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ANALYSIS OF DISTRIBUTION LAWS

OF INSULATION INDICATORS OF HIGH-
VOLTAGE OIL-FILLLED BUSHINGS

OF HERMETIC AND NON-HERMETIC
EXECUTION

O6’ckmom docrioncenis € 3axKonu po3nodiny NOKASHUKIE 130Ul KOHOeHCAMOPHO20 TMUNY, AKI OMPUMANT 8 X001
npogiraxmuunux sunpodysany, ax Os CNPAGHUX, MAK 1 OepeKmHUX 6UCOKOBOILMHUX 660016 Hanpyzoio 110 kB
2epmemuunol i nezepmemuunoi koncmpyxkuii. OOnum 3 HaubiILIUUX NPOOIEMHUX MICUb NPU OlAZHOCTIUYT cmany
BUCOKOBOLLMHUX 8600i8 € HEOOCTNAMHA GUBUEHICTY 1 GLOCYMHICL 00TDYHMYBANNS 3AKOHIE PO3NOOILY OaHUX
npogiraxmuunux sunpodysans i301s1uii KoHOeHCamopHozo muny 6600ia.

B x00i docnidceniis 6UKOPUCTNOBYBABC KOMNICKCHUL NIOXI0 00 GUPILLEIHL NOCTABLCHUX 3A80AHD, BKIIOUATOUU
meopito UMOGIPHOCMI I CIMAMUCTMUYHUTL AHANL3, ANANI3 C8IM068020 00C6i0Y ma aoziunuil nidxid. Y nepcnexmusi
nepedbauaemvcs NOWUPEHHs, OMPUMAHUX Pe3YToMAmMie Ha 6600a OPY2ZUX MUNIE, U0 MAIOMb AHAL02IUHI NPOOLeMU
npu diaznocmuyi cmany.

3anpononosano memod cmamucmuunoi 06po6KU pesyabmamis nepioouuHux eunpobyeais GUCOKOBOLLIMHUX
860018, AKUll 00360156 CHOPMYBAMU MACUBU 3 OOHOPIOHUMU SHAUEHHAMU NOKASHUKIG 8 YMOBAX 0OMEUCEHOCTNT
BUMIPI06aNLHOT iHpopmaii. Bcmanosneno, wo 01s 6600i6 zepmemuunol i nezepmemuunoi KOHCmpyKyii NOKA3HUKU
i30a5Uil, AK 0N CNPAsH020, Max i deghexmiozo cmary, Mojcyms 6ymu onucani posnodiiom Beibyira. Ompumarno,
w0 wirsHocmi po3nodiny 0s cnpasHozo i deghexminozo cmamy 6UCOKOBOILIMHUX 680016 NEPEMUHAIOMBCSL, A OMIICE,
He MoKCYymy Oymu ubPani 2panuyuno-00nyCmumi 3HaUeHIs Napamempis i304uii, axi 6 e 0asaiu NOMUIKOGUX
piwens. [pononyemvcst epanuuno-00nycmumi 3HAuenHs NOKASHUKIE 1308111 GUCOKOBGOLMHUX MACIOHANOBHEHUX
860016 GU3HAUAMU 3 BUKOPUCTIAHHAM MEMOOi6 CMAMUCTIUYHUX PIllenb | 3 YPAXYEAUHAM HAUOLILUL 3HAUYULUX
excnayamayiunux gaxmopie. Ilokasano, wo 0ns 6UCOKOBOILMHUX 660016 00HIET T mici Je KOHCMPYKYIL Mae micue
SMIUWCHISA MAMEMAMUYHUX OUIKYBAID, SAKe 00YMOBIEHO POIX0ONCCHHIM MPUBALOCTL eKCAYAMAUIL | PISHUMU KO-
eiyienmamu 3asanmacenis mpanchopmamopis. Jany obcmasuny neobXiono epaxosysamu npu KOPuzyeanii
ZPANUUNO -OONYCTNUMUX 3HAUCHD NOKASHUKIG 130L5AUiT BUCOKOBONIMHUX 8600i6.

Bukopucmanus po3pobienux anzopummis i npoyedyp MamemMamuunoi cmamucmuxi 8 3a0auax 0iaznocmyeanis
BUCOKOBOILMHUX 660016 CRPUSIONb NOJINUEHHIO eKCNEPMHUX OUIHOK | NPULHAMMS PilleHD.

Kmouosi cnoBa: sucoxososbmii 6600U, NOKASHUKY 13015Uil, cmamucmuuni kpumepii, Oucnepcitinuil anaus,
Kpumepii 3200u, po3nodin Beibynina.
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be one of the most damaged transformer nodes. In this
case, it is quite interesting to change the nature of the
damage for bushings with different executions.

For bushings of a non-hermetic execution [5, 7], the most
typical damages are:

— humidification of oil and solid insulation, leading

to thermal breakdown and overlapping on the surface

of the core and the tire;

— an unreliable execution of the sealing components,

leading to oil leakage, its wetting and oxidation.

In addition, in non-hermetic bushings, there are dis-
ruptions in the contact joints that lead to sparking and
breakdown, as well as mechanical damage to the bushing
when the temperature changes because of the insufficient
volume of the oil conservator.

1. Introduction

High-voltage bushings, along with windings and on-
load tap-changers are one of the most damaged nodes of
high-voltage power transformers [1-3], and the uninter-
rupted supply of electrical energy to consumers is largely
dependent on the reliability of their operation. Damage
to oil-filled bushings 110-500 kV with paper-oil insula-
tion caused many accidents, both power transformers and
oil circuit breakers [4, 5]. If the damage of the bushing
installed, for example, on the transformer, is accompanied
by an explosion and a fire, the material damage is very
significant because of the need to repair the transformer
at the factory. Currently, the oil systems in Ukraine are in
operation oil-filled bushings, both non-hermetic execution,

and the introduction of a hermetic execution. In addition,
recently there has been an active replacement of oil-filled
bushings with paper-oil insulation on the bushings with
RIP (resin impregnated paper) insulation [6]. However,
despite the execution change, the bushings continue to

For the bushings of the hermetic execution, due to the
limited access of oxygen to air and moisture, oxidative pro-
cesses are not so intense. The main reason for the damage-
ability of such bushings [7, 8] is the overlapping of the inner
surface of porcelain of low porcelain cover, which is due
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to the deposition on the porcelain surface of the yellow-
brown precipitate, which falls out of the oil in the form
of a finely dispersed mixture. Another cause of damage to
hermetic bushings [7] is partial discharges in the oil and
on the surface of the core and the covers, leading to an
overlap of the internal insulation. As well as oil contamina-
tion with aluminum particles formed in the pressure tank
during vibration. In addition, in hermetic bushings there
is a disruption of the electrical connection between the
live tube and the pipe of the insulating frame when the
transformer vibrates, resulting in an electric discharge, oil
decomposition and the formation of gases. Also, hermetic
bushings are characterized by damage due to the increase
in the hydrostatic pressure inside it caused by the loss of
airtightness of the bellows or the failure of the pressure ves-
sel with the bushing and the pressure drop in the bushing
due to leakage. In addition, X-wax deposits (waxy products
formed on the surface or between sheets of insulation paper)
are present for both hermetic and non-hermetic bushings
filled with oil with a high content of paraffin fractions.
For example, GK oil (an oil grade, which is produced from
sulfur paraffinic oils using the hydrocracking process). This
can lead to a thermal breakdown of the core [9, 10].

Despite the relatively low operating time (mass produc-
tion of bushings with RIP insulation started in 2003-2004),
solid-insulated bushings also have a sufficiently high level
of damage. In [11] it is noted that in the period from
2010 to 2011, the damage statistics of these bushings, has
reached an alarming scale, and a number of 330 and 500 kV
bushings have been banned for installation. The main causes
of damage to the RIP-insulated bushings [7, 11, 12] are
the separation of the core, the development of partial dis-
charges and damage to porcelain tires due to unacceptable
mechanical influences.

The above analysis clearly illustrates that changing
the execution of the bushings does not always lead to
an increase in their operational reliability. In this regard,
improving the methods of monitoring and diagnosing the
insulation state of high-voltage bushings is an actual and
practically significant task. Solving this problem will sig-
nificantly improve the operational reliability of both the
bushings themselves and the high-voltage equipment on
which they are installed.

2. The ohject of research
and its technological audit

The object of research is the laws of distribution of
capacitor-type insulation values that were obtained during
preventive tests for both faulty and defective high-voltage
bushings with a voltage of 110 kV of a hermetic and non-
hermetic execution. As indicators characterizing the insula-
tion state of high-voltage oil-filled bushings, the following
values were analyzed:

— tangent of the dielectric loss angle of the basic in-
sulation (tgd;);

— capacity of the main insulation (Cy);

— tangent of the dielectric loss angle of the measuring
capacitor insulation (tgd,);

— capacitance of the measuring capacitor (C»);

— insulation resistance of the bushing for measure-
ment (R).

Despite the fact that such tests are carried out regularly,
at least once every three years, and to date, a sufficient

amount of statistical material has been accumulated, the
laws of distribution of these indicators have not been in-
vestigated. This circumstance does not allow to use more
advanced methods of decision making when diagnosing
the state of bushings.

3. The aim and ohjectives of research

The aim of research is analysis of the distribution laws
of insulation indicators for serviceable and faulty high-
voltage bushings of hermetic and non-hermetic execution.

To achieve this aim, it is necessary to solve the fol-
lowing tasks:

1. To develop an algorithm for statistical processing of
the results of operational tests of high-voltage bushings
and perform an assessment of the statistical homogeneity
of the results of periodic tests.

2. To check the statistical hypothesis about the simi-
larity of theoretical and empirical distribution laws, for
the values of the insulation state indicators of serviceable
and defective high-voltage bushings.

3. To analyze the values of scale factors and forms for
the distribution of indicators in serviceable and defective
high-voltage bushings.

4. To analyze the joint location of the theoretical den-
sities of the distribution of the insulation performance of
bushings with different states.

4. Research of existing solutions
of the prohlem

One of the directions for improving the methods and
procedures for decision-making in the diagnosis of high-
voltage oil-filled equipment is the use of statistical recogni-
tion methods. As analysis of literary sources shows, the use
of methods of statistical solutions allows to solve a rather
wide range of problems. Thus, the results of adjusting the
maximum permissible values of gas concentrations on the
basis of an analysis of integral distribution functions are
presented in [13, 14].

In [15] the analogous problem is solved by the Neyman-
Pearson method, and in [16, 17] by the method of minimal
risk. In [18], a method for diagnosing oil-filled equipment
based on the Bayesian rule for constructing boundaries
for the partition of state classes is proposed, and in [19]
a method for detecting developing malfunctions based on
an analysis of the Gaussian distribution is given.

In [20], the problem of forecasting transformer failures
is solved on the basis of analysis of gas concentration
distributions in transformers with different states, taking
into account the duration of operation, nominal power
and voltage.

In [21], an analysis of the risks accompanying the diag-
nostics of the state of oil-filled equipment is given.

However, the practical use of statistical methods of
diagnosis is possible if the laws of distribution of diagnostic
indices are known, both for serviceable and for defective
equipment states. In open literary sources, only the laws of
the distribution of gas concentrations are described, both for
high-voltage bushings and for power transformers [15, 22].
And also the laws of distribution of transformer oil para-
meters [23]. At the same time, the laws of distribution of
indicators of the main insulation of high-voltage bushings
have not been investigated.
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5. Methods of research

To study the distribution laws of insulation indicators,
the authors use the results of periodic monitoring for
87 serviceable high-voltage oil-filled bushings with a volt-
age of 110 kV of hermetic and non-hermetic execution
from three regions of Ukraine (Kharkiv, Poltava, Sumy).
The total volume of the analyzed sample is 593 values.
To study the distribution laws of tgd; for the defective
state of the bushings, the results of preventive tests on
60 high-voltage leads of a hermetic structure are used,
in which defects of various types are detected.

The data obtained as a result of the operational control
are statistically non-uniform, since the analyzed bushings
are put into operation at different times, are operated
in different conditions, differ in the grades of the oil to
be filled and the different values of the load factor. All
this leads to the fact that the values of the insulation
parameters in the various bushings can vary significantly.
The presence of heterogeneity in the arrays of the initial
data does not allow to obtain the correct density func-
tions of the distribution laws (Fig. 1).
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Fig. 1. Histogram of the empirical distribution of the tangent of the
dielectric loss angle of the main insulation for serviceable high-voltage
bushings of a non-hermetic execution

In this regard, there is an objective

information is known not only about the nominal values of
the equipment characteristics, but also information about
the operating modes of this equipment, the features of its
execution. The second approach allows to form homoge-
neous data arrays in conditions of limited or incomplete
a priori information. Given the incompleteness of information
on the operating modes of the researched bushings, which
is available to the authors, a second approach is used to
form homogeneous data arrays. Formation of arrays with
homogeneous results of periodic tests is carried out using
three statistical criteria [25], which are given in (Table 1):

— a rank non-parametric Wilcoxon test (W) — to test

the statistical hypothesis of the similarity of the dis-

tribution laws of two independent samples;

— criterion Z — to test the statistical hypothesis about

the equality of the expectations of two independent

samples;

— Fisher-Snedecor criterion (F) for testing the statisti-

cal hypothesis about the equality of variances of two

independent samples.

Two independent samples are considered homogeneous

if, according to the test results, statistical hypotheses:

— the similarity of the distribution laws of two inde-

pendent samples (S1>Su1, n2, 0,025, S2<Sut, n2, 0975);

— on the equality of the mathematical expectations

of two independent samples (Zyps<Zer, 095);

— on the equality of the variances of two independent

samples (Fobs<F1-1y, (n2-1), 0.95) — were not rejected

for a given level of significance oo=0.05.

Combining the results of periodic monitoring obtained for
different bushings into one data set was performed only if the
sampling values for these bushings were equal, or if the discre-
pancy in the sample size did not exceed one value. The resulted
algorithm of statistical processing of test results was realized
in the form of the author’s program «ODNORODN> [26],
which allows to process significant volumes of initial data.
The sample size N, the sample mean M,, the sample varian-
ce D,. And also the coefficients of asymmetry and kurtosis j,
and j, for the arrays of the initial data (M;), and the ar-
rays obtained during the statistical processing (My, My, M3)
are given in Table 2.

need for a procedure for preliminary sta- Tahle 1
tistical processing of initial data. At pre- Statistical criteria used to form homogeneous data arrays
sent, two main approaches to processing
the results of periodic tests of insulation Crite- Statistical model Main Criteria statistics Comparisan
.1 o . rion hypothesis statistics
indicators for oil-filled equipment are —
given in open literature sources. The w §1jxlé x"zl) {[[[xl]];. flx0) = fx) | 51 Sum of the ranks of the set {(x1} | 5ntm2, 0.025
first approach [13, 14] is based on the H2=_IJ1)'?'7H2 Yo~ IXehi X=X 5, — sum of the ranks of the set {x2) | 5,1 42, 0975
use of the mathematical apparatus of
factor analysis, first using the models Sample 1:
of single-factor analysis of variance, the _ ;Z;V?:uﬁsaﬁm )
most significant factors are identified _ samﬂle disper‘sil::ll'l 2 X — X
and, with their account, arrays of ho- 4 Sample 2: =g Z= D(x) D(x) Zar
mogeneous data are formed. Next, the - volume m; nl + mz
«lazy smoothing» procedure is performed — sample mean my;
to reduce the statistical heterogeneity. — sample dispersion 5;

The second approach [22, 24] is based Sample 1:
on testing of statistical hypotheses for — the v'ljl"‘me mo
individual groups of equipment, while :::EEIE E::Srgs; & . )
homogeneous data arrays are formed F Samgple 2: 61=0C2 F= Smax/ Srin Fin1)m-1), 095
based on the results of statistical tes- — volume m;
ting. It should be noted that the use - sample mean my;
of the first approach is advisable, if full — sample dispersion 5;

;32
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Tahle 2
Statistical characteristics of arrays of indicators of high-voltage bushings
Indicator | Array | N | M, D, | Ja | Je
Bushing of non-hermetic execution

Mg 140 0.861 0.534 1.327 | 4.099

tgd, M, 67 0.499 0.0471 0.939 | 3.551
M, 73 0.372 0.0168 0.181 | 2.375

Mg 140 0.870 0.318 0.791 | 2.588

tgda M; 75 0.618 0.109 0.858 | 3.678
M, B5 0.946 0.233 0.571 | 3.173

My 140 | 382.276 | 48512.412 | 0.564 | 2.732

b M; 91 414.570 | 64913.923 | 0.217 | 2.030
Mg 140 | 452.888 | 50967.463 | 0.219 | 2.352

fa M; 87 385.522 | 39879.529 | 0.353 | 2.794

Bushing of hermetic execution

Mg 453 0.577 0.104 2.296 | 10.599

M, 102 0.392 0.00684 | 0.764 | 4.840

tad: M, 243 0.481 0.0180 0.195 | 3.547
M; 103 0.861 0.186 0.172 | 2.883

Mg 453 0.722 0.181 1.808 | 7.115

M; 159 0.429 0.0072 1.020 | 5.403

ta, M, 98 0.500 0.00759 |-0.727| 4.287
M; 128 0.831 0.153 0.456 | 3.150

Mg 453 | 309.393 | 18264.817 | 0.976 | 4.021

C, M; 128 | 268.846 9369.472 | 1.022 | 5.795
M, 115 | 314.753 | 34278.386 | 0.828 | 2.897

M 70 321.662 | 10654.203 | 1.180 | 5.418

My 453 | 388.889 | 28013.380 | 0.495 | 3.215

M, 118 | 312.299 | 34197.433 | 0.698 | 3.190

fe M, 140 | 340.767 | 33439.218 | 0.477 | 3.011
M 104 | 514.483 | 28968.568 |-0.442| 2.806

As can be seen from Table 2, the values of sample
means for the arrays obtained as a result of the statisti-
cal processing procedure are significantly different. It is
also easy to see that as a result of statistical processing
there is a significant decrease in the sample dispersion for
tgd; and tgd, of the obtained data arrays in comparison
with the original arrays. At the same time, the values of
sample variances for C; and C, not only did not decrease,
but also for some arrays increased.

All data arrays without exception have a positive kur-
tosis coefficient value, which means that the distribution
curve has a higher and «sharp» vertex than the curve of
the normal law. At the same time, the distribution asym-
metry coefficient has both positive and negative values.
The positive value of the asymmetry coefficient indicates
that the «long part» of the distribution curve is located
to the right of the mathematical expectation, with a nega-
tive value of the asymmetry coefficient, the «long part»
of the distribution curve is on the left.

It should be noted that, despite the fact that for the
insulation resistance values of the measuring terminal, sev-
eral arrays with homogeneous values could be identified
in the hermetic bushings, it was not possible to determine
the distribution law of this indicator. This is due to the
presence in the test results of the prevailing number of
measurements with the maximum resistance values (Fig. 2).
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Fig. 2. A characteristic histogram of the empirical distribution
of the insulation resistance values of the measuring terminal for
a homogeneous array of data, serviceable high-voltage bushings

of hermetic execution

At the same time, for values of the insulation resistance
of the measuring lead in the non-hermetic bushings, it was
not possible to form a single array with uniform data. In
this regard, this indicator has not been analyzed further.

6. Research resulis

B6.1. Estimation of the statistical homogeneity of the results
of periodic tests. To check the homogeneity of the data in
the received arrays, the single-factor variance analysis model
was used. During the analysis, the amount of dispersion
between the values of the insulation indices of the individual
bushings that make up a given data set was estimated.

It is known [27, 28] that the sum of squares of devia-
tions of all values of the components of the data array (y;)
from the total average (¥)) is:

m m. n

S= Zi(%‘f—?)z ="'i(?i—?)z+22(yij—?i)2

i=1 j=1 i=1 j=1

or

S=8,+5,, (1)
where n — the volume of sample values; m — number of varia-

tion levels of the investigated factor (number of bushings in
the data array);

S ZW'Z(@—?)Z
i=1

— the sum of the squares of deviations between the average
values of the investigated indicator in different bushings,
dispersion by factors;

m n

S, 222(%]‘—171')2

=1 j=1

— the sum of the squares of deviations of the values of the
indicator from the mean for the same bushing — residual
dispersion of the random experimental errors;

i=1 j=1

— total or total sum of squares of deviations of individual
observations from the total average ¥.
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The evaluation of the significance
of the factor reduces to a comparison
of the dispersion o2 obtained due to

Tahle 3

The results of estimating statistical homogeneity for arrays of source data and arrays obtained

as a result of statistical processing

Sy, with the same variance, but ob- - - -
. . . The values of the sums of the dispersion expansion | F-test value
tained due to S, which is easy to Indicator | Array | n | m
verify with respect to: 5 51 52 Fobs For
Bushing of non-hermetic execution
S, -(m—1)" My |140| 13 | 74.8850 58.2168 16.6682 23.47 | 1.508
TS, (m-(n-1))" tgd; M |87 9 3.1608 0.5050 2.5557 1.716 | 2.105
= Fo s 2) M, | 73| 10 1.2323 0.1914 1.0409 1.287 | 2.036
My |140| 19 | 44.5408 27.2961 17.2448 1064 | 1.608
The statistics Fis a random vari- tgd, M, |75 8.2149 1.4275 6.7874 1.735 | 2.088
able having an F-distribution with M, | B3 15.1511 2.4438 12.7033 1.860 | 2.262
(m—1) and m (n—1) degrees of free- C M, |140| 19 | B791737.7 | 1059577.57 5732160.1 | 1.242 | 1.508
dom. ! M, | 91| 13 | 5907167.0 | 791003.03 5116164.0 | 1.004 | 1.892
p ;fforha given a (usual(liy =0.05) . M, |140| 19 | 71354449 | 3961189.48 | 31742554 | 8.388 | 1.608
>
thenat(hte ef;?trélfr{astosﬂé’;ffif;?lltna%e}?i)s’ 2 M | 87 | 12 | 34695190 | 446578325 | 30229407 | 1.007 | 1853
indicates the heterogeneity of the Bushing of hermetic execution
Va]ues Of the indicator in the ana- MD 453 68 47.5053 21.6049 25.9004 4.793 1.306
lyzed data array. s M, |102] 19 0.6986 0.1444 0.5542 1.201 | 1.749
~ The above calculations were car- 9o M, |241| 34 | 43848 0.4376 3.9472 0.702 | 1.439
Eedhf)ut if th"t,salg}l’le t‘l’lalue f(l)r ag M; |103] 15 | 19.1592 2.1754 16.9838 0.805 | 1.823
dzfa lgﬁiy(:(gfsl tﬁems‘imee ahalyze M, |453| 88 | 824260 356870 467390 | 4.387 | 1.306
If the number of meastrements . M, |159| 24 1.1452 0.1515 0.9938 0.894 | 1.530
in different bushings is different by M, | 98] 16| 07444 0.1688 05756 | 1603 | 1.804
one, namely, there is a ky value for M; |128]| 19 19.6596 2.9851 16.6745 1.084 | 1.711
bushing my, k; values for bushing ms, M, |453| B8 | 8273962.3 | 4350940.64 | 3923021.66 | 6.373 | 1.306
fﬂ Vih}cesl for busfhmg mp»d ”(lith_lst_case c M; |128| 21 | 11992924 | 126620376 | 1072672.04 | 0.631 | 1.678
W;S doctac r;ﬂié’b;q;laﬁormi’lf[fﬁ ! M, |115| 18 | 39420144 | 593762.101 | 3348252.34 | 1.011 | 1.747
’ M; | 70 | 12 | 74579422 | 1B8485.723 | 577308.439 | 1.538 | 1.963
S=[P+P+..+P] M, |453| B8 | 12B900B1. | B744089.82 | 39459914 | 12.73 | 1.306
=L 9T, —
! c M, |118]| 17 | 4035297.1 | 777868.802 | 3257428.38 | 1.507 | 1.759
2
(R+R,+..+R,) 3) ¢ M, |140| 24 | 4B81430.6 | 111244835 | 356904227 | 1.572 | 1.627
n ’ M; |104| 17 | 3012731.1 | B024B4.221 | 2410286.94 | 1.359 | 1.779

— the sum of the squares of the y values for bushing m;;
ki
R = Zy ji
=

the sum of the values of the indicator y for bushing m;; n —
the total number of tests (sample size).

The factor sum of squares of deviations was determined
by the formula:

2
P P P, R+R,+...+R
S=[1+2+...+"}— (RrRo+. R, : (4)

ne M n, n

where n; — the sample value of y for bushing m;.

The rest of the calculations were made, as in the case of
the same number of tests. The single-factor analysis of vari-
ance was carried out using the author’s program «ODA» [26].
The results of the calculation are given in Table 3.

Fig. 3 shows the distributions of group mean values
relative to the general average tangent of the dielectric
loss angle of the main insulation of the hermetic bushings
from the source data array (M) and the M3 array obtained
as a result of statistical processing.

As can be seen from Table 3, in practically all the
arrays of initial data, with the exception of the main
insulation capacity for non-hermetic bushings, the ob-
served values of the F-test are higher than the tabulated
ones, at the significance level p=0.95 and the number
of degrees of freedom (m—1) and m(n—1). This indicates
that the values of the parameters in different bushings
differ significantly from each other, and, consequently, the
initial data are not homogeneous.

In spite of the fact that in the initial array of the C;
indicator for non-hermetic bushings, according to the results
of the variance analysis, the data are homogeneous, with
the help of the statistical processing procedure, one data
set was also extracted from it. This discrepancy is due
to the fact that single-factor analysis of variance analyzes
the dispersion by mean values, and the formation of ho-
mogeneous data arrays was carried out both for equality
of means and for equality of variances and similarity of
distribution laws.
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Fig. 3. Distributions of group mean values relative to the general average
tangent of the dielectric loss angle of the main insulation of the bushings

of hermetic execution: a — from the array of initial data My, b — from the
array Mz, obtained as a result of statistical processing

This circumstance once again emphasizes the effective-
ness of the procedure used to form arrays of homogeneous
data, under conditions of a priori limitation of the mea-
surement information. From Table 3 it is also clear that
for all arrays without exception, obtained as a result of
statistical processing, the observed values of the F-test
do not exceed the tabulated ones, at a significance level
of p=0.95 and the number of degrees of freedom (m—1)
and m(n—1). This indicates that there is no difference be-
tween the average values of the indicators from the various
bushings that make up the data arrays being analyzed.

The performed analysis of the composition of arrays
with homogeneous values of the indicators made it pos-
sible to establish that the values of indicators of bushings
from different regions of Ukraine, of different types and
manufactured according to different numbers of factory
drawings, fell into homogeneous data arrays. But in this
case, the value of the indices, which make up homoge-
neous data arrays, have a close working time, and are
installed on transformers with a close value of the load
factors. This circumstance shows the necessity to take
into account these factors when diagnosing the state of
high-voltage oil-filled bushings.

6.2. Investigation of the distribution laws for the insula-
tion of serviceahle high-voltage bushings. The construction
of histograms of the empirical distribution, the estimation
of the parameters of the 18 known distribution laws, the
calculation of the values of the agreement criteria (Pear-

son’s x% and the Kolmogorov-Smirnov test) were carried
out with the help of the author’s program «ZR» [26].

Based on the results of the analysis carried out with
the help of the «ZR» program, it was possible to establish
that the distribution of the insulation indices of service-
able high-voltage oil-filled bushings, both hermetic and
non-hermetic, can be described by the Weibull distribu-
tion law, with density:

p(x;0, )=%~xﬁ" -ei{g] , 4)

where o, B — the parameters of the distribution law, inter-
preted, respectively, as a scale parameter and shape parameter.

The values of the scale and shape parameters for the
Weibull distribution law were determined from the ex-
pressions:

JD M
0465~ +1.282. ——

N-1
P=—§ M JD

-0.7|, (6)

M

10427 (B-1) B

(7

where N — the volume of sample values; M — values of the
sample mean; D — the value of the sample variance.

The values of the distribution parameters o and B,
the agreement criteria %> and the Kolmogorov-Smirnov
criterion are given in Table 4.

Tahle 4

The values of the parameters of the Weibull distribution law,
as well as the calculated and critical values (at oo.=0.05) of the Pearson
and Kolmogorov-Smirnov criteria for homogeneous arrays of indicators
of serviceable bushings

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 4/1(42), 2018

Parameters of the Value of Value of the

Indi- | Ar- distribution law the Pearson test lgul@uguruv-
cator | ray mirnov test
O | B f | Xl e Neale, | Mer

Bushing of non-hermetic execution

M, | 0.563209 | 2.413753| 2 |0.488| 5.990 | 0.213 | 1.360

1o M, | 0.415860 | 3.0893468 | 3 |0.939| 7.820 | 0.174 | 1.360
M, | 0.699454|1.923409| 2 |1.421| 5.990 | 0.451 | 1.360

1o, M, | 1.069031|2.019215| 2 |1.012| 5.990 | 0.361 | 1.360
Cy | M |464.4127 | 1.653419| 3 |2.677 | 7.820 | 0.406 | 1.360

L, | M |435.3072|1.992624| 3 |1.350| 7.820 | 0.268 | 1.360

Bushing of hermetic execution

M, | 0.424122|5.414246| 2 |2.933| 5.990 | 0.588 | 1.360

tgdy | M, | 0.530256 | 4.008926 | 4 |4.396| 9.490 | 0.604 | 1.360
Mz | 0.973080 | 2.073233 | 4 |1.351| 9.490 | 0.277 | 1.360

M, | 0.462615|5.837836| 2 |4.878| 5.990 | 0.692 | 1.360

tgdp | M, | 0.535515|6.670923 | 2 [2.539| 5.990 | 0.644 | 1.360
Mz | 0.939447 | 2.222901 | 4 |4.949| 9.490 | 0.445 | 1.360

M, | 350.8528 | 1.725618 | 4 |3.848| 9.490 | 0.503 | 1.360

Ly | My |353.7525(1.737734| 5 |3.833|11.100 | 0.450 | 1.360

M | 357.5067 | 3.385118 | 2 | 3.546| 5.990 | 0.603 | 1.360

M, | 324.9421|1.708024 | 2 |4.693| 5.990 | 0.774 | 1.360

L, | M, |384.5258|1.924692| 3 |5.862| 7.820 | 0.860 | 1.360

Mz | 572.7063 | 3.287039 | 4 |3.002| 9.490 | 0.452 | 1.360
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As can be seen from Table 4, for all data arrays, the
calculated values of Pearson’s agreement test and the Kol-
mogorov-Smirnov test do not exceed the critical points.
On the basis of this, it can be concluded that there is
no reason to reject the hypothesis that the Weibull dis-
tribution law is acceptable.

Empirical distribution histograms and Weibull distribu-
tion density functions for the tangent of the dielectric loss
angle of the measuring capacitor insulation in serviceable
hermetic 110 kV bushings are shown in Fig. 4.

f(tgdo)
03 T
0.25 1
0.2 4
0.15 1
0.1 1

0.05 1

282, %

0.1481 0.4084 0.6686 0.9289 1.1891 1.4494 1.7096 1.9699

Fig. 4. The histogram of the empirical distribution and the distribution
function of the Weibull law of the tangent of the dielectric loss angle of the
measuring capacitor insulation in serviceable hermetic 110 kV bushings
for the Mz data array

6.3. Investigation of the distribution laws of insula-
tion indicators of defective high-voltage bushings. For the
formation of data sets of indicators of the state of defec-
tive high-voltage bushings, from three bushings, in which
defects of different types were detected, three values for
each index were selected. The first value corresponded
to the value of the indicator just before it exceeded the
maximum allowable value, according to [29], the second
one — to the first value of the indicator, exceeding the
maximum permissible, the third — to the last value before
the output of the bushing for repair.

The arrays thus formed contain non-uniform values of
the indicators, and the use of the above statistical processing
procedure for the received arrays is ineffective, since each
bushing is represented by only three values. To reduce
the heterogeneity of the data, an approach based on the
allocation of gross misses from among similar measure-
ments was used.

Taking into account that the form of the distribution
law is not known, Irwin’s criterion was used to distinguish
gross blunders [30]. To do this, for each relationship, for
each bushing a variational series was constructed, and
questionable values were estimated at one or both edges
of the row. For this, the calculated value of the Irwin
criterion was calculated:

(xk — X pr )

I, = ,
cale S

)

where x; — a suspicious value; x4, — the previous value in
the variation series; § — the sample standard deviation (SD),
calculated from the sample under consideration, taking into
account the doubtful value.

The calculated value of the Irwin test was compared
with the tabulated M. If Meaie = N, then the considered

value was discarded and the following was checked. Sta-
tistical characteristics of arrays of indicators for defective
bushings are given in Table 5.

Tahle 5

Statistical characteristics of homogeneous arrays of insulation condition
indicators for defective bushings

Indicatar N M, I, Ja Je
tgdy 100 2.858 0.650 -0.602 3.112
tgds 108 2.307 0.645 0.033 2.586

%} 128 239.735 | 10818.668 0.522 2.457
) 106 567.954 | 20538.448 0.512 2.689

As can be seen from Table 5, the use of Irvine crite-
rion almost doubled the volume of sample values. At the
same time, the statistical characteristics of the arrays of
indicators for defective bushings practically do not differ
from similar indicators for serviceable bushings, with the
exception of sample means.

The performed analysis shows that the insulation indices
for defective bushings as well as for serviceable bushings
can be described by the Weibull distribution. The va-
lues of the parameters o, B of the Weibull distribution
law, as well as the calculated %2caic, Acate. and the critical
values %%, Ay (for @=0.05) of the Pearson and Kol-
mogorov-Smirnov criteria for the analyzed parameters are
given in Table 6.

Table 6

The values of the parameters of the Weibull distribution law,
as well as the calculated and critical values (at o.=0.05) of the Pearson
and Kolmogorov-Smirnov criteria for insulation state indices
in defective bushings

Value of the

Parameters of Value of Kolmoaorav-

Indi- the distribution law the Pearson test Emirnugv test

cator

o B f XLZ'HIL'. X%r }\fcalc. }Vcr.
tgdy | 3.150824 |3.933431| 3 | 3.128 | 7.820 | 0.598 | 1.360
tgde | 2.575944 |3.113934| 3 | 0.248 | 7.820 | 0.150 | 1.360
[y |270.257889|2.437388 | 5 | 3.578 (11.100| 0.326 | 1.360
L, |621.601752|4.455534 | 3 | 4.493 | 7.820 | 0.715 | 1.360

As can be seen from Table 6, for all data sets, the
calculated values of the Pearson’s agreement test and the
Kolmogorov-Smirnov test do not exceed critical values.
On the basis of this, it can be concluded that there is
no reason to reject the hypothesis that the Weibull dis-
tribution law is acceptable.

6.4. Analysis of the ohtained data. Analyzing the mutual
arrangement of theoretical density distributions of insula-
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tion parameters for serviceable and defective bushings of
one voltage class and one execution, which are shown in
Fig. 5, a number of important conclusions can be drawn:

1) the values of the mathematical expectation for dif-
ferent arrays of the same indicator are shifted relative to
each other. This indicates a different degree of aging of
the insulation of high-voltage bushings in real operation,
due to the different loading of transformers with bushing
data and different operating times;

2) by analyzing the relative arrangement of the distri-
bution densities for the serviceable bushings of a hermetic
and non-hermetic execution, it should be noted that the
distribution data is also displaced relative to each other.
This indicates a significant effect of the oil protection
type of high-voltage oil-filled bushings on the values of
the main insulation;

3) the distribution densities for the faulty and working
state of the high-voltage bushings intersect, and, conse-
quently, it is impossible to select the maximum permis-
sible values of insulation parameters that would not give
erroneous solutions.

It is obvious that the maximum permissible values of
insulation indicators of high-voltage oil-filled bushings
should be determined using statistical methods and taking
into account the most significant operational factors. It is
known that the conditional costs of the probability of error
of the first kind (a decision is made about the presence
of a defect in an efficient bushing) will be much lower
than the conditional cost of the probability of a second-
kind error (a decision is taken on the defective state of
defective bushing).

Sigdy)
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Therefore, to determine the maximum permissible va-
lues of indicators, it is reasonable to use the minimum
risk method.

7. SWOT analysis of research results

Strengths. The use of the results obtained in the work
allows, first of all, to improve the operational reliability of
high-voltage oil-filled bushings, due to more accurate and
correct determination of the maximum permissible values
of the indicators, using the obtained distribution laws.
Improving the reliability of bushings will reduce the costs
of repairing and restoring both the bushings themselves
and the equipment on which they are installed, as well
as reducing the economic damage to energy companies
caused by under-supply of electrical energy. Despite the
sufficient number of publications devoted to the prob-
lem of improving the methods for monitoring and diag-
nosing the state of high-voltage bushings, the approach
proposed in the work has not been implemented to date
and has not been described in any of the open literature
sources.

Weaknesses. Increase the labor and time costs of per-
sonnel of electric power companies in diagnosing the
state of bushings, which are caused by the need to inde-
pendently determine the maximum permissible values of
indicators.

Opportunities. The obtained results can be algorithmi-
cally realized as a separate module of the information-
analytical system (IAS) for diagnosing the state of high-
voltage oil-filled equipment.

Ated,)
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Fig. 5. Densities of theoretical distributions of insulation parameters of serviceable hermetic (My;, Moy, Mzy),
serviceable non-hermetic (M1,;,, M2,;, M3,;), and defective (I,) bushings: a — for the dielectric loss tangent of the main insulation;
b — for the tangent of the dielectric loss angle of the measuring capacitor; ¢ — for the main insulation capacity;

d — for the capacitance of the measuring capacitor
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Threats. The introduction of the TAS is connected both
with the material costs of the energy companies needed
to purchase, install and adapt the product, and with the
costs of personnel training.

1. A three-stage algorithm for statistical processing of
the results of operational tests of high-voltage bushings is
proposed. Formation of arrays with homogeneous values
of diagnostic criteria is carried out under condition of
similarity of distribution laws, equality of mathematical
expectations and variances of individual samples obtained
for different bushings. To verify the homogeneity of data
in the resulting arrays, a one-way analysis of variance
is used. The practical use of this algorithm has made it
possible to substantially reduce the heterogeneity of the
results of periodic tests of the insulation state of high-
voltage bushings. For example, the original array M, for
the dielectric loss tangent of the main insulation (M) of
non-hermetic bushings has the F-test values: F,,=23.47
and F.,=1.608. For the formed homogeneous arrays, the
F-test values are: My — Fy,=1.716, and F.,=2.105, for My —
F,,=1.287, and F.,=2.036.

2. The performed analysis of the laws of distribution
of insulation indicators, both in serviceable and defective
bushings of hermetic and non-hermetic execution, made it
possible to establish that all the studied parameters: the tan-
gent of the dielectric loss angle of the main insulation (tgd)
and the measuring capacitor (tgd,), the capacitance of the
main insulation (Cy) of the measuring capacitor (C,) can be
described by the Weibull distribution law.

3. Based on the values of the scale and shape factors
for the distribution of insulation indices in serviceable
and defective high-voltage bushings, an analysis is made
of the joint location of the theoretical densities of the
distribution of the bushing indices with different states.
The analysis shows that the values of the mathematical
expectation for different arrays of the same indicator are
biased relative to each other. This indicates the need to
take into account the load of the transformers and the
life of the bushings when determining the maximum per-
missible values of the indicators.

4. The distribution densities for serviceable and de-
fective state of high-voltage bushings intersect, and,
consequently, it is impossible to select the maximum
permissible values of insulation parameters that would
not give erroneous solutions. The maximum permissible
values of insulation indicators for high-voltage oil-filled
bushings should be determined using statistical methods
and taking into account the most significant operational
factors.
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INFLUENCE OF EXTERNAL FACTORS

ON THE PROCESS OF HYDRATES
DEVELOPMENT IN LABORATORY
CONDITIONS

06’ exkmom docaioxcenv € 6NAUG PISHOMAHIMHUX PAKMOPIE HA NPOUeC cCunmesy 2iopamy nponany y 1abopamop-
Hux ymosax. Bidomo, w0 cunmeszosanuil 2azouil 2i0pam moxce MiCmumu 3HauHy KioKicmy 1b00Yy, SKa SHUNCYE
71020 2azoemicm. Ha sikicmo ziopamy eéniusaiomo: muck 2asy, memnepamypa 600u, 4ac npogedents Jociioy ma
KOHUEHMPAUisi NOBEPXHEB0-AKMUBHUX PEUOBUN.

Jlnst Qocnioncenist KOMNACKCHO20 BNAUBY UUX (PaKMOpie Ha AKICMb ompumanozo ziopamy Oyia po3podiena
excnepumenmanvia ycmauosxka. Ilicis cunmesy 2azo060zo zidpamy 10zo 2a306Micm 6USHAYUABCS 3a 00NOMOZ0H0
cneuianvHo po3pobienozo cmendy. B x00i docrioxceny sukopucmosyeaiucs pisHOMAnimui UMipo8aivii Npuia-
Ou: Manomempu, mepmMoMempu, MipHuil nocyd, eleKmporHi 6azu ma it., SKi 00360IULU OMPUMATIU OOCTNOGIPHY
inghopmayito npo menioPisuuni xapaxmepucmuky npoyecy cunmesy ma oucouiauii 2a306020 ziopamy.

B pesynomami suxonanms 6azamopaxmopnozo excnepumenmy ompumMano Macué 0anux Ois AHaiizy Memooamu
mamemamuyunoi cmamucmuxy. Busnaueno koeiyienmu xopensiyii i 6cmanogieno, wo 0OMiHyuuUMU pakmopamu
MUCK 2a3Y | KOHUECHMPAUist NOBEPXHEBO-AKMUBHUX peuosun. Temnepamypa 600u nosurna dymu 6 mexnxcax pobowozo
dianasony 1-5 °C. Yac ymeopenns 2iopamy y 6apbomaxcromy pexcumi y mexcax 0,5—5 200 meaxc ne 30iicnioe
icmomuozo 6naUGYy Ha AKicMy ompumanozo ziopamy. /lns ycix paxmopie nodydosano pezpeciiini 3aiexncnocmi ma
epagixu. Bemanosneno, wo 0ist cmandapmuux peepeciinux sarexncnocmeii (HHitHa, eKCnoHeHyiina, iozapudg-
MiuHA Ma NOIHOMIANLHA) Koeiuienmu MHONCUHNOT Kopeisuil snaxodsmocs ¢ mexcax 0,19—0,46. Ile osnauae,
w0 cmandapmui pezpecitini 3arexncnocmi He 00360LI0Mb YPAXYSamu yci 0COGAUBOCTNT OMPUMAHUX PESYLLIMAMIE.
Tomy nid6ip onmumarvHoi 3aieHHOCMI BUKOHANO Memodom eapiauii Koegiuienmic ma munie QyuKuionaivHux
3aeHCHOCMEN | OMPUMAHO ANPOKCUMAUITIHY POPMYIY NSl BUSHAYEHHSL NPOZHO308AH020 24308Micmy Zidpamy.

Pesynvmamu docuioncenv noxazaiu, wo 3a80aKu KOMNIEKCHOMY YPAXYBAHHIO PIZHUX (PAKMOPI6 MOMCHA BUIHA-
yumu 0ianason ONMUMATGHUX 3HAYECHD MUCKY, MEMNePaAmypPu Ma KOHUEHMPauyii n08epxHe6o-aKmueHUX PeUOBUH,
w0 0036056 WEUOKO OMPUMYBAMU 2i0PAM BUCOKOT AKOCMI.

Kmeouosi cnosa: 2a306i ziopamu, zasoemicm 2idpamy, 306HiIWHT PAKMOPU, CMAMUCTIUYHUL AHATI3.

1. Introduction

Gas hydrates are the only non-cryogenic source of natural
gas on Earth, which can constitute a real competition to
traditional deposits. Significant potential gas resources in
hydrate deposits for a long time will provide humanity
with high-quality energy raw materials.

The development of gas hydrate deposits requires the
development of new technologies for exploration, produc-
tion, transportation and storage of gas, more efficient than

existing ones. With their help, traditional gas fields can be
used, as well as those which development is now unpro-
fitable. Extraction of gas from hydrate deposits can very
quickly change the situation in the gas market, which can
affect the export opportunities of Ukraine.

Due to the thermodynamic properties of gas hydrates,
the possibility to realize the processes of their formation
and decomposition for relatively low pressures and tem-
peratures makes it possible to perform a number of tech-
nological processes with greater efficiency than existing
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