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ESTIMATION OF VOLTAGE WAVEFORM 
AT TOP OF TRANSMISSION LINE 
TOWER STRUCK BY LIGHTNING OF 
NEGATIVE AND POSITIVE POLARITY

The object of research is a circuit that simulates a lightning strike to a tower of 220 kV power transmission 
line, taking into consideration the reflection of a current wave from 10 nearest towers. Computation of the voltage 
arising at the top of the struck tower is necessary further to determine the lightning performance of transmission 
line by various methods. The lightning current has several maxima, in the case of a positive impulse polarity and, 
accordingly, several minima, in the case of a negative polarity, which are generally being called peaks. In addition, 
the lightning current impulse has a non-constant steepness in the entire area of current rise up to the first peak. 
The approximation of the real lightning current by simplified mathematical expressions cannot take into account 
all its real features. For a more detailed study of transient processes caused by thunderstorm activity, there is  
a need to use oscillograms of real lightning currents when modeling.

The problem of determining the voltage at the top of the stricken transmission line tower was solved using circuit 
simulation. For an in-depth study of how the shape of the lightning current impulse affects the shape of the volt-
age at the top of the tower struck, digitized oscillograms of real lightning currents were used. The simulation was 
carried out for 7 negative lightning impulses with the first peak varying from –33.380 kA to –74.188 kA. In the 
case of positive lightning, 3 oscillograms were used with the first peak varying from +38.461 kA to +41.012 kA.

The article shows that the shape of the front of the lightning current impulse and the amplitude of the first 
peak of the lightning current have a decisive effect on the maximum voltage value at the top of a power transmis-
sion line tower struck by lightning. The maximum voltage occurs precisely at the front of the current wave before 
the first peak of the lightning current. Therefore, the back flashover of the insulation from the tower to the phase 
conductor is most likely at a moment in time at the front of the current wave. By the time the maximum current is 
reached, the voltage at the top of the tower will be reduced by several tens of percent, compared to the maximum 
voltage at the tower, which occurs much earlier at the front of the current wave.

The conducted research contributes to the development of methods for calculating the lightning performance 
of power lines and extends the scope of application of circuit simulation programs.
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1.  Introduction

Overhead power lines rise above the earth’s surface 
to a height of several tens of meters. Therefore, among 
all energy facilities, overhead power lines are most often 
struck by lightning. The impact of lightning on power 
transmission lines is the occurrence of lightning over-
voltages caused by direct lightning strikes into the line 
and induced overvoltages caused by lightning strikes to 
the ground near the line. Using the terms of the theory 
of probability, it is possible to say that any strike of the 
line by lightning leads to the appearance of one of two 
events: disconnection of the line (failure) due to overlap-
ping of the insulation and the absence of disconnection of 

the line (success). Determination of these probabilities is 
one of the goals of calculating the lightning performance 
of a power transmission line. To do this, it is necessary 
to know what voltage can occur on the elements of the 
power transmission line due to being struck by lightning. 
An important case of damage to a power transmission 
line is a direct lightning strike to the top of a power 
transmission tower, which is considered in this paper.

In normal operation, the potential of the power trans-
mission tower can be assumed to be zero. Accordingly, 
the voltage that is applied to the string of insulators is 
equal to the potential difference across the traverse and 
the phase conductor and is equal to the operating voltage  
of the power line. In the case of a direct lightning strike  
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to a tower or to a lightning shield wire near it, the voltage 
on the affected tower increases from zero to unsafe values.  
The back flashover of the insulation from the tower to 
the phase conductor will occur if the voltage across the 
insulator string exceeds its impulse strength. The voltage 
across the string of insulators increases until it intersects 
with the voltage-time characteristic of the insulation on 
the tower. The time of intersection of these two curves 
is used to determine the lightning current at which the  
insulator string will overlap. In most cases, in such prob-
lems, the lightning current injected into the tower is ap-
proximated by simplified expressions. It can be a  simpli-
fied current pulse with a linear ramp front  [1, 2]. The 
approximation of the lightning current impulse by various 
exponential functions can also be used  [3, 4]. In addition, 
an approximation of the lightning current by a pulse with 
a forward concave front can be used  [5, 6]. For an engi-
neering assessment of the lightning current at which back 
flashover of insulation occurs, such simplifications may be 
sufficient. However, for a deep study of the transient pro-
cess at the top of a tower struck by lightning, functional 
dependencies are needed that most closely correspond to 
real lightning currents.

Experimental measurements of lightning currents on 
special towers  [7], as well as in power systems  [8, 9] con-
vincingly show that the shape of the real lightning cur-
rent is very different from the simplified expressions used 
to describe them. In addition, the shape of the lightning 
current of negative and positive polarity is significantly 
different from each other. Therefore, works aimed at using 
oscillograms of real lightning currents in the problems 
of lightning protection of overhead power transmission 
lines  [10, 11] are relevant.

Thus, the object of research is a scheme that simulates 
a lightning strike to a 220  kV power transmission line 
tower, taking into account the reflection of the current 
wave from 10 nearest towers. For an in-depth study of 
how the shape of the lightning current impulse affects 
the shape of the voltage at the top of the tower struck, 
digitized oscillograms of real lightning currents were used. 
And the aim of research is to study and compare how 
the shape of the lightning current pulse of negative and 
positive polarity affects the voltage curve at the top of the  
affected tower using digitized oscillograms of real light-
ning currents.

2.  Methods of research

This work is a continuation of the research given in [11]. 
For the study, a conventional 220 kV power transmission 
line was selected on double-circuit towers with one light-
ning shield wire  [12]. A sketch of a fragment of a  power 
line route is shown in Fig. 1.

For circuit simulation of a lightning strike to a transmis-
sion line tower, a scheme was used that takes into account 
the reflection of current waves from adjacent transmis-
sion line towers  [11]. The increase in voltage at the top 
of the struck tower in the first moments of a lightning 
discharge is determined by the surge impedance of the 
tower and the surge impedance of the lightning shield wire. 
Therefore, in the equivalent circuit, both lightning shield 
wires and power transmission line towers are represented 
by models of long lines with certain wave impedances. 
This circuit is shown in Fig.  2.

 

Fig. 1. Structural diagram of a lightning strike to the top  
of a 220 kV power line tower

 

Fig. 2. Schematic modeling of a lightning strike to a power line tower, 
taking into account the reflection of electromagnetic waves  

from neighboring towers

In Fig. 2, T1–T4 – long lines simulating lightning shield 
wires; T5–T9 – long lines simulating transmission towers; 
R1–R5 – tower grounding resistance; R6 – equivalent surge 
impedance of the lightning discharge channel; I1 – light-
ning current source.

Simulation of the electrical circuit in Fig. 2 was per-
formed using the Micro-Cap 12 circuit simulation pro-
gram  [13]. The simulation used the same parameters as 
in  [11]. The surge impedance of the transmission line 
support is taken to be 169.7  Ohm, the surge impedance 
of the lightning shield wire is taken to be 500  Ohm, the 
surge impedance of the lightning discharge channel is 
taken to be 400  Ohm. The grounding resistance of each 
support was assumed to be 20 Ohms. The study consisted 
of injecting into the circuit in Fig.  2 lightning currents 
of negative and positive polarity and determination of the 
voltage at the top of the affected tower. To describe the 
shape of the lightning current, digitized oscillograms of 
real lightning currents obtained by Berger in 1967 and  
published in  [7] were used. This fundamental work made 
a great contribution to the development of lightning re-
search and is known to researchers all over the world. 
The advantage of oscillograms  [7] is that they show in 
detail the region of the front of the lightning current 
pulses. Oscillograms of lightning currents were digitized and  
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converted into an array of points using the free software 
WebPlotDigitizer  4  [14]. The results of circuit simulation 
are shown in the next section.

3.  Research results and discussion

In each illustration below, the lightning current curve 
(blue) and the voltage curve at the top of the tower (red),  
due to the flow of the specified current, are aligned on 
the same coordinate plane. All results were obtained using 
the circuit in Fig.  2.

The lightning current has several maxima, in the case 
of a positive impulse polarity and, accordingly, several 
minima, in the case of a negative polarity, which are col-
lectively called peaks. In this case, the largest peak is 
called directly the peak, and the rest (smaller ones) are 
called, respectively, the first peak, the second peak, etc. [9].

Lightning current impulse in Fig. 3 has an inconsistent 
steepness in the entire region of current rise up to the 
first peak, which is –40.909  kA. The largest voltage peak 
–789.551  kV corresponds to the region of the front of 
the current pulse at the moment of its steepness decrease. 
Then there is a slight increase in the current steepness and 
at this moment (before the first current peak) the next 
voltage surge occurs with a smaller peak of –718.506  kV. 
By the time the maximum current peak of –47.934  kA 
is reached, the voltage at the top of the tower will have 
time to decrease by 39.2  % to –479.852  kV.

 
Fig. 3. Impulse of negative lightning current with the largest peak 

–47.934 kA and the voltage at the top of the tower, which it causes

Except for some peculiarities, at currents in Fig.  4,  5, 
the nature of the voltage at the top of the tower is similar.

Lightning current pulses in Fig.  4,  5 also have an in-
consistent steepness in the entire area of current rise up 
to the first peak. The largest voltage peak in both cases 
occurs at a time point corresponding to a decrease in the 
lightning current steepness. Then, in both graphs, there is 
again a slight increase in the current steepness, and at this 
moment the next voltage surge occurs with a smaller peak.

In Fig. 4, the largest voltage peak is –987.499 kV, 
followed by the next voltage surge with a peak value of 
–968.610 kV before the first current peak (–55.277 kA). 
The maximum current on the oscillogram is located far 
after the front of the pulse, and in Fig. 4 is not shown. 
By the time the third current peak (21.811 μs) is reached, 
the voltage at the top of the tower will have time to 
decrease by 38.5  % to –607.071  kV, which in percentage 
terms practically coincides with the previous case.

 
Fig. 4. Impulse of negative lightning current with the first peak 

–55.277 kA and the voltage at the top of the tower, which it causes

In Fig. 5, the largest voltage peak is –1.125 MV and 
occurs at the moment when the lightning current steep-
ness decreases sharply. Then the current rises again with  
a lower steepness. The next voltage peak is –1.089 MV 
and occurs before the current maximum when the steepness 
of the current decreases again. In Fig. 5, the first peak 
of the lightning current is also the largest peak and is 
–74.188 kA. Therefore, by the time the maximum current 
is reached (16.293 μs), the voltage at the top of the tower 
will have time to decrease only by 19.1 % to –909.703 kV.

In Fig. 6, the largest voltage peak is –704.146 kV, 
which occurs at the moment before the first peak of the 
lightning current –33.380 kA.

 
Fig. 5. Impulse of negative lightning current with the largest peak 

–74.188 kA and the voltage at the top of the tower, which it causes

 
Fig. 6. Impulse of negative lightning current with the largest peak 

–52.071 kA and the voltage at the top of the tower, which it causes
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Further, the current slowly increases to a maximum with 
an almost unchanged steepness. For these reasons, and also 
due to reflections of the current wave from other towers, 
the next voltage peak is weakly expressed. Its value is 
–599.934 kV. By the time the current maximum (22.667 μs)  
is reached, the voltage at the top of the tower will have 
time to decrease only by 20.1  % to –562.570 kV.

In Fig. 7, the largest voltage peak is –794.883 kV, 
which occurs at the moment before the first peak of the 
lightning current –39.222 kA. Let’s designate the value 
of the first peak of the lightning current I1. In the sec-
tion (0.3–0.9)·I1, the lightning current steepness in Fig.  7  
can be considered unchanged. After the first peak, this 
lightning current has several more peaks, but they occur 
without sharp jumps. Therefore, by the time the maximum 
current is reached (37.676 μs), the voltage at the top 
of the tower will have time to significantly decrease by 
51.9  % to –382.111 kV.

 
Fig. 7. Impulse of negative lightning current with the largest peak 

–48.399 kA and the voltage at the top of the tower, which it causes

In Fig. 8, the largest voltage peak is –900.179 kV, 
which occurs at the moment before the first peak of the 
lightning current –48.956 kA. As in the previous case, in 
the section (0.3–0.9)·I1, the lightning current steepness in 
Fig. 8 can be considered unchanged. After the first peak, 
this lightning current has several more peaks, the last of 
which is the largest and is accompanied by a relatively 
rapid increase in the current. Therefore, by the time the 
maximum current is reached (26.972 μs), the voltage at the 
top of the tower after a certain decrease again increases to  
–654.841  kV, which is –27.3  % less than the largest peak.

 
Fig. 8. Impulse of negative lightning current with the largest peak 

–61.755 kA and the voltage at the top of the tower, which it causes

As in the last two cases, in the section (0.3–0.9)·I1, 
the lightning current steepness in Fig. 9 can be conside
red unchanged.

 
Fig. 9. Impulse of negative lightning current with the largest peak 

–63.187 kA and the voltage at the top of the tower, which it causes

In Fig. 9, the highest voltage peak is –859.240 kV, which  
occurs at the moment before the first peak of the light-
ning current –53.968 kA. The first current peak is very 
weakly expressed, in fact, it is the smallest point on an 
almost horizontal area, with a duration of about 7 μs, after 
which the current rises relatively slowly to its peak value 
–63.187 kA. By the time the current maximum (30.270 µs) 
is reached, the voltage at the top of the tower will have 
time to significantly decrease by 38.3  % to –529.736 kV.

Positive lightning currents have a longer rise time to 
the first peak and, accordingly, a lower steepness than 
negative lightning currents, as can be seen in the illus-
trations below.

In the section (0.3–0.9)·I1, the lightning current steep-
ness in Fig. 10 can be considered unchanged. In Fig. 10, the 
largest voltage peak is +428.884 kV, which occurs at the mo-
ment before the first lightning current peak of +38.892 kA.  
Since this positive current rises relatively slowly, the volt-
age that occurs at the top of the tower is not great. For 
comparison, with a fast negative lightning current (Fig. 8)  
with almost the same first peak (–39.222 kA), the voltage  
peak at the top of the tower reaches –900.179 kV, which 
is 2.099 times more than in Fig. 10.

 
Fig. 10. Impulse of positive lightning current with the first peak 

+38.892 kA and the voltage at the top of the tower, which it causes

The front of the lightning current pulse in Fig.  11, as 
well as the current in Fig. 12 is characterized by inconsistent  
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steepness, which causes several voltage peaks at the top 
of the affected tower. However, due to the fact that the 
currents rise to a maximum slowly, the potential at the 
top of the affected tower does not reach large values.

In Fig. 11, the highest voltage peak at the top of the 
tower is observed near the maximum current and reaches 
+ 441.717 kV.

 
Fig. 11. Current impulse of positive lightning with the first peak 

+41.012 kA and the voltage at the top of the tower, which it causes

In Fig. 12, the highest voltage peak at the top of the 
tower is +329.900 kV. This value is observed not near the 
maximum of the current, but earlier at the moment of 
the change in the rate of rise of the lightning current.

 
Fig. 12. Current impulse of positive lightning with the first peak 

+38.461 kA and the voltage at the top of the tower, which it causes

In Fig. 11, the first current peak is 41.012 kA. In turn,  
in Fig.  12, the first current peak is +38.461 kA.

Despite the fact that currents of positive lightning lead 
to lower voltage values at the top of the tower struck 
than currents of negative lightning, this does not mean 
that they are less dangerous. Positive lightning currents 
have a longer flow time with a value greater than half of 
the maximum current, and, accordingly, carry more charge  
than negative currents.

When calculating lightning surges arising on overhead 
power lines, the question often arises: how many towers 
should be taken into account? According to a review of 
publications [15] on this topic, it is necessary to take into 
account from 4 to 7 power transmission towers. To clarify 
the answer to this question using digitized oscillograms 
of real lightning currents, studies were carried out, the 
results of which are shown in Table 1.

Table 1

Maximum voltage at the top of the tower struck depending on the number 
of adjacent towers at a current of negative and positive lightning

Lightning 
current

Maximum voltage (kV) at the top of the affected support,  
depending on the number of adjacent supports

2 supports 4 supports 6 supports 8 supports 10 supports

Fig. 3 –794.087 –790.247 –789.347 –789.970 –789.551

Fig. 4 –989.672 –987.455 –987.500 –987.499 –987.499

Fig. 5 –1127 –1124 –1125 –1125 –1125

Fig. 6 –705.215 –704.178 –703.191 –704.142 –704.146

Fig. 7 –796.655 –794.997 –794.072 –794.928 –794.883

Fig. 8 –903.372 –899.930 –899.853 –900.257 –900.179

Fig. 9 –864.122 –860.304 –859.475 –859.208 –859.240

Fig. 10 +440.387 +429.688 +429.225 +428.553 +428.884

Fig. 11 +448.707 +441.733 +442.274 +441.979 +441.717

Fig. 12 +347.464 +330.796 +332.000 +331.246 +329.900

These results show how the maximum voltage at the 
top of the affected tower changes, if, in addition to it, in 
the circuit in Fig. 2 also includes 2, 4, 6, 8 or 10 towers.  
These numbers indicate the total number of towers located 
on either side of the affected tower.

According to the Table 1, at currents of negative light-
ning, it is recommended, in addition to the affected tower, 
to take into account the reflection from at least 6 other 
power transmission towers. Since the duration of positive 
lightning is usually longer than that of negative lightning, 
this makes it necessary to take into account the reflection 
of more adjacent transmission towers. Therefore, according 
to Table 1 for positive lightning currents, it is recom-
mended, in addition to the affected tower, to take into 
account the reflection from at least 8 other transmission 
line towers. Then, the single minimum value for lightning 
of both polarities can be considered 8 transmission line 
towers (in addition to the affected tower).

4.  Conclusions

During the work, the oscillograms of real currents of 
negative and positive lightning, recorded by Berger on 
Monte San Salvatore mountain in 1967, were digitized 
and converted into an array of points. The simulation 
and visualization of the voltage arising at the top of  
a double-circuit tower of a 220  kV power transmission 
line in the event of being struck by lightning, the cur-
rent of which is determined by a digitized oscillogram of 
a real lightning, has been carried out. As a result of the 
experiment, it was shown that the shape of the front of 
the lightning current pulse and the amplitude of the first 
peak of the lightning current have a decisive significance 
for the maximum voltage value at the top of the power 
transmission line tower struck by lightning. The maximum 
voltage occurs precisely at the front of the current wave 
before the first peak of the lightning current. Therefore, 
the back flashover of the insulation from the tower to 
the phase conductor is most likely at a moment in time 
at the front of the current wave. The simulation was car-
ried out for 7 negative lightning impulses with the first 
peak varying from –33.380  kA to –74.188  kA. In the 
case of positive lightning, 3 oscillograms were used with 
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the first peak varying from +38.461 kA to +41.012  kA.  
By the time the maximum current is reached, the voltage 
at the top of the tower will be reduced by several tens of 
percent, compared to the maximum voltage on the tower, 
which occurs much earlier at the front of the current 
wave. When calculating lightning overvoltage arising on 
overhead power lines, it is necessary to take into account 
the reflection of the current wave from neighboring power 
line towers. Lightning strike transients develop at diffe
rent rates. Then, the single minimum value for lightning 
of both polarities can be considered 8 transmission line 
towers (in addition to the affected tower). The use of 
oscillograms of real lightning currents improves the accu-
racy and clarity of the study of the effect of atmospheric 
overvoltage on overhead power lines.
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