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Abstract - The Technical Committee TC 81 “Lightning Protection” of the International Electrotechnical Commission IEC
was established in Stockholm in June 1980 with the scope to prepare international standards and guides for lightning
protection for structures and buildings, as well for persons, installations, services and contents. Meanwhile, the results of TC
81 are published in the international standard series IEC 62305.

TC 81 decided as one of the first steps to define the lightning threat as a common basis to any protection measures. The
lightning threat is mainly derived from the measurements of Berger performed at two 70 m towers on the Mountain San
Salvatore in Switzerland. Up to now, the results published in CIGRE Electra in 1975 [16] and 1980 [33] represent the most
complete data base of lightning currents and their relevant parameters.

The paper reviews the various types of lightning ground flashes, the current components relevant for protection and the
current parameters obtained from measurements. On the basis of these measurements, some background information is
given how TC 81 selected the parameters published in IEC 62305-1. Finally, methods to simulate lightning currents in
laboratory are presented which allow the verification of lightning protection measures or components.

1 INTRODUCTION

Up to the beginning of the 20th century lightning protection measures were mostly based on empirical knowledge.
The scientific era of lightning research started not until technologies like photography and oscilloscopes became
available.

Once it had been established early in the 20th century that the lightning current is almost invariably unidirectional,
Ampere’s law could be used to measure the current peak value with small magnetic links. Small bundles of parallel
steel wires were located in glass tubes [1]. The magnetic links were installed close to the down conductors, where in
case of a lightning strike they became magnetized. The peak value of the lightning current and the polarity could then
be derived from the residual magnetism retained by the steel wires. Because the magnetic links were relatively cheep,
ten thousands of them were installed at high-voltage power lines in Germany [2, 3]. Similar experiments were carried
out at high-voltage power lines and other high objects in Russia [5] and at high chimneys in Poland [6]. In
Czechoslovakia more than 1000 lightning currents were measured from 1958 to 1985 at buildings with heights ranging
from 25 m up to 140 m [4].

Probably McEachron was the first who recorded the current waveform with oscilloscopes, when he measured the
lightning currents at the Empire State Building in New York, USA during the thirties of the last century [7]. The use of
storage oscilloscopes allowed resolving the whole current waveform including the fast rising current front and the slow
decay. With this method, Berger measured the lightning currents at two 70 m high towers on the mountain San
Salvatore, Switzerland. During a period of about 10 years Garbagnati and LoPiparo recorded lightning currents at two
40 m high telecommunication towers located at Foligno and Monte Orsa in Italy [8]. In South Africa the lightning
currents were measured for more than 15 years at a 60 m high mast [9]. Because the probability of lightning strikes
increases with the structure height, in Russia even tethered balloons were used to erect a 1000 m high steel wire [11].
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Most of the lighting strikes to tall towers are upward discharges developing from the top of the structure. At very
high towers, like the 540 m high Ostankino tower in Moscow, Russia, however, it was found that lightning may also
terminate at the lower parts of the tower [12, 13]. More recently upward lightning was measured at the Peissenberg
tower in Germany [22], the Gaisberg tower in Austria [23], the CN-tower in Canada [24] and the San Chrischona tower
in Switzerland [25]. The upward lightning typically occur in winter when the thundercloud base is lower and closer to
the tower top. From the measurements in Japan at several high objects it is known that the lightning during winter
thunderstorm may be very severe transferring high charges to ground [14, 15].

Because even at high towers the number of lightning strikes is restricted to a few up to some ten events per year [26],
rockets are used to artificially trigger the lightning discharges. The rocket quickly brings up a trailing metal wire in a
strong electric field which acts similar to a high tower where upward discharges are initiated. Newman was the first
who did such experiments when he started rockets from a boat located at the coast of Florida in 1962 [27]. Meanwhile
triggered lightning experiments have been performed by several research group, e.g in Japan [28], China [29], France
[30] and the USA [31, 35, 36]. The results reveal that the rocket triggered upward lightning has current components
similar to the current component of normal upward lightning.

The most important data originate from the experiments of Berger who measured the lightning currents from 1943 to
1971 at two telecommunication towers on the mountain San Salvatore, Switzerland. The top of this mountain is 915 m
above sea level and 640 m above the Lake of Lugano. Both towers have a height of 70 m including the Franklin rod
installed at the top. All in all, the currents of more than one thousand upward and more than 200 downward lightning
discharges could be successfully recorded during this extensive measuring period [16-21]. Up to now, these results
published in [16, 33] are the basis for the lightning protection standard series IEC 62305 edited by the Technical
committee TC 81 of IEC.

2 TYPES OF LIGHTNING TO GROUND

In general, flashes that lower negative charge to ground are termed negative lightning, while those that transfer
positive charge to ground are referred to as positive lightning. Due to their initiating leader process, they are further
classified into downward lightning and upward lightning.

A. Downward lightning

Small buildings up to about 100 m are almost exclusively struck by downward lightning. The lightning discharge
starts with a leader inside the thundercloud propagating down towards ground. The negative downward lightning has a
negative downward leader, while the positive downward lightning has a positive downward leader, as illustrated in Fig.
la, Fig. 1b.

When the downward propagating leader approaches ground the electric field at grounded objects increases due to the
charge contained in the downward leader channel. As soon as the electric field exceeds a certain level, connecting
leaders start from the grounded objects making the final connection between the objects at ground and the downward
leader. This is the beginning of the return stroke phase, where the return stroke current flows through the struck object.
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Fig. 1 - Types of lightning flashes to ground comprising (a) negative downward lightning, (b) positive downward lightning,
(c) negative upward lightning, and (d) positive upward lightning



Fig. 2 shows two examples for the current of the first positive and the first negative return stroke. The peak values
are typically in the range of several 10 kA. Especially positive first stroke may exhibit high peak currents, exceeding
the value of 100 kA. The impulse currents of the return strokes have a fast rising front with a front time ranging from
several 100 ns up to more than 10 ps and a slowly dropping decay. The currents of the negative first return stroke
typically cease after some 100us (Fig. 2 b), while currents of the positive strokes may last significantly longer up to
more than 2 ms (Fig. 2 b). Due to the longer duration, the positive return stroke currents transfer more charge to ground
compared to the negative first return stroke current.
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Fig. 2 — Return stroke currents of first strokes of (a) positive and (b) negative downward lightning according to Berger

The first return stroke may be followed by several subsequent return strokes following the same lightning channel.
About 3/4 of the negative downward flashes contain more than one return stroke. On the average such multiple stroke
flashes consist of a first return stroke and about 3 subsequent return strokes. On contrast, the only few positive
downward flashes contain multiple strokes. The positive downward lightning mostly has a first return stroke without
any subsequent stroke.

Fig. 3 shows the current of a multiple negative downward flash consisting of 11 return strokes and one continuing
current. The continuing currents always follow immediately after a return stroke current, in Fig. 3 after the 8" return
stroke. The peak currents of the subsequent return stroke are in the range of 10 kA and thus much smaller than the peak
currents of the first strokes. On the other hand, the subsequent return strokes have short rise times and therefore higher
di/dt-values compared to the first return strokes. The continuing currents differ from the return stroke currents
significantly having much lower current amplitudes in the range of some 100 A, but much longer duration in the range
of some 100 ms.

63 kA

(kA)
— Return stroke Re turn stroke

\ Continuing current 35 kA
30 kA 30 kA
25kA 26 kA \ 25 kA

- i(t) 15 kA 400 A

§ ﬁ\‘ 200 A
] lwsmm\\’mw . | .
0 0,1 0,2 03 04 05 0,6 0,7 1

t —— (uS)

Fig. 3 — Current of a multiple stroke negative downward lightning with 11 return strokes and one continuing current



B. Upward lightning

The electric field at the top of a structure increases with the object height. At a tall building the electric field may be
enhanced to such an extent that an upward leader starts from the top of it. To exceed the critical electric field strength,
the object must have a height of about 100 m at minimum. The upward propagating leader is associated with an initial
continuous current flow through the object. Fig. 1¢ and Fig. 1d show, that the upward leader is positive in case of
negative upward lightning and negative in case of positive upward lightning. Fig. 4 shows the current of a negative
upward flash measured at the Peissenberg tower, Germany. Impulse currents are superimposed to the initial continuous
current. These so-called a-components are short duration currents with amplitudes up to several kA. After the cessation
of the initial continuous current 3-components may follow, which are similar to the currents of the subsequent return
strokes. Furthermore, a small continuing current may occur immediately after a f-component as shown in Fig. 4.
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Fig. 4 — Current of a negative upward lightning measured at the Peissenberg tower, Germany.

3 COMPARISON OF THE MEASUREMENTS OF THE CURRENT PEAK

Most of the data available for natural lightning currents are related to the current peak value. The average values of
the current peak are listed in Table 1 and Table 2 for the first and subsequent return stroke of downward lightning.
Because the triggered lightning and the f-components of the upward lightning are similar to the subsequent return
stroke, they are also included in Table 2.

From Table 1 it can be seen that the average values of the current peak are in the range of about 30 kA for both,
positive and negative first return strokes. At the Peissenberg tower only one negative downward flash was recorded up
to now, so that an average value can not be given. For the 5 positive first return strokes measured at Foligno and Monte
Orsa only a range of the currents exceeding about 30 kA is reported in [8] and a clear separation between upward and
downward flashes could not be made. Table 2 shows that the average values of the current peaks of the negative
subsequent strokes vary from 8 kA to 18 kA, the mean value being about 12 kA.

The values obtained from the experiments of Berger at the Monte San Salvatore are about in the middle of the range
reported from the various the measurement stations. Because of that, the ‘International Council on Large Electric
Systems’ (CIGRE) accepted the Monte San Salvatore data as references for the lightning currents. The statistics of the
data are published in CIGRE Electra [16, 33]. Registration results of lightning location systems don’t change, as till
now, the validity of CIGRE lightning data.



Table 1: Average values of the current peak of first return stroke

Positive first Negative first
Location Number 50 %-value Number 50 %-value Remarks
kA kA
Monte San Salvatore, Switzerland [16] 26 35 101 30 Tower height 70 m
Masts of overhead power lines, Germany [3] 28 23" 224 29" Magnetic links
Objects of 25 - 140 m height, Czechoslovakia [4] 224 30 1015 28" Magnetic links
Peissenberg tower, Germany [34] - - 1 (54) Tower height 160 m
Morro do Cachimbo Station, Brazil [10] - - 31 453 60 m high mast
South Africa [9] 29 43 60 m mast
Foligno and Monte Orsa, Italy [8] 5 (30 - 160) 42 33 40 m high towers
" arithmetic mean value
Table 2: Average values of the current peak of the negative subsequent return stroke
Location Number >0 %k-A:] alue Remarks
Monte San Salvatore, Switzerland [16] 135 12 Tower height 70 m
Morro do Cachimbo Station, Brazil [10] 59 16,3 60 m high mast
South Africa [9] - ~8 60 m mast
Camp Blanding, Florida [35] 64 14,5 Triggered lightning
Peissenberg tower, Germany [22] 35 8,5 Tower height 160 m, B-components
Saint-Privat d’Allier, France [30] 54 9,8 Triggered lightning
Florida [30] 305 12,1 Triggered lightning
Foligno and Monte Orsa, Italy [8] 33 18 40 m high towers
Alabama [36] 45 12 Triggered lightning

4 LIGHTNING CURRENTS PARAMETERS RELATED TO MECHANICAL, THERMAL AND
INDUCTION EFFECTS

C. Relevant current parameters for the lightning protection

The current is the primary source for all thermal and mechanical damages caused by lightning. Besides that, the rate-
of-rise of the lightning currents may induce overvoltages in electric and electronic systems or devices. The lightning
threat is associated with the following current parameters:

- Current peak i

max

- Charge Q= ji -dt

- Specific energy W/R= J.i2 -dt
. o di

- Maximum current derivative pm

The peak current is important for the design of the earth termination system. When the lightning current enters the
earth, the current flowing through the earthing resistance produces a voltage drop. The peak current determines the
maximum value of this voltage drop. This voltage drop may lead to side flashes when conductive services lines enter a
building unbonded.

The charge Q is responsible for the melting effects at the attachment points of the lightning channel. The energy
input at the arc root is given by the anode/cathode voltage drop multiplied by the charge Q.

The specific energy W/R is responsible for mechanical forces and for the heating effects, when the lightning current
flows through metallic conductors.

Electronic devices are normally connected to different electrical services as the mains supply and the data link.
Depending on the line routing inside a structure, large loops may be formed by these lines. The maximum current
steepness determines the maximum of the magnetically induced voltages into open loops.




D. Current components

The measurements revealed that the current parameters of the upward lightning do not exceed the current parameters
of the downward lightning. Because no additional threat has to be taken into account for the upward lightning, the
current components codified in the standard IEC 62305-1 [32] are exclusively based on the currents of the downward
lightning. In order to represent the threat of the lightning currents, the following basic current components are fixed in
the standard IEC 62305-1 [32]:

- First short stroke current
- Subsequent short stroke current
- Long stroke current

The first short stroke current takes into account the threat of the first return strokes of downward lightning. The
threat of the first return strokes mainly originates from the positive lightning having higher current peaks iy, higher
impulse charge Q; and higher specific energy W/R compared to the negative lightning. According to the measurements
of Berger, a relatively strong correlation exists between these three current parameters. In Table 3 the correlation
coefficients between parameters of positive return strokes are reproduced from [16]. In order to reproduce the thermal
and mechanical threats of first return strokes, the current peak, the impulse charge and the specific energy have to be
simulated simultaneously within one current impulse.

Berger also showed that there is only a weak correlation between the rise time or the maximum current steepness and
the other parameters. Therefore, the threat presented by the current steepness during the fast rising front can be taken
into account separately by a subsequent short stroke current. Fig. 5 shows the waveform definitions for the short stroke
currents. The short stroke current has a fast rising front characterized by the front time T, and a slow decay
characterized by the decay time to half-value T.

The long stroke current, finally, takes into account the charge transfer of the continuing currents. Fig. 6 shows the
definitions for the long stroke current, where the charge and the duration of the current are fixed.

Table 3: Correlation coefficients between parameters of positive return strokes

Peak current Front time Current steepness Impulse charge Specific energy
Peak current 1
Front time 0,07 1
Current steepness 0,49 - 0,68 1
Impulse charge 0,77 0,27 0,23 1
Specific energy 0,84 0,22 0,39 0,82 1
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Fig. 5 — Definition of the short stroke current where T is the front time and T, is the decay time
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Fig. 6 — Definition of the long stroke current

E. Definition of the lightning protection level LPL

In IEC 62305-1 four lightning protection levels LPL have been introduced to take into account the different safety
requirements of various buildings. For instance, a dwelling house requires a lower safety level than a plant handling
explosive materials.

For a reliable protection against the thermal and mechanical effects of lightning as well as induced over-voltages the
current parameters at the upper end of the statistical lightning current distributions have to be taken into account. It was
the intention of TC 81 that the parameters fixed for LPL I shall not be exceeded in naturally occurring lightning with a
probability of about 99 %. For the LPL II the parameters of LPL I are reduced to 75 % and for LPL III and LPL IV to
50 % of LPL 1. The reduction follows a linear relationship for peak current, impulse charge and current steepness, but a
quadratic one for the specific energy.

F. Positive lightning

As stated above, it was the intention of TC 81 to cover about 99 % of all lightning for protection level LPL I. As a
consequence positive lightning can not be omitted. Positive lightning may vary seasonally and in different regions of
the world. However, instrumented tower measurements as well as lightning locating systems [e.g. 37, 38] show that it
accounts for about 10 % of the global cloud-to-ground lightning activity. Positive lightning even can be the dominant
type of cloud-to-ground lightning during the winter season or during the dissipating stage of a thunderstorm.

The positive lightning current waveforms observed by Berger can be divided into two categories [39]: The first
category involves microsecond-scale waveforms similar to those for negative lightning, and the second one
millisecond-scale waveforms with long rise times up to hundreds of microseconds. Examples of the two types of
current waveform are shown in Fig. 7 and Fig. 8.
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Fig. 7 - Microsecond-scale waveform of positive lightning adapted from Berger
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Fig. 8 - Millisecond-scale waveform of positive lightning adapted from Berger

Rakov [39] concludes that the “microsecond-scale waveforms are probably formed in a manner similar to that in
downward negative lightning, while millisecond-scale waveforms are likely to be a result of the M-component mode of
charge transfer to ground”. In the absence of tall structures, most positive lightning is likely to be initiated by a
positively charged downward leader. The highest directly measured currents were found for positive lightning
including a charge transfer of a few 100 C. An example of a positive ~ 320 kA current measured by Goto [14] is
reproduced in Fig. 9.

(KA) 350 -
300 4
[ 200 -
100 -
O IJ 1 1 1 1
0 200 400 600 800 1000

t ——= (us)

Fig. 9 - 300 kA positive lightning current adopted from Goto

G. Fixing of the current parameters

The standard IEC 62305-1 originally was based on the lightning parameters obtained from the experiments of
Berger. As mentioned above, the statistics of the measured current parameters are published in two landmark papers in
CIGRE Electra [16, 33]. In IEC 62305-1 the positive and negative first strokes are considered in common weighted
statistics, because most damages caused by lightning do not significantly depend on the direction of the current flow.
According to their occurrence, the negative first strokes contribute about 90 % and the positive first stroke about 10 %
to the common statistics of the first short stroke current parameters.



The fixing of the current parameters is explained for the lightning protection level LPL I where only 1 % of the
naturally occurring lightning currents shall exceed the standardized values (see Table 4). Positive lightning dominates
the upper end of the statistics. Since only 1/10 of all lightning is positive, it is sufficient to cover about 10 % of positive
lightning in order to achieve the intended 99 % protection. From Fig. 10 it can be seen that a current peak value of 200
kA meets the aim of TC 81. Applying the same rationale for the impulse charge (Fig. 11) and the specific energy (Fig.
12) leads to values of Q; =100 C and W/R = 10 - 10° J/Q for LPL 1. Similarly, the charge transfer of the long stroke
current Q, follows by subtracting the impulse charge Q; from the total flash charge Q. of positive lightning, i.e. Q, =
Quotal - Qi =300 C - 100 C=200 C for LPL I.

The fixed values of the peak current, the charge and the specific energy predefine the waveform of the first short
stroke current during its decay. For an exponentially decaying current waveform of

.. t
1=1, "€Xp (_;) (1)

the parameters Q and W/R can be determined by

Q=1 T (2)

and

W/R=i% % 3
max 2 ()

The time constant t is related to the decay time-to-half value T, by
t=T,/In(2). 4)

With the parameters ime = 200 kA, Q = 100 C and W/R = 10-10° a time constant of T = 500 ps and thus a decay
time-to-half value of T, = 350 us follows from the above equations. Because the correlation between the parameters for
the rise time portion and the other current parameters is weak (see Table 3), there is no special requirement to the rise
time of the first short stroke current. Therefore, the rise time was chosen to T; = 10 ps, which is a typical value for the
cloud-to-ground positive return strokes.

From Fig. 10 it can be seen that the current peak of negative subsequent strokes associated with the 1 % -probability
is about 40 kA. In order to give a rounded figure, TC 81 fixed a value of 50 kA. This also takes care of the fact that a
flash may contain several subsequent strokes: Because a multiple negative downward lightning has an average of about
3 subsequent return strokes, a building is struck 3 times by a subsequent return stroke during one flash. Therefore, the
probability to be taken into account becomes one third of the intended 1 %, i.e. 0,3 %.

With respect to the current steepness, positive lightning can be omitted because the current normally does not have a
high rate-of-rise. The highest current steepness is found in negative subsequent stroke as can be seen from Fig. 13. The
average current steepness between the 30 % and the 90 % current level of negative subsequent strokes is about 200
kA/us. This value is taken in IEC 62305-1 as average current steepness. Thus, for the subsequent short stroke current a
rise time T; = 50 kA / 200 kA/ps = 0.25 ps follows. Due to the limited time resolution of about 500 ns of Berger’s
recording system, it is likely that the di/dt values are biased toward lower values. Extrapolating the maximum current
derivative to a 1 % level would result in (di/dt),,.x = 280 kA/us. As the subsequent short stroke is mainly intended to
simulate the fast rising portion of the current, the current decay is of minor interest and in IEC 62305-1 a typical value
of T, = 100 us has been chosen.

The lightning parameters of the lightning protection levels LPL II and LPL II/IV are derived from LPL I as explained
earlier by reducing the LPL I parameters to 75 % for LPL II and to 50 % for LPL III/IV. The waveforms remain
unchanged. The current peak value, the charge and the maximum current steepness are to be reduced linearly. Because
the specific energy is proportional to i%, W/R is reduced by the factor (4/3)* for LPL II and by the factor 4 for LPL
II/IV. Table 4 summarizes the lightning parameters for the different LPL.



Table 4: Maximum values of the current parameters

due to the different lightning protection levels LPL

First short stroke current LPL

Current parameter Symbol Unit 1 II 1/ v
Maximum of the first short stroke current Imax kA 200 150 100
Charge of the first short stroke current Qqhort C 100 75 50
Specific energy of the first short stroke current W/R MJ/Q 10 5,6 2,5
Wave form T,/ T, ps/us 10/350
Subsequent short stroke current LPL

Current parameter Symbol Unit I II v
Maximum of the subsequent short stroke current Imax kA 50 37,5 25
Average front steepness of the subsequent short stroke current di/dt kA/ps 200 150 100
Wave form T,/ T, ps/us 0,25/100

Long stroke current LPL

Current parameter Symbol Unit I II v
Charge of the long stroke current Qiong C 200 150 100
Duration of the long stroke current Tiong S 0,5

Lightning flash LPL

Current parameter Symbol Unit I II v
Charge of the total lightning flash Qftash C 300 225 150
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Fig. 10 - Cumulative frequency of the current peak iy, according to CIGRE
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Fig. 12 - Cumulativ frequency of the specific energy W/R according to CIGRE

1: Negative first stroke 2: Negative subsequent stroke
3: Positive stroke ® Fixed value in IEC 62305-1 for LPL 1
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H. Short stroke current for numerical analysis
Applying the commonly used double-exponential function, the short stroke current is given by the following
formula:

i _ _max _(et/rl _et/rz)’ (5)

where 1., is the current maximum and k the correction factor of the current maximum. The coefficients t; and t,
determine the decay time and the front time, respectively. With this function it is not possible to produce the short
stroke currents according to the requirements of Table 4. For instance, the subsequent short stroke current of LPL I
considered with the current peak of 50 kA and the rise time of T; = 0.25us would have the maximum current steepness
of about 545 kA/us being about twice the fixed value. Furthermore, the current starts unrealistically with the maximum
current steepness at the time instant t = 0, while the front of the first return stroke currents exhibits firstly a slowly
rising portion followed by a fast current rise. These disadvantages can be avoided with the following formula:

o (t/z)"
j = T exp(—t/ 6
kK 1+(t/z)" exp(-t/7,) ©)

The current rise can be adjusted by the coefficients n and t;. Finally, in IEC 62305-1 the following formula is fixed
for the first and subsequent short stroke current:

imax (t/‘[l)10

i= . . -t/ 7
K Tat/zyo P @)
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Table 5 contains the values of the coefficients for the different lightning protection levels LPL. Using these
parameters, the current parameters are in concordance with the values fixed in Table 4. Fig. 14 and Fig. 15 depict the
first and subsequent short stroke having the waveform 10/350 ps and 0.25/100 ps, respectively. It can be seen that the
front of the short stroke currents starts with a slowly rising portion followed by a fast rising portion with the maximum
current derivative approximately at the 50 % level of the peak current. The maximum current steepness is given by:

(ﬂj o 2 b
dt max Tl

From equation (2) the maximum current steepness follows to 280 kA/us for the subsequent short stroke current of
LPL I
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Fig. 14- Waveform of the first short stroke current (a) during the current rise and (b) during the current decay
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Fig. 15- Waveform of the subsequent short stroke current (a) during the current rise and (b) during the current decay

Table 5: Parameters for the current function according to IEC 62305-1

First short stroke current Subsequent stroke current
LPL LPL
I I aI-1v I I nI-Iv
I(kA) 200 150 100 50 37.5 25
k 0.93 0.93 0.93 0.993 0.993 0.993
Ty (us) 19.0 19.0 19.0 0.454 0.454 0.454
T, (us) 485 485 485 143 143 143
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I.  Lightning current for testing

Deleterious effects, like heating and mechanical damage, are mainly related to first return strokes. The most
important current parameters for testing are the current peak value iy, the impulse charge Q; and specific energy W/R.
Therefore, the peak current I, the charge Qgnon, and the specific energy W/R are tested only for the first short stroke
current, because these current parameters are much lower for the subsequent short stroke current. The front time T,
usually is of minor interest as it does not remarkably affect degrading or physical damage in most practical cases.
Nevertheless T; should be a typical value, not exceeding a few 10 ps.

Due to the limitations of the test equipment, in laboratory test the fixed stroke currents can be realized only within
certain tolerances. The test parameters and their tolerances are listed in Table 6. The waveform should be essentially
unidirectional and the test parameters have to be obtained in the same test current.

For the long stroke current, the long stroke charge Qon is fixed with the duration of 0,5s. The test parameters and the
tolerances are listed in Table 7.

Table 6: Test parameters of the first short stroke

LPL

Test parameter Unit I I TG Tolerance
Peak current [ kA 200 150 100 +10%
Charge Qgport C 100 75 50 +20 %
Specific energy W/R MJ/Q 10 5,6 2,5 +35%

Table 7: Test parameters of the long stroke

. LPL
Test parameter Unit I I TV Tolerance
Charge Qjong C 200 150 100 +20%
Duration T}y, S 0,5 0,5 0,5 +10%

The current steepness can be tested for the first short stroke and the subsequent short stroke. For these tests, there are
no special requirements defined regarding the current decay. It is only necessary to meet the requirements of the current
front shown in Fig. 16, where the current rise is fixed by the current value Ai and the time duration At. The associated
test parameters are listed in Table 8.

i(t)

At

Fig. 16 - Definition of the current steepness for test purposes

Table 8: Test parameters to simulate the current steepness of the short strokes

Type of Test . LPL
shoi]tpstroke parameter Unit 1 11 1I-1v Tolerance
First Ai kA 200 150 100 +10%
At us 10 10 10 +20 %
Subsequent Al kA 50 37,5 25 +10 %
At us 0,25 0,25 0,25 +20 %
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5 LABORATORY SIMULATING OF LIGHTNING CURRENTS

A. Simulation of First Return Stroke Effects

High current impulse generators usually consist of a set of large high voltage capacitors Cy/1 ... C¢/n connected in
parallel [40]. As an example, Fig. 17 shows the impulse current generator at the high voltage laboratory of the
University of the Federal Armed Forces in Munich. The 24 individual surge capacitors Cy/v are arranged in form of a
“U”. The object under test can be placed in the centre of the “U”.

Fig. - 7- Example of an impulse current generator

The capacitor bank (Fig. 17 and Fig. 18) is slowly charged from a DC source to a high voltage U, (e.g. 100 kV) and
then rapidly discharged via a starting switch S (usually a spark gap) over external wave forming elements Rey and Ley
into the object under test with the load characteristics R, and Ly, The connections inside the generator should be
configured so as to minimize its internal resistance R;, and inductance L;,. Such a generator is characterized by its
maximum charging voltage U, and the energy W stored in the capacitor bank C

W=%-CS~U§h )

n
with C being the sum of all individual surge capacitors C, = Z C,, .
1

Essentially, the generator design shown in Fig. 18 forms an R-L-C circuit. Depending on the magnitude of the
damping resistance R, three basic current waveforms may result from an R-L-C circuit (Fig. 19):

- 0<R<2,L/C, : under-critically damped (damped oscillating) current
- R=24L/ CS : critically damped (unidirectional) current
- R>2,L/C, : over-critically damped (unidirectional) current.
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In order to obtain maximum current output, impulse current generators had to be operated in an under-critically
damped mode. Under-critically damping, however, means that the current waveform is oscillatory, contrary to the
unidirectional currents associated with natural lightning strokes.

To get a unidirectional waveform from an R-L-C circuit requires critical (or over-critical) damping. Critical damping
is obtained by increasing the circuit resistance. This, however, means lower current peak values and wasting most of
the energy, initially stored in the capacitor bank, by heating the generator's damping resistors. Critically damped R-L-C
circuits, capable of generating peak currents of 100 kA ... 200 kA with a charge transfer of 50 C ... 100 C would
become rather large and expensive. Therefore, they are used in practice only for generating impulse currents with a
charge transfer of up to several tens of Coulombs.

|
: Rint I‘int S : Rext Lext :
T + *---- o """
| | | yi
| | |
| | |
! ! ! Rioad
High | Uen Csn T Cs2 T Con | |
Voltage | | | L
| | | load
bC | I | |
Source | | |
| | |
T hd LA T T
| | |
| | | .
| | | —
. | -
Charglng ' Internal elements ' External elements Equipment
unit Under Test

Fig. 18 - High current impulse generator

v

Fig. 19 - Basic current waveforms of an R-L-C circuit
a: under-critically damped circuit
b: critically damped circuit
¢: over-critically damped circuit
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B. Crowbar Technologies

A very effective way to obtain a unidirectional current with a tolerable size of the capacitor bank is the use of a crowbar
device in an R-L-C circuit [41 - 44]. The basic circuit diagram of such a generator is shown in Fig. 20.

S R

int int ext ext
T "”‘—V'—I—: A0S

Scrowbar

RIoad
. R

Uch j— Cs crowbar
I‘Ioa\d

I-crowbar

9

Fig. 20 - Circuit of an impulse current generator with crowbar device

The principle of operation of an impulse generator with crowbar device is illustrated in Fig. 21 [41, 42]. An external
inductance Ly, significantly larger than the internal inductance Ly, is inserted into the circuit. To obtain a high current
peak value the generator is operated in a strong under-critically damped mode with low resistance. The discharge is
initiated by a starting gap S at t = 0, while the crowbar device S¢;owbar remains open. At the instant of the crest value of
the current, t = T, the crowbar device S¢owbar 1S closed. Most of the energy, initially stored in the capacitor bank, is at
the instant T, transferred to the inductances L., and L;,,4. By shorting out the capacitors with the crowbar device the
current is converted from an oscillatory to an exponentially decaying waveform.

with crowbar

e

YAURASC

without crowbar

Fig. 21 - Principle of an impulse current generator with crowbar devices

The external resistance Ry usually is composed of only the resistance of the copper bars used for connection and
therefore can be quite low. The decay of the current, then, is proportional to the resistance of the object under test plus
the resistance of the crowbar device. Thus, a major part (50 % and more) of the energy, originally stored in the
capacitor bank, can be transferred into the object under test. Objects intended to handle high lightning currents
inherently have to be of low resistance. Therefore, using crowbar technique, high impulse currents with decay times to
half value of several 100 us can be obtained. An actual waveform is shown in Fig. 22.
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Fig. 22 - Actual waveform of an impulse current with crowbar device

C. Simulation of subsequent return stroke effects

Magnetically induced over-voltages are mainly related to the high current steepness di/dt during the rise time portion
of a stroke, while the induction during the slower decay is less important. The highest current steepness is found in
negative subsequent strokes with values up to 100 kA/ps or 200 kA/ps. The maximum current steepness of a RLC-
circuit is equal to the ratio of the charging voltage U, to the total inductance L

di/dt_ = UL°“ (15)

The generator design for simulating the high current steepness of negative subsequent strokes is much depended on
the inductance of the object to be tested. Given a certain load inductance, attempts to simply increase the charging
voltage yields little benefit. Increasing the charging voltage requires more insulation spacing, which in turn increases
the generator circuit internal inductance. Therefore, specific measures to keep the internal inductance low or to boost
the current front have to be applied. For such tests sophisticated and expensive generator equipment is necessary like
low inductance Megavolt Marx-generators [45], lumped [46] or distributed [47] peaking circuits added to a current
generators or exploding wires [48, 49].

D. Generation of Long Duration Currents

Long duration currents are characterized by averaged currents of some 100 A lasting up to 500 ms and are resulting
in a charge transfer Q; of a few of 100 C. If a test standard does not require a rectangular waveform, long duration
currents can be produced from a critically damped capacitor discharge. Rectangular waveforms are generated using a
DC-source (Fig. 23) which is applied to the object under test via a resistor to adjust the required current amplitude.

BV RO

Circuit
breakers Load Low
bC energy
source trigger
5 generator
oo

1

Fig. 23 - Long duration current generator
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6 CURRENT PARAMETERS RELATED TO LIGHTNING INTERCEPTION

A. Rolling sphere method

The rolling sphere method is suggested in IEC 62305 — 3 [50] to be used for the detection of possible striking points.
This is a universal method and there are no limitations regarding the structure to be protected. Fig. 24 shows an
example how to apply this method. A sphere with a certain radius r is rolled around and over the structure to be
protected in all possible directions. Lightning strikes, then, are possible to any points touched by the sphere. The shaded
areas are exposed to lightning interception and need a lightning protection. On the other hand, lightning strikes are
excluded at all points not touched by the rolling sphere. The un-shaded areas are within the protected volume.

Rolling
sphere

Fig. 24 - Application of the rolling sphere method to a structure to be protected.

B. Fixing of the lightning current for the determination of possible striking points

Following the electro — geometric model the rolling sphere radius r is identical to the striking distance. The radius r
(m) is correlated with the peak current iy, (kA) of the first short stroke and it is given by the following relation [32]:

r=10-i>% (16)

Table 9 contains the rolling sphere radii and the associated current peaks for the different LPL fixed in IEC 62305 —
1 [32]. The minimum values of the rolling sphere radius r define the interception efficiency of the lightning protection
system LPS according to IEC 62305 — 3 [50]. Therefore, LPL I has the smallest rolling sphere radius, while LPL IV has
the highest. The probability p denotes the percentage of lightning with a current peak lower than the current peak valid
for the LPL. For these lightning, it cannot be excluded that they terminate inside the protected volume.

Fig. 25 shows again (see Fig. 10) the cumulative frequency of the current peak iy, of the first negative stroke
according to CIGRE. The positive return stroke is ignored, because the positive lighting contributes only by 10 % to the
ground lightning.

For LPL I, the rolling sphere radius is fixed to r = 20 m corresponding to the maximum current peak of 3 kA (see
Table 9 and Fig. 25). It is accepted that 1 % of the lightning has smaller current peaks, while 99 % of the lightning has
higher current peaks. This means that there is the residual risk that one percent of the lightning may terminate at the
volume to be protected. For LPL IV the current maximum is increased to 16 kA resulting in the rolling sphere radius of
60 m. For LPL VI, direct lightning to the volume to be protected is excluded for the 84 % of lightning having higher
current peaks, while the direct lightning strike cannot be excluded for the remaining rest of 16 % having lower current
peaks than 16 kA.
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Fig. 25 - Cumulative frequency of the current peak iy, of the first negative stroke according to CIGRE
® Fixed values in IEC 62305-1 for LPL I-IV

Table 9: Fixed values in IEC 62305-1 to be used for the determination of possible striking points according to the different LPL. The
fixed values comprise the rolling sphere radius r, of the associated current peak i,,, and of the probability P of lightning having
higher current peak than the fixed value.

LPL [ 1 11 v

Current peak i 3 kA 5 kA 10 kA 16 kA

Rolling sphere radius r 20 m 30 m 45 m 60 m

Probability p 99 % 87 % 91 % 84 %
7 OUTLOOK

The lightning current parameters defined in the standard series IEC 62305 are mainly based on the direct
measurements by Berger and co-workers in Switzerland. Meanwhile more recent direct current measurements were
obtained from instrumented towers in Austria, Germany, Russia, Canada, and Brazil, as well as from rocket-triggered
lightning. Further, modern lightning locating systems (LLS) report peak currents estimated from measured
electromagnetic field peaks.

In spite of recent data on lightning current parameters, there are no new statistical distributions of current parameters.
Therefore, CIGRE decided to set up a new working group to update its publications of 1975 [16] and 1980 [33].
Changes of lightning current parameters shall not be accepted in lightning protection standard until the results of the
new CIGRE working group are available.

The scope is to address the new data with respect to engineering applications and to also include additional lightning
parameters that are presently not on the CIGRE list or in the IEC standards (e.g. strokes per flash, interstroke interval,
number of channels per flash, relative intensity of strokes within a flash, return-stroke speed etc.). Further on, more
detailed information about less frequent, but potentially more destructive positive and bipolar lightning flashes is
needed. Possible geographical, seasonal or other variations in lightning parameters will be accounted for.
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