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Summary

Lightning is one of the main causes offovervoliages<in power systems. Assessing
lightning overvoltages is crucial for designing lines and. substations, and for their
protection. Lightning overvoltages ar€ fast-front transient'veltages mainly caused by the
impact of lightning return strokes to@verhead lines. Therefore, it is very important
analyzing the lightning perforprancesof an overhéad line and the methods that can be
implemented for improving their performance (e.g., by shielding the line with shield
wires installed at the top of towers-or poles).

Direct strokes to substations are ‘generally ignored, since it is assumed that only
lightning return strokes with apeak current magnitude below the critical value will hit
substation equipment, This”chapter/is basically aimed at analyzing the lightning
performance “of “@verhead “transmission and distribution lines; that is, the chapter
provides the'methods for'determining the flashover rate of overhead lines, assuming by
default that “transmission_lines are shielded and distribution lines are not shielded.
Therefore, a flashover in,an overhead line can be caused, depending on the line design
and its voltage.level; by either a direct stoke to a phase conductor, a direct stroke to a
shield grounded-wire, or a nearby stroke to ground (i.e., flashover caused by induced
overvoltages).

Lightning is random in nature, so the statistical variations of the lightning-stroke
parameters must be taken into account. Important aspects for evaluating the lightning
performance of power overhead lines are an accurate knowledge of lightning strokes
parameters and the application of an incidence model, used to estimate the number of
direct return strokes to a line or to the vicinity of the line. The chapter details the
mechanism of lightning discharges and their characterization, summarizes some of the
procedures developed for estimating the lightning performance of overhead lines,
presents the guidelines proposed for representing overhead lines in lightning
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overvoltage studies, and includes some illustrative test cases aimed at determining the
lightning performance of transmission and distribution overhead lines.

1. Introduction

Lightning discharges are one of the primary causes of failure of high voltage power
equipment. Lightning studies are performed to design lines and substations, and for the
protection of power system equipment (Hileman, 1999; Chowdhuri, 1996; Greenwood,
1991; Anderson, 1982). Some of the objectives of these studies are to characterize the
lightning overvoltages for insulation requirements, and to find the critical lightning
stroke current that causes insulation flashover. Specific objectives for overhead lines
may be to determine lightning flashover rate (LFOR) and select line arresters. For
substations the objectives may be to calculate Mean Time Between Failure (MTBF),
determine surge arrester ratings, find optimum location of surge arresters for lightning
surge protection, or estimate minimum phase-to-ground and phase-to-phaseselearances
(Hileman, 1999).

Lightning overvoltages are fast-front transient voltages.mainly caused by the impact of
lightning return strokes to overhead lines. The lightning perfoermancesof an overhead
line can be improved by shielding the line with shield wires ‘installed at the top of
towers or poles. Shield wires are aimed at preventing the impact of return strokes to
active phase conductors. Most transmission, lines are shielded, so lightning overvoltages
in these lines are caused by return strokes’to a phase conduetor, to a tower or to a shield
wire. Most distribution lines are not shielded, so lightning flashovers may be caused by
direct strokes to the line conductors<r inducedwy strokes to ground in the vicinity of
the line.

Direct strokes to phase conductors: Direct strokes to the phase conductors of a shielded
line occur typically’when lightningsstrokes of low magnitude (a few kA) bypass the
shield wires (shielding failure)sTraditionally, the electrogeometric model based upon a
strike distance’ has been used)toydetermine the maximum prospective peak current
magnitude that can’bypass, the shielding and hit on phase conductors. A detailed
description, of=this modelscan, be found in the literature (Hileman, 1999). A usual
approachthas,been to, design the line insulation to withstand the maximum shielding
failure,current predicted by the electrogeometric model without an outage to the line.

Direct strokes.toshield wires: When the lightning discharge strikes the tower or the
shield wire, the resultant tower top voltage may be large enough to cause flashover of
the line insulation from the tower to the phase conductor. This event, known as
backflashover, is of great concern. When backflashover occurs, a part of the surge
current will be transferred to the phase conductors through the arc across the insulator
strings. By default, it is assumed that the backflashover causes a temporary phase-to-
ground fault that will be cleared by a circuit breaker. A line outage results until the
circuit breaker is reclosed. The voltage surge as a result of the backflashover is very
steep. The steepness and the magnitude of the voltage decrease as the surge propagates
along the line, depending upon the line parameters. Corona is another important factor
that reduces the steepness of the incoming voltage surge.
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Direct strokes to substations are generally ignored, since it is commonly assumed that
the substation is perfectly shielded, via shield wires or lightning masts; that is, only
strokes with a peak current magnitude below the critical value will hit substation
equipment. For substation design studies, lightning is assumed to hit a nearby tower or
shield wire of an incoming line causing a backflashover. The resultant lightning surge
enters the substation and propagates inside. A discontinuity exists at junction points
where a change in height or cross section of the busbar takes place, and at equipment
terminals. The discontinuity points inside the substation, status of circuit
breakers/switches (open/close), and location of lightning arresters are especially
important for the overvoltage characterization at the substation. These overvoltages will
provide the data required for insulation coordination and arrester specifications.

This chapter is basically aimed at analyzing the lightning performance of overhead
transmission and distribution lines; that is, the chapter provides the methods for
determining the flashover rate of overhead lines, assuming by default that transmission
lines are shielded and distribution lines are not shielded.

An important aspect for these studies is the charagcterization of lightning.”An accurate
knowledge of the parameters of lightning strokes is essential far predicting the severity
of the transient voltages generated by lightning discharges. However, lightning is
random in nature; no two lightning strokes are“the same. Therefore, the statistical
variations of the lightning-stroke parameters must be.taken.into account and they must
be expressed in probabilistic terms from.data measured intthe field (CIGRE WG 33.01,
1991; IEEE TF, 2005). The next two sections detail the mechanism of lightning
discharges and their characterization. Anothers/important aspect for assessing the
lightning performance of overhead lines is the application of an incidence model that
can estimate the number,0f direet-return strokesto a line or to the vicinity of the line.
This is the main goal of Section 4, inswhich the electrogeometric model is presented and
applied.

The approaches, that can besConsidered for representing an overhead line in lightning
studies are preseated in, Section 5. Although this section is basically dedicated to
modeling transmission lines, many of the concepts can be also useful for distribution
lines. The, next two"Sections, namely Sections 6 and 7, introduce procedures for
estimating /the lightning, performance of transmission and distribution lines. The
procedures are,based on those recommended by CIGRE WG 33.01 (1991) IEEE Std.
1243 (1997), and"lEEE Std 1410 (2010).

2. The Mechanism of Lightning
2.1. Cloud Charges and Lightning Discharges

Most clouds consist of liquid droplets and form at altitudes of more than 1 km from
earth’s surface, where temperatures are above freezing. Figure 1 shows the three charge
regions that have been confirmed by measurements. Below region A, the vertical
movement of the raindrops and the wind shear splits the raindrops into negatively
charged small drops and positively charged larger raindrops; raindrops do not fall
through in this region. The velocity of air currents in region A is high enough to break
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falling raindrops, causing positive charge spray in the cloud and negative charges in the
air. The spray is blown upward, but as the velocity decreases, the positively charged
drops combine with larger drops and fall again. Region A becomes positively charged,
while region B becomes negatively charged due to air currents. In the upper regions, the
temperature is below the freezing point and only ice crystals exist. The main negative
charge in the central portion is in the temperature zone between —10°C and —20°C. The
upper and lower regions in the cloud are separated by a quasi-neutral zone. The positive
charge is typically smaller in magnitude than the main negative charge. As the freezing
of droplets progresses from outside to inside, the outer negatively charged shells fall off,
and the remaining positively charged fragments are moved upward in the convection
current. The raindrops have a size of a few millimeters and are polarized by the electric
field that is present between the lower part of the ionosphere and the earth’s surface.
The strength of this atmospheric field is on summer days in the order of 60 VV/m and can
reach values of 500 V/m on a dry winter day. For more details on this“topic see
Chowdhuri (1996), van der Sluis (2001), Das (2010), and Rakov & Uman (2006).
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Figure 1. The classi¢/Charge structure of a thundercloud.

The majority of the thunderclouds is negatively charged with a potential to ground of
several hundreds of MegaVolts (MV). The clouds move at great heights and the average
field strength is farsbelow the average breakdown strength of air. The wind in the
atmosphere ereate ‘a charging mechanism that separates electric charges, leaving
negative charge atithe bottom and positive charge at the top of the cloud. As charge at
the bottom of«the cloud keeps growing, the potential difference between cloud and
ground, which is positively charged, grows as well. This process will continue until air
breakdown occurs. Inside the thundercloud, the space charge formed by the
accumulating negative raindrops creates a local electric field of about 10 kV/m and
accelerates the negative ions to considerable velocities. Collision between the
accelerated negative ions and air molecules, creates new negative ions, which are
accelerated, collide with air molecules and free new negative ions. An avalanche takes
place, and both the space charge and the resulting electric field grow in a very short
period of time.
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The main lightning discharge types are of the following type (see Figure 2) (Hileman,
1999; Das, 2010):

e Intercloud flash. It is the most common lightning discharge type, and takes place
between upper positive and main negative charge regions of the cloud.

e Cloud to ground flash. It generally transfers negative charge from the negative
region of the cloud to ground.

e Air discharge. It is a discharge in the air that does not touch the ground.

(a) (b) (c)

Figure 2. Predominant lightningdischarge‘types: (a) intercloud flash; (b) cloud to
ground flash; (c) airidischarge.

2.2. The Ground Flash

The ground flash is initiated, by, electrical breakdown in the cloud, which creates a
column of charge called stepped leader, which starts traveling downward in a stepped
manner. Qn.its'way to ground, stepped leaders follow a rather tortuous path, being their
propagatiom, randomg.The, stepped leader travels downward in steps several tens of
meters in length and pulse‘currents of at least 1 kA in amplitude. When this leader is
near greund, the potential to ground can reach values as large as 100 MV before the
attachment process‘with one of the upward streamers is completed.

The electrical field at ground level increases as the leader approaches the ground. Tall
objects, such as trees, power lines, structures, and buildings, are more vulnerable.
Around an induced electrical field level of about 3 MV/m, a corona streamer of opposite
polarity rises from the object to meet the downward leader. These discharges from the
grounded structures, called connecting leaders, travel toward the stepped leader. One of
the connecting leaders may successfully bridge the gap between the ground and the
stepped leader.

This completes the current path between the cloud and the ground, and high discharge

current flows to neutralize the charge, positive from ground to negative in the cloud.
This is called the return stroke, whose velocity is around one-third the speed of light.
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The median peak current value associated to the return stroke is reported to be of the
order of 30 kA, with rise time and time to half values around 5 and 75 ps, respectively.
The creation of the return stroke takes place between 5 and 10 us. In most cases, the
return stroke prevents any further propagation of the leader, as the current path is
neutralized. However, two branches of the leader can reach the ground simultaneously,
resulting in two return strokes. An upward moving stroke may encounter a branch end
and there is an immediate luminosity of the channel; such events are called branch
components. In certain cases, the return stroke current may not go to zero quickly and
continue to flow for tens to a few hundreds of milliseconds.

The separation between the object struck and the tip of the downward leader is called
the striking distance, which is of importance in shielding and lightning protection. It is
actually under this principle that lightning protection works; see Section 4.

The lightning flash may not end in the first stroke. The depletion of _charge in the
original cloud cluster creates cloud to cloud discharges and tonnects the'adjacent charge
clusters to the original charge cluster, which may get“sufficiently’ charged to create
subsequent strokes. Because the discharge path from the,original<stroke is’still ionized,
it takes less charge to start a flash. The pre-ionized channel results in‘'subsequent strokes
with about one-third the current and shorter rise time in cemparison with the original
stroke. Sometimes discharges originate several, kilometers away from the end of the
return stroke channel and travel towardit. These may.die out before reaching the end of
the return stroke point, but if these discharges make .contact with the return-stroke
channel and the channel is carrying contindous current, it will result in a discharge that
travels toward the ground. If the“return stroke channel s in partially conducting stage, it
may initiate a dart leader that'travels toward the ground. Where ionization has decayed,
it will prevent continuoug’propagation of the dart leader, and it may start propagating to
ground as a stepped leader, called dart-stepped leader. If these leaders are successful in
traveling all the way_te ground, “then _subsequent return strokes occur. It is not
uncommon for the leader to take a different path than the first stroke. A ground flash
may last up t00.5/5 with a mean number of strokes ranging from 4 to 5. The separation
between subsequent’ channelsfwas observed to be a few kilometers on average. The
positive, [eaders propagate ‘approximately in a similar manner as negative strokes. For
more details on this topie.see Chowdhuri (1996), van der Sluis (2001), Das (2010), and
Rakow& Uman (2006).

Generally, dart-leaders develop no branching, and travel downward at velocities of
around 3 x 10°%m/s. Subsequent return strokes have peak currents usually smaller than
first strokes but faster zero-to-peak rise times. The mean inter-stroke interval is about 60
ms, although intervals as large as a few tenths of a second can be involved when a so-
called continuing current flows between strokes (this happens in 25-50% of all cloud-
to-ground flashes). This current, which is of the order of 100 A, is associated to charges
of around 10 C and constitutes a direct transfer of charge from cloud to ground (Rakov
& Uman, 2006).

To summarize, a lightning stroke will usually consist of several discharges, usually

three or four, with an interval time of 10-100 ps. After each discharge, the plasma
channel cools down, leaving enough ionization to create a new conducting plasma
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channel for the following discharge. Around half of all lightning discharges to ground,
both single- and multiple-stroke flashes, may strike ground at more than one point, with
mean separation between channel terminations on ground of 1.3 km.

3. Lightning Characterization
3.1. Introduction

The lightning flash can be firstly categorized by the polarity of the charge (positive,
negative) and the direction of propagation (downward, upward). In addition, the
lightning flash may contain several strokes (i.e., the first return stroke may be followed
by one or more subsequent strokes), so it can be also categorized as single- or multi-
stroke.

Upward flashes do usually occur from very tall structures. Since the height of-a majority
of overhead lines is below 100 m, they are generally”subject to dewnwar@flashes
(CIGRE WG 33.01, 1991). Except for seasonal and regioenal variations, more than 90%
of downward flashes are of negative polarity, with/about, one half.comprising only one
stroke.

Multiple-stroke negative flashes comprise/three strokes¢as average, and less than 5%
have more than 10 strokes. Based op a‘survey of.almost 6000 flash records from
different regions of the world, Andéerson and Erikssonestimated the percentages of
multiple strokes in negative ground flash shown in Table 1 (IEEE TF, 2005). However,
the percentage of single-stroke flashes shown in‘the table is considerably higher than the
figures obtained from some field measurements (de la Rosa, (2007). More than 90% of
positive flashes are singlesstroke:

Lightning protection systems must be therefore designed to withstand the effect of a
series of strokes to the same location within a short period of time.

Number'of strokes per flash Frequency of occurrence (%)
1 45
2 14
3 9
4 8
5 8
6 4
7 3
8 3
9 2
10 or more 4

Table 1. Statistical distribution of multistroke negative lightning flashes
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3.2. Lightning Current Waveshape

Lightning stroke currents differ in shape and amplitude. The majority of the cloud-to-
ground lightning strokes vary from a few kA to several tenths of KA. Strokes with peak
current magnitudes above 100 kA are rare, although peak currents above 200 kA have
been reported. The shape of the current wave is variable and different for every stroke.
To facilitate testing in the laboratory, the shape of the current wave of the return stroke
has been standardized, and the so-called 1.2/50-us waveshape, see Figure 3, has been
adopted (IEC 60071-1, 2010; IEEE Std 1313.1, 1996). The rise time, t. =1.2 us, is

defined as being 1.67 times the time interval between 30% and 90% of the peak value of
the current wave. The tail value, t, =50 us, is defined as the time it takes until the

wave drops till 50 percent of the peak value. System components can be exposed to
very high lightning-induced overvoltages. The name plate of high-voltage equipment
shows the Lightning Impulse Withstand Voltage (LIWV) adopted by IEC, or_the\Basic
Lightning Impulse Insulation Level (BIL) adopted by LEEE, which is/a‘standardized
value for each voltage rating.

Voltage 4

100%
90%

50%

30%

Time

‘[f =1.2 us

th, =50 us

< >
<& B

Figure 3. Standardized waveshape of a lightning-induced voltage wave.

The waveshape of Figure 3 can be described mathematically as the difference of two
exponential functions:

e(t) =V, (e —e ) 1)

In this expression, the parameter £ is associated with the rise time t; and the parameter
o with the tail time t, ; that is the time measured during the tail at which the value of

the waveshape reaches the 50% of the peak value (see Figure 3). With o =1.4E4 s™
and B =4.5E6 s™, the double exponential expression of Eq. (1) results in a 1.2/50 ps
waveshape.
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Although the double exponential wave is easy to manipulate in mathematical analysis,
the shape of actual lightning stroke currents is different. The usual double-exponential
function to represent a transient waveshape has a discontinuity of its first derivative at
t =0, and it is not convenient for lightning calculations. Figure 4 shows the waveshape
of the mean negative first stroke current as derived from Berger’s work on Mount San
Salvatore (Berger, Anderson, & Kroninger, 1975; Anderson & Eriksson, 1980). This
waveshape has a concave wavefront with the greatest rate of change near the peak, and
has been adopted by CIGRE.

Liomo =
_>| L0 [ Time
ItriG S >
Lo 10
I3
S10/90
: S30/90
90
Too =====1'L======
Iy
Current y

Parameter | Description
Lo 10% intercept along the stroke current waveshape
L3 30% intercept along the stroke current waveshape
Ioo 90% intercept along the stroke current waveshape
Loo=1; Initial peak of current
Iy Final peak of current
110/90 Time between /), and /y intercepts on the wavefront
130/90 Time between /30 and /Iy intercepts on the wavefront
Sio Instantaneous rate-of-rise of current at /7,
S1090 Average steepness (through 7;¢ and /o intercepts)
S30/90 Average steepness (through /39 and /o intercepts)
Sm Maximum rate-of-rise of current along wavefront, typically at /g,
14 10/90 Equivalent linear wavefront duration derived from /7S0/90
14 30/90 Equivalent linear wavefront duration derived from 7;/S3¢/90
Ly Equivalent linear waveshape duration derived from /7/S,,

Figure 4. Waveshape of typical negative return-stroke current.
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Note that the current wave has two peaks, the second one being higher in magnitude.
The front time is based on the first peak, and the peak amplitude on the second peak.
The negative subsequent stroke current has, in general, shorter wave front than that of
the negative first stroke current.

The negative subsequent stroke currents do not exhibit the pronounced concavity of the
wavefront of the first stroke current. This is shown in Figure 5 (Anderson & Eriksson,
1980; IEEE TF, 2005). The concavity of the negative first stroke current (i.e., the initial
slow rise followed by fast rise) may be attributed to the upward streamer from the object
to be struck reaching out to the downward streamer from the cloud. The slow-rising
upward streamer carries comparatively small current. However, when the upward
streamer meets the downward leader, the current rises fast. As the subsequent strokes
are not preceded by upward streamers, the wavefront of these strokes do not show the
concavity.

0 10 20 30 40
0 1 1 1 1 1 1 1 1 B
24
487
7251
0 1 ll0 | 2I0 1 3|0 1 410 >
Duration (us) —»
Current (kA)
24
487
727
. L P 2 3P, 4
24
\/

Figure 5. Examples of negative-polarity return-stroke currents. Uppermost curve: first
stroke; middle curve: second stroke; bottom curve: third stroke.

Several empirical equations have been proposed for the waveshape of the negative first
stroke current (CIGRE WG 33.01). A widely waveshape used to represent a lightning
stroke current, with a concave waveshape and no discontinuity at t=0, is the so-called
Heidler’s model (see Figure 6), which is given by (Heidler, Cvetic, & Stanic, 1999):

I " s
i(t):—p k et/

2 2
n 1+k" @)
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where 1 (=1,,,) is the peak current, 7 is a correction factor of the peak current, n is

the current steepness factor, k =t/z;, and z,, 7, are time constants determining current

rise and decay time, respectively. The meaning of the parameters shown in Figure 6 is
the same that for the waveshapes shown in Figures 3 and 4.

Current A

Il 00
19()

130190 t Time

Figure 6. Heidler’s waveshape for,a lightming stroke current.

The waveshape of positive strokes exhibit larger peak currents, slower steepness, and
longer mean time to crest and tail timewthan negatives strokes. However, these
conclusions have been derived from aJlimited number of field measurements and there
are not enough common features to produce, an” acceptable positive-polarity mean
waveshape (CIGRE WG 33.01, 1991; IEEE/TF, 2005).

3.3. Lightning Parameters

A typical lightning‘stroke current may beé characterized by a steep front rise, a broad
peak area with.several'minor_peaks and a slow decay to a low current, see Figure 4. For
the calculation of lightning overvoltages, the critical part of the curve is the initial rise
and the various, parameters ‘that are used to define the front and the crest. For the
selectiomof'surge arresters, the wave tail is also of concern.

Actual ‘parameters,aresspread randomly and their probability distribution is described

mathematically as‘a “log-normal” function. For instance, the probability density
function of the return stroke peak current value 1, can then be expressed as (IEEE TF,

2005):

PU) =t —exp| - 3)
P _\/lealnlp P 2

where
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Z:Inllo—lnlpm

(4)

Oln Ip
Tty is the standard deviation of 1, and I, is the median value of I.

Tables 2 and 3 provide typical values of these parameters derived from field
accumulated over the years. The tables show parameters summarized for both negative
and positive flashes (Hileman, 1999; IEEE TF, 2005; Rakov & Uman, 2006; de la Rosa,
2007). These are the types of lightning flashes known to hit flat terrain and structures of
moderate height. These data are amply used as primary reference in the literature on
both lightning protection and lightning research.

Parameters Units First stroke Subsequent strokes
Log Log
Median | standard | Mediand|==standard
deviation deviation
Peak current (minimum 2 kA) KA
Initial I, 277 0.461 11.8 0.530
Final 1. 31 0484 12.3 0.530
Front duration Us
t0/90 5.63 0.576 0.75 0.921
t30/00 3.83 0.553 0.67 1.013
Steepness KA/us
St 2.6 0.921 18.9 1.404
S1000 5.0 0.645 15.4 0.944
Sz0/00 7.2 0.622 20.1 0.967
S 24.3 0.599 39.9 0.852
Stroke durationy(2 kA to half us 775 0.577 302 0.933
peak value'on the tail)
Charge (total eharge) C 4.65 0.882 0.938 0.882
Action'integral ( [i°dr) kA% | 0.057 1.373 | 0.0055 | 1.366
1st to 2nd stroke: Median = 45; o= 1.066
Time interval between strokes ms 2nd stroke onward: Median = 35
Log standard deviation for both = 1.066

Table 2. Statistical parameters of negative flashes

Parameters Units Median Log s_tar!dard
deviation
Peak current (minimum 2 kA) 1, KA 35 1.21
Charge (total charge) C 80 0.90
Front duration (from 2 KA to first peak) S 22 1.23
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L

Maximum di/dt S, KA/us 24 1.54
Stroke duration (2 kA to half peak 5

value on the tail) t, HS 30 1.33
Action integral (J'izdt) A% 6.5 x 10° 1.91

Table 3. Statistical parameters of positive flashes

Peak current: Based on observation from various regions of the world, the frequency
distribution of peak current magnitude for the first stroke of negative downward flashes
to structures less than 60 m in height can be approximated by a log-normal function
with a median of 31.1 kA and a standard deviation of the Inl, of 0.484 kAsHowever,

CIGRE recommends using an approximation based on two straight lines*with the
following parameters:

,<20 KA 1,,=610 kA o}, =1330 kA (5a)
,>20 KA 1,,=333 kA o, <0605 KA (5b)

In general, no correlation can be established betweenfirst=sand subsequent-stroke peak
magnitudes, although it is accepted thatithe peak current of subsequent strokes is lower,
reaching on average a peak which, is a 40%,0f\the first stroke peak. However, about
12% of subsequent strokes have larger peak current magnitude than the first stroke
(CIGRE WG 33.01). Observed=downward, negative multi-stroke flashes show peak
currents below 80 kA, with a frequency distribution that can be approximated by a log-
normal function with aimedian of 12:3'kAsand a standard deviation of In 1, of 0.53 kA.

Typically, less than 20% eof lightning flashes are of positive polarity, but the limited
number of.measurements,does not permit a clear separation between downward and
upward“flashes. However; the proportion of positive to negative flashes is higher in
autumn/winter. In_general; positive flashes exhibit a greater peak current magnitude
than negative downward, flashes.

For a wide range of peak current values, the following expression can be used to obtain
the cumulative probability of the first-stroke current peak value (Anderson, 1982):

1

I 2.6
l+(0

31

where P(1, > 1;) is the probability that the first return stroke has a peak current 1 that

P(1,2 1) = (6)

exceeds |, the prospective first return stroke peak current (kA).
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This expression has been adopted by IEEE WG (1985). This distribution is very close to
the two-slope CIGRE distribution for the first stroke of negative downward flashes,
except for the extremes, as shown in Figure 7, in which the two approaches are
compared.

|
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Figure 74EEE and CIGRE\probability distributions of the first stroke of negative
downward flashes.

The cumulative probability that a subsequent-stroke current will exceed a given level
can be also stimated in a similar manner. The following simplified equation has been
proposed (IEEE Std. 1243, 1997):

1

I 2.7
1+ (Oj
12

where P(l,>1,) is now the probability that the subsequent return stroke has a peak

P(l,2 1) = )

current 1, that exceeds I, , the prospective subsequent return stroke peak current (kA).

Time-to-peak: Front-times of subsequent negative strokes are generally much shorter
than those of the first stroke, and exhibit smaller disparity between front-duration
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distributions due to their reduce concavity. For practical calculations, CIGRE
recommends using the parameter ty;, (=t,,,,/0.6) for both first and subsequent strokes

(CIGRE WG 33.01).

Steepness: High values of steepness occur for only short durations of wavefront, which
justify the large difference in average and maximum steepness parameters. The
steepness parameters of subsequent strokes are significantly higher and imply a
significantly less pronounced degree of wavefront concavity than those of the first
stroke.

Stroke duration: It can be defined as the time interval between 2 kA on the wavefront
and the point of the wavetail where the current magnitude has fallen to 50% of the peak
value.

Action integral: It is the energy that would be dissipated in a 1-Q resistordfithe lightning
current was to flow through it (de la Rosa, 2007). This parameter can provide some
insight on the understanding of damage to power equipment,/including surge arresters,
in power line installations.

3.4. Correlation Between Lightning Parameters
Table 4 is based on the conclusions summarized by«de la,Rosa (2007) and presents

important findings for positive flashes,negative first strokes, and negative subsequent
strokes. Table entries that are not filled inwere not analyzed by any author.

Lightning Parameter gg;i:g'i[:;rt\)(Correlatlon
Positive Flashes

Front time (t;) Low (0.18)

Peak rate-of<rise’(dl Ldt) Moderate (0.55)
Impulse,charge (Qmp) High (0.77)
Flash,charge (Qqaqn) Moderate (0.59)
Flash action,integral (W;,,q, ) High (0.76)
Negative First Strokes

Front time(t;) Low (—)

Peak rate=of-rise (dl /dt) Moderate/high (—)
Impulse charge (Q;y,) High (0.75)

Flash charge ( Qe ) Low (0.29)
Impulse action integral (W, ) High (0.86)
Negative Subsequent Strokes

Front time (t;) Low (0.13)

Peak rate-of-rise (dl /dt) High (0.7-0.8)

Table 4. Correlation between lightning parameters
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A moderate-to-high correlation is found between lightning current and all but peak rate
of rise in positive flashes. Therefore, extreme heating should be expected in arcing or
transient currents conducted through protective devices following insulation flashover
produced by positive lightning flashes. Note that lightning parameters associated with
heat are charge and action integral and that rate-of-change of lightning current is
connected with inductive effects. Heating effects, however, are loosely correlated with
peak current, since correlation coefficient for the total charge ( Qg ) IS pOOT.

3.5. Ground Flash Density and Keraunic Level

Ground flash density, also referred to as GFD or N, is a long-term average value

defined as the number of lightning flashes striking ground per unit area and per year.
The GFD level is an important parameter to consider for the design of electric power
facilities. This is due to the fact that power line performance and damage_to“power
equipment are considerably affected by lightning.

Where GFD data from lightning location systemsvis not" available, "GFD can be
determined as a function of the keraunic level, whichsis aratherrcoarse measurement in
the form of counters depicting number of days (24«hour peried) per year on which
thunder is heard. The keraunic-level data issusually available for a number of years all
over the world as a function of T, (thunder days or keraunic level) or T, (thunder-

hours) (IEEE Std 1410, 2010). Basicallypany“of these parameters can be used to get a
rough approximation of GFD by using'the following,expressions:

N, =0.040T3%  flashes/km? /year (8a)

Ny =0.054T;*  flashesikm?/year (8b)

A low incidence of lightningsdees,not'necessarily mean an absence of lightning-related
problems. Power, lines, for, example, are prone to failures even if the ground flash
density levels-are low when they span across hills or mountains, where achieving a low
tower footing,impedanece becomes difficult (de la Rosa, 2007).

4. Incidence of Lightning to Overhead Lines
4.1. Introduction

The first step in the study of the lightning performance of an overhead power line is to
estimate the number of lightning surges to the line. Lightning overvoltages in overhead
lines may be caused by a direct stroke to a line or by a stroke that impact to ground in
the vicinity of the line. The impact of strokes will give rise to overvoltages which may
exceed the insulation level provided by insulators or may cause flashover between
conductors or between conductors and the tower structure.

The effect of direct strokes is important for protection of overhead lines. A direct stroke
to a shielded line may impact to a phase conductor (shielding failure) or to a shield
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wire. In this case, the impact may be to a tower or to a midpoint of the shield wire; the
overvoltage caused in any of these two scenarios may cause the so called backflashover.
The application of a model that can estimate the number of strokes to phase conductors
or to shield wires is useful for the design of the line shielding.

Indirect strokes may induce voltage that are of concern only for distribution lines.
Nearby lightning strokes to ground induce overvoltages that very rarely will exceed 200
kV; this will not threat the insulation strength of transmission lines but may exceed the
insulation strength of many distribution lines.

4.2. The Electrogeometric Model

As the downward leader approaches the ground, a point of discrimination is reached for
a final leader step. The model for the final jump is based on the specific value of the
stroke current (Hileman, 1999): (i) given the stroke current, the velocity is-eStimated;
(ii) the potential of the downward leader is derived frop"the velocity;/(iii) the=striking
distance is found as the relationship between potential ‘and breakdewnsgradient of the
downward leader. Local electric field gradients around.eendtctors.are’somewnhat higher
than at ground level, and the striking distance of a conductor sg.is usually considered to

be greater than the striking distance to groundsi :

Figure 8 illustrates the application for a two=eonductor-geometry. Arcs of circles with
the radii r, are drawn centered at both‘copductors;the phase conductor and the shield

wire. A horizontal line is then drawn¢at a heightwg from ground. If a downward leader,
having a prospective currenty |, for which the arcs were drawn, touches the arcs

between A and B, the leaderfwill strike the“phase conductor. If the leader touches
between B and C, itswill strike the shield wire. If all leaders are considered vertical, the
exposure distance fora shielding failure4s D, . In the case shown in Figure 8, the stroke
will proceed directly, to the ‘ground, without hitting any conductor if the vertical
downward leader-isat the right'of A.

LFlash to Shield Wire“ K—Flash to Phase Conductor

—>DC<-—

——— / A

Figure 8. Exposed distance for final jump in electrogeometric model.
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A number of formulas for calculating the striking distances have been developed by
various authors. The general form for most expressions is (Hileman, 1999; Chowdhuri,
1996; IEEE Std. 1243, 1997; IEEE Std 1410, 2010):

b
r,=Al,

(9)

where Ip is the return stroke current.

Table 5 shows the most common expressions and the authors or international
committees who proposed those expressions.

Striking Distance to Phase Striking Distance to
Author Conductors and Ground Wires Groug d (meters)
(meters)
Wagner _ 0.42 _ 0.42
(1961) . =14.21) r,=14.215
r, =27.012% parah <18 m
Young 444 S 082
(1963) T 27.015% parah>18ms = 21.01,
Brown &
Whitehea | r, =7.11)" = 6.4107
d (1969)
Eriksson _ 0.6,0.74
(1982) I, =0.67h""1, None
IEEE £ =0.64 for UHV lines
WG r, =817 r,=B813% 1 =080 for EHV lines
(1985) B =1.0 for others
IEEE Std . r, =[3.6+1.7IN(43-h)]1>%® h<40m
%12;57) f, =101 r, =5.510 h>40m

Table 5. Expressions for the striking distances

An important approach for estimating the lightning incidence to overhead power lines is
that proposed by Eriksson. According to this model, the striking distances are given for
the phase conductor and the overhead shield wire, but there is no striking distance to
ground (Eriksson, 1987a). Figure 9 shows the attractive radius derived from this model.
Construct a horizontal line at the height of the of the wire and an arc of radius r, with a

center at the wire; downward leaders with a vertical channel between A and B will
terminate on the wire, otherwise they will proceed to ground.
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~

T

Figure 9. Incidence of lightning strokes based upen Eriksson’s geéometric model.

For heights from 10 to 100 meters, Eriksson derived thefollowing expréssion for the so-
called attractive radius:

r, =0.84h%°1 27 (10)
where h is in meters, | is in kKAand/r, Is in meters.

He also suggested anothér relation for the ‘attractive radius, independent of the stroke
current and solely dependent upon the height of the object (Eriksson, 1987a; Eriksson,
1987b):

r, =14h%® (11)
4.3. Application of the.Electrogeometric Model

The proeedure for,applying the electrogeometric model for a single wire (see Figure
10a) is that presented above: (i) calculate the striking distances r, and r, for a specific

stroke current < (ii) draw a parallel phase-to-ground at height r, and an arc of radius

r. with centre at the wire. Any stroke with a vertical leader between A and B will

terminate on the wire, and any stroke to the left of A or the right of B will terminate to
ground.

The number of strokes with a given current 1, terminating on the wire is:

N(G)|, =2NyDy/ (12)
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where N, is the ground flash density, D, is the exposed section, and ¢ is the line

g
length. Remember that N, is usually given in flashes per square kilometer per year.

. D, Se D,
[ Strokes to wire .- - L e - >le £ >
D, D,

£ o = >
-+ Lt il L

~ N

Strokes to
ground

P

(a) (b)

Figure 10. Incidence of lightning strokes based upon,the eleetrogeometric model. (a)
One wire. (b).Two wires.

If the probability of this current is f (J7)dly, _the totalnumber of strokes of current I,

IS:
dN(G) = 2N D, f (1,)dl, (13)

and total number of strokes that will términate on the wire is:
N(G) = 2N, J.Dgf(lp)dlp (14)
3

Note thatia recommended lower integration limit of 3 kA has been used, which assumes
that there cannot de,a stroke with zero current and there is a lower limit for the stroke
current (CIGRE WG 33:01, 1991).

For a case with two wires separated a distance S, the geometric construction is shown

in Figure 10b. Following a similar procedure, the number of strokes that will terminate
on a wire is calculated as:

N(G) =2Ny( [ D, f (1,)dl, + Ny /S, (15)
3

The number of strokes to any of the geometries shown in Figure 11 can be easily
calculated by means of the Eriksson’s model. The area exposed to lightning is given by:
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A =(2r,+3,) (16)

in which the attractive radius r, is obtained from Eq. (11). In this expression S, is zero
for single wire geometry, see Figure 11.

' N a ¥ So i

/
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A
A
\
A
\/
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(a) (b)

Figure 11. Incidence of lightning strokes base%o‘naattra&x(s — Eriksson’s

e
The number of flashes striking the line p m erwear is then obtained from
(Eriksson, 1987b):
V4
N =N 28h%6 + Sg O (17)
Q)
An important asp c%banal zir%(ghtning exposure of overhead power lines is
iel y w ects (e.g., building, trees) along their corridors;
<::E::|t
e

that they can

that is, tall S i the the line may divert lightning flashes. This will
decrease of di strokes estimated by Eq. (17) to a degree determined by
0 bjects. This shielding may have a significant effect on

the distanc
distribution, lines, but t usually considered for transmission lines.

- ©
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