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a  b  s  t  r  a  c  t

This  paper  presents  investigative  studies  concerning  the  lightning  performance  of  500  kV transmission
lines  considering  the  characteristic  parameters  of  first stroke  current  observed  in measurement  data
along with  its statistical  variation.  Therefore,  advanced  electromagnetic  models  were  applied  during  the
development  of  computational  models,  thus  allowing  a realistic  representation  of  the first  stroke  current
waveform.  Lightning  performance  studies  were  conducted  applying  two  of the  most  commonly  used
return-stroke  current  models,  besides  the  first  stroke  current  model  recommended  by  CIGRÉ.  The aim
therefore  is  to  identify  which  of  these  present  the most  accurate  results,  when  compared  to the  use
of  real  return-stroke  current  waveforms.  The  volt–time  characteristics  produced  by  each  of the return-
stroke  current  waveforms  were  evaluated  using  both  the  leader  progression  model  (LPM)  and  volt–time
curve.  The  breakdown  process  modelled  through  LPM  is  able  to  represent  accurately  the physical  process
established  along  the  perimeter  of  the  insulator  strings,  during  a  backflashover  event.  Analysis  of  leader
length  and  velocity  can  reveal  the influence  of particular  characteristics  of lightning  overvoltage  wave-
form  across  the  insulators  produced  by  different  return-stroke  current  waveforms  in  the  assessment  of
the lightning  performance  of  a transmission  line.  The  computational  modelling  developed  herein,  allows
identifying  the critical  current,  the  amplitude  of  the  overvoltage  that produces  the  backflashover,  and
the  instant  of  time  that  breakdown  occurs.  The  proposed  modelling  also  makes  it possible  to determine
in  which  insulator  string  and  tower  the  backflash  happens.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Assessments of the dielectric strength of transmission line insu-
lation stressed by lightning overvoltage are of critical importance
for assuring the uninterrupted operation of electric power systems
[1]. The withstand capability of the insulation system in power
apparatus subjected to a lightning overvoltage condition is mea-
sured by the international standard 1.2 × 50 ms  voltage wave. The
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standard lightning impulse voltage has a virtual front time of 1.2 �s
and a virtual time to half-value of 50 �s [2]. Voltage tests using
a standard voltage wave permits tolerances for front time and
time to half-value in voltage waveform of ±30% and ±20%, respec-
tively. Voltage crest also permits a tolerance of ±3%. This standard
waveform for lightning impulse voltage has been used to perform
power apparatus tests, in order to design the insulation system
with an adequate degree of reliability. However, no two lightning
strikes have the same return-stroke current parameters. Due  to the
random nature of lightning, its characteristic parameters must be
expressed in probabilistic terms based on data from measurements
in the field. Knowledge of the parameters of lightning strikes is
essential for an accurate prediction of transient voltages severity
over the insulation systems [3]. The magnitude and the waveform of
the lightning overvoltage are dependent on the return-stroke cur-
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rent parameters, as well as the geometric profile of the transmission
line towers and the grounding system [4].

The modern lightning detection system leads to the charac-
terization in detail of the waveform and amplitude of lightning
currents. The use of measurement data in the development of com-
putational models allows for the reproduction of features observed
in real return-stroke current waveforms. This approach contributes
towards obtaining a reliable assessment [5] of overhead lines
insulation strength stressed by lightning overvoltage waveforms
similar to those observed in real operational conditions.

Besides, in order to assess and improve the lightning per-
formance of transmission lines, it is necessary to develop
computational modelling using advanced electromagnetic mod-
els. These models contribute to a more accurate assessment of the
lightning withstand impulse voltage on insulator strings [6].

In this sense, this paper initially presents a computational mod-
elling, developed using ATP software and the graphic interface
ATPDraw, in order to evaluate the performance of transmission
lines when facing lightning overvoltages. The aim is to investigate
if the simplified return-stroke current waveforms, named double-
exponential, slope ramp and CIGRÉ are suitable to represent real
return-stroke waveforms, which demands modelling using Hei-
dler’s functions. Therefore, a comparison was carried out of the
lightning performance results for transmission line where five
different return-stroke current waveforms were used. The com-
putational tool developed herein, includes five models commonly
used when representing first stroke current in coordination insu-
lation studies. These models act as a current source capable of
representing typical lightning currents measured at the Morro do
Cachimbo Station/Brazil [7,8], first stroke current waveform recom-
mended by CIGRÉ [9] besides double exponential and slope ramp
waveforms.

Another ability of the computational modelling developed in
this paper, concerns the prediction of the dielectric behaviour of
insulators by means of the leader progression model (LPM) instead
of simply using v × t curves [10]. The withstand capability of insu-
lators under nonstandard lightning overvoltage, as those produced
by real return-stroke current waveforms, was evaluated using the
parameters of disruptive voltage level and time to breakdown
determined by LPM. These results were compared to volt–time
characteristics determined by volt–time curves in order to verify
the abilities of these two models in representing the insulation
strength.

Another important improvement in the proposed approach con-
sists of considering the statistical variation of time to front and time
to half-value observed in real return-stroke current in the assess-
ment of the transmission line performance struck by lightning. The
statistical variation of these two characteristic parameters based on
measurement data can greatly influence the lightning performance
results.

2. Methodology

This work aims at evaluating the use of different models to
represent the return-stroke current waveforms in lightning perfor-
mance studies of transmission lines. The adopted procedure allows
for the investigation of the individual influence of each return-
stroke current model for estimating the lightning performance
of transmission lines. The investigation was carried out through
insulation coordination studies along a stretch of 500 kV transmis-
sion line with four spans hit by lightning strokes on towers. The
results allows for the evaluation of the insulation strength sub-
jected to lightning overvoltages produced by real return-stroke
current waveforms during a backflashover event [11]. The results
obtained by applying real return-stroke current waveforms were

Fig. 1. Definition of front parameters used to characterize a lightning current
impulse of negative polarity [9].

compared to those obtained using traditional return-stroke cur-
rent waveforms type double-exponential, slope ramp and CIGRÉ.
Thus, the investigation assesses the ability of the return-stroke cur-
rent models under analysis to represent the real lightning current
waveforms accurately. The assessment takes into account light-
ning performance parameters as amplitude of critical first stroke
current, amplitude of disruptive lightning overvoltage besides the
time instant the breakdown occurs. Furthermore, the results per-
mitted an investigation into the severity of the overvoltages upon
the insulator strings, according to the first stroke current waveform
considered.

At first, the studies involve the synthesis of the return-stroke
current waveform observed in measurement data, using Hei-
dler’s mathematical function. Next, these studies following on
by employing the use of the lightning current waveform rec-
ommended by CIGRÉ, beyond the double exponential and slope
ramp waveforms. The computational models were developed using
MODELS simulation language and the Data Base Modulariza-
tion (DBM) routine. These modelling tools are both available in
ATP/ATPDraw, which is suitable for representing the non-linearity
(considering the insulation flashover phenomenon) due to elec-
tromagnetic transients inherent on transmission line lightning
performance studies. DBM objects permit multiple independent
instances of the created model in the same simulation. This fea-
ture is suitable for representing the sum of Heidler mathematical
functions in order to represent the real return-stroke current wave-
forms. In the same manner, a new model of double-exponential
current source was created using MODELS. Similarly, a MODELS
file allows for the creation of new components capable of repro-
ducing the CIGRÉ first stroke current waveforms. The five models
considered for the representation of first stroke current wave-
form take into account the definition of front parameters given
in Fig. 1 [9–12]. Note that T10 is the time interval between the
10% (I10) and 90% (I90) of the current peak on the wave front,
T10 = t90 − t10. In the same manner, T30 = t90 − t30 and the effective
front time TF = T30/0.6 = 1.67*T30. The steepness of the straight lines
connecting 0.1Ip1 and 0.3Ip1 to 0.9Ip1 define S10 = (I90 − I10)/T10 and
S30 = (I90 − I30)/T30. TANG represents the maximum current rate of
rise on wave front [3].

By means of this definition, the characteristic parameters (time
to front and time to tail) of the five first stroke current models inves-
tigated were well-adjusted to the median parameters extracted
from return-stroke current measured at Morro do Cachimbo Station
[13].

Additionally, the influences of parameters time to front and time
to tail that determine lightning current waveforms in the transmis-
sion line lightning performance were also investigated considering
their statistical variation calculated from measurement data. Noted
here is the great influence held by the characteristic parameters of
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