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ELECTRICITY TRANSMISSION AND ENVIRONMENT: EFFECT OF
WIND LOADS ON LIGHTNING SHIELDING PERFORMANCE OF
OVERHEAD POWER LINES

In this paper the estimation of wind load effect on the lightning shielding performance of overhead power
lines was performed. According to electro-geometrical model any phase conductor has horizontal exposure width
where this conductor is not protected against lightning by the overhead ground wire. A typical double circuit 220
kV lattice power transmission line tower was considered. Obtained results demonstrate that in the presence of
thundercloud in windy conditions unprotected distance of phase conductor may increase due to deflections of
phase conductors. Geometric locations of the conductor attachment points on the suspension insulator string and
the lower point of the conductor sagging were calculated in the range of wind pressure from 0 to 800 Pa. This
allowed to determine the exposure width values of a 220 kV overhead power line upper phase conductor in the
same range of wind pressure values. The results show that for a minimum lightning current of 3 kA, the unprotected
distance increases by 4.323 times from 4.167 m to 18.013 m when the wind pressure increases from 0 to 800 Pa
(from 0 to 36.140 m/s). For a minimum lightning current of 5 kA, the unprotected distance increases by 7.735
times from 2.825 m to 21.851 m when wind pressure and wind speed vary in the same range. Although the
transmission line is reliably protected against lightning strikes with currents greater than 16 kA at wind pressure
of up to 200 Pa (18.070 m/s), when the wind pressure increases from 300 Pa to 800 Pa (from 22.131 m/s to 36.140
m/s), the unprotected area increases from 4.752 m to 26.204 m. In Summary, the results show that the influence
of wind load must be taken into account in the tasks of calculating lightning protection of overhead power lines.
Further efforts should be focused on studying the lightning shielding performance of overhead power lines of
higher voltage classes.
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Introduction.

Overhead power lines as a part of the power system have direct contact and mutual influence with the
environment. This means that power lines can both affect the environment and be affected by the environment.
Effects on the environment due to the physical presence of power lines include [1-4]: deforestation along the route
of the overhead power line; physical changes to wildlife habitat; birds collisions and electrocutions with overhead
power lines; access issues; avoidance of overhead power lines by some animals due to noise effect and visual
detection of corona discharge light; biological effects of electromagnetic fields on plants, animals and human
beings. This is a list of the main, but not all, environmental problems. Among the examples of how the environment
affects overhead power lines are strong winds causing conductors to break [5] and icing of power line wires and
towers during winter storms also causing damages and electricity outages [6]. Phase conductors of overhead power
lines are usually protected against lightning by one or two overhead ground wires (shield wires). Each shield wire
has protected volume. In windy conditions, phase conductors can swing violently and gallop, and as a result, can
go beyond the protected volume. Nowadays, for estimation of lightning shielding failure and possible lightning
outages of overhead power lines, electro-geometric model and its various modifications are widely used [7-9].
According to [8, 10] observed number of lightning strokes to upper phase conductors of large-sized overhead
transmission lines was larger than those obtained from computations based to conventional electro-geometric
model. One of the explanations for this may be that some factors are not taken into account in the model.

Purpose of work:

The aim of the research is to study how wind loads can affect the lightning shielding performance of
overhead power lines.

Research material.

The construction of overhead power lines determines the active influence of the surrounding environment
on the operational characteristics of power transmission [11-13]. A change in surrounding air temperature, high-
speed wind pressure and other atmospheric phenomena cause a change in the position of phase conductors and
shield wire in air and, as a result, affect the lightning protection characteristics of the line.
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A typical 220 kV power transmission line [14] was considered for calculating the position of the phase
conductor and the shield wire in air. Aluminum conductor steel reinforced (ACSR) “ZEBRA” conductor was used,
which physical and technical characteristics are given in Table 1.

Table 1. Physical and technical characteristics of ACSR “ZEBRA” conductor

Number and diameter of aluminum wires 54x3.18 mm
Number and diameter of steel wires 7x3.18 mm
Sectional area of aluminum part of wire 428.88 mm?
Total sectional area 484.48 mm?
Mass of conductor 1630.0 kg/km
Modulus of elasticity 73.2 GPa
Coefficient of linear thermal expansion 19.91x108 K

The shield wire is fixed on a double circuit self-supported lattice transmission line tower with a total height
of 37.115 m. A transmission line tower has two sets of three phases. Phase conductors on the tower are fixed in
three tiers, the height of the cross-arm of the lower tier is 17.22 m; of the upper tier is 29.17 m. The length of the
cross-arm of the upper tier is 4.2 m. The conductor is fixed on insulator strings with a length of 2.879 m; the weight
of the insulating suspension is 150 kg. A shield wire with an integrated optical fiber cable OPGW-2 is used for
lightning protection of the line. The calculation was performed for an overall span length of 350 m and minimum
ground clearance of 7.25 m.

The calculation of the position of the conductor in air was performed for the maximum possible (overall)
sag that is illustrated in Fig. 1, showing the position of the lower tier conductor.
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Figure 1 — Determining the sag of the lower phase conductor.

In Fig. 1, the following designations are used: hi is the height of the lower cross-arm above the ground
level; ho is the height of fixing the lower tier conductor above the ground level; lins is the length of the suspension
insulator string; hqim is the ground clearance; fmax is the maximum possible (overall) sag of conductor.

For the above transmission tower the sag is defined as:

fmax = hl _Iins _hdim = 7091 m. (1)

The determination of the shield wire sagging is illustrated in Fig. 2, showing the position of the upper tier
conductor and the shield wire that serves for lightning protection.
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Figure 2 — Determining the sag of the shield wire.

In Fig. 2: h is the total height of the transmission line tower (the height of the shield wire attachment); Ah
is the difference in height of fixing the shield wire and the upper tier phase conductor; fnax is the maximum possible
(overall) sag of conductor; fyw is the shield wire sag; z is the normalized vertical distance between the shield wire
and the phase conductor in the middle of the span.

Linear interpolation of normalized values for a 350 m span of a 220 kV line allows to determine that vertical
distance between the phase conductor and the shield wire in the middle of the span is 6.25 m.

Geometrical relationships according to Fig. 2 allow to calculate the shield wire sag:

fow = frax +h—hg —lis +2=5.907m, (2)

where: hs is the height of the upper cross-arm above the ground level.
Thus, the height of the location of the lower point of sagging of the overhead ground wire above the ground
level is
Ygw =h—fg, =31.208 m. 3)

Under the wind pressure, the plane of the sagging conductor deviates from the vertical state, as shown
below in Fig. 3, where the curve AOB belonging to the vertical plane ABCD shows the position of the conductor
due to the vertical load due to the self-weight of the conductor py in the non-deflected state. Under the wind
pressure, that is, as a result of the action of the horizontal load py, the plane of the sagging conductor deviates by
an angle ¢ and takes the position ABC'D'. The curve AO'B of the conductor position in the deflected state belongs
to this plane. In Fig. 3 p denotes the total load that the conductor experiences; ' is the conductor sagging on the
deflected plane ABC'D', A is the horizontal projection of the movement of the lower point of the conductor sagging
in the span.

y
Ny,

Figure 3 — Conductor deflection under wind pressure.
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To calculate the position of the wire in the deflected state under the wind pressure, one will assume that the
wind is directed perpendicular to the axis of the overhead power line, which causes the biggest deflection of the
conductor. For spans up to 800 m long with sufficient accuracy, it can be assumed that the ratio of vertical and
horizontal load at each point of the span is a constant value [11], which allows determining the deflection angle of
the conductor sag using the expression:

¢ = arctan [&J , 4)
v
where: py, pn denote single vertical and horizontal loads that the conductor experiences, respectively.
It was mentioned above that the vertical component of the load is determined by the conductor weight and
is constant for all operating modes of power transmission:
Py =0-My=13.19 N/m, (5)
where: My is the conductor weigh per unit length, kg/m.
The horizontal component of the load is caused by wind pressure and is determined by the expression [11-
13]:
ph=Cx-W-a-d, (6)
where: Cy is the aerodynamic coefficient (aerodynamic drag coefficient), which is equal to 1.1 for a conductor
with a diameter of more than 20 mm [11]; W is high-speed wind pressure; o.=1.7—-0.3- Iog(W) is the coefficient

of unevenness of wind gusts (not more than 1); d is the diameter of the conductor.
The corresponding total load that the conductor experiences due to its own weight and wind pressure is

determined by the expression:
Ps =Py +Pp - (7

The study of the conductor position in the span was carried out in the range of values of high-speed wind
pressure from 0 to 800 Pa, where the upper limit of 800 Pa is determined by the design value of the maximum
wind pressure of the studied power transmission.

Horizontal movement of the lower point of conductor sagging under wind pressure, according to the
diagram in Fig. 3 is defined by the expression:

A= f'sin(p), (8)
where: f' is the conductor sagging on the deflected plane.

The latter value can be determined by solving the cubic equation of the state of the wire in the span, written
in the following form [11]:

y1?> 8 E-f? vyl 8 E-ff

g-f 3 |2 8-f, 3 12
where: E is the modulus of elasticity of the conductor; a is the coefficient of linear thermal expansion of the
conductor; vy is the specific load experienced by the conductor; t is the temperature; | is the span length; the index
“0” indicates the parameters of the initial mode of average annual temperatures.

Solving equation (9) by the Cardano method allows one to determine the dependence of the conductor sag

in the deflected plane due to the wind pressure, which is shown in Fig. 4.
f’, mA

—a-E(t-t), ©)
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Figure 4 — Dependence of the conductor sag in the deflected plane due to the wind pressure.
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Under the wind pressure, there is also a deflection from the vertical state of the suspension insulator string,
as shown in Fig. 5.
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Figure 5 — Deflection of the suspension insulator string from the vertical state due to wind pressure

In Fig. 5: lins is the length of the suspension insulator string; Pins is the concentrated load from the self-
weight of the insulator string, applied in the center of mass (in the middle of the insulator string); p, pn are vertical
and horizontal load per unit length of the conductor, respectively; lweignt is the length of the weight span (the
distance between the lower points of conductor sagging in the spans adjacent to the transmission line tower); lying
is the length of the wind span (the distance between the centers of the spans adjacent to the transmission line
tower); oins is the deflection angle of the suspension insulator string from the vertical position; Aixs is the horizontal
projection of the suspension insulator string in the deflected state.

To determine the position of the suspension insulator string in the deflected state, one will use the equation
of the balance of moments of forces relative to the point of attachment of the insulating suspension to the cross-
arm of the tower:

A
Pn - IWind : \/Iiﬁs _A?ns - Py 'Iweight'Ains -9 M ins % =0, (10)

where: Migs is the weight of suspension insulator string.
It follows from expression (10) that:

A = 2- Pp - lwing - lins _ (11)
s 2 2 2 12 2
\/4' Py 'Iweight+4' P 'Iwind +4- Py 'Iweight'g : Mins +(g : Mins)

Note that in the absence of information about adjacent spans for a transmission line on flat terrain, it can be
assumed with sufficient accuracy that the lengths of weight and wind spans are equal to the actual transmission
line span: lyeight = lwing =1 =350 m.

The deflection angle of the suspension insulator string from the vertical state, in turn, is determined by the
expression:

Pins= arcsin(%j . (12)
ins

Fig. 6 depicts the dependence of the deflection angles of the conductor sag plane (curve 1) and the
suspension insulator string (curve 2) from the vertical state under the influence of wind load.
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Figure 6 — Deflection angles of the conductor sag plane (curve 1) and the suspension insulator string (curve 2)
from the vertical state under the influence of wind load

The coordinates of the lower point of conductor sag in the middle of the span in the coordinate system
formed by the tower axis and the ground surface perpendicular to the transmission line axis are determined by the
expressions (13) and (14):

Xe = X3+ Ajns + Frax -SIN(0), (13)
Ye = h3 - Iins : COS((Pins)_ fmax : COS((P)' (14)

where: hs is the height of the upper (third) cross-arm above the ground level; xsz — horizontal distance to point of
attachment of the suspension insulator string to the upper cross-arm; fmax is the maximum possible (overall) sag of
conductor; ¢ is the deflection angle of the sagging conductor plane from the vertical plane; lins is the length of the
suspension insulator string; Ains is the horizontal projection of the suspension insulator string in the deflected state;
@ins 1S the deflection angle of the suspension insulator string.

Fig. 7 shows the geometric locations of the conductor attachment points on the suspension insulator string
(curve 1) and the lower point of the conductor sagging (curve 2) in the range of wind pressure from 0 to 800 Pa.
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Figure 7 — Moving the attachment point and the lower point of the sagging conductor
under the wind pressure
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Table 2 contains information on the calculated values of the conductor position in air in the range of wind
pressure values from 0 to 800 Pa with an increment of 100 Pa. The calculation procedure was performed through
above steps (1)-(14).

Table 2 Calculated position of the upper phase conductor under wind pressure

. Deflection angle | Deflection angle | Coordinates of lower point of
Wind . . . .
pressure Wind speed, of suspension of sagging conductor sagging,
Pa ’ m/s insulator string, | conductor plane, m
degree degree X Ve

0 0 0 0 4.200 19.200
100 12.777 9.9 11.2 6.080 19.378
200 18.070 19.3 21.6 7.816 19.859
300 22.131 27.7 30.7 9.320 20.523
400 25.555 34.9 38.4 10.548 21.251
500 28.571 41.2 44.7 11.607 21.962
600 31.298 46.4 49.9 12.456 22.616
700 33.806 50.7 54.2 13.163 23.198
800 36.140 54.4 57.7 13.761 23.709

Traditional electro-geometric model is based on a striking distance approach [15]. The striking distance of
the lightning flash is used to determine the magnitude of prospective stroke current that can bypass the overhead
ground wire and hit the phase conductor:

r, =10-1%%°, (15)
where: r¢ is the striking distance to phase conductor; I is the lightning current magnitude. In this article the striking
distances to the overhead ground wire and to the phase conductor are assumed to be equal.

Fig. 8 below shows lightning shielding failure mechanism of studied 220 kV overhead transmission line
according to traditional electro-geometric model. In Fig. 8-a the striking distances are used for visualization of
unprotected area [15] and in Fig. 8-b the rolling sphere method is used [16]. The dotted lines in the illustrations
show the sagging of the overhead ground wire and upper phase conductor.

®

2)
Figure 8 — Determining unprotected distance of phase conductor under absence of wind load:
a) applying striking distance approach; b) applying rolling sphere method

In Fig. 8: rc means the striking distances to the overhead ground wire, as well as to the phase conductor; ryg
is the striking distance to the ground; Dy is the horizontal exposure width of the phase conductor, meaning the area
unprotected by the shield wire.

Fig. 8-a, as well as Fig. 9 below show three cloud-to-ground flashes denoted by numbers 1, 2 and 3
propagating from thundercloud toward the overhead power line. All three flashes are of the equal lightning current
peak value. According to electro-geometrical model concept, first lightning flash may hit only the overhead ground
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wire, because anywhere on the arc AB, the distance to the phase conductor is too great. Third lightning flash may
hit only the ground surface, because anywhere on the straight line CD, the distance to the phase conductor is also
too great. Finally, only second lightning flash may strike the phase conductor, because anywhere on the arc BC,
the distance to the phase conductor is less than distance to ground surface or to overhead ground wire. Horizontal
exposure width D¢ in Fig. 8-a and in Fig. 8-b is of equal length.

Wind pressure on the phase conductor changes the conductor self-weight per unit length horizontally in the
direction of the air flow, causing the deflection of the conductor sagging from the vertical plane. The latter may
affect efficiency of lightning protection of overhead power lines. Fig. 9 demonstrates how wind pressure on the
phase conductor may increase the horizontal exposure distance D, unprotected by shield wire.

a)
Figure 9 — Determining unprotected distance of phase conductor under presence of wind load:
a) applying striking distance approach; b) applying rolling sphere method

Fig. 9 demonstrates that in the presence of thundercloud in windy conditions unprotected distance of phase
conductor may increase due to deflections of phase conductors. Horizontal exposure width D¢ in Fig. 9-a and in
Fig. 9-b is of equal length. Table 3 contains information on the calculated values of the exposure width of upper
phase conductor in the range of wind pressure values from 0 to 800 Pa with an increment of 100 Pa. In Table 3
minimum peak values of lightning current correspond to four lightning protection levels (LPL) [17]: 3 kKA
corresponds to LPL 1, 5 kA corresponds to LPL I1, 10 kA corresponds to LPL 111 and 16 kA corresponds to LPL
V.

Table 3. Calculated exposure width of the upper phase conductor under wind pressure

_ _ Exposure width D¢ (in meters) of phase conductor for minimum peak
Wind pressure, | Wind speed, value of lightning current

Pa m/s 3 KA 5 kA 10 kA 16 kKA

effective effective

0 0 4.167 2825 shielding shielding

100 12.777 6.262 5.399 0.574 effective

shielding

200 18.070 8.489 8.205 4.705 effective

shielding
300 22.131 10.649 11.219 9.005 4.752
400 25.555 12.575 13.915 13.057 10.055
500 28.571 14.313 16.393 16.825 15.010
600 31.298 15.762 18.505 20.077 19.304
700 33.806 16.983 20.310 22.879 23.014
800 36.140 18.013 21.851 25.284 26.204
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In Table 3, the uncovered width D, values were calculated through the following steps (16)-(19), according
to [15].

r —
ocl:arcsin[ g ch. (16)
rC
X, —X
o, =arctan| —— % |, (17)
ygw_yc

\/(Xc - XgW)2 + (ygw —Ye )2

oL, = arccos . 18
3 2-r (18)

c

D, =T, -(cos(a, )+sin(a, —at)). (19)

In (16)-(19): r¢ is the striking distance to phase conductors; ry is the striking distance to ground surface; x.
and y. are the coordinates of a phase conductor; Xqw and ygw are the coordinates of an overhead ground wire.

Conclusions.

In this paper the estimation of wind load effect on the lightning shielding performance of overhead power
lines was performed. According to electro-geometrical model any phase conductor has horizontal exposure width
where this conductor is not protected against lightning by the overhead ground wire. Obtained results demonstrate
that in the presence of thundercloud in windy conditions unprotected distance of phase conductor may increase
due to deflections of phase conductors. Geometric locations of the conductor attachment points on the suspension
insulator string and the lower point of the conductor sagging were calculated in the range of wind pressure from 0
to 800 Pa. This allowed to determine the exposure width values of a 220 kV overhead power line upper phase
conductor in the same range of wind pressure values. The results show that for a minimum lightning current of 3
kA, the unprotected distance increases by 4.323 times from 4.167 m to 18.013 m when the wind pressure increases
from 0 to 800 Pa (from 0 to 36.140 m/s). For a minimum lightning current of 5 kA, the unprotected distance
increases by 7.735 times from 2.825 m to 21.851 m when wind pressure and wind speed vary in the same range.
Although the transmission line is reliably protected against lightning strikes with currents greater than 16 kA at
wind pressure of up to 200 Pa (18.070 m/s), when the wind pressure increases from 300 Pa to 800 Pa (from 22.131
m/s to 36.140 m/s), the unprotected area increases from 4.752 m to 26.204 m. In Summary, the results show that
the influence of wind load must be taken into account in the tasks of calculating lightning protection of overhead
power lines. Further efforts should be focused on studying the lightning shielding performance of overhead power
lines of higher voltage classes.
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'HanionaabHuii TexHiunni yniBepcuTeT YKpainm
«KuiBcbknii nojitexHiynuii inctutyt imeni Irops Cikopcbkoro»
2IHcTUTYT ynpaBJliHHs HiANPUEMHHITBOM T2 iH;KeHEPHHUX TexHoJlorii Bimpsanikerana

MHEPEJIAYA EJEKTPOEHEPI'TI TA HABKOJIMIIIHE CEPEJOBUIIE: BIIJIMB BITPOBOI'O
HABAHTAKEHHSI HA EOEKTUBHICTH BJIMCKABKO3AXUCTY MOBITPSAHUX JITHIA
EJEKTPOIIEPEJIAYI

YV yiu pobomi npogedeno oyinky 6naugy 6impo8020 HABAHMANCEHHA HA XAPAKMEPUCMUKU
OnuCKasKo3axucmy nogimpsanux iHitl erekmponepedayi. Bionosiono do enexmpoeceomempuunoi mooeni 6y0b-
AKUU PA3HUTL NPOBIOHUK MAE 20PU3OHMATILHY OLISHKY, O0e yell NPOSIOHUK He 3axuuyenuli 6i0 yoapy OAUCKA8KU
2p0o303axucHum mpocom. Posenanymo munogy deonanyrocosy epamuacmy onopy Jitiio enekmponepeoaui 220 kB.
Ompumani pe3yrbmamu noKasyioms, Wo 3d HAAGHOCMI 2PO3080I XMapu y GIMpAHUX YMO8AX Y He3axXuujeHd
OinAHKa Pa3H020 NPOGIOHUKA MOJCE 30IIbULYBAMUCS HACTIOOK 8i0OXUNeHHs (a3Hux npogioHuxie. I eomempuyni
NONOJNCEHHSI TMOYOK KPINJIeHHs NPOSIOHUKI6 HA NIOBICHIU 2IpNAHOI [308MOPI6 MA HUNCHIO MOYKY NPOBUCAHHS
npogioHuxa Oyno po3paxoearo 6 dianazoni mucky eimpy 6io 0 do 800 Ila. Ile 003601uUn0 GU3HAUUMU 3HAYEHHS
WUpUHY He3axuueHol OLIsIHKY 8epXHbOi ghazu ninii enekmponepedaui 220 kB y momy sic Oiana3zoHi 3HaueHb Mucky
simpy. Pesynomamu nokasytomv, wo O MIHIMATbHO2O cmpymy Onuckasku 3 KA HezaxuujeHa 8i0CMAaHb
30ibuyemocs 6 4,323 pazu 6i0 4,167 m 0o 18,013 m, konu muck eimpy 3pocmac 6io 0 0o 800 I1a (8io 0 0o 36,140
m/c). s minimanvnozo cmpymy oauckasku 5 kA nezaxuwena giocmans 30inbuyemocs 6 7,735 pazie 3 2,825 m 0o
21,851 m, konu muck i weuoOKicms 8impy 3MIHIOIOMbCSL 8 MOMY i diana3oni. Xoya ninis enekmponepedayi HaditiHo
3axuwjena 6i0 yoapie bauckaexku iz cmpymamu nonad 16 kA npu mucky eimpy oo 200 Ila (18,070 m/c), npu
30invwenni mucky eimpy 6io 300 Ila oo 800 Ila (3 22,131 m/c 0o 36,140) m/c), nezaxuwena eiocmans
soinvwyemocss 3 4,752 m 0o 26,204 m. 3acanom, ompumani pe3yibmamu nOKA3YIOMb, WO GNIUE GIMPOBO2O
HABAHMAICEHHA HeO0OXIOHO 8paxo8yéamu 6 3a0auax pO3PAXYHKY OIUCKABKO3AXUCMY NOBIMPAHUX JiHil
enexkmponepeoaui. ITlooanvwi 3ycunis cai0 30cepedumu HA GUBYEHHI XAPAKMEPUCTMUK OAUCKAGKO3AXUCHLY
NOBIMPSHUX NIHIU eleKmponepeoayi ulux Kiacie Hanpyau.

Knrwouoei cnosa: bnuckaska, 8i0Mosa epo303axucmy, 2pO303axXuchull mpoc, 8impose Ha8aHMANCEHHs,
€/1eKMPO2eOMEMPUUHA MOOED.
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