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Comparative study of 220 kV overhead transmission lines models subjected to lightning strike
simulation by using electromagnetic and alternative transients program

Introduction. In high voltage networks intended for the transport of electrical energy, lightning can strike an electric line striking either
a phase conductor, a pylon or a ground wire, causing significant overvoltage on the transmission lines classified as stresses the most
dangerous for transformer stations and electro-energy systems in general. Modeling transmission lines becomes more complicated, if the
frequency dependence of resistance and serial inductance due to the effect of lightning strike in the conductors and in the earth is
considered. The difficulty increases the fact that the parameters of the line can be defined and calculated only in the frequency domain,
while the simulation of transients is wanted to be in the time domain. Problem. Several models (J.R. Marti, Bergeron, nominal PI,
Semlyen and Noda) exist for the modeling of transmission lines, the Electromagnetic Transients Program/Alternative Transient Program
software (EMTP/ATPDraw) gives the possibility to choose between these models which is delicate due to the fact that we do not have
experimental results to validate and justify the choice among the models available in the sofiware. In this context, practical value: the
overhead transport line OAT-El Hassi (220 kV) of the city of Sétif located in the north east of Algeria is used for the modeling of
lightning strike by using the EMTP/ATPDraw software. Originality. A comparative study of the investigation of a lightning strike on an
existing high voltage transmission line by different models of existing lines in the EMTP/ATPDraw software library of this software.
Results. It was concluded that the choice of the model of the line is very important given the accuracy and quality of the curves of the
voltage presented at the different calculation points. References 29, tables 1, figures 9.
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Bcemyn. 'V sucoxosonemuux mepesicax, npusHaueHux O nepeoaui eneKmpoenepeii, Onuckaska Modice 0apumu  no  JiHii
eekmponepeoay, ypasusuwiu abo @asHuil npogio, onopy, abo 3a3eMarYuUll Npoeio, SUKIUKAIOYU 3HAYHI NepeHanpyeu HA JIHIAX
ejlekmponepeoay, GUHAYEHI AK 3a2po3u, Haubiibul Hebe3neyHi 01 MpPAHCHOPMAMOPHUX RIOCMAHYIL MA eneKmpOeHepemuyHUX
cucmem 3azanom. Moodemoganns niniii enekmponepeday YcKiaoHIOEMbCA, AKWO BPAXOBYBAMU YACMONHY 3GAEICHICMb Onopy ma
nocniooeHol indykmueHocmi 6Haciook Oii yoapy oauckasxu y npogionuxax ma 3emiai. CKiaoHicme niouwyemscs mum, wo napamempu
JUHIT MOJICYmMb Oymu 6U3HAYeHi [ pO3PAX08aHi MINbKU 8 YACMOMHIU 001acmi, 6 Mol Yac 5K MOONO8AHHS NEPEXIOHUX NPOYeCie 6aNCano
nposooumu ¢ yacositi oonacmi. Ilpoonema. Icuye rinoka mooeneii (J.R. Marti, Bergeron, nominanvha I1-nooibna cxema 3amiwjenns,
Semlyen i Noda) oOna molenoeanus JiHill enekmponepeoay, KoMN ‘tomepHa npozpama  eleKmpoOMAasHIMHUX — NEPexiOHUx
npoyecie/anbmeprnamugna npocpama nepexionux npoyecie EMTP/ATPDraw dac modciugicms ubupamu Midic yumu MOOEIsIMU, Wo €
«MOHKUM NUMAHHAMY Yepe3 me, Wo MU He MAEMO eKCHNepUMEHMANbHUX Pe3YbMAamie Ol nepesipku ma o0IpyHnyeants aubopy cepeo
Mooenell, OOCIYNHUX Y NPOSPAMHOMY 3a0e3neyenti. ¥ ybomy KoHmekcmi, RPAKmMudHa YIHHICMY: 07151 MOOEN08AHHS YOapy OIUCKABKU
3a 0onomoeoio npoecpamuozo s3abesneverns EMTP/ATPDraw euxopucmarna nosimpaua ninisa erexkmponepedayi OAT-Env-Xacci (220
KkB) micma Cemigh, posmawosanoeo na nigniunomy cxodi Anxcupy. Opucinansnicme. [lopisnsnere O0ocniodcenns uguenHs yoapy
OIUCKABKY HA ICHYIOUI UCOKOBONLIMHIL NIHIT elekmponepeday 3a pi3HUMU MOOEISIMU ICHYIOYUX JIHil y Oibniomeyi npospam
EMTP/ATPDraw yvoco npoepamnozco 3abesneuenns. Pesynomamu. 3pobreno 6ucHosok, wo subip modeni NiHii 0ysce 6adciusuil 3
VPAXYBAHHAM MOYHOCH MA AKOCMI KPUBUX HANPYe, NPeOCMABNEeHUX Y DisHUX po3paxyrkosux moukax. bioin. 29, tadm. 1, puc. 9.

Kniouoei cnosa: Bucoka Hampyra, yaap 0J1HCKaBKH, IPOrpaMa eJIeKTPOMATHITHHX Ta aJbTePHATHBHHX NepeXiHUX npouecis,
MozeJi Jiniii.

Introduction. The direct and indirect impact of
lightning on one of the conductors is illustrated by the
bidirectional propagation of a surge wave of several
hundred kV and can reach 200 kA. In the field of insulation
coordination as well as electromagnetic compatibility, the
stresses produced by lightning always remain of major
interest and should be taken into account as a priority in the
implementation of any protection system [1]. The influence
of a lightning current model that employs simulations of
the geometry and maximum values of overvoltages
generated in high voltage transmission networks during a
direct lightning strike to overhead lines [2-4].

Several models exist for the simulation of
transmission lines. The Electromagnetic Transients
Program/Alternative ~ Transient  Program  software

(EMTP/ATPDraw) gives the possibility to choose
between these models which are delicate due to the fact
that we do not have experimental results to validate and
justify. In simulations with the EMTP/ATP, the Heidler
and CIGRE (Conseil International des Grands Réseaux
Electriques) models of lightning current were used [5].
When the frequency dependence of resistance and
series inductance owing to skin effect in conductors and

in the earth is taken into account, transmission line
modeling gets more sophisticated. The challenge is
compounded by the fact that line parameters can only be
defined and calculated in the frequency domain, but
transient simulation should be done in the time domain.
The input/output relationships in the frequency domain
i.e. multiplications with transfer functions become
convolutions in the time domain.
Modeling of transmission lines as a function of

frequency can be summarized as follows:

1.Line functions in the frequency domain are
calculated  (frequency  response). @ The  modal
decomposition is used in the case of polyphase lines to
derive the wave deformation function or the characteristic
impedance / admittance, for example.

2.To  approximate these  functions,  direct
approximation in the frequency domain or in the time
domain following a digital transformation from the
frequency domain is used (inverse Fourier transform, or
the Laplace transform).

3. Time-domain transients are calculated numerically
or analytically by evaluating the convolutional integral.
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In the case of an analytical solution the model of the
line can be reduced to the equivalent Norton circuit,
which is desirable for implementation in EMTP [6, 7].

EMTP/ATP is better for both real and idealized

transmission line simulations. The LCC module (LCC
module of the ATP-EMTP uses Carson’s equations to
estimate the transmission line parameters from the data
entered by the user) is the most useful because it simply
requires the geometry and material characteristics of the
line/cable. Skin effect, bundling, and transposition can all
be taken into account automatically. Most transmission
line models use modal components for simulation in the
time domain [8].

The following transmission line models for the
calculation of transients are given in order of model
complexity:

1. Mutually coupled RLC elements (PI circuits);

2. Constant distributed parameter line model (LPDC).

3.Line model based on the 2nd order recursive
convolution (Semlyen);

4. Frequency dependent line model (J. Marti);

5. Frequency dependent ARMA line model (auto-
regressive moving average line model that is implemented
in the ATP version of EMTP) (Taku Noda).

The PI model only suitable for short cables and
known frequency, Bergeron — only suitable for known
frequency, but Bergeron, J. Marti and Semlyen — work in
the modal domain and assume a constant transformation
matrix. The most recent model, NODA, however, works
directly in the phase domain [9].

The aim of the work is to compare the impact of a
direct lightning strike on an existing high voltage power
line according to various models in the EMTP/ATP draw
software library.

Transmission line models.

1) Linear PI model (short lines). This is the model
which represents the simplest approach to model a
transmission line. In Fig. 1 we give the typical scheme of
the model multi-conductor PI model circuit. In the case of
symmetrical single-phase or three-phase lines, the PI
model is represented by matrixes with multi-conductor
overhead line parameters. These matrixes are size of 3x3.
The elements of the impedance matrix [Z] (resistance and
inductance) are a function of the arrangement and
geometry of the conductors, while the parameters of the
admittance matrix [Y] (susceptance and conductance)
represent overhead line losses. Figure 1 shows a section
of a line with a multiconductor arrangement [10]. The
total number of PI circuits used for the simulation
depends on the particular simulated system.

The PI model is characterized by the absence of
dependencies of the calculation time step on the simulation
results. The PI model is mainly recommended for short
distance modeling overhead lines (<80 km) [11].

In positive sequence as well as for zero sequence,
the linear parameters of the overhead line PI model can be
obtained from a support program (LINE CONSTANS)
implemented in the EMTP/ATP software. The
calculations are based on geometric data from the
overhead line [12].

[Z]

—
]

Yz [Y)2

Fig. 1. Typical scheme of multi-conductor nominal PI line model [12]

2) J. Marti: frequency-dependent model with
constant transformation matrix. For numerical
simulation of electromagnetic transients on overhead
wires, the Marti transmission line model is the most
commonly employed. It’s a distributed parameter model
in which the simulator automatically translates the line’s
parameter frequency fluctuation into a frequency range.
The transmission line equations are solved in the modal
domain, where a system of n linked conductors is
represented by n single-phase lines that, owing to a
similarity transformation, are independent of each other.
A constant and real transformation matrix computed at a
frequency set by the user is taken into account when
calculating voltages and currents in the time domain [12].

a Im,a

Fig. 2. Principle scheme of J.R. Marti model

3) Bergeron: constant-parameter K.C. Lee or Clark
models. The Bergeron model is a very simple model. It is
based on a distributed LC-parameter traveling wave line
model with overall resistance. This Bergeron model in the
time domain is commonly used in the analysis of transient
faults of the electrical network [13]. It represents in a
distributed way, the elements L and C of a section PL.

Bergeron’s model, like the PI section model, only
depicts the fundamental frequency (50 Hz) with precision;
thus, the surge impedance is constant. As long as the losses
do not vary, it can also represent impedances at different
frequencies. The mathematical equations of this model
have been detailed in [14, 15], the equivalent circuit of the
Bergeron model impedances is given in the Fig. 3.

I(t-7)

V() Zy GD G

L,(t-7)

Fig. 3 . Equivalent circuit of Bergeron model

4) Semlyen: frequency-dependent simple fitted
model. The frequency-dependent model of Semlyen is a
method for iteratively performing a real-time convolution
in the [15-18]. The proposed line model accounts for the
characteristic admittance’s frequency dependence. The
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method produces a simple line equivalent circuit based on  rise time, the peak of the lightning current, fall time and
a Norton- type circuit, consisting of a constant admittance  the pulse duration [20, 21]. It can be represented by a
and a current source. Therefore, this line model is easy to  current source of exponential shape in parallel with a
integrate into programs based on the representation of the  resistor representing the lightning channel (about 400 Q)
nodal system. or even a voltage source always having an exponential

Semlyen’s model reduced computational time and shape. In the present investigation, thunderbolt is
storage requirements to limits close to those of transient  represented by a voltage source of exponential form based
calculations with lossless (frequency independent) line  on the second Heidler (Fig. 4) [20, 21].
representations. The precision of the frequency-dependent ittt
modeling is however preserved since the proposed
method is based on rigorously valid simplifications, rather
than simply empirical ones [18].

Lightning source. Lightning is a very strong
electrical stress that can reach 200 kA in a few
microseconds and has extremely high frequencies [19].
The lightning-strike concept is represented by a current
source with parallel resistance in the EMTP/ATP
software. Lightning-path impedance is the parallel Power system description. The OAT-EI Hassi line
resistance. The Heidler current model was utilized in this (220 kV) located in the north east of Algeria in the wilaya
study, and it takes into account four features of lightning  of Setif. The line is divided into a number of identical
current amounts at the striking point. sections as shown in Fig. 5 for the 220 kV line. Authors

The EMTP/ATP software gives the possibility to  chose a length of portion equal to 2.4 km divided into 8
introduce the characteristic values of lightning such as the  spans (Fig. 5).

1
1
1
i
i
1
: — Heidler impulse —

Fig. 4. Heidler type model
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Fig. 5. The OAT-EIl Hassi line (220 kV) subjected to a 1200 kV overvoltage
Each span has a length of 300 m which is close to The limiting current is a function of soil ionization is
the average value of the spans of this line of OAT-El  given by:
Hassi in Setif, supplied with 220 kV, shown in [22]. 1 Ey-p
This line comprises the following elements: towers, Iq 25'7’ 3)
earthing resistance, insulators, sections of the overhead 0
line, ground wire and the lightning current channel [23]. where p is the soil resistivity, Q-m; E, is the soil critical
The characteristic tower overvoltage impedance is: electric field intensity (approximately 300 kV/m).
For the insulator the CIGRE [26] model was used
Zr =60- {m[ﬁ ﬂj — 1} , (1) and modeled by a capacitance connected in parallel with a
Iy model which represents the overflow mechanism of the

where 7, is the tower base radius, m; % is the tower insulator. The latter is represented by a switch controlled
height, m [24, 25]. through models, by the implementation of the equations:

The tower earthing system can be modeled as a non- dl/dt = ks V-[V/(D — L) — Eq], 4)

linear resistance, the CIGRE [26] model is used, which is wlzlere 2dl/ (11t is the speed of the arc, m/s; k; is the constant,
modeled as a non-linear resistance of Type-91 in EMTP/ATP: ~ m~kV~s; V' is the instantaneous voltage across the

Ry insulator or the gap, kV; D is the length of the insulator or

Rr (I )=—, (2)  the length of the gap, m; / is the length of the arc, m,

v I+ I/ 1 g 1> D; E, is the strength of the critical electric field, kV/m.

where Ry is the tower footing resistance at low frequency Simulation results. In order to compare influence of

and low Current; RT is the tower footing resistance, Q, various overhead line models on simulation reSultS,
I, is the limiting current to initiate sufficient soil simulation of a lightning strike located in the middle of

ionization, A; / is the lightning current through the footing high voltage transmission line have been performed for
impedance, A. power system presented in Fig. 5. The modelled 220 kV
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overhead transmission line with 8 towers was used for
lightning-surge simulation. The towers were modelled in
simple distributed line model.

In this study, two amplitudes of lightning current
(positive polarity) were used to perform shielding failure
pattern analysis on the modelled circuit. Simulations are
thus conducted with 2 levels of lightning-strike current —
50 kA and 100 kA [27] (Table 1).

Table 1
Lightning amplitudes, front times, and tail times
Lightning current amplitude, kA | Tail time, ps | Front time, ps
50 50 1.2
100 77.5 2

For the simulation, lightning-surge current was
injected into ground wire of the fourth tower (middle
tower). The voltage patterns due to the direct lightning
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strike on the ground wire are recorded throughout the
distance from the network at each section of 300 m.

Lightning strike on ground wire: When lightning
strikes the overhead ground wire, a voltage builds up in
the cable, causing a traveling wave to flow down to the
bottom of the concrete pole, through the external ground
wire, and in both directions along the overhead ground
wire. The result voltage is determined by the striking
current and total impedance of the overhead ground wire
and the external ground wire.

Case 1: 100 kA, 2 ps, 77.5 ps. Figure 6 illustrates
the amplitudes of induced voltage across the ground wire
when a lightning strike current of 100 kA occurs with a
tail time of 77.5 ps and a front time of 2 us, as simulated
by the 4 types of line models — J.R. Marti, PI, Bergeron,
and Semlyen.
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Fig. 6. Induced voltage across the ground wire by different model:
a — J.R. Marti model; b — PI model; ¢ — Bergeron model; d — Semlyen model

Case 2: 50 kA, 1.2 ps, 50 ps. Figure 7 shows
amplitudes of induced voltage across the ground wire
when lightning-strike current of 50 kA, with tail time
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50 ps and 1.2 ps front time, simulated by the 4 types of
the line model J.R. Marti, PI, Bergeron and Semlyen
respectively.
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Fig. 7. Induced voltage across the ground wire by different model:

a — J.R. Marti model; b — PI model; ¢ —

Lightning strike on phase A. Case 1: 100 kA,
2 ps, 77.5 ps. Figure 8 shows amplitudes of induced
voltage across the phase A when lightning-strike current

Bergeron model; d — Semlyen model

of 100 kA with tail time 77.5 pus and 2 ps front time,
simulated by the 4 types of the line model J.R. Marti, PI,
Bergeron and Semlyen respectively.
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Fig. 8. Induced voltage across the phase conductor by different model:

a — J.R. Marti model; b — PI model; ¢ —

Case 2: 50 kA, 1.2 ps, 50 ps. Figure 9 shows
amplitudes of induced voltage across the phase A when
lightning-strike current of 50 kA, with tail time 50 ps and

Bergeron model; d — Semlyen model

1.2 ps front time, simulated by the 4 types of the line
model J.R. Marti, PI, Bergeron and Semlyen respectively.
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Fig. 9. Induced voltage across the phase conductor by different model:
a — J.R. Marti model; b — PI model; ¢ — Bergeron model; d — Semlyen model

In the study cases the phase A voltage attenuates
completely and becomes zero after less than 0.1 s and that
for the 4 models J.R. Marti, PI, Bergeron and Semlyen,
which is in good agreement with the results obtained in [28].

According to the simulation results obtained in
Fig. 8, 9 the increase in the complexity of the model has
an impact on the peak voltages and the waveform. The
calculated voltage waveforms are indeed similarly
different, but the oscillations of the PI model dominate,
same remarks were observed in the search results exposed
in reference [29].

The direct lightning strike on one of the phases
conductors of the overhead transmission line causes
serious faults, exclusively the deactivation of this phase
which results in an imbalance and instability in the line
which requires the intervention of maintenance personnel
emergency. Surge arresters on all phases of the
conductors have been suggested as potential solutions;
however, while surge arresters are the best solution, they
are quite expensive, which is important for transmission
lines where corona attenuation is insufficient to reduce the
lightning surge to security levels.

Conclusions. Lightning has always been a source of
disruption for electricity users, however, the demand for
electrical systems is relatively increasing and the quality
(reliability, availability, continuity of service, etc.) must
be taken into account, as well as the permanent need to
minimize the cost of production and improve the level of
insulation of electrical equipment.

The simulation of lightning strike by existing models
in Electromagnetic Transients Program / Alternative
Transient Program software was studied in this paper;
each model of overhead transmission line has these
advantages and disadvantages, from our study results:

e the J. Marti model that traditionally is suitable for
overhead line modelling show significant weaknesses
both in the fitting process and in the calculation of
induced voltages;

e the PI model and Bergeron model resulted in
unstable responses and also required fine-tuning of the
fitting parameters and large time steps;

e the Semlyen model actually gave the overall best and
most reliable results; however, such model is only suitable
for cases where the fundamental frequency is known.
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