Electromagnetic Compatibility, EMC
Professor Rajeev Thottappillil
KTH Royal Institute of Technology
Module 6.2 Lightning Protection-Currents, charges and fields
Lightning and Electromagnetic Interference (Lightning Protection)

(Refer Slide Time: 00:13)

Lightning and electromagnetic interference or lightning protection this is module number 6

point 2.
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- communication towers (or wind turbines) [Module 6.4]
- lightning safety

In this we will look at properties of lightning which has influence on protection. We will

concentrate on currents and charges from lightning flash and the electromagnetic fields.



So these are the two quantities that affect the earth bound systems.
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For the same flash the overall E-field waveshapes would be.different at different
distances. Return stroke, continuing current and M components produce currents
that are measurable at the bas of the lightning channel where as currents produced
by the leader and K changes can not be measured at the channel base.
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What is shown here is the overall sketch of vertical electric field wave shape of a typical
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ground flash at a distance of couple of kilometers.

So this is from the lightning channel. These fields are produced by the lightning channel, the

vertical path from connecting earth to the cloud. Now if you look at the portion over here
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so as lightning is coming down from the sky, first it is in form of a leader. That you will not

be able to see with the naked eye. As it is approaching the ground it will create the electric
field change that goes in one particular direction.

So here
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For the same flash the overall E-ficld waveshapes would be different at different
distances. Return stroke, continuing current and M components produce currents
that arc measurable at the basc of the lightning channel where as currents produced
by the leader and K changes can not be measured at the channel base.
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it is negative, this is a negative leader. So we are talking of negative cloud to ground flashes.

Now the time scale is this much 1s about 100 milliseconds.

So we are talking of about several millisecond process. The speed of the leader may be of the

order of 10 to the power of 5 to 10 to the power of 6 meters per second.

When once it comes very close to the ground there would be upward leaders going from

objects from the ground which will connect with this downward leader
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For the same flash the overall E-field waveshapes would be different at different
distances. Return stroke, continuing current and M components produce currents
that are measurable at the base of the lightning channel where as currents produced
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and you get their return stroke which is a very fast rising current associated with that, you

hear the bright light and thunder.

So that process is shown over here
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For the same flash the overall E-ficld waveshapes would be different at different
distances. Return stroke, continuing current and M components produce currents
that arc measurable at the basc of the lightning channel where as currents produced
by the leader and K changes can not be measured at the channel base.
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so this is how the electric field change will look like during a return stroke. So the rise time

here is just a few microseconds only.

So from milliseconds scale, this process they are in microsecond scale. The vertical scale is

around 200 volts per meter if you take this much distance
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and this is couple of kilometer away from the channel.

And the return stroke returns the cloud and travels horizontally neutralizing several charges
and the channel to the ground, you know become kind of extinguished in the sense that there

may still be a plasma channel but you will not be able to see it.

It is not bright anymore. So it is a dark period and during that time there will be
rearrangement of charges in the cloud that will manifest in the electric field as step-like

changes and they are called K changes.

Then after that along the previous channel there may be another leader coming down and
these leaders are called dark leaders or subsequently this. And again, I mean the second scale

then as it is approaching the ground you will have another return stroke.

And that return stroke is shown here
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For the same flash the overall E-field waveshapes would be different at different
distances. Return stroke, continuing current and M components produce currents
that are measurable at the base of the lightning channel where as currents produced
by the leader and K changes can not be measured at the channel base.

The second stroke in microsecond scale then after that again you have a dark period then

along the channel the third stroke, well obviously this stroke
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that arc measurable at the basc of the lightning channel where as currents produced
by the leader and K changes can not be measured at the channel base.
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is very small stroke from the magnitude you can see.

Then following that, in this particular case you will see a continuous luminosity of the
channel and that luminosities are presented in the electric field by a slowly varying electric

field. So this is the continuing current phase.

It means that the return strokes are of the order of few thousands of amperes whereas during
this continuous current which lasts several few hundred milli, up to few hundred milliseconds
the currents are of the order of may be, you know less than 1000 ampere or few hundreds of

ampere already.

And, but that will give a glow to the channel. And during that period you will have again
several pulses coming down the same time which are called M components and that are
shown here. These are not return stroke but slow-varying pulses.

Then you have a dark period over here
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For the same flash the overall E-ficld waveshapes would be different at different
distances. Return stroke, continuing current and M components produce currents
that arc measurable at the basc of the lightning channel where as currents produced
by the leader and K changes can not be measured at the channel base.
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then again a fourth stroke then again a fifth stroke then some rearrangement of charges in the

cloud then finally the flash gets extinguished. The whole process is less than 1 second.

So this is a pictorial
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of a suggestion of an actually measured lightning flash in Florida in the 1970s.

So this gives several processes in the lightning flash and of that, as far as interaction this
system on the grounds is concerned, we are mostly concerned about the return stroke, that is

the most energetic thing and we are also concerned by this continuous current also.



Because even though it carries only hundreds of amperes, it, because of the long time it
produces lot of charge. And we will see that lot of charge means fire hazard to the objects and

other things.

So the return strokes and continuing current are most important as far as lightning protection
is concerned. And the leaders are important because it is these leaders that will finally decide

where the lightning will strike.

So there is a empirical formula between the charge in the leader as it is coming down and the
peak current in the return stroke. So this peak current in the return stroke will decide how, at

what distance the lightning will decide where it will strike.

Now so the last 40 or 50 meters or even 100 meter distance from the tip of the leader to the
striking object is very crucial because it is during that time the upward leaders will be
initiated from the grounded objects and it will be decided where the lightning will be striking.

So this has got an influence in the protection also. We will see that in a later module.
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Lightning flash current from triggered lightning
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Previously we have seen the process of triggered lightning by shooting a small rocket upward

ki

i

with a trailing wire. And lightning can be artificially triggered with those type of technique

from thunder clouds.

So what is shown here

(Refer Slide Time: 08:47)

Lightning flash current from triggered lightning

T
7]

1900 [
LN
1500
L~
= o

1CC
e L

3 1009 10 200 300 400 500 600 700 800 900 1000
Time (millisecond)

1993]. The pulses
ation level of

about 2 kA and a sampling inter
(triggered) lightning and tower-initiated light

is a current that is measured at the base of the channel, actual lightning current during one of

those trigger lightning.

And here if you look at this scale
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here it is in millisecond up to 1 second is shown, the current is in amperes, up to 2000

amperes are shown. Now these pulses 1, 2, 3, 4 like that most of them are above 2000

amperes but it is kind of cut, to show the finer details of low currents.

What you see here
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is the initial continuous current process of few hundreds of ampere in amplitude. This is the
so-called stage immediately after the wire (()) (09:53) where there is a continuous current.

This part is only present in upward initiated lightning or in triggered lightning.



It is not there in natural lightning. So your first stroke is kind of replaced by this initial
continuous current. But remaining parts of lightning is very much similar to natural lightning.
So first stroke, second stroke, third stroke so up to 9 strokes are there and you have some

continuous current and time interval are several milliseconds and here this
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little more than 100 milliseconds and M components, this slow varying pulse superimposed

on the continuous current.

So when an object is stuck by lightning then all this kind of environment is present. So the
object is subjected to not just one lightning pulse but several pulses between the flash,
separated by few tens to few hundreds of milliseconds. So that is the lightning strike

environment.

And associated with that you will have strong electric and magnetic fields.
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In this picture some measurements done in Uppsala in Sweden in 1995 are shown.

So the top picture shows overall wave-shape electric field change wave shape from lightning
during a thunderstorm and the middle graph shows the current measured in the power outlet

between one of the wires and the ground, the earth conductor.

So it is like a common mode current, common mode voltage, actually it is voltage, common
mode voltage of a wooden building but it is completely isolated from external power lines. So
it is like a huge object, a building with normal electrical wiring, piping and everything. So

what is tried here is to see what effect lightning will have on a structure.

So the voltage is measured in one of the power outlets between one of the two lines and the
earth. Now these are the actual voltages and this lightning was you know about 20 kilometer

away. And first let us describe this electric field diagram.

So what is mentioned as P here are very narrow pulses that happens in the cloud. It has not
happened in the ground. Or in the channel to the ground. So the leader is not yet initiated
here. So these are just breakdown processes within the cloud that is, may be several tens of
kilometers away from the building then already the building is responding to those events in

the cloud.



So the structures can respond not only to the events that happens in the lightning flash
channel to the ground but even those events that happens within the cloud, even before the

channel is formed.

So you can see all these induced voltage pulses up to 80 volts and in this bottom graph how
many pulses above certain value are counted, certain threshold value. So here bottom window
shows histogram of induced common mode voltages exceeding 80 volt peak to peak, say for
example this is 40 and this is 40 so 80 volt peak to peak, so how many pulses are exceeding

that value?

So already at around 7 millisecond you have 12 pulses that exceed 80 volt peak to peak has
occurred. So like ways you can follow how intensively induced voltages are there by, from
this graph and this shows.3 the actual wave shape of the induced voltages on a millisecond

scale.

For finding details one has to find it in a microsecond scale. And this is the first return stroke.
Then after that again you have some quiet period and some events in the cloud and again the
structure is responding to that producing pulses. Then the second return stroke, third return

stroke, they are very small return strokes then some pulses in the cloud.

Then what is shown here

(Refer Slide Time: 15:41)

Interaction of lightning with an isolated
wooden building electrical wiring

Acloud-to-ground (CG) flash followed by a cloud flash (CC)

recorded in Uppsala on June 21, 1995.

© 10 20 » 40 5 60 70 80 W 100 1,2, and 3 are return-strokes and P indicates major groups of us
Timo (ms) scale pulses.

100
o

:: Middle window shows induced common-mode voltages in a

170 power outlet of a residential wooden-frame house

e simultaneously measured with the electric field. LV power

 fed installation network of the house was completely isolated from
o external distribution line.

e
0 10 20 B 4 5 60 70 80 © 100

[ L) Bottom window shows histogram of induced common-mode

" —_ voltages exceeding 80V peak-to-peak, due to cloud-to-ground
(CG) flash, followed by cl.oud flash (CC). Each binis 1 ms
wide.

[Adapted from Silfverskiéld et al. (1999)]

Silfverskiold, S, R. Thottappilll, Y. Ming, V. Cooray, and V. Scuka, Induced voltages
alow voltage power installation network due to lightning electromagnetic fields: an
experimental study, IEEE Transactions on Electromagnetic Compatibility, 41, 24
1999




is a cloud flash. It has no connections to the ground. This happens in the cloud only. So what
is interesting is that even though all these pulses, bipolar pulses are happening in the cloud,
the structure is responding to this and you can find how many pulses exceeded 80 volt peak

to peak over here
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So the conclusion from this is that any lightning that happens, whether it is cloud to ground or

cloud to cloud, you know the structure is responding. But usually it is cloud to ground

lightning that is more of a threat because this is now more than 20 kilometer away.

But it can be just a few kilometer away from the structure. Then of course these peaks, return
stroke peaks can be quite dominant in inducing the voltage in the structure and that will have

extremely high values compared to that happens in the cloud.
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So if you look at the lightning flash there are many events that happens in a lightning flash
and all of them has got some effects on the structures. For example we are not looking into

the properties of all of these, we will only look at some properties of return stroke and

continuing current only.

But there are many events in lightning flash that will produce electric and magnetic fields,
induced voltage effects, V H F radiation etc whereas return stroke can directly strike objects

and produce large currents charges, not only the fields. So this becomes most important for

our study, the return strokes.

And M components also to some extent, because that also and continuing current and M

components goes together. So this also can have direct effects. For other events it is mostly

electromagnetic fields.
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Lightning return stroke current
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Typical maximum current rate of rise: 100 kA/ps This return stroke is from triggered lightning,
Channel radius: 12 em The 10-90% risetime of the wavefront is 0.36 ps.

Channel temperature: 30000 K
|Adapted from Fischer et al., 1993].

Fisher, R. J., G. H. Schnetzer, R. Thottappillil, V. A. Rakov, M. A. Uman, and J. Goldberg, Parameters of
Triggered Lightning Flashes in Florida and Alabama, J. Geophys. Res., 98, 22887-22902, 1993.

The waveform of a lightning return stroke current measured at the base of the channel is

given. You know, from around one second this shows only 50 microseconds. So 1 by 50th of

million you can say of length of a record.

And in this particular return stroke
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it has got 16 kilo amperes, 16000 ampere peak current and 10 to 90 percent rise time, that is

from 10 percent of peak value to 90 percent of the peak value, it will be point 3 6

microsecond. So 10 percent and 90 percent are taken to remove some of the uncertainty at

these junctions.



And the range of peak currents for return strokes are anywhere from 2 kilo ampere to 200
kilo ampere and average speed of the return stroke pulse propagation from ground to cloud is
1 to 2 into 10 to the power of 8 meter per second, so one third to two third the speed of light.

And typical maximum rate of rise is 100 kilo ampere per microsecond.

So we are interested, very much interested in this figure, in terms of peak current because
current squared time in resistance you know you get, you know the total, the effect that is

happening in terms of the power and here d [ by d t.

Of course we can translate it into induced voltages in relation to inductance and this is the

channel radius and channel temperature
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Of course this is important in terms of melting of the object where lightning is striking.
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Properties of current parameters in cloud-to-ground flashes
(These values decide the dimensions of conductors used in lightning protection systems)
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So the properties of current parameters in cloud to ground lightning is summarized here. So
you can use this for reference. What is shown here is the typical value or some sort of an
average value and what is shown here is extreme value that is maximum value that people

have measured with real lightning.

For example number of return stroke in a flash, typically a flash contains several return
strokes. So typically it is 4 to 5 whereas extreme value can be 26. Peak current in negative
tropical lightning, then peak current derivatives, impulse charge transfer that is during the

return stroke how much charge.

If you integrate the waveform of the return stroke, say for example you are, this is the return

stroke So if you integrate this area, so this is in time and this is in ampere.
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Properties of current parameters in cloud-to-ground flashes

(These values decide the dimensions of conductors used in lightning protection systems)

Parameter Typical value | Extreme value
No. of return strokes 4-5 26

First re g
30 80 ,ﬂ
tive dI/dt, kA/us 110 -

Peak curr

Peak curr c1

Impulse sfer fidt, € 4.5 15

Prospective stroke energy fi'dt, A% (in ky/@) | 5:5%10' (55) | 1x10° (1000) V? /
Subscquent return strokes: //

Peak current I, kA 15 75 / /

Peak current derivative dI/dt, kA/ps 110 410

Impulse charge transfer fidt, C 0.95 15

Prospective stroke energy [i*dt, A% (in kI/Q) | 6.0x10° (6) | 1.5x10° (150 —
Positive return stroke

Peak current I, kA 35 250 (400) £

v 2.4 20

16 150
6.5x10° (650) | 2x107 (20000)

Interstroke interval, ms (Geometric Mean) 50 3
Continuing current
Duration of unnunuing current, ms 100 500
Avera gnitude, A 100 200
fla harge of negative flash, C 17 60
Total flash chy arge of positive flash, C 80 400
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So if you integrate this area that will give you the charge. So impulse charge and prospective

stroke energy, so if you take i square in each of these area, i squared,
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Properties of current parameters in cloud-to-ground flashes

(These values decide the dimensions of conductors used in lightning protection systems)

Parameter Typical value | Extreme value
No. of return strokes 4-5 26
First return stroke:
Peak current I, kA 30 80 ’A
Peak current derivative dI/dt, kA/us 110

Impulse charge transfer fidt, € 45 15
Prospective stroke energy [i*dt, A% (in kJ/) | 5-5x10" (55) | 1x10° (1000)

Subsequent return strokes. VC
cak current I, kA 15 75 /
Peak ¢ ci dizdt, kA/ps 110 410

¢ fidt, C 0.95 15

ray fifdL, As (inka/@) | 6.0x10" (6) | 15x10° (150) S
Positive return ~|mLL &
Peak current I, kA 35 250 (400) port
Peak current derivative dI/dt, kA/ps 24 20
ch fe : 150

6.5x10° (650) | 2x107 (20000)
50 3

100 500
100 200

17 60
80 400

charge squared I mean current squared then delta t then if you sum up all those things then

you get prospective stroke energy.

So this is for the first return stroke, this is for the subsequent return stroke that follows the
first return stroke, so which are a little lesser in value, then positive return stroke, this is from
positive cloud to ground lightning where you have much more higher amplitudes in the

extreme phases, then continuous current and total flash charge.



So these are important engineering parameters that are required in designing lightning

protection systems.
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Electric field parameters from cloud-to-ground lightning

Fields close to lightning (0 to 500 m)
Fields at intermediate distance (500 m to a few km)
Fields far away (several km away)

Electric field parameters from cloud to ground lightning, so ﬁelds, we will consider 3
distances. One is fields close to lightning; 0 to 500 meters let us say, that is half a kilometer.

Then fields far away that is several kilometers away then some intermediate distance, 500

meters to few kilometer.

The reason for doing is that if you have the lightning channel here. And if you look at the

fields, if you measure the fields at various distances,
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Electric field parameters from cloud-to-ground lightning

Fields close to lightning (0 to 500 m)
Fields at intermediate distance (500 m to a few km)
Fields far away (several km away)
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the vertical fields E it follows a certain relationship as a function of distance d.
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Electric field parameters from cloud-to-ground lightning

Fields close to lightning (0 to 500 m)

Fields at intermediate distance (500 m to a few km)
Fields far away (several km away)

[ !) W}\

s

And close to the channel and faraway channel E is proportional to 1 over d,
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Electric field parameters from cloud-to-ground lightning

Fields close to lightning (0 to 500 m)

Fields at intermediate distance (500 m to a few km)
Fields far away (several km away)
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peak field; E p is proportional to 1 over d.

So here you can say that E peak is proportional to 1 over d, approximately
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Electric field parameters from cloud-to-ground lightning
|

o
Fields close to lightning (0 to 500 m) 2l

Fields at intermediate distance (500 m to a few km)
Fields far away (several km away)
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and here also E p is proportional to 1 over d.
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Electric field parameters from cloud-to-ground lightning
|
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Fields close to lightning (0 to 500 m) |

Fields at intermediate distance (500 m to a few km)
Fields far away (several km away) e J
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But here it is not
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Electric field parameters from cloud-to-ground lightning
L

Fields close to lightning (0 to 500 m) |
Fields at intermediate distance (500 m to a few km) 7
Fields far away (several km away) E}’ o )

A

M/))mmn "

like that, in the immediate distance. That come from the peculiar combination of the

geometry and the various processes and the channel that give rise to the field.

So let us look at the details.
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Electric field at 50 m from CG lightning channel

R | LR

[0
duc to \ Due to return
2 leader stroke

Electric field waveform of a leader/return stroke sequence recorded at ground level 50 m from the triggered
lightning channel [Adapted from Rakov et. al., 1998]. Note the V shape of the waveform, the first part of
the V due to the descending leader and the later part of the V duc to the ascending return stroke.

V. A. Rakov, M. A Uman, K. J. Rambo, M. |. Femandez, R. J. Fischer, G. H. Schnetzer, R. Thottappillil, A. Eybert-Berard,
J. P. Berlandis, P. Lalande, A. Bonamy, P. Laroche, and A. Bondiou-Clergerie, New insights into lightning processes.
gained from triggered-lightning experiments in Florida and Alabama, J. Geophys. Res., 103, 14117-14130, 1998

Electric field very close to the lightning channel, a picture is shown here. So you have the
leader that is coming down. And now here this is in microsecond scale. Because you are so
close to the channel, it is only a distance of 50 meter so this is the last several meters that you

are seeing. Then you have the return stroke.



So this follows a very narrow bipolar pulse. This wave shape is also very different. Say up to

0 to 500 meter often you have leader and return stroke of this form this is the leader. And this

is return stroke
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Electric field parameters from cloud-to-ground lightning
. - ers INR
Fields close to lightning (0 to 500 m) )

Fields at intermediate distance (500 m to a few km) 7
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Fields far away (several km away)
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whereas in the immediate distance it may be something like this
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Electric field parameters from cloud-to-ground lightning
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and far distance you will find only something like this.

So this is a return stroke and this is the leader,
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Electric field parameters from cIoud-to-grm‘md lightning
oL W
Fields close to lightning (0 to 500 m) £ o L

Fields at intermediate distance (500 m to a few km) 7 I

Fields far away (several km away) - ~, | e.
C}D /L J_

leader, return stroke. So even the wave shapes are different. So we are mostly interested in

this return stroke part.
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Electric field at 50 m from CG lightning channel
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Llectric ficld waveform of a leader/return stroke sequence recorded at ground level 50 m from the triggered
lightning channel [Adapted from Rakov et. al., 1998]. Note the V shape of the waveform, the first part of
the V due to the descending leader and the later part of the V due to the ascending return stroke.

V. A.Rakov, M. A. Uman, K. J. Rambo, M. |. Femnandez, R. J. Fischer, G. H. Schnetzer, R. Thottappillil, A. Eybert-Berard,

J. P. Berlandis, P. Lalande, A. Bonamy, P. Laroche, and A. Bondiou-Clergerie, New insights into lightning processes

gained from triggered-lightning experiments in Florida and Alabama, J. Geophys. Res., 103, 14117-14130, 1998

So this narrow bipolar, narrow bidirectional or narrow pulse is formed only when you are

very close to the lightning.
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Electric field at 50 m from CG lightning channel
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Electric field waveform of a leader/return stroke sequence recorded at ground level 50 m from the triggered
lightning channel [Adapted from Rakov et. al., 1998]. Note the V shape of the waveform, the first part of
the V due to the descending leader and the later part of the V due to the ascending return stroke.

V. A. Rakov, M. A Uman, K. J. Rambo, M. |. Femandez, R. J. Fischer, G. H. Schnetzer, R. Thottappillil, A. Eybert-Berard,
J. P. Berlandis, P. Lalande, A. Bonamy, P. Laroche, and A. Bondiou-Clergerie, New insights into lightning processes

gained from triggered-lightning experiments in Florida and Alabama, J. Geophys. Res., 103, 14117-14130, 1998

So even before the lightning is striking your structure will start responding to the leader

fields.
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Electromagpnetic field environment from close lightning

Estimated values of the ficld parameters of the negative first return stroke closc to the
lightning channel.

bt- | Expected typical value Expected maximum value

e E dE/dt H dH/dt E dE/dt H dH/dt
(kV/m) | (kV/m/ps) | (A/m) | (A/m/ps) | (KV/m) | (kV/m/ps) | (A/m) | (A/m/ps)
300 600 500 1800 650 1500 1300 | 6500
60 120 100 350 130 300 250 1300
30 60 50 180 65 150 130 650
6 12 10 35 13 30 25 130

ak fields falls off approximately inversily proportional to distance. That is « % .
. Electric Fields at 80 m = GOXg =375kV/m

(The above field values can be used in the estimation of induced surge overvoltages/currents in
the electronic/electrical circuits of the system, due to indirect lightning s

Now the electromagnetic field environment from close lightning are described here. E, d E by
dt, Hd H by d t, the typical values and expected maximum values are given, and at various

distances from 10, 50, 100, 500.

So these are based on measured data and extrapolation of measured data is done here. So for
example at 50 to 100 you have around 30, 60, 50 like that. So peak fields are also
approximately inversely proportional to distance, that is peak field is proportional to 1 over r

where r is the distance.



Say for example electric field at 80 meter then you will determine like, you have it at 50
meter, 60 so 60 into 50 by 80 because of this proportion so 37 point 5 k V per meter. So

likewise you can determine the field peaks. And this is approximate.

Each lightning is different. The above field values can be used in the estimation of induced
surge or voltage currents in electric, electronic, electrical circuits of the system due to indirect

lightning strikes.
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Electric field peaks at far distance

Field peak at intermediate distance does not obey the 1/r relationship, it
may have a greater fall-off rate.

Field peak far away (a few km onwards) is dominatedby radiation fields
and falls off as 1/r.

Typical return stroke peak fields (negative CG flash) normalized to 100 km
distance:

*First return stroke peak field 8.6 V/m
*Subsequent return stroke peak field 4.3 V/m

e.g: Typical fields at 10 km distance = 86 V/m (first peak), and 43 Vim
(subsequent peak)

*Thottappillil, R., Electromagnetic Pulse Environment of Cloud-to-Ground Lightning for
EMC studies, IEEE Trans. On Electromagnetic Compatibility, 44, 203-213, 2002.

"
l‘
I

Now electric field peaks at far distance. Field peaks at intermediate distance does not obey
the 1 by r relationship and it may have a greater falloff rate where as field peak faraway is

dominated by radiation fields and falls off as 1 over r.

Now typical return stroke field peaks in negative cloud to ground flash normalize to 100
kilometer distance. For the first return stroke peak field it is given by the value 8 point 6 volts
per meter or around that value and for subsequent return stroke peak it is around half that

value for point 3 volts per meter.

Say since it obey roughly 1 over r relationship faraway, say typical fields at 10 kilometers
distance you can find it to be 86 volts per meter first peak and 43 volts per meter subsequent

peak.
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B Induced voltages from lightning (some examples)

solated metallic surfaces above At about 1 km distance from

lightning
_— peak Vertical E-field, E,: ~ 2 kV/m
]“\I . h In poorly conducting soll,
*]i” Horizontal E-field,
oltage =hx E, E, ~10% of E,

able in poorly conducting soil

aximum common-mode open circuit
oltage due to E,

=0.1x2000 = 200 V/m

Now what are the effects of lightning electric fields and magnetic fields?

Say electric fields are vertical. So it means that electric field times distance will you give the
volt. So if you have a metallic structure that is above the ground the structure will go up in

potential by an amount of h times E v. So this is one kind of an effect.

So if you have different structures so these different structures may be at different potential
depending upon the height above the ground, at about 1 kilometer distance from lightning let
us say peak vertical field is 2 k V per meter then you can see that if height is h then you get, if

it is 1 meter distance then you get 2 k V voltage, this vertical voltage.

Now if it is a perfectly conducting plane, there is only vertical field. But due to the poor
conductivity in soil there will be horizontal component of the field also and that field is

approximately 10 percent of the vertical field.

So if you have a cable that is being laid so you have a voltage, so this is your cable. And this

is your E h.
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B Induced voltages from lightning (some examples)

solat%d metallic surfaces above At about 1 km distance from
jroun

lightning
= peak Vertical E-field, E,: ~ 2 kV/m
]"‘I . h In poorly conducting soll,
- Horizontal E-field,
oltage =hx E, E, ~10% of E,
able in poorly conducting soil Ey
aximum common-mode open circuit =t

oltage due to E,
=0.1x2000 = 200 V/m

Nl

So if you travel certain distance then the voltage that will be produced, the upper circuit

i

voltage that will be created will be this field times, you know the length of
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Induced voltages from lightning (some examples)

solated metallic surfaces above At about 1 km distance from
hround

lightning
el peak Vertical E-field, E,: ~ 2 kV/m
]“\I . h In poorly conducting soll,
~L Horizontal E-field,
=hxE, E, ~10% of E,
able in poorly conducting soil Ey
aximum common-mode open circuit e
oltage due to E,, e
=0.1x2000 = 200 V/m ve Epr

the cable.

So around 200 volts per meter can be produced on the shield as an open circuit voltage due to

this vertical field from lightning.
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in] Other properties of CG flashes

0% flashes have more than one
lermination to ground

n 30% of all flashes the first
btroke is not the biggest

d=10m to a several
kilometers

Now another property you have to be aware in lightning is that around 40 percent of flashes

have more than 1 termination to ground.

So this can be within the same flash. So it can be that, one particular stroke has happened
here. Then after, say several tens of millisecond, the second stroke can follow partly the same

channel but then it can take a different termination.

So it is as if that, Ok lightning has struck one part of a building then second stroke may strike
within tens of millisecond another part of the building. So it is a very complex kind of

environment. And the distance d is from 10 meters to several kilometers.

So sometimes even from the base of the channel you will see totally two separate channels to
the ground. And another interesting phenomena is that around 30 percent of all flashes, the

first stroke is not the biggest.

So usually the first stroke is the biggest but in about one third of the flashes perhaps the
second stroke is larger than the first stroke. Or the third stroke is larger than the first stroke.

Even though on an average the first stroke is the biggest.
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What happens at the point of lightning strike?

1) Heating effects:
- Melting of metal skins (primarily proportional to amount of
charge)
- Temperature rise in wires or exploding wires (primarily
proportional to action integral)

2) Potential rise of grounding

- Drives voltage and current surges along connected systems
- Surface arcing along the ground
- Danger of "Step potential’ and 'touch potential in connected
systems

I

il

So what happens at the point of lightning strike? So one is the heating effect. Now because of

¢

the large currents and temperature.

So melting of the metal skins which is primarily proportional to the amount of charge that is
involved, that is integral of the current over time and temperature rise in wires or exploding

wires, this is primarily proportional to the action integral that is integral of I squared d t.

So it is as if, if that is if a wire is subjected to that current then depending upon the distance of
the wire, the wire will be heated up. So this is the potential prospective energy that is

available.

Then potential rise of grounding. So since there is large currents and voltages involved, the
striking point will rise in potential and this drives voltage and current surges along any

connected system to the other systems.

So due to that there can be surface arcing along the ground you have danger of step potential
and touch potential in connected system. We will describe what is meant by step potential and

touch potential.
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Exploding wire due to impulse lightning type currents

Most common

reason for fires
during lightning
strikes

|

i
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First of all, the exploding wires due to impulse lightning type of currents because of the
enormous energy the wires may explode. This is an experiment from a high voltage lab of

wire exploding when you subject it to lightning type of currents.

Often most of the reason for fires during lightning strikes are these type of exploding wires,
when it gets into electrical wiring, antenna, TV antenna wires etc. It may explode and cause

fires.
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Direct lightning strike to overhead conductor

burge Impedance: 400 ohms
Peak Current: 30 kA

Dvervoltage: 400 x 30 000/2=6
00 000 Volts

(6 Million Volts)
LASHOVER!!

urrent division between
onductor systems

/

b
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And does lightning strike to overhead conductor? Suppose, so this is a railway line. These

lines may have surge impedance of the order of 400 ohms. Assume that your lightning has a

peak current of 30 kilo ampere, the average current.



Then when it is striking the line the prospective voltage would be 400 ohms times the current,
current times, impedance times the current. So the current wave may be divided into 2 part on

both directions so we divide by 2.

So it can reach up to 6 million volt. But of course it will not reach up to, I mean before that if
it will start FLASHOVER. So you will never measure 6 million volt because it is already

flashing over.

And there is will be current division between different conductor systems. So lightning

currents can get into here. It goes, flashes over to the other wires, all of the place it will be

going.
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Lightning surge in wires - consequence
10% lightning current in an earthing wire

peak dl/dt: ~10% of 100 kA/us
Inductance: ~ 1 pH/m
Overvoltage:
L=— = 1Ix10 °x100 x10"x0.1=" 10 000 Volts /m

Earth potential rise at grounding rods!

i

Like in surging wires, the consequence, even if 10 percent of the lightning current is in the

earthing wire, let us say peak d I by d t is 10 percent of 100 kilo ampere per microsecond, and

inductance is 1 micro Henry per meter, over voltage produced will be Ld I by d t.

It will be around 10000 volts per meter. So suppose you have a lightning strike to, even 10

percent of lighting current is carried by a big generator set or something like that.

In its earthing wire it can have 10000 volts per meter of the wire compared to the ground. So
earth potential rise at grounding rods, so this can be even at the lightning grounding rod, so it

will tend to drive currents readily away from them to all connected systems.
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Potential rise in buried earthing grid (simulation results)

A 0 B

lightning current impulse injected at point A
E Soil resistivity 100 Qm
(relative permittivity 36)

F

Em

6 m c
the diameter of the conductoris 14 mm [ (1) = [00 x (e "™ " — ¢ "™ kg

S + Note that there is large potential difference in the

between different points of earthing grid during the
first couple of microseconds (consequence?)

: ‘ +The whole earthing grid is at a higher potential than
the surounding earth (consequence?)
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So this phenomena can be illustrated by a simulation. So typically in substations, power

/))

substations. We have substation mat in the form of a grid underneath the substation buried so

that the 50 Hertz power supply.

I mean it is kind of a equipotential grid so that you do not have any big potential difference
between different parts of the substation under 50 Hertz even if there is large current flow

through different wires.

And, but is this enough during the lightning strike? But during the lightning strike this will
not remain at equipotential. That is shown here using a simulation. Soil resistivity is 100

ohms per, 100 ohms meter or you can represent it as 1 by 100 ohm meter or point 0 1.

So this is equal to 0 point 0 1 Siemens per meter in conductivity. So this is resistivity, this is

conductivity so this is conductivity.
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Potential rise in buried earthing grid (simulation results)

A__ D 8

F

lightning current impulse injected at point A g

7

E Soil resistivity 100Qm = 00 Sfewn tordind® b
(relative permittivity 36)

&m
6 m c
the diameter of the conductoris 14 mm [ (1) = 100 x (e M0 £ _ = 3400000 kA

e + Note that there is large potential difference in the

between different points of earthing grid during the
first couple of microseconds (consequence?)

+The whole earthing grid is at a higher potential than
the surounding earth (consequence?)

it

So this is 1 over resistivity 1 by R. let us say.
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Potential rise in buried earthing grid (simulation results)

et 8 lightning current impulse injected at point A k& w./{?
e Soilresistivity 1000m = 00 Sfewn Londr
. . (relative permittivity 36) e
the diameter of the conductoris 14mm [ (1) = 100 x (e "™ ' e "™ )kt S
grid (a)

+ Note that there is large potential difference in the
between different points of earthing grid during the
first couple of microseconds (consequence?)

+The whole earthing grid is at a higher potential than
the surounding earth (consequence?)
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So the current is injected to one corner then you are measuring the voltages, transient

voltages at various nodes. You can see that within the first two microseconds you do not have

any equipotential grid here. There are huge potential difference at various points.

Only after that you reach a steady value and when you reach a steady value you can see that

this around 40, 40k V,
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Potential rise in buried earthing grid (simulation results)

A__ D 8

lightning current impulse injected at point A .
VA
e Soil resistivity 1000m = 00 S/ Lo b
(relative permittivity 36) \/
e 5100000 r)kA K

+ Note that there is large potential difference in the
between different points of earthing grid during the
first couple of microseconds (consequence?)

i ‘ +The whole earthing grid is at a higher potential than
= = the surounding earth (consequence?)
e 0 N
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6m c

the diameter of the conductoris 14 mm [ (1) = 100 x (e "™ '
grid (a)

around 40 k V. The board grid goes up in potential to 40 k V and that may drive currents to

adjacent systems.

So now here more or less equipotential but again it is at a higher potential level during

lightning strike and during this time you do not have any equipotential during the first couple

of microseconds.
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Lightning current on cable shields

10% current on a cable shield

Low frequency transfer impedance Z;. ~ 10 mQ
Leakage inductance L: ~ 2 nH/m

Peak current I: 10% of 30 kA

Peak dl/dt: 10% of 100kA/us

Approximate peak differential overvoltage per meter cable:
o+ L .l

dt
= 1010 Fx% 30000 x 0.1+ 2x10 * %100 x10°x 0.1

/4 x Z

peak

= 50 Volts /m

So this one has to be aware of.



So if you have one system connected here and another system connected here, then through
the cable of the systems you can have very large currents following because of the potential

difference between those two points during the first two microseconds.

Lightning current on cable shields, we have seen the transfer impedance of cable shield
before. Suppose 10 percent of lightning current is in a cable shield. The low frequency

transfer impedance is let us say, 10 milli ohms which is a D C resistance.

And the leakage inductance which indicates how much magnetic field will penetrate through

the shield; let us say it is 2 nano Henry per meter.

Then peak, 10 percent of peak current and 10 percent of d [ by d t so even though we cannot
add this part which is more or less resistive and this is inductive part, let us say,

approximately let us add that and see how much voltage we will get.

So this is altogether you get around let us say, of the order of 50 volts per meter. So as the
current is traveling along the cable, even though it is 10 percent of lightning current, 50 volts

open circuit voltage between the shield and the current
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01 Danger of step and touch potential due to lightning

Step potential (V,) — potential difference between two legs due
to outward current flow from lightning strike point

Touch potential (V,) — potential difference between hand and
leg while touching something that carries lightning current

Aportion of lightning
current to ground l
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will be produced
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Potential rise in buried earthing grid (simulation results)
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Lightning current on cable shields

10% current on a cable shield

Low frequency transfer impedance Z;. ~ 10 mQ
Leakage inductance L: ~ 2 nH/m

Peak current I: 10% of 30 kA

Peak dl/dt: 10% of 100kA/us

Approximate peak differential overvoltage per meter cable:

, dl
”,M,A Z'r I+ L I
= 1010 F% 30000 x 0.1+ 2x10 * %100 x10”x 0.1

= 50 Volts /m

il

/ﬂ*\

\\\‘V
Il
So this is the ind (()) (43:16), so here if you measure the voltage, so this voltage is almost

equal to 50 volts per meter of this line.
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Lightning current on cable shields

10% current on a cable shield

Low frequency transfer impedance Z;: ~ 10 mQ
Leakage inductance L: ~ 2 nH/m

Peak current I: 10% of 30 kKA

Peak dl/dt: 10% of 100kA/us

Approximate peak differential overvoltage per meter cable:
dl

VW,A x Z,-1 + LI \(j(j)
10 %10 7% 30000 x 0.1+ 2x10 7 x100 x10° x 0.1 e e

= 50 Volts |'m

)

i
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)] Danger of step and touch potential due to lightning

Step potential (V,) — potential difference between two legs due
to outward current flow from lightning strike point

Touch potential (V,) — potential difference between hand and
leg while touching something that carries lightning current

Aportion of lightning
current to ground l
<

]///////}))/f’
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The step and touch potential due to lightning. One purpose of lightning protection is to reduce
the step potential and the touch potential to those values that are not harmful for human

beings. So step potential is defined like this.

So if you have some horizontal current flow or if you have an horizontal electric field it will
drive some currents and between the legs of a person it can create certain potential difference.
So the lightning protection system should be designed in such a way that this potential is not

harmful for the person.



Similarly if the person is touching any part of the lightning conductor system there is the
potential difference between the hand and the feet and this voltage called touch potential

should not be above a value that is harmful to the person.

So this concludes regarding the properties and next we will go into more on actual protection

principles from lightning.



