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MODELS OF PROBABILISTIC EVALUATION OF INTENSITY
OF DISCONNECTION OF OVERHEAD TRANSMISSION LINES CAUSED
BY A LIGHTNING DISCHARGE

Purpose. Development of a mathematical and digital model for estimating the reliability of lightning protection of
overhead transmission lines, taking into account random factors.

Methodology. The conducted research on reliability of lightning protection of overhead transmission lines of a
voltage class 110—750 kV involved intermediate towers of various types. The results are given in the form of curves of
dangerous parameters, in absolute and relative units, as well as in the form of numerical characteristics.

Findings. Methods of analytical and statistical data processing and mathematical modelling were used. The devel-
oped mathematical and digital models allow evaluating the reliability of lightning protection of overhead transmission
lines taking into account the influence of random factors. The models allow taking into account the geometric dimen-
sions of the elements of the investigated object, the characteristics of protective devices, the operational and experi-
mental characteristics of insulation and corona. They allow calculating curves of dangerous parameters during light-
ning strikes in the tower or cable in various coordinates, as well as indicators of lightning protection reliability.

Originality. Mathematical and digital models for estimating the reliability of lightning protection of overhead
transmission lines have been developed, which allow taking into account a greater number of random factors and
operational characteristics of the object. The model will allow analysis and systematization of random factors affect-
ing the reliability and efficiency of lightning protection of overhead transmission lines, which will allow determining
the level of influence of each of them.

Practical value. Increase in reliability and efficiency of lightning protection of overhead transmission lines due to
taking into account more random factors and performance characteristics.

Keywords: overhead transmission line, lightning protection reliability, random factor, probability of impulse discharge,

dangerous parameters curve, number of lightning disconnections

Introduction. Lightning strikes in overhead trans-
mission lines (OTL) cause electrical overlays from the
wire to the ground or between the wires. These discharg-
es often pass under the action of the line voltage to the
electric arc, which leads to short circuits and the com-
plete shutdown of the transmission line. For unified
power systems, such unauthorized disconnections are a
dangerous phenomenon, as they can lead to these sys-
tems being dropped out of synchronism with cata-
strophic consequences. In addition, atmospheric over-
voltages, coming from OTL to the equipment of electric
stations and distribution substations, cause breakdown
of isolation of electric apparatuses, transformers,
switches, and others, up to the failure of automated con-
trol systems of technological processes.

The smaller the number of emergency outages due to
a thunderstorm for a certain period of time is, the higher
reliability of lightning protection of OTL and substa-
tions is. The intensity of lightning damage is determined
by the frequency of lightning impacts and the ability of
the object to resist each lightning strike.

Analysis of the recent research. The calculation of
the risk of failures of power system devices associated
with lightning discharges is a component of the reliabil-
ity problem, for which the risk statement was proposed
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in the IEC 71-2 isolation coordination standard [1, 2]
thus

P = j () F(u)du,
0

where f,(u) is the probability density function of the
lightning overvoltages stressing the apparatus; F(u) is
the probability distribution function of its withstand
voltage.

Rémi Lambert notes that this standard can be pre-
sented using certain concepts. The formulation of risks
can be reproduced according to the concept of stress-
strength interference and compares the stress experi-
enced by the component with its strength. A failure oc-
curs when the actual stress exceeds the actual strength.
Let S be the stress experienced by a power system appa-
ratus following a lightning stroke to a transmission line
and Wbe the strength of the apparatus, or its withstand
capability. Let £,(s) and f,(w) be, respectively, the prob-
ability density functions for the random variables .§' and
W . Then, the component risk of failure, assuming that
the stress S and the strength W are independent random
variables, is given in [1, 2]

P =P(S2W)= j ;;(s)[ j £, (w)dw |ds = j f.(s)F, (s)ds.
0 0 0
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Note that the last equation is similar in form to the
one suggested in the IEC 71-2 standard. The risk of fail-
ure can also be represented as [1, 2]

P, :I I S, (8)f, (w)dsdw = wa(w)[effs(s)ds]dw =

wss 0

= [ £, (m) A= F,(w))dw.
0

Since the lightning-related stress S experienced by
the power system apparatus is a function of various in-
put random variables that define the lightning stroke
characteristics (severity, point of impact, and others), S
will be a random variable as well. The probability distri-
bution of S, as well as its moments, will be functionally
related to and may be derived from the basic random
variables [3].

It is also possible to formulate a risk function using
the concept of the performance function and the limit
— state by selecting the basic random variables for which
the distribution functions are known. This set of ran-
dom variables comprises any random variable that plays
a role in the failure mechanism of the component, re-
lated either to the stress experienced by the component
or its strength. According to this concept, the risk of fail-
ure (emergency) can be represented in the form

Py = J. J.-fxl...x" '(xla"-axn)dxl...dxn =
2(%,%;5...,%,)<0

= | fuxdx,

g2(x)=0

where fxlmxn(.) is the joint probability density function
of the random variables x|, ..., x,,; f.(x) is the multivariate
density function of the vector X.

Vernon Cooray notes that the term “risk” can be
used in the sense of the probability with which to expect
losses. For practical purposes, this term has been re-
placed in the recent standard [4] by the related value of
losses resulting from lightning damage and expressed by
the product NPL, so the expression representing the
risk can be simplified to the form [5]

4 4
R~NPL=Y N.PL. =Y R,
X=A X=A

where N is the annual number of dangerous events
(lightning flashes) influencing a structure or its equip-
ment; P is the probability of damage to the structure or
its equipment due to one event; L is the consequent loss
due to a damage relative to the total value of humans and
goods of the object to be protected; N, P.L, are the val-
ues NPL, selected for the risk distinguished component;
R, is the common symbol for the risk component, and
X, A and Z are the symbols for the common respective
risk components [5].

Risk analysis can also be formed based on the full
charge of the lightning flash. Assuming the instanta-
neous voltage u4(7) and the instantaneous current i 4(7) of
the arrester terminal during the lightning discharge are
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known, the released energy in the arrester at the time
instant can be computed by [6, 7]

W= juA (0)i (1)t
0

By comparing the released energy W with the ar-
rester energy absorption capability Ey, the time instant 7,
when the released energy W becomes greater than Ejy
could be determined. Then, the total lightning charge
released until the occurrence of the arrester failure can
be estimated by [7]

0,= tfi(r)dr,
0

where Q, is the electrical charge of lightning channel
and i(7) is the lightning current.

The peak current magnitude of the equivalent single
wave of flash is equal to the peak current of the first
stroke 7,; then Q, is also a function of /. If the arrester
failure, for any given value of /,, occurred at instant 7,, it
will occur for all the great values of magnitude as well.
Once the minimum value of electrical charge sufficient
to cause the arrester failure is computed for each current
magnitude /,, a lightning limiting curve D can be deter-
mined, with the region with the probability of arrester
failure being above [6, 7]

R= Iw(IP,Qa)dldea,
D

where w(/,, Q,) is the joint probability distribution func-
tion of /, and total charge Q, and is expressed by

1| x2+y?-2px
W(Ip,Qa)=—{—y iazd }
2n

21-p?)
ml L nl €
]m Qm
where Xx=—— and y=——; [, (=30 kA) and
Oy S

O1n7 (=0.53 p.u.) are median value and logarithmic value
of the standard deviation of the first stroke current mag-
nitude, respectively, Q,, (= 7.5C) is the median value of
total charge of flash, 6y, (= 1.04 p.u.) is the logarithmic
value of standard deviation of the total charge of flash
and p(= 0.54 p.u.) is the correlation coefficient between
the first stroke current magnitude and total charge of the
flash. [4].

The probability of occurrence of one undesirable
event during a given time can also be calculated by the
formula [8, 9]

1

PeN T

where T is the time for which one lightning current ex-
ceeds the maximum value (one undesirable event for the
case when there is an undesirable excess of the lightning
current above the limit value), years; N is the number
of lightning strikes per year, 1/year.

Np=N,S,,Cpl07,
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where N, is the density of lightning strikes in the ground,
1/(km?/ year); S,, is the lightning discharge area (col-
lection area), which is determined according to GOST
R IEC 62305-2-2010, m?; C, is the location factor that
takes into account the impact of other objects.

The use of this formula will allow us to determine
both the probability that the lightning current will ex-
ceed the maximum value and the likelihood that the
lightning current will be less than the minimum value,
which is important in determining the reliability of ob-
ject protection from a direct lightning strike.

Thus, knowing the number of lightning strikes in the
object (/,) and taking the minimum allowable time (7')
between two undesirable events, we determine the max-
imum (/,,,) and minimal (/,,) lightning currents.
Lightning protection system should provide protection
of the object for lightning with currents in the range
from /., to I,,,,. The probability of the appearance of
lightning current in this range is, namely, the reliability
of protection.

Having analyzed the existing mathematical models
of lightning protection reliability, we should note that
they do not have a single meteorological base, and the
same models can take into account only a limited num-
ber of random factors that determine the lightning resis-
tance of objects, which affects the accuracy of reliability
indicators.

Presentation of the main research. The algorithms for
calculating the probabilities of impairing the impulse
stability of an OTL isolation can be reduced to one algo-
rithm, which is based on using the n-fold integral over
the domain D on the density of the distribution of the
f(X) n -dimensional vector X of random variables.

p=§-f s e, ()

where as X, it is necessary to take a vector of random
variables that determines the lightning resistance of the
object, and as an area of D (closed contour of the inte-
gral), the range of values of these quantities is taken, for
which the violation of the strength of the insulation oc-
curs (the area of dangerous parameters).

We will classify the random variables that affect the
probability of an impulse discharge on the OTL
(Fig. 1).

In connection with the above expression (1), for the
probability p the breakdown of the insulation strength
for one lightning strike and the random values of all val-
ues determining the reliability of the lightning protec-
tion of the object, in order to realize the numerical inte-
gration, is represented (1) in the form

p=Y AF(x))- Y AF(x,)..Y AF(x,)= ﬁAF(xk ), (2)
X, X, X, k=1

where AF(x,;) is the probability that kK random variable
will hit the given interval, which corresponds to the val-
ue of the distribution function F(x;) along the edges of
the given interval.

Numerical integration according to (2) is realized by
varying the magnitude x; of the elements Ax;, that belong
to the area of dangerous parameters. Formula (2) is val-
id for independent random variables, but it can be ap-
plied to correlated quantities if we use conditional distri-
bution laws.

From the coordinates of the vector X, we distinguish
the quantities that form an overvoltage u(?) of the ran-
dom shape on the isolation of the object. These are the
parameters of the lightning current wave /, a., ¢, the in-
stantaneous value of the operating voltage i at the time
of the lightning discharge, the distance b from the light-
ning strike site to the ground of the line axis, which is
taken into account in the interaction of the induced
voltages. We group them into a separate vector

X'=(b,1,0,7,uy) and (2) is written as follows
p=3 AFB)Y AF(D)Y. AF(@)Y AF(0)p(u) pluy ),
b 1 o T

where p(u) is probability of breaking the strength of the
insulation of an object due to the action of the voltage
u(f) on it, formed by the components of the vector X' for
fixed values.

The probability p(u) is determined by the distribu-
tion of quantities that take into account the meteoro-
logical conditions, the insulation state, the normal scat-

The probability of an impulse discharge at the object

Random factors:
parameters of the lightning current wave, insulation state, atmospheric air parameters,
removal of the lightning strike location from the object, etc.

of an object:

instantaneous value of working voltage at the moment of impact;
impulse grounding resistance;

Factors affecting the formation of randomly shaped overvoltages on the insulation

parameters of the lightning current wave (amplitude, front slope, wavelength);

distance from the place where the lightning strikes the ground to line axis

Factors affecting the distribution of discharge voltage
insulation:

meteorological conditions;

isolation state;

natural change of discharge voltages for normal
meteorological conditions and isolation conditions

Fig. 1. Systematization of random factors that affect the probability of an impulse discharge on the OTL
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ter of the discharge voltages, and the parameters of the
acting voltage u(z).

The influence of the operating voltage i is taken into
account by dividing the period of the operating voltage
into # intervals. We calculate the instantaneous value of
the operating voltage u,, the insulation voltage u(f) =
=u, + u(f), and the probability p(u)’ for each of the three
phases for all # intervals. If p(u)' = 1 for m intervals for at
least one phase, then the probability of breaking the in-
sulation strength of the object taking into account the
influence of the operating voltage p(u, u,) will be equal
to the ratio m/n.

We have implemented such a mathematical model
programmatically. To simplify the preparation of data
for calculation, changing the parameters of the experi-
ment, presentation of the results in a convenient form, a
program interface was developed.

The calculation results are displayed in graphical
form and contain three blocks of information: “Volt-
second characteristic”, “Curves of dangerous parame-
ters when striking the tower” and “Curves of dangerous
parameters when striking a rope”. It should be noted

that the user is given the opportunity to choose the rep-
resentation of graphs in different coordinates, that is, in
coordinates A = f(I) and PA = f(PI). It should also be
pointed out that the unit of measurement of the steep-
ness of the front (4 — axis of ordinates) on the graphs is
[kA/us], and [kA] is the unit of current measurement (/
is the abscissa axis).

The results window contains a block that displays in-
formation on the specific number of OTL outages from
lightning strikes to rope, tower, wire, and the total spe-
cific number of lightning outages and the absolute num-
ber of lightning outages per year.

We present the results of calculations of reliability of
lightning protection for OTL of a voltage class of 500 kV
made by intermediate supports of type PB-2 (Figs. 2—4)
and the results of calculations of lightning protection re-
liability for OTL of the voltage class 110—750 kV made
by intermediate towers of different types (Table).

Conclusions. Having analyzed the existing models of
the probabilistic estimation of the intensity of OTL out-
ages, we should note that a significant drawback is that
they can only take into account a limited number of ran-
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Fig. 2. Characteristic of the researching tower and linear insulation of OTL:

a — Sketch of intermediate tower type PB-2; b — recalculated volt-second characteristic of insulation

Fig. 3. Curves of dangerous parameters due to lightning strike in the tower in coordinates A=f(1) and PA=f(PI)
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Fig. 4. Curves of dangerous parameters for lightning strike in the rope in coordinates A =f(I) and PA =f(PI)

dom factors that determine the lightning resistance of
objects, and this affects the accuracy of the reliability
indicators and makes it more difficult to optimize the
lightning protection schemes. The proposed model
takes into account all the random variables that deter-
mine the lightning resistance of the OTL, and the devel-
oped methods for their calculation ensure adequacy and
compliance with natural processes.

Input data for calculating the reliability of lightning
protection of OTL include the geometric dimensions of
the OTL, the characteristics of protective apparatus, op-
erational and experimental characteristics of insulation
and corona.

The accuracy of the lightning protection model can
be justified formally. Undoubtedly, the criterion of ac-
curacy should be considered as the correspondence of
the results of calculations to the results of the operation-
al experience.
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Mopaeni iMOBIPHICHOT OLIHKH
iIHTEeHCHBHOCTI BAMKHEHb MOBITPAHUX JIiHIi
€JIEKTPONepPeCHJIaHHS Bil po3psaiB OJMCKABKH

A. B. 2Kypaxiecokuii, T. B. binkesuu

HauionaneHuii  yHiBepcuteT ,,JIbBiBCbKa MoOJIiTEXHiKa®,
M. JIbBiB, YKpaiHa, e-mail: Taras.V.Binkevych@Ipnu.ua

Meta. CTBOpeHHS MaTeMaTU4YHOI i IU(POBOI MO-
JIeJli OL[IHKY HaAiHOCTI IPO303aXUCTy MOBITPSIHUX JTi-
Hili 3 ypaXyBaHHSIM BUITaJIKOBUX (haKTOPIB.

Mertomuka. [lpoBeneHi mocmimkeHHsI HamiAHOCTI
I'PO303axXMUCTy MOBITPSIHUX JiHIl eJleKTponepecuIaHHs
kjacy Hanpyr 110—750 kB, BUKOHaHUX Ha TPOMiKHUX
oropax pizHoro Tuny. Pe3yibTaTu HaBeneHi y BULIISIAL
KpUBUX HeOe3MeYHUX IMapameTpiB, B aOCOMIOTHUX i
BiTHOCHUX OTWHUIISAX, @ TAKOX Y BUTJISIAI YMCIOBUX Xa-
PaKTEPUCTHUK.

Pe3yabraTtu. BukopucraHi MeTonM aHaJIITUYHOI i
CTaTUCTUYHOI OOPOOKM JaHUX, MATEMAaTUYHOIO MOJIE-
moBaHHs. CTBOpeHi MareMaTU4Ha il IuppoBa Monaei
JTO3BOJISIIOTH 3Mi1ICHIOBATH OLIiHKY HAAilfHOCTI rpo303a-
XUCTY TOBITPSIHUX JIiHill eJIeKTpoIiepecuIaHHs 3 ypaxy-
BaHHSIM BIJIMBY BUMNAAKOBUX (pakTopiB. Moaeni 103Bo-
JISIIOTh YpaxyBaTy FeOMETPUYHI PO3MipH €JeMEHTIB 10-

85




ELECTRICAL COMPLEXES AND SYSTEMS

CITIKYyBaHOTO OO0’€KTa, XapaKTCPUCTUKN 3aXMCHUX
amapariB, eKCIUIyaTalliliiHi Ta eKCIlepMMeHTaJlbHI Xa-
PaKTEPUCTUKU 130JIsL1il ¥ KopoHU. BoHM H0O3BOJISIIOTH
po3paxyBaTH KpUBiI HeOE3MEeUHUX MapaMeTpiB Iil yac
yaapiB OJMCKaBKU B OIOPY YU TPOC Y Pi3HUX KOOPIAU-
HaTax, a TaKOX MOKa3HUKMU HATilfHOCTi TPO303axXUCTYy.

HaykoBa HoBu3zna. CTBOpeHO MaTeMaTUYHY 1 1uc-
pPOBY MoOJeJi OLIHKM HadillHOCTi I'p0O303axUCTy MOBi-
TPSIHUX JIiHIA eJIeKTponepecuIaHHs, 0 T03BOJISIIOTh
ypaxyBaTu OUTBIIY KiIbKiCTh BUMAAKOBUX (HAKTOPIB i
eKCIUTyaTallilHUX XapaKTepUCTUK o0’ekra. Mopenb
JI03BOJIUTh MPOBOAWTU aHAJi3 i cucTemMaTu3alilo BU-
nagkoBuX (PaKTOpiB, SIKi BIUIMBAIOTh HA HAMiMHICTD i
e(eKTUBHICTh I'PO303aXUCTy TOBITPIHUX JIiHIN eeK-
TPONEPECUIIAHHS, 110 AACTh 3MOTY BU3HAYUTU PiBEHb
BIUTMBOBOCTI KOXKHOTO 3 HUX.

IIpakTuuna 3HaummicTb. [limBuIieHHS HamiiHOCTI
Ta e(GEeKTUBHOCTI TPO303aXMCTy MOBITPSIHUX JiHii
€JICKTPOIIepeCcUIaHHS 32 PaXyHOK ypaxyBaHHSI OLIbIIO1
KiJIbKOCTi BUMAAKOBUX (haKTOPiB i eKcrulyaTaliiiHuX
XapaKTEePUCTUK.

KmouoBi cioBa: nosimpsna ainis esexmponepecu-
NQHHS, HAOILHICMb 2DP0303aXUCmy, 8UNAOKO8UL (paKkmop,
iMogipHicmb IMRYAbCHORO PO3PAJY, Kpuga Hebe3neuHux
napamempis, 4Uca0 2po308Ux GiOKA0O4EHb
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Heab. Co3gaHme MaTeMaTHIeCKOl M IHM(POBOM
MOJIEJIM OLIEHKM HaAEXHOCTU TpO303alLUThI BO3IYIII-
HBIX JIMHU C yUeTOM CIIyJaliHbIX (DaKTOPOB.

Metomuka. [TpoBeneHHbIE MCCIETOBAaHUS HAIEX-
HOCTU T'PO303aLLMUThl BO3AYIIHBIX JUHUK 3JEKTPOIE-
penaun kiacca HanpstkeHust 110—750 kB BeimoaHeHbI
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Ha TIPOMEXYTOYHBIX OIOpax pas3JndHoro tuma. Pe-
3yJIbTATHl TIPUBEIEHBI B BUIE KPUBBIX OITACHBIX Iapa-
METPOB, B A0COIFOTHBIX 1 OTHOCUTEIbHBIX EANHULIAX, a
TaKKe B BUJE YMCIOBBIX XapaKTePUCTHUK.

Pe3ynbTatbl. Mcrionb3oBaHbl METONBI aHATUTHYC-
CKOI 1 CTaTUCTUYECKOM 00pabOTKM JaHHBIX, MaTeMa-
THYECKOro MoneinpoBanus. Co3maHHBIC MaTeMaTHUe-
CKasg W IU@poBast MOJEIN TTO3BOJISTIOT OCYIIECTBIISTE
OLIEHKY HAJEeXHOCTH TPO303allUThl BO3MYIIHBIX JIH-
HUI 3JIEKTpOITepeIaur ¢ YISTOM BIUSHUS CIIyJaifHBIX
dakTopoB. Momenu MO3BOJISTIOT Y4eCTh TCOMETPUIC-
CKHE pa3Mephl 2JIEMEHTOB UCCIIEAYeMOTro OObEKTa, Xa-
PaKTEPUCTUKM 3AIIMTHBIX amllapaToB, SKCILIyaTaly-
OHHBIE W DKCIIEPUMEHTAJIBHBIE XapaKTEPUCTUKHU M30-
JIIUMU 1 KOpOHBI. OHM MO3BOJISIIOT PACCYMTATh KPH-
BbI€ OITACHBIX MTapaMEeTPOB BO BPeMsI yAapOB MOJHUU B
OITOPY WJIM TPOC B Pas3IWYHBIX KOOPAMHATAX, a TaKXKe
IMOKAa3aTeJIM HAIEXKHOCTH IPO303allUTHI.

Hayunas noBusHa. Co3maHbl MaTeMaTthyeckas |
M@ poBast MOIEIN OLIEHKN HAIEXKHOCTH IPO303aIINThI
BO3IYIIHBIX JIUHUI 3JeKTpoliepeqadyr, KOTOphIe IO-
3BOJISTIOT  YYECTh OOJIbIIEe KOJWYSCTBO CIIyYAHBIX
(aKTOpOB M BKCIUTyaTaAIIMOHHBIX XapaKTEPUCTUK 00b-
eKkTa. Mojenb TTO3BOJIUT TTPOBOJUTHL aHAIU3 W CUCTe-
MaTHU3aLMIo CIIyYaliHbBIX (PAaKTOPOB, BIMSIONINX Ha Ha-
JIEKHOCTh U 3((GEKTUBHOCTD TPO303aIATHl BO3IYIII-
HBIX JINHUAM 3JIEKTPOIIEpEaadu, YTO MO3BOJUT OIpee-
JINTh YPOBEHbB BIMSTHUS KaXKI0TO U3 HUX.

IIpakTHyeckas 3HaYMMOCThb. [lOBBIICHUE HAIEX-
HOCTU U 3(P(HEKTUBHOCTU T'PO303aLIUThHI BO3IYIIHBIX
JINHUM 3JIEKTPOIIepeaadyy 3a cUYeT ydeTa OOJIbIIEero Ko-
JINYECTBA CIIYJalHBIX (PaKTOPOB M SKCITYaTallMOHHBIX
XapaKTePUCTHK.

KimioueBble C10Ba: 6030yuuHas AuHUs J1eKmponepeda-
Yu, HAOCICHOCMb 2PO303AUUMbL, CAYHALHbIL GaKmop,
BEPOSMHOCIb UMNYAbCHO20 paspsadd, Kpueds ONACHbBIX
napamempos, YUca0 po308bixX OMKAUEHU
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