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Abstract 
Lightning strikes represent a considerable cause of short interruptions in electrical overhead line 

networks. The over voltages caused by lightning cannot be avoided but their influence can be limited by 
appropriate over voltage protection. This paper presents analysis study on some factors affecting the back 
flashover of Egyptian 66 kV distribution lines using Alternative Transient Program (ATP). The study 
includes the modeling of 66 kV distribution lines, the effects of magnitude and the front and tail times of 
lightning wave on the back flashover voltages, the effects of the striking distance, and the using of 
counterpoise wires on the back flashover on the 66 kV line towers. In this paper the 66 kV lines sag is 

neglected and the soil ionization by the flow of the stroke current is considered.  
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1. Introduction 

Lightning has continued to be the major cause of outage and damage to power system 
and equipment. Knowledge on protection scheme and proper selection of the protection devices 
remain to be important criteria for the engineers [1]. The first stroke is most often more severe 
than the subsequent strokes. The low current continues to flow between two strokes, increase 
the total energy injected to the struck object. The transient voltage from the lightning strike is 
generated by indirect stroke and or direct stroke. When lightning hits the ground several 
hundred meters away from the line (indirect stroke), the electric and magnetic fields of the 
lightning channel can induce high voltage on the line insulators of transmission and distribution 
lines to spark over causing a short circuit of the system.  

For direct stroke, voltage and current waves propagate from this stroked location to 
both sides of line, which reflect in every place where there is a change in surge impedance. 
Probability of direct lightning strike to conductor phase is decreased by using of ground wires. 
Most often, lightning strikes the phase conductor of the power line; in that case, a traveling 
voltage wave is generated on the line; it travels along the line and is impressed across the 
terminal of an apparatus or most often the insulator between the phase conductor and the 
cross-arm of the tower. If the voltage is high enough, the insulator flashes over causing a short 
circuit of the system. Many overhead power lines are equipped with shield wires to shield phase 
conductors. Even then, shielding failures occur when lightning bypasses the shield wires and 
strikes a phase conductor [2].  

An overhead line back flashover occurs when the tower or shield wire is struck by 
lightning. The lightning current passes to the earth via the tower. A traveling voltage is 
generated which travels back and forth along the tower, being reflected at the tower footing and 
the tower top, causing a voltage difference between the tower cross-arm and the phase 
conductors. The insulator will flash over if their transient voltage exceed it’s withstand level 
(back flashover). Thus, assuming the lightning channel to be a current source, the transient 
voltages across the insulator of the phase conductor are generated in three ways (i) lightning 
striking the phase conductor (shielding failure), (ii) lightning striking the tower or the shield wire 
(back flashover), and (iii) lightning striking the nearby ground (indirect stroke). The severity of 
these three types of transient voltage is influenced by different lightning parameters [3].     
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In this paper analysis is carried out to study the factors affecting on the back flashover 
voltages of 66 kV overhead transmission lines, the effect of magnitude and the front time of 
lightning impulse, the striking distance, and the  effect of counterpoise wire of 66 kV overhead 
transmission tower on the back flashover are studied. 

 
 

2. Modeling of the System under Study 
2.1. Lightning Impulse Source Model 

The magnitude of impulse current due to a lightning discharge is probability function. In 
this paper the lightning stroke is modeled by a current source and parallel resistance, which 
represents the lightning path impedance. Lightning path impedance value is taken to be 400 Ω, 
which was derived by Bewley [4, 5]. The lightning stroke model can be simulated by the ATP 
program. 

 
 

 
 

Figure 1. Simulation of Lightning Stroke Model 
 
 
2.2. Tower Footing Resistance 

The tower footing resistance can be formulated as a function of the limiting current Ig 
and the lightning current I. The tower footing resistance taking the soil ionization into 
consideration is determined by using the current dependence of the footing resistance as 
follows [5]. 
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Where Rg is the tower footing resistance at low current and low frequency, according to Dwight 
[6], and Sunde [7], its value depends on the soil resistivity, used rod configuration and its length 
and diameter, it can be taken equals 5-12 ohms, Rf is the tower footing resistance taking the soil 
ionization by stroke current into consideration in ohms, Ig is the limiting current to initiate 
sufficient soil ionization, in kA, I is the surge current into ground in kA, the limiting current is a 
function of the soil ionization and is given by: 
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Where ρo is soil resistivity, ohm-m, Eo is soil ionization gradient (about 300 kV/m) [5]. 
 
2.3. Double Circuit 66 kV Transmission Line Model 

66 kV double circuit transmission tower configuration and dimensions is shown in 
Figure 2 [8]. The span length equals 300 m. The transmission tower model consists of four 
sections is divided to upper, middle and lower phase cross arm positions as shown in Figure 3 
[9-11]. Each section consists of a loss free transmission line and a lumped constant consisting 
of a damping resistance shunted by the inductance. The parameters of 66 kV double circuit 
tower model are given in Table 1. The resistances and the inductances of tower structure 
sections are calculated from the tower dimension as in [5], [12, 13]. 
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Where Zt1 , Zt2 and, Zt3 is the surge impedance from tower top to the upper phase arm, upper 
phase to middle phase arm, and middle phase to lower phase arm, ohm, Zt4 is the surge 
impedance from lower phase arm to tower bottom, ohm, α is the attenuation coefficient along 
the tower, Co is the propagation velocity of the traveling wave along the tower, and it is taken to 
be 300 m/µs, light velocity in free space, h1 is the tower height from tower top to upper phase 
arm, h2 is the tower height from upper phase to the middle phase arm, h3 is the tower height 
from middle phase to the lower phase arm, h4 is the tower height from lower phase to tower 
bottom. 

 
 

 
Figure 2. 66 kV Transmission Tower Configurations (all dimensions are in meters) 

 
 

Table 1. Parameters and Dimensions of 66 kV Double Circuit Tower Model [6] 
 
 
 
 
 
 

       Name                     Symbol                    Value 

Tower surge 
impedance 

zt1= zt2 = zt3 
zt4 

220Ω 
150Ω 

Surge propagation 
velocity 

co 300 m/μs 

Attenuation coefficient 
along the tower 

α 0.89 

Resistance of tower 
structure (Ω) 

R1 
R2 
R3 
R4 

15.6243 
17.8563 
15.6243 
33.4087 

Inductance of tower 
structure (µH) 

L1 
L2 
L3 
L4 

2.9165 
3.332 
2.9165 
6.2497 

Tower height 

h1 
h2 
h3 
h4 

3.5 
4 

3.5 
17 
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Figure 3. Multi-story Transmission Tower Model 
 
 
2.4. Back Flashover Model 

The shield wires have been located so as to minimize the number of lightning strokes 
that terminate on the phase conductor. Majority of flashes and strokes terminate on the 
overhead ground wire. When a shield wire is hit by lightning, the current will propagate in both 
directions along the shield wire and down the transmission tower in the propagation path. When 
the electric stress between the conductor and the cross-arm exceeds the critical withstand 
voltage of the string the back flashover occurs.  Lightning impulse withstand voltage level of the 
insulator string is not a unique number. The insulator string may withstand a high magnitude 
impulse voltage which has a short duration even if it has failed to withstand a lower magnitude 
impulse voltage with longer duration. A simplified expression of withstanding voltage capability 
for an insulator string is calculated as [14, 15]. 
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Where Vfo is flashover voltage, kV, K1 is 400 L, K2 is 710 L, L is the insulator string length, m, 
and t is elapsed time after lightning stroke in μ .  . 
   The back flashover mechanism of the insulator string can be represented by volt –time 
curves. When a back flashover  might occur, the insulator string length is taken to be 2.07 m for 
66 kV transmission tower system, lightning impulse withstand voltage of the insulator string can 
be represented by volt- time curve as shown in Figure 4. 
  
 

 
 

Figure 4. V-t curve of the 66 kV Insulator String 
 

 
3. Simulation Results 

The 66 kV double circuit distribution tower has been modeled using ATP program as 
shown in Figure 5. The span length of this system is 300 m. The model under study consists of 
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number of tower sections, each section consists of distribution line sections and a lumped 
constant consisting of a damping resistance shunted by an inductance representing each tower. 
In order to take into account the effect of AC steady state voltage of the line on a lightning sure, 
the transmission line is connected to AC voltage source. 

 
 

 
 

Figure 5. ATP Double Circuit 66 kV Transmission Tower Model 
 
 

3.1. Front Time of Lightning Stroke Current 
A lightning flash generally consists of several strokes which are lower charges, negative 

or positive, from the cloud to the ground. The first stroke is most often more severe than the 
subsequent strokes [3]. As shown in Figure 4, impulse voltage withstand capability of the 
insulator string depends on the front time of lightning strokes. In order to investigate the effect of 
front time of lightning stroke current, lightning stroke current has a value of 34 kA and different 
wave front and wave tail times i.e. 1/30.2 μs, 1.2/50 μs, 2/77.5μs and 3/75 μs as shown in figure 
6 is used to simulate lightning induced voltage across the insulator strings at upper, middle and 
lower phases, when the lightning stroke hits one of the two tower ground wires [16-21]. Figure 7 
compares the induced voltage waveforms at the top of tower 1 with various front time of 
lightning stroke. The induced voltages at three phases (upper, middle, and lower) of tower 1 
with various front time of lightning stroke are shown in figure 8, it is noticed that the shorter front 
wave time increases the induced voltage, also it is noticed that as front wave time increases the 
induced voltage decreases and in turn the time to clear the overvoltage increases. These 
findings are in agreement with J.P. Silva, et al., [14] and Ossama E. Gouda, et al., [15].                       
  

 

  

Figure 6.  Lightning Source Wave Shape with 
Various Front Times 

Figure 7.  Induced Voltage at Top of Tower 1 
with Various Front Time of Lightning Current 
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a) Induced Voltages of Phases A, B and C at 
Lightning Stroke Current Waveform 1.0/30.2 

μs 
 

 
b)  Induced Voltages of Phases A, B and C at 
Lightning Stroke Current Waveform 1.2/50 μs 

  
 

c) Induced voltages of phases A, B and C at  
Lightning Stroke Current Waveform 2.0/77.5 

μs 

 
d) Induced Voltages of Phases A, B and C at 
Lightning Stroke Current Waveform 3.0/75 μs 

 
Figure 8. Induced Voltage at Three Phases of Tower 1 with Various Front Time of Lightning 

Current 
 

 

  
 

Figure 9. Induced voltage at the First Ground 
Wire (G1) for Various Striking Distance 

(Towers 1, 2, 3, and 4) 

Figure 10. Induced Voltage at the Upper 
Phase (Phase A) for Various Striking Distance 

(Towers 1, 2, 3, and 4) 
 
 
3.2. Striking Distance 

To investigate the effect of striking distance on the induced voltages, a lightning stroke 
current of 34 kA (1.2/50 μs), hits one of the two ground wires (G1).  Figure 9 shows the induced 
voltage waveforms on the shield wire (G1), at various striking distance, d= 0, 300, 600, 900 m 
(towers 1, 2, 3, and 4). Figure 10 shows the induced voltage at the upper phase (phase A), 
which is the nearest phase to stroke point, at various distance, d= 0, 300, 600, and 900 m. It is 
noticed that the induced voltage magnitude decreases with increasing striking distance. Its 
highest value is at the point which is the nearest to the lightning stroke current and its smallest 
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value is at the point which is farther to the lightning strike point. Thus the almost have the same 
waveform. It is also noticed that there is a delay time introduced in the induced voltage 
waveforms. The time delay seen in the induced voltage waveforms corresponds to the time 
taken for the electromagnetic field produced by the lightning current to travel to the respective 
observations points. 

 
3.3. The Peak of the Lightning Current  
 Figure 11 shows the induced voltage waveforms on the shield wire (G1) of tower 1, at 
different peak values of lightning stroke current (20, 34, 50 and 80 kA). Figure 12 shows the 
induced voltage at the upper phase (phase A), which is the nearest phase to stroke point with 
various peaks of lightning current values. It is noticed that the magnitude of the induced voltage 
increases with the increasing the peak of lightning current. 
 

 

 
 

 

Figure 11. The induced Voltage at Top of 
Tower 1 (G1) with Various Peaks of Lightning 

Current 

Figure 12.  The induce Voltage at the Upper 
Phase (phase A) with Various Peaks of 

Lightning Current 
 

 
3.4. The Effect of Counterpoise Wire of Overhead Transmission Tower 

To improve the reliability of overhead power transmission and distribution lines and 
protecting it from outage, also to protect the tower footing resistance from damage, in this 
section the effect of counterpoise wires on the insulator strings induced voltages will be 
discussed by using ATP program, to reduce the chance of a high magnitude stroke causing a 
back flashover. The counterpoise wires are represented by resistance and inductance in series 
and their values are calculated by the equations 8 and 9 [17]. 
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Where R is the counterpoise resistance, ohm, ρ is the resistivity of counterpoise wire material, 
in Ω.m, x is the length of the counterpoise wire in meters, a is the wire cross sectional area in 
m2. The inductance of counterpoise wire is calculated by [19]. 
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Where x is the length of the counterpoise wire, r is the radius of the counterpoise wire in meters. 
In this study copper material wires with resistivity 1.68 x 10-8 Ω.m is used, with cross sectional 
area of 20 mm2, and the wire length is 300 m (the span between two towers), are added to 
reduce the resistance of each tower ground and provides a parallel path with the overhead 
ground wire for the return of fault current.  

 The induced voltage across the tower three phases without and with using counterpoise 
wires at tower footing are compared, the results are given in Figure 13. The footing resistances 
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induced voltages of tower 1 without and with using counterpoise wire are compared in Figure 
14. It is noticed that the induced voltage magnitude across insulator string and ground induced 
voltage decreases with using protection of counterpoise wires. It is also noticed that there is less 
chance of a back flashover occurrence because using of counterpoise wires decreases the 
induced voltage at tower insulator strings and at tower footing, using of counterpoise wires may 
protect the line from outage and also protect tower footing resistance from damage. 
 

  
a) induced voltage at upper phase 

(phase A) of tower 1 
 

b) induced voltage at middle phase 
(phase B) of tower 1 

 

 
c) induced voltage at lower phase (phase C) of tower 1 

 
Figure 13.  Induced Voltages at Tower Three Phases Without and with using Counterpoise 

Wire 
 

 

 
Figure 14. Footing Resistance Induced Voltage of Tower 1 Without and with using 

Counterpoise Wire 
 
 
4. Conclusion 

This paper has described an analysis of factors affected the back flashover voltage 
across phase insulator string in 66 kV distribution. Factors of this study include the modeling of 
transmission tower, magnitude and front time of lightning stroke, striking distance, and effect of 
counterpoise wires of the overhead transmission lines. All components of the system under 
study are simulated by using ATP program. 

As seen from the simulation results, the induced voltage magnitude decreases with the 
increase of striking distance, its highest value at the upper phase as it is the nearest to the 
lightning stroke current (shield wire) and its smallest at the lower phase as it is the farthest to 
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the lightning strike point and they almost have the same waveform. Also, it is noticed that there 
is a delay introduced in the induced voltage waveforms. The time delay seen in the induced 
voltage waveforms is corresponding to the time taken for the electromagnetic field produced by 
the lightning current to travel to the respective observation points. 

Also, it is noticed  that, the shorter front time of lightning stroke current will increase the 
lightning induced over voltage across phase insulator string and in turn will reduce the clearance 
time of back flashover. 

Finally, the use of counterpoise wires decreases the induced voltage at tower insulator 
strings and at tower footing, so using of counterpoise wires may protect the line from outages 
and tower footing resistance from damage. 
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