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DISCHARGE VOLTAGE UNDER HUMID CONDITIONS

Abstract. The paper examines the issue of the relevance of the implementation of underground substations in the
current conditions of Ukraine. The need for such research was proven, and the direction of research in this broad
topic was also established. It is noted that the mechanisms of the insulator overlap during rain and when the surface
is contaminated and moistened are similar. It has been proven that under the action of voltage applied to the
insulator, a leakage current passes through the moistened layer of pollution, which heats it up. Since impurities are
distributed unevenly on the surface of the insulator, and the density of the leakage current is not the same in
individual sections of the insulator due to the complex configuration of its surface, the heating of the contamination
layer also occurs unevenly. In those areas of the insulator where the current density is the highest, intensive
evaporation of water occurs and dried areas with increased resistance are formed. The voltage distribution on the
surface of the insulator changes. Almost all the loads affecting the insulation fall on dry areas. As a result, dry areas
are covered with The need to create recommendations for the use of insulators in conditions of an underground
substation (high humidity and pollution) has been established. The methods of calculating the necessary parameters
were considered and norms were established, which need to be updated for the operating conditions caused by
underground placement.
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BOJIOI'OPO3PSITHA HATIPYT A 130JIITOPIB B YMOBAX IIJIBEMHOI
MIICTAHIIT

Anomayia. B pobomi posenanymo numanms akmyaibHOCMi 6npo8aoddcents Ni03eMHux niocmauyiti 8 nOMoYHUX
ymogax Vxpainu. Byna 0oeedena HeoOXiOHicmMb NOOJIOHUX OO0CHIOJNCeHb, A MAKONC BCMAHOGIEHO HANPIM
00CHIONCeHHST 6 YIUl WUPOKIll memi. 3a3HAYeHo, w0 MexXanizmMu nepekpummsi i304amopa nio yac 0owy ma npu
3a0pYOHeHHI Ma 380JI0JCeHHI NO6epXHI cxodxcl. [[osedeno, wo nio Oi€lo NOOaHOi HA [301AMOp HAnpyeu uepes
3801100/CEHU  Wap 3a0pYOHEHHA NPOXOOumv CMpyM 6UMOKY, sAKutl Haepieae 1o2o. OcKinbku 3a0pyOHenHs
PO3NOOLIAIMbCA NO NOBEPXHI I307MOPA HEPIBHOMIPHO, A WLIbHICMb CIMPYMY 6UMOK) HEOOHAKO08A HA OKPeMUX
OIAHKAX [3051Mopa yepe3 CKIAAOHY KOH@I2ypayiio 1020 nosepXHi, HA2pie wapy 3a0pyOHeHHs MaKoxdc 8i00)8acmuvcs
HepisHOMIpHO. YV mux OinauKax i3oramopa, Oe 2ycmuHa cmpymy Haubitbwa, 6i00y8acmvca IHMeHCUHe
BUNAPOBYBAHHS 800U | YMBOPIOIOMbCA BUCYULEHT OLIAHKY 3 NIOBUUEHUM ONOPOM. 3MIHIOEMbCA PO3NOOLN HANPYau HA
nogepxui izonamopa. Matidice 8ci Haganmagicents, wo NAUBAIOMb HA 30JAYTI0, NPUNAOAIOMb HA UCOXAT OLIAHKU. B
pe3yiomami 6UCOXi OLIAAHKU NOKPUBAIOMbCS ICKPOBGUMU KAHANAMU, AKI HA3UBAIOMbCA YacmKogumu oyeamu. Onip
iCKpO6020 KaHANy MeHuie Onopy GUCYUEHOI OUIAHKU NOBEPXHI 30JIAMopa, momy cmpym GUMOKY 30inbULyembCsl.
36invuenus cmpymy 8umoxy npuzeo0ums 00 NOOAILUIO20 GUCUXAHHS WAPY 3a0PYOHEHHs, a omdice, 00 30L1bUUEeHHS.
tioeo onopy. Bcmanosnena neobXionicmv CmMEOpeHHs peKoMeHOayiti 00 BUKOPUCHAHHA (30AMOPI6 8 YMOBAX
niozemnol niocmanyii (8ucokoi eonoeocmi ma 3a6pyonenocmi). Poszensinymo memoou po3paxynky neobOXioHux
napamempie ma CMAHOGIEHO HOPMU, AKI nompeOyromov axmyanizayii Oasi yMo8 excniyamayii, 3YMOGIeHUX
niO3eMHUM PO3IMIUEHHSM.

Kniouosi cnosa: nepexpummsi i301amopy, cmpym GUMOKY, 6HAUE 3a0pYOHEHOCMI, 80N02ICMb NOGIMPS, YACMKOG]
po3pAduU.

Introduction. The energy strategy of Ukraine, although not officially, has
undergone some changes. Due to enemy attacks on electric power facilities with
long-range weapons, the country took a course to create safe conditions for key
electric power facilities. Thus, there was a demand for the design and
implementation of underground substations and power transmission lines in the
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country. Thus, one of the important theoretical problems is the formation of norms
and rules for the arrangement of such electric power facilities, because the
conditions underground are significantly different from those on the surface and
have several features that need to be paid special attention to.

Summary of the main part. The world already knows similar solutions, for
example: an underground high-voltage substation in Singapore, consisting of 4
underground floors where all the main equipment is located, and has 5 above-
ground floors where the customer's head office is built, an underground substation
in Anaheim, California, USA is located under by Theodore Roosevelt City Park,
one of the largest underground substations in the world at 500 kV is located in the
center of Shin Toyosu , Tokyo, where the substation consists of 5 floors and only
one above ground. However, they were not widely distributed among other
countries, since they did not find themselves in such a difficult situation as
Ukraine. Among the critics of this approach, low throughput was noted , but we
have already considered and described this issue in [1] . Also, the demand of the
country itself has already been confirmed by the availability of government orders
for project development methodology. This gives us every reason to say that such
an approach takes place and, with the correct formulation of the main
recommendations for implementation, can surpass standard power transmission
lines in terms of basic parameters. Therefore, the relevance of the issue is beyond
doubt and confirms the need for development in this direction [2].

Therefore, the main goal of our research is to find optimal solutions for
creating underground substations and the most efficient configurations. One of the
issues that needs to be investigated is wet-discharge voltage and the overlap of
insulators due to contamination.

During operation, the surfaces of the insulators are always contaminated. As a
rule, dry contaminants that have a high resistance and do not affect the voltage
distribution on the surface of the insulator do not significantly reduce its discharge
voltage. The wetting of the pollution layer by drizzling rain or dew leads to a decrease
in the resistance of the pollution layer, a change in the voltage distribution on the
surface of the insulator and, as a result, to a decrease in its discharge voltage.

The mechanisms of the insulator overlap in the rain and when the surface is
contaminated and moistened are similar. Consider the development of a discharge
in the case when the surface of the insulator is contaminated and moistened.

Under the action of the voltage applied to the insulator, a leakage current
passes through the moistened layer of contamination, which heats it up. Since
contamination is unevenly distributed over the surface of the insulator and the
leakage current density is not the same in individual sections of the insulator due to
the complex configuration of its surface, the heating of the contamination layer
also occurs unevenly. In those areas of the insulator where the current density is
the highest, intensive evaporation of water occurs and dried areas with increased
resistance are formed. The voltage distribution on the surface of the insulator
changes. Almost all the stress affecting the insulation is applied to the dried areas.
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As a result, the dried areas are covered by spark channels, which are called partial
arcs. The resistance of the spark channel is lower than the resistance of the dried
section of the insulator surface, so the leakage current increases. An increase in the
leakage current leads to further drying of the pollution layer, and therefore to an
increase in its resistance.

Intensive drying of the surface of the insulator at the end of the arcs leads to
their elongation. Drying of the entire surface leads to a decrease in leakage current,
and an increase in the length of partial arcs leads to its growth. If the result is a
decrease in the leakage current, then the arcs will extinguish, if the leakage current
increases, then the partial arcs will lengthen and cover the entire insulator. Since
the parameters of the partial arc and the number of arcs simultaneously existing on
the surface of the insulator are random, the overlap is also a random event
characterized by a certain probability. The probability of an insulator overlap
increases with increasing exposure to voltage, because at the same time the leakage
current increases, which contributes to the extension of partial arcs until the
insulator is completely overlapped.

From the given picture of the development of the discharge, it follows that
the discharge voltages of the insulators will be the higher the lower the leakage
current [3-5]:

=1 (M)

where I, is the leakage current; R, — leakage resistance on the surface of the
insulator.
If the pollution layer has a thickness with specific volume resistance, then
for a smooth cylindrical insulator with a diameter D

_ Ply
Ry T TAD (2)
where L, is the length of the leakage path.
From formulas (1) and ( 2) that:
U-t-A-D
y = p-Ly (3)

Therefore, the discharge voltage of the insulator will increase with an increase
in the length of the leakage path and a decrease in the diameter of the insulator [6-7]:
LypL
UBJI.p = fr-A-By 4)
Since the processes of drying the surface of the insulator occur relatively

slowly, during short-term overvoltages, they do not have time to develop , and the
breakdown voltage is higher than during long-term exposure to voltage.
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The wet discharge voltage of the insulator depends on the characteristics the
layer of pollution, its amount and composition, as well as the intensity and type of
wetting. The wide variety of types of pollution encountered in operating conditions
does not allow choosing a single "standard" pollution that could be applied to the
surface of insulators when determining the wet discharge voltage. The most correct
discharge voltage in real conditions of pollution and moisture can be determined
from operational experience [8-11].

However, in theoretical calculations, in order to optimize the design of the
concept, you can turn to the following method. The wet discharge voltage depends
on the length of the path of the leakage current along the surface of the insulator
between the electrodes ( L ,, ), as well as on the configuration of the insulator, the
characteristics of the rain, and the type of voltage.

The wet discharge voltage of insulators is determined by alternating and
pulse voltages. During the test, the insulator must be in a normal working position,
rain jets must fall at an angle of 45° to the horizon with an intensity of 3 mm/min,
water conductivity must be equal to 10-4 cm/cm. Voltage should be applied to the
insulator 5 minutes after the start of moistening.

With a small protrusion of the ribs ( a/1<0.5 ), the wet discharge voltage
increases due to the increase in the length of the dry areas under the ribs. In this
case, the discharge practically goes along the surface of the ribs .

boof-Usp. 18 -L= 6 cm
0 2-L=12cm
240} a_

160 ‘E]\
20t 1

: a
0,25 as 7% i ¢

Fig. 1. Dependence of U ,, insulator from a/I.

An increase in [ (at a= const ) leads to a decrease. Uvr due to the reduction
of dry zones under the ribs, so it should be reduced.

Experience shows that under normal conditions the a/l ratio should not
exceed 0.5. the a/l ratio to 0.8-1.0 during the operation of the isolator under
conditions of contamination .

The angle of inclination of the ribs is taken to be about 15-25 °.
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When a>30 mm, the influence of the angle of inclination on U ,, is small.
The rib must have a dripper so that water does not wet the lower surface of the rib
and does not shrink the dry areas of the insulator surface. At an industrial
frequency voltage and a rain rate of 5 mm/min, the minimum value of the wet
discharge voltage can be determined by the formula ( / ., — in cm)

Ugp = 2,15lcyp, KB

Wet-discharge voltages at constant and alternating voltage are practically the
same. Atmospheric conditions (pressure and temperature) have little effect on U, .

Fig. 2. Rib profile.

Despite the fact that rain does not affect underground power lines, however,
general humidity and condensation are present. And here the rule already works
that the higher the conductivity of water, which is as an aerosol in the air and on
surfaces, the less U ;|

Rain and moisture practically do not affect the impulse discharge voltage
along the surface of the dielectric. The average moisture discharge voltage at f =
50 Hz 1s 2.1-2.4 sq /cm.

The main calculation parameter when choosing insulation for polluted areas
is the specific length of the leakage path ( / ,; ), which is equal to the ratio of the
total length of the leakage path L , to the largest operating linear voltage U ,,; .

Depending on the insulator configuration, the discharge may partially travel
through the air, which indicates the incomplete use of the length of the leakage

26 No4(182) 2023 EHEPTO3BEPEXXEHHA © EHEPTETUKA o EHEPTOAYAUT



EHEPTETUKA, ENEKTPOHIKA TA EJIEKTPOMEXAHIKA

path. For this purpose, the concept of the specific effective length of the leakage
path is introduced [12]:

[ L
A — nuT — BUT ’ B
nUuT k Up06_ﬂ . k CM/K

where £ i1s a coefficient that takes into account the efficiency of using the
length of the insulator leakage path.

For insulators with Lut /D <1.4 (D is the diameter of the insulator) k = 1.0-
1.3 or can be calculated by the formula [13].

LBI/IT) 1]
D

Depending on the characteristics of the area and the danger of pollution
sources, seven levels of atmospheric pollution are established, for each of which A
pitef is recommended When choosing insulation of 6-750 kV on metal and reinforced
concrete supports.

For external insulation of electrical equipment, there are three categories of
insulators according to the length of the leakage path: A — normal execution for
isolators operating in conditions of low pollution; b, B - reinforced and especially
reinforced version for isolators working in conditions of severe and particularly
severe pollution.

The length of the leakage path in insulators of category b is 1.5 times, and in
insulators of category B is 2.0 times greater than that of insulators of type A.

Therefore, when choosing the strength of the insulator, it is necessary to start
from category B. However, this statement must be confirmed by calculating the
effective specific leakage length.

Conclusions. The work analyzed the methods of calculating the effective
length of the specific leakage path for insulators, it was established that the need to
study project methods for underground substations and features of the influence of
operating conditions in them (taking into account the influence of humidity and
pollution). The process of forming the formation of the leakage current and the
formulas for describing its parameters are presented. The dependencies and
influence of the shape of the insulator on resistance to leakage currents are
considered.

k=1+0,5-[<
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