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CALCULATION ESTIMATION OF OVERVOLTAGE ON INSULATION OF THE
EQUIPMENT OF A SUBSTATION AT THE LIGHTNING STRIKE IN ITS LIGHTNING
ARRESTER

Purpose. The complex approach to calculating thunderstorm overvoltage on substation equipment is considered when lightning
strikes in a lightning rod. Methodology. The conditions of safe passage of lightning current through a lightning arrester are
formulated. Results. It is shown that the calculation of the permissible length of air insulating gaps in the substation is based on
the breakdown of the air tension, which is assumed to be 500 kV/m. This leads to an error in calculating the length of the air gap
and, as a consequence, the probability of its breakdown, the value of which is used to calculate the indicator of the lightning
resistance of the substation. A technique is proposed for calculating the permissible voltage on the transformer case when a
lightning strike strikes the lightning receptacle of the transformer portal. On the basis of the nonlinear pulsed electric strength of
the ground, the specified minimum permissible ground distance between the grounding rod of the lightning rod and the nearest
point of the protected device is obtained. Originality. Refined calculation of the length of the minimum breakdown gap in the air
and in the ground. Practical value. The proposed approach makes it possible to calculate thunderstorm overvoltage on substation
equipment. References 11, tables 4, figures 6.

Key words: lightning overvoltage, substation, lightning arrester, volt-second characteristic, insulator string, electric field, air
gap, permissible voltage, transformer case, pulsed electric strength.

Po3pooneno indcenepnuuil nioxio 00 po3paxyHKy 2po308ux nepeHanpye Ha 001a0HAHHI niOcmaunyii npu yoapi O0JUCKAGKU 6
onuckaekoiogio. Cihopmynvosani ymosu 6e3neunozo 0ns 001A0HAHHA RPOXOOIHCEHHA CIPYMY OJITUCKAGKU O OIUCKABKOBI0B00).
Ilokazano, wo po3paxynHox 00Onycmumor 006xcunu ROGIMPAHUX [3ONAUIHHUX RPOMINCKIE HA NIOCMANUIT 0a3YEMbCA HA OCHOGE
npoouenuii Hanpysycenocmi nogimpsa, aka npuiinama pienoro 500 kB/m. Lle npu3zeooums 00 nomunxku po3paxynHky 006xcunu
nogimpan0z0 NPomixcKy i, AK HACAIOO0K, UMOGIpDHOCHMI 11020 NPOOOI, 3HAYEHHA AKOI GUKOPUCHIOBYEMBCA ONA PO3PAXYHKY
NOKa3zHuKa zpo3oynoprnocmi niocmanyii. Ak npuxknad poszenanyma memoouka po3paxyHKy O0ORycmumoi Hanpyzu Ha Kopnyci
mpancgopmamopa npu yoapi Oauckaeku 6 0Oauckaskonpuimay mpancgopmamopnozo nopmany. Ha ocnogi neniniinoi
IMRYAbCHOT  eeKmpuunol MiyHOCMI [PYHMY OMPUMAHO YMOYHEHY MIHIMAIbHO OORYCIMUMY GIOCHAHbL 6 3eMJli Midc
3azemaroeauem OJUCKAGKOGINBOOY I HAUOIUINCUOIO 00 HbO2O MOYKOI0 NPUCMPOIO, wio 3axuujacmbcia. Hasoosambcsa ananimuyuni
eupasu ona pospaxyukis. bion. 11, tab:m. 4, puc. 6

Kniouoei cnosa: rpo30oBi nepeHANpyru, MiACTaHUis, OJMCKABKOBIABIA, BOJbT-CEKYHIHAa XapaKTePUCTUKA, TipJsiHa
i301TOpIB, e/leKTPHYHe I0JIe, NMOBITPSAHMII NPOMIKOK, JOIMyCTHMe HAIPY:KeHHs, Kopmyc TpaHcdopmaropa, iMIy/bcHA
eJIeKTPHYHA MillHiCThb.

Paspaboman unscenepnulii n00X00 K pacuenty 2po306blX NePEHANPANCEHUI HA 000PYO08AHUU NOOCMAHUUU RPU YOape MOIHUU 8
Monnueomeoo. Chopmynuposanst ycnogua 6e30nacnozo ona 060py008aHUs NPOXOHCOEHUA NMOKA MOIHUU HO MOTHUEOMEOOY.
Ilokazano, umo pacuem Oonycmumoi OAUHBL 6030YUIHBIX U3OJLAUUOHHBIX NPOMENCYMKOE HA NOOCMAHWUU Oa3upyemcsa Ha
0CHOGE NPOOUBHOI HANPAINCEHHOCMU 6030yXa, Komopas npunama pasnoi 500 kB/m. Imo npueodoum k owtuodke pacuema O1unsl
6030YULHOZ20 NPOMEICYMKA U, KAK Clledcmeue, 6epoAmMHOCHU €20 npodos, 3HAUeHUe KOMOpPOli UCNONb3Yemca 0N paciuema
noxkasamens 2po3oynopHocmu noocmanuuu. B kauecmee npumepa paccmompena memoduxa pacuema OonycCmumozo
HanpsajceHua Ha Kopnyce mpancgopmamopa npu yoape MOIHUU 6 MOJHUERPUEMHUK mpaHcgopmamopnozo nopmana. Ha
0CHO6e HEIUHEIHOI UMNYIbCHON INEKMPUYECKOI NPOYHOCIMU ZPYHINA NOJIYYEHO YMOYHEHHOe MUHUMANbHOE OORyCcHmUMoe
paccmoanue 6 3emie mexcoy 3azemaumenem MOAHUEOME00a U Onudicaiiuiell K HeMy MOYKOU 3auuu{aemMozo ycmpolicmea.
Ilpueooamecsa ananumuueckue evipaxcenus 0aa paciemos. butn. 11, tabm. 4, puc. 6

Kniouesvie cnosa: rpo3oBble MepeHanpskeHHsl, MOACTAHIMS, MOJHHEOTBO/, BOIbT-CEKYHIHAs XapaKTepHCTHUKA, THPJSHIA
H30JISITOPOB, 3JIEKTPHYeCKOe ToJie, BO3AYIIHBbIH NPOMEKYTOK, AOMYCTHMOe HamNpsi’KeHHe, Kopmyc TpaHcgopmaTtopa,
HMIY.JIbCHAs 3JIeKTPUYeCKasi IPOYHOCTh.

Introduction and problem definition. On the
globe, as noted in [1], there are at the same time about
2000 thunderstorm foci, in which about 100 lightning
discharges occur every second. Many countries, including
Ukraine, have thunderstorm maps that are based on long-
term meteorological observations and are periodically
updated. This allows to improve the methods for
calculating  lightning  overvoltage in electrical
installations. Analysis of studies and publications shows
that the task of protecting electrical equipment of
substations (SS) from thunderstorm overvoltage during
direct lightning strikes is under consideration of many
domestic and foreign scientists. Coordination of
insulation under conditions of limiting overvoltage, as
well as reflection of modern materials on the problem

under consideration are presented in [2]. The operation of
insulating structures at lightning and internal overvoltage
in electrical systems and their limitation are considered in
[1]. However, the continued research of many scientists
leads to the need to improve calculations to limit lightning
overvoltage. To determine the length of the insulating air

gap I, ¢ between the support or portal body and the flexible

bus or equipment, dependency curves Usp, = filag) are
often used. The dependence of the 50 % discharge voltage
of the air gap on its length at positive and negative
polarity of lightning pulses is given, for example, in [3].
These dependencies have a weak nonlinearity.
Consequently, the value of the breakdown electric field
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strength of air in long air gaps decreases with an increase
in their length which must be taken into account in the
calculations when determining the length of the gap. Not
accounting of this, i.e. the adoption of the value of the
permissible electric field strength in the air gap constant
and equal to 500 kV/m can lead to inaccuracy in
determining its length and, accordingly, to reduce it,
which increases the probability of breakdown of the
specified gap. In addition, the neglect of possible overlaps
of the air insulation of the substation after the end of the
current increase leads to an underestimation of the danger
of lightning currents with relatively low amplitudes at a
large slope and the duration of their pulses [4]. More
accurate results for determining the dielectric strength of
the insulation under the so-called non-standard voltages
can be obtained using the methods described in [5-7],
which also makes it possible to clarify the lengths of the
discharge gaps.

The goal of the paper is the development of an
engineering methodology for calculating lightning
overvoltage on substation equipment at a lightning strike
in its lightning arrester.

Formulation of conditions for limiting
thunderstorm overvoltage and their implementation.
The intensity of thunderstorm activity in the location of
the protected object is characterized by the average
number of thunderstorm hours per year N;,. Another
characteristic of thunderstorm activity is the average
number of lightning strikes n;, per 1 km® of the earth’s
surface per 100 thunderstorm hours. On the territory of
Ukraine n;, = 6.7 1/km? per 100 thunderstorm hours.

Protecting objects from direct lightning strikes is
performed using lightning arresters of various designs. A
lightning arrester is a device towering above the protected
object, through which the lightning current, bypassing the
protected object, is diverted into the ground. A lightning
arrester consists of a lightning rod, directly receiving a
lightning strike, a down-conductor (mast, gantry, rack
fitting, strip) and a grounding device (GD). These
extended elements have an inductance that also
determines the distribution of the voltage along them. In
addition, the resistance of the GD depends on its
geometric dimensions and the specific resistance of the
soil ground p in which it is located, as well as on the
parameters of the lightning current pulse: oblique front,
front slope a, front duration 7; pulse duration 1,

amplitude /. When lightning current flows from the GD,
the current density through the grounding rods is high, so
high electric field strengths are created in the ground at
the surface of the electrodes, exceeding the ground
breakdown strength E,. Zones of high conductivity are
formed around the electrodes (primarily due to ionization
processes, a dense network of streamers, etc.), increasing
their effective dimensions. As a result, the resistance of
the GD decreases. The rapid increase in lightning current
at the pulse front creates a voltage drop across the
inductance of an extended GD, which limits current
drainage from more distant parts of it. In this case, the
resistance of the GD, on the contrary, increases. As a
result of the influence of one or another factor (the
formation of an ionization zone and streamer channels or

a voltage drop across the inductance), the resistance of the
GD to the lightning current flowing down from it R,
(without taking into account of inductance) or Z, (taking
into account of inductance) differs from GD resistance to
power frequency current R, measured at alternating
voltage and relatively small current.

The resistance of the horizontal GD to the current of
power frequency R, is determined by the well-known
formula [8]:

2 4h2
+0.5In 1+—= ||, (1)
2r-hy 12

P
R, = - In
& om-l

where [ is the GD length, m; 7 is the GD radius, m; 4, is
the GD depth of laying in the ground, m.

The resistance of a horizontal beam GD to pulsed
current (of lightning) at the point of entry of lightning
current for its instant of its maximum is calculated using
the approximate formula [9]:

Zp(OJTf)ZTa (2)
where L is the specific inductance (per unit length of the
GD electrode, pH/m); n is the number of horizontal
beams; # is the mutual shielding factor.

The maximum voltage at the point of entry of
lightning current to the GD is calculated by the formula:

Umax =11 Z,(0.77). 3)

The voltage at the end of the horizontal GD when
lightning current enters its beginning is calculated by the

formula [9]:
I Lyl
Ul,r)=—+| R, ———|. 4
.zy) [ 6_Tf] 0

The relative decrease in voltage at the end of the
horizontal GD depending on its length is calculated by the

formula:
U(l, Z'f )

max

Protection of outdoor switchgear for 110 kV and
more from direct lightning strikes is usually performed
with rod lightning arresters, lightning rods of which, as a
rule, are installed on the outdoor switchgear structures.
The installation of lightning rods on portals located near
transformers or shunt reactors is allowed if a number of
requirements are met. First of all, the lightning current
spreading from the point of connection of the current
release to the GD of the SS should be provided not less
than in two or four directions of grounding lines.
Secondly, two or three vertical electrodes with a length of
3-5 m should be installed at a distance of not less than the
electrode length along the grounding line from the point
of connection of the current release. It is known [9] that
when exposed to pulsed lightning currents, there is a
decrease in the proportion of current flowing from distant
grounding sites, i.e. non-equipotentiality occurs, which
increases with the length of the electrode. This
phenomenon is associated with the wvalue of the
inductance of the steel electrode and its dependence on
the equivalent frequency and amplitude of the flowing

X% = -100% . )
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current. The specific inductance of the grounding
electrode of the GD is determined by the well-known
formula [1, 9, 10]:

21
Ly=02- {h{;— 0.3 1)} , (6)

and the total inductance of an electrode of length / in this
case is determined as
L,=Ly-1l. (7)

Passing the lightning current through a lightning
arrester on the SS will be safe for the equipment if it is
based on the following calculations.

Calculation of permissible overvoltage on the
insulator string. The pulsed discharge voltage of the
insulator string must be greater than the voltage that arises
during operation between the point of attachment of the
string to the portal and the point of attachment of the
flexible tire to the string. This means that the allowable
voltage that occurs on a string of insulators during its
operation must lie below the volt-second characteristic of
the string, determined by the well-known formula [1]:

U(t)=A~‘/1+%, (8)

where ¢ is the time, pus; 4 and T are the constants.

The values of the constants are determined by
substituting in (8) of the test voltages with full (at # = 10
ps) and cut (at £ = 2 ps) pulses. Thus, for example, for a
110 kV string of seven IIC12-A insulators, we have test
voltages U, = 600 kV and U,g,s = 480 kV. Substituting
these values into formula (8), we obtain a system of two
equations with unknown constants 4 and 7;,. Based on the
solution of this system of equations with respect to the
constants 4 and T, the volt-second characteristic of the
string is described by the expression:

U(r)=444.994- ,/1+@ : ©))

The reverse overlap of the insulator string on the
portal with the lightning rod occurs at critical current /.,
which is found from the equality of the portal potential
and the 50 % pulse discharge voltage of the insulator
string according to the formula [1]:

]C'Rp-i-a'Lo'h:USO%,

(10)
where R, is the resistance of the GD of the substation to
pulsed current (of lightning); % is the height of the fixing
point of the string on the portal.

The critical value of the current [, at which the
reverse overlap of the insulator string occurs, is obtained
from the expression (10) in the following form:

Ic _ USO% —a~L0 -h .

Rp

Calculation of the permissible length of air gaps.
The shortest distance in the air between the lightning
arrester and the substation equipment nearest to it should
be not less than permissible. The calculation of this
distance is based on the determination of the maximum
potential at a specific point of the lightning arrester (mast,
portal, or separately laid current-carrying release), which
is located at distance /; from the connection point of the
current release (portal) to the GD of the SS. For the

(11

considered form of a lightning current pulse, the
maximum potential at a particular point of a lightning
arrester occurs at the time of the maximum lightning
current and is determined by the formula
Umax:I,-Rp+a~LT-h1. (12)

where Ly is the inductance of a unit length of the current
release.

In engineering calculations, the specific value of Ly
is assumed to be Ly=1.7 uH/m for both the separately laid
current-carrying release and for metal lightning arresters
of a lattice design. Voltage £/, is applied to the air gap
of I, length, where E, is the permissible electric field
strength in the air.

Since the number of lightning strikes in SS is
relatively small, in (12) as the calculated values of the
parameters /; and a the following numerical values are
taken: I, = 60 kA and a = 30 kA/ps. In addition, the
permissible electric field strength in air £, is taken in
calculations to be 500 kV/m. Based on the above, the
shortest distance through the air can be written as follows:
azll Rp—i-a LT hl' (13)

E
Substituting the above values into the formula (13),
we obtain the permissible distance in air
60-R, +30-1.7-hy
>
‘- 500

For example, when R, = 10 Q and /; = 10 m from
(14) we find that [/, = 2.2 m. It is well known that the air
gap, which has uniform electric field, has the greatest
electrical strength. If the considered gap has uniform
electric field at small distances, then, with the same
electrodes, an increase in the distance between them leads
to an increase in the inhomogeneity of the electric field,
and with a further increase in the distance, the electric
field in the gap becomes highly heterogeneous.
Consequently, at large distances between the electrodes,
the breakdown electric field strength of air in the gap
decreases [3], i.e. to prevent breakdown, an increase in
the distance between the electrodes is necessary.
Therefore, when the distances between the electrodes,
measured by meters, used in practice the numerical value
of the breakdown electric field strength of air of
500 kV/m should be refined. The longer the air gap, the
smaller this value will be. A preliminary assessment
shows that an increase in the length of this gap leads to a
nonlinear decrease in the breakdown electric field
strength.

For example, for a breakdown of an air gap of 6 m in
length with breakdown electric field strength of
500 kV/m, voltage of 3000 kV must be applied. However,

proceeding from the curves Usy, = Alag) [3], the
breakdown of such a gap will occur at voltage of about
2834 kV, i.e. at voltage of 5.5 % less. Here, the
breakdown electric field strength of air in the considered
gap will be 472.3 kV/m. Based on the breakdown electric
field strength of air of 472.3 kV/m, we determine the
allowable distance by air by the formula (13), which is
2.31 m, which is 11 cm (or 5 %) more than at the
accepted electric field strength of 500 kV/m.

a

~0.12:R, +0.1-h.  (14)
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Calculation of the allowable voltage on the
transformer case. The shortest distance along the GD line
from the point of connection of the current release (portal)
to it to the point of connection to the GD of the
transformer case must be not less than the permissible
value. The fulfillment of this condition is investigated by
calculating the voltage on the case of a transformer
connected to the GD of the SS, with different specific
ground resistance and lightning pulse parameters.

As an example, consider a 110/6 kV power
transformer, which is installed at the transformer portal.

To ensure the specified reliability of the transformer
during the thunderstorm season, it is necessary to
determine the distance L along the line of the GD
electrode from the point of connection of the current
release of the lightning arrester to the grounding point of
the transformer case at which the voltage on the case does
not exceed the allowable value (dielectric strength of
external insulation). In this case, as the allowable voltage,
we take the test voltage of the external insulation of a
power transformer with lightning pulses. Test voltages of
electrical equipment during thunderstorm pulses, reduced
to normal atmospheric conditions, are presented in
Table 1. Here, the numerator represents the value of the
total pulse, and the denominator presents the value of the
cutoff one.

Table 1
Test voltages of lightning pulses [1]
Acting voltage value, | Maximum value of the thunderstorm
kv pulse, kV
Maximum Power, voltage and current
Class .
working transformer, reactor, apparatus
3.6 42/50
6 7.2 57/70
10 12 75/90
15 17.5 100/120
20 24 120/150
35 40.5 185/230
110 126 460/570

We calculate the voltage on the transformer case
when a lightning strikes a lightning rod located on the
transformer portal. The transformer case is connected to
the grid of the grounding device, which is made of steel
bar of circular cross section with a diameter of d =2r =12
mm, the depth of 4, = 0.7 m. Let the soil resistivity is
p = 100 Q'm, and the amplitude of the lightning current
pulse is /; = 20 kA with the duration of its front 7,= 2 ps.
The length of the beam / of the GD varies from 3 to 21 m.
The height of the lightning arrester is 4, = 19.35 m.

Perform the calculations for three cases:

1) the current release of the lightning arrester is
connected to two oppositely directed beams of the grid;

2) the current release of the lightning arrester is
connected to the three beams of the grid directed at an
angle of 90° (with the use of GDs in the system
(shielding) #, = 0.8);

3) the current release of the lightning arrester is
connected to the four beams of the grid (with 77, = 0.65).

The results of the calculations are given in Table 2-4.

4 Input of parameters: p, /
/ oot e s /

I

R, =

‘rl
: P_ |
2n-l 2r-hy

Vo
10.5[11‘11!—;‘J

T
|

21
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I
‘ ma 1." : Z;J (”‘ T..f)

= max

[

Output of results:
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Ulltp), Z(0,17 ). X %

End

Fig. 1. Block diagram of the algorithm for calculating
dependencies of the voltage on the transformer case on the
distance of the grounding point of the current release of the
lightning release

Table 2
Calculation results for the case of double-beam grounding
L,m U, kV Unaxs KV Z,, Q X, %
3 351.492 360.408 18.02 97.526
187.853 206.909 10.345 90.79
9 129.254 159.676 7.984 80.948
12 95.783 138.082 6.904 69.367
15 73.031 127.59 6.379 57.239
18 55.878 123 6.15 45.429
21 42.027 121.967 6.098 34.458
Table 3
Calculation results for the case of three-beam grounding
L,m U, kV Unaxs KV Z,, Q X, %
3 234.328 300.34 15.017 78.021
125.235 172.424 8.621 72.632
9 68.17 133.063 6.653 64.758
12 63.855 115.069 5.753 55.493
15 48.687 106.325 5.316 45.791
18 37.252 102.5 5.125 36.343
21 28.018 101.639 5.082 27.566
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The obtained results show the following. For the
first case, when the transformer case is connected to the
grid at a distance of 15 m along the grounding line from
the current release (portal) connection point to two beams,
the atmospheric overvoltage on the case is 73 kV, i.e.
exceeds 70 kV. In this case, the connection of the case to
the GD must be performed at a distance of 15.5 m or
more.

Table 4
Calculation results for the case of four-beam grounding
L,m U, kV Upnax, KV Z,, Q X, %
3 175.746 277.237 13.862 63.392
93.926 159.161 7.958 59.013
9 64.627 122.828 6.141 52.616
12 47.892 106.217 5.311 45.088
15 36.515 98.146 4.907 37.205
18 27.939 94.616 4.731 29.529
21 21.014 93.82 4.691 22.398

For the second case, when the current release of the
lightning arrester is connected to the three beams of the
grid, and at a distance of 11.03 m along the grounding
line there is a grounding point of the transformer case, the
atmospheric overvoltage on the case is 70.026 kV, i.e.
practically does not exceed 70 kV.

For the third case, when the current release of the
lightning arrester is connected to the four beams of the
grid, and at a distance of 9 m along the grounding line
there is a ground point of the transformer case, the
atmospheric overvoltage on the case is about 64.63 kV,
i.e. does not exceed 70 kV.

As you can see, at the same lightning current at the
point of entry into the GD of the SS with increasing
number of beams at p = 100 Q'm, the GD resistance to the
pulsed current decreases. In addition, with increasing p
from 50 Q-'m to 500 Q2'm with the number of beams n = 4

and lightning current /; = 20 kA, the indicated resistance
also increases. Similar results were obtained for other
currents, too, for example /; = 60 kA.

Figure 2 shows the dependencies of the voltage at
the GD point under consideration on the distance L to the
point of current input.

U kv 1- 1,=1us
2 - Tr=2 us
250 3 - 1:=5ups
L - 1:=10 ps
200
150 A
100
1 3
3 6 9 12 15 18 L,m

Fig. 2. Dependence of the voltage at the considered GD point at
distance L from the point of input of the lightning current
1=20 kA for different values of its front length

Figure 3 shows the dependencies of the voltage at the
considered GD point on the distance L to the point of input
of the lightning current for different values of its amplitude,
but with a constant current front length 7,= 2 ps.

As follows from Fig. 2, 3, as the distance (L, m)
from the point of input of the lightning current into the
GD along the beam of the grounding conductor line is
removed, the potential U, decreases in all the considered
cases. In this case, the rate of descent depends both on the
amplitude of the lightning current and on the steepness of
its front.

=1 114230
w00 =N\ 327220 %A
N\ L - [= 40 KA
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300 N 6 - /=80 kA
EA ¥ - /=100 kA
250
i A NN |
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Fig. 3. Dependencies U, = (L)

Figure 4 shows the dependencies of the resistance of
the GD of the SS to the pulsed current at the input point
(4 beams) of the lightning current on radius of its
spreading along lines (length of beams L) and the length
of the front of the lightning current.

Zp, Q 1- 1=1ps
7 2 - Ti=2us
3 - t=5ups
6 4 - 1,210 ps
5 L
\ el
b ~
N... 3
3
2 7 |
1
1
0
3 6 9 12 15 18 L,m

Fig. 4. Dependencies Z, =f (L)

Analysis of the results presented in Fig. 4, shows
that the resistance Z, of the GD of the lightning arrester of
the SS to the pulsed current depends complexly on the
size of the spreading zone of the lightning current at the
time of its maximum at different values of the front
length. For example, at t>2 us, the resistance Z,
decreases with increasing size L of the zone. At the
lightning current of 60 kA and the ground resistivity
p =50 Q'm, the curves Z, = f{L) monotonously decrease,
and as 1/ (£ 2 ps) decreases, the resistance Z, first
decreases and then begins to increase, while the minimum
Z, value shifts towards lower values of L.

Figure 5 presents the dependence L = f{n), which
shows a decrease in the zone of spreading the lightning
current with an increase in the number of beams of the
GD. In this case, the voltage at the boundary of the zone
is maintained at the level of the permissible 70 kV.
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1 2 3 b n

Fig. 5. Dependence of the radius (L) of the lightning current
spreading zone along lines of the GD of the SS on the number
of beams 7 at the point of current input

Let us calculate the number of years of operation of
the transformer without strike, during which the voltage
on its case, caused by atmospheric overvoltage, does not
exceed the permissible 70 kV:

1
N=—+-—,

(15)
Nl.s'PIl

where N, = 7(3,5- hy, )2 107° -0 - Ny, is the number of
lightning strikes in the lightning arrester of the SS; 4, is

the height of the lightning arrester, m; ¢ = 0.067
1/(km)*lighting hours; N, = 60 lighting hours;

Ny =3,14-(3,5-19,35)* 1070 0,067 60 = 0,058 .

The probability that the amplitude of the lightning
current exceeds the value of /; is calculated by the formula

P 107160

1

For the lightning current /, = 60 kA we obtain
P, =100 <01

Thus, substituting the values obtained above into
formula (15), we obtain the number of years of operation
of the transformer without strike:

=———=172,634 year.
0,058-0,1

If the amplitude of the lightning current exceeds
60 kA, the overvoltage will be more than 70 kV. To avoid
this, protective devices (surge arresters or surge
suppressors) are used.

The calculations performed using this algorithm are
shown in Fig. 6. The curve of the dependence of the
number of years during which the value of the lightning
current may be greater than the specified one, as follows
from Fig. 6, increases nonlinearly.

N
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500 / |
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Fig. 6. Dependence N =f(1))

Calculation of the length of the permissible gap in
the ground. For a free-standing lightning arrester, the

shortest distance in the ground between the GD of the
lightning arrester and the nearest to it point of the
protected device in the ground must be not less than the
permissible value.

Assuming that in the ground voltage E./, is applied
to the shortest gap of length /,, where E, is the electric
field strength permitted in the ground, we write this
condition as

le"Ec211-R,, (16)

where /, is the shortest distance in the ground between the
GD of the lightning arrester and the nearest to it point of
the protected device in the ground; E, (E3,) is the pulsed
electric strength of the soil (breakdown electric field
strength).

From condition (16) we determine the minimum
permissible value of /.:

I;-R

L 7p (17)
Epq
The results of the experimental determination of the

pulsed electric strength of the soil at NTU «KhPI»
showed [11] that this quantity is non-linear, i.e.

B
Epq :f(S):A+E.

1, >

e =

For large gaps, measured in tens of centimeters, and
even more in meters, the value of £, , tends to numerical
values (100-150) kV m, depending on the characteristics
of the soil.

Substituting in the expression (17) the value £, =
=150 kV/m and 7; = 60 kA, we obtain the condition

[,204-R,, (18)

which allows to determine the minimum permissible
distance in the ground between the grounding conductor
of the lightning arrester and the nearest to it point of the
protected device.

Conclusions.

An engineering methodology has been developed for
calculating the allowable voltage on the transformer case
at a lightning strike in the lightning rod of the transformer
portal and the allowable number of years of operation of
the transformer during which the voltage on its case
caused by atmospheric overvoltage does not exceed the
allowable value.

An engineering calculation of lightning overvoltage
was performed on the equipment of the substation during
a lightning strike to its lightning arrester. The conditions
of safe for the equipment of the SS of the passage of
lightning current through the lightning arrester are
formulated. The performed studies showed that the used
value of the pulsed breakdown electric field strength of
air of 500 kV/m leads to an inaccurate determination of
the allowable length /, of the air discharge gap (with an
error of up to 5 %). With an increase in the length /, of
this gap, the pulsed breakdown electric field strength of
air nonlinearly decreases and, as a result, the permissible
minimum length of the specified interval increases.

Accounting of the nonlinear pulsed electric strength
of the soil allowed to obtain a refined minimum allowable
distance /, in the ground between the grounding conductor
of the lightning arrester and the nearest to it point of the
grounded device.
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