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ABSTRACT 

South Africa has an extensive overhead electricity 

distribution network at medium voltage (MV). It also has 

a significant amount of lightning in most areas. The 

purpose of this paper is to report on South African 

experiences with respect to lightning protection of its 

overhead MV power network, and how designing a line 

for acceptable lightning performance impacts other 

aspects such as bird safety, pollution performance and 

terminal equipment reliability. Strategies covered include 

different insulation levels, bonding and earthing 

arrangements and pole-top configurations. Experiences 

from the laboratory and the field are included. It is 

concluded that the presently used configuration of a 

partially bonded structure with lightning insulation level 

of 300 kV performs more than adequately, but that initial 

experience with alternative configurations indicates that 

the network performance could be optimised. 

INTRODUCTION 

South Africa has an extensive overhead electricity 

distribution network at medium voltage (MV), utilizing 

mainly wood poles and where the predominant voltage is 

22 kV between phases. Some of those lines traverse areas 

with high lightning ground flash density (greater than 14 

flashes/km
2
/annum), while others supply customers in 

areas with relatively low ground flash density, but where 

there is sparse vegetation and hence the lines are 

vulnerable to direct lightning strikes. Approximately half 

of the country has a ground flash density of 3 

flashes/km
2
/annum or more. South Africa also has 

populations of endangered large birds such as vultures, 

which need to be protected from electrocution. 

Additionally, much of the coastal (and some other) areas 

are prone to pollution leakage currents, which may lead 

to burning of wood pole structures on power lines. These 

factors, and others such as construction and maintenance 

costs, need to be factored in when designing a power line. 

Previous work has explored the pollution leakage current 

performance [1, 2] and bird safety implications [3, 4] of 

MV lines in the South African context. A summarised 

comparison between structure configurations was 

presented in [5]. The present paper presents a study into 

the lightning performance aspect of MV overhead line 

design, using experience gained in South African 

conditions mainly through Eskom, the country’s largest 

electricity utility. The first section presents the current 

standard MV structure configuration used in Eskom. This 

is followed by an evaluation of alternative configurations 

and compares their performance to that of the standard 

configuration. Finally, various field experiences to 

support the previous sections are included. The work is 

then concluded. 

STANDARD CONFIGURATION 

This is illustrated in Fig 1. This shows a partially bonded 

wood pole structure, with wood cross-arm and the 

earthed-end pole-top metal hardware bonded together and 

connected to earth via an insulation coordination wood 

gap. This gap increases the lightning impulse insulation 

level of the structure from the approximately 150 kV 

provided by the insulators to about 300 kV [2]. This 

configuration has the advantage that induced lightning 

surges do not cause flashover, since the insulation level is 

greater than the voltage of these surges [6]. Should 

flashover occur due to a direct lightning strike, the arc-

quenching properties of the wood of the insulation 

coordination gap mean that the protection does not 

necessarily operate [7]. The wood gap also improves bird 

safety, since it adds an impedance into the earth path – 

often in the MΩ range [3, 4]. Since induced lightning 

surges do not cause flashover, terminal equipment such 

as transformers or their surge arresters are stressed more 

than they would be if the line had a lower insulation level 

[8]. Also, since direct lightning strikes still cause 

flashover, the structures need to be designed to withstand 

the high energy associated with direct strikes and the 

resultant power frequency follow current, which can in 

some cases damage the pole. One way of achieving this 

design is by mounting a spark gap across the insulation 

coordination gap [5]. Laboratory voltage lightning 

impulse test results show the operation of the spark gap in 

Fig 2.  

 

Pole fires can also in rare cases be started in the 

insulation coordination gap due to lightning flashover and 

follow current, an example is shown in Fig 3. 
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Fig 1: Partially bonded wood structure [2] 

 

                     
 

Fig 2: Laboratory testing of spark gap – without spark 

gap (left) and with spark gap (right) 
 
Overall, this configuration has performed well in the 
field, as it provides a reasonable compromise between the 
various constraints on line performance, safety and cost. 

ALTERNATIVE CONFIGURATIONS 

Fully bonded and earthed structures 

Recent research [8] has focussed on reducing stresses on 
terminal equipment, while maintaining acceptable 
performance of the line. 

      

Fig 3: Pole burnt in insulation coordination gap 

 

 

The approach was to remove the insulation coordination 

gap in the earth downwire, thereby reducing the lightning 

insulation level to only that of the insulators (150 kV). 

This has the advantages of preventing wood damage on 

the line due to flashover and reducing the number of 

lightning surges that transformers, fuses and the like are 

exposed to. The results are promising from a lightning 

performance perspective [8]. A different version of this 

configuration is to include an extended air termination at 

the top of the pole, as other work indicates that this may 

assist in reducing the amount of lightning strikes to the 

conductors [9]. It is anecdotally reported that a high 

percentage of lightning strikes to transmission lines hits 

towers rather than midspan; similar observations have 

been made on distribution lines [9]. 

Reduced insulation coordination gap 

The fully bonded and earthed configuration poses a 

significant electrocution risk to large birds since earth 

potential would be transferred to the top of the pole via 

the earth downwire (now without a gap). The risk is 

increased if a steel cross-arm is used. Circuit breakers are 

also expected to be stressed more, since they would be 

called upon to operate more frequently due to the 

increased number of flashovers on the line [6]. A 

compromise between the 300 kV and 150 kV options was 

therefore sought. The configuration pursued is one where 

the size of the insulation coordination gap is reduced. The 

gap is reduced, is mounted away from the surface of the 

wood and has a substantially larger wood gap than air 

gap. This arrangement removes the direct connection 

between the pole-top hardware and earth. The expected 

lightning insulation level is 200 kV. 

Other options and comparison of options 

Other options that could be considered are use of polymer 

cross-arms with no cross-arm bonding or with internal 

cross-arm bonding, removal of the earth downwire but 
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keeping the cross-arm bonding, and strain structures with 

short or long stay wire insulators. The options are 

compared in Table 1 and Fig 4 illustrates options not 

already covered above. Table 1 confirms the acceptable 

performance of the partially bonded option (option i), the 

extensive experience with this option also means that 

there is much information available on its performance. 

This option is therefore the best in terms of lightning 

protection, when using the information that is available at 

present. However, the table also shows that there are 

other options that could prove to offer similar or better 

performance than partially bonded structures, but require 

further investigation in order to confirm this. For 

example, option iii (partially bonded option with smaller 

insulation coordination gap) has only recently been 

trialled in the field, so there is insufficient information 

available at this stage to fully evaluate its performance.  

 

Options iv and v employ polymer cross-arms with the 

aim of producing structures that are bird friendly while 

offering acceptable performance in all other aspects. Such 

cross-arms have not historically been used in South 

Africa, so there is no local experience to draw from. 

Option vi has the advantage of offering better pollution 

performance than fully insulated structures [10] and may 

hence be considered for use on old fully insulated 

networks with high pole-top fire risk where individual 

structures are replaced. 

Table 1: Structure design options 

Structure design 

options & estimated 

lightning insulation 

level 

Direct lightning 

strike performance 

- number of power 

interruptions 

Indirect lightning 

surge performance 

- number of power 

interruptions 

Pole 

lightning 

damage 

Cross-arm 

lightning 

damage 

Terminal 

equipment 

stresses 

Pollution 

performance 
Bird safety 

Footing 

resistance 

requirement 

i. Partially bonded 

(300 kV, Fig 1) + 

spark gap 

All strikes result in 

flashover, not all in 

breaker operations 

Good (no 

flashovers) 

Occasionally 

(<0.4%) 
None 

Medium if 

transformer 

earthing 

correct 

Cross-arm 

good, pole 

medium 

Medium None 

ii. Fully bonded & 

earthed + earth 

termination 

(150 kV, Fig 1 

without insulation 

coordination gap) 

“High” (need to 

perform lightning 

analysis with peak 

currents & footing 

resistances for each 

case) 

Initial field 

experience shows no 

flashovers, 

prediction is extra 

≈10% in flashovers 

from fully insulated 

[5] 

None None Low Good 

Poor –  needs 

special 

precaution 

None 

iii. Partially bonded 

+ small air gap (200 

kV, Fig 1 with 

reduced insulation 

coordination gap) 

“Medium” (need to 

perform lightning 

analysis with peak 

currents & footing 

resistances for each 

case) 

Initial field 

experience shows no 

flashovers, 

prediction is extra 

≈10% in flashovers 

from fully insulated 

[5] 

Little, but 

more data 

required 

None Low Unknown Unknown None 

iv. Polymer cross-

arm + full-length 

earth downwire but 

no bonding (>650 

kV, Fig 4a) 

Reduced number of 

flashovers due to 

higher insulation 

level 

Good (no flashovers) None Unknown Unknown 

Needs further 

investigation 

in harsh 

environment 

Good 

Performance 

affected by 

footing 

resistance 

v. Polymer cross-arm 

+ full-length earth 

downwire & internal 

bonding (150 kV, Fig 

4b) 

Similar to fully 

bonded & earthed 

Initial field 

experience shows no 

flashovers, 

prediction is extra 

≈10% in flashovers 

from fully insulated 

[5] 

None None Low Good Good None 

vi. Bonded but not 

earthed (1-2 MV, Fig 

4c) 

“Low” (need to 

perform lightning 

analysis with peak 

currents & footing 

resistances for each 

case) 

Good (no flashovers) 

Likely, but 

more data 

required 

None High 

Cross-arm 

good, pole 

needs further 

investigation 

Good None 

vii. Strain structure - 

bonded with 

porcelain stay 

insulator 

(172 kV, Fig 4d) 

“High” (need to 

perform lightning 

analysis with peak 

currents & footing 

resistances for each 

case) 

Initial field 

experience shows no 

flashovers, 

prediction is extra 

≈10% in flashovers 

from fully insulated 

[5] 

None None Low Good 

Good, 

depends on 

design 

None 

viii. Strain structure - 

bonded with long-rod 

stay insulator 

(370 kV, Fig 4d) 

“Medium” (need to 

perform lightning 

analysis with peak 

currents & footing 

resistances for each 

case) 

Good (no flashovers) None None 

Medium if 

transformer 

earthing 

correct 

Cross-arm 

good, pole 

medium 

Good, 

depends on 

design 

None 

 

Green = acceptable performance or better, yellow = “medium” or mixed performance, red = unacceptable performance without special precautions, blue = further investigation 

required 



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n°  263 

 
 

CIRED 2019  4/5 

              
                 a)                                               b) 
 

     
                    c)                                     d) 

Fig 4: Other structure design options 

 

This option has the disadvantage of high terminal 

equipment stresses due to lightning surges caused by the 

high line insulation level. Strain structures (options vii 

and viii) may use shorter (lower insulation level) or 

longer (higher insulation level) stay insulators. Each has 

its advantages and disadvantages, e.g. higher insulation 

level means fewer flashovers on the line but greater 

stresses on terminal equipment. 

Laboratory tests 

The lightning voltage impulse withstand voltage, 
corrected to standard temperature and pressure, was 
determined for several pole-top configurations, including 
some with shorter insulation coordination gaps. This was 
greater than 200 kV in all cases, with several 
configurations yielding more than 300 kV, depending on 
the insulator used. These results therefore support the 
initial indication that a lower lightning insulation level 
may be feasible. However, the effect of soil resistivity 
requires further consideration. 

OTHER FIELD EXPERIENCE 

Insulation coordination spark gap 

As mentioned earlier, a disadvantage of partial bonding 

to a 300 kV insulation level is that flashovers may 

damage the pole in the insulation coordination gap and 

that mounting a spark gap across the gap may prevent 

that damage [5]. An example of the spark gap is shown in 

Fig 5a. This spark gap has been deployed in areas where 

pole damage due to lightning (and the resultant follow 

current) was at an unacceptable level. In the areas where 

performance data is available, only two out of 756 poles 

where the spark gap was installed failed in the first few 

years since installation, a failure rate of less than 0.4%. 

Both failures, of which one is shown in Fig 5b, occurred 

on relatively new poles with flashover suspected to have 

occurred through the pole. This may be attributed to the 

relatively high moisture content, and hence conductivity 

relative to air, of the new poles. Measurements of wood 

resistance as a function of age bear this out [3, 4]. In any 

case, the failure rate is very low. An example of where 

installation of this gap was a success is shown in Fig 6. 

The section of line in question runs through a salt pan in 

the arid Northern Cape province of South Africa. The soil 

resistivity is expected to be low in the pan and one 

particular structure was being regularly replaced by field 

staff. The pole did not have to be replaced again since 

installation of the spark gap (about 4 years at the time of 

investigation). 

Reduction in lightning impulse insulation level of 

a short section of line 

The lightning impulse insulation level of a 16 km 

staggered vertical structure line was changed from 300 

kV to 150 kV. The pole was fully bonded and earthed 

with the earth wire extended to about 250 mm above the 

highest phase conductor. Table 2 shows the results of 

lightning strikes to the feeder for two years while the 

lightning impulse insulation level was 300 kV and also 

for the first two years after it was changed to 150 kV. No 

flashovers occurred due to indirect lightning strikes 

during this time. The results indicate that the arc 

quenching capabilities were not reduced after the 

reduction in insulation level and that reducing the 

insulation level warrants further investigation since only 

a short section was covered. 

DISCUSSION & CONCLUSION 

The work reported in this paper shows that the presently 

used configuration of a partially bonded structure with 

lightning insulation level of approximately 300 kV has 

performed more than adequately over several years and 

much field experience is available on its behaviour. 

However, initial experience with alternative 

configurations indicates that the network performance 

could be optimised by, for example, using a smaller 

insulation coordination gap. This configuration (and 

others) requires further investigation before it can be 

considered for large-scale deployment. In addition to 

technical criteria, such investigation should also include 

lifecycle cost and practicalities of construction and 

maintenance. One may decide to use certain 

configurations only in certain areas because of 

differences in local conditions. 
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      a)                                          b) 

Fig 5: Spark gap mounted on wood pole – a) example of 

such a gap, b) rare example of where the gap did not 

perform its function on a relatively new pole 

 

   
Fig 6: Structure with spark gap in salt pan 

 

Table 2: Summary of direct lightning strikes to the 16 

km section of the feeder that was insulated at 150 kV 

 

Years 2011 & 2012 2013 & 2014 

Lightning impulse 

insulation level (kV) 
300 150 

Lightning ground flash 

density 

(flashes/km²/year) 

7.07 3.65 

Direct strokes that caused 

circuit breaker operations 

(kA) 

-27, -22, -9, -42,  

-15, -22, -28, 

-18, -8, -76 

-14, -54 

Direct strokes that caused 

flashovers without circuit 

breaker operations (kA) 

-17, -34 -19, -18 
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