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ANALYSIS OF OPERATING CONDITIONS AND MODES INFLUENCE ON
TECHNICAL STATE OF MAIN INSULATION OF HIGH-VOLTAGE BUSHINGS OF
DIFFERENT DESIGN

The results of the analysis of the influence of operating conditions and design of high-voltage bushings on the values of dielectric
loss tangent of high-voltage bushing basic insulation. For analysis a model of two-factor cross-sectional dispersion analysis,
which allows to simultaneously evaluate the influence of two factors and evaluate the effect of their interaction is used. In the
model used, it is assumed that the effects of changes in the levels of factors are non-additive, that is, the difference in
mathematical expectations between any two levels of one factor is not the same for any levels of the other. Testing the hypothesis
of the significance of the influence of factors and their interactions is performed using the Fisher criterion. This method was
implemented in the form of the author’ program «two-factor dispersion analysisy. The results of periodic monitoring of the state
of high-voltage bushings of 110, 220 and 330 kV with different types of insulation were used as initial data. Using the model of
two-factor cross-sectional dispersion analysis, it was found that the aging intensity of the main insulation of bushings is
influenced by both the operating conditions and the design features of the bushings. Maximum permissible values of diagnostic
indicators of high-voltage bushings should be normalized taking into account such factors as nominal voltage, type of protection
and type of insulation, load of bushings and the composition of consumers. Since, based on the analysis performed, it was
established that these factors have a significant impact on the values of diagnostic indicators of insulation of bushings. According
to the results of the analysis performed, it was established that such factors as the type of bushing and phase do not have a
significant effect on the change in the values of diagnostic indicators of high-voltage bushings, and, therefore, they can be
ignored when determining the maximum permissible values of the indicators. References 24, tables 7, figures 14.

Key words: high-voltage bushing, insulation, two-factor cross-sectional dispersion analysis, insulation indicators, dielectric
loss tangent.

Memorw cmammi € ananiz niugy ymos, pexcumis eKcniayamauyii i KOHCMPYKYIi 6UCOKOGOIbMHUX 6600i6 HA 3HAYEHHA MANH2EHCA
Kyma Oie1eKmpuuyHux empam OCHOBHOI [3071AUii KOHOEHCAMOPHOZ0 MUNY GUCOKOGOIbMHUX 6600i6. /[lna ananizy
BUKOPUCHIOBYEMBCA MOO0ETb 0BOXPAKMOPHO20 REPEXPecHoz0 OUCREPCIIHOZ0 aHaNi3y, AKA 003801A€ 00HOYACHO BUKOHAMU
OUIHKY 6NIUGY 060X YUHHUKIE i oyinumu egpexm ix 63aemoolii. Y euxopucmosyeanoi mooeni nepeodauacmsca HeaOUMueHicme
epekmie 3minu pienie haxkmopie, moomo pizHUYA MamMeMAmMUYHUX OUIKYEAHbL MIdC 0YOb-AKUMU 080MA PIGHAMU 00HO20
¢axmopa ne oonaxosa npu 6yov-akux piensax inuwozo. Ilepegipka zinome3u npo 3nauywicme énugy gpaxkmopie i ix e3aemodiii
GUKOHYEMBCA 34 00nOomoz2ot0 Kpumepito @Diwepa. Pesynomamu. /lanuii memoo 0ye peanizoeanuii y 6uziadi asmopcbKoi
npozpamu «060xXghakmopnuii oucnepciinuil ananiz». B akocmi euxionux oanux oyau eukopucmani pezyibmamu nepiooutnozo
KOHMPONI0 CMAaKy 8UCOK0801bmuux 6600ie¢ nanpyzoto 110, 220 i 330 kB 3 i3onauicro piznozo muny. Bukopucmosyrouu moodensp
080X(PaKmopno20 nepexpecrHozo OUCnEPCiiinoz0 aHanizy, 6CMAHO6NEHO, W0 HA [HMEHCUGHICHbL CMAPIHHA OCHOGHOI I301AYiT
6600i6 6NIUGAIOMYb AK YMOBU eKChyamayii, max i 0cooaueocmi KOHCMPYKMUGHO20 6UKOHAHHA 6600i6. Hoei nonoicenns, ¢
nOpieHANNI 3 6I00OMUMU DPIWEHHAMU, NOAAZAIOMb Y MOMY, WO ZPAHUYHO OORYCMUMI 3HAYUEHHA OIAZHOCMUYHUX O03HAK
GUCOKOBONBIMHUX 6800i6 CII0 HOPMY8amu 3 ypaxyeanHamM MAKux (pakmopie, AK HOMIHANbHA HAnpy2a, MUn 3axucmy i mun
i30nayii, 3a6anmasxcennsn 6600i6 i cknaod cnoxcueauie. Ompumani pe3yromamu Modcymo Oymu anzopummiuHo peanizoeawi y
euznadi oKkpemozo mooyna ingpopmayiiino-ananimuunoi cucmemu (IAC) ona Oiazhocmuxku cmany 6uUCOK080IbMHOZ0
MACIOHANO6HEHH020 001a0HanHsA. Bion. 24, Tabn. 7, puc. 14.

Kniouosi crnoea: BUCOKOBOJBLTHHIL BBif, i30/1s11is, N1BoOX(pakTOpHUI nepexpecHuii qucnepciiiHuii aHali3, NOKa3HUKH i30/1s1ii,
TAHT€HC KYTa JieJIeKTPHYHUX BTPAT.

Ienvro cmamvu agnaemca ananu3 6aUAHUA YCAOBUI, PEIHCUMOG IKCRIAYAMAUUN U KOHCHMPYKUUU 8bICOKOGOTbHIHBIX 660006 HA
3HAYeHUA Mmanzenca y2na OuINeKmpuiecKux nomepb 0CHOGHOI U30IAUUU KOHOCHCAMOPHO20 MURA 8bICOKOGONbHIHBIX 66000G.
Jna ananuza ucnonvzyemcsa mooenb 08yX(HaKmopHOz0 nepeKpecmHoz0 OUCNEPCUOHHOZ0 AHANU3A, KOMOopas no3eoJisaem
00HOBPEMEHHO BBLINOIHUMY OUEHKY GMUAHUA 06YX (DaKkmopoe u ouenumsv rhghekm ux e3aumoodeiicmeusn. B ucnonvzyemoi
Modenu npeononazaemcs HeadOumueHoCms IPdhexmos uzmenenus ypoeuei (axmopos, m.e. pazHoCmb MAMEMAMUYECKUX
OXHCUOAHUTL MEHCOY TI0OLIMU O6YMA YPOGHAMU 00HO20 (hakmopa He 00uUHAK08A npu a00OLIX ypoeuax Opyzozo. Ilposepka
2unomessl 0 3HAYUMOCHU 6IUAHUA PAKMOPOS U UX 63AUMOOCIICIGUIL 8bINOAHACMCA ¢ RoMOWwbI0 Kpumepus Duwepa. /lannoiii
Menoo 0vln peanu3oean 6 éuoe AGMOPCKOll NPOZPAMMbBL «O8YXPaKmMoOpHblili Oucnepcuonnslil ananu3y. B kauecmee ucxoonvix
OAHHBIX ObLIU UCNOIB308AHBL PE3YIbMAMbL REPUOOUYECKO20 KOHMPOAA COCHOAHUA 6bICOKOBOTILIMHBIX 660008 HANPANCEHUEM
110, 220 u 330 kB c uzonayueii pasnozo muna. Hcnonwv3ysa mooenv 08yXghaKkmopHozo nepekpecmuozo OUCnEePCUOHHO20 AHAIU3d,
YCIAanoeneno, 4mo HA UHMEHCUGHOCMb CIMAPEHUSs OCHOGHOU U30NAUUU 660008 OKA3bIGAIOM GIUAHUE KAK YC06USA
IKCRIIyamayuu, mMaKk u O0COOeHHOCMU KOHCMPYKMUEHO20 ucnoinenus 660006. Hoevie nonoswcenus, no cpasnenuio c
U3BECIMHBIMU PEWEeHUAMU, COCHOAM 6 MOM, UYMO NPedeNbHO Oonycmumble 3HAYUEHUA OUACHOCMUYECKUX NPUIHAKOG
6bICOKOBOJILIMHBIX 660006 C1e0yen HOPMUPOBAMD C YUENOM MAKUX (PAKMOPOs, KAK HOMUHAIbHOE HANPAIICEHUE, MUN 3AU{UNbL
U Mun uzonauuu, 3azpy3ka 660008 u cocmae nompeoumenei. Ilonyuennvie pesynvmamsl Mozym 0Gblmb AI20PUMMUYECKU
Peanu3oeansl 6 ude omoenbHoz0 Mooyia ungopmayuonno-ananumudeckoii cucmemol (UAC) ona ouaznocmuku cocmoanus
6bICOKO0BOIbMHO20 MACTIOHANOJIHEHHO020 000pydosanua. budn. 24, Tadn. 7, puc. 14.

Knrouesvie cnosa: BbICOKOBOJIbTHBIH BBOJ, H30/IA1US, IBYX(AKTOPHBII NepeKpecTHbIN ANCIIEPCUOHHBIH aHAIN3, IOKA3ATEJH
H30JISIUH, TAHTEHC YIJIa AN3JIeKTPHYeCKHX N0Teph.

Problem definition. The decision on the possible tests, is made by comparing the measured values of the
state of high-voltage bushings, when conducting periodic ©0.V. Shutenko, A.A. Zagaynova, G.N. Serdyukova
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insulation indicators with their maximum allowable
values. It is obvious that the more adequate the maximum
permissible values of bushing indicators will reflect the
conditions of actual operation of bushings, the higher will
be the reliability of decisions made with their use.
Currently, according to [1], the maximum permissible
values of the main insulation parameters of bushings (the
values of the dielectric loss tangents of the main
insulation and insulation of the measuring capacitor) are
normalized only taking into account the nominal voltage
and type of insulation. However, the study of the
distribution laws of the insulation indicators of the
bushings, performed in [2], showed that even for bushings
of the same voltage class with the same type of insulation,
there is a shift in the mathematical expectations of the
distribution densities of the indicators. This is due to the
influence of operational factors, the consideration of
which is not regulated in [1]. The presence of such a shift
indicates that the optimal maximum permissible values of
indicators obtained for arrays of indicators with different
parameters of the laws of distributions will differ
significantly. And this means that when determining the
maximum permissible values, it is necessary to take into
account a larger number of factors than is regulated in [1].
In this regard, the analysis of factors influencing the
values of diagnostic indicators of high-voltage bushings
during long-term operation is an actual and practically
important task.

Analysis of major achievements and literature.
Currently, open literature contains a significant number of
publications devoted to improving the operational
reliability of high-voltage bushings. For example, in [3-7]
a detailed analysis of the main causes of damage and the
most characteristic defects in high-voltage bushings was
performed. It is shown that for bushings with different
types of insulation there are different characteristic
defects. According to international and national Standards
[1, 8, 9], when conducting periodic tests of the state of
insulation of high-voltage bushings, the values of the
following indicators are monitored: dielectric loss angle
tangent of main insulation (tgd;), main insulation
capacitance (C;), dielectric loss angle tangent of
measuring capacitor (tgd), capacitance of measuring
capacitor (C,), and the insulation resistance of the output
to measure (R). Examples of damage of high-voltage
bushings with different types of insulation are given in
[10, 11]. It is shown and justified that the most
informative indicator for both paper-oil and RIP-insulated
(resin impregnated paper) bushings is the dielectric loss
tangent of the main insulation. In this case, the monitoring
of this indicator should be carried out using continuous
monitoring systems. A sufficient number of publications
[12-14] are devoted to the analysis of the effect of the
most characteristic defects of high-voltage bushings on
the values of the tangent of the dielectric loss angle of the
main insulation. At the same time, the issues of evaluating
factors affecting the values of tgd, of serviceable high-
voltage bushings during long-term operation are not
sufficiently analyzed. So in [15] the results of the
dispersion analysis of operational factors on the values of
bushing indicators are given. It has been established that

the type of bushing and the duration of operation have a
significant impact on the values of the indicators.
However, the above studies were performed on a limited
amount of sample data and did not take into account the
effects of loading the bushings. The latter circumstance
was the basis for the performance of these studies.

The goal of the paper is analysis of the influence of
conditions, modes of operation and design on the
technical state of the main insulation of high-voltage
bushings based on the results of preventive measurements
of the dielectric loss tangent at frequency of 50 Hz.

Research methods. Currently, several models of
dispersion analysis have been developed and are widely
used for factor analysis [16, 17]. It should be noted that
the choice of a particular model of analysis requires a
sufficiently deep justification. For example, in [18], a
single-factor model of dispersion analysis was used to
form statistically homogeneous arrays of gas
concentrations. This approach allows to perform a
dispersion decomposition with an unequal number of
measurements in cells, but it requires strict fixation of all
factors, except for the variable factor, at strictly defined
levels, which is not always possible when working with
operational data. The use of models based on Latin
squares [19] allows to simultaneously check the influence
of several factors, but does not allow us to estimate the
effects of interaction between them. In such conditions,
the most optimal, according to the authors, is the use of a
two-factor cross-sectional analysis model [15, 20, 21],
which allows to simultaneously evaluate the influence of
two factors and evaluate the effect of their interaction.

Taking into account the alleged non-additive
effects of changing levels of factors (that is, the
difference in mathematical expectations between any
two levels of one factor is not the same for any levels
of another), the model of the components of the
dispersion can be represented as [22]:

Yijr = u+pi+ 7 +(py)ij + € » (1
where y;;, is the value of the insulation indicator; s is the
general average; p; is the average deviation relative to p
for the i-th level of the first factor; y is the average
deviation relative to u for the j-th level of the second
factor; (py); is the component that characterizes the
interaction between factors; &, is the residual random
variable; i is the level of the first factor; j is the level of
the second factor; the order of occurrence of one of m;
observations for combining the i-th level of the first with
the j-th level of the second factor.

It is known [22] that the expression for the total sum
of squares of deviations from the common average for
model (1) is:
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deviations, which characterizes the scattering of the

averages in  rows relative to  the  total
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average; Op = n-m-Z(yj —)? is the sum of squares of
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deviations from the total average between the columns,
which characterizes the scattering of the averages by the
n k
columns; Q4 =m~22(yi]- —Vi=Y; +y)2 is the sum
i=l j=1
of squares of deviations characterizing the effect of
n k m _ _
mutual influence; O, = ZZZ(}/U-}, —yl-]-)2 is the sum
i=l j=lr=1
of squares of deviations within the series, which
characterizes the scattering of individual observations in a
series relative to the average of the series, due to the
influence of random variables only.

Checking the hypothesis about the significance of
the influence of factors and their interactions was carried
out using the Fisher criterion. For this, we first found the
estimates of the mean squares.

General:
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The values of the F—criteria were calculated as the
ratio of the respective mean squares to the residual mean
square:
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0, 0, 0,

The hypothesis about the absence of the influence of
a factor or interaction effect was not rejected if the
calculated F-—criterion value did not exceed the critical
value, with the corresponding values of the number of

degrees of freedom and significance level « = 0.05. This
method was implemented in the form of the authors’
program «DDA» (Two-Factor Dispersion Analysis),
described in [23].

As initial data, the results of periodic monitoring of
the state of high-voltage bushings of 110, 220 and 330 kV
with different types of insulation, which are operated in
Kharkiv, Poltava and Lugansk regions of Ukraine, were
used. As a response, the values of the dielectric loss
tangent of the main insulation of high-voltage bushings
were analyzed.

The results of numerical simulation. Below are the
results of checking the influence of various factors.

Analysis of the significance of the differences of
tgd;, values of high-voltage bushings, which are
operated with different values of the load current. The
operating temperature of the insulation is one of the main
factors determining the intensity of its aging [24]. In [20]
it was shown that the aging rate of transformer oils largely
depends on the load on the transformers. In high-voltage
bushings, the operating temperature is largely determined
by both the operating current (load current) and the
ambient temperature. For leveling the influence of
ambient temperature and other factors, when assessing the
impact of load of the bushings, we used the results of
periodic tests for high-voltage bushings of 110 kV of
sealed design with paper-oil insulation of the type TBMT-
110/630 VY1, which were put into operation in the 80s
years and operate in the Kharkiv region. The sample size
was 144 values: 3 columns, the volumes of sample values
in the cells is 6, the number of cells is 24. The first factor
was considered to be transformer load (kz), for which
three levels of variation were allocated: up to 25 %,
25-50 % and over 50 % As the second factor, the
influence of the duration of operation was analyzed. The
time interval from 0 (time of commissioning) to 21 years
was considered. The test results, by the factor of operation
duration (in rows), were divided into 7 levels, with a step
of 3 years. The dynamics of change of tgd, of the main
insulation of high-voltage bushings with different values
of the load factor kz during operation is shown in Fig. 1.
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0.7 1 * o *kz>50%
Gt * . A 25%<kz<50%
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0 ' ! T T T T 1 ¢, year
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Fig. 1. Dynamics of change of tgo; of the main insulation
of high-voltage bushings with different values of the load factor
kz during operation

The main hypothesis was the assumption that there
are no significant effects of these factors. The distribution
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of the average values of the tangent of the dielectric loss
angle of the main insulation of high-voltage bushings,
according to the levels of the influencing factors, is shown
in Fig. 2. The results of the dispersion decomposition are
given in Table 1. As can be seen from Table 1, the
hypothesis of the absence of the influence of the operating
time on the tangent of the dielectric loss angle of the main
insulation of the bushings was rejected (F,>F,.). This
means that the values of tgo, change over the duration of
operation. The hypothesis about the absence of the
influence of the load current on the values of the tangent
of the dielectric loss angle of the insulation of the
bushings was also rejected (Fp>F,,). This indicates the
presence of significant differences in the values of tgd; of
serviceable high-voltage bushings, which are operated
with different load values.

Quite interesting is the fact that according to the
results of the analysis, the mutual influence of the
duration of operation and load on the values of the tangent
of the dielectric loss angle (F,z>F,,) was established. This
suggests that the effects of changing levels of factors are
non-additive, i.e. the effect of a change in the level of
influence of one factor leads to a change in the effect of
the level of the impact of another. In other words, the
aging process is cumulative, i.e. similar tgd; values can be
obtained with high loads over a relatively short period of
operation, or with lower loads, but over a longer period of
operation.

Table 1
The results of checking the influence of load of bushings
and duration of operation on the values of tgd;

Sums of dispersion Number of F—criterion

decomposition degrees of o
freedom F |calculated|critical

[ 4.04 Do, 143

Ox 0.20 [N 7 F,| 3.090 |2.408

Os 1.54 vp 2 Fp| 81.92 |3.804

Oan 0.45 VaB 14 |F, 3416 |1.981

0, 1.13 v, 120 | - — —

0y 1201,%

=

F1

Fig. 2. The distribution of the average values of tgo; of main
insulation depending on the duration of operation (factor F1)
and the load current (factor F2) of high-voltage bushings. The
significant influence of the load factor was also confirmed for
the bushings with voltage class of 220 and 330 kV with different
types of insulation

Analysis of the significance of the differences of
tgdy values in serviceable high-voltage bushings, with
different types of insulation. The normative document
acting in Ukraine [1] regulates the values of diagnostic
indicators depending on the type of insulation of bushings
(oil-paper, oil barrier, paper-bakelite insulation of the
bushing with mastic filling, solid insulation of the bushing
with oil filling, etc.).

To check the expected impact of the bushing
insulation type on the values of diagnostic indicators, a
two-factor dispersion analysis of the tangent of the
dielectric loss angle of the main insulation for paper-oil-
insulated bushings of type TMTA 110 kV and bushings of
I'TTA type 110 kV (the frame is wired with cable crepe
paper and impregnated with epoxy compound) was
performed.

The analyzed bushings were commissioned in the
mid-80s and operate in Kharkiv region. The average load
of these bushings was 25-50 % of the rated current value.
As in the previous case, the influence of the operating
time was analyzed as the second factor, a time interval
from 0 (commissioning time) to 24 years was considered.
The test results, by the factor of operation duration (in
rows), were divided into 6 levels, with a step of 4 years.
The size of the analyzed sample was 156 values: 6 rows, 2
columns, 13 values per cell. The dynamics of tgd; change
during operation for bushings with different types of
insulation is shown in Fig. 3.
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Fig. 3. Dynamics of change of tgd, during operation for

bushings with different types of insulation
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The results of the dispersion decomposition are
given in Table 2. The main hypothesis was the
assumption that there are no significant effects of these
factors. The distribution of the average values of the
tangent of the dielectric loss angle of the main insulation
of high-voltage bushings by the levels of the influencing
factors is shown in Fig. 4. As can be seen from Table 2,
the calculated value of the F, criterion does not exceed
the critical value; therefore, for the analyzed data, the
change in tgd; values during operation is not statistically
significant. At the same time, there is a significant
difference in the values of tgo; in bushings with different
types of insulation (F>F,,). At the same time, dispersion
analysis did not reveal significant differences in the
values of tgd;, due to the mutual influence of the duration
of operation and the type of insulation.
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Table 2
The results of checking the influence of insulation type of
bushings and duration of operation on the values of tgd,

Sums of dispersion Number of F—criterion
d e degrees of
ecomposition
freedom F |calculated|critical

O, 3.31 Dyot, 155

Oa 0.13 [N 5 Fy| 134 2.56
[ 0.17 VR 1 Fg 8.97 5.02
Onp 0.16 DAB 5 |Fas| 165 | 256
0, 2.84 v, 144 | - - -

1261.%

085

Fig. 4. The distribution of the average values of tgd, of main
insulation of bushings depending on the duration of operation
(factor F1) and the type of insulation (factor F3)

Analysis of the significance of differences of tgd;
values in serviceable high-voltage bushings of various
types. Since the analysis revealed a significant effect of
the insulation type of high-voltage bushings on the values
of tgdy, it would be logical to check whether the type of
bushings has a similar effect.

To test the hypothesis of the type of bushing
influence, we analyzed the values of the tangent of
dielectric loss angle for hermetic bushings with paper-oil
insulation of two types: TMTA and TEMTY.

As the second factor, the effect of the lifetime of the
bushings was analyzed. As in the previous case, the
values of tgd, were analyzed in the operation interval up
to 24 years, with a 4-year step.

Analyzed bushings are operated in Kharkiv region,
and were put into operation in the 80s. The average load
of high-voltage bushings exceeded 50%. The total sample
size was 120 values: 6 rows, 2 columns, 10 values per
cell.

Fig. 5 shows the dependence of tgo, on the duration
of operation for bushings of various types.

The main hypothesis was the assumption that there
are no significant effects of these factors. The distribution
of the average values of the tangent of the dielectric loss
angle of the main insulation of high-voltage bushings by
the levels of the influencing factors is shown in Fig. 6.

The results of the dispersion decomposition are given
in Table 3.

As can be seen from Table 3, for the data analyzed,
the change in tgo, values over time is not statistically
significant (F,<F,). There were also no significant
differences in the values of tgo, for high-voltage bushings

of various types (F3<F). In addition, differences in the
values of tgd;, which are due to the mutual influence of
the types of bushings and the duration of operation, are
not statistically significant (Fz<F,).

It should be noted that similar results were obtained
for bushings of the type I'TbTY-110, I'TTB-110 and
I'TTA-110.

tgd1, %
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Fig. 5. Dynamics of change of tgd; on the duration of operation
for bushings of different types

1y tg81,%

Fig. 6. The distribution of average values of tgd; of main
insulation depending on the duration of operation (factor F1)
and type (factor F4) of high-voltage bushings

Table 3
The results of checking the influence of duration of operation
and bushing type on values of tgo;

Sums of dispersion I(\ilumber Off: Fcriterion
decomposition f?rireede;n?
F |calculated|critical

Qo 10.89 Vet | 119

Oa 0.76 N 5 Fa| 1715 | 2.69
Os 0.002 vp 1 Fg| 0.023 | 5.17
Oas 0.43 DAB 5 |Fag| 0962 | 2.69
0. 9.68 0, 108 | — - -

Analysis of the significance of differences of tgd;
values in serviceable high-voltage bushings with
different types of bushing protection. In addition to
bushing load that determine the operating temperature of
the insulation, the content of chemically aggressive media
(moisture, atmospheric oxygen) has a significant effect on
the intensity of the insulation aging processes. Obviously,
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the degree of influence of chemically aggressive media on
the aging intensity of the insulation will largely depend on
the type of protection of the insulation of the bushings
(hermetic or non-hermetic). To assess the impact of the
type of protection, a dispersion analysis of the values of
the tangent of the dielectric loss angle of the main
insulation for the sealed-type bushings of the TBMT type
and the non-hermetic bushings of the BMT type with
rated voltage of 110 kV was carried out. These bushings
were commissioned in the late 70s and operate in Kharkiv
region. The average value of load currents on the
analyzed period of time (up to 20 years) exceeded 50 %
of the value of the rated current of the bushings. The
sample size was 200 values: 10 rows, 2 columns, 10
measurements per cell. The dynamics of changes in the
dielectric loss tangent of high-voltage bushings of non-
hermetic and hermetic design during operation is shown
in Fig. 7.
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Fig. 7. Dynamics of changes in the dielectric loss tangent of
high-voltage bushings of unsealed and hermetic designs during
operation

The distribution of the average values of the tangent
of the dielectric loss angle of the main insulation of high-
voltage bushings by the levels of the influencing factors is
shown in Fig. 8. The main hypothesis was the assumption
that there are no significant effects of these factors. The
results of the dispersion decomposition are given in Table
4. As can be seen from Table 4, for a given sample, the
calculated value of the F, criterion exceeds the critical
value, and, therefore, changes in the tgo;, values over time
are statistically significant. In addition, significant
differences in the values of tgd; for bushings of the
hermetic and unpressurized design (Fp>F,.) were
revealed. At the same time, unlike bushings with different
values of load factor, for bushings with different types of
protection there are no significant differences in the
values of tgd;, which are due to the mutual influence of
the type of bushing protection and the duration of
operation (F43<F,,).

Analysis of the significance of the differences of
tgd, values in serviceable high-voltage bushings
installed on different phases of transformers. As a rule,
electrical networks operate in a symmetric mode, i.c. the
values of the load current in different phases should
coincide and, therefore, the values of the diagnostic
indicators in serviceable, normally operating bushings

should not differ significantly. At the same time, if a
defect occurs in one of the bushings, the values of
diagnostic indicators differ, which allows detecting a
defect. This is the basis of the nonequilibrium-
compensation method for continuous monitoring of the
insulation state of the bushings [24].

. tgd1.%0

3.4

Fig. 8. The distribution of average values of tgd; of basic
insulation depending on the duration of operation (factor F1)
and type of protection (factor F5) of high-voltage bushings

Table 4
The results of checking the influence of the duration of
operation and the type of protection of bushings on the values

of tg§1
Sums of dispersion Number of F—criterion

. degrees of

decomposition freedom
F |calculated|critical

Qiot. 86.3 Diot. 199
[N 9.42 N 9 Fo| 2706 2.11
Op 4.16 vg 1 Fg| 10.77 5.02
OB 3.19 VaB 9 |Fus| 0917 | 2.11
0O, 69.5 v, 180 - - -

To check the hypothesis about the effect of the phase
on the values of the indicators, the values of tgd; of high-
voltage bushings with voltage of 110 kV of the TMTA
type were analyzed. These bushings were commissioned
in the early 90s. The sample size was 150 values: 10
rows, 3 columns, 5 measurements per cell. The division
step by factor of the duration of operation was 2 years.

The dynamics of tgd, change during the operation of
high-voltage bushings of a hermetic design, installed on
different phases of transformers, is shown in Fig. 9.

The distribution of the average values of the tangent
of the dielectric loss angle of the main insulation of high-
voltage bushings by the levels of the influencing factors is
shown in Fig. 10.

The main hypothesis was the assumption that there
are no significant effects of these factors.
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Fig. 9. Dynamics of change of tgd; during the operation
of high-voltage bushings of sealed design, installed on different
transformer phases
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Fig. 10. The distribution of the average values of tgd, of main
insulation depending on the duration of operation (factor F1)
and phase (factor F6) of high-voltage bushings

The results of the dispersion decomposition are
given in Table 5. As can be seen from Table 5, the
calculated value of the F, criterion exceeds the critical
value, and therefore, changes in the tgd, values over time
for a given sample are statistically significant. At the
same time, there are no significant differences in the
values of tgd, for high-voltage bushings installed at
different phases of transformers (F<F,,.). There are also
no significant differences in the values of tgd;, due to the
mutual influence of the bushing phase and the duration of
operation (F43<F,,).

Table 5
The results of checking the influence of the duration of
operation and the phase number of the bushings on the values

of tgo;
Sums of dispersion Number of F—criterion
decomposition degrees of L
freedom F |calculated|critical
Ot 29.6 Vi, 149
Oa 8.54 oA 9 |F.| 559 | 222
[ 0.14 vp 2 Fg| 0.43 3.68
Oas 0.63 DAB 18 |Fag| 0.20 1.87
0. 20.3 v, 120 | - - -

It should be noted that similar results were obtained
for bushings of the type I'TBTY-110, I'TTA-110, as well
as for bushings of voltage class of 220 and 330 kV.

Analysis of the significance of differences of tgd;
values in serviceable high-voltage bushings with
different classes of rated voltage. The normative
document acting in Ukraine [1] provides the rationing of
the values of diagnostic indicators depending on the
rated voltage of the bushings, which implies the
existence of significant differences in the values of the
same indicator for the bushings of different voltage
classes. To verify the presence of such differences, the
dispersion analysis of tgo, values was performed for
bushings with paper-oil insulation of hermetic design
with rated voltage of 110, 220 and 330 kV. These
bushings were commissioned in the early 90s and
operate with a load above 50 % of the nominal current
value. The volume of sample values was 108 values: 3
columns, 6 rows, 6 measurements per cell. The dividing
step by factor of the duration of operation (in rows) was
4 years in the observation interval of up to 24 years. The
dynamics of changes in the dielectric loss tangent of
bushings of a hermetic design of voltage class of 110,
220 and 330 kV during operation is shown in Fig. 11.
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Fig. 11. Dynamics of changes in the dielectric loss tangent of
bushings of a hermetic design of 110, 220 and 330 kV voltage
classes during operation

The distribution of the average values of the tangent
of the dielectric loss angle of the main insulation of high-
voltage bushings, according to the levels of the
influencing factors, is shown in Fig. 12.
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Fig. 12. The distribution of the average values of the tangent of

dielectric loss of the main insulation of high-voltage bushings

depending on the duration of operation (factor F1) and voltage
class (factor F7) of high-voltage bushings
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The main hypothesis was the assumption that there
are no significant effects of these factors. The results of
the dispersion decomposition are given in Table 6.

Table 6
The results of checking the influence of the duration of
operation and the rated voltage of the bushings on the values

of tgo,
Sums of dispersion Number of Fcriterion
decomposition degrees of .
freedom F [calculatediriticall
Oiot. 8.48 Do, 107
Oa 031 N 5 |Fa| 145 [2.730
Os 3.52 0B 2 Fg| 41.0 |3.865
Oas 0.78 DAB 10 |Fag 1.83 [2.213
0, 3.86 v, 90 — — —

As can be seen from Table 6, the analysis performed
revealed significant differences in the values of the
tangent of dielectric loss of the main insulation of the
bushings of different voltage classes (Fp>F,).

But at the same time, a significant change over time
of the tgd; values for this sample was not established
(F4<F.). There is also no significant difference in the
values of tgd;, which is due to the mutual influence of the
rated voltage of the bushings and the duration of their
operation (F 3<F,,).

Analysis of the significance of differences in tgd
values in serviceable high-voltage bushings, which are
operated in different regions of Ukraine. In some
works, for example, [18], results are presented indicating
that there is a significant influence of the region in which
the equipment is operated on the values of diagnostic
indicators. Such influence may be due to both different
climatic conditions, and different composition of the
consumer and, as a result, differences in the density of
daily load schedules.

To check the influence of the region of Ukraine on
the change in the values of diagnostic indicators of high-
voltage bushings, an analysis of the values of tgd, was
performed for 110 kV bushings of the hermetic design of
type BMT-110, which operate in Kharkiv, Lugansk and
Poltava regions of Ukraine.

Taking into account that the bushings are
approximately in the same climatic zone, the main factor
influencing possible differences in the values of the
dielectric loss tangent of the bushings will be the
composition of consumers, and as a result, different
density of daily load graphs. Analyzed bushings were put
into operation in the late 70s and operate with a load
above 50 % of the nominal value. The volume of sample
values was 108 wvalues: 3 columns, 6 rows, 6
measurements per cell. The dividing step by factor of the
duration of operation (in rows) was 4 years in the
observation interval of up to 24 years. The dynamics of
changes in the dielectric loss tangent of high-voltage
bushings from different regions of Ukraine in the process
of operation is shown in Fig. 13.
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Fig. 13. Dynamics of changes in the dielectric loss tangent of
high-voltage bushings from different regions of Ukraine during
operation

The distribution of the average values of the tangent
of the dielectric loss angle of the main insulation of high-
voltage bushings by the levels of the influencing factors is
shown in Fig. 14.

28 tg51.%

Fig. 14. The distribution of the average values of the tangent of

dielectric loss of the main insulation depending on the duration

of operation (factor F1) of high-voltage bushings and the region
of Ukraine (factor F8)

The main hypothesis was the assumption that there
are no significant effects of these factors. The results of
the dispersion decomposition are given in Table 7. As
can be seen from the Table 7, for this sample, a
significant change in the tgo, values during operation
was not established (F,<F.). But at the same time,
significant differences were revealed in the values of
tgd) for bushings that are operated in different regions of
Ukraine (Fp>F,,). As in the previous cases, there are no
significant differences in the values of tgd;, due to the
mutual influence of the region of Ukraine in which the
bushings are operated, and the duration of their
operation (F,3<F.,). The conclusion about the
significant effect of the density of the daily load
schedule on the aging rate of the main insulation of the
bushings was also confirmed for the bushings of the
hermetic design of the type TMTA -110.
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Table 7
The results of checking the impact on the values of tgd;
of the duration of operation and the region of Ukraine

Sums of dispersion Number of Fcriterion
d . degrees of
ecomposition -
freedom F |calculated|critical
O, 51.90 Dgot, 107
O 1.54 [N 5 Fa|l 181 2.73
Op 31.39 0B 2 Fg| 925 3.86
OaB 15.26 VAB 10 |Fag| 218 | 221
0. 0.00 v, 90 | — — —

As a result of the analysis performed, it was found
that the aging rate of the main insulation of the bushings
is significantly affected by both the operating conditions
(the load current value of the bushings and the consumer's
composition) and the design features of the bushings: the
rated voltage value, type of insulation and type of
protection of the bushings. Some of these factors, namely
the rated voltage and the type of insulation, are taken into
account in the regulatory document in force in Ukraine
[1] when rationing the maximum permissible values of
the indicators. At the same time, such factors as the value
of the load current, the composition of the consumer and
the type of protection are not taken into account when
rationing the maximum permissible values of the
indicators.

The results obtained above do not allow to
unambiguously assess the presence or absence of the
influence of the operating time on the values of tgod,. Of
the seven examples given, the hypothesis of the absence
of the influence of the duration of operation on the values
of tgd; was rejected only in three cases. It should be noted
here that such discrepancies were revealed only for the
factor of the duration of operation. For other factors when
checking the hypothesis of the absence of their influence,
the results obtained are identical for different samples.
The revealed differences can be due both to the absence
of influence of the duration of operation on the values of
diagnostic indciators for serviceable bushings, and to the
non-monotonic nature of the change in the values of tgo,
over time. The decision on the significance of the
influence of the duration of operation on the values of
diagnostic indicators of high-voltage bushings can be
made after conducting additional studies, in particular,
dispersion analysis of linear models of diagnostic
indicators on the duration of operation.

Conclusions.

l. Maximum permissible values of diagnostic
indicators of high-voltage bushings should be normalized
taking into account such factors as rated voltage, type of
protection and type of insulation, load of bushings and the
composition of consumers, since, based on the analysis
performed, it was established that these factors have a
significant effect on the values of diagnostic indicators.

2. According to the results of the analysis, it was
established that such factors as the bushing type and
phase do not have a significant effect on the change in the
values of diagnostic indicators of high-voltage bushings,
and, therefore, they can be ignored when determining the
maximum permissible values of the indicators.

3. The obtained results of the analysis did not confirm
the recommendations from literature sources regarding
the influence of some factors on the values of diagnostic
indicators of bushings.

4. As further research, it is advisable to evaluate the
effect of the operation time of the bushings on the values
of their diagnostic indicators using other models of
dispersion analysis. Here, it is of scientific and practical
interest to carry out a similar assessment, both for
serviceable bushings, and bushings with developing
defects.
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