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Abstract:

Lightning is a natural phenomenon that generates high-magnitude current impulses, posing significant risks to
electrical and structural systems. The accurate modeling of lightning current waveforms is crucial for designing
effective protection systems. This paper presents an analytical representation of the lightning current impulse,
focusing on its waveform characteristics, key parameters, and mathematical modeling. Various methods for
approximating the current front and tail are discussed, along with simulations that illustrate the behavior of
lightning strokes. The study provides insights into the analytical techniques used to model lightning surges, aiding
engineers in improving lightning protection strategies.

Keywords: lightning current impulse, analytical representation protection, mathematical modeling, waveform
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Introduction
Accurate knowledge of lightning current parameters is essential for the appropriate analysis risk of overhead

electric devices such as overhead transmission lines, power stations or buildings during lightning. The properties
of lightning have a statistical character thus, some measured values are needed to determine their statistical
distribution. However, to collect sufficient data and measurements must be made on high objects where a high
frequency of lightning strikes may be expected. Therefore, even commonly known lightning parameters are
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related to high object. An important value is ratio of positive or negative lightning flashes to total lightning flashes.
According to the observations high objects are struck by negative lightning with 90 % or higher probability. This
ratio seems to be generally valid, independent of the height of the objects. It is possible that the ratio of positive
strikes is a little higher at high voltage transmission lines than at towers [1,2,3]. In order for society to properly
plan this critical infrastructure to achieve the desired growth rate[4].

Material and methods.
I.Lightning Current Wave shape
The wave shape of lightning currents have been analyzed in many publications [1,3, 5,6,7]. It has very important

influence on time courses and maximal values of generated overvoltages. The following basic parameters should
be known to determination of lightning current:

- current peak value,

- maximum of the current steepness

- the charge transfer at the striking point.
Typical course of lightning currents of negative polarity is presented in Figure 1.
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Figure 1. Definition of front parameters for a lightning current impulse of negative polarity:

Ip1 - maximal value of first current peak, A,

I, - maximal value of highest current peak, A,

T - time interval between instants corresponding to 10 % and 90 % of first peak value, s,

Tq - front duration according to Tio, S

Tao - time interval between instants corresponding to 30 % and 90 % of first peak value, s,

Taso - front duration according to Tso (T30= Ta30/0.6), S,

Sio - average front steepness between 10 % and 90 % value point of first peak amplitude, A s-1,

Sao - average front steepness between 30 % and 90 % value point of first peak amplitude, A s-1,

TAN-10 - rate of current rise at to 10 % value point of first peak amplitude,

TAN-G - the maximum front steepness or rate of rise in the front wave,

Tt - front duration (Tr = 1.25 T1o)

Note that the statistical parameters based on the 10 % intercept will consistently be less reliable than the 30 %
values, due to the use of a 2 kA reference level for measurements. For engineering purposes therefore, the 30 %
based parameters should generally be used, as indicated in the following sections. The frequency distribution of
these additional impulse front parameters is summarized in Table 2.3, assuming a log-normal distribution of
variables, where the general equation for the probability density for any particular parameter x is given by [5,8,9].
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M the median parameter value,
B - the slope parameter or logarithmic standard deviation (base e).

The mean value of any parameter may then be expression as:
2

p=Mez (3)

2Parameters of Lightning Strokes

Lightning being assumed to be a current source; the magnitude and shape of the return-stroke current wave play
a significant role in the estimation of outage rates of power systems caused by lightning. The return-stroke current
rises to its peak in a few microseconds and slowly decays after reaching the peak. The time to peak is called the
front time, t;, and the time duration from t = 0 to the instant when the current subsequently decays to the 50 %
value of the peak is called the time to half value (tail time) th. The time to half value, t,, being many times longer
than tr, does not play a significant role in the severity of lightning-caused transient over voltages. However, the
influence of the peak of the current wave Ip and t; is very significant [1, 3,9].

Table 1. Parameters of log-normal distribution for negative downward flashes

Parameter First Stroke Subsequent Stroke
M B M B
front, ps
g0 = T10/0.8 5.63 0.576 0.75 0.921
taz0 = T10/0.6 3.83 0.553 0.67 1.013
steepness, kKA ps
Sm, maximum 24.3 0.599 39.9 0.852
Sio, at 10 % 2.6 0.921 18.9 1.404
S1o90, 10 - 90 % 5.0 0.645 15.4 0.944
Saorg0, 30 - 90 % 7.2 0.622 20.1 0.967
crest current, KA
I, initial 27.7 0.461 11.8 0.530
Ig, final 31.1 0.484 12.3 0.530
initial/final 0.9 0.230 0.9 0.207
tail, th, ps 77.5 0.577 30.2 0.933
charge, Q;, C 4.65 0.882 0.938 0.882
A2 dt, (KA)%s 0.057 1373 | 0.0055 1.366
inter stroke interval, ms - - 35 1.066

3 Characteristic and Parameters of Lightning Strokes
The lightning flash is categorized by the polarity of the cloud and the direction of propagation of the flash leader.
Hence, there are four categories of lightning flash to ground in which the developed leader is followed by a return-
stroke current impulse, namely [1].

364 | Journal of Insights in Basic and Applied Sciences



downward flash upward flash

positive cloud negative cloud positive cloud negative cloud
charge charge charge charge

Figure 2. Categories of lightning flash to ground

On average, at least 90% of downward flashes are of negative polarity, with some
45 - 55 % of flashes comprising only one stroke. Multiple stroke flashes seldom involve more than 10 strokes
(less than 5 %), and generally average three strokes per flash, typically at intervals of less than three strokes per
flash, per stroke. Upward flashes occur mainly very tall towers. The majority of transmission line structures are
of only moderate height (typically less than 60-100 m) and will not in general be subject to upward flashes. The
lightning flash many contain several lightning strokes whereby the first steeped-leader/return-stroke sequence is
followed in shortly succession by a series of one or more subsequent strokes. Each stroke comprises a dart-leader
and return-stroke sequent that generally follows the breakdown path of the first-stroke. Lightning protection
systems for transmission line must therefore be capable of withstanding the effects of a series of lightning strokes
to the same location within a short period of time. Each lightning stroke is considered an ideal current source of
infinite source impedance and the parameter contained within the incident impulse current wave shape determine
the incident impulse current wave shape determine the transmission network response. This wave shape parameter
include the peak-current (crest value), time to crest, steepness and duration. Also of importance are the polarity,
time interval and number of incident strokes within each lightning flash. Basic parameters values of lightning
discharge be subject to distribution variation. Variety type lightning discharge charge in cloud and atmospheric
geographic to cause that the plot a curve statistical distribution value of the above parameters. Lightning discharge
parameters had characteristic randomly. Probability occurrence of peak values of lightning current is presented in
Figure 3 [1, 7,10].
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Figure 3. Distribution functions of the peak value of lightning discharge: 1 - the first negative stroke,

2 - the first positive stroke

As in the result in Figure 2.3 high probability values from lightning that increase values of parameter of lightning
discharge, they had significant discharge induced overvoltage in electrical system conductivity and power supply.
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Figure 4. Distribution of rate of rise di/dt: 1 - the first negative stroke, 2 - the first positive stroke

There are some parameters which characterize the effects causing damage. Overvoltage induced by the lightning
channel or the current flowing in a conductor is proportional to the rate of rise in the lightning current. Many
semiconductor devices can be damaged by a very short overvoltage, therefore, the maximum di/dt determines
the hazard. A longer time duration (at least 1 us) is needed to produce a discharge in a airgap or breakdown of
solid insulating material and so the hazard on an average rate during the front 1of the current wave. The latter
value is related to the part of the front rising from 10% up to 90% of the peak value. Where the lightning cannel
is in contact with a metal object the melting effect depends on the charge flowing through the spot of contact.
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Figure 5. Distribution of charge of lightning: 1- positive stroke, 2- negative stroke

Figure 5, shows the distribution diagram of the charge related to the total flash and to the current impulse. It can
be seen that the highest values occur at the positive lightning strikes.

4Mathematical Modeling of Lightning Surges

A lightning flash can result in significant overvoltage on power line insulation if substantial stroke current and
charge are injected into the line conductor. If first contact of lightning return stroke current is with the line, then
it is modeled as a transient current generator feeding into a system of transient surge impedance representing the
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line conductors and the tower, and then the overvoltage's results are calculated using typical traveling wave
technique.
The impedance of return stroke is assumed to be larger than the surge impedance of the line or tower, because of
the value of the current initiated from the lightning stroke, then may be neglected. The return stroke can then be
modeled as an ideal current generator having selected magnitude and wave shape.
The wave shape parameters include the peak current amplitude (crest value), time to crest, steepness, duration,
polarity, time interval and number of incident strokes within each lightning flash. In earlier analysis, the front
characteristics were defined in the term of the maximum rate of rise of current.
5Analytical Representation of the Current Shape
To calculate the lightning performance of equipment, it is necessary to simulate the concave front in the lightning
stroke current representation. Three points are needed to establish such simulation:

- the correct amplitude of the current,

- the highest steepness close to the peak amplitude,

- for first strokes, the correct average steepness expressed as the front time passing through the 30 % and the

90 % values of current. This front time must be larger than the current amplitude divided by the maximum
steepness, thus resulting in the concave shape. For subsequent stroke this parameter may be neglected.

Many mathematical expressions may be suitable to fulfill these requirements and the one given here is only one
proposal. Its disadvantage is that the current front and the current tail are not described by a single expression, but
are separated into two parts, one describing the front up to 90 % of the maximal value, the other, the maximal
value on the tail [11].
A.The Current Front
The current front for first strokes can be expressed as:
I = At + Bt" (4)
where: A, B - constants.
The basic assumption is that the current shape reaches the instant of maximum steepness (90 % amplitude) at a
time t, dependent on exponent n. in principle, both variables have to be evaluated by an iterative solution of the
generalized equation:

(1 3x>(1 ) = n—1+1—3xn1 )
250 e TR T G

with:
tr

SN = Sm 7 (6)
t

X=06-L (7
th

where: | - maximal value of current, A,

Sm - maximum steepness, A s,
tr - front time, s.
However, a sufficiently accurate is given by:

1
n=1+2(SN—1)(2+—) (8)
Sy
t, =06t 35w 9
n T 1+ 82
The constants then are:
- (091 s) 10
Tn—1\ g, (10)
B=—(S,t,—09] 11
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For subsequent strokes the current front is given by:
I =5Sptr (12)

where: tf - front time, s (Fig. 1).

B. The Current Tail

The fundamental requirements for the current tail are:
- to have the maximum steepness at its beginning thus providing a steady transition from one part to the other,
- to reach correct amplitude value.
- to describe the current tail.

A suitable mathematical expression for current tail is given by:
t-tn _t=tn

I=lLe o —Le t (13)
where: ti, t2 - time constants, s,

l1, I2- constants, A,
th - time to half value, s.

The constants are:

_ th—tn

f === (14)
0.11

ty=— (15)
Sm

j =t (s +0 9L) (16)

-\ T

=t (Sm +0.9 i) a7
=t ty

In the publication [3,8] was suggested approximation of the lightning current course by use of a triangular impulse
with equivalent time to maximum:

Ip

S.
m /IF

where: Sm/IF conditional distribution of steepness (Table 2)

Table 2 Parameters of first negative lightning downward strokes [3,7,10].

Lightning Current Stroke

Parameter 3 kA <1<20 kA 1> 20 kA
M B M B
Ir - final crest current, KA 61.1 1.330 33.3 0.605
Sm - maximum front steepness, kA ps? 24.3 0.599 24.3 0.99
tm=Ir/Sm - minimum equivalent front, s 2.51 1.230 1.37 0.670

Sw/le - maximum rate of rise of current

0171 0.376
conditional distribution, KA ps* 1201¢ 0554 | 6501 0.554

tm/lg, S 0.0834 I£°88 (0.554 OlQSBﬂF 0.554
tn - wave tail time to half value, ps 77.5 0.557 77.5 0.557
pe - correction factor between ty and Ir 0.89 0.56
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Results and discussion

I.Simulations of Courses of Lightning Current Strokes
On the basis of the presented model of lightning current stroke courses the selected lightning currents with
different maximal values were simulated. Current time to crest t; was determined by use of equation (18). Figure
6 shows the courses of strokes with maximal value of 100 kA, 33.3 kA, and 10 kA.
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Figure 6. Time courses of selected current strokes determined on base presented model:
a- | max =100 KA (tr=2,675), b - | max =33.3 kA (median value) (t;=1,88s), C - | max= 10 KA (tr=0.565)

369 | Journal of Insights in Basic and Applied Sciences



In this analysis, a 220 kV transmission line is used as an object of analysis. For analysis, in the analytical model,
a lightning stroke is generated at the center of the transmission line tower. The standard 220 kV transmission line
model, shown in Figure 3, are used for analysis. In conducting this analysis, in addition to changing parameters,
analysis using EMTP by applying three types of lightning stroke waveforms is undertaken, and the results
compared as in Figure 2, first, a ramp wave, with a wave-front time of 2.67 us, and the amplitude is 100 kA, for
33.3 kA with a wave-front time 1.88 s, and for 10 kA with awave front-time of 0.56 ps. The return-stroke current
rises to its peak in a few microseconds and slowly decays after reaching the peak, the severity of lightning-caused
transient overvoltage's. However, the influence of the peak of the current wave, Ip, and tf, is very significant.

Conclusion

This paper presents an analytical representation of lightning current impulses, emphasizing their waveform
characteristics, parameters, and mathematical modeling. The double-exponential function and alternative models
pro-vide accurate approximations of real lightning surges. Simulations demonstrate how these models aid in
evaluating the effects of lightning on power and structural systems. Future research should focus on improving
model accuracy using machine learning and real-time lightning monitoring data.
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