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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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 Introduction 1.

 

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. 
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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. 
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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 

ǘƘŜ άмфǘƘ LƴǘŜǊƴŀǘƛƻƴŀƭ {ȅƳǇƻǎƛǳƳ ƻƴ IƛƎƘ ±ƻƭǘŀƎŜ 9ƴƎƛƴŜŜǊƛƴƎέΣ ƛƴ tƛƭǎŜƴΣ /ȊŜŎƘ wŜǇǳōƭƛŎΣ но 

ς ну !ǳƎǳǎǘ нлмрΦ ¢ƘŜ ǇŀǇŜǊ ƛǎ ŜƴǘƛǘƭŜŘ ά/ƻƳǇŀǊƛǎƻƴ ƛƴ ǘƘŜ [ƛƎƘǘƴƛƴƎ tŜǊŦƻǊƳŀƴŎŜ ōŜǘǿŜŜƴ 

the Poles of the Cahora-Bassa ±533 ƪ± I±5/ [ƛƴŜǎέ. 
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 Hypothesis and Research Objectives 2.

 

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). 

¢Ƙƛǎ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ άŀǘǘǊŀŎǘƛǾŜ ǊŀŘƛǳǎέ ƻŦ ǘƘŜ ǇƻǎƛǘƛǾŜ ŎƻƴŘǳŎǘƻǊ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 

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 

ά5ŎҌέ, which is larger than that for ǘƘŜ ƴŜƎŀǘƛǾŜ ǇƻƭŜ ǎƘƻǿƴ ŀǎ ά5Ŏ-έ. Downward leaders 

approaching within the shaded areas may terminate on the conductor, thus representing 

άǎƘƛŜƭŘƛƴƎ ŦŀƛƭǳǊŜέΦ 

5ƻǿƴǿŀǊŘ ƭŜŀŘŜǊǎ ƛƴ ά½ƻƴŜ мέ ŀƴŘ ά½ƻƴŜ оέ ŀǊŜ ƭƛƪŜƭȅ ǘƻ ǘŜǊƳƛƴŀǘŜ ƻƴ ǘƘŜ ƎǊƻǳƴŘΣ ǿƘƛƭǎǘ ƛƴ 

ά½ƻƴŜ нέ ƭŜŀŘŜǊǎ ŀǊŜ Ƴƻǎǘ ƭƛƪŜƭȅ ǘƻ ōŜ captured by the shield wire. 

 



 5             

 

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.   
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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. 

2.4 Research Objectives 

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

performance. The following aspects are investigated: 

¶ Determine whether the design for lightning shielding, and for lightning performance 

prediction for HVDC transmission lines, is covered in the literature. 

¶ 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.  
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 Background 3.

 

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.   
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These HVDC schemes for transferring several Gigawatts of power, utilise thyristors in the 

converter stations and are referred to as άLine Commutated Converterέ (LCC) schemes, or 

colloquially aǎ άI±5/ /ƭŀǎǎƛŎέΦ  

 

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.   
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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 km2 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. 

 

Figure 3: International HVDC schemes in relation to global lightning flash density
1
. 

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 ƳǎΣ ǘƘŜ ƭƛƴŜ ƛǎ ǊŜŎƻƴƴŜŎǘŜŘ ƛƴ ŀ ǇǊƻŎŜǎǎ ŎŀƭƭŜŘ ά!ǳǘƻ wŜ-/ƭƻǎŜέ ό!w/ύΦ ¢Ƙƛǎ 

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

                                                           
1 !ŘŀǇǘŜŘ ŦǊƻƳ άGlobal Lightning Frequencyέ produced by NASA/GHRC/NSSTC Lightning Team, 10 December 2001. 
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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 26th 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. 

 

Figure 4: TFR recording for fault on Line 1 at 20:43:995
2
.  

                                                           
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, ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀǘ ǊŜŘǳŎŜŘ ǾƻƭǘŀƎŜΦ .ƻǘƘ !Ǉƻƭƭƻ ŀƴŘ {ƻƴƎƻ /{Ωǎ 

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. 

 

Figure 5: Cahora-Bassa bipolar HVDC scheme showing the bridge voltages
3
. 

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 

(4002/5332 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. 

  
                                                           

3 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 

άōŀŎƪ-ŦƭŀǎƘƻǾŜǊέ ŀƴŘ άǎƘƛŜƭŘƛƴƎ ŦŀƛƭǳǊŜέΦ ¢ƘŜǎŜ ǘǿƻ ŦŀƛƭǳǊŜ ƳƻŘŜǎ ŀǊŜ ŘŜǎŎǊƛōŜŘ ōŜƭƻǿΦ 

¢ƘŜ Ƴŀƛƴ ŘŜǎƛƎƴ ŎƻƴǎƛŘŜǊŀǘƛƻƴǎ ǘƘŀǘ ŀŦŦŜŎǘ άōŀŎƪ-ŦƭŀǎƘƻǾŜǊέ Ǉerformance are tower surge 

impedance and tower footing resistance. The primary aspects that would affect the 

ǇŜǊŦƻǊƳŀƴŎŜ ƛƴ ǊŜǎǇŜŎǘ ƻŦ άǎƘƛŜƭŘƛƴƎ ŦŀƛƭǳǊŜέ ŀǊŜ ǘƘŜ ƴǳƳōŜǊ ŀƴŘ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ǎƘƛŜƭŘ ǿƛǊŜόǎύ 

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 

ŎŜǊǘŀƛƴ ǘƘǊŜǎƘƻƭŘ ǎǘǊƻƪŜ ŎǳǊǊŜƴǘ όάŎǊƛǘƛŎŀƭέ ƻǊ άŎƻƻǊŘƛƴŀǘƛƻƴέ ŎǳǊǊŜƴǘύΣ ǎǘǊƛƪŜǎ ǘƻ ǘƘŜ ŎƻƴŘǳŎǘƻǊ 

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 άstriking distanceέ (defined in 3.2.2 herein) of a 

downward leader is proportional to the stroke peak magnitude.   
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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 

Lƴ ǘƘŜ ŎŀǎŜ ƻŦ άōŀŎƪ-ŦƭŀǎƘƻǾŜǊέΣ ŀ ƭƛƎƘǘƴƛƴƎ ǎǘǊƻƪŜ ƛǎ ǎǳŎŎŜǎǎŦǳƭƭȅ ŎŀǇǘǳǊŜŘ ōȅ ǘƘŜ ƭƛƎƘǘƴƛƴg 

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 άōŀŎƪ-ŦƭŀǎƘƻǾŜǊέΦ Cŀǳƭǘǎ ŘǳŜ 

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 kVύ !/ ǘǊŀƴǎƳƛǎǎƛƻƴ ƭƛƴŜǎ ƛƴ bƻǊǘƘ !ƳŜǊƛŎŀ ƛƴ ǘƘŜ мфрлΩǎΦ Lǘ ǿŀǎ ŘŜǾŜloped 

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.   
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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 άǎǘǊƛƪƛƴƎ ŘƛǎǘŀƴŎŜέΦ ¢ƘŜ ǎǘǊƛƪƛƴƎ ŘƛǎǘŀƴŎŜ ƛǎ ǘƘŜǊŜŦƻǊŜ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ 

άŦƛƴŀƭ ƧǳƳǇέ ōŜǘǿŜŜƴ ǘƘŜ ŘƻǿƴǿŀǊŘ ƭŜŀŘŜǊ ŀƴŘ ǘƘŜ ƎǊƻǳƴŘ ƻōƧŜŎǘ ǿƘŜǊŜ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ 

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. 

Iƴ ǘƘƛǎ ƳƻŘŜƭΣ ǘƘŜ άǎǘǊƛƪƛƴƎ ŘƛǎǘŀƴŎŜέ ƻŦ ǘƘŜ ǎǘŜǇǇŜŘ ŘƻǿƴǿŀǊŘ ƭŜŀŘŜǊ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŎƘŀǊƎŜ 

in the downward leader channel, and in turn the stroke peak current amplitude. The 

ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ǎǘǊƻƪŜ ŘŜŦƛƴŜǎ ǘƘŜ άǎǘǊƛƪƛƴƎ ŘƛǎǘŀƴŎŜέ ƎƛǾŜƴ ōȅ ŀ ŦƻǊƳǳƭŀ ƻŦ ǘhe following 

form: 

Ds = aI
b
    Equation (1) 

Where 

Ds is the striking distance in meters. 

I is 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 

ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǘƘŜ ŎƻŜŦŦƛŎƛŜƴǘ άŀέ ƛƴ 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 (I), for the conductors (rc) and 

shield wire (rs) is as follows: 

rs = rc = 8  I
0.65

  Equation (2) 

Figure  6 depicts the striking distances for the conductors (rc), shield wire (rs) and ground (rg). 

TƘŜ ŎƻŜŦŦƛŎƛŜƴǘ άaέ ŦƻǊ ǘƘŜ ǎǘǊƛƪƛƴƎ ŘƛǎǘŀƴŎŜ ǘƻ ƎǊƻǳƴŘ ƛǎ ƴƻǘ ǘƘŜ ǎŀƳŜ ŀǎ ŦƻǊ ŎƻƴŘǳŎǘƻǊǎΦ 

 

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 

ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ άŀǘǘǊŀŎǘƛǾŜ ǊŀŘƛǳǎέ (Ra) and was found to be related to the structure height, as 

shown in Equation 3: 

Ra = 0.671 I0.74 H0.6  Equation (3) 

Where 

H is the structure height in meters.   
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ErikǎǎƻƴΩǎ geometrical model is depicted in Figure 7. 

 

Figure 7Υ 9ǊƛƪǎǎƻƴΩǎ 9ƭŜŎǘǊƻƎŜƻƳŜǘǊƛŎ aƻŘŜƭ
4
. 

3.3 Review of Existing Lightning Shielding Designs for HVDC 

This section presents a review of some international HVDC schemes with particular reference 

to lightning shielding 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 

against the other examples 

3.3.1 Introduction to the Cahora-Bassa HVDC Transmission Lines 

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

will be investigated in this research.   

                                                           
4 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 ōŜǘǿŜŜƴ ǘƘŜ ά{ƻƴƎƻέ /ƻƴǾŜǊǘŜǊ 

Station (CS) neaǊ ǘƻ ǘƘŜ ά/ŀƘƻǊŀ .ŀǎǎŀέ ƘȅŘǊƻŜƭŜŎǘǊƛŎ ǇƻǿŜǊ ǎǘŀǘƛƻƴ ƛƴ aƻȊŀƳōƛǉǳŜΣ ŀƴŘ 

ά!Ǉƻƭƭƻέ /{ ƴƻǊǘƘ ƻŦ WƻƘŀƴƴŜǎōǳǊƎΣ {ƻǳǘƘ !ŦǊƛŎŀΦ ¢Ƙƛǎ ǎǘǳŘȅ ǿƛƭƭ ŎƻƴǎƛŘŜǊ ǘƘŜ рмт km South 

African portion from Apollo CS up to the border with MƻȊŀƳōƛǉǳŜ ŀǘ άtŀŦǳǊƛέ ǎƘƻǿƴ ƛƴ Figure 

8. Unfortunately, since lightning data is only available for the South African section, the 

ǊŜƳŀƛƴƛƴƎ ǎŜŎǘƛƻƴ ǿƛƭƭ ƴƻǘ ōŜ ŀƴŀƭȅǎŜŘΦ ¢ƘŜ ά{ƻƴƎƻέ /{ ŀƴŘ ǘƘŜ уфт km of HVDC line through 

aƻȊŀƳōƛǉǳŜ ǳǇ ǘƻ ǘƘŜ {ƻǳǘƘ !ŦǊƛŎŀƴ ōƻǊŘŜǊ ŀǊŜ ƳŀƴŀƎŜŘ ōȅ άIƛŘǊƻŜƭŜŎǘǊƛŎŀ ŘŜ /ŀƘƻǊŀ .ŀǎǎŀέ 

όI/.ύΦ ά!Ǉƻƭƭƻέ /{ ŀƴŘ ǘƘŜ {ƻǳǘƘ !ŦǊƛŎŀƴ ǇƻǊǘƛƻƴ ƛǎ ƻǿƴŜŘ ŀƴŘ ƻǇŜǊŀǘŜŘ ōȅ {ƻǳǘƘ !ŦǊƛŎŀΩǎ ƻƴƭȅ 

¢ǊŀƴǎƳƛǎǎƛƻƴ {ȅǎǘŜƳ hǇŜǊŀǘƻǊΣ ά9ǎƪƻƳέ (ABB 2016). 

 

Figure 8: Route of the Cahora-Bassa HVDC scheme
5
. 

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.   

                                                           
5 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 

άƳƻƴƻ-ǇƻƭŀǊέ ǎǘǊǳŎǘǳǊŜǎ ǎƘƻǿƴ ƛƴ Figure 9. 

 

Figure 9: Mono-polar strain and suspension pylons of the Cahora-Bassa HVDC scheme
6
. 

 

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.   

                                                           
6 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
7
. 

 

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.   

                                                           
7 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
8
. 

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 

ǘŜǊǊƻǊƛǎǘ ŀŎǘƛǾƛǘȅ ŘǳǊƛƴƎ ǘƘŜ мфулΩǎ ŀƴŘ ǿŜǊŜ ƻƴƭȅ ǊŜǎǘƻǊŜŘ in late 1997 (Siemens 2016). 

3.3.3 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 ƎŜƻƳŜǘǊȅ ƛǎ ŘŜŦƛƴŜŘ ōȅ ŀ άǎƘƛŜƭŘƛƴƎ ŀƴƎƭŜέΣ ƛƴŘƛŎŀǘŜŘ ƛƴ 

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 30o shielding angle, 

ōŀǎŜŘ ƻƴ ŀƴ ŜƳǇƛǊƛŎŀƭ ƳŜǘƘƻŘ ƻŦ ƭƛƎƘǘƴƛƴƎ ǇǊƻǘŜŎǘƛƻƴ ŘŜǎƛƎƴ ŎŀƭƭŜŘ ǘƘŜ άǎƘƛŜƭŘƛƴƎ ŀƴƎƭŜ 

ƳŜǘƘƻŘέΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘƛǎ ƳŜǘƘƻŘΣ ǊŜŘǳŎŜŘ ǎƘƛŜƭŘƛƴƎ ŀƴƎƭŜǎ ŜƴƎŜƴŘŜǊ ǎǳǇŜǊƛƻǊ ƭƛƎƘǘƴƛƴƎ 

ǎƘƛŜƭŘƛƴƎ ǇǊƻǘŜŎǘƛƻƴΦ ¢Ƙƛǎ άǎƘƛŜƭŘƛƴƎ ŀƴƎƭŜ ƳŜǘƘƻŘέ ǿŀǎ ŎƻƳƳƻƴƭȅ ŀǇǇƭƛŜŘ ǘƻ I±!/ ƭƛƴŜǎ Ǉrior 

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 

ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ƭƛƎƘǘƴƛƴƎ άǎǘǊƛƪƛƴƎ ŘƛǎǘŀƴŎŜέΣ ǘƘŜ ǎƘƛŜƭŘƛƴƎ ŀƴƎƭŜ Ŏŀƴ ƴŜǾŜǊǘƘŜƭŜǎǎ ōŜ ǳǎŜŘ ǘƻ 

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 15o 

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. -15o.  

 

Figure 13: Cahora-Bassa mono-polar suspension tower-top geometry
9
. 

 

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.   

                                                           
9 Extract from Cahora-Bassa suspension tower outline - Eskom drawing no. 051/601A. 



 23             

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.  

 

Figure 14: Route of the Inga-Kolwezi HVDC scheme in the DRC
10

. 

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 20o 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.   

                                                           
10 Original line drawing produced from Open Street Map. 
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Figure 15: Mono-polar structures of the Inga-Kolwezi HVDC scheme
11

. 

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 -20o, 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. 
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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 

±463.5 kV and runs nearly 900 km ŦǊƻƳ ǘƘŜ ƛƴǾŜǊǘŜǊ ǎǘŀǘƛƻƴ άwŀŘƛǎǎƻƴέ ǘƻ ŀ ǊŜŎǘƛŦƛŜǊ ǎǘŀǘƛƻƴ 

ά5ƻǊǎŜȅέΣ ƴŜŀǊ ²ƛƴƴƛǇŜƎΣ aanitoba, whilst Bipole 2 is rated at ±500 kV and is about 40 km 

longer, running between the inverter station άIŜƴŘŀȅέ ŀƴŘ ά5ƻǊǎŜȅέ (Figure 16). 

 

Figure 16: Route of the Nelson River HVDC scheme in Manitoba, Canada
12

.  

                                                           
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.  

 

 

Figure 17: Structures for the Nelson River number 1 and 2 bipoles at Dorsey CS
13

. 

Single lightning shielding wires per bipole are evident in the structure geometry of the Nelson 

River towers, which results in shallow shielding angles of 30o. 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.   

                                                           
13 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 30o 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 

ǎŜǾŜǊŀƭ ƭƛƎƘǘƴƛƴƎ ǊŜƭŀǘŜŘ Ŧŀǳƭǘǎ ƻŎŎǳǊǊŜŘ ǊŜƭŀǘƛƴƎ ǘƻ ōƻǘƘ άōŀŎƪ-ŦƭŀǎƘƻǾŜǊέ ŀƴŘ ǎƘƛŜƭŘƛƴƎ 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 ǎǘǊƻƪŜǎ ōŜƭƻǿ ŀ ǘƘǊŜǎƘƻƭŘ ƭŜǾŜƭ όάŎǊƛǘƛŎŀƭέ ƻǊ άŎƻƻǊŘƛƴŀǘƛƻƴέ 

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. 

¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ƭƛƎƘǘƴƛƴƎ ƛƴŘǳŎŜŘ Ŧŀǳƭǘǎ ŜȄƘƛōƛǘ ŀ άōƛƳƻŘŀƭέ ŘƛǎǘǊƛōǳǘƛƻƴ ŦƻǊ ǘƘŜ ǘǿƻ Ŧŀǳƭǘ 

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).   
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Figure 18: Lightning related faults on the Nelson River HVDC lines
14

. 

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 Philippines
15

.  

                                                           
14 Adapted from Shelemy & Swatek (2001). 
15 Photo from http://www.mapelveiculos.com.br/home/hvdc-transmission-ppt accessed on 10 January 2016 

http://www.mapelveiculos.com.br/home/hvdc-transmission-ppt
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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 (15o) 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 (30o) whilst the Coal CreekςUnderwood (CU) 

bipole (commissioned in 1979) uses self-supporting towers with two shield wires and 

therefore steeper shielding angles (15o) 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.   



 30             

 

Figure 20: HVDC line crossing in North Dakota, USA
16

. 

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 ά±ŀƛǎŀƭŀ [{тлллέ ¢ƘǳƴŘŜǊǎǘƻǊƳ 

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. 

                                                           
16 tƘƻǘƻ ǘŀƪŜƴ ōȅ ά²ǘǎƘȅƳŀƴǎƪƛέΣ WǳƴŜ нлмлΣ ǳƴŘŜǊ ƭƛŎŜƴǎŜ ƻŦ ǘƘŜ /ǊŜŀǘƛǾŜ /ƻƳƳƻƴǎ. 
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ά±ŀƛǎŀƭŀέ ƛǎ ƻƴŜ ƻŦ ǘƘŜ ŦƻǊŜƳƻǎǘ ƛƴǘŜǊƴŀǘƛƻƴŀƭ 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). 

 

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 

ǘŜŎƘƴƻƭƻƎƛŜǎ ƛƴ ŀ ǎƛƴƎƭŜ ŘŜǘŜŎǘƛƻƴ ǎŜƴǎƻǊ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άLƳǇǊƻǾŜŘ !ŎŎǳǊŀŎȅ ǳǎƛƴƎ /ƻƳōƛƴŜŘ 

¢ŜŎƘƴƻƭƻƎȅέ όLat!/¢ύΦ 

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). 

 

Figure 23: Reported stroke position as determined by the MDF technique
17

.  

                                                           
17 Adapted from Hunt (2012). 
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When three or more sensors report a lightning discharge, an optimisation algorithm can be 

used to minimisŜ ǘƘŜ άŀƴƎƭŜ ŘƛǎŀƎǊŜŜƳŜƴǘέ ōŜǘǿŜŜƴ ǘƘŜ ǎŜƴǎƻǊǎΦ Figure 24 shows the 

άǘǊƛŀƴƎƭŜ ƻŦ ŜǊǊƻǊέ ǘƘŀǘ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ ŀȊƛƳǳǘƘ ŜǊǊƻǊǎ ōŜǘǿŜŜƴ ǘƘŜ ǘƘǊŜŜ ǎŜƴǎƻǊǎΦ ¢ƘŜ 

άƻǇǘƛƳŀƭέ ƻǊ άƳƻǎǘ ǇǊƻōŀōƭŜέ ƭƻŎŀǘƛƻƴ ƛǎ ŎƻƳǇǳǘŜŘ ōȅ 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. 

 

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). 

 

Figure 25: Optimal estimate of stroke position as defined by the TOA technique
18

. 

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).   

                                                           
18 Adapted from Hunt (2012). 



 35             

¢Ƙƛǎ ƳŜǘƘƻŘ ŘŜǇƛŎǘǎ ǘƘŜ ǊŜǇƻǊǘŜŘ ƭƻŎŀǘƛƻƴ ƻŦ ǘƘŜ ǎǘǊƻƪŜ ōȅ ƳŜŀƴǎ ƻŦ ŀ άƭƻŎŀǘƛƻƴ ŜǊǊƻǊ ŜƭƭƛǇǎŜέ 

which is an area within which the true position of the stroke exists with a finite probability. 

These ellipses are altŜǊƴŀǘƛǾŜƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŎƻƴŦƛŘŜƴŎŜ ŜƭƭƛǇǎŜǎέ 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). 

 

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 

ŜƭƭƛǇǎŜ Ƙŀǎ ŀ άŦƭŀǘǘŜƴŜŘέ ŀǇǇŜŀǊŀƴŎŜ ǿƘŜǊŜ ǘƘŜǊŜ ƛǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭŀǊƎŜǊ ǳƴŎŜǊǘŀƛƴǘy 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
19

. 

 

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.   

                                                           
19 Adapted from an extract from Vaisala FALLS ®. 
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Figure 28: Confidence ellipses for stroke locations with three and four detecting sensors
20

. 

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.   

                                                           
20 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
21

. 

3.4.4 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%.  

                                                           
21 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 (άmultiplicityέ) 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). 

 

Figure 30: Sample of the performance of the SALDN for the week 17 ς 24 November 2014 (Courtesy of 
Richard Evert).   

Colour legend: 

Green indicates that the 

performance criteria has been met 

Red indicates the requirement has 

not been met 

Black indicates parameters that 

could not be classified as either of 

the above 
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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 

¢ƘŜ 5/ ƭƛƴŜ ǇǊƻǘŜŎǘƛƻƴ ǎȅǎǘŜƳ ŦǳƴŎǘƛƻƴŀƭ ǘȅǇŜ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ά[ƛƴŜ 5ŜǊƛǾŀǘƛǾŜ tǊƻǘŜŎǘƛƻƴ 

{ȅǎǘŜƳέΦ ¢ƘŜ Ƴain 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). 

 

Figure 31: Main components of the LFL system
22

.  

                                                           
22 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.  

¢ƘŜ [C[ ǎȅǎǘŜƳ ƛǎ ŎƻƳǇǊƛǎŜŘ ƻŦ ǘǿƻ ǊŜŘǳƴŘŀƴǘ ǎȅǎǘŜƳǎΥ άtǊƛƳŀǊȅ [C[έ ŀƴŘ ά{ŜŎƻƴŘŀǊȅ [C[έ 

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 

ǘǊƛƎƎŜǊ ŦƻǊ ǘƘŜ ǇǊƻǘŜŎǘƛƻƴ ǎȅǎǘŜƳΦ wŀǘŜǎ ŀōƻǾŜ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ǿƛƭƭ ǊŜǎǳƭǘ ƛƴ ŜƛǘƘŜǊ άtƻƭŜ мέ ƻǊ 

άtƻƭŜ нέ ōŜƛƴƎ ǊŜŎƻǊŘŜŘΣ ƛƴŘƛŎŀǘƛƴƎ ŀ Ŧŀǳƭǘ ƻƴ ŜƛǘƘŜǊ ƻƴŜ ƻŦ ǘƘŜ ǘǿƻ ƭƛƴŜǎΦ LŦ ǘƘŜ ŘǾκŘǘ ƛǎ ŀōƻǾŜ 

the protection threshold, the current is reduced to zero by altering the bridge thyristor firing 

angle to 0o. 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 

ǇƻƭŜ ƛǎ άƭƻŎƪŜŘ ƻǳǘέ ŀƴŘ ǘƘŜ voltage is kept at zero. 

wŀǘŜǎ ǘƘŀǘ ŀǊŜ ōŜƭƻǿ ǘƘŜ ǘƘǊŜǎƘƻƭŘ Ƴŀȅ ǊŜǎǳƭǘ ƛƴ άtƻƭŜ лέ ōŜƛƴƎ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ [C[ ǎŎƘŜƳŜΦ 

These events are due to indeterminate transients, which are currently under investigation, and 

ƴƻǘ ƭƛƴŜ ŦŀǳƭǘǎΦ hƴŜ ƻŦ ǘƘŜ ǇƻǎǎƛōƭŜ ŜǾŜƴǘǎ ǘƘŀǘ Ƴŀȅ ǊŜǎǳƭǘ ƛƴ άtƻƭŜ лέ ōŜƛƴƎ ǊŜŎƻǊŘŜŘ ƛǎ 

suspected to be flashover of the insulated shielded wire spark gap. Therefore, άtƻƭŜ лέ ŘƻŜǎ 

not indicate a Ŧŀǳƭǘ ƻƴ ŜƛǘƘŜǊ [ƛƴŜ м όάtƻƭŜ мέύ ƻr [ƛƴŜ н όάtƻƭŜ 2έύ ŀƴŘ 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.   



 44             

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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 Literature Review and Gap Analysis 4.

 

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 32Υ IȅŘǊƻ aŀƴƛǘƻōŀΩǎ bŜƭǎƻƴ wƛǾŜǊ ǘǿƻ ōƛǇƻƭŀǊ I±5/ ǘǊŀƴǎƳƛǎǎƛƻƴ ƭƛƴŜǎ ŎƻƴŦƛƎǳǊŀǘƛƻƴΦ 

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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 Approach Taken 5.

 

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 ς 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. 

 

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

Topography ς 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 lineΩs exposure 

to lightning activity. 

Vegetation ς 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 ς 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 6.

 

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): 

 

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-GAI Fault Analysis and Lightning Location 

{ȅǎǘŜƳ όάC![[{έύ 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 άFALLSέ 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 ς Used to determine the lightning exposure of an asset 

for a certain period. 

b) Reliability Analysis ς 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. 

 

Figure 35: Cahora-Bassa Bipolar HVDC scheme with 7 bridges at Songo
23

. 

 

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).   

                                                           
23 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). 

 

 

Figure 36: Cahora-Bassa Mono-polar HVDC lines showing normal polarity arrangement
24

. 

 

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.   

                                                           
24 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 άFALLSέ 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 ς 15 lightning flashes per square kilometre, and 

reduces to between 1 ς 2 flashes per km2 close to the Mozambique border. Therefore, the 

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

scheme. 

 

Figure 37: Cahora-Bassa line route overlaid onto the lightning ground flash density map from 2006 ς 
2011

25
. 

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.   

                                                           
25 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. 

¢ƘŜ ά{Ƴŀƭƭ !ǊŜŀ 9ȄǇƻǎǳǊŜέ !ƴŀƭȅǎƛǎ ό{!9ύ ǘƻƻƭ ƛƴ ǘƘŜ άC![[{έ ǎƻŦǘǿŀǊŜ ƻŦŦŜǊǎ ǘǿƻ ǾŀǊƛŀǘƛƻƴǎΣ 

ŜƛǘƘŜǊ ŀ άǇƻƛƴǘ-by-Ǉƻƛƴǘέ ƻǊ ŀ άƎǊƛŘŘŜŘ ŜȄǇƻǎǳǊŜέ ŀƴŀƭȅǎƛǎΦ ¢ƘŜ άǇƻƛƴǘ-by-Ǉƻƛƴǘέ ŀƴŀƭȅǎƛǎ 

depicts individual lightning events as points signifying their reported locations, whereas the 

άƎǊƛŘŘŜŘ ŜȄǇƻǎǳǊŜέ ǎƘƻǿǎ ǘƘe 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). 

¢ƘŜ {!9 άǇƻƛƴǘ-by-Ǉƻƛƴǘέ ŦǳƴŎǘƛƻƴ ǿŀǎ ǳǎŜŘ ǘƻ ŘƛǎǇƭŀȅ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻƴ ŀ άǇƻƛƴǘέ ōŀǎƛǎ ŦƻǊ ŜŀŎƘ 

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 38Φ LƴŘƛǾƛŘǳŀƭ ǎǘǊƻƪŜǎ ŀǊŜ ŘŜǇƛŎǘŜŘ ŀǎ άŘƻǘǎέΣ ƘƻǿŜǾŜǊΣ ŘǳŜ ǘƻ ǘƘŜ ǎŎŀƭŜΤ ǘƘŜǎŜ 

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 ς 31 March 2015

26
. 

 

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

Apollo CS.   

                                                           
26 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 ς 31 March 2015

27
. 

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. 

 

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

                                                           
27 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 42Φ !ǎ ōŜŦƻǊŜΣ ŜŀŎƘ άŘƻǘέ ǊŜǇǊŜǎents 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 

ǘƻ ƘŀǾƛƴƎ ŀƴ άŀǘǘǊŀŎǘƛǾŜ ǇƻǘŜƴǘƛŀƭέ ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ŀǊŜŀΦ 

 

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

28
.  

                                                           
28 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 ς 1 March 2014

29
. 

 

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 

¢ƘŜ ά{Ƴŀƭƭ !ǊŜŀ 9ȄǇƻǎǳǊŜ !ƴŀƭȅǎƛǎέ ό{!9ύ ¢ƻƻƭ ƛƴ ǘƘŜ ±ŀƛǎŀƭŀ C![[{ ǎƻŦǘǿŀǊŜ ǿŀǎ ǳǎŜŘ ǘƻ 

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.   

                                                           
29 Adapted from an extract from Vaisala FALLS ®. 
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Figure 43: Small Area Exposure Analysis input screen
30

. 

 

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

analysis. 

Database Options 

¢ƘŜǊŜ ŀǊŜ ǘǿƻ ǎŜǘǎ ƻŦ ƭƛƎƘǘƴƛƴƎ ŘŀǘŀōŀǎŜǎΣ ƻƴŜ ŦƻǊ άCƭŀǎƘŜǎέ ŀƴŘ ǘƘŜ ƻǘƘŜǊ ŦƻǊ ά{ǘǊƻƪŜǎέΦ {ƛƴŎŜ 

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. άwŜŀƭ-ǘƛƳŜέ ŘŀǘŀōŀǎŜǎ ς Lightning events are loaded into the database as they occur. 

2. άwŜǇǊƻŎŜǎǎŜŘέ ŘŀǘŀōŀǎŜǎ ς These databases are manually loaded daily with all 

lightning events including delayed detection sensor reports that were affected by 

communication network availability. 

3. ά{ǇŀƴƴŜŘέ ŘŀǘŀōŀǎŜǎ ς Spanned databases use all data available from the 

άwŜǇǊƻŎŜǎǎŜŘέ databases and then utilise real-time data at the end of the reprocessed data 

set.   

                                                           
30 Adapted from SAE Browser from Vaisala FALLS ®. 
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Therefore, άwŜǇǊƻŎŜǎǎŜŘέ ŘŀǘŀōŀǎŜǎ ǿƛƭƭ ōŜ ƳƻǊŜ ŎƻƳǇƭŜǘŜ ǘƘŀƴ άwŜŀƭ-ǘƛƳŜέ ŘŀǘŀōŀǎŜǎΣ ŀƴŘ 

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 analysƛǎ ƛǎ ǇŜǊŦƻǊƳŜŘ ƻƴƭȅ ƛƴ ǘƘŜ ōǳŦŦŜǊ ǊŜƎƛƻƴ ōȅ ǎŜƭŜŎǘƛƴƎ ά!ǎǎŜǘ .ǳŦŦŜǊ wŜƎƛƻƴ hƴƭȅέ 

which is typically 1 km ƻƴ ŜƛǘƘŜǊ ǎƛŘŜ ƻŦ ǘƘŜ ƭƛƴŜΦ 5ƛǎǇƭŀȅƛƴƎ ά!ƭƭ ƻŦ /ǳǊǊŜƴǘ aŀǇ wŜƎƛƻƴέ ƛǎ ƴƻǘ 

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 

ŘƛǎǇƭŀȅƛƴƎ ά!ƭƭ ƻŦ ǘƘŜ /ǳǊǊŜƴǘ aŀǇ wŜƎƛƻƴέ ƛǎ ǳǎŜŘ ŦƻǊ άwŜƎƛƻƴŀƭ {ǘŀǘƛǎǘƛŎŀƭ !ƴŀƭȅǎƛǎέ ƛƴ ƻǊŘŜǊ ǘƻ 

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 

ŜƴǘŜǊŜŘ ά{ǘŀǊǘέ ŀƴŘ ά9ƴŘέ ǘƛƳŜ ŀƴŘ ƛǎ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘƘŜ ά¢ƛƳŜ LƴǘŜǊǾŀƭǎέ ŀƭƻƴƎ ǘƘŜ ·-axis. The Y-

ŀȄƛǎ Ǉƭƻǘǎ ǘƘŜ άŎƻǳƴǘέ ƻǊ ƴǳƳōŜǊ ƻŦ ƭƛƎƘǘƴƛƴƎ ŜǾŜƴǘǎ όŜƛǘƘŜǊ ǎǘǊƻkes 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 
ς 29 October 2013

31
. 

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 

(ƛƴ ǘƘƛǎ ŎŀǎŜ ǘƘŜ άdry seasonέ) 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.   

                                                           
31 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 ς 30 August 2009
32

. 

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 

ǘƘŜ άŘǊȅ ǎŜŀǎƻƴέ ǿƘŜǊŜ ƴƻ ƭƛƎƘǘƴƛƴƎ ŀŎǘƛǾƛǘȅ ƛǎ ŜȄǇŜŎǘŜŘΦ !ƭǘƘƻǳƎƘ ŀǘȅǇƛŎŀƭΣ ǎǘƻǊƳ ŜǾŜƴǘǎ Ƴŀȅ 

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. 

 

Figure 46: Stroke Time Trend for Cahora-Bassa Line 1, Apollo-Pafuri 1 March 2013 ς 1 March 2014.
33

   

                                                           
32 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 ǎǘǊƻƪŜ άcountέ ƻǊ the number of strokes for a given peak current amplitude. 

 

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

34
. 

                                                                                                                                                                          
33 Adapted from SAE output from Vaisala FALLS ®. 
 
34 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 ς 31 March 2015

35
. 

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.  

                                                           
35 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-ŎŀƭƭŜŘ άŎƻƴŦƛŘŜƴŎŜ 

ŜƭƭƛǇǎŜǎέ 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-ŘŜŦƛƴŜŘ άōǳŦŦŜǊ ȊƻƴŜέ ŀǊƻǳƴŘ ǘƘŜ ƭƛƴŜ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ 

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. 

[5bΩǎ ŘŜǘŜŎǘ ǘƘŜ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ ǇǳƭǎŜǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƭƛƎƘǘƴƛƴƎ ǎǘǊƻƪŜǎΣ ŀƴŘ ǳǎŜ ŀƭƎƻǊƛǘƘƳǎ 

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 

ǎƳŀƭƭ ŘƛŦŦŜǊŜƴŎŜǎΣ ƻŦ ǘƘŜ ƻǊŘŜǊ ƻŦ млΩǎ ƻŦ ƳƛƭƭƛǎŜŎƻƴŘǎΣ ōŜǘǿŜŜƴ Ŧŀǳƭǘ ǘƛƳŜ ŀƴŘ ƭƛƎƘǘƴƛƴƎ ǎǘǊƻƪŜ 

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. 

 

Figure 49: Example of 1 km buffer zone for Apollo-Pafuri Line 1 near Apollo CS
36

. 

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 

                                                           
36 Adapted from an extract from Vaisala FALLS ®. 
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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. 

 

Figure 50: Example of 1 km buffer zone for Apollo-Pafuri Line 1 near to the Mozambique border
37

. 

 

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.   

                                                           
37 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 

άƳŜŘƛŀƴέ ŎƻƴŦƛŘŜƴŎŜ ŜƭƭƛǇse 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 

ŜȄǘǊŜƳŜƭȅ ǳƴƭƛƪŜƭȅ ǘƻ ƘŀǾŜ ǘŜǊƳƛƴŀǘŜŘ ƻƴ ǘƘŜ ƭƛƴŜ ǳƴƭŜǎǎ ǿƛǘƘƛƴ ǘƘŜ άŀǘǘǊŀŎǘƛǾŜ ǊŀŘƛǳǎέ ƻŦ ǘƘŜ 

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 temporaƭ ǘƻƭŜǊŀƴŎŜ όŎŀƭƭŜŘ άtǊŜŎƛǎƛƻƴ IƴǘŜǊǾŀƭέ ƛƴ C![[{ύ ŦƻǊ ǘƘŜ 

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. 

 

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. 

CƛŜƭŘǎ ƭŀōŜƭƭŜŘ ά!έ ǘƻ ά5έ ŀǊŜ ǘƘŜ ǎŀƳŜ ŀǎ ŦƻǊ ǘƘŜ {Ƴŀƭƭ !ǊŜŀ 9ȄǇƻǎǳǊŜ !ƴŀƭȅǎƛǎ ŀƴŘ ŀǊŜ 

explained in cross rŜŦŜǊŜƴŎŜΦ hǇǘƛƻƴǎ ά9έ ǘƻ άIέ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ŦƻǊ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴǎ ŀƴŘ ŀǊŜ 

explained below Figure 53. 

 

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

The following options are significant for the fault correlations: 

E ς 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 seƭŜŎǘŜŘ άǇŜǊŎŜƴǘŀƎŜ ŎƻƴŦƛŘŜƴŎŜέΦ 
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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 ς ¢ƘŜ Ŧŀǳƭǘ ŘŜǘŀƛƭǎ ŀǊŜ ŜƴǘŜǊŜŘ ƘŜǊŜ ōȅ ǇǊŜǎǎƛƴƎ ǘƘŜ άCŀǳƭǘ 9ƴǘǊȅΧέ button, which opens the 

following screen depicted in Figure 54, ǿƘŜǊŜ ǘƘŜ Ŧŀǳƭǘ ŘŀǘŜ ŀƴŘ ǘƛƳŜ ƛǎ ŜƴǘŜǊŜŘ ƛƴ ά9мέΣ ŀƴŘ 

ǘƘŜ ǘƛƳŜ ƛƴǘŜǊǾŀƭ ŦƻǊ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ŀƴŀƭȅǎƛǎ ƛǎ ŜƴǘŜǊŜŘ ƛƴ ά9нέΦ ¢ƘŜ ǘime interval is referred to 

ŀǎ ǘƘŜ άtǊŜŎƛǎƛƻƴ Intervalέ 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.  

 

 

Figure 54: Manual fault entry screen for Reliability Analysis. 

G ς 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 ς ¢ƘŜǊŜ ŀǊŜ ǘƘǊŜŜ ƻǇǘƛƻƴǎ ŦƻǊ ǘƘŜ άCŀǳƭǘ /ƻǊǊŜƭŀǘƛƻƴ wǳƭŜέΦ ¢ƘŜ ŦƛǊǎǘ ƻǇǘƛƻƴ ƛǎ ǘƘŀǘ ŀƭƭ ά¢ƛƳŜ-

ŎƻǊǊŜƭŀǘŜŘέ ƭƛƎƘǘƴƛƴƎ ƛǎ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άCŀǳƭǘ /ƻǊǊŜƭŀǘŜŘέΦ ¢Ƙƛǎ Ƙŀǎ ƴƻǘ ōŜŜƴ used, as the aim is to 

ƛŘŜƴǘƛŦȅ ǘƘŜ ŎŀǳǎŀǘƛǾŜ ǎǘǊƻƪŜΦ ¢ƘŜ ǎŜŎƻƴŘ ƻǇǘƛƻƴ ƛǎ ǘƘŀǘ άIƛƎƘŜǎǘ ǇŜŀƪ ŎǳǊǊŜƴǘέ ǘƘŀǘ ƛǎ ǘƛƳŜ 

correlated is classified as fault correlated. This is also not appropriate, as the aim is to identify 

ǿƘƛŎƘ ǎǘǊƻƪŜ Ƙŀǎ ǘƘŜ ŎƭƻǎŜǎǘ ǘƛƳŜ ŎƻǊǊŜƭŀǘƛƻƴ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǘƘŜ ǘƘƛǊŘ ƻǇǘƛƻƴ ŦƻǊ ǘƘŜ ά/ƭƻǎŜǎǘ 

ǘƛƳŜ ǘƻ Ŧŀǳƭǘέ Ƙŀǎ ōŜŜƴ ǎŜƭŜŎǘŜŘΦ   
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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 

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

Poor (Red) 
¢ƘŜ ǘƛƳŜ ŎƻǊǊŜƭŀǘƛƻƴ ƛǎ άǇƻƻǊέ ό Ҕнлл 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 άstriking distanceέ, 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 

ŎƭŀǎǎƛŦȅ ǘƘŜǎŜ ǎǘǊƻƪŜǎ ŀǎ ŜƛǘƘŜǊ άCŀƛǊέ ƻǊ άtƻƻǊέ ǎǇŀǘƛŀƭ ŎƻǊǊŜƭŀǘƛƻƴǎΣ ƛn 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 (Ds), in terms of the stroke current (I), for the conductor 

and shield wire is as follows:  

Ds = 8  I
0.65

  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 

ŀ ά²ƻǊƪƛƴƎ {ǘǊƛƪƛƴƎ 5ƛǎǘŀƴŎŜέ ǘƘŀǘ Ŏŀƴ ōŜ 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. 

 

The spatial correlations are classified in accordance with the criteria in Table 3. 

Table 3: Key for the classification of spatial correlation. 

Correlation 
classification 

Criteria for temporal correlation ranking 

Good (Green) 

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 

Fair (Orange) 

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

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

Poor (Red) 
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 

Spatial 

correlation 

Good Medium High Very High 

Fair Low Medium High 

Poor Very Low Low Medium 

 

All strokes that are classified ŀǎ ŜƛǘƘŜǊ ŀ άaŜŘƛǳƳΣ IƛƎƘέ ƻǊ ά±ŜǊȅ IƛƎƘέ ƭƛƪŜƭƛƘƻƻŘ ŀǊŜ ǊŜǇƻǊǘŜŘ 

in the summary of the correlation results. Strokes that have beŜƴ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ά[ƻǿέ ƻǊ ά±ŜǊȅ 

[ƻǿέ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ǳƴƭƛƪŜƭȅ ǘƻ ƘŀǾŜ ŎŀǳǎŜŘ ǘƘŜ ŦŀǳƭǘǎΣ ŀƴŘ ƘŀǾŜ ōŜŜƴ ŘƛǎǊŜƎŀǊŘŜŘ from the 

overall performance statistics.  
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 Results and Discussion 7.

 

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. 

 

Figure 55: SAE analysis for Apollo-Pafuri Line 1 for the 8-year period from the 1st March 2006 to the 
1st March 2014

38
. 

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 ŀǎ άōƛƴǎέΦ ¢ƘŜǊŜ ŀǊŜ ǘǿƻ ŘƛǎǘǊƛōǳǘƛƻƴǎ ǇŜǊ 

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.  

                                                           
38 Output from Vaisala FALLS ®. 
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Figure 56: Positive pole (Line 1) stroke peak current frequency for strokes of negative polarity
39

. 

 

Figure 57: Negative pole (Line 2) stroke peak current frequency for strokes of negative polarity
40

. 

Upon visual inspection, the two distributions appear to be very similar. This similarity is 

ŎƻƴŦƛǊƳŜŘ ōȅ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ άŀǾŜǊŀƎŜ ŘƛŦŦŜǊŜƴŎŜέ ŀŎǊƻǎǎ 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 

ŎƻƴŘǳŎƛǾŜ ǘƻ ƳŀƪŜ ŀƴ άƻǾŜǊŀƭƭ ŎƻƳǇŀǊƛǎƻƴέ ōŜǘǿŜŜƴ ǘƘŜ ǎǘǊƻƪŜ ŘƛǎǘǊƛōǳǘƛƻƴǎ ƻŦ ǘƘŜ ǘǿƻ ƭƛƴŜǎΦ 

¢ƘŜ άŀǾŜǊŀƎŜ ŘƛŦŦŜǊŜƴŎŜέ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀƴ ƻǇǘƛƳŀƭ ŎƻƳǇŀǊƛǎƻƴΦ ¢Ƙƛǎ ŀǾŜǊŀƎŜ ŘƛŦŦŜǊŜƴŎŜ ƛǎ Ƴƻǎǘ 

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%.  

                                                           
39 Output from Vaisala FALLS ®. 
40 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. 

 

Figure 59: Positive pole 1 (Line 1) stroke peak current frequency for strokes of positive polarity
41

.  

                                                           
41 Output from Vaisala FALLS ®. 
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Figure 60: Negative pole (Line 2) stroke peak current frequency for strokes of positive polarity
42

. 

 

 

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 άsmoothέ 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.   

                                                           
42 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. 

 

Legend:  

RED indicates positive HVDC transmission line, and positive lightning stroke polarities. 

BLUE indicates negative HVDC transmission line, and negative lightning stroke polarities. 

Stroke times in GREEN ŀǊŜ άŜȄŀŎǘέ ǘƛƳŜ ŎƻǊǊŜƭŀǘƛƻƴǎ όғн ms, the difference is only due to 
rounding-off of the LFL fault time). 

Strokes times in YELLOW ƛƴŘƛŎŀǘŜ άŎƭƻǎŜέ ǘƛƳŜ ŎƻǊǊŜƭŀǘƛƻƴǎ όҖнлл ms). 

Strokes times in PINK ƛƴŘƛŎŀǘŜ άǇƻƻǊέ (>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 

Fault 
No. 

Line 
Polarity 

Fault Date 

Fault Time 
from 

protection 
system 

Stroke Time 
and Correlation 

from FALLS 

Spatial 
Correlation 
from FALLS 

Stroke 
Current & 
Polarity 

No. of 
Detecting 
Sensors 

Tower 
Location 

(Probable) 

         

1.  
1 (+) 

 

19 01 2009 
19 01 2009 
19 01 2009 
19 01 2009 
19 01 2009 

23:13:38:108 
23:13:38:193 
23:13:38:232 
23:13:38:395 
23:13:38:438 

23:13:38:108 
23:13:38:193 
23:13:38:232 
23:13:38:395 
23:13:38:438 

Good 
Good 
Good 
Good 
Good 

-18 kA 
-9 kA 
-9 kA 
-11 kA 
-9 kA 

11 
3 
3 
3 
5 

72 
74 
73 
73 
73 

2.  1 (+) 19 01 2009 23:13:41:151 23:13:41:151 Fair -7 kA 2 116 - 117 

3.  1 (+) 20 01 2009 00:50:42:744 00:50:42:744 Good -17 kA 2 442 - 443 

4.  1 (+) 17 02 2009 
20:28:40:024 
20:28:40:138 

a)  20:28:40:024       
b)  20:28:40:138 

Good 
Good 

-26 kA 
-17 kA 

12 
2 

76 
73 - 74 

5.  1 (+) 17 02 2009 20:51:17:543 20:51:17:543 Fair -8 kA 2 68 

6.  2 (-) 01 12 2009 
01:28:52:564 

& 573 
01:28:52:645 Good -11 kA 5 771 

7.  1 (+) 16 01 2010 01:16:39:590 
01:16:39:617 
01:16:39:677 
01:16:39:744 

 
 

Fair 

-16 kA 
-15 kA 
-24 kA 

10 
8 
8 

73 
82 
74 

8.  1 (+) 09 10 2010 15:16:42:625 

15:16:41:982 
15:16:42:062 
15:16:42:161 
15:16:42:200 
15:16:42.551 

 
 
 
 

Fair 

-32 kA 
+25 kA           
-15 kA 
-11 kA 
-6 kA 

8 
10 
8 
7 
3 

396 
392 
389 
389 
389 

9.  1 (+) 09 10 2010 15:22:10:571 15:22:10:571 Good +14 kA 5 344 

10.  1 (+) 09 10 2010 15:24:13:888 15:24:14.207*1 Fair -22 kA 2 361 

11.  1 (+) 09 10 2010 15:26:18:488 15:26:18:487 Fair -17 kA 3 384 

12.  1 (+) 27 10 2010 21:21:40.248 

21:21:40.249 
21:21:40.323 
21:21:40.396 
21:21:40.768 

Good 
 
 
 

-9 kA 
-13 kA 
-21 kA 
-10 kA 

3 
7 
12 
4 

12 - 13 
13 
12 
13 

13.  1 (+) 30 10 2010 19:04:20:427 
a)  19:04:20:427 
b)  19:04:20:427 

Good 
Good 

-18 kA 
+11 kA 

4 
2 

71 - 72 
126 

14.  1 (+) 30 10 2010 19:04:21:661 19:04:21:660 Poor -9 kA 4 74 

15.  1 (+) 07 11 2010 00:37:25:390 00:37:25.389 Good -8 kA 3 506 

16.  1 (+) 11 12 2010 18:36:03:593 18:36:03:593 Poor -43 kA 12 69 

17.  1 (+) 24 12 2010 03:04:35:625 03:04:35:626 Good -40 kA 12 70 

18.  1 (+) 16 03 2011 11:03:24:535 11:03:24:535 Good -31 kA 7 39 

19.  1 (+) 03 10 2011 13:49:45:00 13:49:45:191*2 Good -64 kA 15 308 - 309 

20.  1 (+) 26 10 2013 00:44:00:000 00:44:20:557*2 Good -24 kA 9 431 - 432 

21.  1 (+) 26 10 2013 20:43:25:995 20:43:25:995 Good -24 kA 9 72 

22.  1 (+) 26 10 2013 20:55:37:955 20:55:37.955 Good -21 kA 7 72 

23.  1 (+) 12 11 2013 17:09:54:590 17:09:54.590 Good -18 kA 8 72 

24.  2 (-) 28 11 2013 16:48:05:550 16:48:05:551 Good -9 kA 3 56 - 62 

25.  1 (+) 14 12 2013 20:52:49:493 20:52:49:622 Fair -27 kA 12 39 

26.  1 (+) 15 01 2014 18:30:09:008 18:30:09:008 Good -17 kA 8 72 
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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.п ŦƻǊ άŦŀǳƭǘ млέ ōŜƭƻǿ. 

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 Ŏƻƴǘŀƛƴǎ ǘƘŜ ƎǊŀǇƘƛŎŀƭ C![[{ άwŜƭƛŀōƛƭƛǘȅ !ƴŀƭȅǎƛǎέ 

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 ǎƘƻǿ ǿƘŀǘ Ŏŀƴ ōŜ ŎƻƴǎƛŘŜǊŜŘ άƛŘŜŀƭ ŎƻǊǊŜƭŀǘƛƻƴǎέΦ 

Cŀǳƭǘ ŎƻǊǊŜƭŀǘƛƻƴǎ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ άƛŘŜŀƭέ ƛŦ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǘǿƻ ŎǊƛǘŜǊƛŀ ŀǊŜ ƳŜǘΥ 

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. 

The following is an example of a Ŧŀǳƭǘ ŎƻǊǊŜƭŀǘƛƻƴ ǘƘŀǘ ƛǎ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άƛŘŜŀƭέΦ ¢ƘŜǊŜ ǿŜǊŜ 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. 










































































































































