line insulation,
there is a significant probability that there will be a
flashover across the line insulation from the
conductor to the structure. Below a certain
threshold stroke current (“critical” or
“coordination” current), strikes will not result in
insulation failure. For overhead lines (neglecting
the conductor voltage), the permissible stroke
current threshold must be coordinated with the
insulation level as follows [2]:

LWL
ST z,/2

(1)

Where:

Is is the allowable stroke current in kiloamperes

LIWL is the lightning impulse withstand level in kilovolts
Z,is the surge impedance of the conductor in ohms

The coordination current I, for the positive pole and I..
for the negative pole will be offset by the pole voltage
as follows:

_ LIWL+Vp_g

Iey = 702 (2)
_ LIWL-Vy_g

le- = Zy/2 )

Where: V,, is the pole to ground voltage

b) Back-flashover — In the case of back-flash, lightning
terminates on the structure, or shield wire. The
lightning current causes the potential of the
structure to increase in relation to the surge



impedances. If the potential on the structure
exceeds the line insulation level, a flashover may
occur across the line insulation from the tower to
the pole conductor.

There are three situations where the polarity of the
conductor will influence the interaction of lightning
with a HVDC transmission line.

a) The negative pole will be more vulnerable to
flashover due to direct negative stroke, due to the
supposition of the voltage developed due to the
impulse current onto the negative DC offset of the
line operational voltage. The potential for
flashover is reduced if the conductor voltage is
positive, and the voltage developed due to the
stroke is negative. This means that the negative
pole line insulation will flashover at a lower current
threshold, compared to the positive pole.

b) The positive pole will be more vulnerable to stroke
penetration under negative stroke, due to the
conditions for an induced leader from the pole
conductor being more readily met, thereby
increasing the effective attractive radius of the
positive pole conductor [3][2]. According to [4], the
contribution of the pole voltage calculated
according to the electro-geometric model
increases the shielding failure rate by 4,84 times
for a positive pole voltage of 500 kV compared to
when the line voltage is neglected in consideration
of negative downward leader. The effect of
negative pole voltage is not stated in [4].

Dc+ Dc-

Figure 4: Attractive radii for the poles under
approaching negative downward leader

c) The positive pole will be more vulnerable to back-
flashover under negative stroke since the positive
DC bias increases the stress across line insulation
under negative impulse.

Since the majority of downward strokes are of negative
polarity (80 — 90% of all flashes [5]) the lightning
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performance of the two poles of an HVDC line are
predicted to show a marked disparity.

The above theoretical aspects are to be investigated in
terms of the performance of the poles of the Cahora-
Bassa line.

3. COMPARISON OF LIGHTNING PERFORMANCE
OF TWO POLES

In order to compare the performance of the two poles,
it is necessary to verify that the lightning exposure of
the two mono-polar lines is similar, despite the lines
following different routes. The Fault Analysis and
Lightning Location System (FALLS) program is used to
analyse the lightning performance. The FALLS function
“Small Area Exposure” (SAE) analysis was used to
determine the lightning statistics for the two lines, over
a period of 8 years from 1 March 2006 to 1 March 2014
for which FALLS data is available. This analysis
technique provides trends of lightning exposure over
assets, and displays the exposure in terms of the
amount and intensity of lightning exposure,
discriminated by polarity and amplitude within user-
defined buffers around assets [6]. These statistics are
used to compare the lightning exposure for the two
lines, in order to determine if the lines are exposed to
similar average lightning activity. In order to compare
the influence of the pole voltage on the incidence of
lightning faults, the overall exposure between the
positive and negative poles must be very similar.

This is demonstrated by the cumulative lightning
exposure for both positive and negative strokes within
a 1 km buffer region around each of the two lines. The
lightning exposure is shown in the graphical

representation of the SAE Analysis in Figure 5 and 6,
Each “dot” represents a lightning stroke.

APOLLO CON
STAHO

Figure 5: SAE Analysis for CB Line 1 near Apollo CS.



SOUTH AFRICA - MOZAMBIQUE
BORDER AT PAFURI

Figure 6: SAE Analysis for CB Line 1 near Pafuri Border.

It can be seen from Figure 5 and 6 that the lightning
flash density is significantly higher towards Apollo CS
compared to the Mozambique border.

Comparison of the stroke peak current frequency
between the two lines for both positive and negative
polarities is shown in Figures 7 to 10. It can be seen
that the lightning exposure for the two lines is very
similar over the 7 year period of simulation.
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Figure 7: Line 1 Stroke Peak Current frequency
(Negative Polarity)
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Figure 8: Line 2 Stroke Peak Current frequency
(Negative Polarity)
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Figure 9: Line 1 Stroke Peak Current frequency (Positive
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Figure 10: Line 2 Stroke Peak Current frequency
(Positive Polarity)

Note that for positive polarity strokes below 10 kA are
disregarded from the statistics due to potential
misdiagnosis between cloud to ground and cloud to
cloud strokes. The Small Area Exposure analysis carried
out for the period from 2006 to 2014, indicates
approximately 98% of lightning exposure on the lines is
of negative polarity

4, FACTORS INFLUENCING
DISPARITY BETWEEN THE TWO POLES

PERFORMANCE

The lines follow different routes to reduce the risk of
common mode failure due to extreme weather or
sabotage. Since the lines follow different routes
separated by several kilometres, there are instances
where the structures of the two lines are located in
different geological conditions which could influence
the structure footing resistance and the consequent
back-flash performance. Additionally, there are
instances where the relative elevation of the line to the
surrounding area exposes the line to a higher
probability of being struck. Also the nature of the
surrounding terrain, such as tall trees etc., may result in
the exposure of the line to lightning being affected.
These two factors have not been considered at this
stage.

In future, the geology and topography will be further
investigated. This is an extensive task as it involves
more than 500 km of transmission line. There are some
localised areas that show uncharacteristic very high
fault incidence due to lightning activity which have



been investigated in [7]. These areas may experience
high fault incidence due to passing over elevated areas,
particularly with high footing resistances due to rocky
outcrops.

In these areas special earthing design is necessary to
ensure that tower voltages are coordinated below
insulation levels to minimise the potential for line faults
due to the back-flashover mechanism. In rocky areas it
may be preferable for the implementation of low surge
impedance remote electrodes, or surge arresters to
prevent back-flashovers.

5. FAULT CORRELATION METHOD

During periods where no lightning activity is anticipated
(e.g. dry season), SAE analysis was used to confirm that
there was no unexpected lightning activity. Therefore,
it was not necessary to further investigate individual
faults during these periods in order to determine
lightning correlation.

The FALLS function, “Reliability Analysis” (RA) is the
tool used to correlate faults with lightning [6].
Correlation is performed between the entered fault
time and the lightning stroke times from the lightning
database. The strokes are also spatially correlated
within a user defined buffer region around the line.

Fault times originate from the line protection scheme.
An example of the fault time downloaded from the
protection scheme is show in Figure 12. Protection
fault time stamps are available from the 17 September
2008 when the new protection scheme was
commissioned. FALLS lightning data is available until
the 31 August 2014. Therefore lightning fault
correlations were conducted over approximately 7
years.

I8 Apollo-26-10-2013 Pole 1.txt - Notepad

File Edit Format View Help

"2013.10.26",720:43:28:258","Fault Time 25 sec, 995240000 ns, Pole 1" ;l
"2013.10.26","20:55:40:256","Fault Time 37 sec, 954685700 ns, Pole 1"
4

=10l x|

H 4

Figure 11: Sample download of line faults from
protection scheme

The first fault in Figure 11 has a time of 20:43:25:995.
This time was entered into FALLS program in order to
determine if there was any spatially correlated
lightning strikes coincident with that time.

An example of the output from the fault correlation is
shown in Figure 12. The stroke highlighted in yellow
exhibits precise temporal correlation. The spatial
correlation is depicted graphically by the bold red
circle.
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Fault Time GMT+02:00 | Precigsion(s) |Time GMT+02:00 PkCurr(kA)

2013-10-25 20:43:25.985 80| 2013-10-25 20:42:42.353 -12
2013-10-256 20:43:25.995 50| 2013-10-26 20:42:42.418 -13
2013-10-25 20:43:25.985 60| 2013-10-25 20:42:42.475 =20
2013-10-25 20:43:25.985 60| 2013-10-25 20:43:00.157 =20
2013-10-26 20:43:25.995 60 | 2013-10-25 20:43:03.865 -11
2013-10-25 20:43:25.985 80 | 2013-10-25 20:43:25.855 -24
2013-10-256 20:43:25.995 50| 2013-10-26 20:43:26.123 -28
2013-10-25 20:43:25.985 60| 2013-10-25 20:43:26.175 -1
2013-10-25 20:43:25.985 60 | 2013-10-25 20:43:26.436 =11
2013-10-26 20:43:25.995 60 | 2013-10-25 20:43:26.6383 -11
2013-10-25 20:43:25.985 80| 2013-10-25 20:43:51.477 -12
2013-10-256 20:43:25.995 50| 2013-10-26 20:43:51.606 -1

Figure 12: Example of correlation at 20:43:25:995 with
a stroke of -24 kA

Of those faults that correspond with lightning, the
majority correlate precisely within a tolerance of a
millisecond. Some of the fault times are different from
the closest stroke time by of the order of 100 ms. This
may be due to inaccuracies in the fault time stamp or
the FALLS lightning time. However these faults are
assumed to be due to lightning as they are spatially
correlated with the line, and are very closely correlated
in time.

6. RESULTS AND DISCUSSION

The results of the fault correlation for the 517 km HVDC
Lines between Apollo CS and the Pafuri Border with
Mozambique for the period between the 17 September
2008 and 31 August 2014, are shown in the table
below.

Table 1: Summary of fault correlation on the Cahora-
Bassa HVDC Lines

Line Date Fault Time Stroke Time & Stroke Current
Polarity Correlation & Polarity
19 01 2009 23:13:38:108
19 01 2009 23:13:38:193
19 01 2009 23:13:38:232
19 01 2009 23:13:38:395
19 01 2009 23:13:38:438
19 01 2009 23:13:41:151
20012009 00:50:42:744
17 02 2009 20:28:40:024
17 02 2009 20:28:40:138
17 02 2009 20:51:17:543
0112 2009 01:28:52:564 & 01:28:52:645
573
16 01 2010 01:16:39:590 01:16:39:744
15:16:41:982
15:16:42.062
09102010 15:16:42:625 15:16:42.161
15:16:42.200

15:16:42.551




Line Stroke Time & Stroke Current

Date Fault Time

Polarity Correlation & Polarity
09102010 15:22:10:571
09102010 15:24:13:888 15:24:14.207
09102010 15:26:18:488
21:21:40.323
27102010 21:21:40.248 21:21:40.396
21:21:40.768
30102010 19:04:20:427
30102010 19:04:21:661
07 112010 00:37:25:390
11122010 18:36:03:593

24122010
16 03 2010
03102010
26102013
26102013
12112013
28112013
14122013
15012014

20:43:25.995
20:55:37.955
17:09:54.590
16:48:05:550
20:52:49:493
18:30:09:008

Legend:

- indicates positive line and positive stroke polarities
BLUE indicates negative line and negative stroke polarities
Strokes in - are perfect correlations

Strokes in YELLOW indicate close correlations

Strokes in GREY indicate multiple strokes that are not fault
correlated

The following comments can be made about

a) The total correlated lightning faults is 25 over a
seven year period

b) Of the total lightning correlated faults 23 (92%) are
on the positive line (Line 1), and 2 (8%) are on the
negative line (Line 2). The positive polarity appears
to increase probability of strike by negative
downward leader.

c) Only two (8%) out of 25 correlated faults are due
to positive strokes.

d) Some faults are caused by unexpectedly low
amplitudes. Further investigation is required;
however preliminary assessment is that the faults
are due to back flashover originating from
exceptionally high footing resistances.

e) Out of 25 line faults, 13 (52%) are on the positive
line (Line 1) over a short section of comprised of 9
towers, where the line crosses a rocky outcrop
about 30 km north of Apollo CS.

7. FUTURE WORK

In order to differentiate between lightning induced
faults that are due to shielding failure and back-
flashover, the maximum penetration current must be
determined.

A preliminary shielding failure analysis for Cahora-Bassa
towers was performed using the T Flash module of the
Electric Power Research Institute (EPRI) software TL
Workstation — Gen 2.
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55.5m

Figure 13: Preliminary simulation depicting shielding
failure

The results of the simulation were inconclusive and the
model will have to be refined in order to discriminate
between shielding failure and back-flash.
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