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Abstract

The computation of the electromagnetic (EM) fields of a return stroke is
important to compare, evaluate and enhance the engineering models. Due
the increasing costs of software packages rise compare to the funds for the
academic research reduce it is economically interesting to take a closer look
at open source software.

Within the scope of engineering and scientific numerical computation
SCILAB ([Scilab-Enterprises, 2014]) is such a package. SCILAB is re-
leased as cross-platform open source application under the CeCILL license
([CEA-CNRS-INRIA, 2013)).

For that reason four engineering models of the current distribution along
the lightning return stroke channel and the resulting electrical and magneti-
cally fields are programmed in SCILAB and compared with published results
of other computations.

Additionally the measured currents of lightning discharges are recorded
as stroke to an elevated object for obvious reasons. Therefore also the strike
to a tall object is implemented in SCILAB, the fields are calculated and
compared with published data.



Chapter 1

Introduction

When the connection between the leader and ground is established the return
stroke current starts to propagate the channel upwards. This is the most
visible effect due to a lightning stroke. It is also the process that produces
most of the damage, on the one hand through the current itself and on the
other hand through the remote electromagnetic fields.

There are a few aspects to be discussed: the current at the striking point,
the channel, the current along the channel being based on the engineering
models and the remote fields.

1.1 Current at the Striking Point

The current at the channel-base is either measured or approximated by
analytic functions. Two of the most widely used functions are the double-
exponential function (equation 1.1) and the so called Heidler function from
[Heidler, 1985] (equation 1.2).

t t

10,t) = Ip- (e 71 —e T3) (1.1)

t\n 1
1(0,t) = E-t(T%)-e_T% with n:e%.(n%)ﬁ (1.2)
(7)™ +1
Sometimes also the sum of functions is used to approximate typi-
cally measured lightning current waveforms. So [Nucci et al., 1990] used
a sum of a double-exponential and a Heidler function (see Figure 1.1) and
[Diendorfer and Uman, 1990] used two Heidler functions to calculated the
shapes of the undisturbed current (see Figure 1.2 and Figure 1.3). The
values used to calculate the current I(0,t) are shown in Table 1.1.
[Thottappillil et al., 1997] showed that instead of the current also the
line charge density is a potential source for the field computation.

1
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Table 1.1: Values used to calculate the undisturbed current waveforms used
by [Nucci et al., 1990] and [Diendorfer and Uman, 1990].

Iy /KA | Ty Jus | T /us | n

Current N1 —7.5 100 6 -

[Nucci et al., 1990] -9.9 0.072 ) 2
Current D1 -13 0.15 3 2
[Diendorfer and Uman, 1990] -7 5 50 2
Current D2 —28 0.3 6 2
[Diendorfer and Uman, 1990] —16 10 50 2

Note that the current 1(0,t) at the striking point is independent of the
return stroke model used to calculate the current I(z’,t) along the channel
and the remote fields. So a measured current combined with the measured
fields are a strong basis for the validation of a model.

1.2 Simplifications of the Lightning Channel

For the computation of the fields caused by return strokes in engineering
models there is normally a straight vertical channel assumed. In fact the
real channel is known to be tortuous and branched. The effects of tortuosity
and channel branches on the radiated fields are studied theoretically (see
[Rakov and Uman, 2007]).

There is also a perfectly conducting ground assumed. So the boundary
conditions of a perfect conductor require that the horizontal electrical field
component and the vertical magnetic filed component are equal to zero at
the ground. This simplifies the computation of the fields (section 1.4).

In most cases the return-front speed is also assumed as constant within
the range of 1-10%2 to 2-10*2 [Rakov, 2007].

1.3 Current along the Channel based on Return
Stroke Engineering Models

The following generalized equation for the current along the channel is given
by [Rakov, 1997]:

2 2

I(Z,t) = u(t — E)~P(z’)-[(0,t— ;) (1.3)

u(t — %) Heavyside function, which expresses that the current in the
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12.0;

Heidler : Iy = 9.9kA, Ty = 0.072us, Th = 5us, n=2
double exp : Iy = 7.5kA, Ty = 100us, T = Gus
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Figure 1.1:  Undisturbed current N1 and its derivate used by
[Nucci et al., 1990].
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14
Heidler : Iy = 13kA, T\ = 0.15us, To = 3us, n=2
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Figure 1.2:  Undisturbed current D1 and its derivate used by
[Diendorfer and Uman, 1990].
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351
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Figure 1.3:  Undisturbed current D2 and its derivate used by
[Diendorfer and Uman, 1990].
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channel is equal zero at the height 2’ until the current wave reaches
this height

P(Z'): height-dependent current attenuation factor
([Rakov and Dulzon, 1991]), which describes the modification of
the current as a function of the height 2’

vy: speed of the upward propagating retrun-stroke-front
v: current-wave propagation speed
I1(0,t — %/) current at the channel-base which propagates with the speed v

So the basic information to compute the current distribution along the
channel according to an engineering model is known. P(z’) and v are model
specific parameters which are listed in Table 1.2.

Table 1.2: Model specific parameters for generalized current equation.

| model | P(2') | v |

TL 1 vf
MTLE | e™% | vy
TCS 1 —c
DU 1 —c

Generally a model is a mathematical construct of the real world with
simplifications. The simplifications are necessary due to the complexity of
the processes, the huge number of parameters and in most cases also the
lack of knowledge about both the process and the parameters. So they have
effects on all aspects of the engineering models.

The models are designed to fit as good as possible to experimentally
observed characteristics of the described process. The typical characteristics
for the return stroke models are the measured fields, both at near and at far
distances. The typical benchmark for the models is the comparison of the
measured with the calculated fields.

There are two different types of return stroke models. The one which are
based on the transmission line model, TL ,[Uman and McLain, 1969] (see
following section 1.3.1 and 1.3.2), and the other one based on the travel-
ling current source model, TCS ([Heidler, 1985], described more detailed in
section 1.3.3 and 1.3.4 in this document).

1.3.1 Transmission Line (TL) Model

The widely used transmission line model assumes a perfect conducting chan-
nel with a current source at the ground which injects the current at the
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channel-base. Then the current wave propagates upward with constant
speed vy. Therefore the current-wave speed is positive and equal to the
return-front speed v.

The idea behind the transmission line model is very simple and easy
to calculate. When the connection between the cloud and the ground is
established, the currentflow starts at the channel-base and the current wave
propagates upward with the speed vy to the cloud. Lightning current starts
with a fast rising front to a peak value which is caused by the high charge
density at the front section of the descending leader connected to ground.
The peak is followed by a slower decrease because the amount of available
charges decreases. So it can be seen as a current source at the channel-base
which injects the current I(0,¢) in the channel (see Figure 1.4).

Though the channel is seen as a perfect conductor there is neither a
decrease of the current level according to the heigth nor an attenuation
according to the propagation. So the current at any height 2’ at any time ¢
is given by

Z,

I(,t) = I(0,t — o) (1.4)

The current distribution along the channel is illustrated in Figure 1.7a.

1.3.2 Modified Transmission Line Model (MTLE) with Ex-
ponential Decay

The MTLE model modifies the TL model so that there is still no distor-
tion but an attenuation with exponential decrease according to the height
z’ as given in equation 1.5. There is also the so called MTLL model, which
assumes a linear decrease, but this model is not discussed here. The param-
eter for the exponential decay is A which is normally assumed to be about
2000m.

A decrease is visually noticeable and physical explanation is a discharge
along the lightning channel.

, /
I(Z,t)=e % -1(0,t — jf) (1.5)

The current distribution along the channel for the MTLE model is illus-
trated in Figure 1.7b.

1.3.3 Traveling Current Source (TCS) Model

[Heidler, 1985] postulated a new engineering model based on the charge de-
posited along the leader. When the connection to the ground is established,
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these charges are the source for the current. So it resembles a current-source
moving upward with the speed vy (see Figure 1.5). The injected current-
wave propagates downward with the speed of light c.

The current along the RS channel I(2,¢) is

/ /
I(Zt) = u(t — =) - 1(0,t + =) (1.6)
vy c
With the arrival of the return stroke front at a particular height the
charges movement starts immediately. This causes a current discontinuity
at the return stroke front so that the field calculation needs to be extended
(see section 1.4).
The current distribution along the channel for the TCS model is illus-
trated in Figure 1.7c.

1.3.4 Diendorfer-Uman (DU) Model

Along a leader channel there are two charged areas, the highly ionized leader
core with its head and a corona sheath. [Diendorfer and Uman, 1990] used
two current components to improve the TCS model. The first one is the short
time but high-peak breakdown-current from the highly ionized areas (leader
and channel core) and the second one is the slow rising and decaying corona-
current representing the curved resulting from the collection of charges in
the corona sheath (see Figure 1.2 and 1.3). Exponential discharge with the
time constant 7g and 7¢ is assumed for the breakdown and corona sheath
respectively. Both are computed with equation 1.7. The current in the
channel is the sum of both components.

As a result of the assumed exponential discharge of these areas the dis-
continuity at the front is substituted with a slope (second term in Eqn. 1.7)
with different time constants for corona sheath and breakdown current com-
ponent, because the charges in the corona need a longer time to move to
the channel and effect as a current compared to the time the charges in the
leader core need to accelerate.

2 2

2N —1
I(Z,t) = 1(0,t + =) + T 1(0, =~ + %) (1.7)
c vy cC
Where the discharge time constant 7p = 75 and 7p = 7¢ for the break-
down and corona sheath area, respectively.
The current distribution along the channel for the DU model is illustrated
in Figure 1.7d.
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corona sheat

high ionized leader core

Figure 1.6: Charged areas as base for the DU-model.

1.4 Electric and Magnetic Field Calculation

Calculating the fields of a return stroke is fundamental in comparing the
engineering models to each other and to the measured fields as well as cal-
culating the induced voltages appearing on electric power or telecommunica-
tion lines. The assumption made is the perfectly conducting ground and the
methods chosen are the approximation of the channel through fragmentation
in small electric dipoles (Figure 1.8) and the method of image charge.

With those simplifications and the field point at ground level z = 0
and the distance r from the striking point the equations for the ver-
tical electric field E.(r,t) and the magnetic field By(r,t) are given by
[Thottappillil et al., 1997]:
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T — <H( ), H(t)> dH(t) (1.9)
21 c R2(H(t)) vf dt
The terms in 1.8 and 1.9 which are proportional to the current I(t) are
referred to as induction components, the terms proportional to the current
derivates % as radiation components. The term in 1.8 proportinal to @ =
[ 1(t)dt is referred to as the electrostatic component.
The last term in both equations is only used if there is a current dis-
continuity at the return stroke current front. The TCS model (1.3.3) is the

only considered model which implicates such a discontinuity.

1.5 Lightning Strike to a Tall Object

To study a lightning strike to a tall grounded object is very important. On
one hand it is the only possibility (expect of triggered strokes) for direct
measurements of the current of a return stroke and on the other hand it is
relevant for lightning protection.

[Baba and Rakov, 2005] derived the expression for the current I(z’,t) as
a sum of the injected wave and reflected respectively transmitted waves.
Along the tall object (0 < 2’ < h) with a configuration shown in Figure 1.9
the current distribution is given by

1 — Otop ~— h—2" 2nh
I(Zlv t) = Ttap Z [Ql?ot Q?Op Isc (h,t T C)
n=0

hts onh

C C

+ QTblot Q?op ISC <h7t - > ] for 0 < z < h (110)

In the channel (2’ > h) there are only the injected wave and the trans-
mitted waves across the object-channel-junction.
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A
S
N Atransmitted wave in channel
+
Vo(ht) Isc
) Prop
wreﬂected wave at top
Q
N \4
A
\_/ reflected wave at bottom
—|_ Pbot
B8 g
A

' transmitted wave to ground

Figure 1.9: Lightning strike to a tall object. Object and lightning chan-
nel are represented by lossless transmission lines connected in series with a
lumped voltage source. Adapted from [Baba and Rakov, 2005].

1—{_)150 Z/—h
I(+ —_ Gtp |7 _
(', t) 5 [sc(h,t . )

v C

- _ 2 —h 2nh
+ Z Obot Q?opl(l + 0top) Isc <h,t - - ) ] for 2 > h
n=1
(1.11)

cohere

Isc(h,t) = % is the lightning current that would be measured at an

ideal grounded (Zop = Zgr = 0) object with negligible height.

Obop = % : reflection coefficient at the bottom of the tall object for
downward propagating waves in the tall object.

Otop = % : reflection coefficient at the top of the tall object for up-
ward propagating waves in the tall object.

Zop : characteristic impedance of the tall object

ZaRr : characteristic impedance of the ground
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Zcy « characteristic impedance of the lightning channel

[Pavanello et al., 2007] used a different set of equations, based on the
concept of the undisturbed current (1.12).

—h —h
io <h,t—zv )—gtopio <h,t—zc )

ol omtl m z+h 2nh
+ (1 — otop) (1 + 0pot) Z [ijgl Otop 10 <h,t - - ) }]

I(Z,t) =

=0 C C
—h
-u(t—zv> for 0 < z < h (1.12)
e h—z 2nh
10 = (1= i) Y [clpeio (e = 25 = 220
n=0

. h+z 2nh
+ o 0pttio (h,t - - > }

C C
h 2nh
-u(t— “—”) for 0 < z < h (1.13)
C

C

Because the return stroke front propagates with vy ~ % . % - ¢, but the
transmitted waves propagates in the highly conductive channel with the
speed of light ¢ there is the question what will happen when these waves
reach the return stroke front.

[Baba and Rakov, 2005] used implicitly and [Pavanello et al., 2007] used
explicitly the Heavyside function to cut off the transmitted respectively re-
flected waves. The problem here is the occurrence of a discontinuity which
results in a discontinuity component of the field. (see Figure 1.10a).

Another possibility is that the transmitted waves change their propaga-
tion speed to vy when they arrive at the front (see Figure 1.10b). This is
explainable through the energy exchange between the charges although the
assumed abrupt change of the speed for the complete wave is implausible. It
has to be more of a compression of the wave shape through the continuous
speed change when it approaches the front.

The results of the computation of the fields at a distance of 100km and
5km with the set of assumptions [Pavanello et al., 2007] used (confer 4.2)
and the neglect of the discontinuity is plotted in Figures 1.11 to 1.16 .

The comparison in figures 1.17 and 1.18 shows that there is no major
difference between the change of the propagation speed and the neglection
of the discontinuity, but the considering of the discontinuity changes a lot.




CHAPTER 1. INTRODUCTION 17

fundamental

wave
transmitted

Ny
—
—
o :
I
—
—
a

Vr

f—>
a
fundamental

wave
transmitted

—

VfT
V¢

wave
N
—
—
a
N
—
—

(a) Transmitted wave with cut-off (b) Transmitted wave with abrupt
thru Heavyside function. speed change at the return stroke
front.

Figure 1.10: Comparison of the process used by [Baba and Rakov, 2005] and
in this thesis when a transmitted wave arrives at the return stroke front.
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Chapter 2

Lightning Strike to the
Ground

The program calculates the remote fields in case of a lightning strike to
a perfectly conducting ground. The used return stroke models are TL,
MTLE, TCS and DU. The field calculation is possible for one return stroke
model with all components as well as for all four return stroke models for
comparison. The user can define the input parameter via keyboard or file.
The results are shown as plots and are storable as plain text file.

2.1 Basics

To calculate the transient fields a few parameter must be defined. First
of all the time-vector is to be constructed. Then the channel have to be
discretized. Further on there are a few other parameters to be defined.

2.1.1 Current and the Time-Vector

The time-vector is responsible for the calculation-time and for the accuracy
of the computation. Unfortunately, like all other numerical solutions, the
two are opposed to each other.

The calculation-time depends on the number of time-steps. The best
results are, based on a MacBook Pro with 4GB, in the range 1000 to 5000
steps.

The major challenge is the accuracy of the numerical calculation of the
fields. The shortest relevant time-window is found in the current derivates
and therefore the radiation field component needs detailed attention. Re-
call the currents in section 1.1. [Diendorfer and Uman, 1990] used a ’slow’
current with a relevant level of current derivative in a time-window from 0
to approx. 0.2us (refer to Figure 1.3), on the other hand [Nucci et al., 1990]
used a 'fast’ current with a time-window from 0 to approx. 0.1us (see Figure

26
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1.1). The accuracy depends on the number of time-steps in that window.
The best results were achieved with > 10 steps in this time-window.

to = 0s is always assumed as start-time. Up for definition is the end-time
of calculation t. as well as the number of time-steps n.

After calculating the channel-vector with Equation 2.5 it is necessary to
extend the time-vector to calculate the current I(0,t) because the TCS and
DU models need a longer current due the movement of the current source
with %/ (Figure 1.5).

The current at the point of origin 1(0,¢) is the sum of up to 5 current
components, which are either corresponding to the Heidler-function (1.2) or
to the double exponential function (1.1).

The Scilab function to build the currents and the vectors is calc_par in
’func_par.sci’.

2.1.2 Discretization of the Channel and the Channel-Vector

The easiest case to calculate the fields, which is the goal, would be if the
field of the return-front at a height

2 =n-Az
effects at the field point P at a time
t=tp+n-At

in which ¢ = tp is the runtime of the field from the striking point to the
point where the field is calculated. Thus there would be a minimum of
interpolation which means the computation would be as accurate as possible.
As result of the difference in the speed of the return-front wave in the cannel
vy and the propagation speed of its fields this is not possible with equidistant
channel-steps, a height-vector is to be build.

A consideration at the runtime of the current in the cannel ¢; and of
the field in the air £ combined with the time-steps of the calculation solves
this problem (Figure 2.1). The runtime equation 2.1 has to be valid for all
time-steps n - At and all heights z/,.

tc+ta —tp=t (2.1)

With the notation introduced in Figure 1.8 together with the time-vector

t=(0 At 2At--- nAt) (2.2)

and the height-vector of the channel
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n-At= tom +tan—tn Vn
2 129 ‘

Y B >
" / RZ 2
tan = % . runtime of fieldfraction from height 2/,
tg = & ... runtime of fieldfraction from point of origin
c
!
ton = Zn . runtime of current in the channel to height 2],
, vf
~ Zq [(Z ]ll? .
S AT - dE | At at
Sz
~ T tag \
SlA
P
/(0,t)
N — >t
tp tp toottyz
toittys
Figure 2.1: Method of discretization of the channel.
!/ / /
z =0 2z 25 - 2, (2.3)

the runtime equation reveals

2 2
£ — z' \/RP+Z, & (24)

vy C Cc

which is a quadratic equation in z’

9 C 2 & 2 2
7' [(Uf) —1] —z -QE(Rp—i—ct)—i- [(Ry+ct)’—R;] =0 (2.5)

and easy to solve.

Notice that there is no verification of the input data. If e.g. the front
wave speed is too high or the period of calculation is too long the channel
will be unrealistically long.

2.1.3 Other Parameter

Other parameter are the upward-propagating return stroke front speed vy,
the distance r of the point where the remote field is calculated (see Figure
1.8).
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2.2 Current Distribution and Field Calculation

The current distribution as a function with the arguments time ¢ and height
2" would be a rectangular array with the dimension of the number of time-
steps. This would be very memory intensive and so this array is not cal-
culated explicitly. The current at a height 2’ is calculated separately to
compute the field. Tests also showed the the calculation time is shorter
with the use of this method.

2.2.1 Current at Height 2’

The current is calculated with the argument time at fixed height according
to the used model. Step by step the array of the required data is build to
compute the field component.

TL Model

Through the discretization of the channel with consideration of the length
of a time-step the number of time-steps is equal to the number of channel
segments. So the computation of the current I(2’,¢) is only a time shifting
of 1(0,t). In the listing j is the height-index and ca is the number of channel
segments and time-steps.

Izt =[zeros (1,(j—1)) 10t (1:(ca—j+1))]

MTLE Model

The MTLE model is the enhancement of the TL model with a height de-

pendent factor e~ x (see 1.3.2). In the listing cv(j) is the height at the
height-index j and 1la is the parameter of the current decay .

Izt =[zeros (1,(j—1)) I0t(1:(ca—j+1))*exp(—cv(j)/la)]

TCS Model

As a result of the movement of the current source and of the return stroke

front the current starts at time t = % at the heigh 2’ with the function

I(0,t — % - %) (Figure 1.5). So firstly the current is calculated and then
the time shift has do be done.

tsstart=cv(j)/vit+ev(j)/c
tsend=tsstart+(ca—j)*tv(2)
ts=tsstart:tv(2):tsend

Izt=interp (ts,tv,I0t ,dI0t ,"by_zero")
Izt=[zeros (1,(j—1)) Izt (1l:(ca—j+1))]
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DU Model

The DU model is an enhanced version of the TCS model with an exponential
discharge time constant which affects and avoids the discontinuity at the
return stroke front. Additionally the current I(z’,t) may be a sum of two
currents (see 1.3.4).

tsstart=cv(j)/vi+ev(j)/c
tsend=tsstart+(ca—j)*tv(2)
ts=tsstart:tv(2):tsend
if I0tb=—=zeros(I0tb) then
Izt=interp (ts,tv,I0t ,dI0t ,"by_zero")
dfb=exp(—tv (1l:length(ts))/taub)
Izt=Izt -1zt (1) .xdfb
else
Iztb=interp (ts ,tv,10tb ,dI0tb ,"by_zero")
dfb=exp(—tv (1l:length(ts))/taub)
Iztc=interp (ts,tv,I0tc ,dI0tc ,"by_zero")
dfc=exp(—tv (1l:length(ts))/tauc)
Izt=Iztb—Iztb (1) .xdfb+Iztc—Iztc (1).*dfc
end
Izt =[zeros (1,(j—1)) Izt (1:(ca—j+1))]

2.2.2 Field Calculation

The field calculation is split in the four components referred to as electro-
static, induction, radiation and discontinuity field component. This is useful
in order to minimize the memory size needed and to visualize the influence
of different parameter like distance, current gradient, current value and so
on. It is also possible to skip the calculation of components with less in-
fluence to reduce the computation time with minimal change of the source
code.

The main module for the calculation is *field.sci’. It loads the func-
tions, computes the field components and superposes them.

Electrostatic Field Component

For the electrostatic field component at first the charge-equivalent is cal-
culated with integration by trapezoidal interpolation over the time (loop-
variable i). Step by step the integration is done for every height (loop-
variable j). So an array of the amount of charge is build.

dFe(j,i)=dFe(j,(i—1))+tv(2)*(Izt (i—1)+Izt(i))/2

9,72 _p2

The last step is the multiplication with the factor 27}50 ) from

equation 1.8

efac=(2xcv"2—Rp~2)./(R"5%(2x%pixeps0))
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and the integration over the channel-height.
Ee(i)=inttrap (cv(1l:i),(dFe(1:i,i) .xefac(1:1)))

Induction Field Component

The data of the array simply consists of the values of the current.
dFi(j ,:)=Izt

Then the multiplication with the factor ﬁ . % from equation 1.8
T

for the electric field component and the factor £2 - () from equation 1.9

for the magnetic field component
efac=(2%cv"2—Rp~2)./(c*xR"4x(2x%pixeps0))
bfac=(mu0*Rp) ./ (2 %pi*R"3)

and the integration over the channel-height is done.

Ei(i)=inttrap(cv(1l:1) ,(dFi(1l:i,i) .xefac(1l:1)))
Bi(i)=inttrap(cv(1l:1),(dFi(1:i,i) .«bfac(1:i)))

Radiation Field Component

For the computation of the radiation field component the array consists of
the derivates of the current. Due the numerical calculation it is necessary
to be sure that the initial value equals zero.

In case of the TCS model the setting of the start tangent to zero is
replaced with the condition of a monotone derivate.
dIzt=splin (tv,Izt)
dIzt=splin (tv,Izt ,"clamped" ,[0 dIzt(ta)])
dFr(j,:)=[zeros(1,j—1) dIzt(1:(ca—j+1))]

The last step is the multiplication with the factor % . #% from

equation 1.8 for the electric field component and the factor £2 - Lz/) from

cR?(
equation 1.9 for the magnetic field component.

efac=(—=1)*(Rp~2)./(c 2«R"3%(2x%pixeps0))

bfac=(mu0+Rp) ./ (2 %pixcxR"2)

and the integration over the channel-height.

Er(i)=inttrap(cv(1:1),(dFr(1l:i,i) .xefac(1:1)))
Br(i)=inttrap(cv(1:1),(dFr(1:i,i) .«bfac(1l:1)))

Discontinuity Field Component

A discontinuity occurs only in the TCS model and consists of three parts.
The factor %W from equation 1.8 for the electric field component

H{(t))
and the factor g—gm from equation 1.9 for the magnetic field compo-
nent,
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efac=—Rp"2)./(c"2xR"3%(2x%pixeps0))
bfac=(mu0«Rp) ./ (2 %pixcxR"2)
the value of the current at the discontinuity

tsstart=cv/vi+cv/c
Tht=interp (tsstart ,tv,I10t,dI0t,"by_zero")

and the derivate of the height dgt(t).

dH=splin (tv(1l:ca) ,cv)

2.3 Using the Program

After starting Scilab the working directory has to be changed to the path
where the modules are saved (File Browser). Further on the initial module
has to be loaded and started (command exec or right-click and ”Execute in
Scilab”) (Figure 2.2).

The menu is visually divided in 4 parts (Figure 2.2). They are (1) the
definitions of the input parameters, (2) calculating the field of one model, (3)
calculating the fields of all models and (4) additional point for user support.

2.3.1 Defining the Input Parameters

The input is possible by reading them from the file def_ground.txt (see
Listing A.1.5) or via keyboard (Figure 2.3).
Following parameters have to be defined:

end-time: As a result that the start-time is always assumed at t = Os, the
end-time is equal to the period of time the field is calculated over. The
unit is ps.

number of time-steps: Number of calculation-steps in the defined period
of time. The ideal number is depended on the maximum of the current
derivates, as discussed in section 2.1.1.

upward propagating return stroke front wave speed: Speed of the
return stroke front in 108m/s.

distance of field point: Distance of the striking point to the point the
field is calculated in km. It is r in Figure 1.8.

current definition: There are two pre-defined current-sets. One
is used by [Nucciet al, 1990] (Figure 1.1), the other by
[Diendorfer and Uman, 1990] (Figure 1.2). It is also possible to de-
fine a new set with up to 5 functions based on the double-exponential
function (equation 1.1) and the so called Heidler function (equation
1.2). If required the current set can be plotted just as well as the
derivative of the total current.
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File Browser

800

2 7 % variable rowser 2
Name Value Type Visibilty

Scish 550 Co

) [FD/ocumens Cloud/Dropbx oA Ground! =) (2 [seareu
B o

Ground
)

> G
current_dis.sci
05

(2 Open with SciNotes

£ Open with Xcos
I Load in Scilab

Editwith default application
Open with default application

lriegrecoyier______ (]

& Case sensitive ] Regular expression

800 File Browser
(@] (@]
Sclab 550 Cor 2 7 X varable Browser 2ax
Name Vaine Tyme Vi

Name ~
Ground.
)

ad

nmodel with all components
1 with all components

&

@ Case sensitive [ ] Regular expression

Figure 2.2: Screenshot: Start of the program to calculate the fields in case
of a lightning strike to the ground.
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Scilab Console

D R R R R R e R R R E

* *
* return-stroke model calculation *
* *

AR R E R R AR R A AR R AR

1 ... enter parameter via keyborad

2 ... read parameter from file

3 ... calculate one model with all components

4 ... save field of one model with all components
5 ... calculate all models

6 ... save field of all models

8 ... interrupt

9 ... end

Your choice please: 1

timevector for field definition

Endtime [us]: 50
amount of timesteps (best range: 1000 to 5000): 5000

channel definition

upward-propagating return-front-wave speed in 10°8 m/s: 1.3

fieldpoint definition

distance of fieldpoint in km: 100

11
current I(0,t) definition
How many functions define the current? 2
1 for Heidler, 2 for Double-Exponetial, 3 Nucci%0, 4 DU%0 other to break: 3
modelparameter definition
input parameter if needed
exponential decay coefficient in m for MTLE: 2000
discharge time constant for breakdown current in us for DU: 0.1
discharge time constant for corona current in us for DU: 0.1
timevector caleculation
-=> length of timestep in us:
0.01000
channelvector calculation
--> amount of channel pieces:
5000.
--> calculated height of channel in m:
6410.98
figure of current
_________________ i

/v F

Draw figures of current? 1 for yes, other for no:

Figure 2.3: Screenshot: Defining the input parameters via keyboard.
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model-parameter definition: The model specific parameters are the ex-
ponential decay A in m for the MTLE model (section 1.3.2) and the
time constants for the breakdown respectively the corona current in
us for the DU model (section 1.3.4). If not needed they are left empty.

The length of a time-step and the channel height are calculated based
on these inputs and they are printed afterwards to validate them.

2.3.2 Calculating the Field for one Model

After defining the environment the calculation is possible. If calculating
only one return stroke model with all field components, the model has to
be chosen. The field components are calculated and if requested shown as a
plot.

It is also possible to save the data as a plain text file (Figure 2.4). The
header of the file contains the enironment and is followed by the data lines.

The header starts with the model type with the model-specific parame-
ters (at least vy) and the distance to the point the field is calculated. This
is followed by the definition of the data lines. It starts with the order of the
columns. Through the equidistance of the time-vector, it is only necessary
to specify the start-time, which is the time of the arrival of the field at the
field-point, the length of a time-step, which equals the unit of the x-axis,
and the number of time-steps, which equals the length of the data-file. The
last information in the header is the unity of the y-axis.

The data-lines follow the header. In Figure 2.5 a typical header followed
by the first data-lines is shown.

2.3.3 Calculating the Field of all Models

To compare models it is necessary to plot and save them together. Therefore
only the file-header changes (Figure 2.6) and the usage is the same as seen
in section 2.3.2. If requested this part of the program plots a bunch of plots
which include a comparison of all models as well as each single model with
all its field components.

2.3.4 User Intervention

Sometimes it is important to provide direct access to the data for the user.
So the menu-item 8 interrupts the program so that a data manipulation like
saving, plotting or inspecting special data-areas is possible. Table 2.1 shows
the important variables with a short description.
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Scilab Console

2 ... read parameter from file

3 ... calculate one model with all components

4 ... save field of one model with all components
5 ... calculate all models

6 ... save field of all models

8 ... interrupt

end

Your choice please: 3
model definition
model type: 1 for TL, 2 for MTLE, 3 for TCS, 4 for DU, other to break: 1

figure of field

Draw figure of field? 1 for yes, other for no: 2

calculating radiation component
calculating induction component

calculating electrostatic component

T S e R LSt = T TR TP
* *
* return-stroke model calculation *
* *

Ak kR EEE AR AR AR R R R R R R R R R R R AR

1 enter parameter via keyborad

2 ... read parameter from file

3 ... calculate one model with all components

4 ... save field of one model with all components
5 ... calculate all models

6 ... save field of all mocdels

8 ... interrupt

9 ... end

Your choice please: 4

save field

save field and components to file? 1 for yes, other for no: 1

filename: 001.txt
writing data to file: 00l.txt

1

L

Figure 2.4: Screenshot: Calculation of one Model.
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CHAPTER 2. LIGHTNING STRIKE TO THE GROUND

Table 2.1: Strike to the ground: List of variables

Name | Description

tv | time-vector of current (vector 1:m)
ta | number of time-steps of current (scalar)
cv | channel-vector (vector 1:n)

ca | number of channel segments and time-steps of field (scalar)
tend | endtime of calculation in s (scalar)

Rp | distance of fieldpoint in m (scalar)

vi upward-propagating return-front-wave speed in m/s (scalar)
rsmt | return stroke model type (1: TL, 2: MTLE, 3: TCS, 4: DU)

la coefficient for MTLE model in m (scalar)
taub | breakdown coefficient for DU model in s (scalar)
taub | corona coefficient for DU model in s (scalar)

10t | current at channel origin in A (vector 1:m)
I0tb | breakdown current for DU model in A (vector 1:m)

I0tc | corona current for DU model in A (vector 1:m)

E electrical field in V/m (vector 1:n)

Ee | electrostatic field component (vector 1:n)

Ei electric induction field component (vector 1:n)

Er | electric radiation field component (vector 1:n)

Ed | electric discontinuity field component (vector 1:n)

B magnetic field in T (vector 1:n)

Bi | magnetic induction field component (vector 1:n)

Br | magnetical radiation field component (vector 1:n)

Bd | magnetic discontinuity field component (vector 1:n)

tf | time of arrival of field at field point in s (scalar)
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2.4 Description of the Program Modules

2.4.1 start

start.sce is used to load and execute start.sci. start.sci contains the
function to provide a menu-driven calculation and visualization of the field
and to load the required sci-files. (Listing A.1.1)

call:

exec("start.sce",—1)

2.4.2 func_par

contains the functions to define the parameters and to calculate the neces-
sary vectors and the current at the point of origin. (Listing A.1.2)

enter_user

defines the input-function for entering the parameters manually. (Figure
2.3)
call:

[tend ,ta,vf ,Rp,typ,I0,T1,T2,n,la ,taub,tauc]=enter_user ()

enter_file

defines the input-function for importing the parameters from the file
def_ground.txt. (Listing of the plain text file A.1.5)
call:

[tend ,ta,vf ,Rp,typ,I0,T1,T2,n,la ,taub,tauc] = enter_file ()

calc_par

defines the function to calculate the time-vector, the channel-vector and the
current at the point of origin.

call:

[tv,cv,I0t ,I0tb ,I0tc]=calc_par (tend,ta,vf ,Rp,typ,10,T1,T2 n

)

requirements:
’func_rsc.sci’
2.4.3 func_rsc

contains the functions needed to calculate the current at the point of origin
as a sum of currents. (Listing A.1.2)
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heidler

defines the function to calculates the values according to a Heidler function.
call:

I0t=heidler (10 ,T1,T2,n,tv)

dexp

defines the function to calculates the values according to a double exponen-
tial function.
call:

I10t=dexp (10 ,T1,T2,tv)

2.4.4 field

is the module to calculate the total fields and its components. (Listing A.1.3)
call:
[E,Ee,Ei,Er,Ed,B,Bi,Br,Bd, tf]=field (10t ,I0tb ,10tc ,tv,tend ,

cv,vf,rsmt,la,taub,tauc,Rp)

requirements:
’e_field.sci’, ’i_field.sci’, ’r_field.sci’, ’d_field.sci’

2.4.5 e_field

defines the function to calculate the electrostatic component of the field.
(Listing A.1.3)

call:

Ee=e_field (10t ,I0tb ,I0tc ,tv,cv,vf,rsmt,la,taub,tauc,Rp)

2.4.6 i field

defines the function to calculate the induction components of the field. (List-

ing A.1.3)

call:

[Ei,Bi]=i_field (10t ,I10tb ,10tc ,tvi,cv,vf, rsmt,la , taub tauc,
Rp)

2.4.7 r_field

defines the function to calculate the radiation components of the field. (List-
ing A.1.3)
call:
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[Er,Br]=r_field (10t ,10tb ,I0tc ,tvi,cv,vf rsmt,la, taub,tauc,
Rp)

2.4.8 d_field

defines the function to calculate the discontinuity components of the field
for the DU model. (Listing A.1.3)

call:

[Ed,Bd]=d_field (10t , tvi,cv,vf,Rp)

2.4.9 func_plot
contains the functions to plot the field. (Listing A.1.4)

plot_field
defines the function to plot the field with all components.
call:

[[=plot_field (E,Ee,Ei,Er,Ed,B,Bi,Br,Bd, tend , tv,tzoom, fn)

plot_all_field
defines the function to plot the fields of all models.
call:

[[=plot_all_field (E_tl ,E_mtle,E_tcs ,E_.du,B_tl ,B_mtle,B_tcs,
B_du,tend ,tv ,tzoom, fn,la ,taub,tauc)

2.4.10 func_save

contains the functions to save the parameters and the field values in a plain
text file. (Listing A.1.4)

save_field
defines the function to save the field with all components.
call:

[[=save_field (E,Ee,Ei,Er,Ed,B,Bi,Br ,Bd, tf ,tv,vf rsmt,la,
taub , tauc ,Rp)
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save_all_field

defines the function to save the fields of all models.
call:

[[=save_all_field (E_t]l ,E_mtle ,E_tcs ,E_.du,B_tl ,B_.mtle,B_tcs,
B_du, tf ,tv,vf, la, taub,tauc ,Rp)




Chapter 3

Lightning Strike to a Tall
Object

The program calculates the remote field of in case of a lightning strike to
a tall object. The used model type is the transmission line. The user can
define the parameter via keyboard or file. The results are shown as plots
and are storable as plain text file.

3.1 Basics

3.1.1 Current and the Time-Vector

The time-vector is not affected by the presence of a tall structure and the
short-circuit-current Ig¢ is built equally to the current I(0,t) (see 2.1.1).
[Baba and Rakov, 2005] expressed that the correlation between the short-
circuit-current used for the strike to a tall object and the undisturbed current
used for the strike to the ground is

Isc=2-1(0,t) (3.1)

to effect the same way, assumed perfect reflection on the top of the tower.

3.1.2 Discretization of the Channel

When a lightning strikes a tall object there are two areas of different prop-
agation speeds, the tall object with ¢y and the channel with vs. So the
discretization of the lightning channel and the tall object must be divided
in this two parts.

Tall Object

The discretization of the tall structure is not as easy as it seems. The
runtime method is too tricky as there are different result for upward and

44
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downward propagating currents. But with the assumption H < R,, where
H is the height of the tall object, the propagation direction of the reflected
current wave and the runtime differences between different heights can be
negligible. The solution of the simplified approach are equidistant segments
with

Az = At-¢ (3.2)

It is important to end the modeled tall structure with a whole segment.
This results in a height H’ which is i.g. different to the real height H. So the
number of segments with the lowest height difference AH = min |(H — H')|
to the real height H is chosen. The difference to the real object is assumed
to be without influence.

Lightning Channel

The channel discretisation is the same as in section 2.1.2, the only difference
being that the starting height is not at ground level but at the adjusted
height H' of the modeled tall object. The runtime of the field from to
striking point to the point the field is calculated at changes to

\/ B2+ H?
Yy - (3.3)

c

tp =

and the runtime of the current to

(3.4)

Plug in the runtime equation 2.4 and solve the quadratic equation to
build the channel-vector.

2
z”. [<C> -1 —z'-2£(ct+1/R§—|—H2+H-£)
vf vf vf
+ [(ct+ ,/Rg+H2+H-;)2—R§] —0 (35

3.2 Current Distribution and Field Calculation

3.2.1 Current Distribution

The current at a height is a sum of the injected current wave Igc and
the reflected respectively transmitted waves. Considering that only the TL
model is calculated the current distribution is explicitly calculated. The
equations 1.10 and 1.11 are given by [Baba and Rakov, 2005].
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3.2.2 Field Calculation

The method of the field calculation is the same as discussed in section 2.2.2.

3.3 Using the Program

Due to the simplification that only the TL-model is used, there is no reason
to implement a menu. So the program is block by block operation of the
modules. Preliminaries like changing the working directory have to be done
as discussed in 2.3.

3.4 Defining the Parameters

In addition to the parameters discussed in section 2.3.1 the tall object needs
to be defined. The height of the object is the basic information. Also
important are the current reflection coefficients. The number of reflections
calculated is important for the calculation-time of the current distribution.
20 reflections should be sufficient.

3.5 Variables

At the end of the program all variables are still kept in the memory. So it
may be useful to know them (Table 3.1).

3.6 Description of the Program Modules

3.6.1 start

starts the calculation and visualization of the field and loads the required
sci-files. (Listing A.2.1)
load and call:

exec("start.sce",—1)

3.6.2 def

contains the functions for defining the parameters and to calculate the time-
vector as well as the short-circuit-current. It also plots the current and its
derivate. (Listing A.2.2)

call:

[tv ,H,rhotop ,rhobot ,nstop ,vf ,Rp,10] = def()

requirements:
’rsc.sci’
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Table 3.1: Strike to a tall object: List of variables
Name Description
tv time-vector of current (vector 1:m)
zvt height-vector of tall object (vector 1:k)
Zve height-vector of channel (vector 1:1)
A% merged height-vector (vector 1:n)
tend endtime of calculation in s (scalar)
nstop number of reflections calculated
Rp distance to field-point in m (scalar)
vf upward-propagating return-front-wave speed in m/s (scalar)
rhotop reflection coefficient at the top (scalar)
rhobottom | reflection coefficient at the bottom (scalar)
10 undisturbed current in A (vector 1:m)
Izt current distribution in A (matrix m:mn)
E electrical field in V/m (vector 1:m)
Ee electrostatic field component (vector 1:m)
Ei electric induction field component (vector 1:m)
Er electric radiation field component (vector 1:m)
B magnetic field in T (vector 1:m)
Bi magnetic induction field component (vector 1:m)
Br magnetical radiation field component (vector 1:m)
tf time of arrival of field at field point in s (scalar)
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3.6.3 rsc

contains the functions needed for calculating the short-circuit-current as a
sum of currents. (Listing A.2.2)

heidler

defines the function for calculating the values according to the so called
Heidler-function.
call:

I0t=heidler (10 ,T1,T2,n,tv)

dexp

defines the function for calculating the values according to a double expo-
nential function.
call:

10t=dexp (10 ,T1,T2,tv)

3.6.4 heightvector

calculates the hight-vectors of the tall object and the channel. Further on
it merge the two. (Listing A.2.2)
call:

[zve,zvt] = heightvector (tv,Rp,H, vf)

3.6.5 distribution

calculates the current distribution in the tall object and the channel. (Listing
A.2.3)
call:

[Izt ,zv] = distribution (tv,zvt,zvc,I0,rhotop,rhobot ,nstop,
vi)

3.6.6 field

calculates the fields and its components. (Listing A.2.4)
call:

[E,Er,Ei,Ee,B,Br,Bi, tf] = field (Izt ,zv,tv,Rp)
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3.6.7 plot_field

plots the field with all components.

call:

plot_field (E,Ee,Ei,Er ,B,Bi,Br,tv,tzoom,fn,vf Rp, Hi)

3.6.8 save_field

saves the parameters and the field values as well as their components in a
plain text file. (Listing A.2.4)
call:

save_field (E,Ee,Ei,Er ,B,Bi,Br, tf,tv ,H,rhotop ,rhobot , vf ,Rp)
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Evaluation of the Programs

To evaluate the properness of the programs a comparison with published
results is the easiest way. The comparison shows that there is no difference
between the calculated field by the Scilab programs and the published results
using the same current parameters.

4.1 Strike to the Ground

4.1.1 Comparison with [Nucci et al., 1990]

[Nucci et al., 1990] used the TL, MTLE and TCS model to calculate their
results. The undisturbed current is current N1 (see Table 1.1 and Fig-
ure 1.1). The speed of the upward propagation retrun-stroke-front is
vy =1.3-10%2. For the MTLE model is A = 2000m and for the DU model
is 7 = 7¢ = 0.1us.

Since no numerical data values are available from [Nucci et al., 1990],
the comparison is graphically. The Figures 4.1 to 4.6 show the results.

4.1.2 Comparison with [Diendorfer and Uman, 1990]

[Diendorfer and Uman, 1990] used two different undisturbed currents to cal-
culate their results. The current used for the comparison is D1 (see Table 1.1
and Figure 1.2). The speed of the upward propagation retrun-stroke-front
vp = 1.3-108%. The breakdown discharge time constant is 7gp = 0.6us
and the corona discharge time constant is 7c = 5us.

Since no  numerical data  values are  available from
[Diendorfer and Uman, 1990], the comparison is graphically. The Fig-
ures 4.7 to 4.10 show the results.

20
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4.2 Strike to a Tall Object

[Pavanello et al., 2007] is the paper to be compared. The speed of the up-
ward propagation retrun-stroke-front vy = 1.5- 108%. Since no numerical
data values are available from [Pavanello et al., 2007], the comparison is
graphically.

4.2.1 Current and Current Distribution

[Pavanello et al., 2007] gives the current at the bottom of the tall object as
well as the current at the top. Also the current distribution at different
times is given. The Figures 4.11 and 4.12 show the identicalness.

4.2.2 Fields

The computed fields of [Pavanello et al., 2007] are equal to the fields calcu-
lated with this program. The Figures 4.13 to 4.14 show the results.
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Chapter 5

Summary and Outlook

5.1 Summary

The benefit of open source software under a GPL or similar license in aca-
demic research is massive. It is free to use, and this applies even to copying
and modifying. But there is a drawback. The first concern of communities
to develop software packages like Scilab is to find an opinion to cost intensive
packages like Matlab. For a long term use there may be a problem. First of
all open source packages disappear often as fast as they appear. Secondly
the support often depends on the good will of the developer or the commu-
nity. And last the further development over a long time further away also
the affinity to the substituted software package. The first two problems are
not directed at Scilab, but the third is noticably. But altogether Scilab is a
good alternative to Matlab and its works properly and solidly.

5.2 Outlook

The program uses numerical computation of the lightning electromagnetic
fields without consideration the equations of the current, the calculation
is based on. This results in the possibility to use measured currents for
computing fields. First trials have been successful. So it would be interesting
to compare a considerable number of measured fields with the computed
ones.
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Appendix A

Listings

A.1 Lightning Strike to the Ground

A.1.1 Startmodule

ground/start.sce
funcprot (0)
stacksize (’max’)
exec ("start.sci",—1)
start
ground /start.sci

function start ()

exec ("func_par.sci",—1)
exec ("field.sci",—1)
exec ("func_plot.sci",—1)
exec ("func_save.sci",—1)
par=0
fie=0
menu=0
while menu<>9
write (%io(2) ," ")
write (%io(2) ," ")
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write (%io(2) ," ")
write (%io(2) ," ")
write (%io(2) ," ")

write (%io(2)

write (%io(2) ,"*
write (%io(2) ,"* Lightning
write (%io(2) ,"*

write (%io(2)

Strike to the

Ground

"************************************")

*")
*")

N

Tk K ok K ok kK K K kK K K kKK K KOk KK KK R KK KKk Kk kR ok 1)

components")
components")

write (%io(2) ," ")

write (%io(2)," 1 ... enter parameter via keyborad")
write (%io(2)," 2 ... read parameter from file")
write (%io(2) ," ")

write (%io(2)," 3 ... calculate one model with all
write (%io(2)," 4 ... save field of one model with all
write (%io(2) ," ")

write (%io(2)," 5 ... calculate all models")

write (%io(2)," 6 ... save field of all models")
write (%io(2) ," ")

write (%io(2)," 8 ... interrupt")

write (%io(2)," 9 ... end")

write (%io(2) ," ")

write (%io(2) ,"===-----c--emmeme e e e e e e e e - ")
write (%io(2) ," ")

menu=input ("Your choice please: ")

write (%io(2) ," ")

select menu,
case 1 then

[tend ,ta ,vf ,Rp,typ,10,T1,T2,n,la ,taub,tauc]=enter_user ()
[tv,cv,1I0t ,I0tb ,I0tc]=calc_par (tend,ta,vf ,Rp,typ,I10,T1,T2,n)

par=1
write (%io(2) ," ")
case 2 then

[tend ,ta,vf ,Rp,typ,I10,T1,T2,n,la ,taub,tauc]=enter_file ()
[tv,cv,I0t ,10tb ,I0tc]=calc_par (tend,ta,vf ,Rp,typ,I10,T1,T2,n)

par=1

write (%io(2) ," ")
case 3 then

if par==1 then

write (%io(2) ,"model definition")

write (%io(2) ,"==-==-=======-=----- ")
write (%io(2) ," ")
rsmt=input (" model type: 1 for TL, 2 for MTLE, 3 for TCS, 4 for DU,
other to break: ")
write (%io(2)," ")
write (%io(2) ,"figure of field")
write (%io(2) ,"--=--=-=--=-------- ")
write (%io(2)," ")
fig=input (" Draw figure of field? 1 for yes, other for no: ")
write (%io(2)," "
if fig==
tzoom=input (" zoom at tmax in us (0 for none): ")
write (%io(2)," ")
fn=input (" start figure number: ")
end

[E,Ee,Ei,Er,Ed,B,Bi,Br,Bd, tf]=field (10t ,I0tb ,I0tc ,tv,tend,cv,vf,rsmt,la

,taub , tauc ,Rp)

if fig==1,
end
fie=1
else
write (%io(2) ,"input
end
write (%io(2) ," ")

case 4 then
if fie==1 then

parameter

first!

")

save_field (E,Ee,Ei,Er,Ed,B,Bi,Br,Bd, tf ,tv,vf, ,rsmt,la ,taub, tauc,Rp)

else
write (%io(2) ,"calculate
write (%io(2) ," ")

end

case 5 then
if par==1 then

one

field first")

write (%io(2) ,"figure of field")
write (%io(2) ,"-=-=-=-=-==-==-=-=----- ")
write (%io(2) ," ")
figl=input (" Draw figure of fields? 1 for
fig2=0
write (%io(2)," ")
if figl==
tzoom=input (" zoom at tmax in us (0 for
write (%io(2)," ")
fn=input (" start figure number: ")

write (%io(2)," ")

yes ,

none) :

")

other for no: ")

plot_field (rsmt ,E,Ee,Ei,Er,Ed,B,Bi,Br,Bd, tend,tv,tzoom, fn) ,




109

110
111
112
113
114

115

116
117
118

119

120
121
122

123

124
125
126

127

128

129
130
131
132
133
134
135
136

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

APPENDIX A. LISTINGS

69

fig2=input (" Draw also single
other for no: ")
write (%io(2)," ")

end
write (%io(2) ,"TL model:")
write (%io(2) ,"

fields

with components: 1 for yes,

[E_tl ,Be,Ei,Br,Ed, B_tl ,Bi,Br,Bd, tf]=field (10t ,I0tb ,I0tc ,tv,tend ,cv,vf

,1,la ,taub,tauc ,Rp)
if fig2==1,

fn+2), end
write (%io(2),"MTLE model:")
write (%io(2) ,"----------- ")

plot_field (1,E_tl ,Ee,Ei,Er,Ed, B_tl ,Bi,Br,Bd, tend,tv,tzoom,

[E_mtle ,Ee,Ei,Er,Ed, B_mtle ,Bi,Br,Bd, tf]=field (10t ,I0tb ,I0tc ,tv,tend ,cv,

vf,2,la,taub,tauc ,Rp)
if fig2==1,

tzoom , fn+6), end
write (%io(2) ,"TCS model:")
write (%io(2) ,"

plot_field (2,E_mtle ,Ee,Ei,Er,Ed, B.mtle ,Bi,Br,Bd, tend , tv,

[E_tcs ,Ee,Ei,Er,Ed, B_tcs ,Bi,Br,Bd, tf]=field (10t ,I0tb ,I0tc ,tv,tend ,cv,vf

,3,la,taub, tauc ,Rp)
it fig2—==1,
,fn+10), end
write (%io(2) ,"DU model:")
write (%io(2) ,"

plot_field (3,E_tcs ,Ee,Ei,Er,Ed, B_tcs ,Bi,Br,Bd, tend , tv, tzoom

[E.du,Ee,Ei,Er,Ed,B_du,Bi,Br,Bd, tf]=field (10t ,1I0tb ,I0tc ,tv,tend,cv,vf

,4,la ,taub ,tauc ,Rp)
if fig2==1,
fn+14),
if figl==1,

end

fie=2
else
write (%io(2) ,"input parameter
en
write (%io(2) ," ")
case 6 then
if fie==2 then

plot_field (4 ,E_du,Ee,Ei,Er,Ed,B_.du,Bi,Br,Bd, tend,tv,tzoom,

plot_all_field (E_tl ,E_mtle,E_tcs ,E_du,B_tl ,B_mtle,B_tcs ,
B_du,tend,tv,tzoom,fn,la ,taub,tauc),

end

first!")

save_all_field (E_tl ,E_mtle ,E_tcs ,E_.du,B_tl ,B_mtle,B_tcs ,B_du, tf ,tv,vf,

la , taub , tauc ,Rp)
else

write (%io(2) ,"calculate all fields

first")

write (%io(2) ," ")
end
case 8 then
write (%io(2) ," ")
write (%io(2) ," ---> type resume to continue <---")
pause
case 9 then
write (%io(2) ," ")
write (%io(2) ," !1! Have a good omne !!!")
else
write (%io(2) ," ")
write (%io(2) ," No menu entry !")
end
end
endfunction
o .
A.1.2 Definition of Parameters
ground /func_par.sci
v7.1
functions for parameter input and calculation (enter_user, enter_file
calc_par)
written by Andreas F. Dvorak
Vienna University of Technology
Faculty of Electrical Engineering and Information Technology
Institute of Power Systems and Energy Economics
functionname enter_user
function to define parameter through keyboard
input: none
output: tend endtime of calculation in s
ta number of timesteps
v i front —wave speed in m/s
Rp distance of fieldpoint in n
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typ .. type of part i current (de: double—exponential, h. heidler)
I0, TI1 T2, n ... parameter for part i of current according to typ(i)
la coefficient for MTLE model in m
taub breakdown coefficient for DU model in s
tauc corona coefficient for DU model in s
function [tend,ta,vf,Rp,typ,I0,T1,T2,n,la,taub,tauc]=enter_user ()
n=0
write (%io(2) ," ")
write (%io(2) ,"timevector for field definition")
write (%io(2) ," =======-==-=--—--—-———— - ")
write (%io(2) ," ")
tend=input (" Endtime [us]: ")
tend=tend*10"(—6)
ta=input (" number of timesteps (best range: 1000 to 5000): ")
write (%io(2) ," ")
write (%io(2) ,"channel definition™")
write (%io(2) ,"===========-=-=---- ")
write (%io(2) ," ")
vi=input (" upward -propagating return-front-wave speed in 10°8 m/s: ")
vi=vfx10~8
write (%io(2) ," ")
write (%io(2) ,"fieldpoint definition")
write (%io(2) ,"========-=-=-=-----—----- ")
write (%io(2) ," ")
Rp=input (" distance of fieldpoint in km: ")
Rp=Rp*10~3
write (%io(2) ," ")
write (%io(2) ,"current I(0,t) definition")
write (%io(2) ," =======-==------mm———— - - ")
write (%io(2) ," ")
a=input (" How many functions define the current? ")
write (%io(2)," ")
for i=1:a
b=input (" 1 for Heidler , 2 for Double -Exponetial, 3 Nucci90, 4 DU90 other
to break: "
write (%io(2) ," ")
if b>2 then, break, end
if b==
typ(i)="hn"
write (%io(2) ," Heidler:")
write (%io(2) ," ")
10 (i)=input (" 10 [kA]: ")
10 (i)=10(i)*10"3
T1(i)=input (" current rise time constant T1 [us]l: ")
T1(i)=T1(i)*10"(—6)
T2(i)=input (" current decay time constant T2 [us]: ")
T2(i)=T2(i)*10"(—6)
n(i)=input (" n [1: ")
write (%io(2) ," ")
end
if b==2
typ(i)="de"
write (%io(2) ," double exponential:")
write (%io(2) ," ")
10 (i)=input (" 10 [kAl: ")
10 (i)=10(i)*10"3
T1(i)=input (" current decay time constant T1 [us]: ")
T1(i)=T1(i)*10"(—6)
T2(i)=input (" current rise time constant T2 [us]l: ")
T2(i)=T2(i)*10"(—6)
write (%io(2) ," ")
end
end
if b==3 define current used by Nucci et al. (1990)
typ (1)="hn"

10(1)=—-9.9%10"3
T1(1)=0.072%10"(—6)
T2(1)=5%10"(—6)
n(l)=2
typ (2)="de"
10 (2)=—"7.5%10"3
T1(2)=100%10"(—6)
T2(2)=6%10"(—6)

end




104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155

156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

182
183
184
185

APPENDIX A. LISTINGS 71
if b==4 define current used by Diendorfer et al (1990)
typ (1)="h"
10 (1)=—-13%10"3
T1(1)=0.73%10"(—6)
T2(1)=3%x10"(—6)
n(l)=2
typ(2)="h"
10 (2)=—7%10"3
T1(2)=5%10"(—6)
T2(2)=50%10"(—6)
n(2)=2
end
write (%io(2) ,"modelparameter definition")
write (%io(2) ,"=========------------———- ")
write (%io(2) ," ")
write (%io(2) ,"input parameter if needed")
la=input (" exponential decay coefficient in m for MTLE: ")
write (%io(2) ," ")
taub=input (" discharge time constant for breakdown current in us for DU: ")
taub=taub=*10"(—6)
tauc=input (" discharge time constant for corona current in us for DU: ")
tauc=tauc=*10d"(—6)
write (%io(2) ," ")
endfunction
functionname enter_file
function to define parameter through file
input: none
output: tend endtime of calculation in s
ta number of timesteps
vi front —wave speed in m/s
Rp distance of fieldpoint in m
typ type of part i current (de: double—exponential, h: heidler)
I0, Ti, T2, n parameter for part i of current according to typ(i)
la coefficient for MTLE model in m
taub breakdown coefficient for DU model in s
tauc corona coefficient for DU model in s
function [tend,ta,vf,Rp,typ,10,T1,T2,n,la,taub,tauc] = enter_file ()
write (%io(2) ," ")
write (%io(2) ,"read from file")
write (%io(2) ,"-=-==--=--=-=------ ")
write (%io(2) ," ")
rd=input (" read definition from file def_ground.txt? 1 for yes, other for no:
"
write (%io(2) ," ")
if rd==1 then
errcatch (999,"continue")
fid=mopen("def_ground.txt","r")
if fid==—1 then
write (%io(2) ," error: cannot open file def.txt!")
else
header=1
while header==1
val=mfscanf (1,fid ,"%s")
if val=="start_of_def" then, header=0, end
end
data=1
while data==
val=mfscanf (1,fid ,"%s")
select wval
case "tend", tend=mfscanf(1l,fid ,"%£")*x10"(—6),
case "ta", ta=mfscanf(1,fid ,"%f"),
case "vi", vf=mfscanf(1,fid ,"%£f")=*10"8,
case "Rp", Rp=mfscanf(1,fid ,"%f")*10"3,
case "currents" then
next=1
i=1
while next==1
[dummy, typ (i) ,10(i) ,T1(i),T2(i),n(i)]=mfscanf(1,fid ,"%s %f %f %f %f
v
if typ(i)=="x" then

next=0
typ=typ (1:(i—1))
10=10 (1:(i—1))
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T1=T1(1:(i—1))
T2=T2(1:(i—1))
n=n(1l:(i—1))
else
10 (i)=I0(i)*10"3
T1(i)=T1(i)*10"—6
T2(i)=T2(i)*10"—6
i=i+1
end
end
case "la", la=mfscanf(1,fid ,"%f"),
case "taub", taub=mfscanf(1,fid ,"%f")*x10"(—6),
case "tauc", tauc=mfscanf(1,fid ,"%f")*x10"(—6),
case "end_of_def", data=0,
end
end
end
mclose (fid)
errcatch(—1)
end

endfunction

functionname calc_par

function for to calculate vectors and input—current

input: tend ... endtime of calculation in s
ta ... number of timesteps
vf ... front—wave speed in m/s
Rp ... distance of fieldpoint in m
typ ... type of part i current (de: double—exponential, h: heidler)
I0, Tl, T2, n ... parameter for part i of current according to typ(i)
// output: tv ... timevector
cv ... channelvector
I0t=I(0,t) ... current at channel origin
I0tb=Ib(0,t) ... breakdown current for DU model
I0tc=Ic(0,t) ... corona current for DU model

function [tv,cv,I0t,I0tb,I0tc]=calc_par(tend,ta,vf ,Rp,typ,10,T1,T2,n)
exec ("func_rsc.sci",—1)
c=299792458 // speed of light

write (%io(2) ,"timevector calculation")

write (%io(2) ," =======-=-------—————— - ")

write (%io(2) ," ")

ts=tend/ta // timestep

tv=0:ts:tend // build timevector

write (%io(2) ," --> length of timestep in us:")
write (%io(2) ,(ts/10°(—6)),"(7X,F10.5)")

write (%io(2) ," ")

write (%io(2) ,"channelvector calculation")

write (%io(2) ,"=========-=="-"=-"------~—---- ")

write (%io(2) ," ")

A=(c/vf)."2—1 // coefficient for quadratic equation
B=—2xc/vfx(Rpttv*c) // coefficient for quadratic equation
C=2xRp*tv*c+(tvxc)."2 // coefficient for quadratic equation

cv=(—B—sqrt (B."2—-4%AxC) ) /(2xA) // calculate channelvector that current at cv

effects on fieldpoint at time tv
ca=length (cv)
write (%io(2) ," --> number of channel segments:")
write (%io(2) ,(ca—1),"(7X,F10.0)")
write (%io(2) ," --> calculated height of channel in m:")
write (%io(2) ,cv(ca),"(7X,F10.2)")
write (%io(2) ," ")
tvend=tend+max(cv)/vit+max(cv)/c+2xtv (2) // extended cause of DU and TCS model

tv=0:tv (2):tvend // new extended timevector for current

a=length (10)
I0t=zeros (tv)

for i=1:a
if typ(i)=="h"

I(i,:)=heidler (10(i),T1(i),T2(i),n(i),tv) // part i of current
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txtl (i)="$Heidler: \ I_{0}="+4string (I0(i)*10"(—3))+"kA,\ T_{1}="+string (T1(
i)*107°6)+"\mu s, \ T_{2}="+4string (T2(i)*10"6)+"\mu s, \ n="+string(n(i)
DRk for figure
end
if typ(i)=="de"
I(i,:)=dexp(I0(i),T1(i),T2(i),tv) part i of current
txtl(i)="$double \ exp: \ I_{0}="+4string (I0(i)*10"(—3))+"kA,\ T_{1}="+
string (T1(i)*10"6)+"\mu s, \ T_{2}="+4string (T2(i)*10"6)+"\mu s$" for
figure
end
10t=T10t+1(i,:) calculate current at origin
end

if a==2
10tb=I(1,:) breakdown current for DU model
I0tc=I(2,:) corona current for DU model
else
I0tb=0
I0tc=0
end

write (%io(2) ,"figure of current")
write (%io(2) ,"==========-==-=---- "
write (%io(2) ," ")

fig=input (" Draw figures of current? 1 for yes, other for no: ")
write (%io(2) ," ")

-

if fige==
tzoom=input (" zoom at tmax in us (0 for nomne): ")
write (%io(2) ," ")
fn=input (" start figure number: ")
write (%io(2) ," ")

fl=scf(fn) seclect figure
clf (f1) clear if exist
tmax=find (tv>=tend , 1)
if a>1
for i=1:a
plot2d ((tv (l:tmax)*1076) ,(I(i,1:tmax)*10"(—3)),style=(i+1)) plot part
i of current
end
end
plot2d ((tv (1l:tmax)*1076) ,(I10t (1:tmax)*10"(—3)),style=1) plot complete
current
f1.figure_size=[1500 1000]
fl1.children.grid=[1 1]
select a

case 1, hl=legend (txtl (1) ,4),
case 2, hl=legend (txt1(1),txtl1(2),"$current \ at \ origin$" ,4),
case 3, hl=legend (txt1l (1) ,txt1(2),txt1(3),"$current \ at \ origin$" ,4),
case 4, hl=legend (txtl (1) ,txt1(2) ,txt1(3),txt1(4),"$current \ at \ origin$"
4)
end
xtitle ("","$t \; / \; \mu s$","$I \; / \; kAs$")
if tzoom>0
f2=scf ((fl.figure_id+1)) select figure
clf (f2) clear if exist
tzoom=tzoom=*10"(—6)
tzoom=find (tv>=tzoom ,1) find next index according to zoom given
if a>1

for i=1:a
plot2d ((tv (1l:tzoom)*10"°6) ,(I(i,1:tzoom)=*10"(—3)),style=(i+1)) plot
part i of zoomed current
end
end
plot2d ((tv (l:tzoom)*10°6) ,(I0t (1:tzoom)*10"(—3)),style=1) plot zoomed
current
f2 . figure_size=[1500 1000]
f2 . children.grid=[1 1]
select a
case 1, hl=legend (txtl (1) ,4),
case 2, hl=legend (txtl (1) ,txtl(2),"$current \ at \ origin$" ,4),
case 3, hl=legend (txtl(1l),txtl(2),txt1(3),"$current \ at \ origin$" ,4),
case 4, hl=legend (txtl (1) ,txt1(2) ,txt1(3),txt1(4),"$current \ at \
rigin$" ,4),

end

xtitle ("","$t \; / \; \mu s$","$I \; / \; kAs$")
end
fig=input (" Draw figures of current derivative? 1 for yes, other for no: ")
write (%io(2) ," ")

if fig==
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tzoom=input (" zoom at tmax in us (0 for mnomne): ")
write (%io(2) ," ")
dIOt=splin (tv,I0t)

f3=scf ((fl.figure_id+2)) // seclect figure

clf (£f3) // clear if exist

plot2d ((tv (1l:tmax)*10°6) ,(dI0t (1l:tmax)*10°(—9)),style=1) // plot complete
current derivative

f3.figure_size=[1500 1000]

f3.children.grid=[1 1]

xtitle ("","$t \ \; / \; \mu s$","$\frac{\mathrm{d}I}{\mathrm{d}t} \; / \;
frac{kA}{\mu s}s$")

if tzoom>0
fa=scf ((fl1.figure_id+3)) // select figure
clf(fa) // clear if exist
tzoom=tzoom=*10"(—6)
tzoom=find (tv>=tzoom ,1) // find next index according to zoom given

\

plot2d((tv(l:tzoom)*10'6>,(dIOt(l:tzoom)*lO‘(79)),style:l) // plot zoomed

current derivative
f4.figure_size=[1500 1000]
f4 . children.grid=[1 1]

xtitle ("","$t \ \; / \; \mu s$","$\frac{\mathrm{d}I}{\mathrm{d}t} \; / \;
\frac{kA}{\mu s}s$")
end
end
end
endfunction
ground/func_rsc.sci
/] vT7.1
// functions to calculate return—stroke—currents at channel origin (heidler , dexp

)
written by Andreas F. Dvorak
Vienna University of Technology
Faculty of Electrical Engineering and Information Technology
Institute of Power Systems and Energy Economics

functionname heidler

function to calculate current at channel origin

as a heidler function
input: I0, T1, T2, n (scalar)
tv ... timevector (vector 1:m)
output: I0t=I(0,t) ... current at channel origin (vector 1:m)

function IO0Ot=heidler (I0,T1,T2,n,tv)
eta=exp(—T1/T2x(nxT2/T1) " (1/n))
fracl=(tv/T1l)."n // to reduce processing time

I10t=I0/etax(fracl.x(ones(fracl)+fracl).”"(—1)).*xexp(—tv/T2)

endfunction

// functionname dexp

function to calculate current at channel origin
as a double—exponential function

// input: I0, T1, T2 (scalar)

// tv ... timevector (vector 1:m)
// output: I0t=I(0,t) ... current at channel origin (vector 1:m)
function IO0t=dexp(I0,T1,T2,tv)

10t=I0*(exp(—tv/T1l)—exp(—tv/T2))

endfunction

A.1.3 Calculation of fields
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function

//

~~~
~~

~—~
~~~

~~~
~~

ground /field.sci
vT7.1
module to calculate the field and its components
written by Andreas F. Dvorak
Vienna University of Technology
Faculty of Electrical Engineering and Information Technology

Institute of Power Systems and Energy Economics

functionname field

input: I0t=I(0,t) ... current at channel origin
I0tb=Ib(0,t) ... breakdown current for DU model
I0tc=Ic(0,t) ... corona current for DU model
tv ... timevector
tend ... endtime for calculation
cv ... channelvector
vf ... upward—propagating return—front—wave speed in m/s
rsmt ... return—stroke—model type (1: TL, 2: MTLE, 3: TCS, 4: DU)
la ... coefficient for MTLE model in m
taub ... breakdown coefficient for DU model in s
taub ... corona coefficient for DU model in s
Rp ... distance of fieldpoint in m
output: E=E(t) ... electrical field in V/m
Ee, Ei, Er, Ed ... componenets of electrical field in V/m
B=B(t) ... magnetic field in T
Bi, Br, Bd ... componenets of magnetic field in T
tf ... time of arrival of field at field point in s

taub , tauc ,Rp)

exec ("e_field.sci",—1) // load field functions
exec ("i_field.sci",—1) // load field functions
exec ("r_field.sci",—1) // load field functions
exec ("d_field.sci",—1) // load field functions

c=299792458 // speed of light
tf=Rp/c // starttime of field at fieldpoint
write (%io(2)," ")

timer ()

write (%io(2) ," ... calculating radiation component")
write (%io(2)," "
[Er,Br]=r_field (10t ,I0tb ,I0tc ,tv,cv,vf,rsmt,la,taub,tauc ,Rp) // calculate

radiation component

write (%io(2) ,timer ())
write (%io(2),” )
timer ()

write (%io(2) ," ... calculating induction component")
write (%io(2)," ")
[Ei,Bi]=i_field (I0t ,I0tb ,I0tc ,tv,cv,vf,rsmt,la,taub,tauc ,Rp) // calculate

induction component

write (%io(2) ,timer ())
write (%io(2),” 7
timer ()
write (%io(2) ," ... calculating electrostatic component")

write (%io(2)," ")
Ee=e_field (10t ,I0tb ,I0tc ,tv,cv,vf,rsmt,la,taub,tauc ,Rp) // calculate

electrostatic ('omp()n(-nt)

write (%io(2) ,timer ())
write (%io(2),” )
timer ()

if rsmt==3 then // for TCS model

write (%io(2) ," ... calculating component of discontinuity")

write (%io(2)," ")

[Ed,Bd]=d_field (10t ,tv,cv,vf,Rp) // calculate discontinuity component
else

Ed=0

Bd=0
end

[E,Ee,Ei,Er,Ed,B,Bi,Br,Bd, tf]=field (10t ,10tb ,I0tc ,tv,tend ,cv,vf,rsmt,la,
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//

write (%io(2) ,timer ())
write (%io(2)," ")

E=Ee+Ei+Er+Ed
B=Bi+Br+Bd

endfunction

//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//

ground/e_field.sci

v7.1

function to calculate the electrostatic component of the field

with perfectly conducting ground in height z=0

by Andreas F. Dvorak
Vienna University of Technology

Faculty of Electrical Engineering and Information Technology

Institute of Power Systems and Energy Econom

functionname e_field

input: I0t=I(0,t) ... current at channel origin (vector 1:k)

I0tb=Ib(0,t) ... breakdown current at channel origin
vector 1:k

for

DU model (

I0tc=Ic(0,t) ... corona current at channel origin for DU model (vector
1:k)
tv ... timevector for current (vector 1:k)
cv ... channelvector (vector 1:n)
vf ... upward—propagating return—front—wave speed (scalar)
rsmt ... return—stroke—model type (scalar)
la ... coefficient for MTLE model (scalar)
taub ... breakdown coefficient for DU model (scalar)
taub ... corona coefficient for DU model (scalar)
Rp ... distance of fieldpoint (scalar)
output: Ee(t) ... electric induction component

function Ee=e_field (10t ,I0tb ,I0tc ,tv,cv,vf,rsmt,la,taub, tauc,Rp)

c=299792458 // speed of light
eps0=8.8542x10"(—12) // permittivity
mu0=4«%pi*10~(—=7) // permeability

ca=length(cv) // number of channelsteps (and timesteps of calculation)

R=sqrt (Rp"24cv."2) // distance from dipole to point P
ta=length (tv) // number of timesteps of current

efac=(2%cv."2—Rp~"2)./(R. 5% (2% %pixeps0)) // factor eclectrostatic component

if (rsmt<>4)|(I0tb==zeros (I0tb)) // not Du model or 1 current

dIOte=(I0t (ta)—I10t(ta—1))/tv(2) // derivative of current
dIOt=splin (tv,I0t,"clamped" ,[0 dIOte]) // derivatives of
at starttime
else // 2 currents form DU model
dIOte=(I0t (ta)—I0t(ta—1))/tv(2) // derivative of current
dIOt=splin (tv,I0t ,"clamped" ,[0 dIOte]) // derivatives of
at starttime

10t

cur

10t

cur

dIOtbe=(I0tb (ta)—I0tb (ta—1))/tv(2) // derivative of current

dIOtb=splin (tv,I0tb,"clamped" ,[0 dIOtbe]) // derivatives
current IOtb with 0 at starttime

of

dIO0tce=(I0tc (ta)—IO0tc(ta—1))/tv(2) // derivative of current

dIO0tc=splin (tv,I0tc,"clamped" ,[0 dIOtce]) // derivatives
I0tc with 0 at starttime
end

dFe=zeros(ca,ca) // build inital field matrix

of

for DU model

an the end
rent I0t with O

an the end

rent I0t with O

I0tb an the end
breakdown

I0tc an the end
corona current

Ee=zeros (1,ca) // build inital vector of Ee electrostatic component of E

for j=1l:ca
select rsmt

case 1 then // TL model
Izt=[zeros (1,(j—1)) 10t (1l:(ca—j+1))]
index=find (Izt <>0,1)
if index==[], break, end
for i=index:ca

dFe(j,i)=dFe(j,(i—1))+tv(2)*(Izt(i—1)+Izt(i))/2 //calculate Q

end

case 2 then // MTLE model
Izt=[zeros (1,(j—1)) 10t (1l:(ca—j+1))xexp(—cv(j)/la)]
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index=find (Izt <>0,1)
if index==[], break, end
for i=index:ca
dFe(j,i)=dFe(j,(i—1))+tv(2)*(Izt(i—1)+Izt(i))/2 //calculate Q
end

case 3 then // TCS model
tsstart=cv(j)/vitev(j)/c // starttime of timestep—vector
tsend=tsstart+(ca—j)*tv(2) // endtime of timestep—vector
ts=tsstart:tv(2):tsend// timestep—vector for interpolation

Izt=interp (ts ,tv,I10t,dIOt ,"by_zero") // calculate current as spline
interpolation
Izt=[zeros (1,(j—1)) Izt (1l:(ca—j+1))]
index=find (Izt <>0,1)
if index==[], break, end
for i=index:ca
dFe(j,i)=dFe(j,(i—1))+tv(2)*(Izt (i—-1)+Izt(i))/2 //calculate Q
end
case 4 then // DU model
tsstart=cv(j)/vitcv(j)/c // starttime of timestep—vector
tsend=tsstart+(ca—j)*xtv(2) // endtime of timestep—vector
ts=tsstart:tv(2):tsend // timestep—vector for interpolation
if I0tb==zeros (I0tb) then // one current
Izt=interp (ts,tv,I10t,dI0Ot,"by_zero") // calculate current as spline
interpolation
dfb=exp(—tv (1l:length(ts))/taub) // decrease factor breakdown
Izt=Izt—Izt (1).xdfb
else // breakdown and corona current
Iztb=interp (ts ,tv,I0tb ,dIOtb ,"by_zero") // calculate current as
spline interpolation
dfb=exp(—tv (l:length(ts))/taub) // decrease factor breakdown
Iztc=interp (ts,tv,I0tc ,dI0Otc,"by_zero") // calculate current as
spline interpolation
dfc=exp(—tv (l:length(ts))/tauc) // decrecase factor corona
Izt=Iztb—Iztb (1).xdfb+Iztc—Iztc (1) .xdfc
end
Izt=[zeros (1,(j—1)) Izt (1l:(ca—j+1))]
index=find (Izt <>0,1)
if index==[], break, end
for i=index:ca
dFe(j,i)=dFe(j,(i—1))+tv(2)*(Izt (i—-1)+Izt(i))/2 //calculate Q
end
end
end
for i=1l:ca
Ee(i)=inttrap (cv(1l:i),(dFe(1:i,i) ’.xefac(1:i))) // calculate field
integrate over the channel
end
endfunction
ground/i_field.sci
// vT.1
// function to calculate the induction components of the field
// with perfectly conducting ground in height z=0
// by Andreas F. Dvorak
// Vienna University of Technology
// Faculty of Electrical Engineering and Information Technology
// Institute of Power Systems and Energy Economics
// functionname i_field
// input: I0t=I(0,t) ... current at channel origin (vector 1:k)
// I0tb=Ib(0,t) ... breakdown current at channel origin for DU model (
vector 1:k)
// I0tc=Ic(0,t) ... corona current at channel origin for DU model (vector
1:k)
// tv ... timevector for current (vector 1:k)
// cv ... channelvector (vector 1:n)
// vf ... upward—propagating return—front—wave speed (scalar)
// rsmt ... return—stroke—model type (scalar)
// la ... coefficient for MTLE model (scalar)
// taub ... breakdown coefficient for DU model (scalar)
// taub ... corona coefficient for DU model (scalar)
// Rp ... distance of fieldpoint (scalar)
// output: Ei(t) ... electric induction component (vector 1:n)
// Bi(t) ... magnetic induction component (vector 1:n)
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function [Ei,Bi]=i-field (10t ,I0tb,I0tc ,tv,cv,vf,rsmt,la, taub, tauc,Rp)

c=299792458 // speed of light

eps0=8.8542x10"(—12) // permittivity
mu0=4«%pi*10~(—=7) // permeability

ca=length (cv) // number of time— and channelsteps
R=sqrt (Rp"2+cv."2) // distance from dipole to point P
ta=length (tv) // number of timesteps of current

efac=(2%xcv."2—Rp"2)./(cxR. 4% (2% %pixeps0)) // factor electric induction
component
bfac=(muO*Rp) ./ (2% %pi*xR."3) // factor magnetic induction component

if (rsmt<>4)|(I0tb==zeros (I0tb)) // not Du model or 1 current for DU model
dIOte=(I0t (ta)—I0t(ta—1))/tv(2) // derivative of current 10t an the end
with 0

dIOt=splin (tv,I0t,"clamped" ,[0 dIOte]) // derivatives of current 10t
at starttime
else // 2 currents form DU model

dIOte=(I0t (ta)—I0t(ta—1))/tv(2) // derivative of current 10t an the end

dIOt=splin (tv,I0t ,"clamped" ,[0 dIOte]) // derivatives of current 10t
at starttime

dIOtbe=(I0tb (ta)—I0tb(ta—1))/tv(2) // derivative of current I0tb an the

dIOtb=splin (tv,I0tb ,"clamped" ,[0 dIOtbe]) // derivatives of breakdown

current IOtb with 0 at starttime

dIOtce=(I0tc (ta)—I0tc(ta—1))/tv(2) // derivative of current I0tc an the

with 0

end

end

dIOtc=splin (tv,I0tc,"clamped" ,[0 dIOtce]) // derivatives of corona current

I0tc with 0O at starttime
end

dFi=zeros (ca,ca) // build inital field matrix

Ei=zeros(1,ca) // build inital line vector of Ei electric induction component

of E

Bi=zeros(1,ca) // build inital line vector of Bi magnetic induction component

of E
for j=1l:ca
select rsmt

case 1 then // TL model
Izt=[zeros (1,(j—1)) 10t (1l:(ca—j+1))]
dFi(j,:)=Izt

case 2 then // MTLE model
Izt=I0t*xexp(—cv(j)/la)
Izt =[zeros (1,(j—1)) 10t (1l:(ca—j+1))xexp(—cv(j)/la)]
dFi(j,:)=Izt

case 3 then // TCS model
tsstart=cv(j)/vitcv(j)/c // starttime of timestep—vector
tsend=tsstart+(ca—j+1)*tv(2) // endtime of timestep—vector
ts=tsstart:tv(2):tsend// timestep—vector for interpolation

Izt=interp (ts,tv,I0t,dI0Ot,"by_zero") // calculate current as spline

/

interpolation by_zero: if out—of—bound finish extrapolation with 0

Izt=[zeros (1,j—1) Izt (1l:(ca—j+1))]
dFi(j,:)=Izt

case 4 then // DU model
tsstart=cv(j)/vitev(j)/c // starttime of timestep—vector
tsend=tsstart+(ca—j+1)*xtv(2) // endtime of timestep—vector
ts=tsstart:tv(2):max(tv) // timestep—vector for interpolation

with

if I0tb==zeros(I0Otb) then
Izt=interp (ts ,tv,I0t,dIOt ,"by_zero") // calculate current as spline
interpolation by_-zero: if out—of—bound finish extrapolation
0

dfb=exp(—tv (l:length(ts))/taub) // decrease factor breakdown
Izt=Izt—Izt (1).xdfb
else
Iztb=interp (ts,tv,I0tb ,dIOtb,"by_zero") // calculate current as
spline interpolation by_zero: if out—of—bound finish
extrapolation with 0
dfb=exp(—tv (l:length(ts))/taub) // decrease factor breakdown
Iztc=interp (ts,tv,I0tc ,dIOtc,"by_zero") // calculate current as
spline interpolation by_zero: if out—of—bound finish
extrapolation with 0
dfc=exp(—tv (l:length(ts))/tauc) // decrease factor corona
Izt=Iztb—Iztb (1).%xdfb+Iztc—Iztc (1) .xdfc
end
Izt=[zeros (1,j—1) Izt (l:(ca—j+1))]
dFi(j,:)=Izt
end
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for i=2:ca
Ei(i)=inttrap(cv(1l:i),(dFi(1l:i,i) .xefac(1l:i))) // calculate field
integrate over the channel
Bi(i)=inttrap(cv(1l:i),(dFi(1l:i,i) .xbfac(l:i)))
end

endfunction

ground /r_field.sci
v7.1

function to calculate the radiation components of the field
with perfectly conducting ground in height z=0

by Andreas F. Dvorak

Vienna University of Technology

Faculty of Electrical Engineering and Information Technology
Institute of Power Systems and Energy Economics

functionname r_field

SN SO S e e e e
SISO S e e e e

input: I0t=I(0,t) ... current at channel origin (vector 1:k)
I0tb=Ib(0,t) ... breakdown current at channel origin for DU model (
vector 1:k)
I0tc=Ic(0,t) ... corona current at channel origin for DU model (vector
1:k)
tv ... timevector for current (vector 1:k)
cv ... channelvector (vector 1:n)
vf ... upward—propagating return—front—wave speed (scalar)
rsmt ... return—stroke—model type (scalar)
la ... coefficient for MTLE model (scalar)
taub ... breakdown coefficient for DU model (scalar)
taub ... corona coefficient for DU model (scalar)
Rp ... distance of fieldpoint (scalar)
output: Er(t) ... electric radiation component (vector 1:n)
Br(t) ... magnetical radiation component (vector 1:n)

function [Er,Br]=r_field (10t ,I0tb,I0tc ,tv,cv,vf,rsmt,la,6 taub, tauc,Rp)

c=299792458 // speed of light

eps0=8.8542x10"(—12) // permittivity
mu0=4«%pi*10~(—=7) // permeability

ca=length(cv) // amount of time— and channelsteps
R=sqrt (Rp"24cv."2) // distance from dipole t point P
ta=length (tv) // amount of timesteps of current

efac=(—1)*(Rp~2)./(c"2%R."3% (2% %pixeps0)) // factor electric radiation
component
bfac=(muO*Rp) ./ (2% %pixc*xR."2) // factor magnetic radiaion component

if (rsmt<>4)|(I0tb==zeros (I0tb)) // not Du model or 1 current for DU model
dIOte=(I0t (ta)—I0t(ta—1))/tv(2) // derivative of current [0t an the end
dIOt=splin (tv,I0t,"clamped" ,[0 dIOte]) // derivatives of current [0t with
at starttime
else // 2 currents form DU model
dIOte=(I0t (ta)—I0t(ta—1))/tv(2) // derivative of current I0t an the end
dIOt=splin (tv,I0t ,"clamped" ,[0 dIOte]) // derivatives of current 10t with
at starttime

0

0

dIOtbe=(I0tb (ta)—I0tb (ta—1))/tv(2) // derivative of current I0th an the end

dIOtb=splin (tv,I0tb ,"clamped" ,[0 dIOtbe]) // derivatives of breakdown
current IOtb with 0 at starttime

dIO0tce=(I0tc (ta)—IO0tc (ta—1))/tv(2) // derivative of current I0tc an the end

dIOtc=splin (tv,I0tc,"clamped" ,[0 dIOtce]) // derivatives of corona current
I0tc with 0O at starttime
end

dFr=zeros (ca,ca) // build inital field matrix
Er=zeros(l,ca) // build inital line vector of Er radiation component of E
Br=zeros (l,ca) // build inital line vector of Br radiation component of B

for j=l:ca
select rsmt

case 1 then // TL model
dFr(j,:)=[zeros(1,j—1) dIOt (1:(ca—j+1))]

case 2 then // MTLE model
Izt=I0t*exp(—cv(j)/la)
dlzte=(Izt (ta)—Izt(ta—1))/tv(2)
dIzt=splin (tv,Izt ,"clamped" ,[0 dlIzte])
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dFr(j,:)=[zeros(1,j—1) dIzt (1l:(ca—j+1))]

case 3 then // TCS model

tsstart=cv(j)/vitcv(j)/c // starttime of timestep—vector

tsend=tsstart+(ca—j+1)xtv(2) // endtime of timestep—vector

ts=tsstart:tv(2):tsend // timestep—vector for interpolation

Izt=interp (ts,tv,I10t,dI0Ot,"by_zero") // calculate current as spline
interpolation by_zero: if out—of—bound finish extrapolation with

dIzt=splin (ts,Izt ,"monotone") // derivative of current in channel

dFr(j,:)=[zeros(1,j—1) dlIzt (1:(ca—j+1))]

case 4 then // DU model
tsstart=cv(j)/vitcv(j)/c // starttime of timestep—vector
tsend=tsstart+4+(ca—j+1)*tv(2) // endtime of timestep—vector
ts=tsstart:tv(2):tsend //max(tv)// timestep—vector for interpolation

if I0tb==zeros(IOtb) then
Izt=interp (ts ,tv,I10t,dI0Ot ,"by_zero") // calculate current as spline
interpolation by-zero: if out—of—bound finish extrapolation wi
0

dfb=exp(—tv (l:length(ts))/taub) // decrease factor breakdown
Izt=Izt—Izt (1).xdfb
else
Iztb=interp (ts,tv,I0tb ,dI0Otb,"by_zero") // calculate current as
spline interpolation by_zero: if out—of—bound finish
extrapolation with 0
dfb=exp(—tv (l:length(ts))/taub) // decrease factor breakdown
Iztc=interp (ts ,tv,I0tc ,dIOtc,"by_zero") // calculate current as
spline interpolation by_zero: if out—of—bound finish
extrapolation with 0
dfc=exp(—tv (l:length(ts))/tauc) // decrease factor corona
Izt=Iztb—Iztb (1) .xdfb+Iztc—Iztc (1) .xdfc
end
tsl=length (ts)
dIzte=(Izt (tsl)—Izt(tsl —1))/tv(2)
dIzt=splin (ts,Izt,"clamped" ,[0 dIzte])
dFr(j,:)=[zeros(1,j—1) dIzt (1l:(ca—j+1))]

end

for i=2:ca
Er(i)=inttrap(cv(l:i),(dFr(1:i,i)’.xefac(1:i))) // calculate field
integrate over the channel
Br(i)=inttrap(cv(1l:i),(dFr(1l:i,i) .xbfac(1l:i)))
end ;

endfunction

ground/d_field.sci

function to calculate the discontinuity components of the field
with perfectly conducting ground in height z=0

by Andreas F. Dvorak

Vienna University of Technology

Faculty of Electrical Engineering and Information Technology
Institute of Power Systems and Energy Economics

functionname d_field

input: I0t=I(0,t) ... current at channel origin (vector 1:k)
tv ... timevector for current (vector 1:k)
cv ... channelvector (vector 1:n)
vf ... upward—propagating return—front—wave speed (scalar)
Rp ... distance of fieldpoint (scalar)

output: Ed(t) ... electric discontinuity component (vector 1:n)
Bd(t) ... magnetic discontinuity component (vector 1:n)

function [Ed,Bd]=d_field (10t ,tv,cv,vf,Rp)

c=299792458 // speed of light

eps0=8.8542%10"(—12) // permittivity
mu0=4x%pi*10~(—=7) // permeability

ca=length (cv) // number of channel— and timesteps
R=sqrt (Rp"24cv."2) // distance from dipole to point P

dIOte=(I0t (ta)—I10t(ta—1))/tv(2) // derivative of current 10t an the end
dIOt=splin (tv,I0t ,"clamped" ,[0 dIOte]) // derivatives of current 10t with 0
starttime

0

th

at
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32 dH=splin (tv(l:ca),cv) // derivative of high of discontinuity with respect to
time

33

34 efac=—(Rp~2)./(c"2*R."3% (2% %pixeps0)) // factor electric discontinuity
component

35 bfac=(muOxRp) ./ (2* %pixc*xR."2) // factor magnetic discontinuity component

36

37 Ed=zeros(l,ca) // build inital line vector of Ed discontinuity component of

38 Bd=zeros (l,ca) // build inital line vector of Bd discontinuity component of

39

40 tsstart=cv/vft+cv/c // starttime of current

41 Iht=interp (tsstart ,tv,I0t ,dIOt ,"by_zero") // calculate current as spline
interpolation by_zero: if out—of—bound finish extrapolation with 0

42 Ed=efac.*Iht.*xdH

43 Bd=bfac.*Iht.*xdH

44

45 endfunction

A.1.4 Plotting and saving of data

ground /func_save.sci

// functions to save the field (save_field, save_all_field)

1
2
3
4
5 //
6
7
8
9

written by Andreas F. Dvorak
of Technology
// Faculty of Electrical Engineering and Information Technology

// Vienna University

’,f'/' Institute of Power Systems and Energy Economics

functionname save_field

functions to save field and its components

input: E=E(t) ... electrical field in V/m
Ee, Ei, Er, Ed ... components of electrical field in V/m
B=B(t) ... magnetic field in T
Bi, Br, Bd ... components of magnetic field in T
tf ... time of arrival of field at field point in s
tv ... timevector
vf ... upward—propagating return—front—wave speed in m/s
rsmt ... return—stroke—model type (1: TL, 2: MTLE, 3: TCS, 4: DU)
la ... coefficient for MTLE model in m
taub ... breakdown coefficient for DU model in s
taub ... corona coefficient for DU model in s
Rp ... distance of fieldpoint in m

29 // output: none

31 function []=save_field (E,Ee,Ei,Er,Ed,B,Bi,Br,Bd,tf,tv,vf,rsmt,la,taub,tauc,Rp)

33 select rsmt

34 case 1, txt="TL Model: vf="+string(vf)+"m/s"

35 case 2, txt="MTLE Model: vf="+string(vf)+"m/s, lambda="+string(la)+"m"

36 case 3, txt="TCS Model: vf="+4string (vf)+"m/s"

37 case 4, txt="DU Model: vif="+string(vf)+"m/s, Tb="+string (taub)+"s, Tc="+
string (tauc)+"s"

38 else txt=""

39 end

40

41 if length(Ed)<length(E) then

42 Ed=zeros (E)

43 Bd=zeros (E)

44 end

45

46 write (%io(2) ,"save field")

47 write (%io(2) ,"---------- ")

48 write (%io(2)," ")

49 sav=input (" save field and components to file? 1 for yes, other for no: ")

50 write (%io(2)," ")
51 if sav==1 then

52 errcatch (999,"continue")

53 fnw=input (" filename: " ,"s")

54 fid=mopen (fow, "w")

55 if fid==—1 then

56 write (%io(2) ," Error: Cannot open file for writing!")
57 else

58 write (%io(2) ," ... writing data to file: "+4fnw)

59 write (%io(2) ," ")

=
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mfprintf(fid ,"%s \n",txt)

mfprintf(fid ,"%s %3.2f %s \n","field and components at fieldpoint: " ,(Rp

*10"(—3)),"km")
mfprintf (fid ,"%s \t \t %s \t %s \t %s \t %s \t %s \t %s \t %s \t ¥s \t
n","Name:" ,"E" ,"Ee" ,"Ei" ,"Er" ,"Ed","B" ,"Bi" "Br" 6 "Bd")
mfprintf(fid ,"%s \t %i \n","Length:",length(E))
mfprintf(fid ,"%s \t %e %s \n","Starttime:",tf,"s")
mfprintf(fid ,"%s \t %e s \n","Unit X-Axis:",tv(2))
mfprintf(fid ,"%s \t %s \t %s \t %s \t %s \t %s \t %s \t
"Unit Y-Axis:","V/m","V/m","V/m","V/m","V/m" ,"T" "T"
mfprintf(fid ,"%s \n","Data:")
for i=1l:length (E)
mfprintf(fid ,"%1.5e \t %1.5e \t %1.5e \t %1.5e \t %1.5e \t %1.5e \t %

%

\t %s \t %s
7ITII7VITIV)

%s \

\n",

1.5e

\t %1.5e \t %1.5e \t \n" E(i),Be(i),Bi(i),Er(i),Bd(i),B(i),Bi(i),Br(

i),Bd(i))
end
mclose (fid)
end
errcatch(—1)
end
endfunction
functionname save_all_field
function to save fields of all models
input: E_tl E_mtle, E_tcs, E_.du ... electrical field of all models in V/m
B_tl, 3_mtle, B_tcs, B_.du ... magnetic field of all models in T
tf ... time of arrival of field at field point in s
tv ... timevector
vf ... upward—propagating return—front—wave speed in m/s
la ... coefficient for MT model in m

taub ... breakdown coefficient for DU model in s
taub ... corona coefficient for DU model in s
Rp ... distance of fieldpoint in m

output: none

function [J=save_all_field (E_tl,E_mtle,E_tcs ,E_du,B_tl,B_mtle,B_tcs ,B_du, tf ,tv,vf

,la ,taub ,tauc ,Rp)

"TL Model: vf="+4string(vf)+"m/s"
vi="+4string (vf)+"m/s, lambda="+4string(la)+"m"
vi="+string (vf)+"m/s"

txt4="DU Model: vf="4string(vf)+"m/s, Tb="+string (taub)+"s, Tc="+string (tauc)+"

s

write (%io(2) ,"save fields")
write (%io(2) ,"--=--=------~- ")
write (%io(2)," ")
sav=input (" save fields to file? 1 for yes, other for no: ")
write (%io(2)," ")
if sav==1 then
fnw=input (" filename: " ,"s")
fid=mopen (faw,"w")
if fid==—1 then
write (%io(2) ," Error: Cannot open file for writing!")
else
write (%io(2) ," ... writing data to file: "+fnw)
write (%io(2) ," ")
mfprintf(fid ,"%s \n",txtl)
mfprintf(fid ,"%s \n",txt2)
mfprintf(fid ,"%s \n",txt3)
mfprintf(fid ,"%s \n",txt4)
mfprintf(fid ,"%s %3.2f %s \n","fields at fieldpoint: " ,(Rpx10"(—3)),

)
mfprintf(fid ,"%s \t \t %s \t %s \t %s \t %s \t %s \t %s \t %s \t s

"gm "

\n",

"Name:" ,"E_tl1","E_mtle" ,"E_tcs" ,"E_du","B_tl","B_mtle" ,"B_tcs","B_du

")

mfprintf(fid ,"%s \t %i \n","Length:" ,length(E_tl))
mfprintf(fid ,"%s \t %e %s \n","Starttime:" , tf,6"s")
mfprintf(fid ,"%s \t %e s \n","Unit X-Axis:",tv(2))
mfprintf(fid ,"%s \t %e s \n","1st x-Value:", 6 tf)

mfprintf(fid ,"%s \t %s \t %s \t %s \t %s \t %s \t %s \t %s \t %s \n",

Unit Y-Axis:","V/m","V/m","V/m","V/m" "T" "T" "T" "T")
mfprintf(fid ,"%s \n","Data:")
for i=1l:length (E_tl)

mfprintf(fid ,"%1.5e \t %1.5e \t %1.5e \t %1.5e %1.5e \t %1.5e \t

%1.5

e \t %1.5e¢ \n" ,E_tl(i),E_mtle(i),E_tcs(i),E_du(i),B_tl(i),B_mtle(

i),B_tcs(i),B_du(i))
end
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end

mclose (fid)
en

endfunction

ground /func_plot.sci

functions to plot the field (plot_-field , plot_all_field)

wri
Vie
Fac

fun
fun

inp

out

function

tten by Andreas F. Dvorak
nna University of Technology

culty of Electrical Engineering and Information Technology

Institute of Power Systems and Energy Economics

ctionname plot_field

ction to plot field and its components

T

ut: E=E(t) .. electrical field in V/m
Ee, Ei, Er, Ed components of electrical field
B=B(t) ... magnetic field in T
Bi, Br, Bd components of magnetic field in
tend ... endtime of calculation in s
tv ... time—vector
tzoom ... zoomtime in us
fn ... startnumber for figure
put: none

tzoom=tzoom=*10"(—6)

wide=1000
high=500
tit="n

select rsmt
case 1 then

tit="Transmission Line Model"
case 2 then

tit="Modified Transmission Line Model"
case 3 then

tit="Travelling Current Source Model"
case 4 then

tit="Diendorfer Uman Model"

end

fl=scf(fn) // seclect figure

clf (f1) // clear if exist

tmax=find (tv>=tend ,1) // find next index according
if Ed<>0

-

o

plot2d ((tv (l:tmax)*1076) ' ,[Ee(l:tmax)’ Ei(l:tmax)’

)’ E(l:tmax)’],style=[2 13 5 3 1])
else

plot2d ((tv (l:tmax)*1076) ’ ,[Ee(l:tmax)’ Ei(l:tmax)’

'], style=[2 13 5 1])
end
fl.figure_size=[wide high]
fl.children.grid=[1 1]
fl.children.margins (2)=0.3
if Ed<>0

hl=legend ("$electrostatic \ component$" ,"$induction \

$radiation \ component$" ,"$discontinuity \
field$",—1)
else

hl=legend ("$electrostatic \ component$","$induction \

in V/m

endtime

[[=plot_-field (rsmt ,E,Ee,Ei,Er,Ed,B,Bi,Br,Bd, tend ,tv ,tzoom, fn)

given

Er(l:tmax)’ Ed(1l:tmax

Er(l:tmax)’ E(1l:tmax)

$radiation \ component$","$electrical \ field$",—1)

end

xtitle (tit ,"$t \ / \ \mu s$","$E \ / \ \frac{V}{m}s$")

if tzoom>0

f2=scf(fl.figure_id+1) // seclect figure

clf (f2) // clear if exist

tzoom=find (tv>=tzoom ,1) // find next index according to zoom given
if Ed<>0

plot2d ((tv (l:tzoom)*10"6)  ,[Ee(l:tzoom)’ Ei(l:tzoom)’
(1:tzoom)’ E(l:tzoom) ’],style=[2 13 5 3 1])

component$" ,"
component$" ,"$electrical \

component$" ,"

Er(1l:tzoom)’

Ed
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else

plot2d ((tv(l:tzoom)*10°6) ’ ,[Ee(l:tzoom)’ Ei(l:tzoom)’ Er(l:tzoom)’ E

(l:tzoom) ’],style=[2 13 5 1])
end
f2.figure_size=[wide high]
f2.children.grid=[1 1]
f2.children .margins (2)=0.3

if Ed<>0
hl=legend ("$electrostatic \ component$" ,"$induction \ component$", k"
$radiation \ component$","$discontinuity \ component$","
$electrical \ field$",—1)
else
hl=legend ("$electrostatic \ component$","$induction \ component$",
$radiation \ component$" ,"$electrical \ field$",—1)
end
xtitle (tit ,"$t \ / \ \mu s$","$E \ / \ \frac{Vi{m}s$")
end
f3=scf(fl.figure_id+2) select figure
clf (£3) clear if exist
if Bd<>0

plot2d ((tv(1l:tmax)*1076) ’,[(Bi(l:tmax)*10"6)’ (Br(l:tmax)=*10"6)’ (Bd(1:

tmax)*10°6)° (B(l:tmax)*1076) ] ,style=[2 13 5 1])
else

plot2d ((tv (1l:tmax)*10"6) ' ,[(Bi(l:tmax)*1076)’ (Br(l:tmax)=*10"6)’ (B(1:

tmax)*1076) '] ,style=[2 13 1])
end
f3.figure_size=[wide high]
f3.children.grid=[1 1]
f3.children . margins (2)=0.3

if Bd<>0
hl=legend ("$induction \ component$" ,"$radiation \ component$" 6"
$discontinuity \ component$","$magnetic \ field$",—1)
else
hl=legend (" $induction \ component$","$radiation \ component$",6"$magnetic

\ field$",—1)
end

xtitle (tit ,"$t \ / \ \mu s$","$B \ / \ \mu T$")

if tzoom>O0

fa=scf (fl.figure_id+3) select figure
clf(fd) clear if exist
if Bd<>0

plot2d ((tv (l:tzoom)*10°6) *,[(Bi(1l:tzoom)=*10"6)’ (Br(1l:tzoom)=*10"6)"’

Bd(1l:tzoom)*1076)’ (B(l:tzoom)=*1076) ’],style=[2 13 5 1])
else

plot2d ((tv (1l:tzoom)*10°6) > ,[(Bi(1l:tzoom)=*10"6)’ (Br(1l:tzoom)=*1076)"’

B(l:tzoom)*10"6) '] ,style=[2 13 1])
end
f4 . figure_size=[wide high]
f4 . children . grid=[1 1]
f4 . children . margins (2)=0.3

if Bd<>0
hl=legend ("$induction \ component$","$radiation \ component$", 6 "
$discontinuity \ component$","$magnetic \ field$",—1)
else
hl=legend ("$induction \ component$","$radiation \ component$", k"
$magnetic \ field$",—1)
end
xtitle (tit ,"$t \ / \ \mu s$","$B \ / \ \mu T$")
end

endfunction

functionname plot_all_fielc

function to plot fields of all models

input: E_tl, E_mtle, E_tcs, E_.du ... electrical field of all models in V

B_tl, B_mtle, B_tcs, B_.du ... magnetic field of all models in T
tend ... endtime of calculation in s

tv ... time—vector

tzoom ... zoomtime in us

fn .. startnumber for figure

la ... coefficient for MTLE model in m

taub ... breakdown coefficient for DU model in s

tauc ... corona coefficient for DU model in s

output: none

n

(

(

function [J=plot_all_field (E_tl ,E_mtle,E_tcs ,E_du,B_tl,B_mtle,B_tcs ,B_du,tend, tv,

tzoom , fn ,la ,taub, tauc)
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tzoom=tzoom=*10"(—6)

wide=1000
high=500

txt1="$TL \ model$"
txt2="$MTLE \ model: \ \lambda="+string(la)+"m $"
txt3="$TCS \ model$"
if tauc==0 then
txt4="$DU \ model: \ \tau ="4string ((taub*x1076))+"\mu s$"
else
txt4="$DU \ model: \ \tau_{b} ="+string ((taubx10"6))+"\mu s, \ \tau_{c} ="+
string ((tauc*1076))4+"\mu s$"
end

fl=scf(fn) select figure

clf (f1) clear if exist

tmax=find (tv>=tend , 1)

plot2d ((tv(l:tmax)*1076) ’ ,[E_tl (l:tmax)’ E_mtle(l:tmax)’ E_tcs(l:tmax)’ E_du(1l:
tmax) ’] ,style=[2 13 5 1])

hl=legend (txtl ,txt2 ,txt3 ,txt4d,—1)

fl1.figure_size=[wide high]

f1.children.grid=[1 1]

fl1.children.margins (2)=0.3

xtitle ("A1ll Models","$t \ / \ \mu s$","$E \ / \ \frac{V}{ml}s$")

if tzoom>0
f2=scf(fl.figure_id+1) select figure
clf (£2) clear if exist
tzoom=find (tv>=tzoom ,1) find next index according to zoom given
plot2d ((tv (1l:tzoom)*10°6) ,[E_tl(1l:tzoom)’ E_mtle(1l:tzoom)’ E_tcs (1:tzoom)"’
E_du(l:tzoom) ’],style=[2 13 5 1])
hl=legend (txtl ,txt2 ,txt3 ,txt4,—1)
f2 . figure_size=[wide high]
f2 . children.grid=[1 1]
f2 . children . margins (2)=0.3
xtitle ("All Models","$t \ / \ \mu s$","$E \ / \ \frac{Vi{m}s$")

end
f3=scf (fl.figure_id+2) select figure
clf (£3) clear if exist

plot2d ((tv (1l:tmax)*10"6) ' ,[(B_-tl (1:tmax)*10"6)’ (B_mtle(1l:tmax)=*10"6)’ (B_tcs
(l:tmax)*10°6)’ (B_du(l:tmax)=*10"6) ’],style=[2 13 5 1])

f3.figure_size=[wide high]

f3.children.grid=[1 1]

f3.children . margins (2)=0.3

hl=legend (txtl ,txt2 ,txt3 ,txt4,—1)

xtitle ("All Models","$t \ / \ \mu s$","$B \ / \ \mu T$")

if tzoom>0
fa=scf(fl.figure_id+3) select figure
clf (f4) clear if exist
plot2d ((tv (l:tzoom)*10°6) > ,[( B_-tl(1l:tzoom)*10"6)’ (B_mtle(1l:tzoom)*10°6)" (
B_tcs (l:tzoom)*10"6)’ (B_-du(l:tzoom)*107°6)’],style=[2 13 5 1])
f4 . figure_size=[wide high]
f4 . children.grid=[1 1]
f4 . children .margins (2)=0.3
hl=legend (txtl ,txt2 ,txt3 ,txt4d,—1)
xtitle ("All Models","$t \ / \ \mu s$","$B \ / \ \mu T$")
end

endfunction

A.1.5 Definitionfile

ground/def_ground.txt
definitionfile for ground
remarks :

kR KKK KRR OR KR KRR KR KKK K R K KK KR KOk
start —of _def

tend 50

ta 10000
vi 1.3
Rp 100

currents
h 13 0.73 3 2
h 7 5 50 2
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x 0 0 0 0
x 0 0 0 0
x 0 0 0 0

modelparameter

la 2000
taub 0.1
tauc 0.1

end_of _def

Sk ok ook ok ok ok kR koK sk ok ok kR ok Rk ok 3K sk sk ok oK sk ok ok ok ok

format of data:

tend endtime of field calculation in us

ta number of timesteps

v return stroke front wave speed in the channel in 10°8 m/s

Rp distance of field point in km

currents

a b c d e f

a function of current: de for double exponentiell , h for
for no more currents defined

b 10 in [kA]

c T1 in [us]

d T2 in [us]

e n (need only for heidler —function)

modelparameter

la exponential decay coefficient for MTLE model in m

taub breakdown discharge time constant for DU model in us

tauc corona discharge time constant for DU model in us

for copy/paste:

Nucci90:
h —-9.9 0.072 5 2
de —7.5 100 6 0

Diendorfer 90:

h —13 0.73 3 2
h -7 5 50 2

A.2 Lightning Strike to a Tall Object

A.2.1 Startmodule

v3.1
startmodule for calculation

written by Andreas F. Dvorak

Vienna University of Technology

of

fields

Faculty of Electrical Engineering and

Institute of Power Systems and

funcprot (0)

stacksize (’max’)

exec ("def.sci",—1)

exec ("heightvector.sci",—1)
exec ("distribution.sci",—1)
exec ("field.sci",—1)

exec ("plot_field.sci",—1)
exec ("save_field.sci",—1)
write (%io(2) ," ")

write (%io(2) ," ")

write (%io(2)
write (%io(2)

>
>

write (%io(2) ,"Lightning Strike to a Tall Object")
B
>

d=0 discontinuity field

Energy

for

a

tall/start.sce

strike

Information

Economics

on

a

tall

I'echnology

grounded

heidler —function ,

object

X
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[tv ,H,rhotop ,rhobot ,nstop ,vf ,Rp,I10] = def(); // input parameter
[zvc,zvt] = heightvector (tv ,Rp,H,vf); // calculate hecightvectors
[Izt ,zv] = distribution (tv,zvt,zvc,I0,rhotop ,rhobot,nstop, vf);

current distribution
[E,Er,Ei,Ee,B,Br,Bi,tf] = field (Izt ,zv,tv,Rp); // calculate fields

if d==1 then
exec ("d_field.sci",—1)

[E,Ed,B,Bd] = d_field (Izt ,zv,zvc,tv,Rp,E,B) // calculate discontinuity

field
end

write (%io(2) ,"figures of fields")

write (%io(2) ,"===========------ ")
write (%io(2) ," ")
fig=input (" Draw figures of fields? 1 for yes, other for no: ")
write (%io(2) ," "
if fig==1
tzoom=input (" zoom at tmax in us (0 for mnomne): ")
write (%io(2) ," ")
fn=input (" start figure number: ")

write (%io(2) ," ")
Hi=max(zvt)
if d==1 then
exec ("plot_d_field.sci",—1)
plot_d_field (E,Ee,Ei,Er,Ed,B,Bi,Br,Bd, tv,tzoom,fn,vf ,Rp,Hi);
else
plot_field (E,Ee,Ei,Er,B,Bi,Br,tv,tzoom,fn,vf,Rp,Hi);
end
end

save_-field (E,Ee,Ei,Er,B,Bi,Br,tf ,tv ,H,rhotop ,rhobot ,vf ,Rp);

A.2.2 Definition of Parameters

tall/def.sci
v3.1

function to define parameter and plot 10

written by Andreas F. Dvorak
Vienna University of Technology
Faculty of Electrical Engineering and Information Technology

Institute of Power Systems and Energy Economics

functionname def

input: none

output: tv ... timevector in s
H ... height of tall object in m
rhotop ... current reflection coefficient at the top
rhobot ... current reflection coefficient at the bottom
nstop ... max index of successive multiple reflections
vf ... retrun—stroke front wave speed in m/s
Rp ... distance of field point in m
I0 ... undisturbed current in A

function [tv,H,rhotop,rhobot,nstop,vf,Rp,I0] = def()

exec ("rsc.sci",—1) // load return stroke current functions

¢=299792458 // speed of light

write (%io(2) ,"input parameter")

write (%io(2) ,"==========-=---- ")

write (%io(2) ," ")

rd:input(" read definition from file def_tall.txt? 1 for yes, other for

)
write (%io(2) ," ")

if rd==1 then
errcatch (999 ,"continue")
fid=mopen("def_tall.txt","r")
if fid==—1 then
write (%io(2) ," error: cannot open file def.txt!")

calculate

no:
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40 else

41 header=1

42 while header==1

43 val=mfscanf (1,fid ,"%s")

44 if val=="start_of_def" then, header=0, end

45 end

46 data=1

47 while data==1

48 val=mfscanf (1,fid ,"%s")

49 select val

50 case "tend", tend=mfscanf (1, fid ,"%f")*x10"(—6),

51 case "ta" then

52 ta=mfscanf (1, fid ,"%f")

53 ts=tend/ta timestep

54 tv=0:ts:tend build timevector

55 case "H", H=mfscanf (1,fid ,"%f"),

56 case "rhotop", rhotop=mfscanf(1l,fid ,"%f"),

57 case "rhobot", rhobot=mfscanf(1,fid ,"%f"),

58 case "n", nstop=mfscanf(1l,fid , "%f"),

59 case "vi", vf=mfscanf(1,fid ,"%£f")*10"8,

60 case "Rp", Rp=mfscanf(1,fid ,"%£f")*10"3,

61 case "currents" then

62 I=zeros (tv)

63 i=1

64 next=1

65 while next==

66 [dummy, typ ,I10,T1,T2,n]=mfscanf (1,fid ,"%s %f %f %f %f %f")

67 if typ=="x" then

68 next=0

69 else

70 I10=I10%10"3

71 T1=T1%10" —6

72 T2=T2x10" -6

73 if typ=="h" then

74 I(i,:)=heidler (I0,T1,T2,n,tv) build currentvector

75 txtl(i)="$Heidler: \ IO[kAl="+4string (I0%x10"(—3))+",\ Ti[\mu sl=
"+string (T1x10°6)4+", \ T2[\mu sl="+4string (T2%x10°6)+", \ n="
+string (n)+"$" for figure

76 end

7 if typ=="de" then

78 I(i,:)=dexp(I0,T1,T2,tv) build currentvector

79 txtl(i)="$double \ exp: \ IO[kAl="+string (I0*10"(—3))+",\ T1[\
mu s]="4string (T1%x10°6)+", \ T2[\mu s]="+string (T2+x10°6)+"$
" for figure

80 end

81 i=id1

82 end

83 end

84 case "end_of_def", data=0,

85 end

86 end

87 end

88 mclose (fid)

89 errcatch(—1)

90

91 else

92 write (%io(2) ," ")

93 write (%io(2) ," ")

94 write (%io(2) ,"timevector")

95 write (%io(2) ,"-=-=-=--=----- ")

96 write (%io(2) ," ")

97 tend=input (" Endtime [us]: ")

98 write (%io(2) ," ")

99 tend=tend *10"(—6)

100 ta=input (" number of timesteps []l: ")

101 write (%io(2)," ")

102 ts=tend/ta timestep

103 tv=0:ts:tend build timevector

104 write (%io(2) ," --> length of timestep [us]:")

105 write (%io(2) ,(ts/10°(—6))," (7X,F10.5) ")

106 write (%io(2) ," ")

107

108 write (%io(2) ," ")

109 write (%io(2) ," ")

110 write (%io(2),"tall objekt")

111 write (%io(2) ,"=-=-=-=-=-=------ ")

112 write (%io(2) ," ")

113 H=input (" Height [m]: ")

114 write (%io(2) ," ")

115 rhotop=input (" current reflection coefficient at the top []l: ")

116 write (%io(2) ," ")

117 rhobot=input (" current reflection coefficient at the bottom []l: ")

118 write (%io(2) ," ")

119 nstop=input (" max. number of reflections to calculate []l: ")
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write (%io(2) ," ")

write (%io(2) ," ")

write (%io(2) ," "

write (%io(2),"channel™)

write (%io(2) ,"------- ")

write (%io(2) ," ")

vi=input (" return stroke front speed [10°8 m/s]: ")

vi=vfx10"(8)

write (%io(2) ," ")

write (%io(2) ," ")

write (%io(2) ," ")

write (%io(2) ,"field -point")

write (%io(2) ,"--=--------- "

write (%io(2) ," ")

Rp=input (" distance to field-point [kml: ")

Rp=Rp+10" (3)

write (%io(2) ," ")

write (%io(2) ," ")

write (%io(2) ," ")

write (%io(2) ,"short -circuit current"

write (%io(2) ,"============-=------- ")

write (%io(2) ," ")

a=input (" How many functions define the current? ")

write (%io(2)," ")

for i=1:a

b=input (" 1 for Heidler, 2 for Double -Exponetial, 3 Nucci90, 4 DU90 other
to break: ")
write (%io(2) ," ")

if b>2 then, break, end

if b==1

write (%io(2) ," Heidler:")
I0=input (" 10 [kAl: ")
10=I0%10"3

Tl=input (" T1 [us]l: ")
T1=T1%10" (—6)

T2=input (" T2 [us]: ")
T2=T2%10" (—6)

n=input (" n [1: ")
write (%io(2) ," ")
I(i,:)=heidler (I0,T1,T2,n,tv) build currentvector

txtl (i)="$Heidler: \ I_{0}="+4string (I0%10°(—3))+"kA,\ T_{1}="+string(T1
*10°6)+"\mu s, \ T_{2}="4string (T2%x10°6)+"\mu s, \ n="+string(n)+"$"

for fig

ure

end

if b==2
write (%io(2) ," double exponential:")
I0=input (" I0 [kAl: ")
I10=I0%10"3
Tl=input (" T1 [us]l: ")
T1=T1%10"(—6)
T2=input (" T2 [us]l: ")
T2=T2+10" (—6)
write (%io(2) ," ")
I(i,:)=dexp(I0,T1,T2,tv) build currentvector

txtl (i)="$double \ exp: \ I_{0}="4string(I0*x10"(—3))+"kA,\ T_{1}="+string
(T1%10°6)+"\mu s, \ T_{2}="4string (T2x10°6)+"\mu s $" for figure
end
end

if b==3 define current used by Nucci et al. (1990)
1(1,:)=heidler (—9900,0.072%10"(—6),5%10"(—6) ,2,tv)
txtl (l1)="$Heidler: \ I_{0}=-9.9kA, \ T_{1}=0.072\mu s,\ T_{2}=5\mu s,\ n=2%
]
1(2,:)=dexp(—7500,100%10"(—6),6%10"(—6),tv)
txtl (2)="$double \ exp: \ I_{0}=-7.5kA, \ T_{1}=100\mu s, \ T_{2}=6\mu s$"
end

if b==4 define current used by Diendorfer et al. (1990)
I(1,:)=heidler(—13000,0.73%x10"(—6),3%x10"(—6) ,2,tv)
txtl (l)="$Heidler: \ I_{0}=-13kA, \ T_{1}=0.73\mu s,\ T_{2}=3\mu s,\ n=2%"
I1(2,:)=heidler (—7000,5%x10"(—6),50%x10"(—6) ,2,tv)
txtl (2)="$Heidler: \ I_{0}=-7kA, \ T_{1}=5\mu s,\ T_{2}=50\mu s,\ n=2$"
end
end

a=length (I)/length (tv) real number of functions given
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ta=length (tv) number of timesteps of current

I0

fo

en

if

en

=zeros (1,ta) build inital matix of current

r i=1l:a
10=I0+1(i,:) calculate current at origin
d

H==0
rhotop=—1 set rhottop that I0 equals I(0,t)
d

write (%io(2) ,"figure of current")

write (%io(2) ,"----------------- "

-

write (%io(2) ," ")
fig=input (" Draw figures of current? 1 for yes, other for no: ")
write (%io(2) ," ")

if

fig==1

tmax2=input (" zoom at tmax in us (0 for none): ")
write (%io(2) ," ")

fn=input (" start figure number: ")

write (%io(2) ," ")

fl=scf(fn) seclect figure
clf (f1) clear if exist
tmaxl=length (tv)
if a>1
for i=1:a
plot2d ((tv (1l:tmax1)*10°6) ,(I(i,1:tmax1)*10"(—3)),style=(i+1)) plot
part i of current
end
end
plot2d ((tv(1l:tmax1)*10°6) ,(I0 (1:tmax1)*10"(—3)) ,style=1) plot complete
current
fl.figure_size=[750 500]
select a
case 1, hl=legend (txtl (1) ,4),
case 2, hl=legend (txt1 (1) ,txtl(2),"$short-circuit \ current$" ,4),
case 3, hl=legend (txt1l (1) ,txt1(2),txt1(3),"$short-circuit \ current$" , 4),
4,

case hl=legend (txt1l (1) ,txt1(2),txt1(3),txtl(4),"$short-circuit \
current$" ,4),
end
xtitle("","$t \ / \ \mu s$","$I \ / \ kAs$")
if tmax2>0
f2=scf ((fl.figure_id+1)) select figure
clf (£2) clear if exist

tmax2=tmax2%10"(—6)

tmax2=find (tv>=tmax2,1) find next index according to zoom given
if a>1
for i=1:a
plot2d ((tv(l:tmax2)*10°6) ,(I(i,1:tmax2)x10"(—3)),style=(i+1)) plot

part i of zoomed current
end
end
plot2d ((tv (1l:tmax2)*1076) ,(I0 (1:tmax2)*10"(—3)) ,style=1) plot zoomed

current
f2 . figure_size=[750 500]
select a

case 1, hl=legend (txtl (1) ,4),
case 2, hl=legend (txt1l (1) ,txt1(2),"$short-circuit \ current$" ,4),
case 3, hl=legend (txt1 (1) ,txtl1(2),txt1(3),"$short-circuit \ current$" , 4),
case 4, hl=legend (txt1 (1) ,txtl(2),txt1(3),txt1(4),"$short-circuit \
current$" ,4) ,
end
xtitle ("","$t \ / \ \mu s$","$I \ / \ kA$")
end
fig=input (" Draw figures of current derivative? 1 for yes, other for no: ")
write (%io(2) ," ")
if fig==1
tmax2=input (" zoom at tmax in us (0 for mnomne): ")
write (%io(2) ," ")
dI0=splin (tv,I0)
f3=scf ((fl.figure_id+2)) select figure
clf (£3) clear if exist

plot2d ((tv (1l:tmax1)*1076) ,(dI0(1l:tmax1)*x10"(—9)),style=1) plot complete

current derivative
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f3.figure_size=[750 500]

xtitle ("

"8t \ / \ \mu s$" ,"$\frac{\mathrm{d}I}{\mathrm{d}t}

kA}{\mu s}$")

if tmax2>0

fa=scf
clf (f4

((f1.figure_id+3)) // seclect figure

) // clear if exist

tmax2=tmax2x10"(—6)

tmax2=

plot2d

find (tv>=tmax2,1) // find next index according to zoom
((tv(1l:tmax2)*1076) ,(dI0(1:tmax2)*10"(—9)) ,style=1) //

current derivative

f4 . figure_size=[750 500]

xtitle("","$t \ / \ \mu s$" ,"$\frac{\mathrm{d}I}{\mathrm{d}t}

frac{kA}{\mu s}$")

end
end
end
endfunction

// v3.1

tall/rsc.sci

// functions to calculate return stroke currents at channel origin

// written by
/

/ Faculty of

Andreas F. Dvorak

Vienna University of Technology

ing and Information Technology
g gy

Electrical Enginee

/
// Institute of Power Systems and Energy Economics

// functionname heidler

// function to calculate current at channel origin

// as a heidler function

// input: I0, T1, T2, n (scalar)

// tvi timevector (vector 1:m)

// output: I0t=I(0,t) ... current at channel origin (vector 1:m)

function I0Ot=heidler (I0,T1,T2,n,tvi)

eta=exp(—T1/T2x(nxT2/T1) " (1/n))
fracl=(tvi/T1)."n // to reduce prozessing time
I10t=I0/etax(fracl.x(ones(fracl)+fracl). " (—1)).*xexp(—tvi/T2)

endfunction

// functionname dexp

// function to
// as

// input: I0,
// tvi

calculate current at channel origin
a double—exponential function

T1, T2 (scalar)

timevector (vector 1:m)

// output: 10t=I(0,t) ... current at channel origin (vector 1:m)

function I0t=dexp (10 ,T1,T2,tvi)

10t=I0*(exp(—tvi/Tl)—exp(—tvi/T2))

endfunction

function to
// written by

// Faculty of

tall/heightvector.sci

calculate the heigthvectors

Andreas F. Dvorak

// Vienna University of Technology

Electrical Engineering and Information Technology

// Institute of Power Systems and Energy Economics

// functionname heightvector

\ / \ \frac{

given
plot zoomed

N /NN
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input: tv ... timevector in s
Rp ... distance of field —point in km
H ... height of tall object in km
vf ... return stroke front wave speed in m/s
output: zvec ... heightvector of channel
zvt ... heightvector of tall object
20 function [zvc,zvt] = heightvector (tv,Rp,H, vf)

22 c=299792458 // speed of light
23 zvt=0

24

25

26 write (%io(2) ," ")

27 write (%io(2) ," ")

28 write (%io(2) ,"calculation of heightvector")

29 write (%io(2) ," =======-=----m e mmm———— - - ")

30 write (%io(2) ," ")

31

32 // ——> tall object begin <——

33 if H<>0 then

34 // zvt=(2«Rpxtvsc+(tv*c) "2)./(2*«(Rpttvxc)) // calculate heightvector
object

35 delz=cxtv (2)

36 zvt=0:delz : (Htdelz)

37 zvtl=zvt (find (zvt>H,1))

38 zvt2=zvt (find (zvt>H,1) —1)

39 if (zvtl-max(zvt))>(max(zvt)—zvt2) then

40 zvt=zvt (1:(find (zvt>H,1)—-1))

41 else

42 zvt=zvt (1:(find (zvt>H,1)))

43 end

44 end

45 Hi=max(zvt)

46

47 // ——> tall object end <——

48

49 // ——> channel begin <——

50 D=cx*(tv+Hi/vf)+sqrt (Rp"24+Hi"2) // auxiliary variable

51 A=(c/vf) 2—-1 / coefficient for quadratic equation for channel
52 B=—2%c/vf*D coefficient for quadratic equation for channel
53 C=D."2-Rp"2 coefficient for quadratic equation for channel

55 zvc=(—B—sqrt (B."2—-4%AxC)) /(2%A) // calculate heightvector of channel

56 /) S channel end <
57

58 write (%io(2) ," tall object:")

59 write (%io(2) ," ")

60 write (%io(2) ," --> number of segments []:")
61 write (%io(2) ,(length(zvt)—1),"(7X,F10.0)")

62 write (%io(2) ," --> calculated height [m]l:")
63 write (%io(2) ,max(zvt),"(7X,F10.2)")

64 write (%io(2) ," ")

65

66 write (%io(2) ," channel:")

67 write (%io(2) ," ")

68 write (%io(2) ," --> number of segments []:")
69 write (%io(2) ,(length(zvc)—1),"(7X,F10.0)")

70 write (%io(2) ," --> calculated height [m]:")
71 write (%io(2) ,max(zvc) ,"(7X,F10.2)")

72 write (%io(2) ," ")

73

74 endfunction

A.2.3 Calculation of current distribution

tall/distribution.sci
/] v3.1

// function to calculate the current distribution in the tall object
channel

written by Andreas F. Dvorak

Vienna University of Technology

Faculty of Electrical Engineering and Information Technology
Institute of Power Systems and Energy Economics

functionname distribution

input: tv ... timevector in s

and

of tall

the
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/’ /
//
//
// /
//
//
//
//

fu

zvt
zZvVcC

10
rhotop
rhobot
nstop

vf

output:

zv
nction [Izt ,zv]
c=299792458 //
zvta=length (zvt
zvca=length (zvc
tva=length (tv)
dI0=splin (tv,IO0

Iztt=zeros (zvta
object
Iztc=zeros (zvca

write (%io(2) ,"
write (%io(2),
write (%io(2) ,
write (%io(2) ,

write (%io(2)
write (%io(2)
write (%io(2)

// ——> start: current distribution in tall object <——
if zvta>1l then
for j=l:zvta
Iztt ((zvta—j+1),j:tva)=(l—rhotop)*I0 (1:(tva—j+1)) // calculate
transmitted wave
end
stop=0
m=0
//// > start: reflected waves <
while stop==0
m=mH-1
for j=l:zvta
stu=(zvta+2x(m—1)*(zvta—1)+j—1) // index of starttime of the upward
running wave on bottom
std=(zvta+(2*xm—1)*(zvta—1)+j—1) // index of starttime of the downward
]'V,l]l]li]lg wave on t()])
if (stu>=tva) then
stop=1
else // upward runnning
I0i=[zeros (1,stu—1) I0(1l:(tva—stu+1))]
Iztt(j,:)=Iztt(j,:)+(l—rhotop)*rhobot m«rhotop "(m—1)xI0i // add n—th
reflected wave on bottom
end
if (std>tva) then
stop=1
else // downward runnig
I10i=[zeros (1,std—1) I0(1l:(tva—std+1))]
Iztt ((zvta—j+1) ,:)=Iztt ((zvta—j+1),:)+(1—rhotop)*(rhobotxrhotop) "mx
I0i // add n—th reflected wave on top
end
end
if m==nstop, stop=1, end
end
//// ——> end: reflected waves <——
end
// > end: current distribution in tall object <
// > start: current distribution in channel <
if length(zvt)>1 then

for j=1l:zvca

"calculation

heightvctor in m
heightvctor
undisturbed
current
.current
index
stroke

of tall object
of channel
current in
reflection
reflection
of
front

in
A
coefficient at
coefficient at the bottom
multiple reflections
in m/s

m
the top

successive
speed

max
return wave
channel in A

channel)

the
object

distribution in
in m (tall

current

heightvector and

distribution (tv,zvt ,zvc,I0,rhotop ,rhobot ,nstop, vf)

speed of light

) // ammount of segments (41) for tall object

) // ammount of segments (41) for channel

// number of timesteps (41)

) // derivates for interpolation

,tva) // build inital matix of current distribution in

,tva) // build inital matix of current distribution in
")
")

current distribution")

calculating current distribution")

")

tall

channel
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return—

at

Iztc(j,:)=[zeros(1,(j—1)) I0(l:tva—j+1)] // built injected wave
ti=(zve(j)—zvc(l))/c // starttime of reflected wave at heigth j
I10i=(—1)*(rhotop)=*interp ((tv—ti) ,tv,I0,dI0,"by_zero") // built reflected
wave
Iztc(j,:)=Iztc(j,:)+I10i(l:tva) // add reflected wave
// Iztc(j,:)=[zeros(1,(j—1)) (l—rhotop)=*I0(1l:tva—j+1)] // stop at
front
end
for m=1:nstop
for j=1l:zvca
ti=(zvec(j)+zve(l)*(2*xm—1))/c // starttime of n—th transmitted wave at
heigth j
// if ti>(zve(j)—zve(l)/vf) then ti=(zvc(j)—zvec(l)/vf); end stop
return—front
I0i=(1—rhotop)*(l4+rhotop)*rhobot " (m)+*rhotop " (m—1)*interp ((tv—ti) ,tv,I0,
dI0,"by_zero") // built n—th transmitted wave
Iztc(j,:)=Iztc(j,:)4+I10i(1l:tva) // add n—th transmitted wave
end
end
Iztc=triu(Iztc) // Heavyside
end
// > end: current distribution in channel <
if length(zvt)>1 then
zv=[zvt zvc(2:length(zvc))] // merge tall object and channel
Izt=[Iztt;Iztc (2:length(zvc) ,:)] // merge tall object and channel
else
ZV=2zvC
Izt=Iztc
end
endfunction

A.2.4 Calculation, plotting and saving of fields

tall/field.sci

// function to calculate the fields

// written by Andreas F. Dvorak
// Vienna University of Technology
// Faculty of Electrical Engineering and Information Technology

// Institute of Power Systems and Energy Economics

// functionname field
,// input: Izt ... current distribution in the channel in A
// zv ... heightvector in m (tall object and channel)
// tv ... timevector in s
// Rp ... distance of field —point in km
// output:E=E(t) ... vertical electrical field in V/m
// Ee, Ei, Er ... componenets of vertical electrical field in V/m
// B=B(t) ... horizontal magnetic field in T
// Bi, Br ... componenets of horizontal magnetic field in T
// tf ... time of arrival of field at field point in s
function [E,Er,Ei,Ee,B,Br,Bi,tf] = field (Izt ,zv,tv ,Rp)
Er=0
Br=0
Ei=0
Bi=0
Ee=0

c=299792458 // speed of light
eps0=8.8542x10"(—12) // permittivity
mu0=4x%pi*x10"(—7) // permecability

tva=length (tv) // number of timesteps
zva=length (zv) // number of channelsteps

tf=sqrt (H"24+Rp~2)/c // starttime of field
R=sqrt (Rp"24+zv."2) // distance dipole — field point

write (%io(2) ," ")
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write (%io(2) ," ")
write (%io(2) ,"calculation of fields")
write (%io(2) ,"========--------— - ")
write (%io(2) ," ")

// ——> start: field calculation <——

//// > start: radiation component calculation <
write (%io(2) ," calculating radiation field")
write (%io(2)," "
efac=(—1)*x(Rp~"2)./(c"2*R."3%(2x%pixeps0)) // factor eclect

('()“l})()“(‘ll‘
bfac=(muO*Rp) ./ (2% %pixc*xR."2) // factor magnetic radiaion
dF=zeros (zva,tva)
for j=l:zva
dF(j ,:)=splin(tv,Izt(j,:))
end
for i=1l:tva
Er(i)=inttrap(zv,(dF(:,i) .xefac)) // intergrate over
Br(i)=inttrap(zv,(dF(:,i) .xbfac))
end

//// > end: radiation component calculation <

//// > start: induction component calculation <
write (%io(2) ," calculating induction field")
write (%io(2)," ")
efac=(2%zv."2—Rp"2)./(c*xR. 4% (2% %pixeps0)) // factor elec

('()“l})()“(‘ll‘
bfac=(muO*Rp) ./ (2% %pi*xR."3) // factor magnetic induction
dF=Izt
for i=1l:tva
Ei(i)=inttrap(zv,(dF(:,i) .*xefac)) // intergrate over t
Bi(i)=inttrap (zv,(dF(:,i) .*bfac))
end

//// ——> end: induction component calculation <——

//// ——> start: electrostatic component calculation <——
write (%io(2) ," calculating electrostatic field")
write (%io(2)," "
efac=(2%zv."2—Rp"2)./(R. "5 (2% %pixeps0)) // factor electr
dF=zeros (zva,tva)
for j=2:zva

index=find (Izt (j ,:) <>0,1)

if index==[], break, end

for i=index:tva

AF(j, 1)=dF(j , (i —1))+tv (2) « (1ot (j, (i —1))+T2t (j 1)) /2

end
end
for i=1l:tva

Ee(i)=inttrap (zv,(dF(:,i) .xefac)) // intergrate over
end

//// ——> end: electrostatic component calculation <——
E=Er+Ei+Ee
B=Br+Bi

// > end: field calculation <

endfunction

tall/plot_field.sci

// function to plot the fields and its components

Dvorak
Technology

// written by Andreas F.
/'/ Vienna University of

// Faculty of Electrical Engineering and Information
// Institute of Power Systems and Energy Economics

// functionname plot_field

// input: E=E(t) vertical electrical field in V/m

// Ee, Ei, Er . componenets of vertical electrical
// B=B(t) horizontal magnetic field in T

// Bi, Br componenets of horizontal magnetic

// tv ... timevector

the

the

ric radiation

component

channel

tric induction

component

he channel

ostatic component

channel

Technology

field in V/m

field in T
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17 tzoom ... zoomtime in us

18 fn ... startnumber for figure

19 vf ... return stroke front wave speed in m/s
20 Rp ... distance of field —point in km

21 Hi . height of tall object in km

22

23 output: none

24

25 function []=plot_field (E,Ee,Ei,Er,B,Bi,Br,tv,tzoom,fn,vf 6 Rp,Hi)

27 tzoom=tzoom=*10"(—6)
28 txt1="TL \ model: \ v_{f}="+4string(vf*x10"(—8))+"\cdot 10°8 \frac{m}{sl}, \
starttime="+string (tf*10"6)+"\mu s, \ object-heigth="+string (Hi)+"m"
29
30 if abs(max(E))<abs(min(E)) then allways plot positiv
31 pe=—
32 else
33 pe=1
34 end
35
36 if abs(max(B))<abs(min(B)) then allways plot positiv
37 pb=—1
38 else
39 pb=1
40 end
41
42 fl=scf(fn) select figure
43 clf (f1) clear if exist
44 tmax=length (tv)
45 plot2d ((tv(l:tmax)*10"6’) ,[Ee(l:tmax) Ei(l:tmax) Er(l:tmax) E(1:tmax)]x*pe,
style=[2 13 5 1])
46 f1.figure_size=[750 750]
47 hl=legend ("$electrostatic \ component$" ,"$induction \ component$" 6 "
$radiation \ component$","$electrical \ field$" , 1)
48 xtitle ("$electrical \ field \ in \ "+string (Rp*10"(—3))+"km: \ "4txtl4"g" "
$t \ / \ \mu s$","$E \ / \ \frac{Vi{m}s$")
49
50 if tzoom>0
51 f2=scf(fl.figure_id+1) select figure
52 clf (£2) clear if exist
53 tzoom=find (tv>=tzoom ,1) find next index according to zoom given
54 plot2d ((tv (l:tzoom)*10"6) ’,[Ee(l:tzoom) Ei(l:tzoom) Er(l:tzoom) E(1:
tzoom) |*pe,style=[2 13 5 1])
55 f2.figure_size=[750 750]
56 hl=legend ("$electrostatic \ component$" ,"$induction \ component$", k"
$radiation \ component$" ,"$electrical \ field$" , 1)
57 xtitle ("$electrical \ field \ in \ "+string (Rp*10°(—3))+"km: \ "+txtl4+"$
"8t N\ / \ \mu s$","$E \ / \ \frac{V}i{m}$")
58 end
59
60 f3=scf(fl.figure_id+2) select figure
61 clf (£3) clear if exist
62 plot2d ((tv(1l:tmax)*1076) ’,[(Bi(1l:tmax)*10"6) (Br(l:tmax)*10"6) (B(1l:tmax)
*10°6)|*pb,style=[13 5 1])
63 f3.figure_size=[750 750]
64 hl=legend (" $induction \ component$" ,"$radiation \ component$","$magnetic \
field$" ,1)
65 xtitle ("$magnetic \ field \ in \ "+string (Rp*10°(—3))+"km: \ "+txtl4+"$" "8t
\ / \ \mu s$","$B \ / \ \mu T$")
66
67 if tzoom>0
68 fa=scf (fl.figure_id+3) select figure
69 clf (fd) clear if exist
70 plot2d ((tv (1l:tzoom)*10"6) ’,[(Bi(1l:tzoom)*10"6) (Br(l:tzoom)*10"6) (B(1:
tzoom)*10°6)]xpb,style=[13 5 1])
71 f4 . figure_size=[750 750]
72 hl=legend ("$induction \ component$","$radiation \ component$"," $magnetic
\ field$" ,1)
73 xtitle ("$magnetic \ field \ in \ "4string (Rpx10"(—3))+"km: \ "+txtl+"$",
"$t \ / \ \mu s$","$B \ / \ \mu T$")
74 end
75

76 endfunction

tall/save_field.sci

v3.1

module to save the field and its components

written by Andreas F. Dvorak
Vienna University of Technology

N U WN =

Faculty of Electrical Engineering and Information Technology
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Institute of Power Systems and Energy Economics

functionname save_field

input: E=E(t) vertical electrical field in V/m
Ee, Ei, Er .. componenets of electrical field in V/m
B=B(t) horizontal magnetic field in T
Bi Br componenets of magnetic field in T
tf ... time of arrival of field at field point in s
tv ... timevector
H height of tall object in m
rhotop current reflection coefficient at the top
rhobot .current reflection coefficient at the bottom
v i upward—propagating return—front —wave speed in m/s
Rp distance of fieldpoint in m

output: none

function

write (%io(2) ,"save
write (%io(2) ,"

write (%io(2)," ")
sav=input (" save field
write (%io(2)," ")

if sav==1 then

[l=save_field (E,Ee,Ei,Er,B,Bi,Br, tf ,tv ,H,rhotop ,rhobot ,vf ,Rp)

field")

and components to file? 1 for yes, other for no:

"

errcatch (999 ,"continue™")
fnw=input (" filename: " ,"s")
fid=mopen (fonw , "w"
if fid==—1 then
write (%io(2) ," Error: Cannot open file for writing!")
else

write (%io(2) ,"

write (%io(2)." ")

mfprintf(fid ,"%s \t
mfprintf(fid ,"%s \t
mfprintf(fid ,"%s \t
mfprintf(fid ,"%s %3.

*10°(—=3)),"km")
mfprintf(fid ,"%s \t

E","Ee" ,"Ei" ,"Er"

mfprintf(fid ,"%s \t
mfprintf(fid ,"%s \t
mfprintf(fid ,"%s \t
mfprintf(fid ,"%s \t

2L,V /m" "V /m "
mfprintf(fid ,"%s \n"
for i=1:length (E)
mfprintf(fid ,"%1.5
\n" ,E(i),Ee(
end
mclose (fid)
end
errcatch(—1)
end

endfunction

writing data to file:

"+fnw)

%3.2f %s \n","Height:" ,H,"m")

%1.5f \n","rhotop:" ,rhotop)

%1.5f \n","rhobot:" ,rhobot)

2f %s \n","field and components at fieldpoint: ", (Rp

\t %s \t %s \t %s \t %s \t %s \t %s \t %s \n","Name:" k"
,"B" ,"Bi" ,"Br")

%i \n","Length:" ,length (E))

%e %s \n","Starttime:" ,tf,"s")

%e s \n" ,"Unit X-Axis:" ,tv(2))

%s \t %s \t %s \t %s \t %s \t %s \t %s \n","Unit Y-Axis

,UV/mt Y /mt T T v )

,"Data:")
e \t %1.5e \t %1.5e \t %1.5e \t %1.5e \t %1.5e \t %1.5e
i),Ei(i),Er(i),B(i),Bi(i),Br(i))

A.2.5 Definitionfile

definitionfile for tall

remarks:

K K K K K K K K K
start _of _def

tend 51

ta 5000

H 168
rhotop —0.53
rhobot 0.7

n 20

vi 1.5

Rp 5
currents

h 9.9 0.072 5
de 7.5 100 6
x 0 0 0 0

tall/def_tall.txt

object

kR R R OR R OR R R o o o o ok ok o ok ok ok




APPENDIX A. LISTINGS 98

x

0
x 0

o o
o o
o o

end_of _def

sk sk ok sk ok sk ok kR sk sk sk sk ok ok sk ok ok sk ok 3k sk sk ok sk sk sk ok ok ok

format of data:

tend endtime of field calculation in [us]

ta number of timesteps for field calculation

H height of tall object in [m]

rhotop current reflection coefficient at the top (tall oblect — channel)
rhobot current reflection coefficient at the bottom (tall object — ground)
n index of successive multiple reflections

vf return stroke front wave speed in the channel in [1078 m/s]

Rp distance of field point [km]

currents

a b c d e f

a function of current: de for double exponential, h for heidler —function, x
for no more currents defined
10 in [kA]
T1 in [us]

T2 in [us]
n (need only for heidler —function)

o a0 T

for copy/paste:

Nucci90:
h -9.9 0.072 5 2
de —7.5 100 6 0

Diendorfer90:

h —13 0.73 3
h -7 5 50

NN
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