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Abstract. The article discusses methods for calculating the moisture discharge voltage of insulators
under various operating conditions (pollution, humidity, etc.) to identify patterns of environmental
influence on operational characteristics, as well as to improve the reliability and safety of power grids.
The main aim of the study is to compare two approaches to calculating the moisture discharge
characteristics of insulators: the classical method based on the Tepler formula and an alternative
approach that utilizes generalized parameters. These parameters can be easily obtained from the
technical characteristics of insulators or design standards for automated calculations. To achieve this
goal, the authors addressed several important tasks. First, a comprehensive analysis of the behavior of
electrical discharges on the surface of insulators under various operating conditions, including
standard and adverse environments, was conducted. Second, an automated tool was developed to
quickly and accurately determine the values of moisture discharge voltage. Third, the proposed
method was experimentally validated using the LK 70-110 insulator. The tests revealed a discharge
voltage of 549 kV and an electric field intensity of 2.1 kV/cm, confirming the accuracy of the
calculation method. The key findings of the study highlight the importance of considering factors such
as the properties of insulator surfaces and the degree of contamination, especially in underground
substations where humidity and pollution exhibit specific characteristics. The proposed approach
proved effective both in standard and challenging operating conditions. The significance of the results
lies in the creation of a tool that simplifies the calculation of moisture discharge characteristics of
insulators.
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Metode de calcul a tensiunii de desciarcare la umiditate a izolatoarelor
Sevcenco S., Danilicenco D., Ganus R., Radoguz S., Tomasevsky R., Mahonin N., Potrivai A.A.
Universitatea Nationala Tehnica ,,Institutul Politehnic din Kharkiv”” Harkov, Ucraina

subliniind aplicarea acestora in imbunatatirea fiabilitatii si sigurantei retelei electrice. Cercetarea se concentreaza
pe analiza comportamentului de descarcare de-a lungul suprafetelor izolatoare in diferite conditii, cu o atentie
deosebitd la doud abordari de calcul. Prima metodd utilizeazd formula clasicd Teppler, care necesita date
experimentale. A doua, o alternativd noud, se bazeazd pe parametri generalizati, permitdnd calculul automat.
Constatarile cheie includ validarea cu succes a metodei alternative impotriva formulei Teppler prin testarea pe
izolatorul LK 70-110, care a demonstrat tensiuni de descarcare de 549 kV si niveluri de stres de 2,1 kV/cm.
Aceasta metodd s-a dovedit eficientd atat in scenarii de mediu standard, cat si nefavorabile. Mai mult,
dezvoltarea unui instrument automat de calcul faciliteaza determinarea rapida si precisd a caracteristicilor de
descarcare umeda, oferind avantaje practice pentru proiectarea si intretinerea izolatiei. Cercetarea evidentiaza
rolul critic al proprietatilor suprafetei izolatorului si al contaminarii in influentarea comportamentului de
descarcare. Subliniaza necesitatea unor solutii de izolare adaptate pentru diferite medii operationale, inclusiv
substatii subterane, unde conditii precum umiditatea si tipul de contaminant diferd semnificativ. Abordarea
propusé oferd un cadru inovator pentru imbunatatirea performantei izolatiei, contribuind la dezvoltarea retelelor
electrice mai sigure si mai eficiente.

Cuvinte-cheie: tensiune de descarcare la umiditate, izolatori, metode de calcul, formula lui Toepler, descarcari
electrice, calculator automat.
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MeTtoanku pacyera BJIaropa3psiiHOro HaNnpszKeHUs1 H30JIITOPOB
MleBuenko C.10., Jannapuenko 1.0., anyc P.O., Pagorys C.A., Tomamesckuii P.C., Maxouun H.B.,
IMoTpsiBaii A. J.
HaunoHnanbHbIN TEXHUYECKUM YHUBEPCUTET «XapbKOBCKUN MOJIUTEXHUUECKUNA HHCTUTYT)
XapbKoB, YKparHa

Annomayusa. B craTbe paccMaTpHUBAIOTCS METOJBI pacyeTa BIIAaropas3psgHOTO HANPSHKEHUS H30IATOPOB B
Pa3NUYHBIX OSKCIUTyaTallMOHHBIX YCIOBUAX (3arpsA3HEHHOCTb, BIAXHOCTh M T.I.) C IE€IbI0 BBIABICHUSA
3aKOHOMEPHOCTEN BIMSHUS OKPY)KAIOILIEH Cpeibl Ha HKCIUTYyaTaIl[MIOHHBIE XapaKTEPUCTUKH, a TAKXKE MOBBIIICHUS
HaJIe)KHOCTH U O€30IIaCHOCTH 3JIEKTpUUYecKuX ceTeil. OCHOBHAs 1IeJIb MCCIIEA0BaHUS 3aKII0YaeTCsl B CPAaBHEHUH
JIBYX MOJXO/0B K pacdeTy BJIaropas3psaHbIX XapaKTePUCTHK H30JSTOPOB: KJIACCHYECKOI'0 METO/a, OCHOBAHHOIO
Ha Qopmyne Terepa, U anbTepHATUBHOIO CHOCO0A, MCIOJB3YIOIIEro OOOOIIEHHBIE MapaMeTpbl, KOTOPbIE
JIOBOJIBHO IIPOCTO MOJYYUTh U3 TEXHUYECKUX XapaKTEPUCTHK H30JIATOPOB MM HOPM IO MPOCKTUPOBAHUIO, IS
aBTOMATH3MPOBAHHBIX pacdeToB. [ MOCTIDKEHHMS 3TOH LeNM aBTOPHI PEIIMIM pPAf 3afgad. Bo-mepBbIX, ObLT
MPOBEZICH BCECTOPOHHHWH aHAlM3 MOBEACHHSA 3JCKTPUUECCKUX pa3psIoB Ha IMOBEPXHOCTH H30JSATOPOB IIPH
PasNMYHBIX YCIOBUSX OKCIUTyaTallWd, BKJIIOYAs CTAaHAAPTHBIE M HEONarompusATHBIE cpeabl. Bo-BTOpHIX,
pa3paboTaH aBTOMATH3MPOBAHHBI HWHCTPYMEHT, CIIOCOOHBIH OBICTPO M TOYHO ONPENENATh 3HAYCHUS
BJIaropa3psHOTO HaNpsDKEHHs. B-TpeTbux, MpoBeeHa SKCIepUMeHTalbHas TpOBepKa MPEAIoKeHHOTO0 METOoa
¢ wucnosib3oBanueM uzoasTopa JIK 70-110. Hcneitanus mnokasand paspsaHoe HampsbkeHue 549 kB u
HanpsokeHHOCTh 2,1 kB/cM, 4TO monaTBEp)KAAaeT TOYHOCTh pacueTHOro wmeroza. OCHOBHBbIE pe3yJbTaThl
UCCJIEJIOBaHUS MTOJUEPKUBAIOT 3HAYMMOCTh y4eTa TakuX (PaKTOpPOB, KaK CBOWCTBA MOBEPXHOCTEH M3OISTOPOB U
CTETIeHb UX 3arps3HEHUs, OCOOCHHO B YCJIOBHSX TOA3EMHBIX HOCTAHIINH, TJIe BIQXKHOCTD U 3arPSI3HEHUS HMEIOT
crneruduueckue ocodeHnoctu. [IpeanoxeHHblil noaxoa okasancs 3pPEKTUBHBIM Kak B CTaHAAPTHBIX, TaK U B
CIIO’KHBIX AKCIUTyaTaI[IOHHBIX YCIOBUSIX. 3HAYMMOCTb PE3yIbTaTOB 3aKII0YAETCS B CO3JAaHUM HWHCTPYMEHTA,
KOTOPBIIl yHpomIaeT pacdeT BIAropaspsIHBIX XapaKTePUCTHK HM30JIATOPOB, HUTO IIO3BOJISIET OBICTPO
CMOJICIINPOBATh PSAJ Pa3IMYHBIX SKCIUTyaTallMOHHBIX YCIOBUHA M BHIOPATh ONTHUMAaJbHBIE XapaKTEPUCTUKH IS
M30JITOPOB.  ODTOT METOJ, MOJXET OBITh HCHOJIB30BaH JUIA Pa3paOOTKH WHIUBHIYAJIBHBIX pEIICHHH,
a/IalTUPOBAHHBIX K PA3IMYHBIM YCJIOBHMSM SKCIUTyaTallid, YTO CIOCOOCTBYET OBICTPOMY MOJEIMPOBAHUIO H,
COOTBETCTBEHHO, 00JIee TOUHOMY OIIpe/ielicHnIo Oe30macHbIX U 3 deKkTHBHEIX pemenunii. Paborta nenaer Bkian B
YIIy4IIEHUE XapaKTEePUCTUK U3OJSALUU U OTKPBHIBAET HOBBIE BO3MOXHOCTH AJS UCCIEAOBAHUN U MPAKTHUECKOTO
NPUMEHEHUS B SHEPTETUKE, B YACTHOCTH B MOJ3EMHBIX ITOJICTAHIIHSAX.

Kniouegvie cnoea: BnaropaspsaHOE HaIpsHKEHHE, H30JIATOPHI, METOOWKM pacuera, ¢(opmyna Temiepa,
3NEKTPUYECKHE Pa3psbl, aBTOMATH3HPOBAHHBINA KaJIbKYJISTOP.

INTRODUCTION DISCHARGE IN THE AIR ALONG THE
SURFACE OF THE INSULATORS

Insulators play a crucial role in electrical networks,

ensuring the separation of conductive parts and Let's examine how a solid dielectric influences the
maintaining their functionality even under difficult  initiation and progression of an electrical discharge
operating conditions. across the surface of an insulator in air. In the case of

One of the most common problems encountered in  the structure shown in Figure la, the electric field
their application is the so-called "moisture discharge"  lines are parallel to the dielectric surface and the field
phenomenon [1-4]. is homogeneous. In the structure (Figure 1b), the field

Moisture discharge voltages can significantly  is inhomogeneous and the tangential component of
reduce the efficiency of insulation, leading to  the field strength on the dielectric surface Et prevails
malfunctions in electrical systems. over the normal component En. In the structure

A key aspect in the design of reliable insulation  (Figure 1c), the field is also inhomogeneous, but the
systems is therefore the correct calculation of these  normal component prevails. The first design is
voltages [4-7]. This articles analyses and compares  comparatively rare in real life, but it is convenient for
two different methods for calculating the wet  detecting the influence of dielectric characteristics on
discharge voltage. In particular, it assesses their the occurrence of discharge, while the second and
practical applicability and accuracy for use in  third designs are quite common (reference and pass-
underground substations. through insulators). [8-13]

147



PROBLEMELE ENERGETICII REGIONALE 1 (65) 2025

Fig. 1. Typical designs of solid dielectric air gaps. !

In an insulating construction, the electrical
strength of the dielectric gap is lower than that of the
purely air gap. This is due to the adsorption of
moisture from the ambient air on the surface of the
dielectric as well as to the micro-gaps between the
solid dielectric and the electrode. The surface of all
bodies in humid air is covered with a thin film of
water. lons formed in this film under the influence of
an electric field move towards the electrodes. As a
result, the field near the electrodes is strengthened,
and in the middle of the gap it is weakened. The
strengthening of the field near the electrodes leads to
a decrease in the electrical strength of the gap. This
decrease is greater the more hydrophobic the
dielectric is. For example, glass is a more hygroscopic
material than glazed porcelain, so the flashover stress
along the glass surface will be less than along the
porcelain. A decrease in the insulator flashover
voltage in the presence of a microgap between the
dielectric and the electrode or a microcrack on the
surface of the dielectric is associated with an increase
in field strength due to the difference in dielectric
constant between air and a solid dielectric (the
dielectric constant of a solid dielectric is 3-4 times
higher than that of air). Increasing the field strength to
the microgaps leads to ionization processes. The
products of these ionization processes (ions and
electrons), which fall into the main gap, create a local
field enhancement, which leads to a decrease in the
flashover voltage. To increase the discharge voltage
of the gap with a solid dielectric, it is necessary to use
low-humidity dielectrics or to create a coating of low-
humidity materials that protect the dielectric from
contact with water vapor (for example, glazing the
surface of porcelain), as well as to ensure a reliable,
micro-gap-free connection of the insulator body to the
metal reinforcement using cement embedded and
elastic conductive gaskets. In the insulating structure
(Figure 1b), the field is not homogeneous, so, as in
the case of a purely air gap, the discharge voltage is
lower than in a homogeneous field. The influence of
the hygroscopically of the dielectric and the
microgaps is qualitatively the same as in the design in
Figure la, but it is less pronounced because the
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electric field is already significantly inhomogeneous.
If the field is sufficiently inhomogeneous, a corona
discharge will occur in this insulating structure, just
as in a pure air gap. The resulting ozone and nitrogen
oxides attack the solid dielectric [14-18]. The corona
discharge is most dangerous for polymeric insulation,
especially if it is in the form of a streamer. The
temperature in the streamer channel is quite high, and
its contact with the surface of the dielectric can lead
to thermal decomposition of the dielectric and the
formation of a charred track of increased
conductivity. The length of this track increases over
time, leading to the flashover of the insulator with an
irreversible loss of electrical strength. All of the
above also applies to the structure in Figure 1c. The
large normal component of the electric field brings
the streamer channel closer to the dielectric surface,
increasing the likelihood of dielectric damage. The
electrical strength of this structure is even lower than
that in Figure 1b. The streamer channels developing
along the dielectric surface have a much higher
capacitance relative to the internal (opposite)
electrode than in the design with a predominant
tangential field component. Therefore, a relatively
large current flows through the streamer channels. At
a certain voltage, the current increases to the point
where the temperature of the streamer channels
becomes sufficient for thermal ionization. A
thermally ionized discharge channel that develops
along a dielectric at the surface of which the normal
component of the field strength exceeds the tangential
component is called a sliding discharge channel. The
conductivity of the sliding discharge channel is much
higher than the conductivity of the streamer channel,
therefore the voltage drop in the sliding discharge
channel is less, and on the unobstructed part of the
gap - more than in the streamer channels. An increase
in the voltage on the nonflashovered part of the gap
leads to a lengthening of the sliding discharge channel
and complete flashover of the gap at a lower value of
the voltage between the electrodes. The length of the
sliding discharge channel depends on its conductivity
and therefore on the value of the current in it. In turn,
the current depends on the voltage between the
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electrodes, the change in voltage, and the capacity of
the streamer channel relative to the opposite
electrode. The influence of these parameters is
reflected in Teppler's empirical formula for the length
of the sliding discharge channel [4, 19-20]:

/dU
L=y C U i—
slide ll dt

where 9y is the experimentally determined
coefficient; C — is the specific surface capacitance
(capacitance of the dielectric surface at which the
discharge develops relative to the opposite electrode);
U — is the applied voltage. From formula (1), if the
distance between the electrodes on the surface of the
dielectric is replaced by lgige, it is possible to
determine the value of the voltage UP required to

flashover the insulator. If we take C:—g.Z"S ,

M

where d — is the thickness of the dielectric and the
area S is taken to be equal to 1 cm? and if we
consider the value dU/dt to be constant, which in a
first approximation corresponds to the constant
frequency of the applied voltage, we obtain from
formula (1) the equation for finding the discharge
voltage, which is called the Teppler formula:

d
Up — Z'LO,Z( )0,4
£-&,

2

It follows from Teppler's formula that increasing
the length of the insulator gives a relatively small
increase in the discharge voltage. Therefore, to
increase the discharge voltages of pass-through
insulators, the specific surface area is reduced by
increasing the diameter of the insulator near the
flange from which the discharge can be expected.
They also employ a semiconductor coating near the
flange, which aids in equalizing the voltage
distribution across the insulator's surface, thereby
raising the discharge voltage levels. At a constant
voltage, the specific surface capacitance has
practically no effect on the development of the
discharge. The value of the discharge voltage is found
to be close to the discharge voltage of a pure air gap.

DISCHARGE ALONG CONDUCTIVE
AND CONTAMINATED INSULATOR
SURFACE

In typical operating environments, insulator
surfaces are continually subjected to contamination.
Dry contaminants, which have high resistance,
typically have little impact on the voltage distribution
across the insulator's surface and thus do not
substantially lower the discharge voltage. However,
when these contaminants are wetted by light rain or
dew, their resistance drops, causing a redistribution of
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voltage across the insulator, which in turn
significantly reduces the discharge voltage.

The mechanisms at work when an insulator is
exposed to rain and when its surface is both dirty and
wet share similarities. Let's analyze how a discharge
develops when the insulator's surface is both dirty and
wet.

Intensive drying of the insulator surface near arc
ends causes them to extend. When the entire surface
dries, the leakage current decreases, and the partial
arcs grow as they lengthen. If drying results in a
reduced leakage current, the arcs will extinguish.
Conversely, if the leakage current rises, the partial
arcs will continue to extend and eventually span the
entire insulator. Because the characteristics of partial
arcs and the number of arcs on the insulator surface
are unpredictable, complete arc coverage is a random
event with a certain probability. This probability
increases with higher operating voltage, as it boosts
the leakage current, encouraging the extension of
partial arcs until the insulator is fully covered. The
depicted discharge behavior suggests that insulators
will have higher discharge voltages when the leakage
current is minimized [21-23].

3)

where /; is the insulator leakage current.

R; — is the leakage resistance on the surface of the
insulator.

For a cylindrical smooth insulator with a diameter
D, if the contamination layer has a thickness A and a
specific volume resistance p, then.

p-L

“AD @

1

where L; — the path length of the leakage current.
From formulas (3) and (4) it follows that

_U-z-A-D

1,
p-L

©)

Therefore, as the leakage path length increases
and the insulator diameter decreases, the insulator
discharge voltage increases:

UMDZII'p'Lz (6)
7-A-D

Since the drying of the insulator surface is
relatively slow, it does not significantly impact short-
term overvoltages, resulting in a higher flashover
voltage compared to longer-term voltage exposure.
The wet discharge voltage of an insulator is
contingent upon various factors, including the
characteristics of the contaminant layer—such as its
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amount, composition, and the extent of wetting. Due
to the wide range of contamination types encountered
in practical scenarios, defining a single "standard"
contamination for wet discharge voltage assessment is
difficult. Therefore, precise measurements of
discharge voltages under real-world dirt and moisture
conditions are best derived from operational
experience.

For theoretical design optimization, the wet
discharge voltage can be analyzed by considering
factors such as the length of the leakage current path
along the insulator surface between electrodes (Lp),
the insulator's design, rain characteristics, and the
voltage type. Testing should be conducted with the
insulator in its normal operational position, rain
applied at a 45° angle to the horizontal at a rate of 3
mm/min, and the water's conductivity set to 10-4
S/cm. Voltage should be applied 5 minutes after the
wetting begins (Figure 2).

In cases where the rib protrusion is minimal (a/1 <
0.5), the wet discharge voltage tends to increase due
to the extended dry regions beneath the ribs.
Consequently, the discharge primarily traverses along
the rib surfaces.

An increase in 1 (with a remaining constant) will
lead to a decrease in Uup because the dry zones
beneath the ribs become smaller. Therefore, 1 should
be minimized. Practical experience indicates that
under typical conditions, the ratio a// should not
exceed 0.5.

It is recommended to increase the a/l ratio to 0.8-

1.0 when operating the insulator in polluted
conditions.
| Uwp, kV

hoo wo, 1-&= 6 cm

Jeo 2-L=72cm

2ot ua
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L L b t g
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Fig. 2. Dependence of Uup on a/l of insulator.

The ribs are typically inclined at an angle of
approximately 15-25° [24-26]. When a > 30 mm, the
effect of the rib angle on Uyp is minimal. To avoid
water from wetting the underside of the rib and
diminishing the dry areas on the insulator surface, a
drip feature must be incorporated into the rib design
(see Figure 3). For an industrial frequency voltage
and a rain rate of 5 mm/min, the minimum wet
discharge voltage can be calculated using the formula
Uup=2.15lpp kV, where is measured in
centimeters.

lDD
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Fig. 3. Rib profile.
Moisture discharge voltages for both constant and
alternating currents are essentially equivalent.

Atmospheric conditions, such as pressure and
temperature, have minimal impact on Uyp. Although
rain does not directly affect underground power lines,
general humidity and condensation still play a role.
Typically, higher water conductivity in the form of
aerosols, whether in the air or on surfaces, leads to a
lower Ump. Impulse discharge voltages along the
surface of a dielectric are largely unaffected by rain
and moisture. For a frequency of 50 Hz, the average
moisture discharge voltage ranges from 2.1 to 2.4
kV/cm. When selecting insulation for areas prone to
contamination, the key parameter is the specific
length of the leakage path (Iy), defined as the ratio of
the total leakage path length (Lp) to the maximum
operating linear voltage (U).

ALTERNATIVE CALCULATION
METHOD

Despite the validity of the above method, the
described formulas have parameters that are difficult
to set or impossible without an experiment, so the
above method can be used as a means of checking the
results of the experiment. [27-31]

However, before the experiment, we need to
establish the calculation data.

Let's recall that the flashover of the insulation
usually occurs when it is wetted by drizzle, mist or
dew, when the contaminated layer is saturated with
moisture and an electrolyte appears on the surface of
the insulators. A current begins to flow along the
surface of the insulator, known as the leakage current
[32, 33]. The electrolyte heats up and the moisture
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evaporates. Dry zones appear in certain areas of the
surface where the current density is greatest, or the
thickness of the wetted layer is smallest. These zones
expand rapidly in the direction perpendicular to the
current lines until, due to the increase in voltage drop,
the dried zones flashover to a width of only a few
millimetres in the air. An electric arc is formed, the
reference points of which are located at the edges of
the dried zone. The volt-ampere characteristic of the
arc corresponds to the function of the species

E =al™

a (7
where a and n are constants that depend on the
current and air density.

The current flowing through the arc channel is
limited by the surface resistance of the insulator. The
surface resistance of a smooth rod insulator with a
diameter d with a leakage current path length L and a
contamination layer thickness 4 is equal to [34,35].

L plL L L

R. = = =
STPOAD T 2D zysd  y¢B

(®)

where mAD is the cross-sectional area of the
pollution layer;

pv— its specific volume resistance;

ps — specific surface resistance;

ys — specific surface conductivity;

B — the width of the flow path of the leak.

The determination of Rs by surface resistivity or
conductivity is more convenient as it does not require
knowledge of values that are difficult to determine -
the thickness of the contamination layer. [36-39]

The resistance of the contamination layer partially
shunted by the arc:

Ry =R —(rg—r1,)I

)
where 7, and r, — resistance per unit length of

insulator surface and arc; [, — the length of the arc.
According to formulas (5) and (6)

1 1

rg = = (10)
’ mysd  ysB
}"a = El‘a = ali(’ﬁl) (1 1)

If at the point of origin of the dried annular zone
> r,, where r is the resistance of the section under
consideration in the wetted state, then after the arc Rx
< Rs and the surface current of the insulator when the
arc occurs decreases compared to the current on the
wetted surface.
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U
Rs - (rs - ra)la.

(12)

The wet surface, heated by the support points of
the arc, dries quickly. The arc therefore moves
continuously. As a result, the dried annular zone
expands, causing the arc to elongate. Consequently,
the current decreases according to equation (9), which
increases the resistance r, further reducing the
current. This process reduces the heat dissipation at
the insulator surface, causing it to become wet again.
As a result, the current returns, and the arc is
extinguished. This cycling of drying and wetting is a
normal operational behavior for insulation in
electrical networks [40]. Also, if rs < 74, then Ry < R;
and the current increases after the arc. As the arc
spreads, the resistance r, decreases further and the
current increases. This in turn leads to a further
decrease in resistance 7, and a further increase in
current. As a result, the support points of the arc slide
across the wetted surface at a speed of 50 m/s or more
until the insulator is completely covered. Based on the
above, the flashover condition of the insulator is
completely covered.

Based on the above, the flashover condition of the
insulator is

(12)

r,<r,

Which when substituting the values of rs and ra
will be rewritten in the form

1

1
— (13
myd AB( )

al™"h <

When r, = r, we get the limiting current on the
surface of the insulator

]1_‘_ = (aysﬂ.d)l/(lw) — (aySB)l/(Hn)

(14)

At this and higher currents the insulator
flashovers. Using this current limit, we obtain the
moisture discharge voltage

U 1R - La" 0 ~ La" ™
mp — fistrs T (7 n_d)n/(]ﬂz) - (7 B)n/<l+n)
N s

(15)

As can be seen, UMD is proportional to the length
of the leakage path, which allows us to determine the
average moisture discharge stress along the length of
the leakage path which decreases with increasing
insulator diameter and surface conductivity (Fig. 4).
[33].

al/(Hn)

(ﬂ_ysd)n/(]-ﬂz)'

U

MD _

.

(16)

E MDL
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At the same time, the leakage current limit
increases as the diameter of the insulator increases.
Calculations were made using formulas (14) and (15)
witha=14-104 V-An /m, n = 0,56. Based on this,
for small ys, the discharge voltages at d < 4 cm are

sufficiently high.
pna [ Kl
0161 160
o014+ 140
0121 120 \ \ /
U,IU B 1,00 >< ‘
oo8- 080 ANAN
\2\/ 5
006 060 /( >< k
3 — 5 -
004~ O40 /2
| /
00z-0,20
oL /}/ Gt
0 2 4 6 8 cm

Fig. 4. Dependencies of the limiting leakage
currents (curves 1, 2 and 3) and minimum
discharge field strengths along the path of the
leakage stroma (curves 4, S and 6) of cylindrical
insulators on the diameter of the insulator at
different conductivities, the limits and values of
which were determined in laboratories
empiricallyand mapped in standards such as the
RDE (ITY3J): ys =2 pSm (curves 1, 4); 5 uS (curves
2, 5); 10 pS (curves 3 and 6) [36].

However, as the diameter of the insulator and the
degree of its contamination increase, EMD L
decreases to such an extent that it is impossible to
create an acceptable insulating structure for outdoor
equipment [41]. To increase the discharge voltages,
ribs are used (Fig. 5), whose role is reduced to
increasing the resistance per unit of insulator height.
With the same ys for the bar and the rib, the resistance
of the wetted surface of a rib (its two sides and its
outer edge) is

0,5(dy~dy) dl

C
—+

R = ,
d(l) 7y.d,

s

a7

2
7[7/& 0

where 1 — is the current coordinate along the
leakage path, counted from the place where the rib
meets the rod. Since d(l) = d1 + 2I cosa, dd(l) = 2
cosa dl (Figurte 5), then, moving to the variable d and
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changing the limits of integration accordingly, we
obtain d(I) =dl at1=0,d(I) =d2 at1=10,5 (d2 — d1)

(18)

Fig. 5. Rod insulator model.

According to formula (13) and Figure 5, the
leakage current limit is determined by the diameter of
the insulator body dl, since this is the diameter at
which the arc can develop at the lowest current. For
the arc to extend at the edge of the rib (d = d2), a
much higher current is required. After flashovering,
the ribs of the insulator along the arc reference bar
slide freely along the surface of the adjacent ribs up to
their edges, as this movement leads to a decrease in
the resistance of the circuit and, accordingly, to an
increase in the current and a further decrease in the
resistance of the arc (while its length remains
unchanged) [42]. Therefore, the wet discharge voltage
for a ribbed insulator is equal to

Uwp =1,R, =(aryd, )U(Hn) :
bm cm
. +
0!727/5d1 a”ysdl
1/(1+n)
e
(”yxdl )” (e

In d—z) =
dl

m

+
amy, cosa

c d, d,
+ -t
b d, bcosa

I,
d,

where m — is the number of ribs of the insulator.

MOISTURE DISCHARGE VOLTAGE
CALCULATION TOOL

With approximate results from method one and
formulas from an alternative method using commonly
known data for calculation, it is possible to create an
automatic wet discharge voltage and insulator voltage
calculation tool. In accordance with the formulas from
the alternative method, a wet discharge voltage
calculation table has been developed (Table 1).
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Tab. 1. Calculation results in moisture
discharge calculator

Characteristics Calculated values
dl, mm 25 Umd, kV 549,08
d2, mm 65 Emd, kV/em | 2,10
b, mm 20
¢, mm 3

Alfa 12
L, mm 2610
H, mm 1055
vs, mkS 10

m, st. 29
type Ribbed

Where d1 — is the diameter of the insulator bar, d2
— is the diameter of the insulator cap, b — is the height
of the gap between the insulator caps, ¢ — is the height
of the cap, alfa — is the angle of inclination of the
insulator cap, L — is the length of the insulator leakage
current, H — is the height of the insulator, ym — is the
conductivity of the pollution layer, m — the number of
caps along the length of the insulator rod, type —
depending on the diameter of the caps, it can be
ribbed (with the same diameter of caps along the
entire length of the insulator) or complex (with caps
of different diameters). The basis for the calculations
and initial data is the insulator database, which is a
table of insulator characteristics (Table 2). By
introducing new insulators into this database, it is
possible to obtain moisture discharge characteristics.
The technical characteristics are given in the technical
documentation of the respective insulator. A separate
calculation sheet is used for the calculation. It
contains calculations for the complex and simple
shapes of insulators according to the formulae given
above. A number of auxiliary functions have also
been implemented, such as the calculation of the
limiting leakage current, the calculation of the wet
discharge voltage and others. According to the results
of the calculations, it was found that with a
conductivity of the contamination layer of 10 uS for
the polymer insulator LK 70-110, the wet discharge
voltage was 549 kV, which corresponds to a wet
discharge voltage of 2.1 kV/cm of the leakage current
path length.

EXPERIMENT TO VERIFY THE
CALCULATION RESULTS

To wverify the above-described means of
calculating the moisture discharge voltage, it was
decided to conduct a series of experiments in a large
high-voltage hall of NTU ‘KHPI".

Since the available laboratory equipment did not
allow us to technically realize the testing of polymer
insulators of interest with nominal voltage of 110 kV,
it was decided to proceed from the results obtained in
the first method. According to it, the average moisture
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discharge voltage for a 50 Hz network will be from
2.1t02.4kV/cm.

Before conducting the experiment,
transformer was pre-calibrated.

The voltage on the high side of the transformer
was measured using a 6.25 cm diameter ball
measuring arrester connected through a protective
water resistance (380 Mohm), according to GOST
17512-82.

the test

b N o
‘/',f, 1\ \.\
N\ / / \\ \\
/ e
By |l S \ 5
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Fig. 6. Sketch of the measuring device.

Measurements of high voltage were carried out at
distances between balls 2,8 ¢cm ;4 c¢cm ;5 c¢cm. That
corresponds according to GOST 17512-82 76 kV;

95kV; 107 kV. The obtained results are
approximated by a linear function.
140
.
130 =7 3007 - 11,717 /
120 R2 = 0,9997
110
y = 2656 - 6,2595
100 R2=1
/’/
90
80 i
70 == : :
34 44 54

Fig. 7. Measurement results.

The polymer support insulator IOSK 20-20-280-2
with a leakage path length of 620 mm was selected
for testing.

Since there was no technical possibility to
determine the conductivity of the contamination layer
in the laboratory, it was decided to create an artificial
contamination, however close to real conditions and
corresponding to the maximum.
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To create a uniform layer of dust on the surface of

the new insulator, it was left in the outdoor storage
rooms of the university for some time.

The insulator was then sprayed liberally with a
spray gun to simulate precipitation.

Fig. 8. Preparing the sample for the experiment.

After preparation, voltage was gradually applied
to the insulator body. The experiment was
accompanied by video recording and the measuring
instruments had a maximum value recording function,
which allowed the data to be saved after the automatic
shutdown of the equipment.

g

Fig. 9. Overlapping of the moistened insulator.

During the experiment, it was found that the
moisture discharge voltage for this insulator ranged
from 142 kV to 146 kV, which is 2.29 and 2.35
kV/cm for the above-mentioned leakage path length.

A similar experiment was also carried out for
porcelain insulator C4-80-I1I-M UHL 1. The results of
the experiment are shown in Figure 10.

MOISTURE DISCHARGE VOLTAGE, kV

100
%0
80
70
60
50
40
30
20
10
0

1 2 3
—— Ulst_kV

4 s Average

——— U2nd_kV

Fig. 10. Experimental results for insulator C4-80-11-M.
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For this insulator, the average value of the
moisture discharge voltage was 71 kV/cm, which,
with a leakage path length of 300 mm, gives a
moisture discharge voltage of 2.37 kV/cm. These data
are also in agreement with those obtained in the
calculation.

CONCLUSION

The results of the calculation fully agree with the
results of the determined mean value of the wet
discharge voltage, with a value of 2.1 to 2.5 kV/cm,
which confirms that the alternative method gives
valid values in the calculation. Therefore, it can be
concluded that this tool is well suited for the
calculation of moisture discharge characteristics and
its results can be used for comparison with
experimental values. It should be noted that this
technique was primarily developed to determine the
moisture discharge characteristics of insulators with
an external location, but this does not make it
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