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SUMMARY  
Regarding the external insulation, a very conservative approach was taken to evaluate the airgap 
withstand as a linear volt-distance function where the critical flashover voltage is 530 kV/m.  It is 
clear from the simulation that the voltage is limited to below the lightning impulse withstand level 
of the equipment except where circuit breaker seperation distance was increased to 140 m.  This 
scenario is highly unlikely but the inclusion of busbar arresters significantly improves the safety 
margins throughout the substation.  The inclusion of metal oxide varistor arresters on the 
busbars contributes to the improvement of the substation reliability.  Due to the severe transient 
over-voltage initiated by peak lightning current of 160 kA, busbar arresters assist the line 
entrance arrester to control the substation voltage.  Separation distances are decreased to 
prevent over-stressing of non-recoverable insulation in substation worst-case configurations.  
The external insulation volt-time characteristic is of such nature that the stresses expected will 
not be of concern.  The probability of a flashover occurring in the substation due to a back-
flashover on the incoming feeder, is highly unlikely if the arresters are positioned according to the 
current Eskom standard practice (line entrance and power transformers).  It is therefore clear to 
coordinate the insulation for the protection of the non-recoverable insulation. This approach 
would also decrease the probability of external insulation failure.  Busbar arresters will assist with 
the required additional over-voltage protection for severe fast transient over-voltages initiated by 
a back-flashover close to the substation.  Busbar arresters can be installed to limit over-voltages 
to acceptable safety margins, where very long conductor distances separate equipment from 
installed arresters at the line entrances and transformers. 
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1 BACKGROUND 
Servitude availability in space-constrained built-up areas within the Johannesburg or Central 
Load Network (CLN) poses every-day challenges for power system engineers.  Strengthening 
the backbone 88/275 kV transmission system within the CLN becomes even more difficult when 
multi-circuit transmission lines are required for increased power transfer capabilities.  When 
uprating is considered to increase the power transfer capability, the withstand levels of existing 
external insulation demands an optimisation to find a new stress versus strength balance that 
allows reliable operating of substations at higher voltages.  Eskom has been conservative in their 
approach to standardise on the installation of surge arresters at all feeder bay entrances and 
transformer bushing terminals.  Surge arresters are known to be a cost effective surge limiting 
device, and higher rated energy arresters can even be considered to potentially increase the life 
of old power transformers.  Over-voltages caused by lightning are usually fast fronted and 
dominates the clearance design criteria for substations in voltage range 1.  When a substation is 
uprated, the operating voltage is increased but the existing clearances are maintained.  During 
transients the insulation is stressed and if the surge arresters are of the correct rating and 
located in the correct positions, the stress should be manageable.  Fast front over-voltages 
generated by a back-flashover close to the substation should be carefully addressed.  Due to the 
steep front of these surges, the protective distance of the surge arrester becomes important.  
Large separation distances between arresters and open circuit breakers terminals is one 
example of a scenario where the non-recoverable equipment insulation can be stressed beyond 
withstand.  It is then this paper’s goal to investigate the impact of additional surge arresters in the 
substation to minimise over-voltage stress in an uprated substation.  The study primarily includes 
an investigative Alternative Transient Program (ATP) simulation to evaluate maximum transient 
over-voltages and what the expected arrester performance would be to protect the external 
insulation (air clearances and the prevention of a flashover) and internal insulation (equipment 
insulation). 

1.1 Standardised withstand levels and clearances ad opted in South Africa 
Currently in South Africa, substation clearances are based on assuming the use of silicon-
carbide gapped-type surge arresters.  The following table summarizes the electrical and working 
clearances applied in the substation design environment.  Standardised withstand levels and 
clearances used in Eskom is summarised in Table 1. 

Table 1: Eskom standard clearances [1] 

Nominal 
Maximum 
Voltage 
(RMS 

phase-to-
phase kV) 

Nominal 
Maximum 
Voltage 
(RMS 

phase-to-
phase kV) 

Withstand Levels 
(kV) 

Minimum 
Electrical 

Clearance (mm) 

Minimum Working 
Clearance (m) 

LIWL SIWL Phase-
to-earth  

Phase-
to-phase Vertical Horizontal 

88 100 380 - 1000 1350 3.5 2.1 
132 145 550 - 1200 1650 3.7 2.3 
275 300 1050 850 2350 2950 4.8 3.4 
400 420 1425 1050 3200 4000 5.7 4.3 

 



1.2 Impinging fast front transients on substations caused by lightning 
Substation lightning performance is largely a function of the incoming surge waveform and 
the design of the substation and transmission line earthing system. 

Scenarios that could result in high lightning over-voltages include primarily: 

1. Direct lightning strikes to substation equipment (low probability). 
2. Lightning strikes to transmission lines (high probability and impacts substation) 

The severity of such transients is a function to the following [2]:  

• Surge Magnitude (kV or MV). 

The magnitude of the surge could very easily be above the withstand levels of the 
equipment.  Counter-measures such as metal oxide varistors (MOV) are usually installed as 
a standard counter-measure.  Energy rating and protective levels are selected as part of the 
over-voltage protection requirements to ensure sufficient safety margins. 

• Surge Steepness (kV/µs). 

The surge arrester protective distance is a function of the surge steepness and the higher 
the steepness the less distance it operates successfully to limit the over-voltage to its 
protective level. 

Back-flashovers are the primary root cause of momentary transmission line outages.  When 
the lightning flash terminates on the earth wire, which is connected to the supporting towers, 
the tower top voltage rises to very high values in relation to the phase voltages.  Streamers 
can form between the tower structure and the phase conductors and when the voltage 
gradients allow for the successful bridging by the leader, an arc forms between the structure 
and the phase conductors.  The voltage on the phase conductors at this instant also 
contributes to the propagation of the leader [3].  

The ac voltage on the phase conductors can sustain the arc and effectively becomes a 
single phase-to-earth fault that needs to be cleared by the transmission line protection.  Auto 
reclose operations operate very effectively once the arc channel has cooled and the fault 
removed. 

The voltage across the insulator between the tower and phase conductor is highly sensitive 
to the tower footing resistance.  For 132 kV towers the Eskom standardised maximum 
allowable value is 20 Ω.  According to Chisholm and Janischewskyj in 1989, the initial surge 
impedance of transmission line towers can be estimated as a simple inductance at first and 
is usually in the range of 0.6 – 0.9 µH/m [4].  

As mentioned before, the tower top voltage after the lightning flash termination is very 
sensitive to the frequency dependant tower surge impedance, and the resistive tower footing 
resistance.  The total tower top voltage is then the sum of the following two components: 

• �� is the current flowing down to earth at the tower multiplied by the tower footing 
resistance. 

• � ��
�� is the rate-of-rise of current multiplied by the inductance of the tower. 



The peak voltage stress as a function of the change in current of the lightning surge is then 
given by [3]:  

��	
��	�	� = ��		����	����������� + ��	
�� ���� (1.1) 

 

When the overhead shield wire is included in the tower top voltage calculation, the voltage 
stress on the insulation is reduced in the following two ways: 

• The overhead earth wire surge impedance ��
 ranges between 120 – 140 Ω and 

appears in parallel with the footing resistance and for a ramp current function with a rise 
time of �� reduces the tower top voltage to the following equation [3]: 

��	
��	�	� = �
�(��		����	���������� + ��	
���� )��
�
���		����	���������� + ��	
���� +��
�

 (1.2) 

 

• The second more sensitive contribution includes the mutual coupling between the earth 
wire and the phase conductors.  The coupling coefficient  � defines the coupling 
between the shield wires and the phase conductors.  This value is usually in the range of 
15 – 35 % for typical geometries.  This coefficient relates to the magnitude of the induced 
voltages on the phase conductors, delayed in time, but following the tower top voltage 
wave shape. 

�!! = 60$% 2'!(!  (1.3) 

 

Where '! is the height of the tower and (! is the radii of the tower base. 

�!) = 60$%*!)�!) (1.4) 

Where *!) is the distance of the earth wire to the image in the earth and �!) is the direct 
distance to the phase conductors. 

 � = �!)�!! (1.5) 

 

The insulator voltage is then the voltage difference between the tower top voltage and the 
phase conductor voltage.  The insulator voltage becomes: 

����+,��	�(�) = ��	
��	�	�(�) −  ���	
��	�	�(� − 2'//) (1.6) 
 

Where the term 2'// is twice the travel time between the shield wire and its image in the 
earth representing the time delay of the coupled phase conductor voltages. 



1.3 Airgap strength when subjected to fast-front li ghtning over-voltages 
For the standard lightning impulse of 1.2/50 µs, the experimental results [5] show that there 
exists a linear relationship between the positive impulse and the gap distance.  The 
breakdown voltage is lower when compared to that of the negative polarity impulse voltage, 
and non-linear.  

The breakdown strength is dramatically reduced when insulators are introduced.  Hileman 
[6] has found that for transmission line insulators the recommended voltage gradient for 
positive polarity CFO+ is 560 kV/m and 605 kV/m for negative polarity.  But this 
recommendation is based on the standard lightning impulse wave shape.  When the 
waveshape differs from the standard 1.2/50 µs, the approximation of the critical flashover 
voltage becomes very sensitive to the rise and tail times of the impulse.  For more detailed 
approximations, the leader progression model provides a more accurate estimation for the 
volt-time characteristic of the insulation. 

For standard lightning impulse wave shapes of positive polarity experimental data have been 
approximated to give the relationship [7]: 

01234 = 530	�           (kV crest, m) (1.7) 
 

This relationship is applicable to rod – plane gaps ranging between 1 m and 10 m. 

2 METHODOLOGY FOR FAST-FRONT OVER-VOLTAGE STUDIES 
The methodology usually employed to consider the random nature of lightning usually 
consist of an analytical calculation based on a number of assumptions.  The lightning wave 
shape has been statistically defined as a log-normal distribution and the source lightning 
currents are represented as such [8]. 

The method mainly includes the following: 

• Determination of protective distance 

As mentioned before, the arrester protective distance during fast-fronted over-voltages is 
significantly dependant on the rate-of-rise of the transients 

• Lightning stroke scenarios  

In this study, a worst-case scenario is represented by a back-flashover that occurs a few 
spans away from the substation with wave parameters correlated to the statistical data 
obtained in the work of Cigre study committee C4 [9] . 

• Over-voltage evaluation  

The over-voltages within the substation are evaluated in terms of the withstand capability of 
the equipment.  The external and internal insulation withstand capabilities are selected 
based on the equipment specification and air clearance calculations. 

The required data for the study includes the following: 



• Substation layout (positions of instrument transformers, disconnectors, circuit breakers 
etc.), 

• Withstand levels (LIWL and SIWL) of equipment, 
• Surge arrester current/voltage characteristic, 
• Transmission line geometry, 
• Conductor details, 
• Shield wire details, 
• Tower footing arrangement and impedances, 
• Ground flash density, 
• Position of surge arresters. 

3 SIMULATION 
For fast-front transients it is important to model the substation in detail.  The distances 
between equipment becomes important since the faster rise times result in decreased 
arrester protective distances.  Each conductor suspended above ground in the substation 
has a combination of inductance and capacitance, which relates to a surge impedance. 

 

Figure 1: Single-line diagram of substation with double busbar switching arrangement 

For simulation purposes, a double busbar switching arrangement is selected.  The 
substation consists of a two transformer/feeder combination together with a bus coupler and 
is connected as indicated in Figure 1, with the simplified scenario in Figure 2.   

 



The red line indicating the longest distance from the surge arrester.  The distance between 
point e and CBa is increased and the over-voltage is evaluated at the CBa discontinuity. 

 

Figure 2: Simplified scenario for 132 kV substation 

3.1 Lightning current source parameters 
The actual measured waveforms of the lightning currents are of concave shape and the 
changing slope defines the rate-of-rise as a function of time [9].  The steepest points 
recorded are near the current peaks.  When a lightning flash terminates on a shield wire, the 
tower top voltage rises and is very sensitive for the maximum steepness and maximum 
current.  The double exponential function does not provide adequate steepness close to the 
current peak and naturally has lower steepness values at the peak.  For lightning, it is then 
optional to model the wave shape with a linear slope adjusted to the TAN-G or Sm steepness 
values obtained from the approximation of maximum steepness.   

Table 2:  Lightning current source parameters 

Ramp Type 
Current 
Source 

Current 
Peak (kA) 

Probability of 
occurrence (%) 

TAN-G 
Steepness 

(kA/µs) 

Front Rise 
Time (µs) 

Time to 
half value 

(µs) 
Source 1 10 95 13.83 0.72 75 
Source 2 30 52 25.32 1.185 75 
Source 3 80 7.8 43.42 1.842 75 
Source 4 160 1.4 63.58 2.5 75 

 

The values for the rise times are adjusted to obtain specific current magnitudes correlated to 
the TAN-G steepness values [8],[9],[3]. Initially four different current peaks are selected to 
represent multiple stroke current sources, the source details are given in Table 2 and the 
ramp type waveforms are plotted in Figure 3. 

                CB DIST= Distance 
between point e and CBa 



 

Figure 3: Ramp type lightning current sources for simulation 

3.2 Flashover mechanism 
In the evaluation the 1 m airgap refers to the phase-to-earth clearance for Eskom’s standard 
for 88 kV.  The logic is simplified for this study in that the flashover occurs simply when the 
voltage difference between the two electrodes reaches 530 kV.  The complexity of streamer 
development and leader propagation is excluded in this study.  The primary requirement to 
assess the voltages in the substation is to ensure that the flashover occurs on the 
transmission line between at least one phase and earth to ensure a maximum impinging 
surge. 

3.3 Transmission line 
For the lightning study, a detailed model is required to represent the transmission line 
accurately.  The earth wires are included in the lightning study. 

To determine the tower surge impedance the following equation is applied with reference to 
the tower geometry where h = 19.7 m (tower height) and r = 4.4 m (tower base radii) [3]: 

�� = 30. ln :2 ;ℎ) + ()
() => = 153	Ω 

 
(3.1) 

To calculate the tower inductance, the assumption is that the tower footing resistance is 
small and then the inductance is calculated as: 

� = ��2A50'B = 14.4	μ' 
(3.2) 

 

Where E is the height of the tower divided by 70 % the speed of light.  The per meter 
inductance is 0.73 µH/m and is within the expected range of values. 
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Transmission line tower footing resistance is specified by Eskom to be 20 Ω for 132 kV.  For 
this application the same value is used, but the sensitivity on the over-voltage is also 
evaluated based on higher values. 

3.4 Surge Arresters  
The lead lengths of the surge arresters are important due to the high current steepness 
values.  The conductor leads between the arrester terminals and the bay stringing conductor 
are modelled with a simple inductance representing a value of 1 µH/m.  The length of the 
lead is 3 m and the supporting steel structure has length 2 m. 

Table 3: Surge arrester details 

Parameter  Value 
Rated Voltage (0�)  108 kV RMS phase-to-ground 
Maximum continuous operating voltage (0FGHI) 86 kV RMS phase-to-ground 
Nominal discharge current (IEC) 10 kA 
Line discharge class 2 (IEC) 5.1 kJ/kV (0�) = 551 kJ 

Maximum residual voltage (MRV) for 0J/)2		K� 5 kA 10 kA 20 kA 40 kA 
276 kV 294 kV 323 kV 367 kV 

 

3.5 Back flashover simulation model 
The transmission line is modelled as a segmented 120 m frequency dependent model.  The 
tower inductance is 14.4 μ'.  The positive sequence surge impedance of the 88 kV AIS 
connections is calculated to be 220 Ω with a propagation velocity of 298 m/µs. 

 

Figure 4: Back flash-over model 

3.6 Tower top and insulator voltage 
The back-flashover simulation model includes 5 spans, and incorporates the lightning 
current source as shown in Figure 4.  To calculate the tower top voltage as a result of a 
direct lightning stroke to the tower or earth wire, equation (1.6) was applied for the different 
source peak first stroke currents and their respective rise times [3].  The combined surge 

             VLINE =      Line entrance 

             VBCCB =     Bus coupler circuit breaker 

             VTRFR2CB = Transformer 2 circuit breaker 

             VTRFR1 =    Transformer 1 bushing 

             VA =          Phase A voltage 



impedance for the earth wire is selected to be ��
 = 130	Ω		 and the footing resistance 

��		����	���������� = 20Ω.  The current peaks were � = 10, 30, 80, 160	NO with their rise times 

as specified in Table 2.  

��	
��	�	� = �
�20Ω + 14.4μ'�� )130Ω�
�20Ω + 14.4μ'�� + 130Ω� (3.3) 

The following table gives the calculated and simulated values for the tower top voltage: 

Table 4: Calculated and simulated tower top voltages 

Source type  Calculated (MV)  ATP Simulated (MV)  
Source 1 0.306 0.361 
Source 2 0.774 0.710 
Source 3 1.834 1.706 
Source 4 3.436 3.021 

 

The footing resistance limit for 88/132 kV towers is 20 Ω.  Although this study does not focus 
on improving the flashover rate, it is always important to minimise the footing resistance to 
limit the maximum tower top voltages. 

When the voltage across the airgaps between the tower top and the phase conductors 
exceeds their dielectric strength, flashover occurs.  The phase conductor voltage rises to the 
tower top voltage that introduces an over-voltage transient on the phase conductors.  By 
limiting the tower top voltage, the maximum value of this transient can be controlled.  By 
limiting the maximum transient voltage, the energy duty on the arresters will be reduced.  
The sensitivity for the tower footing resistance is evaluated in the following figure: 

 

Figure 5: Insulator voltage as a function of tower footing resistance 
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From the footing resistance sensitivity analysis it is apparent that for the high current of 160 
kA with steepness of 63.5 kA/µs the flashover for a gap of 2 m will occur even with a low 
tower footing resistance of 10.  The tower footing resistances of 20 Ω will only prevent 
flashovers for the lightning source 1 and 2 (10 kA and 30 kA).  Only current source 1 
produces tower top values low enough to have an insulator voltage below the withstand level 
of 530 kV/m for the range of resistances between 10 and 80 Ω.  The average lightning peak 
current of 30 kA with steepness of 25.3 kA/µs will cause a flashover for any footing 
resistance greater than 15 – 17 Ω.  This is the reason for the required footing resistance 
values to be below 20 Ω for 88 kV where 1 m gaps are present.  Although the probability is 
low (7.8 %) for the peak current to reach 80 kA, the 1 m gap will not be able to withstand the 
stress and a flashover will occur.  It is only the 2 m gap with a tower footing resistance of 
less than 15 Ω that will prevent a flashover to occur. 

Note:  The Leader Progression Model (LPM) could yield slightly different results as it is more 
accurate to model the flashover mechanism. 

3.7 Over-voltages in the substation 
Regarding the transient voltage waveforms propagating within the substation, it is important 
to evaluate the arrester protective distance, which is highly sensitive for the transient voltage 
rate-of-rise.  To limit the surge steepness of impinging lighting surges on the substation, the 
terminal tower is earthed at the substation earth electrode.  The result is lower wave 
impedance, and will decrease the probability of a back flash-over at the terminal tower.  The 
utilisation of capacitive voltage transformers assist with reducing the steepness of the 
incoming surge. 

With reference to the impact of lightning on the substation clearance, the over-voltages in 
the substation should be evaluated.  Incoming surge magnitudes and steepness are 
considered as the dominant variables that may cause excessive stresses in the substation.  
The minimum clearance in the 88 kV uprated to 132 kV substation should not be less than 1 
m.  This results in the conclusion that the over-voltages should not exceed 530 kV 
(disregarding the volt-time characteristic to represent a worst case scenario).  It is also 
known that the equipment lightning impulse withstand level is selected to be 550 kV.  The 
arresters are rated for 108 kV and limit the lightning over-voltages at their terminals well 
below the LIWL at the arrester terminals.  The primary function of the arresters is to protect 
the equipment, but in doing so the airgap is also protected even though it has a similar 
withstand level of 530 kV per meter.   

It is evident from the insulator voltage calculations in Figure 5 that a lightning source current 
with parameters similar to Source 1 (peak of 10 kA), will not produce an insulator voltage 
large enough for flashover to occur.  This has been confirmed in the simulations.  Figure 6 
shows the tower top voltages and phase A voltages for the 30 kA, 80 kA and 160 kA current 
sources.  All of these phase voltages follow a similar pattern. 

The electromagnetic coupling between the earth wire/tower top voltage initially lifts the 
phase voltages.  The differential voltage (insulator voltage) increases and when the 
reference potential exceeds 530 kV, the flashover occurs.  At this point, the phase voltage 
assumes the voltage of the tower top and a voltage transient appears on the phase 
conductor. 



 

Figure 6: Tower top and phase A voltages indicating flashovers 

The steepness of the transient over-voltages were: 

• Source 1 (10 kA):  Flashover not occurring, no surge on phase conductors. 
• Source 2 (30 kA):  Peak of 710 kV with a steepness of 1250 kV/µs. 
• Source 3 (80 kA):  Peak of 1.706 MV with a steepness of 1076 kV/µs. 
• Source 3 (160 kA):  Peak of 3.022 MV with a steepness of 1205 kV/µs. 

 

Figure 7: Transient voltages propagating towards the substation 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.5

1

1.5

2
30 kA Tower Top Voltage
30 kA Phase A Voltage
80 kA Tower Top Voltage
80 kA Phase A Voltage
160 kA Tower Top Voltage
160 kA Phase A Voltage

30 kA Tower Top Voltage
30 kA Phase A Voltage
80 kA Tower Top Voltage
80 kA Phase A Voltage
160 kA Tower Top Voltage
160 kA Phase A Voltage

Backflash Voltages

Time (us)

V
ol

ta
ge

 (
M

V
)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.5

1

1.5

2

2.5

3

3.5
30 kA Phase A Voltage
80 kA Phase A Voltage
160 kA Phase A Voltage

30 kA Phase A Voltage
80 kA Phase A Voltage
160 kA Phase A Voltage

Backflash Voltages

Time (us)

V
ol

ta
ge

 (
M

V
)



 

The evaluation of the fast-front over-voltages in the substation provide important information 
on the extent of stress the equipment and external insulation will experience.  With reference 
to Figure 4, the important nodes in the substation where voltages were analysed include: 

• Feeder bay entrance (where surge enters substation) = VLINE 
• Transformer 1 bushing voltage = VTRFR1 
• Bus coupler circuit breaker terminal = VBCCB 
• Transformer 2 Circuit breaker terminal = VTRFR2CB 

The worst-case over-voltage was expected to appear at the live point of the open 
Transformer 2 circuit breaker terminal.  This position in the substation includes a point of 
discontinuity (breaker is in open position) and consist of the largest separation distance from 
a surge arrester.  Initially the substation is evaluated without busbar surge arresters 
installed.  The impact of increasing the separation distance between the Transformer 2 
circuit breaker and the nearest surge arrester was investigated.   

The worst-case over-voltage occurs during the lightning current with a peak value of 160 kA.  
It produces an over-voltage transient with a peak value of 3.022 MV and steepness 1205 
kV/µs.  The worst-case over-voltages and arrester energy dissipations will occur for this 
scenario.  All the impinging surges are plotted in Figure 7. 

The peak over-voltages with the respective safety margin for equipment LIWL of 550 kV and 
airgap LIWL of 530 kV is captured in Table 5: 

Table 5: Substation peak over-voltages in the substation for Source 4 

Voltage Node  Peak voltage (kV)  Safety  margin for LIWL (%) 
VLINE 335 64 
VTRFR1 330 66 
VBCCB 343 60 
VTRFR2CB (*CB DIST = 60 m) 392 40 
Airgap withstand 530 kV/m 392 33 

*For details regarding CB DIST see Figure 2. 

When the Transformer 2 circuit breaker terminal was moved further away from the arrester 
positions, the arrester separation distance increased and the peak voltage increased at the 
terminals.  To evaluate the sensitivity of the separation distance, CB DIST was increased in 
steps of 20 m to represent larger substations.  The results for the varied distance is 
tabulated in Table 6.  The safety margin is defined by the margin between the maximum 
peak over-voltage and the withstand level. 

Table 6: Sensitivity of arrester separation distance on transformer 2 CB 

CB DIST (m) VTRFR2CB (kV) Safety  margin (%)  
60 392 40 
80 395 39 

100 465 18.2 
120 492 11.7 
140 550 0 



Very large distances of 100 m to 140 m between arresters and equipment are highly unlikely 
in 88/132 kV substations, and in the case where equipment is 80 m away from the nearest 
surge arrester the safety margin is recorded to be in the range of 40 %.   

The inclusion of busbar arresters has a significant impact on the over-voltages.  It is thus 
recommended to install additional arresters on the busbar where operating configurations 
allow for large separation distances. 

In this case, the 140 m separation distance is divided into the bay distance of 60 m, and 
busbar separation distance of 80 m.  With surge arresters installed at the bus coupler (in the 
middle of the total length of busbar) the voltage at the Transformer 2 circuit breaker is 
reduced to a maximum value of 440 kV.  The safety margin of 25 % can be achieved in this 
manner.  When arresters are included at both ends the margin increases to 57 %.  This is a 
significant improvement and proves that the MOV surge arrester could increase the safety 
margins in substations where separation distances becomes unusually large. 

3.8 Busbar surge arrester energy capability 
When a lightning surge similar to source 4 initiates an over-voltage transient, it is possible to 
overstress the arrester that first encounters the incoming surge. Additional arresters on the 
busbar will also contribute to dissipate the energy of the transient. 

 

Figure 8: Line entrance arrester energy 

When source 4 with peak current of 160 kA initiates an over-voltage transient, the incoming 
line entrance arrester dissipates a significant amount of energy.  The maximum allowable 
energy for this arrester is 551 kJ.  Without busbar arresters, the line entrance arrester 
dissipates 518 kJ and almost reaches its limit as shown in Figure 8.  With busbar arresters 
installed at the bus coupler, the line entrance arrester energy is decreased to 373 kJ.  With 
surge arresters installed at both ends of the busbar, the energy is reduced to 297 kJ.  This 
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proves that busbar arresters assist with the energy handling capability of the incoming 
lightning transient and will contribute to the reliability of the substation. 

4 CONCLUSION 
Regarding the external insulation, a very conservative approach was taken to evaluate the 
airgap withstand as a linear volt-distance function where the critical flashover voltage is 530 
kV/m.  It is clear from the simulation that the voltage is limited to below the lightning impulse 
withstand level of the equipment except where circuit breaker seperation distance was 
increased to 140 m.  This scenario is highly unlikely but the inclusion of busbar arresters 
significantly improves the safety margins throughout the substation.  The inclusion of metal 
oxide varistor arresters on the busbars contributes to the improvement of the substation 
reliability.  Due to the severe transient over-voltage initiated by peak lightning current of 160 
kA, busbar arresters assist the line entrance arrester to control the substation voltage.  
Separation distances are decreased to prevent over-stressing of non-recoverable insulation 
in substation worst-case configurations.  The external insulation volt-time characteristic is of 
such nature that the stresses expected will not be of concern.  The probability of a flashover 
occurring in the substation due to a back-flashover on the incoming feeder, is highly unlikely 
if the arresters are positioned according to the current Eskom standard practice (line 
entrance and power transformers).  It is therefore clear to coordinate the insulation for the 
protection of the non-recoverable insulation. This approach would also decrease the 
probability of external insulation failure.  Busbar arresters will assist with the required 
additional over-voltage protection for severe fast transient over-voltages initiated by a back-
flashover close to the substation.  Busbar arresters can be installed to limit over-voltages to 
acceptable safety margins, where very long conductor distances separate equipment from 
installed arresters at the line entrances and transformers. 
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