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OVERVIEW OF FACTORS AFFECTING THE ESTIMATION OF
LIGHTNING SHIELDING PERFORMANCE OF OVERHEAD
TRANSMISSION LINES

This paper examines the risk of lightning stroke to overhead transmission line. The estimation procedure
for the lightning performance of overhead power lines is based on the selected lightning attachment model,
available lightning parameter statistics, the transmission tower design and voltage levels, type of overvoltage and
other characteristics. In this paper the overview of factors affecting the estimation of lightning shielding
performance of overhead transmission lines was performed. Among the factors that can affect the estimation
accuracy, one can list insufficiently accurate data on the ground flash density in the area of interest and lack of
complete data on statistical distribution of lightning current magnitudes. The paper shows that the influence of
wind on the increase in the horizontal exposed distance of the phase conductor is not also taken into account. In
this research traditional electro-geometric model was used for estimation of lightning performance of 220 kV
overhead power line. Results obtained suggest that swing of suspension insulator strings caused by strong winds
may lead to increased risk of lightning shielding failure during thunderstorm. Calculation performed for 3 kA
lightning current magnitude shows that at swing angle equal to —1 degree, the horizontal unprotected distance of
phase conductor increases by 3.1%, that corresponds to 5.240 m uncovered width. When the swing angle is
increased to -5 degree, the uncovered width is increased by 15.8% that corresponds to 5.885 m uncovered width.
It is proposed that an increase in the risk of lightning shielding failure as a result of wind load can be accounted
by applying an appropriate correction factor in expressions for calculation of shielding failure rate, shielding
failure flashover rate, etc. Proposed correction factor should account frequency and strength of wind in the area
of transmission line route and depend on transmission line voltage level and tower design. Further efforts should
be focused on obtaining and justifying the numerical values of this correction factor.
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Introduction.

If for climatologists and meteorologists lightning activity is one of the important indicators of climate
change [1], then for power engineers lightning is the cause of overvoltage and transmission line outages. Lightning
outages of overhead power lines are most commonly caused by lightning strokes to a tower top, an overhead
ground wire (shield wire) or a phase conductor. Transmission line route, tower structure design, impulse insulation
strength of insulators used, shielding and grounding may both improve and degrade the lightning performance of
overhead transmission lines [2]. Therefore, these appear to be important characteristics for transmission line
designers. In lightning protection, lightning performance of transmission line means the annual number of
lightning flashes per 100 kilometers (or 100 miles) of line length potentially able to cause insulation flashover [2,
3]. Overhead power lines are usually shielded by one or two overhead ground wires. In lightning protection of
overhead power lines, the shielding failure denotes the appearance of a lightning flash that bypasses the shield
wires and hit the phase conductor. To estimate lightning shielding failure and possible shielding failure outage,
the electro-geometric theory is the most widely used [4, 5]. Various modifications to electro-geometric model such
as dynamic electro-geometrical model [6] or elliptic model [7] are also used nowadays. One of a key component
in the electro-geometric model concept and rolling sphere method is a striking distance or attractive radius of a
lightning flash. Based on this value, the main parameters are calculated, that estimate how effectively the overhead
power line is protected from lightning. Here one can list parameters such as shielding failure rate (SFR) or shielding
failure flashover rate (SFFOR) for the overhead transmission line. An accurate estimating the lightning shielding
performance is important for reduction of lightning outages of overhead power lines. However, by its nature,
lightning is an unpredictable phenomenon and has not yet been sufficiently studied. For this reason, all methods
of assessing the lightning performance of overhead transmission lines give only an approximate estimation. There

68 ISSN 2308-7382 (Online)




ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexwnonocii, exonozis. 2022. Ne 4

are studies [8, 9] showing the measured data may differ from the expected number of lightning strikes to different
tall structures calculated based on traditional calculation procedures. This applies to tall structures of various
purposes, such as buildings, monuments, bridges, power lines. For example, in [5, 9] observed number of strokes
to upper phase of large-sized overhead transmission lines was larger than those derived from calculations
according to conventional electro-geometric model. Thus, an analysis of factors that may degrade estimation of
lightning shielding performance is important. This study does not deal with the development of a new method for
assessing lightning performance of power lines, but about the analysis and refinement of the parameters included
in the accepted calculation procedure based on electro-geometric concept.

Purpose of work:

The aim of the work is to continue previous research [10] and make an overview of factors that may affect
an accurate estimation of lightning shielding performance of power lines.

Research material.

Traditional electro-geometric model is based on a striking distance aforementioned above. Last step or
striking distance of the lightning flash is used to determine the magnitude of prospective stroke current that can
bypass the shield wire and hit the phase conductor:

r, =10-1%%, 1)
where: r¢ is length of last step or striking distance to phase conductor, m; 1 is the lightning current magnitude, KA.
In most cases, striking distances to the overhead ground wire and to the phase conductor are assumed to be equal.
Sometimes all striking distances assumed to be equal, including striking distance to the ground [2, 10]. When the
lightning current magnitude rises, the striking distances also rise. The cumulative probability of first return stroke
current Is in negative lightning to exceed I is approached by the equation [2]:
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One of most important parameters for lightning performance estimation is the ground flash density (Ng)
that denotes the average annual number of lightning strokes to ground per unit area at a given location. Obviously,
the higher is the ground flash density value for the specific location, the higher is the expected rate of lightning
flashes to the structure in the given area. If the ground flash density data is not available for the specific location,
then, depending on the initial data, it can be calculated using one of the following formulas:

Ng =0.04-T4%, ®
Ng =0.054 T, Q)

where: Ty is the keraunic level or number of thunderstorm days in year for the area of interest; Th is the
number of thunderstorm hours in year for given location. The ground flash density in one region of the planet can
be very different from the values in another one. The expression (3) is based on the lightning flash data measured
with lightning flash counters in South Africa [11] and the range for Tp was varying from 4 to 80. Thus, the data
calculated in this way for other regions will be approximate. For example, the annual thunderstorm days count Tq
for India is ranging from 1 to 103 [12]. Since Ng is a fundamental parameter that underlies the procedures for
calculating the expected number of lightning strikes to any structure, in order to improve the accuracy of the
estimate, it is preferable to use not common expression (3), but regional ground flash density values. For example,
in [13] it was derived that the ground flash density Ny for conditions of India can be calculated from the formula
(5).

N, =0.026 T %", (5)

A feature of global lightning activity is that it varies from year to year [14, 15]. That is why more accurate
values for ground flash density can be obtained by direct measurements with advanced lightning detection
networks built on an evenly distributed network of ground-based sensors [14]. That is more accurate data than
obsolete approach using thunderstorm day parameter based upon the audible detection of thunder.

The shielding failure rate (SFR) characterizes an overhead power line with respect to the annual number
of shielding failures given per 100 km and defined by the following expression [4].

I=Imax
sFR— 2N b [D:(1)- f,(1)a, (6)

10 1=Imin
where: Ng is the is the ground flash density, flashes / km? / year; L is the transmission line length, km; Inin is the
minimum lightning current, typically assumed from 0 to 2 kA; Imax is the maximum lightning current, kA; D¢(l) is
the horizontal exposure width (m) of the phase conductor, as the function of lightning current amplitude; fi(l) is
the density function of the distribution of lightning current amplitude of the first return stroke. The SFR is obtained
by integrating the horizontal exposure width D, which is varied for different structural design of overhead power
transmission towers. Fig. 1 demonstrates lightning shielding failure mechanism for one overhead ground wire and
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one phase conductor located above a horizontal earth according to classical electro-geometric model. The dotted
lines in the illustration show the sagging of the conductors.
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Figure 1 — Initial exposure distance for a shielding failure.

In Fig. 1, as well as below in Fig. 3 and Fig. 4 three downward lightning leaders of the same current
magnitude are depicted propagating from thundercloud toward the transmission line. It is assumed that these
lightning leaders have sufficient current to create the proper striking distance shown in mentioned illustrations.
Downward leader denoted as A may strike only the overhead ground wire, because anywhere on the arc it touching,
the distance to the phase conductor is too great. Downward leader denoted as C may strike only the earth, because
anywhere on the straight line it touching, the distance to the phase conductor is also too great. Finally, only one
lightning leader denoted as C may strike the phase conductor, because anywhere on the arc it touching, the distance
to the phase conductor is less than to flat earth or overhead ground wire. For extra and ultra high voltage
transmission lines, a lightning shielding failure with low current amplitude may not necessarily lead to an
insulation flashover. The minimum or critical current I (kA) required for flashover occurrence can be evaluated
by equation (7).

2-CFO
===, (7)

surge

where: CFO is the critical impulse flashover voltage meaning the crest value of the impulse wave which causes
flashover through the surrounding medium in 50% of the cases this impulse voltage was applied; Zsurge is the surge
impedance of phase conductor under presence of corona.

The critical current value (7) is required for the calculation of shielding failure flashover rate (SFFOR)
characterizing an overhead power line with respect to the annual number of lightning shielding failures which
leads to insulation flashover given per 100 km and defined by the following expression [4].

2-Ng-L'm
SFFOR =— 21— I:lec(l)- £,(1)dl . ®)

In case the current of the first stroke is leas than the critical current I, subsequent stroke that propagates
the same lightning channel may have a current magnitude, sufficient to cause an insulation flashover. The
cumulative probability of subsequent stroke current Is to exceed | is approached by the following equation [2]:

P, > 1)= L
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Among the obvious factors that can affect the accuracy of the assessment using formulas (6) and (8), one
can single out insufficiently accurate data on the ground flash density Ng in the area of interest and lack of complete
data on statistical distribution of lightning current magnitudes. This article advances the hypothesis that another
one reason is that the influence of wind on the increase in the horizontal exposed distance D, of the phase conductor
is not taken into account.
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The direct influence of wind on the operation of an overhead power line is its load on overhead ground
wires, phase conductors and electricity pylons. Due to the lack of knowledge about the wind load, damage and
destruction of transmission towers may occur. Besides high intensity winds such as tornadoes and hurricanes, the
main causes of tower failures are errors in the value of the calculated wind load, misunderstanding about the nature
of the wind load distribution around the structure. The wind gust sets an additional horizontal load on the
conductors of the overhead power line, which leads to an increase in the mechanical tension in the conductor
material and the deviation of the sagging from the vertical plane. In addition, the deviation of the conductors of
adjacent phases under the action of the wind may not occur synchronously. Fig. 2 shows how wind pressure on
overhead ground wire may increase the horizontal exposure distance D, of the phase conductor.

~
Fon

Figure 2 — Increase in exposure distance for a shielding failure due to wind-induced deflections of overhead
ground wire.

Another example of horizontal exposure distance rise due to wind pressure on phase conductor is shown in Fig. 3.

e
7

Figure 3 — Increase in exposure distance for a shielding failure due to wind-induced deflections of phase
conductor.
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Video footage of an overhead power line during wind shows the horizontal deflection of the phase
conductors. A couple of video frames are shown in Fig. 4.

Figure 4 — Horizontal displacement of phase conductor due to wind gust:
a — starting position (X1); b — increased horizontal distance (Xz) between the phase conductor and the shield wire
under wind gust.

Above photographs show a bottom view of the phase conductors of double circuit transmission line with
one overhead ground wire in the middle. Compared to Fig. 4-a, the wind gust causes horizontal distance rise
between one of the phase conductors and the overhead ground wire in Fig. 4-a. This theoretically leads to an
increase in SFR (6) and SFFOR (8). According to [16], the uncovered width D can be calculated through the
following steps:

a, = arcsin[ "o "_c Ye ] , (10)
a, = arctan( i‘; :);i J , (11)
0L3 = arcco ‘/(X° _ Xg);‘:c(yg 2 : (12)
D, =t -(cos(a, )+sin(a, —ay)), (13)

where: r¢ is the striking distance to conductors, m; rg is the striking distance to ground, m; xc and y. are the
coordinates of a phase conductor, m; xq and yg are the coordinates of an overhead ground wire, m.

An example of how the value of the uncovered width D, may depend on the swing angle of suspension
insulator string for a 220 kV line (refer to Fig. 3) in the middle of the span is shown in Table I.

Table |. Effect of swing angle rise on horizontal exposure distance D, for a shielding failure estimation.

Swing angle_suspensmn insulator Uncovered_W|dth D Growth, %
string, degree (refer to Fig. 3), m
0° 5.082 m -
-1° 5.240 m 3.1%
—2° 5.400 m 6.3 %
—5° 5.885m 15.8 %
-10° 6.699 m 31.8%
—15° 7.494 m 47.5 %

Calculation was performed for 3 kA lightning current magnitude, 3.5 m span value and 2.34 m insulation
string length. In Table | negative values of swing angle of suspension insulator strings mean that clearance distance
between tower and conductor increases under the influence of wind load (see Fig. 3). Estimation was performed
upper phase conductor by expressions (1), (10) — (13) with initial coordinates: Xxc = 4.50 m; yc = 24.73 m; xg =0
m; yg = 32.28 m. Swing of suspension insulator strings in overhead high voltage transmission lines subjected to
strong winds may lead to flashovers between the tower heads and phase conductors as the clearance distance
between a tower head and a suspended conductor significantly decreases [17]. Results in Table | suggests that
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swing of suspension insulator strings caused by strong winds may also lead to increased risk of lightning shielding
failure during thunderstorm.
It is proposed that an increase in the risk of lightning shielding failure as a result of wind load can be
accounted by applying an appropriate correction factor in (6) and (8). For example:
Imax
SFFOR = *SL [c. D) (1)t (14)
I=1¢
where: Cy is proposed correction factor accounting frequency and strength of wind in the area of transmission line
route and depending on transmission line voltage level and tower design.

Conclusions.

The estimation procedure for the lightning performance of overhead power lines is based on the selected
lightning attachment model, available lightning parameter statistics, the transmission tower design and voltage
levels, type of overvoltage and other characteristics. In this paper the overview of factors affecting the estimation
of lightning shielding performance of overhead transmission lines was performed. Among the factors that can
affect the estimation accuracy, one can list insufficiently accurate data on the ground flash density in the area of
interest and lack of complete data on statistical distribution of lightning current magnitudes. The paper shows that
the influence of wind on the increase in the horizontal exposed distance of the phase conductor is not also taken
into account. In this research traditional electro-geometric model was used for estimation of lightning performance
of 220 kV overhead power line. Results obtained suggest that swing of suspension insulator strings caused by
strong winds may lead to increased risk of lightning shielding failure during thunderstorm. Calculation performed
for 3 KA lightning current magnitude shows that at swing angle equal to —1 degree, the horizontal unprotected
distance of phase conductor increases by 3.1 %. When the swing angle is increased to -5 degree, the uncovered
width is increased by 15.8%. It is proposed that an increase in the risk of lightning shielding failure as a result of
wind load can be accounted by applying an appropriate correction factor in expressions for calculation of shielding
failure rate, shielding failure flashover rate, etc. Proposed correction factor should account frequency and strength
of wind in the area of transmission line route and depend on transmission line voltage level and tower design.
Further efforts should be focused on obtaining and justifying the numerical values of this correction factor.
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'Hauionannnuii Texniunmii ynisepcuter Ykpainu «Kuischbkuii nosirexniunuii imerurym»

’IgeTUTYT YyNpaBIiHHS NiANPHEMHUITBOM Ta iHKeHEePHHX TeXHoJoriii Bimpanikerana

orJisil ®AKTOPIB, 11O BIIVIUBAIOTb HA OHIHKY E®EKTUBHOCTI BJIUCKABKO3AXUCTY
MOBITPSIHUX JITHIN EJEKTPOIEPEJIAYI

Y yiti cmammi poszensadaemuvcs pusuk yoapy dauckasku 6 nogsimpsamny ninito enrekmponepeoayi. [Ipoyedypa
OYIHKU eqhexmueHoCmi OIUCKABKO3AXUCHTY NOGIMPSHUX JIHI elekmponepedayi 6a3yemvcs Ha 0Opamii mooeri
NPUEOHAHHst  OIUCKABKY, HAAGHIL —cmamucmuyi napamempie  OIUCKAGKU, KOHCMPYKYil onopu  aiHil
elexmponepedayi ma pieHsAX Hanpyeu, muni nepeHanpye ma Hwux xapakmepucmuxax. Y yiti cmammi 0yno
npo6edeHo 02150 (hakmopis, wo GNIUBAIOMb HA OYIHKY eexmueHoCmi OIUCKABKO3AXUCIY NOBIMPSIHUX TIHIl
enexmponepedaui. Ceped Qaxmopis, AKi MOXCYMb GNIUHYIMU HA MOYHICMb OYIHKY, MOJXMCHA HA38AMU
HedoCcmamubo MOYHI OaHi WOO0 2YCMUHU CRANAXie OAUCKAsKu 00 3eMii 6 O00Caiodxicysanii obiacmi ma
BIOCYMHICIb NOGHUX OAHUX WOOO CINATNUCTHUYHOZ0 POZNOOLTY BeNUNUH CIMPYMY OAUCKABKU. Y cmammi noKasaHo,
Wo 6naus 8impy Ha 30iMbUEHHA 2OPUBOHMANLHOT He3axuweHoi giocmani 00 hasHo2o NPOGIOHUKA MAKOXHC He
NPUUHAMO 00 ysazcu. Y ybomy 00cniodxceHHi mpaouyiiina eiekmpo2eomempuina mooenb 0yna UKOpUCAHA OIS
OYIHKU 2pO303axuxucmy nogimpanoi ninii enekmponepeoadi knacy 220 kB. Ompumani pesyrbmamu cgiouams npo
me, w0 XumaHHs niOBICHOI 2IPIAHOU I30AMOPI8, BUKIUKAHE CUTLHUM 8iMPOM, MO#Ce npu3secmu 00 Ni08ULEeHO20
PU3UKY 8i0MO6U OruCKagKosaxucmy nio yac epo3u. Pospaxynok, nposedenuii 0ns amniaimyou cmpymy OIUCKasKu
3 kA, nokasye, wjo npu Kymi no8opomy, wo 00pieHIoe —1 epadycy, Wupuna copu30HMAIbHOL He3aXUWeHOT OiNAHKU
00 ¢hasnoeo nposionuxa spocmae ua 3,1%, wo cmanosums 5,240 m. Ilpu 36invuienni Kyma po320idysanus 00 —5
2padycie wupuna nesaxuwieHoi dinanku 30inbuyemocsa na 15,8%, wo cmanosums 5,885 m. 3anpononosano, wo
3pOCMANHA PUBUKY BIOMOBU OIUCKABKO3AXUCHTY 6 pe3ybmami Gimpo8020 HABAHMAICEHHS MOJICHA 8pAXYEaAmu
ULISIXOM GHeCEeHHsT GIONOBIOH020 KOPUZYBAIbHO20 Koepiyichma 00 8upasieé Oisi pO3PAXYHKY HACMOmu 6i0MO8
OIUCKABKO3AXUCITY, YACMOMU NEPEKPUMMIE [301AYii uepe3 8ioM08y OIUCKABKO3axucmy moujo. 3anponoHo8anu
KOPU2Y8AIbHUL KOeIYIEHM MA€E 8pAX08YEAMU YACHONY Md CULY 6ImMpYy 6 paloni mpacu JiHii eiekmponepeoaui i
3anexcamu 6i0 Kiacy Hanpyau Ninii elekmponepeoayi ma KoHcmpykyii onopu. Ilooanvwi 3ycunns maomes 6ymu
CHPAMOBAHI HA OMPUMAHHA MA OOTPYHMYBAHHS YUCTOBUX 3HAUEHb 0AHO20 KOPUSYBANbHO20 KoeiyicHma.
Knrwouoei cnosa: bnuckaska, 8i0M08a epo303axucmy, 2po303axuchull mpoc, 8impose Ha8aHMAaNICEHHS.
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