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ABSTRACT

SANTOS, M. N. N. Analysis of measured lightning-induced voltages on a matched
experimental overhead line. 2022. 107 p. Ph.D. Dissertation — Graduate
Program on Energy, University of Sdo Paulo, S&o Paulo. 2022.

This Ph.D. dissertation presents an analysis of 64 lightning-induced voltages recorded on
a 2.7 km long, 10 m high, matched, non-energized experimental line located on the
University of S8o Paulo campus. The recorded voltages were classified into four
categories and the parameters that characterize each type, as well as their statistical
distributions, are presented and discussed. About 67% of the voltages were classified as
unipolar (Type 1) and, except for one case, all of them had positive polarity. About 20%
of the voltages were classified as Type Il, whose waveshape is composed of two semi-
cycles, the first one of positive polarity. About 10% of the recorded voltages were
classified as Type I1l, whose waveshape is also composed of two semi-cycles, but the first
one which a much shorter duration and lower magnitude. Only 3% were classified as Type
IV, whose waveshape has three semi-cycles and the maximum voltage value occurs in the
third one, which has negative polarity and the longest duration. The maximum absolute
voltage values of the recorded voltages varied widely, from about 2 kV to 69 kV. Since
the stroke locations and the characteristics of the lightning channels and stroke currents
were not known, a quantitative comparison between measured and calculated voltages is
not possible. However, a qualitative analysis was made, and the comparisons between
measured and calculated results shown that the main features of the recorded voltages can
be well reproduced by simulations considering typical conditions. It is clearly
demonstrated that lightning-induced voltages may present oscillations even in the case of
a matched line without surge arresters, shield wire, or neutral conductor, which is certainly
not an obvious result. The measured lightning-induced voltages, even the unipolar ones,
differed significantly from the standard lightning impulse voltage (1.2/50 ps). The study
allowed a better understanding of the features of the lightning-induced voltages on a
simple, matched line. The characterization of such surges is an important step for a more
accurate estimation of the lightning performance of overhead distribution lines, as well as

for the selection of the more efficient protection methods.

Keywords: Electromagnetic transients. Lightning. Lightning-induced voltages.
Overvoltages.



RESUMO

SANTOS, M. N. N. Analise de tens@es induzidas por descargas atmosféricas medidas
em uma linha experimental aérea casada. 2022. 104 p. Tese de Doutorado — Programa
de Pds-Graduagdo em Energia, Universidade de Sdo Paulo, Séo Paulo. 2022.

Este trabalho apresenta uma analise de 64 tensfes induzidas por descargas atmosféricas
registradas em uma linha experimental n&o energizada de 2,7 km de comprimento, 10 m
de altura, casada, localizada no campus da Universidade de Sdo Paulo. As tensbes
registradas foram classificadas em quatro categorias e 0s parametros que caracterizam
cada tipo, bem como suas distribuicdes estatisticas, sdo apresentados e discutidos. Cerca
de 67% das tensdes foram classificadas como unipolares (Tipo I) e, com exce¢do de um
caso, todas apresentaram polaridade positiva. Cerca de 20% das tensbes foram
classificadas como Tipo I, cuja forma de onda é composta por dois semiciclos, sendo o
primeiro de polaridade positiva. Cerca de 10% das tensdes foram classificadas como Tipo
I11, cuja forma de onda também é composta por dois semiciclos, mas o primeiro com
duragéo e magnitude muito menores. Apenas 3% foram classificadas como Tipo 1V, cuja
forma de onda possui trés semiciclos e o valor de pico ocorre no terceiro, que possui
polaridade negativa e maior duracdo. Os valores absolutos de pico das tensdes registradas
variaram amplamente, de cerca de 2 kV a 69 kV. Uma vez que as localiza¢cdes dos pontos
de incidéncia e as caracteristicas dos canais e das correntes das descargas nao eram
conhecidas, uma comparacgdo quantitativa entre as tensdes medidas e calculadas néo foi
possivel. No entanto, fez-se uma analise qualitativa, e as comparacgdes entre os resultados
medidos e calculados mostraram que as principais caracteristicas das tensdes registradas
podem ser bem reproduzidas por simulag¢6es considerando condices tipicas. Demonstra-
se claramente que as tensdes induzidas por descargas atmosféricas podem apresentar
oscilagdes mesmo no caso de uma linha casada, sem para-raios, cabo guarda ou condutor
neutro, o que certamente ndo € um resultado 6bvio. As tensdes induzidas medidas, mesmo
as unipolares, diferiram significativamente da tens@o de impulso atmosférico normalizada
(impulso 1,2/50 us). O estudo permitiu uma melhor compreensao das caracteristicas das
tensdes induzidas por descargas atmosféricas em uma linha simples e casada. A
caracterizacdo de tais surtos € um passo importante para uma estimativa mais precisa do
desempenho de linhas de aéreas de distribuicdo, bem como para a selecdo dos métodos de

protecdo mais eficientes frente a descargas atmosféricas.

Palavras-chave: Transitdrios eletromagnéticos. Descargas atmosféricas. Tensdes
induzidas por descargas atmosféricas. Sobretensdes.
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1. INTRODUCTION

Lightning is one of the phenomena that most affect the performance of electric power systems.
During storms, in regions of high and moderate keraunic levels, lightning overvoltages are often
responsible for a significant amount of damages to equipment and unscheduled supply
interruptions in overhead lines. Examples of damages include failures of sensitive electronic

devices in consumer units and distribution transformers [1] — [9].

Disturbances in overhead distribution lines can be caused both in the case of direct and indirect
strokes, that is, both when lightning strikes the line or the ground in its vicinity. Lightning-
induced overvoltages occur much more frequently than those resulting from direct lightning
strikes and represent one of the most important problems for overhead distribution lines,

especially in regions with high ground flash densities and high resistivity soils [10] - [12].

In order to reduce the effects of lightning on power distribution lines and improve their
reliability and power quality levels, it is necessary to adopt efficient solutions to improve their

lightning performance.

A solution against direct lightning consists of the use of a shield wire together with surge
arresters installed in all poles and in all phases. This protection method theoretically eliminates
flashovers. However, the cost of this solution does not allow it to be generally applied. In
practice, a cost-benefit analysis must be carried out to find the most effective protection

measure for each specific case.

It is essential to understand the main characteristics of the lightning overvoltages, especially
those induced by nearby strokes, to estimate the lightning performance of a distribution line

and compare the effectivenesses of different protection alternatives more precisely [13].

The occurrence of a flashover depends not only on the overvoltage peak, but also on its polarity
and waveshape. The amplitudes and waveforms of induced overvoltages vary widely and
depend on various lightning parameters, the network configuration and soil characteristics [1],
[2], [14] - [19].

The search for a better understanding of the behavior and the characteristics of lightning-
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induced overvoltages has motivated the development of several studies on the subject.

By means of a Monte Carlo procedure applied to analytical formulations, Andreotti et al. [20]
focused on the statistical characterization of lightning-induced voltage peak values. The cases

of lines with and without shield wires, above a perfectly conducting ground, were considered.

Based on simulations using a multivariate Monte Carlo procedure and lightning current
waveforms represented by Cigré functions, Napolitano et al. [21] provided a statistical
characterization of the typical waveform parameters of lightning overvoltages induced on a

single conductor medium voltage overhead line for soil conductivities of 1 and 10 mS/m.

Paulino et al. [22] analyzed the front times and times-to-half-value of lightning-induced
voltages at the center of an overhead line above lossy ground, considering typical parameters
for first negative strokes. The computer simulations showed that lightning-induced voltage

waveforms are strongly dependent on the line length and soil resistivity.

Full-scale experiments involving measurements of voltages induced on overhead lines by
natural lightning were carried out by Erikson and Meal [23], Yokoyama et al. [9], [24], [25],
Master et al. [26], Cooray and De la Rosa [27], De la Rosa et al. [28], Rubinstein et al. [29],
Michishita et al. [30], Piantini et al. [31], [32], and Santos and Piantini [33], [34]. The triggered-
lightning technique was employed by Barker et al. [35], while the investigations by
Yokoyama [36], Piantini and Janiszewski [37] - [40], and Ishii, Michishita, and Hongo [41]

were performed using reduced-scale models.

Just to illustrate the difficulties in comparing these results, because of the different experimental
conditions, let us consider two of the investigations cited above. More than 90% of the
lightning-induced voltages recorded by Eriksson and Meal [23] on a three-phase line about
9.9 km long and 7.4 m high were unipolar and of positive polarity; only about 2-3% of the
records displayed a bipolar shape. At one end of the line, the conductors were bonded and
grounded directly to a double counterpoise buried electrode system. At the other end, they were
terminated in individual spark gaps adjusted to have an impulse flashover voltage of about
200 kV. On the other hand, Rubinstein et al. [29] recorded two types of induced-voltage
waveforms: oscillatory (six cases) and impulsive (five cases). The induced voltages were
measured on the top wire of an un-energized, 448 m long three-conductor distribution line. The
top wire was approximately 10 m above the ground and terminated by the total 10.8 kQ
impedance of the voltage divider plus the ground impedance, which was estimated to be tens

of ohms. The characteristic impedance of the line was about 600 Q, so that the end was
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effectively an open circuit. The bottom wires were open.

Lightning-induced voltages were measured on low-voltage distribution lines by Hoidalen and
Dahlslett [42], Cai et al. [43], and Nanayakkara et al. [44]. In [42], most of the measured
transients were bipolar, and the front and half value times of the recorded transients were found
to have a 50% value of 9 and 23 ps, respectively. On the other hand, all the recorded induced
voltage waveforms were unipolar [43], either positive or negative; the majority of the induced
voltages measured in [44] were unipolar, of negative polarity, and the front and half value times

of the recorded transients were found to have a geometric mean value of 7.45 and 11.31 ps.

In [45], most of the 55 lightning-induced voltages measured on a rural branched network, with
common components of a distribution system, showed oscillatory behavior. The 159 km long,
13.2 kV, three-phase distribution line had a horizontal configuration. The low-voltage (LV)
side was typically single-phase, with three conductors arranged vertically. The measurements
were made in four different points, three at the MV side and one at the LV side. Voltages with
longer durations, with an average of approximately 940 us, were observed at the MV side, but

higher peak values were observed at the LV side, where the average value was 30.7 kV.

Wang et al. analyzed in [46] the front times and the times to half value of lightning-induced
overvoltages on a 220 kV three-phase overhead line, 40 km long and 25 m high. The
measurements were performed at the two substations connected by the line. About 54% (52 out
of 97) of the front times of the induced voltages at the two substations were longer than 27.5 ps,
and the highest value of the probability density was 19.5 us. About 50% (50 out of 99) of the
times to half value were shorter than 55 us; the highest value of the probability density was
38.8 us.

In order to establish a correlation between faults along the distribution system and lightning
strokes, Lazarreti et al. presented in [47] a monitoring system that measures fast
electromagnetic transients on energized distribution networks (both on high and low voltage
circuits) and the local atmospheric electric field. The system has been installed in the city of
Guaraniagu-PR, Brazil, where the ground flash density is about 5 flashes/km?/year. In a period
of 15 months, a data series of 196 identified lightning occurrences was obtained, 84 of which
were related to lightning strikes and short-circuits, i.e., lightning-related events that were
followed by voltage variations possibly related to short-circuits. The remaining 112 events were
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lightning strikes unrelated to short-circuits, i.e. they did not present subsequent voltage

variations.

Based on an analysis of lightning-related faults in power distribution feeders using the
monitoring system developed in [47] and integrating experimental data and digital simulations,
Ravaglio et al. [48] presented an experimental case study to better understand the factors that
influence when a lightning-related fault self-extinguishes or sustains itself causing the circuit
protection to act, resulting in a feeder outage. The analysis was based on a single field case

study, but the results of the digital simulation are relatively close to those of the actual case.

All of these studies indicate that lightning-induced voltages' amplitudes and waveshapes vary
widely. This is expected, as they depend significantly on the characteristics of the soil and the
stroke current, the relative position of the line and stroke location, the observation point, and
the network configuration [1], [2], [14] — [19]. Due to the different line lengths, configurations,
and termination conditions, in most of the cases the lightning-induced voltages obtained in

different experimental studies cannot be compared directly.

However, as the behavior of equipment insulation under an impulse voltage depends on both
the impulse amplitude and waveshape, it is essential to know the characteristics of the lightning
overvoltages to which power equipment are subject to assess their lightning withstand
capabilities [49] — [51]. As the line configuration has a significant effect on the lightning-
induced voltages, the first step is to find out the main voltage characteristics for the case of a

simple, basic line configuration.

This Dissertation involves the analysis of lightning-induced voltages recorded by two
measurement systems implemented by the Institute of Energy and Environment of the
University of Sdo Paulo (IEE/USP) through the Lightning and High Voltage Research Center
(CENDAT). The systems were developed for the study of overvoltages induced by natural
lightning on experimental lines adopting the pioneering methodology of simultaneous
measurements of lightning currents and induced voltages on lines with different configurations
developed in [6], [37], [52]. These two systems will be better described in Chapter 2 of this

Dissertation.

Despite the large number of researches on voltages induced by indirect lightning (for instance,
[3], [5], [7], [25], [35], [53] — [57]), no work in the literature can be used to characterize
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lightning-induced voltages based on measurements performed on a matched line with a simple
configuration and without equipment such as transformers and surge arresters. This is mainly
due to the difficulties in implementing a system for this purpose, the long observation time
required to obtain a large volume of data, and the fact that lightning-induced voltages are
affected by several lightning parameters, as well as by the soil and the network configuration
[18], [31], [58], [59].

A better knowledge of the lightning-induced voltages and the statistical distributions of their
main parameters is important for the design of power distribution lines with superior
performance and power quality indexes. The characterization of these overvoltages will enable
more precise analysis regarding the most effective measures for improving the lightning
performance of distribution lines taking into account both the technical and economic points of

view.

1.1. Objective

The main objective of this Dissertation is to evaluate the characteristics of the lightning-induced
voltages measured on a matched line with a simple configuration, i.e., with no equipment such

as transformers and surge arresters. It comprises the following specific objectives:

e to establish waveform parameters for classification of the induced voltages;

o to identify representative types of lightning-induced voltage waveforms;
e tocompare the characteristics of typical measured lightning-induced voltage waveforms
with simulation results using a validated model for calculating lightning transients;

e to present and discuss the statistical distributions of the induced voltage parameters.

1.2. OQutline

This Dissertation is organized into six chapters. The first one presents the introduction, the

objective, and the structure of the Dissertation.
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The second chapter describes the experimental systems developed by the Lightning and High
Voltage Research Center of the University of Sdo Paulo (CENDAT / USP) and implemented
in the campus of the University of Sdo Paulo, in S&do Paulo, and in the campus of the
Universidade Regional Integrada do Alto Uruguai e das Missdes (URI) in Santo Angelo-RS,
for experimental studies of lightning-induced voltages on overhead lines. The first system
operated from 2002 to 2009, while the other one was set up in 2017.

The third chapter presents a methodology for the classification of lightning-induced voltage
waveforms, establishes the waveform parameters corresponding to each group, and discusses
the obtained results.

In the fourth chapter it is shown that the basic characteristics of the induced voltage waveforms
identified in Chapter 3 can be reproduced by means of calculations using a using a validated

and consolidated model - the Extended Rusck Model (ERM) - considering realistic situations.

The fifth chapter presents and discusses the statistical distributions of the parameters of the

induced voltage waveforms recorded on the experimental line.

Finally, in Chapter 6, the final conclusions and main contributions of the Dissertation are

presented, as well as topics for future work.
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2. EXPERIMENTAL SYSTEM

As mentioned in the previous chapter, the line configuration has a significant effect on the
lightning-induced voltages, and therefore it is important to find out the main voltage
characteristics for the case of a simple, basic line configuration. Therefore, this chapter presents
the two systems developed by the Lightning and High Voltage Research Center of the
University of Sdo Paulo (CENDAT / USP) to study lightning transients on overhead lines. Both
systems were designed to record, simultaneously, lightning currents and the corresponding
voltages induced on an experimental line. The first system was implemented in the campus of
the University of Séo Paulo, in Sdo Paulo [31], [32], [60], while the other one was installed in
the campus of the Universidade Regional Integrada do Alto Uruguai e das Missbes (URI) in
Santo Angelo — RS. The analysis carried out in this work considers only the voltages recorded
in the first system as, up to now, just a few voltages have been obtained in System 2. However,

one of the voltages measured in System 2 is shown in section 2.2, for illustration.

2.1. System 1 - Campus of the University of Sdo Paulo in Sdo Paulo (USP/SP)

The first system was implemented in the campus of the University of S&o Paulo in Sdo Paulo,
Brazil, and operated in the period 2002 — 2009. It consisted of a 62.5 m high instrumented tower
isolated from the ground and located at a distance of 67 m from a two-conductor, 2.7 km long,
10 m high un-energized overhead line. The experimental line was above a soil with resistivity
of about 170 Q.m. The conductors, with a diameter of 17.48 mm, one with and the other without
surge arresters, were installed on 6 m wooden crossarms; the reason for this separation between

the two conductors was to decrease their mutual coupling [31], [32].

The conductor without arresters was matched at both ends in order to avoid reflections. A
matching resistor was placed at one of the terminations of the other conductor (the farther from
the measuring points), while a surge arrester was installed at the other end, as illustrated in
Fig. 2.1. A section of the experimental line is shown in Fig. 2.2. Although lightning-induced
voltages were measured at two points in each conductor, the results presented in this

Dissertation refer only to the voltages induced on the conductor matched at both ends. This
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conductor had not any equipment connected, except for the two 15 kQ resistive voltage dividers
(whose ratios were 588:1 and 590:1).

15
Im
&
&
PR S
Y aly 4
'
MATCHED
«
W
\
o< \
)
o> LEGEND
\9.5((\ 61«\ ® Surge arrester
\‘ B Voltage measuring point
L ® station
¢’ s A Tower
b 2
!
MATCHED

Figure 2.1. Sketch of the experimental system in the campus of the University of Sdo Paulo [34].

Figure 2.2. Section of the experimental line in the campus of the University of Sdo Paulo [33].
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The voltages across the low-voltage arms of the voltage dividers located in the four measuring
points were recorded in the respective oscilloscopes and transmitted through optical fiber cables
to a computer located in a measuring station. The 2-channel oscilloscopes, Tektronix®
TDS3012B, had a bandwidth of 100 MHz, sampling rate of 1.25 GSa/s, vertical resolution of 9
bits, and 10,000 points record length per channel. Mini modems were responsible for the
electrical/optical and optical/electrical signals conversion. Further details of the system can be
found in [31], [32], [60].

The system had to be dismounted and a new system [53] was implemented in the campus of the
Universidade Regional Integrada do Alto Uruguai e das Missdes (URI), as described in

subsection 2.2.

2.2. System 2 - Campus of the URI in Santo Angelo/RS

System 2 was implemented in the campus of the Universidade Regional Integrada do Alto
Uruguai e das Missées (URI) in Santo Angelo — RS in 2017. Santo Angelo is located in the
state of Rio Grande do Sul, in the south of Brazil, and is characterized by one of the highest
ground flash densities in the country, of around 12 flashes/km?/year, as indicated in Fig. 2.3

(the ground flash density in the city of S&o Paulo is approximately 9 flashes/km?/year).

The system consists of a 70 m high instrumented tower, an experimental line for induced
voltage measurements, a measuring station with the automated equipment control and the data
acquisition system, an electric field mill, and a GPS time receiver, as shown in Fig. 2.4. The
line has two conductors, one with and the other without surge arresters. The distance between
the conductors is 6 m. The vertical electric field is used to turn the system on when a
thunderstorm is imminent; the GPS clock is used to obtain the timestamp of the current and

voltage measurements.
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Figure 2.3. Map of the ground flash density in Brazil. Adapted from [66].

At approximately 50 m from the line, a room used as measuring station houses the computer
that executes the main control and acquisition software, the electrical-optical and
optical/electrical converters, and the backup and no-break systems. The computer is connected
to the internet and the measured waveforms can be sent to a remote file server.

A microcontroller system is used to turn on and off the oscilloscopes via DC/AC power inverter.
It also controls the battery charge and the temperature and humidity inside the equipment box.
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Figure 2.4. Sketch of the system overview. CM: Current monitor; E/O: electrical - optical converter; O/E:
optical - electrical converter; PX2 and PY2 - poles where the induced voltages are measured; SA:
surge arrester [52].

2.2.1. Tower and Experimental Line

The 70 m high tower, shown in Fig. 2.5, is located at a distance of 50 m from the line. The
current measuring system, installed at its top, is described in detail in subsection 2.2.2. As
shown in Fig. 2.6, the top of the tower is insulated from the rest of the structure so that the entire

lightning current passes through the measuring system.



Figure 2.5. Instrumented tower [52].

Figure 2.6. Current measuring system installed at the tower top [52].
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The non-energised, non-conventional experimental line where the lightning-induced voltages
are measured has two conductors supported by concrete poles. Surge arresters are installed in
one of the conductors, while the other has no protection. The height and diameter of the
conductors are 9 m and 5.2 mm, respectively. A metallic crossarm is used; the distance between
the conductors is about 6 m to reduce the mutual coupling. The conductors are matched at both
ends in order to avoid reflections. The line length is approximately 819 m and, as illustrated in

Fig. 2.7, it has a "L" shape. A picture of the line is presented in Fig. 2.8.

Arrester

Figure 2.7. Sketch of the experimental line and location of measuring points (PX2 and PY2), arresters, tower and
measuring station in Santo Angelo — RS.(MS: measuring station) [52].
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Figure 2.8. Experimental distribution line [52].

2.2.2. Control and Measuring Systems

This section presents the main features of the current and voltage measuring systems and
describes the operation of the data acquisition and control systems.

2.2.2.1. Current Measuring System

The lightning current is measured at the top of the tower using two Pearson Current Monitors,
one with sensitivity of 0.025 V/A (maximum peak current of 20 kA) and the other with
sensitivity of 0.005 V/A (maximum peak current of 100 kA). The current is recorded by a high-
speed data acquisition board (Gage CompuScope 4327) installed on a personal computer (PC)
at the measurement station. This data acquisition board has two channels, one for each current

monitor, with 65 MHz bandwidth, sampling rate of 100 MS/s, 14-bit vertical resolution, and
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total memory of 1 GSamples. This memory allows the recording of 5.12 s of the current

waveform (in both channels), so that first and also subsequent stroke currents can be measured.

The electrical signals of the current monitors are coupled to the acquisition board installed in
the measuring station through analog-to-digital/digital-to-analog fiber links. The links have a
DC-40 MHz bandwidth and a 14-bit vertical resolution. The input voltage is + 100 V, and the

links use single mode fiber. Two links are used, one for each current monitor.

The current timestamp is performed by a GPS clock installed in the computer used for data
acquisition. The GPS clock has two capture inputs, which are used for current and induced
voltage timestamps. The GPS board has an overall time uncertainty of 100 ns. The acquisition
board has a trigger-out connector which is connected to one capture input of the GPS clock.

2.2.2.2. Voltage Measuring System

The induced voltages are measured at two different points of each conductor, i.e., at four points
of the line: two points at pole PX2 and two at pole PY2. At each of these poles, there is a
metallic box used as the base for two high voltage resistive dividers, enclosure of the
oscilloscope, microcontroller, communication system, battery and battery charger, circuit-
breakers and surge protective devices (SPDs), inverter, and temperature and humidity control
systems. Fig. 2.9 shows the measuring system installed at pole PX2. An example of a lightning-
induced voltage measured by oscilloscope 1, channel 1, at the measuring point PX2, on the

conductor without surge arrester, is shown in Fig. 2.10.



34

Figure 2.9. Voltage measuring system (pole PX2) [52].
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Figure 2.10. Example of a lightning-induced voltage measured in the campus of the Universidade Regional
Integrada do Alto Uruguai e das Missdes (URI) in Santo Angelo - RS.
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The maximum impulse voltage (standard lightning impulse) that the resistive voltage dividers
can withstand is 250 kV. The low voltage resistors are installed inside the metallic box. The
oscilloscopes are four-channel, two channels being used for each measuring point. Channel
attenuations at each measuring point are adjusted to allow a wide measuring range. While one
channel, for example, is set to measure from -6 kV to 42 kV, the other channel has a range of -
30 kV to 210 kV, for the same measuring point. The oscilloscopes have 8-bit vertical resolution,
trigger input and output BNC connectors, and maximum memory of 2 MS/channel. The

Ethernet port via optical fiber converter is used for communicating with the computer.

The triggering system of the oscilloscopes installed at poles PX2 and PY2 are physically
interleaved via TTL to optical fiber transmitter/receiver. This configuration ensures that the
measurements made on the two poles refer to the same lightning event. Two additional TTL to
Optical Fiber Transmitter/Receiver are installed at pole PY2 and at the measuring station to
obtain the timestamp of the induced voltage measurements. The oscilloscopes have segmented
memory. This feature allows the acquisition memory to be divided into a set of equal-length
sub-records. The oscilloscope memory has been divided into 5 segments, resulting in 5 blocks
with about 333.3 kS/channel. The oscilloscope sweep speed was set equal to 50 ps/div, which
results in 5 blocks with 500 ps of measurement. The resulting sampling rate is 667 MS/s. The
oscilloscope is able to re-arm the trigger system for new segments in about 1 ps, a feature that
allows to record voltages induced by subsequent strokes or by different flashes which occur at

short intervals.

2.2.2.3. Control System

The data acquisition and control system is performed by two programs. The main program is
implemented into the personal computer located at the measuring station, and the secondary
program is implemented into the microcontrollers (Arduino UNO) installed at the instrumented
boxes (poles PX2, PY2, and top of tower). The main program, developed in LabVIEW, is
responsible for most of the tasks, including the setup of the oscilloscopes and acquisition board,
sending the command to turn the equipment on and off, acquiring measured waveforms and so

on. The program that is executed at the microcontrollers is responsible, together with the main
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program, for relay actuation and monitoring of the environmental conditions inside the

instrumented boxes.

The main program allows configuring the setup of the oscilloscopes and data acquisition board.
The oscilloscopes can be turned on manually, prescheduled, or when the vertical electric field
exceeds a certain value. The electric field is always monitored and its value is recorded on the
computer hard disk. During the measurements, the main program sends commands to the
Arduino to disconnect the battery chargers from the low voltage circuit (220 V AC underground)
and to turn on the DC-AC power inverter. The oscilloscopes are powered from a stationary
lead-acid battery through the inverters. The previously saved setup of the oscilloscopes and
acquisition board is restored and can be changed at any time in the main program. In case of a
lightning strike to the tower or nearby, the induced voltages will be recorded in the oscilloscope
memory and the waveforms will be acquired and saved in a specific folder in the computer hard
disk. The timestamps of the voltage measurements are obtained from a GPS card installed on
the computer. After acquiring the waveforms, the oscilloscopes are put in single acquisition
mode again. At the end of the measurement cycle, the oscilloscopes are switched off and the
battery charger is switched on. The main program creates Log files that record all the events

measured by the system.

The oscilloscopes can be turned on independently of the prescheduled time if the vertical

electric field exceeds a certain value. In this case, the oscilloscopes are kept on for a given time.

The control of the current measuring system is independent of the oscilloscopes. It can be
switched on/off manually or prescheduled. In case of a lightning stroke to the tower, the signals
of the current monitors will be sent to the acquisition card installed in the PC and the main
program will write the data in a specific folder. The timestamp of the current measurements are

also obtained from the GPS card.

The microcontrollers installed in the instrumented boxes are also responsible for monitoring
the battery voltage and the temperature and humidity inside the boxes. If the system indicates
that the battery voltage is low, it automatically switches off the oscilloscopes. The temperature
control is done by exhausters installed in the boxes. Humidity can be controlled through the
exhausters and also through a heater. This system is also adjusted and monitored by the main

program.
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3. ANALYSIS OF THE LIGHTNING-INDUCED
VOLTAGE WAVEFORMS

This chapter aims to analyze the 64 lightning-induced voltages with magnitudes above 2 kV
recorded by the system that operated at the campus of the University of Sdo Paulo (System 1),
described in section 2.1. The analysis is focused on the time parameters, which, unlike the
voltage amplitude, do not depend on the current peak value. About one-third of the recorded
voltages (21 out of 64) were classified as bipolar. This high percentage of bipolar voltages was
somewhat unexpected — or at least it was not obvious -, as the line was matched at both ends

and had no equipment other than distribution insulators and the two resistive dividers.

3.1. General

As mentioned in Chapter 2, the voltages were measured on an un-energized conductor matched
at both ends, so that reflections are not present. This conductor did not have any equipment
connected except for the distribution insulators and the two voltage dividers. The analysis refers
to the voltages induced by 64 lightning strokes that reached magnitudes higher than 2 kV. As
the voltages were measured simultaneously at two points of the conductor, in principle the 64
lightning events should result in 128 induced voltage waveforms. However, the differences
between the voltages induced on the two points were always negligible and, in addition, in some
cases the voltages were recorded only at one point. Therefore, only one voltage waveform was
considered for each lightning event, so the data considered in the analysis consisted of 64

induced voltage waveforms.

Although the locations of the lightning strokes that induced the recorded voltages were not

available, none of the voltages were induced by flashes that hit the tower described in Chapter 2.

Fig. 3.1 shows the monthly occurrence statistics of the measured induced voltages. It can be
seen that 72% of the measurements were obtained in the period January - March, which

corresponds to summer in the Southern Hemisphere.
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Figure 3.1. Monthly occurrence statistics of the lightning-induced voltages measured at the experimental
line [33].

The Savitzky-Golay digital filter [61] was applied to the raw data to smooth the noise slightly.
This filter smooths the noisy signal by fitting a polynomial function piecewise to the signal.

Some examples of lightning-induced voltages waveforms before and after being filtered are

shown in Fig. 3.2 to Fig. 3.5.
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Figure 3.2. Lightning-induced voltage waveshape (#5) with and without filtering [33].
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Figure 3.3. Lightning-induced voltage waveshape (#17) with and without filtering.
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Figure 3.4. Lightning-induced voltage waveshape (#23) with and without filtering.
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The wavetails of the recorded induced voltages are shorter in comparison with the standard
lightning impulse voltage (1.2 / 50 us), a result which is coherent with calculations [10] - [12],
[20], [24], [14] — [17] and measurements performed in other studies [9], [18], [19], [24], [25],
[42] —[44], [51], [62]. A typical voltage induced by a nearby downward negative lightning flash
usually has positive polarity, at least at the points of the line close to the stroke location.
However, lightning-induced voltages are significantly affected by the stroke current waveshape
and many other parameters and conditions. As shown in [1], [16], [17], depending on the
observation point and the relative position of the stroke location with respect to the line, the
induced voltage may be positive, negative, or bipolar. The occurrence of an upward leader may
also lead to a bipolar voltage with a short negative peak in the initial part (in the case of
downward negative lightning flashes) [1], [63]. The channel tortuosity influences the induced

voltages remarkably [64]; channel branches may also affect the voltage characteristics.

Strictly speaking, all the recorded lightning-induced voltages were bipolar. However, in many
cases the initial part of the voltage and the semi-cycles that occur after the maximum absolute
value (Vmax) have no significant effects on the behavior of power equipment insulation

subjected to these voltages.

The analysis revealed that the measured voltage waveshapes could be classified into four
categories. These four voltage types are derived from a “basic” waveshape with three semi-
cycles (A, B, and C), as shown in Fig. 3.6. Type | corresponds to the unipolar waveshape, for
which the semi-cycles A and C can be neglected. The bipolar voltages are subdivided into Types
I1, 11, and 1V. If the semi-cycles A or C can be disregarded, the voltage is classified as Type Il

or Type Il1, respectively. If the three semi-cycles are important, it is considered as Type IV.
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Figure 3.6. Schematic lightning-induced voltage types derived from the 'basic' waveform [34].

The criterion adopted to neglect semi-cycles of the 'basic' waveshape and classify the voltage
into one of the four types is: semi-cycle A is disregarded if its peak value is less than 20% of
the maximum absolute voltage values (Vmax); semi-cycle C is neglected if its voltage peak is
less than 40% of Vmax. The criterion for neglecting semi-cycle C may be controversial.
However, considering the recorded waveforms, if the magnitude of the voltage peak
corresponding to semi-cycle C is lower than 40% of the maximum absolute voltage value, this
semi-cycle will not have an important effect on the insulation behavior in the great majority of

the cases.

For the induced voltage shown in Fig. 3.2, Vmax = 5.9 kV. As the absolute values of the peaks
of the semi-cycles that precede the one at which Vmax is reached are lower than 20% (1.18 kV)
and 40% (2.36 kV) of Vmax, respectively, both semi-cycles are disregarded. Therefore,
according to the adopted criteria, the voltage has been classified as unipolar, that is, as Type I.

For the unipolar waveshapes (Type 1), the instant t = 0 corresponds to the virtual origin (vo)
defined in section 3.2. For the bipolar waveshapes, the instant t = 0 is the instant at which the
voltage crosses the horizontal axis just before semi-cycle B (Type I1) or semi-cycle A (Types
Il and 1V), as indicated in Fig. 3.6.
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The parameters that characterize the four voltage types are discussed in the next sections.

3.2. Type |

About 67% of the recorded lightning-induced voltages, that is, 43 out of 64, were classified as
Type |. Except for one case, all the voltages have positive polarity. Five examples of this voltage
type are shown in Figs. 3.7 to 3.11. The only recorded induced voltage of negative polarity is
depicted in Fig. 3.11.

As described in [65], the first stroke current waveshape starts with a concave front followed by
an abrupt rise around the half-peak that leads to the first peak. This initial peak is usually
followed by a second peak which is normally higher than the first one; the medium of the ratio
of the first and second peaks is 0.9 [65]. The virtual origin, from which the wavefront

parameters of lightning currents are calculated, is obtained taking the first peak as reference.

=
1

Voltage (kV)
[

‘W‘u T T T T 1
0 20 40 60 80 Mo
Time (ps)

Figure 3.7. Example of a Type | lightning-induced voltage with positive polarity (Waveshape #5) [34].
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Figure 3.8. Example of a Type I lightning-induced voltage with positive polarity (Waveshape #22) [34].
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Figure 3.9. Example of a Type I lightning-induced voltage with positive polarity (Waveshape #7).
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Figure 3.10. Example of a Type I lightning-induced voltage with positive polarity (Waveshape #9).
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Figure 3.11. Example of a Type I lightning-induced voltage with negative polarity (Waveshape #59) [34].

Regarding the measured lightning-induced voltages, more than 40% (20 out of 43) of those
classified as Type | have more than one peak preceding the maximum value, as illustrated in
Fig. 3.7. The amplitudes of these peaks vary over a wide range, from 5% to 90% of Vmax, and
a criterion should be defined for choosing which of these peaks should be used as reference for

the calculation of the wavefront parameters.

Three situations were considered regarding the reference V1 for calculating Tio, Tzo, Teo, and

vo:
- Vmax: the reference is the maximum voltage value (Vmax);

- 0.75 Vmax: the reference V1 is the highest peak among the peaks in the range 75% Vmax

to Vmax, that is, the maximum voltage peak V1 such that 0.75 Vmax < Vi < Vmax;

- 0.65 Vmax: the reference V1 is the highest peak among the peaks in the range 65% Vmax

to Vmax, that is, the maximum voltage peak V1 such that 0.65 Vmax < Vi < Vmax.

The parameters which characterize Type | voltages are the equivalent front times tf(4¢,90) and

tf(30/90) and the time to half-value (th), which are calculated according to (3.1) — (3.3).

Equivalent front time tf(10,90):

(Too—=Ti0) V
tf0/90) = —900.810 —?fx (3.1).
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Equivalent front time tf(30/90):

(Too—T30) Vmax

tf(30/90) = o V1 (3.2).

Time to half-value, th:

th = T — vo (3.3).

The virtual origin, vo, is calculated as:

Vo = T30 - 03 tf(30/90) (34)

In (3.1) — (3.3), T1o, T30 and Tyo are, respectively, the 10%, 30%, and 90% intercepts along the
induced voltage waveshape. V1 is the reference for calculating T1o, T30, and Tgo. Tiso is the instant
corresponding to the value of 50% of the maximum voltage on the wavetail; in the case of
oscillating voltages for which more than one point on the wavetail crosses the line
corresponding to 50% of Vmax, Tiso is the longest time. The time to half-value th is the

difference between Tiso and the virtual origin vo.

Fig. 3.12 shows an example of an induced voltage waveform whose front time tf(5¢,90) Was
calculated according to the three criteria presented. If the “0.65 Vmax” criterion is adopted,
tf(z0/90) = 2.7 U, whereas a front time about seven times longer (namely, 18.2 ps) is obtained
if either the “Vmax” or the “0.75 Vmax” criteria are used. If, for example, an insulator is to be
tested in a laboratory with an impulse voltage with the same amplitude and front time of the
voltage depicted in Fig. 3.12, it is recommended to be on the safe side, i.e., to apply an impulse

voltage with front time of 2.7 us, for which the insulation presents a lower insulation strength.
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Figure 3.12. Criteria for determining the virtual origin and waveshape parameters (Waveshape #46), adapted
from [33].

Table 3.1 presents the average (X), median (u), and standard deviation (o) of the waveshape
parameters tfio00), tfzom), and th calculated according to these three criteria. Concerning the
time to half-value, the differences obtained using the three criteria are insignificant. Larger
variations are observed on the front time tfo/90) (maximum differences of about 25% and 15%

for the average and median, respectively).

Table 3.1. Waveshape parameters tfuom), tfeoso), and th calculated according to three different criteria.
tfaomo) (MS)  tfzom0) (MS) th (ps)
X U o X H o x M o
Vmax 64 44 47 85 55 63 196 17.1 11.8
0.75Vmax 7.0 57 39 7.6 53 56 192 168 121

0.65Vmax 7.3 59 42 68 48 52 190 168 119

Criterion

An individual analysis of the induced voltage waveshapes indicated that the best results are

obtained when the reference for calculating Tio, Tso, Teo, and vo is the highest peak among the
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peaks in the range 65% Vmax to Vmax. That is, the reference is the peak voltage V1 such that
0.65 Vmax < Vi1 <Vmax. By “best results” we mean that this criterion leads to voltages with
shorter front times, and when an insulation is subjected to two impulses with the same amplitude
and wavetail but different front times, more severe stress is caused by the impulse with shorter
front time. From the defined criterion, the parameters which characterize Type | voltages are
the equivalent front times tfuomo) and tfeomo), and the time to half-value (th), indicated in
Fig. 3.13.

a.9%; 3

s Fmax-

Voltage (kW)

83V, 1
a1V, -

" nsen
Time (ps)

Figure 3.13. Wavefront parameters of a Type | voltage (Waveshape #51). Blue and red lines pass through the
points corresponding to 10% and 90% of V; and 30% and 90% of V4, respectively [34].

For about 65% of Type | voltages, including those shown in Figs. 3.7 to 3.11, the equivalent
front time tf(10,90) is longer than tf(3o/90). The medians (uin) and standard deviations (cin) of
the Type | voltage waveshape parameters, assuming the log-normal distribution, are presented
in Table 3.2 along with the arithmetic mean (X). The medians of tfio90), tf (30/90), and th are,

respectively, 6.1 ps, 5.2 ps, and 15.8 ps. The front times are longer and the times to half-value



are shorter in comparison with the standard lightning impulse voltage.

Table 3.2. Type | Voltage waveshape parameters tfio90) , tfzoo), and th.

Parameter x Min Gin
tfao00) (US) 73 61 50
tf(30/90) (HS) 6.8 5.2 59

th (us) 19.0 158 135

3.3. Type Il

48

The induced voltages classified as Type Il correspond to about 20% (13 out of 64) of the

recorded voltages. They are composed of two semi-cycles, the first one of positive polarity, as

indicated in Fig. 3.6. The maximum absolute voltage value can occur either in the first or the

second semi-cycle. Examples of Type Il induced voltages are shown in Figs. 3.14 to 3.17.

15 -

Voltage (kV)

Time (us)

Figure 3.14. Type Il induced voltage waveshape with maximum absolute voltage value in the second semi-

cycle (Waveshape #48).
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Figure 3.15. Type Il induced voltage waveshape with maximum absolute voltage value in the first semi-cycle

(Waveshape #43).
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Figure 3.16. Type Il induced voltage waveshape with maximum absolute voltage value in the second semi-
cycle (Waveshape #49).
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Figure 3.17. Type Il induced voltage waveshape with maximum absolute voltage value in the second semi-
cycle (Waveshape #57).

The duration of the first semi-cycle of the voltage shown in Fig. 3.14 is 9.4 us. The voltage
reaches its maximum (absolute value of 12.8 kV) in the second semi-cycle, whose duration is
16.8 ps.

In 69% of the cases, the maximum absolute value of the voltage occurs in the first semi-cycle.
The ratio of the absolute values of the peak voltages of the second and first semi-cycles ranges
from 0.46 to 1.38, as shown in Fig. 3.18 The average times at which the voltage reaches its

peaks in the first and second semi-cycles are 5.3 us and 13.3 ps, respectively.

For most Type Il induced voltages, the second semi-cycle is longer than the first one. The first

and second semi-cycles have average durations of 9.4 us and 14.3 ps, respectively.

The medians (pin) and the standard deviations (cin) Of the durations are 8.2 ps and 11.2 ps for
the first semi-cycle and 5.5 us and 15.5 us for the second one, respectively. The ratio of the
durations of the second and first semi-cycles varies in the range of 0.16 to 6.57. As shown in
Fig. 3.19, in 10 out of the 13 cases (about 77%) the duration of the second semi-cycle is longer

than that of the first one.
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Figure 3.18. Histogram of the ratios of the absolute values of the maximum voltages of the second and first
semi-cycles [34].
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Figure 3.19. Histogram of the ratios of the durations of the second and first semi-cycles [34].

3.4. Type 1l

The induced voltages classified as Type 11l correspond to 9.4% (6 out of 64) of the recorded
voltages. They are composed of two semi-cycles and, except for one case, the first one has
negative polarity, shorter duration, and lower magnitude, as indicated in Fig. 3.6. Typical
examples of Type Il voltage waveshapes are given in Figs. 3.20 to 3.23. Fig. 3.23 shows the

only recorded induced voltage with polarities of the first and second peaks (positive and
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negative, respectively) inverted compared with the other voltages.

Voltage (kV)
N

0 - r V- r
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Time (ps)

Figure 3.20. Type Il induced voltage waveshape with first semi-cycle of positive polarity and maximum
absolute voltage value in the second semi-cycle (Waveshape #11).
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Figure 3.21. Type Il induced voltage waveshape with first semi-cycle of positive polarity and maximum
absolute voltage value in the second semi-cycle (Waveshape #34).
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Figure 3.22. Type Il induced voltage waveshape with first semi-cycle of negative polarity and maximum
absolute voltage value in the second semi-cycle (Waveshape #36) [34].
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Figure 3.23. Type Ill induced voltage waveshape with first semi-cycle of positive polarity and maximum
absolute voltage value in the second semi-cycle (Waveshape #18) [34].

Although the polarities of the semi-cycles of the induced voltage shown in Fig. 3.23 are inverted
in relation to the other voltages classified as Type 11, the durations of the first and second semi-
cycles are coherent with those of the other voltages. This indicates that it is likely to have been
induced by a positive downward lightning flash. The average durations of the first and second
semi-cycles of Type Il induced voltages are 3.3 us and 47.4 us, respectively. The medians (Jin)
and standard deviations (o) are, respectively, 2.7 us and 2.5 ps for the first semi-cycle and
30.1 us and 63.5 ps for the second one. The average ratio of the absolute values of the peak

voltages of the first and second semi-cycles is 0.4.
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The average times at which the peak values occur are 2.5 us for the first and 10.2 us for the

second semi-cycle.

The ratios of the maximum absolute voltage value of the first and second semi-cycles varied in
the range of 0.26 to 0.45, the average being 0.4. The histogram of the ratios is shown in Fig. 3.24.
The ratios of the durations of the second and first semi-cycles varied in the range of 4 to 67, as

shown in Fig. 3.25.
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Figure 3.24. Histogram of the ratios of the absolute values of the lowest and highest induced voltage.
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Figure 3.25. Histogram of the ratios of the durations of the second and first semi-cycles.
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3.5. Type IV

The induced voltages classified as Type 1V correspond to 3.1% (2 out of 64) of the recorded
voltages. They are composed of three semi-cycles, as indicated in Fig. 3.6. Type IV has a
particularity in that the occurrence of the maximum absolute voltage value is in the third semi-
cycle, which has negative polarity and the longest duration. The two induced voltage

waveshapes classified as Type IV are presented in Fig. 3.23 and Fig. 3.24.

The durations are 4.2 ps and 4 s for the first semi-cycle, 2.7 us and 4.9 s for the second semi-
cycle, and 35.5 ps and 23.9 ps for the third semi-cycle of the voltages shown in Fig. 3.26 and
Fig. 3.27 respectively. The ratios of the absolute values of the maximum voltages of the first
and third semi-cycles are 0.62 and 0.46; the ratio of the absolute values of the maximum

voltages of the second and third semi-cycles are 0.54 and 0.86.
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Figure 3.26. Type IV induced voltage waveshape (Waveshape #2) [34].
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Figure 3.27. Type IV induced voltage waveshape (Waveshape #13) [34].
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4. GENERAL ASSESSMENT OF THE MEASURED
LIGHTNING-INDUCED VOLTAGES -
COMPARISONS WITH CALCULATION RESULTS

The analysis presented in Chapter 3 indicated that about 67% of the recorded lightning-induced
voltages, that is, 43 out of 64, were unipolar (Type I). In other words, about one-third of the
recorded voltages were classified as bipolar. As the line was matched at both ends and had no
equipment other than distribution insulators and the two resistive dividers, this result was far
from obvious. Bipolar lightning surges appeared to be more common than expected.

In this chapter, an investigation is performed aiming at finding at which conditions voltages
with characteristics similar to those observed on the measured ones, considering a similar line,
could be obtained. The calculations are performed using the Extended Rusck Model (ERM)
[56].

4.1. The Extended Rusck Model (ERM)

The ERM is a model for calculating lightning-induced surges that enables to take into account
realistic situations such as, e.g., a multi-conductor line with a multi-grounded neutral or shield
wire over a finitely conducting ground [67]. The incidence of lightning flashes to nearby
elevated objects and the occurrence of upward leaders can also be considered [67], as well as
the presence of equipment such as transformers and surge arresters [18]. The effect of a multi-
grounded conductor is evaluated by calculating the currents that flow to ground at the various
grounding points taking into account the multiple reflections and, then, the voltages associated
with these currents that, due to the coupling between the wires, are induced on the phase
conductors [14]. The ERM has been validated with experimental data obtained using different
techniques: rocket-triggered lightning, lightning flashes to instrumented towers, and reduced
scale modeling [10], [18], [56], [67].

It represents an extension of the Rusck model [53] in the sense that, unlike the original model,
which was developed under the assumption of a perfectly conducting ground, it enables the
analysis of situations of practical interest. The good agreement observed between measured and

calculated induced voltages in hundreds of situations, including the case of finite soil



58

conductivity, confirms the suitability of the ERM for the analysis of lightning-induced

transients. Details of the model can be found in [56].

4.2. Comparisons

The purpose of the comparisons presented in this section is to investigate under which
conditions voltages with characteristics similar to the recorded ones, especially those classified
as belonging to Types I, I, and 111, could be induced on a matched line without surge arresters,
shield wire, and a neutral conductor. The voltages classified as these three types correspond to
approximately 97% of the measurements. Negative downward flashes are assumed in all the
calculations, though in the figures the currents are represented as if they had positive polarity.

The number of simulations required to obtain the conditions under which the calculated
voltages were similar to the measured ones varied from case to case. The first case,
corresponding to a Type | voltage, was the simplest one, and it was relatively easy to find the
combination of the parameters. The second case, corresponding to a Type Il voltage, required
more time, but it was also not so difficult. On the other hand, it took much more time to identify

the combination of the parameters relevant to the third case, corresponding to a Type I1l voltage.

The first case considered refers to the induced voltage #22 (Type I). In Fig. 4.1 the measured
voltage is compared with the one calculated with the ERM assuming a typical stroke current
with amplitude (Ip) of 25 kA, front time tfs,,¢,) Of about 4.5 ps, and propagation velocity of
40% that of light in free space. The line is 2 km long, 9 m high, and the distance (d) between
the stroke location and the line center, where the voltage is calculated, is 500 m, as indicated in
Fig. 4.2. The soil resistivity (p) is 100 Q.m, and the relative permittivity is equal to 10. The
current waveshape is represented by the Heidler Function [68], with lo = 23.7 KA, 71 = 1.5 ps,
»=160 psand n = 2.

i(t)_lo (t/z)" o-(t/n) (Z](HZJU

Tty ey o 10

(4.1).
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Figure 4.1. Comparison between measured and calculated induced voltages (Type | — Waveshape #22).

1000 m 1000 m

d=500m

Stroke location

Figure 4.2. Simulation conditions for the calculated voltages depicted in Fig. 4.1 and in Fig. 4.3 (both voltages
were calculated at the line center).

The second case refers to the induced voltage #17 (Type Il), which in Fig. 4.3 is compared with
the one calculated with the ERM assuming a stroke current with an amplitude of 37 kA and
front time of 3 ps. The current has a short wavetail, with time to half-value of 9 ps. All the other
conditions are the same as in the previous case. Although, in general, the times to half-value of
lightning currents are typically of the order of tens of microseconds [65], much shorter values
may occur. In [25], for instance, cases are shown of stroke currents with times to half-value of
about 3 ps (Case 83-03), 5 us (Case 82-10), 10 ps (Case 82-09), and 20 us (Case 83-09).
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Figure 4.3. Comparison between measured and calculated induced voltages (Type Il — Waveshape #17).

The third case refers to an induced voltage classified as Type Il (#36), which is depicted in
Fig. 4.4 together with the voltage calculated with the ERM, assuming a stroke current with an
amplitude of 35 kA and front time tfs,,9) Of about 4.5 ps. The current waveshape is the same
as the one corresponding to the first case, shown in Fig. 4.1b; only the amplitude is different.
The line is the same, but its relative position in relation to the stroke location is different, and
the voltage is calculated at the point located at a distance of 550 m from the line termination
closest to the lightning strike point, as shown in Fig. 4.5. The soil resistivity is equal to 400 Q.m.

The other conditions are the same as in the previous cases.
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Figure 4.4. Comparison between measured and calculated induced voltages (Type |11 — Waveshape #36).
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Figure 4.5. Simulation conditions for the calculated voltage depicted in Fig. 4.4.

Although just a qualitative analysis is possible since the strike point location and the
characteristics of the lightning currents were not known, the comparisons presented in this
chapter clearly showed that the main features of the recorded voltages can be well reproduced
by the simulation results considering typical conditions. In particular, the occurrence of bipolar
induced voltages can be explained based on different combinations between the values of
parameters such as the relative position between the line and the stroke location, the current
waveform, the ground resistivity, and the observation point.
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5. STATISTICAL ANALYSIS OF THE WAVEFORM
PARAMETERS OF THE RECORDED LIGHTNING-
INDUCED VOLTAGES

This chapter presents and discusses the statistical distributions of the waveform parameters of
the four voltage types presented in Chapter 3. The voltage amplitudes are not important in the
analysis since the line has neither arresters nor transformers and, therefore, the system is linear
and the voltage waveforms do not depend on the current peak values. In other words, if a certain
stroke current Iy induces on the line the voltage V1, the current |2, with the same waveform and
under the same conditions (except for the peak value), will induce on the line the voltage V-,
with amplitude equal to V1 x (I2 / 1) but with the same waveform as V1. Hence, information is
given on the recorded voltage peak values, but the chapter aims at discussing the statistical

distributions of the waveform parameters.

The analysis is divided into four parts: initially, all the 64 recorded voltage waveforms are
considered and information is presented on the distribution of their peak values. Then, the
discussion involves only the 43 unipolar waveforms (Type 1). After that, the bipolar voltages
(Types 11, 111, and 1V) are considered. Initially, the analysis refers to the parameters that these
three voltage types have in common; then, the voltage types are discussed separately. Finally,

some remarks are presented highlighting the main findings of the chapter.

5.1. Distribution of the recorded voltage peak values

The histogram of the maximum absolute voltage values, considering all the recorded induced
voltages, is shown in Fig. 5.1. Actually, although the total number of recorded voltages is 64,
the histogram shows data corresponding to 63 induced voltages only, as one of them
(Waveshape # 15) has been excluded. The reason is that, although the voltage waveform is
coherent and similar to other waveforms, its maximum value (about 7315 kV) is too high and
indicates a measurement error. This voltage, which is presented in Fig. 5.2, was considered in

the analysis of the waveshape parameters (section 5.2), but its maximum value was disregarded.
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The maximum absolute voltage values (Vmax) varied in a wide range, from about 2 to 69 kV.
In 47 out of the 63 voltages (i.e., in approximately 75% of the cases), Vmax was lower than

20 kV.

Number of cases
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Figure 5.1. Histogram of the maximum absolute voltage values (63 voltages).
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Figure 5.2. Induced voltage excluded from the histogram shown in Fig. 5.1 due to measurement error in the
voltage values (Waveshape #15).

The cumulative frequency distribution curve of the maximum absolute voltage values is

presented in Fig. 5.3, along with its log-normal approximation (the slanted straight line). Based
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on the log-normal approximation, the median value of the voltage maximums is 12.6 kV, and
95% of the voltage amplitudes are lower than 44.5 kV. The average (x), median (in), standard
deviation (o), and the 5% and 95% values of the maximum absolute voltage values calculated

based on the log-normal approximation are presented in Table 5.1.
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Figure 5.3. Cumulative statistical distribution of the maximum absolute voltage values and its log-
normal approximation. It gives the percent of cases less than the value specified in the
abscissa (63 waveforms).

Table 5.1. Statistic results of the maximum absolute voltage values (63 lightning-induced voltages).

Parameter Vmax (KV)
Minimum 2.1
Maximum 68.9
Average (x) 16.7
Median (Win) 12.6
Std. deviation (oin) 14.9
5% value 3.6

95% value 44 5
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5.2. Distributions of the parameters of the unipolar (Type I) waveforms

The histogram of the maximum absolute voltage values of the unipolar induced voltages is
shown in Fig. 5.4. The maximum values varied widely, from about 3 to 69 kV. In 32 out of the
42 voltage waveforms (i.e., in approximately 76% of the cases), Vmax was lower than 20 kV.
As explained in section 5.1, one of the recorded induced voltages (Waveform #15, Fig. 5.1) had
to be disregarded in the analysis of the distribution of the maximum values due to a
measurement error. The voltage was classified as Type |, and despite the error in its maximum
value, the waveform was coherent and the time parameters were considered in the analysis.
Therefore, the number of maximum values of the Type | voltages is 42, but the number of time

parameters is 43.
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Figure 5.4. Histogram of the maximum absolute voltage values (42 voltages).
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The cumulative frequency distributions of the maximum absolute voltage values and the time
parameters tf1o90), tf30/90), and th are shown in Figs. 5.5 to 5.8, respectively, together with the

corresponding log-normal approximations (slanted straight lines).

Unless otherwise indicated, all the values of the statistical parameters presented hereafter refer
to the log-normal approximation.

Fig. 5.5 indicates that the median value of the Vmax is 12.1 kV and that 95% of the measured

voltages are lower than 40 kV.
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Figure 5.5. Cumulative statistical distribution of the maximum absolute voltage values and its log-normal
approximation. It gives the percent of cases less than the value specified in the abscissa (42
voltages).

The median values of the time parameters tfi0/90) and tfzo0), Whose curves are shown in

Fig. 5.6 and Fig. 5.7, are 6.1 us and 5.2 pus, respectively. In about 95% of the cases, tf(o/90) IS
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shorter than 16 s, and in 5% of the cases it is shorter than 2.3 ps. The corresponding values
for tfzo00) are, respectively, 17.6 us (95% of the cases) and 1.5 us (5% of the cases).
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Figure 5.6. Cumulative statistical distribution of the tfao0) and its log-normal approximation. It gives the
percent of cases less than the value specified in the abscissa (43 waveforms).
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Figure 5.7. Cumulative statistical distribution of the tfzo00) and its log-normal approximation. It gives the
percent of cases less than the value specified in the abscissa (43 waveforms).

The cumulative frequency distribution curve of the time to half-value (th) is presented in
Fig. 5.8. The median is equal to 15.8 ps. In 95% of the cases, th is shorter than 45.4 pus, and in

5% of the cases it is shorter than 5.5 ps.
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Figure 5.8. Cumulative statistical distribution of the time to half-value th and its log-normal approximation. It
gives the percent of cases less than the value specified in the abscissa (43 waveforms).

In Fig. 5.9 the cumulative frequency distributions of the tf(i0/0), tf(30/00), and th are presented in

the same graph to facilitate the comparison.

The average (x), median (pun), standard deviation (o), and the 5% and 95% values of the
maximum absolute voltage and the time parameters tfo00), tfis090), and th, values calculated

from the log-normal approximation curve are presented in Table 5.2.
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Figure 5.9. Comparison of the cumulative statistical distributions of the tfo0), tfzore0), and th, and their log-
normal approximations. It gives the percent of cases less than the value specified in the abscissa

(43 waveforms).

Table 5.2. Statistic results for the maximum absolute voltage values (42 voltages) and time parameters tf1o90),

tfzore0), and th (43 voltages).

Vv tfoeo)  tf(3090) th

Parameter/Variable (k"{%(

(1s) (1s) (1s)
Minimum 3.5 15 1.3 4.6
Maximum 68.9 16 18.3 62.2
Average (%) 16.1 7.3 68  10.0
Median (1) 12.1 6.1 52 158
Std. deviation (cin) 13.7 5.0 5.9 135
5% value 3.6 2.3 15 55
95% value 41.4 16 17.6 45.4
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5.3. Distributions of the parameters of the bipolar waveforms (Types I, 111, and 1V)

This section presents the statistical distributions of the waveforms parameters of the bipolar
induced voltages (Types I, 111, and 1V). Initially, the results are given for the three voltage
types together, that is, for the 21 bipolar voltages. Then, the results are presented for each of
the voltage types. The parameters of the bipolar voltages are the maximum absolute voltage
values, the durations of the first and second semi-cycles, the time interval between the peaks of
the first and second semi-cycles (tvp2-vp1), and the ratio of the maximum absolute voltage values

of the second and first semi-cycles.

Although the analysis presented in this section comprehends the 21 voltages classified as
bipolar, 20 were considered for the analysis of the duration of the second semi-cycle, as one of
them (Waveshape #36), shown in Fig. 5.10, did not cross the zero axis within the time window
and therefore the duration of the second semi-cycle could not be determined. The curves

corresponding to all the other parameters were obtained considering the 21 recorded voltages.
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-3
Time (us)

Figure. 5.10. Induced voltage that was not considered in the analysis of the duration of the second semi-cycle
because it does not cross the zero axis within the time window, and the duration of the second
semi-cycle could not be determined (Waveshape #36).

5.3.1. Types II, 11, and IV

The histograms of the maximum absolute voltage values of the first and second semi-cycles are
shown in Fig. 5.11 and Fig. 5.12, respectively. The maximum values varied in the ranges of
0.97 to 41.3 kV and 2.14 to 49.6 kV for the first and second semi-cycles, respectively. In the
first semi-cycle, the voltage Vmax was lower than 20 kV in 16 out of the 21 induced voltages
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(i.e., in approximately 76% of the cases), while in the second semi-cycle it was lower than
20 kV in 18 out of the 21 voltages (about 86% of the total).
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Figure 5.11. Histogram of the maximum absolute voltage values of the first semi-cycle (21
voltages).
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Figure 5.12. Histogram of the maximum absolute voltage values of the second semi-cycle (21 voltages).
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The cumulative frequency distributions of the maximum absolute voltage values, durations of
the first and second semi-cycles, and time intervals between the peaks of the first and second
semi-cycles are presented in Figs. 5.13 to 5.18, respectively, together with the corresponding
log-normal approximations (slanted straight lines), giving the percent of cases less than the

values indicated in the abscissa.

Unless otherwise indicated, all the values of the statistical parameters presented hereafter refer

to the log-normal approximation.

Figs. 5.13 and 5.14 indicate that the median values of the maximum absolute voltage values of
the first and second semi-cycles are, respectively, 9.1 kV and 11.2 kV. Regarding the first semi-
cycle, in 5% of the cases the maximum voltage is lower than 1.5 kV, and in 95% of the cases it
is lower than 55 kV (this is the value obtained from the log-normal approximation; the
maximum measured value was about 41 kV). The values relative to the second semi-cycle are
3.1 kV (5% of the cases) and 41.5 kV (95% of the cases).
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Figure 5.13. Cumulative statistical distribution of the maximum absolute voltage values of the first semi-
cycle and its log-normal approximation. It gives the percent of cases less than the value
specified in the abscissa (21 induced voltages).
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Figure 5.14. Cumulative statistical distribution of the maximum absolute voltage values of the second semi-
cycle and its log-normal approximation. It gives the percent of cases less than the value specified
in the abscissa (21 induced voltages).

In Fig. 5.15 the cumulative frequency distributions of the maximum absolute voltage values of

the first and second semi-cycles are presented in the same graph to facilitate the comparison.

Fig. 5.16 and Fig. 5.17 indicate that the median values of the durations of the first and second
semi-cycles are, respectively, 5.5 us and 13.4 us. In 5% of the cases, the duration of the first
semi-cycle is shorter than 1.6 ps and in 95% of the cases it is lower than 18.9 us. The values
corresponding to the second semi-cycle are 2.5 us (5% of the cases) and 71 us (95% of the

cases).
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Figure 5.15. Comparison of the cumulative statistical distributions of maximum absolute voltage values of the
first and second semi-cycles and their log-normal approximations. It gives the percent of cases
less than the value specified in the abscissa (21 induced voltages).
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Figure 5.16. Cumulative statistical distribution of the duration of the first semi-cycle and its log-normal

approximation. It gives the percent of cases less than the value specified in the abscissa
(21 waveforms).
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Figure 5.17. Cumulative statistical distribution of the duration of the second semi-cycle and its log-
normal approximation. It gives the percent of cases less than the value specified in the
abscissa (20 waveforms).

The cumulative frequency distribution of the time intervals between the peaks of the first and
second semi-cycles (tvp2-vp1) is given in Fig. 5.18, which indicates that the median is 6 us and
that in 5% and 95% of the cases the values are shorter than 2 us and 19 ps, respectively.
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Figure 5.18. Cumulative statistical distribution of the time intervals between the peaks of the first and

second semi-cycles (tvp2-vp1), and its log-normal approximation. It gives the percent of
cases less than the value specified in the abscissa (21 waveforms).

The minimum, maximum, average (x), median (uin), standard deviation (o), and the 5% and
95% values of the parameters that are common to the three bipolar voltage types are presented
in Table 5.3. The medians and the standard deviations were calculated from the log-normal
approximations.
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Table 5.3. Statistic results of the maximum absolute voltage, durations of the first and second semi-cycles, and
time intervals between the voltage peaks in the first and second semi-cycles (21 induced voltages).

First semi-cycle Second semi-cycle
Parameter/Variable Vmax (V) Du(LaSon Vmax (V) Duzitsi;m* t\/(pﬁ-s\/;)l
Minimum 0.97 1.3 2.14 15 1.3
Maximum 41.3 19.6 49.6 37.3 20.8
Average (x) 14.3 7.3 15.0 15.8 7.4
Median (pun) 9.1 55 11.2 13.4 6.0
Std. deviation (oin) 25.9 6.3 14.6 30.7 6.1
5% value 15 1.6 3.1 2.5 2.0
95% value 55 18.9 41.5 71.0 19.0

* Total of 20 induced voltages because the recorded voltage shown in Fig.5.10 did not cross the zero
axis and the duration of the second semi-cycle could not be determined.

5.3.2. Type Il

The histograms of the maximum absolute voltage values of the first and second semi-cycles are
shown in Fig. 5.19 and Fig. 5.20, respectively. Regarding the first semi-cycle, Vmax was lower
than 20 kV in 8 out of the 13 cases (61.5%); in the second semi-cycle, it was lower than 20 kV
in 11 out of the 13 cases (84.6%). The maximum values varied in the ranges of 9.7 kV to

41.3 kV and 6.4 kV to 47.8 kV for the first and second semi-cycles, respectively.

The cumulative frequency distributions of the maximum absolute voltage values, durations of
the first and second semi-cycles, of the ratios of the maximum absolute voltage values of the
second and first semi-cycles, and time intervals between the peaks of the first and second semi-
cycles are presented in Figs. 5.21 to 5.28, together with the corresponding log-normal
approximations (slanted straight lines). The figures give the percent of cases less than the values

indicated in the abscissa.
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Figure 5.19. Histogram of the maximum absolute voltage values of the first semi-cycle (13 voltages).
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Figure 5.20. Histogram of the maximum absolute voltage values of the second semi-cycle (13 voltages).

Unless otherwise indicated, all the values of the statistical parameters presented hereafter refer

to the log-normal approximation.
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Figs. 5.21 and 5.22 indicate that the median values of the maximum absolute voltage values of
the first and second semi-cycles are, respectively, 18.3 kV and 14.6 kV. Regarding the first
semi-cycle, in 5% of the cases the maximum voltage is lower than 8.6 kV, and in 95% of the
cases it is lower than 39 kV. The values relative to the second semi-cycle are 6 kV (5% of the
cases) and 36 kV (95% of the cases).
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Figure 5.21. Cumulative statistical distribution of the maximum absolute voltage values of the first semi-cycle

and its log-normal approximation. It gives the percent of cases less than the value specified in the
abscissa (13 waveforms).
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Figure 5.22. Cumulative statistical distribution of the maximum absolute voltage values of the second semi-

cycle and its log-normal approximation. It gives the percent of cases less than the value specified
in the abscissa (13 waveforms).

In Fig. 5.23 the cumulative frequency distributions of the maximum absolute voltage values of

the first and second semi-cycles are presented in the same graph to facilitate the comparison.

Fig. 5.24 gives the cumulative frequency distribution of the ratios of the maximum absolute
voltage values of the second and first semi-cycles (V2p/Vip). The median value is 0.8; in 5% of

the cases the ratio is lower than 0.4, and in 95% of the cases it is lower than 1.5.
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Figure 5.23. Comparison of the cumulative statistical distributions of the maximum absolute voltage values of
the first and second semi-cycles and their log-normal approximations. It gives the percent of cases
less than the value specified in the abscissa (13 waveforms).
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Figure 5.24. Cumulative statistical distribution of the ratios of the maximum absolute voltage values of
the second and first semi-cycles (V2p / Vip) and its log-normal approximation. It gives the
percent of cases less than the value specified in the abscissa (13 waveforms).
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Fig. 5.25 and Fig. 5.26 indicate that the median values of the durations of the first and second
semi-cycles are, respectively, 8.2 us and 11.2 us. In 5% of the cases the duration of the first
semi-cycle is shorter than 3.4 us, and in 95% of the cases it is shorter than 19.9 us. The values
corresponding to the second semi-cycle are 2.9 us (5% of the cases) and 43.7 us (95% of the
cases).
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Figure 5.25. Cumulative statistical distribution of the durations of the first semi-cycle and its log-normal
approximation. It gives the percent of cases less than the value specified in the abscissa
(13 waveforms).
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Figure 5.26. Cumulative statistical distribution of the durations of the second semi-cycle and its log-

normal approximation. It gives the percent of cases less than the value specified in the
abscissa (13 waveforms).

In Fig. 5.27 the cumulative frequency distributions of the durations of the first and second semi-

cycles are presented in the same graph, together with their log-normal approximations, to
facilitate the comparison.

The cumulative frequency distribution of the time intervals between the peaks of the first and
second semi-cycles (tvp2-vp1) IS given in Fig. 5.28, which indicates that the median is 6.8 ps and

that in 5% and 95% of the cases, the values are shorter than 2.6 ps and 17.5 ps, respectively.
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Figure 5.27. Comparison of the cumulative statistical distributions of the durations of the first and second semi-
cycles and their log-normal approximations. It gives the percent of cases less than the value
specified in the abscissa (13 waveforms).
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Figure 5.28. Cumulative statistical distribution of the time intervals between the peaks of the first and

second semi-cycles (tvp2-vp1) and its log-normal approximation. It gives the percent of cases
less than the value specified in the abscissa (13 waveforms).
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The minimum, maximum, average (x), median (pn), Standard deviation (o), and the 5% and

95% values of the parameters of the measured induced voltages classified as Type Il are

presented in Table 5.4. The medians and the standard deviations were calculated from the log-

normal approximations.

Table 5.4. Statistic results of the maximum absolute voltage values, durations of the first and second semi-cycles,
time intervals between the peaks of the first and second semi-cycles, and ratio of the maximum absolute voltage

values of the second and first semi-cycles (13 lightning-induced voltages).

First semi-cycle

Second semi-cycle

Parameter/Variable

Vmax Duration Vmax Duration  tup2-vp1 VaphVip

(kV) (1) (kV) (Hs) (Hs)
Minimum 9.7 4.6 6.4 15 2.7 0.5
Maximum 413 19.6 478 302 208 14
Average () 20.3 9.4 17.0 14.2 7.9 0.8
Median (i) 18.3 8.2 14.6 11.2 6.8 0.8
Std. deviation (oin) 9.8 55 10.1 15.5 5.1 0.3
5% value 8.6 3.4 6.0 2.9 2.6 0.4
95% value 39.0 19.9 36.0 437 175 15

5.3.3. Type Il

The histograms of the maximum absolute voltage values of the first and second semi-cycles are

shown in Fig. 5.29 and Fig. 5.30, respectively. Regarding the first semi-cycle, in 5 out of the 6

cases (83%) Vmax was lower than 6 kV; in the second semi-cycle, in the same percentage of

the cases (83%) it was lower than 15 kV. The maximum values varied in the ranges of about 1

kV to 19 kV and 2 kV to 50 kV for the first and second semi-cycles, respectively.
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Figure 5.29. Histogram of the maximum absolute voltage values of the first semi-cycle (6 voltages).
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Figure 5.30 Histogram of the maximum absolute voltage value of the second semi-cycle (6 voltages).
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The cumulative frequency distributions of the maximum absolute voltage values, durations of
the first and second semi-cycles, ratios of the maximum absolute voltage values of the second
and first semi-cycles, and time intervals between the peaks of the first and second semi-cycles
are presented in Figs. 5.31 to 5.37, together with the corresponding log-normal approximations
(slanted straight lines). The figures give the percent of cases less than the values indicated in
the abscissa.

Unless otherwise indicated, all the values of the statistical parameters presented hereafter refer

to the log-normal approximation.

Figs. 5.31 and 5.32 indicate that the median values of the maximum absolute voltage values of
the first and second semi-cycles are, respectively, 2.8 kV and 9.8 kV. Regarding the first semi-
cycle, in 5% of the cases the maximum voltage is lower than 0.6 kV, and in 95% of the cases it
is lower than 16.5 kV. The values relative to the second semi-cycle are 1.6 kV (5% of the cases)
and 50 kV (95% of the cases).
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Figure 5.31. Cumulative statistical distribution of the maximum absolute voltage value of the first semi-cycle
and its log-normal approximation. It gives the percent of cases less than the value specified in the
abscissa (6 waveforms).
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Figure 5.32. Cumulative statistical distribution of the maximum absolute voltage value of the second semi-
cycle and its log-normal approximation. It gives the percent of cases less than the value specified
in the abscissa (6 waveforms).

In Fig. 5.33 the cumulative frequency distributions of the maximum absolute voltage values of

the first and second semi-cycles are presented in the same graph to facilitate the comparison.

Fig. 5.34 gives the cumulative frequency distribution of the ratios of the maximum absolute
voltage values of the second and first semi-cycles (Vip/V2p). The median value is 0.3; in 5% of

the cases the ratio is lower than 0.26, and in 95% of the cases it is lower than 0.48.
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Figure 5.33. Comparison of the cumulative statistical distribution of the maximum absolute voltage value of
the first and second semi-cycle and its log-normal approximation. It gives the percent of cases

less than the value specified in the abscissa (6 waveforms).
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Figure 5.34. Cumulative statistical distribution of the ratios of the maximum absolute voltage value of the first
and second semi-cycles (Vip/V2p) and its log-normal approximation. It gives the percent of cases

less than the value specified in the abscissa (6 waveforms).
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Fig. 5.35 and Fig. 5.36 indicate that the median values of the durations of the first and second
semi-cycles are, respectively, 2.3 us and 22 ps. In 5% of the cases, the duration of the first semi-
cycle is shorter than 0.9 us and in 95% of the cases it is lower than 8.1 ps. The values

corresponding to the second semi-cycle are 7.9 us (5% of the cases) and 59 us (95% of the
cases).

In Fig. 5.37 the cumulative frequency distributions of the durations of the first and second semi-

cycles are presented in the same graph, together with their log-normal approximations, to
facilitate the comparison.

99

95 -

90

Probability (%)
3] ~
o (4]

N
[3,]
T

10 -

1 i i i I S| I i L PR R R | " n i P S R
107 10° 10’ 102
Time, Duration of the first semi-cycle (ps)

Figure 5.35. Cumulative statistical distribution of the duration of the first semi-cycle and its log-normal

approximation. It gives the percent of cases less than the value specified in the abscissa
(6 waveforms).
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Figure 5.36. Cumulative statistical distribution of the duration of the second semi-cycle and its log-normal
approximation. It gives the percent of cases less than the value specified in the abscissa
(5 waveforms).
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Figure 5.37. Comparison of the cumulative statistical distribution of the duration of the first (6 waveforms) and
second semi-cycle (5 waveforms) and its log-normal approximation. It gives the percent of cases
less than the value specified in the abscissa.
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The cumulative frequency distribution of the time intervals between the peaks of the first and
second semi-cycles (tvp2-vp1) is given in Fig. 5.38, which indicates that the median is 9.4 ps and

that in 5% and 95% of the cases, respectively, the values are shorter than 1.3 ps and 26.5 ps.
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Figure 5.38. Cumulative statistical distribution of the time intervals between the peaks of the first and second
semi-cycles and its log-normal approximation. It gives the percent of cases less than the value
specified in the abscissa (6 waveforms).

The minimum, maximum, average (x), median (jn), standard deviation (o), and the 5% and
95% values of the parameters of the measured lightning-induced voltages classified as Type |11
are presented in Table 5.5. The medians and the standard deviations were calculated from the

log-normal approximations.



94

Table 5.5. Statistic results of the maximum absolute voltage value, durations of the first and second semi-cycles,
time intervals between the peaks of the first and second semi-cycles, and ratio of the maximum absolute voltage
value of the second and first semi-cycles (6 lightning-induced voltages).

First semi-cycle Second semi-cycle

Parameter/Variable Vmax _ Vmax Duration*  typz-p1
Duration V1p/V2p
(kV) (kV) (Hs) (Hs)
(Ms)

Minimum 0.97 1.3 2.1 8.3 1.3 0.26
Maximum 18.6 8.4 49.6 37.3 10.8 0.45
Average (x) 5.2 3.3 155 24.6 7.7 0.4
Median (Jin) 2.8 2.3 9.8 22.0 9.4 0.3
Std. deviation (cin) 6.6 2.6 17.5 12.4 10.2 0.1
5% value 0.6 0.9 1.6 7.9 1.3 0.26
95% value 16.5 8.1 50 59.0 26.5 0.48

* Total of 5 induced voltages because the recorded voltage shown in Fig. 5.10 did not cross the zero
axis and the duration of the second semi-cycle could not be determined.

5.3.4. Type IV

As only two induced voltages were classified as Type IV (about 3% of the total number of

cases), it is not possible to perform a statistical analysis of their parameters.

5.4. General Remarks

The maximum absolute voltage value of the recorded lightning-induced voltages varied widely,
from about 2 to 69 kV. Based on the log-normal approximation, the median value of the

maximum voltage was 12.6 kV, and 95% of the voltage amplitudes were lower than 44.5 kV.

The time parameters tfo90), tf3oi90), and th of the unipolar induced voltages (Type I), which

represented about 67% of the total recorded voltages, were, respectively, 7.3 us, 6.8 us, and
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19 us. These values differ significantly from those of the standard lightning impulse voltage
(tfeoreo) = 1.2 pus and th = 50 ps).

Regarding the bipolar voltages, the median values of the durations of the first and second semi-
cycles were, respectively, 5.5 us and 13.4 ps. In 5% of the cases, the duration of the first semi-
cycle was lower than 1.6 us and in 95% of the cases it was lower than 18.9 us. The values
corresponding to the second semi-cycle were 2.5 us (5% of the cases) and 71 us (95% of the

Ccases.

When the voltages classified as Type Il were considered separately, the median of the ratios of
the maximum absolute voltage value of the second and first semi-cycles was 0.8; in 5% of the
cases the ratio was lower than 0.4, and in 95% of the cases it was lower than 1.5. The median
values of the durations of the first and second semi-cycles were, respectively, 8.2 us and 11.2
us. In 5% of the cases the duration of the first semi-cycle was shorter than 3.4 us, and in 95%
of the cases it was shorter than 19.9 us. The values corresponding to the second semi-cycle
were 2.9 us (5% of the cases) and 43.7 us (95% of the cases).

Regarding the voltages classified as Type Ill, the median of the ratios of the maximum absolute
voltage values of the second and first semi-cycles was 0.3, much lower in comparison with
Type 1l; in 5% of the cases the ratio was lower than 0.26, and in 95% of the cases it was lower
than 0.48. The duration of the first semi-cycle was much shorter than that of Type I, while the
opposite applies to the duration of the second semi-cycle. The median values of the durations
of the first and second semi-cycles were, respectively, 2.3 ps and 22 ps. In 5% of the cases the
duration of the first semi-cycle was shorter than 0.9 us, and in 95% of the cases it was shorter
than 8.1 pus. The values corresponding to the second semi-cycle were 7.9 us (5% of the cases)
and 59 ps (95% of the cases).
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6. CONCLUSIONS

Lightning overvoltages associated with indirect strokes usually significantly impact the
performance of overhead distribution lines. The characterization of such surges is an essential
step for a more accurate estimation of the lightning performance and selecting the more efficient
protection method for a given line. A better knowledge of the lightning-induced voltages and
the statistical distributions of their main parameters is important for the design of power

distribution lines with superior performance and power quality indexes.

Despite the large number of theoretical and experimental researches on voltages induced by
indirect strokes, a complete characterization of such voltages have not been possible yet. One
of the reasons is the lack of a significant amount of experimental data obtained on a matched
line with a simple configuration and without equipment such as transformers and surge
arresters. This is mainly due to the difficulties in implementing a system for this purpose and
the long observation time required to obtain a large volume of data.

It should also be noted that such characterization cannot be based solely on calculations, which
usually assume simplifications such as a vertical lightning channel, without branches, and
idealized stroke current waveforms. Therefore, experimental results are essential to
complement theoretical studies. However, as lightning-induced voltages depend substantially
on the line configuration and the features of voltages measured under different conditions
cannot be directly compared, it is essential to measure the voltages on a simple matched line.

An investigation with this purpose was initiated by the Lightning and High Voltage Research
Center of the University of Sdo Paulo (CENDAT-USP), and a total of 64 lightning-induced
voltages with amplitudes higher than 2 kV were recorded on a simple matched experimental
line. This is the first time that an amount of data like this was obtained under such conditions.
The main objective of this Dissertation was to evaluate the characteristics of the recorded

voltages and contribute to a better understanding of their characteristics.
The main results can be summarized as follows:

- the maximum absolute voltage value of the recorded voltages varied widely, from about
2 kV to 69 kV. Based on the log-normal approximation, the median value of the maximum

voltage is 12.6 kV, and 95% of the voltage amplitudes are lower than 44.5 kV;



97

although, strictly speaking, all the recorded voltages were bipolar, in many cases the initial
part of the voltage and the semi-cycles that occur after the maximum absolute value have no
significant effects on the behavior of power equipment insulation. Therefore, the induced
voltage waveshapes were classified into four categories (Types I, Il, Ill, and V). Type | is
unipolar and Types II, 1Il, and IV are bipolar. The parameters which characterize each

voltage type, as well as their statistical distributions, were presented and discussed,;

since the stroke locations and the characteristics of the lightning channels (branches and
inclination) and stroke currents were not known, a direct comparison between measured and
calculated voltages was not possible. However, a qualitative analysis was made, and the
comparisons between measured and calculated results showed that the main features of the
recorded voltages could be well reproduced by simulations considering typical conditions.
In particular, the occurrence of bipolar induced voltages can be explained based on different
combinations between the values of parameters such as the relative position between the line
and the stroke location, the current waveform, the ground resistivity, and the observation
point;

about 67% of the induced voltages (43 out of 64 cases) were classified as unipolar (Type 1),
and, except for one case, all of them had positive polarity. This is coherent with the fact that
negative downward flashes, which represent about 90% of the total cloud-to-ground flashes,
usually induce either positive or bipolar voltages. The negative induced voltage was most

probably induced by a downward positive flash;

the front times were longer and the times to half-value of the unipolar induced voltages were
shorter in comparison with the standard lightning impulse voltage (1.2/50 us); the median
values of the time parameters tfoo0), tfioe0), and th were, respectively, 6.1 ps, 5.2 ps, and
15.8 pys. The use of the standard lightning impulse voltage for testing power equipment
insulation seems to be on the safe side, since, based on the log-normal approximations, only
in 5% of the cases the front time tfzo00) was shorter than 1.5 us and in 95% of the cases the
time to half-value th was shorter than 45.4 ps;

it was clearly demonstrated that lightning-induced voltages may present oscillations even in
the case of a matched line without surge arresters, shield wire, or neutral conductor. This is
certainly not an obvious result. About 33% of the recorded voltages (21 out of 64) were

bipolar (Types Il, 11, or IV);
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- about 20% (13 out of 64) of the measured voltages were classified as Type Il. When
considered separately, the median of the ratios of the maximum absolute voltage values of
the second and first semi-cycles was 0.8; in 5% of the cases the ratio was lower than 0.4, and
in 95% of the cases it was lower than 1.5. The median values of the durations of the first and
second semi-cycles were, respectively, 8.2 us and 11.2 ps. In 5% of the cases the duration
of the first semi-cycle was shorter than 3.4 ps, and in 95% of the cases it was shorter than
19.9 us. The values corresponding to the second semi-cycle were 2.9 us (5% of the cases)
and 43.7 us (95% of the cases).

- about 9.3% (6 out of 64) of the recorded voltages were classified as Type Il1; except for one
case, the first semi-cycle had negative polarity, shorter duration, and lower magnitude than
the second one. In this specific case, the voltage was most probably induced by a downward
positive flash. The median of the ratios of the maximum absolute voltage value of the second
and first semi-cycles was 0.3, much lower in comparison with Type Il; in 5% of the cases
the ratio was lower than 0.26, and in 95% of the cases it was lower than 0.48. The duration
of the first semi-cycle was much shorter than that of Type 11, while the opposite applies to
the duration of the second semi-cycle. The median values of the durations of the first and
second semi-cycles were, respectively, 2.3 us and 22 ps. In 5% of the cases the duration of
the first semi-cycle was shorter than 0.9 ps, and in 95% of the cases it was shorter than
8.1 us. The values corresponding to the second semi-cycle were 7.9 pus (5% of the cases) and

59 ps (95% of the cases);

- only two induced voltages (about 3% of the total) were classified as Type 1V, that is, the
maximum absolute voltage value occurs in the third semi-cycle, which has negative polarity
and the longest duration. Therefore, it was not possible to perform a separate statistical

analysis for this specific voltage type;

- considering the three types of bipolar voltages as a whole, the median values of the durations
of the first and second semi-cycles were, respectively, 5.5 ps and 13.4 ps. In 5% of the cases,
the duration of the first semi-cycle was lower than 1.6 us and in 95% of the cases it was
lower than 18.9 us. The values corresponding to the second semi-cycle were 2.5 us (5% of
the cases) and 71 ps (95% of the cases).

The main contribution of this research was a better understanding of the features of the
lightning-induced voltages on a simple, matched line. The characterization of such surges is an
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important step for a more accurate estimation of the lightning performance of overhead

distribution lines, as well as for the selection of the more efficient protection methods.

It is important to emphasize, however, that much more data is required for a complete
characterization of the lightning-induced voltages. This research may be considered the first
step in this direction, but it is absolutely necessary to obtain more data. In this sense, it is
relevant to mention that lightning-induced voltages will continue to be collected by the system
implemented in Santo Angelo — RS, a region characterized by a high ground flash density -
about 12 flashes/km?/year. Therefore, the database is expected to increase significantly in the

next few years.
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