2013 BECTHHUK HOBI'OPOJCKOI'O I'OCYJAPCTBEHHOI'O YHUBEPCHUTETA MNe75T.2

MATEPUAJIOBEJAEHUE

VK 537.315.6

YJIYUIIEHUSA B PACYETAX QJIEKTPOMATHUTHOT'O IIOJISI MOJIHUU
C UCITOJIb30BAHUEM MOJIEJIEA MOJIU®UIIMPOBAHHOM JINHUM MEPEJAY

B.fIBop, C.Anekcuy, A.C.Tatapenko*, P.B.Ilerpo*, M.U.buuypun*

IMPROVEMENTS IN LIGHTNING ELECTROMAGNETIC FIELD COMPUTATION
USING MODIFIED TRANSMISSION LINE MODELS

V.Javor, S.Aleksi¢, A.S.Tatarenko*, R.V.Petrov*, M.L.Bichurin*

Yuueepcumem e. Huw, Cepbus
*Uncmumym snexmponHbix u un@opmayuonnsix cucmem Hoel'V, Roman. Petrov@novsu.ru

MpencTaBneHbl Modenu MoaAUMUUMPOBAHHON NIMHWMM Nepefdady Ans yaapoB MOMHUM, hakTopbl 3aTyxaHWs Toka B KaHarne u
KaHanbHble (YHKUMM Toka. [ns pacyeTa 3neKTPpOMarHUTHOro Momnsi  MOJSIHUKM - UCMOSb3YHTCA MOAENU, OCHOBaHHble Ha
3MEeKTPOMAarHUTHOW TeopuM, a Takke anmnpoKCMMauus KaHana MOSIHUM C WUCMOMb30BaHMEM TOHKMX NMPOBOAHMKOB. [Ns TOro 4Tobbl
MOMNy4YnTb CXOAUMOCTb C 3KCMEPUMEHTAasbHbIMU pe3ynbTaTaMmu, NPeanoXeHbl [Be HOBbIX MOAENMN U TPEX-NNKOBbIE KaHamnbHble OYHKL UK
Toka. PesynbTaTtbl ObiyM CpaBHeHbl C pesynbTaTamu, MOMyYeHHbIMU C MOMOLLbI MoZenu MoauduLMpOBaHHOW NUHMKU Mepedady C
JIMHEMHBLIM Pa3foOXeHWeM, U C pe3ynbTaTamMy MOAENU MOAUMULMPOBAHHOW NMHUM Nepenad C 3KCMOHEHUManbHbIM PasfoKeHNEM.
Jlyywee cornacoBaHue C 3KCnepMMeHTanbHbIMU faHHbIMK GbINo Nony4YeHo B 3aBUCUMOCTM OT PacCTOSIHUS 0 OCHOBHOTO KaHana.
Kntroyeenlie crosa: pacdem 3nekmpomazcHUMHbIX nosel, UHXeHepHble Modenu, y0ap MOJIHUU, ModuduyuposaHHasl JUHUS
nepedayu

Some modified transmission line models of lightning return strokes, their channel current attenuation factors and channel-base
current functions are presented in this paper. These models, electromagnetic theory relations and thin wire approximation of a lightning
channel are used for lightning electromagnetic field (LEMF) computation. Two new models together with the three-peaked channel-base
current function are proposed in order to obtain the features noticed in experimental LEMF results. Their results are compared to results
obtained by using Modified transmission line model with linear decay (MTLL) and Modified transmission line model with exponential
decay (MTLE). Better agreement with measurements is obtained at different distances from the channel-base.

Keywords: electromagnetic field computation, engineering models, lightning strokes, modified transmission lines

channel-base current function and the channel-current
attenuation factor, consequently, results depend on the
Modified transmission line models are engineering  choice of both. Relevant parameters are also the channel
models used to represent lightning strokes so that  height and return stroke speed. The simplest way to
lightning induced effects on objects, electrical  calculate LEMF is to assume that the lightning channel is
installations and equipment can be estimated and  vertical and the ground is perfectly conductive. One-
protective measures can be taken. A model is better than  peaked functions are usually used for channel-base
other if it better achieves experimental results for  currents as defined in IEC 62305 standard for the first
lightning electromagnetic field (LEMF) components and  and subsequent negative strokes and first positive strokes.
satisfies more of the noticed features in their waveshapes =~ However, currents with two dominant peaks are noticed
at different distances from the channel-base, so as  in experimental results for the first negative strokes at
measured channel-base currents. Monte San Salvatore [5] and at Morro do Cachimbo
A review of lightning return stroke models is  Station [6]. Two new models give LEMF results in better
given in [1], so as results of their application on lightning  agreement with the measured for the first and subsequent
electromagnetic field computation [1,2]. Calculated  negative strokes [4].
LEMF results of the models given in literature After presenting some engineering models and
significantly differ from experimental results [3-6] at  their attenuation factors, channel-base currents functions
different distances from the lightning channel base as  are given in this paper. One-, two-, three- and multi-
usually used for comparison. Some features of LEMF  peaked functions were proposed in [7-10]. LEMF results
waveshapes [1] are obtained with some of the models,  of the four modified transmission line models at different
whereas others are not. As an engineering model as-  distances from the channel-base, obtained for the same
sumes, the current along the channel which includes the  three-peaked channel base current, are compared.

1. Introduction
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2. Engineering Models of Lightning Strokes

An engineering model is characterized with the
current /(z’,f) at the time t and the height z’ above the
channel base, decaying from the channel-base current
1(0,f) with the attenuation factor P(z’,f) while propagating
along the channel:

1(z’,t) = h(t-z’Ivy) 1(0,t-2’/v) P(z’,1). (1

In this equation A(#-z’/vy) is the Heaviside function
(with zero value for ¢ < z’/v, and 1 for ¢t > z’/v)). The
current is propagating along the channel with the current
pulse propagation speed v and return stroke speed vy.

Current attenuation factors in the often used
engineering models are presented in Table, together
with factors for the two new models MTLT and
MTLTQ. These models are denoted with MTLT and
MTLTQ suggesting for modified transmission line
model with the attenuation factor being the third degree
of the linear function (MTLT) and quadratic function of
the same expression (MTLTQ). In MTLT model the
attenuation factor is P(z’) = [1 + (1-2z’/H)*])/2, and in
MTLTQ this factor is P(z’) = [1 + (1-2z"/H)*]*/4, or
simply Puyrirg = Pyrir. These factors overtake some
advantages of MTLL and MTLE models, but give better
results in LEMF calculations. In MTLT the current peak
near the channel base decays faster than in MTLL, so as
in MTLTQ faster than in MTLE, but slower for greater
heights above the ground and closer to the channel end.

Transmission line model (TL) has no attenuation,
and in the equation for this engineering model the
attenuation factor is taken as P(z’) = 1.

Parameters of some engineering models of lightning
return strokes

Engineering | Attenuation Channel Current
model factor current pulse
propagation
speed
TL 1 1(0,t-z’/v) vy
MTLL 1-z’/H 1(0,t-z’/v) vy
P(z")
MTLE exp(-z’/\) 10,t-2’/v) vy
exp(-z’/ H) P(z’)
MTLT [1+(1-22"/HY’)2 | 1(0,t-2"/v) vy
P(z")
MTLTQ | [1+(1-22"/H)’'1/4 | 1(0,t-2’/) vy
P(z")
BG 1 1(0,9) 0
TCS 1 12’ t+2’/c) —C

Modified transmission line models (MTL) have
various attenuation factors such as: linear in MTLL,
exponential in MTLE, or some other function in MTLD
introducing distortion of the current along the channel
which may depend on both height and time P(z’,¢).
There is no attenuation of the current peak in Bruce-
Golde (BG) model and traveling current source (TCS)
model. The attenuation factors for all these models are
given in Fig.1.
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Fig.1. Attenuation factors in modified transmission line models

In MTLL the peak of the current pulse decays
linearly while the current is propagating along the channel,
so that P(z’) = 1-z/H. In MTLE the peak of the current
pulse decays exponentially, so that P(z’) = exp(-—z’/A),
with the usually taken value A = 2000 m for this
constant. For H = 7500 m this attenuation factor is taken
as P(z’) = exp(=7500z’/2000H) = exp(-3.75 z’/H) in Fig.1,
so to compare it with others for the normalized height z’/H.

3. Channel-base Currents

In most of the papers one-peaked functions are
used for LEMF calculations. Often used functions are
double-exponential function (DEXP) [11] and Heidler’s
function [12].

DEXP function for the approximation of a
channel-base current (at z’ = 0) is given with

1(0,1) =1, [exp(—a.t) —exp(—=P )], 2
for constants a, B and the maximum current /,. Heidler’s
function is given with

1(0,1) L, sy A3)

=2 — 1" —exp(-t/1,),
for parameters 1, and 1,, degree n, and the peak correction
factor M = exp[—(t,/1,)(nT, /12)]/"] )

Heidler’s function is also used in IEC 62305 for
representation of the first and subsequent negative strokes
and first positive strokes [13]. The ability of the channel-
base current function NCBC to represent the IEC 62305
standard currents is demonstrated in [8], and its expression is

tY t
I |—| explal1-—||, 05¢t<¢ ,
i(0,1)= \ N\ t
Imz cl.(t—) exp{bl.(l —t—ﬂ , b, St<omo
i=1 m m
for ¢,, the rise time to the maximum current value, whereas n
is the number of terms in the decaying part, a and b; are

SN (@/r) +1

(4)

n
parameters, and ¢; weighting coefficients, so that z ¢=1.

1

Two-peaked currents measured in experiments at

Monte San Salvatore [6] and at Morro do Cachimbo
Station [7] are represented with the linear combination of
seven Heidler’s functions [14], but also with the two-rise
front function (TRF) proposed in [9]. This function is
given with the following expression:



2013 BECTHHUK HOBI'OPOJCKOI'O IOCY]IA

PCTBEHHOI'O YVHUBEPCUTETA Ne75T.2

i(t) =

for parameters a;, b;, ¢;, and weighting coefficients d,, f;,

m ! n
&is so that zdi=2ﬁ=2gi=l.
1 1 1

Three-peaked function (TPF) given in [10] is used
in this paper for LEMF calculation as:

i(t) =

for parameters a;, b;, ¢;, d;, weighting coefficients ¢;, f;, g;,
h;, and j, k, I, n the number of terms chosen for
approximation in the corresponding time interval, so that

Zj:el. = ifl = Z[:gi = Zn:hl. =1, which simplifies the
1 1 1 1

current approximation procedure.

Parameters of (6) to approximate experimental
results from [15] are the following: the first current peak
I,1=11 kA at t,,; = 2us, the second peak 7,,; + ,,,= 8.3 kA at
t.o=22us, and the third current peak 7,,; + [, + I3 = 4.4 kKA
at t,,3 = 110us, whereas other parameters are: a; = 2 2

az—OS el = 037 62—1—61 b] 2b2—05ﬁ
ﬁ—l—ﬁ,cl 2g1 1 dl 5 dz 055 hl 06 hz—l—hl
12 T T T T
04 | Experimental results 7
. E — Three-peaked current function TPF

Lightning channel-base current (kA)

800
Time (ps)

200 400 600

Fig.2. Lightning channel-base current TPF approximating the

measured current [15]
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Uy + 1y + 1, hi[: exp(
i=1 m

)

The advantages of these functions are analytically

calculated first derivative and integral needed for LEMF
calculations in the case of perfectly conducting ground.
Fourier transform is needed for calculations above lossy
ground, and it is also analytically calculated for (4), (5)

and (6). The integral of the square of the CBC function is

(6)

1_;ﬂ
tm3
needed for calculating specific energy of lightning

strokes, as in [16].
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Fig.3. Lightning channel above perfectly conducting ground
4. LEMF Computation

A lightning channel is modeled as a thin wire
antenna with the current propagating and decaying in
peak while propagating above the ground from the
channel-base towards the channel end, according to
(1). The current image in plane mirror of the surface is
used to substitute the influence of perfectly conducting
ground for LEMF calculation in the upper half space,
so as electromagnetic theory relations. At ground
surface points electric field has vertical component and
magnetic field just azimuthal component, whereas
other components of electric and magnetic field do not
exist.
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Fig.4. Vertical electric field (a) and azimuthal magnetic field (b) at r = 50 m from the channel-base
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Fig.5. Vertical electric field (a) and azimuthal magnetic field (b) at r = 500 m from the channel-base
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Fig.7. Vertical electric field (a) and azimuthal magnetic field (b) at » = 200 km from the ¢

annel-base

Vertical electric field at the ground surface can be
calculated from

~ R P R
™
0°-H R =0
R
oi| z',t ——
2(z—z’)2—r2, . R r2 ( ’ c) .
+Tl Z,t_F _C2R3 EY; dZa (7)

and azimuthal magnetic field from

(R

- 1 i r R r 6l(z,t—€)

H‘V(R’t)=4_7[J. Fl(z’t_?)_‘_WT dz', (8)
H

for R the distance from the elementary current source to
the field point P(7,y,z).

Vertical electric field and azimuthal magnetic field
at the distances of » = 50 m, 500 m, 5 km, and 200 km
from the channel-base are calculated and presented in
Figs.4-7. For 50 m the lightning electromagnetic pulse
appears at f; = 1/6us after the current pulse starts
propagating from the channel base at £ = 0. For 500 m
this time is , = 5/3us, for 5 km #; = 50/3pus, for 200 km
ty=2000/3pus. All results are presented for the first 170us
of the pulse appearing at the corresponding distance.

5. Device for Registration of the Lightning
Electromagnetic Field

Magnetoelectric (ME) composites that simultane-
ously exhibit ferroelectricity and ferromagnetism have
been of recent research interest due to their potential for
applications in multifunctional devices [17].

In contrast to the well known methods of registra-
tion of lightning we offer the use of device based on the
ME effect which allows to measure both electric and
magnetic components of the electromagnetic field [18].
The design of the sensor is shown in Figure 8.
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Fig.8. ME sensor of electromagnetic field, 1 — permanent bias
magnet, 2 — ME sensor

The operation principle of this device is based
on the direct ME effect. ME sensor consists of the pie-
zoelectric layer of PZT and two magnetostrictive lay-
ers of Metglas, as shown in Fig. 8. Generated electric
potential is measured on Metglas layers. At placing a
sensor in the lightning electromagnetic field one ob-
taines the electric potencial on the output of the ME
element due to direct ME effect. In order to set the
correct mode activity of magnetostrictive material in
ME element one needs to produce the bias magnetic
field. This field is supplyed with the help of permanent
bias magnet.

6. Conclusion

MTLT results are in better agreement with
experimental results for the first return strokes, and
MTLTQ results for subsequent return strokes. If using
three-peaked channel-base current all models perform
zero crossing in waveshapes of vertical electric and
azimuthal magnetic field at far distances, a ramp in
vertical electric field and a hump in azimuthal magnetic
field at a few km. These features are noticed in
experimental results. It should be noted that MTLL and
MTLE do not result in a hump in azimuthal magnetic
field at a few km if one-peaked channel-base currents are
used.

These improvements in LEMF modeling are based
on the assumption that far electric and magnetic field
approximately follow the waveshape of the channel-base
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current. The influence of the return stroke speed and
channel heights on LEMF results remains to be further
studied. It was proposed the ME sensor for measuring of
lightning electromagnetic field.
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