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Purpose. Investigation of the nonequilibrium-compensation method for diagnosing the state of high-voltage de-
vices with capacitor isolation, a description of the experience of using the method, finding the disadvantages and ad-
vantages of this diagnostic method, the development of improvements to the nonequilibrium-compensation method.

Methodology. The study was carried out by the method of continuous monitoring under operating voltage
(“online”) for bushings of a three-phase group of shunt reactors to a voltage class of 750 kV.

Findings. As a result of the study, the authors developed an improved mathematical model for the nonequilibrium-
compensation method, which takes into account the influence of the operating voltage, and received the final formula
for determining the unbalance current, which can significantly increase the reliability of the diagnosis. The improved
model is different in that it takes into account additional parameters - a working three-phase voltage, under the influ-
ence of which is the insulation of electrical devices. The values of the phase and amplitude of the unbalance current
obtained using the model will not depend on the network operating modes, such as asymmetry, for example, and, ac-
cordingly, there is no need to set the overshot alarm settings and equipment shutdowns, unlike the “classical” method,
since the parameters change unbalance current will be caused only by changes in active losses in isolation or partial
breakdown of the insulation design of the device.

Originality. The authors developed an advanced mathematical model for the diagnosis of high voltage apparatus
with capacitor isolation under operating voltage. The result of the calculation of the new model does not depend on the
effects of operating voltage (such as asymmetries of amplitudes and interphase angles).

Practical value. The obtained model can be used in the production of systems and devices for continuous diagnos-
tics (monitoring) of the main insulation of high-voltage bushings at voltage classes of 110 - 750 kV.

Keywords: nonequilibrium-compensation method; condenser insulation; unbalance current; capacitance; tangent
of dielectric losses; continuous monitoring; high voltage bushings.

L. INTRODUCTION Automatic continuous monitoring under operating
voltage has a list of advantages over other methods, such
Technologic failures, due to high voltage bushings a5 frequency of diagnostic parameters analysis, absence of
and current transformers failures are one of the most fre- 3 hyman factor influence and operating voltage, which
quent and economically expensive either for grids and  a]lows determining major defects in insulation.
generating power plants. Therefore, since 1960, the scien-
tific community and regulatory authorities have paid spe-
cial attention to the diagnosis of this equipment. Over the
years, manufacturing companies, power generating and
electric grid enterprises, enterprises engaged in the repair
and diagnostics of industrial equipment, have gained
some experience in diagnosing devices in various operat-
ing modes. Nowadays, there are two most applied diag-
nostic methods: with taking equipment out of service un-
der testing voltage (“offline”) and continuous monitoring

The nonequilibrium-compensation (balance) method
is the most widespread method of continuous monitoring
under operating voltage nowadays. This method is de-
scribed in the list of domestic and foreign author’s works
[1] — [10]. The realization of this method is different:
KIV-500R (KHB-500P) devices with adjustment trans-
formers TPS-0.66 (TIIC-0,66), modern microprocessor
devices such as R1500 («Dimrusy», city Perm), ZVCM
Bushing Monitor (ZTZ-Service International Inc, USA)

. o . and others.
under operating voltage (“online”). It is more rarely ap- ) ) ) ) )
plied a periodic tests under operating voltage with and ~ Energy companies .have a big experience in exp101.t-
without taking equipment out of service. ing of KIV-500R devices and others, based on this
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method devices and systems. However, this experience is
often negative [13], [14], [15], because of false informa-
tion about values of diagnostic parameters, and, corre-
spondently, inability to make a conclusion about technical
condition of apparatus.

II. ANALYSIS OF LAST RESEARCHES

Mathematical models developed by authors are very
important for correct insulation defect detection under
operating voltage. Thus, many scientists pay a great atten-
tion to this question. For example, domestic scientist PhD
Gleb Shinkarenko in his work [13], on the examples from
practice, showed that unbalance-compensating method
applying is ineffective and even negative. Also negative
experience of sum-of-current method is shown in [13],
[14], [15], because of false information about values of
diagnostic parameters, and, correspondently, inability to
make a conclusion about technical condition of apparatus.
Improved model for this method is stable for asymmetry
of amplitudes and interphase angles of operating voltages.
So it can used for increasing of reliability of this diagnos-
tic method.

III. FORMULATION OF THE WORK PURPOSE

The aim of this article is analysis of negative experi-
ence causes of nonequilibrium-compensation method ap-
plying for diagnostic of condition of high voltage con-
denser insulation and presentation of method improve-
ment results.

IV. EXPOSITION OF THE MAIN MATERIAL AND
RESULTS ANALYSIS

Nonequilibrium-compensation method is based on
two suggestions:

- three-phase voltage system is symmetric;

- diagnostic parameters of three apparatus of three-
phase group can’t be changed at the same time and in
equal degree.

This method means a geometric sum of three leak-
age current vectors of the main insulation. In ideal case, if
the condition and capacities of the main insulation of
three apparatus are equal and the three-phase voltage sys-
tem is symmetrical (the amplitudes are equal, and the
interphase angles are 120 °), the total current will be zero.
With an increase in active losses or a change in the insula-
tion capacity, the phase and amplitude of the current will
change, and this will lead to the appearance of a current
other than zero - an imbalance that can be measured by a
diagnostic tool.

The amplitude value of the total current quantita-
tively determines the degree of defect in the insulation,
and its angle indicates the phase of the device with the
defect.

Such ideal situation never happens in practice,
therefore in order to balance vector in zero different solu-
tions can be applied, for instance, instrument transform-
ers, which can change amplitudes of current leakage vec-

57

tors, and in case of microprocessor devices it changes
balanced coefficients, which are used for dovetailing of
amplitude and phase of vectors.

Isum

a)
Ia ‘

Alsum”

Iv

b)

a) — Isum (sum-of-currents) is caused by active losses increase in
insulation of apparatus’ phase “A”
b) — Isum is caused by shunting of the main insulation part of apparatus’
phase “4”
Figure 1. Unbalanced current appearance

Devices, based on this method, indicate tangent of
dielectric losses and capacities of the main apparatus insu-
lations except indication of unbalanced vector’s amplitude
and phase.

Insulation leakage current vector depends on vectors
of voltages, applied to this insulation, active losses and
capacity of the main insulation. Correspondently, unbal-
anced current vector depends on 9 parameters:

> o5 o

R
Iy =f(U,U, U, ,Cp, Cyp,C 120,126,120 )

Thus, the mathematical calculation to determine the
tangent of the dielectric loss angle and the main insulation
capacitance based on this method is poorly substantiated
and ineffective For such calculations, some diagnostic
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tools use certain assumptions to solve a system of two
equations with 12 unknown parameters In order to pro-
vide the solution of such system of equations producers of
devices apply different algorithms of adaptation to the
modes of network and equipment operation. The de-
scribed problems lead to the wrong solutions of system,
since it is impossible to take into account all these factors
in real-time mode:

- changes in loads and other factors that can cause
voltage changes cannot be reliably predicted

- insulation aging of different devices isn’t synchro-
nized;

- different devices can have different temperatures of
insulation;

- different objects can have different paces of natural
insulation aging.

There was a monitoring of bushing operation by
R1500 device, installed for the monitoring of high voltage
bushings of three-phase group of single-phase shunting
reactors of the POM-110000/750 type on the 750kV
switchgear.
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An increase in the values of the tangent of the di-
electric loss angle of the main insulation of the bushings
at phases “A” and “C” was recorded (fig. 2).

Twice increase of parameter value in phase “C”
during short period of time (less than 10 days) is the basis
for additional testing of input with taking equipment out
of service. However, the detailed analysis of this case,
based on the giving data from the system on the data of
the SAFE-T online monitoring system (manufactured by
Energy Automation Ltd, Zaporizhzhia, Ukraine), showed
that this case is not the result of defects in the insulation
of the bushings, but is a classic example of the disadvan-
tages of the nonequilibrium-compensation method. In
fig. 3 current leakage plots of the main insulation of three
bushings are shown (points — phase “A”, continuous line
— phase “B”, dotted line — phase “C”, thick continuous
line — reduced value of unbalanced vector amplitude (a
relation of amplitude to the mean value of three currents
amplitudes in percent)). Initial plots’ analysis confirms
increase of current value of insulation conduction current
of bushing phase “A”.

phase “C”

¢ phase “A”

22

phase “B

22.01.2017 00:00:00 24.01.2017 00:00:00 26.01.2017 00:00:00

Figure 2. The results of tangent of dielectric losses of the main insulation of high voltage bushings monitoring,
registered by classical nonequilibrium-compensation method (by R1500)

58



ISSN 1607-6761 (Print) «EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETHUKA» Ne 4 (2019)

ISSN 2521-6244 (Online) Po3ain «EnexkTpoeHepreTrnka
K
=
=
2 9.00
E
&
B 7.00 }
=]
k= =
= 500 E
E e
- [=
= 500 E
= E
=
=
g 1.00
E
=
o
g -1.00
E 0 100 200 300 400 500 00
— = 3

Number of measurement, period of measurements is 46 min.

Figure 3. Leakage currents of the main bushing insulation
In fig. 4 plots of phase operating voltages changes sented in arbitrary units only for a qualitative assessment

are represented, plots are also represented change of un- of 1ts presence.
balance voltages’ vector. The voltage unbalance is pre-
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Figure 4. Phase voltages

Fig. 5 shows the graphs of load currents, these this reactor (fig. 6), in comparison with the other two re-
graphs qualitatively repeat the graph of leakage currents, — actors, which caus.ed.a temperature increase in the dielec-
because the winding currents change in accordance with 1€ loss of the main insulation of the input of this reactor,
changes in the applied voltage. An increase in the winding agd is normal phenomenon, .that s, 1t 18 not conqected
current (load) of the shunt reactor in phase A led to an with defects m isolation this mput.
increase in the temperature of the upper layers of oil in
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Figure 5. Reactor winding currents
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Figure 6. Temperature of upper oil layers

Thus, the analysis of the data presented in Fig. 3-6
gives a clear idea that the appearance of the unbalance
vector of leakage currents (fig. 7) is due to a change in the
parameters of the supply voltage.

A subsequent analysis of the network operating
modes confirmed the connection of the asymmetric load
to the line, which caused the indicated voltage change.
Changes in the leakage currents of the bushings were
caused by proportional changes in the voltages applied to
the insulation of the bushings, but were not caused by
changes in the technical state of the insulation of the
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bushings. In the fig. 7 there is represented a fixed unbal-
ance of currents leakage of the main bushings insulation
on the polar plot. Unbalance is shown by square points,
where each point corresponds to the one measurement.
Thus, according to explanations of the principle of unbal-
ance vectors’ appearance, which coincide with supply
voltage vector of the phase “A” and phase “C” according
to the direction, a small increase of active losses in bush-
ing insulation of the phase “A” and more essential in
bushing insulation of the phase “C” were observed as
well. Parameters calculation was carried out due to as-
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sumption about invariability of supply voltage vectors and
bushings capacities in this case. The device accepted the
assumption about capacity invariability because of the
fact that capacity change causes greater current leap at its
amplitude. Algorithms of device operation at calculation
of insulation parameters values can differ due to different
producers, however, all of them are based on non-proofed
assumptions.

Thus, in this case, as well as in 99 % of cases unbal-
ance appearance was not a consequence of deterioration
of bushings condition, but an influence of grid operation
modes on mutual angles between phase voltages and its
amplitude. All changes of these angles and amplitudes,
which took place after initial balance, automatically lead
to the errors in calculations and to unfounded diagnostic
conclusions.

Ic

Ia

Figure 7. Polar plot of currents leakage unbalance values of the main bushings insulation

The second negative factor of the nonequilibrium-
compensation method is the fact that devices, founded on
it, can’t detect insulation defect even on the dangerous
stage of progress, because pre-emergency setting of such
devices is 3 %, emergency setting is 5-7 % from rated
current of complex insulation conductivity. In practice,
there are higher values of these settings, and it often leads
to the fact that devices operation, based on unbalance-
compensating method, activates firefighting system of the
equipment because of bushing failure. Lower setting val-
ues in such devices lead to unfounded equipment tripping
and mislead operational staff on substations. Domestic
scientist Gleb Shinkarenko in his work [13], on the exam-
ples from practice, showed that unbalance-compensating
method is ineffective and even negative, because of es-
sential load on staff of diagnostic service, which is com-
pelled to understand and detect false emergency signals
from devices, based on this method. He designed a num-
ber of schemes, which allow to precise parameters of
these devices according to substation operation modes on
the base of “hard” relay logic. However, with considera-
tion of modern development of microprocessor technique
applying of relay logic essentially complicates realization
of such diagnostic schemes. Therefore, authors offer the
way of unbalance-compensating method improvement for
elimination of its limitations. Method can be applied in
systems and microprocessor devices of continuous control
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(monitoring). The gist of improvement is in the following:

- signals of phase operational voltages must be con-
nected to the device as well as current leakage ones;

- at the time of commissioning, the diagnostic tool
must record and store the parameters (amplitude, initial
phase) of phase voltages and leakage currents of the main
insulation;

- sum of current vector value should be calculated
according to the formula:

- > > > - > o

> Uy, U, I,U, I.U oo 2

Iy = _c)ze. a_)ae+ b_)beJr c_)ce_(]aeJr be+lce)
Uae Ua Ub Uc

where Uae, Ube, Uce — initial (at commissioning)
values of phase voltages vectors (phases “A”, “B”, and
“C” correspondently);

lae, Ibe, Ice — initial (at commissioning) values of
currents leakage vectors of the main bushings insulation
(phases “A”, “B”, and “C” correspondently);

Ua, Ub, Uc — measured values of phase voltages
vectors (phases “A”, “B”, and “C” correspondently);

lTae, Ibe, Ice — measured values of current leakage
vectors of the main bushings insulation (phases “A”, “B”,
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and “C” correspondently).

Word “initial” means — at the moment of first turn-
ing of monitoring device.

Received by this method values of phase and ampli-
tude of unbalance vector will not depend on modes of grid
operation, and accordingly there is no need to set too high
operation settings of alarms.

V.CONCLUSION

Nonequilibrium-compensation monitoring method
of insulation condition had a wide spread because of the
realization simplicity, however, due to limitations, which
are observed in this work, devices, based on it, do more
harm than benefit due to the unfounded load on diagnostic
staff of power facilities. Offered in the work improved
unbalance-compensating method allows to avoid the main
lacks of classical method. However, both at using of clas-
sical method and at improved one, at estimation of bush-
ings insulation condition it should be based only on the
amplitude value and the unbalance vector phase, rather
than calculation parameters: tangent of dielectric losses
and capacity of the main insulation. Thus, in classical
method the calculation of these parameters is carried out
by solution of the system with two equations and twelve
unknowns, and in improved method — two equations and
six unknowns. Also during designing of monitoring de-
vice, it is necessary to pay attention on galvanic isolation
of the circuits from different bushings (especially during
monitoring of single-phase equipment’s insulation) for
exclusion of the influence of ground points nonequipoten-
tial. It is also necessary to pay attention on connection
schemes, elements of insulation protection of capacitive
test-tap from overvoltages and from cable break to moni-
toring device, because the existing connection schemes
are often sources of additional errors for monitoring, and
are sometimes cause of high voltage bushings failure.
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Memoou docnidoacents. Jlocniodxcents 6y10 GUKOHAHO MEMOOOM HEeNepepeHo20 KOHMPOJO Ni0 pobo4o Hanpy-
2010 (“oHnaiin’’) 05t 6600i8 MPbLOX-PasHol epynu wyHmyowux peakmopis nanpyeoio 750 kB.

Ompumani pesynomamu. B pe3yismami nposedeno2o 00CHiONHCenHs agmopu po3poounu 600CKOHANIEHY MameMd-
MU4Hy Mo0eib 0/ HePiBHOBAICHO-KOMNEHCAYIUH020 MemOody, SIKA 8PAXOBYE GNIUE POOOUOT Hanpyau, | OMPUMAnu oc-
MAmoyHy opmyny 01 8USHAYEHHS CIPYMY HeOANAHCY, AKA 003601A€ 3HAYHO NIOBULUMU OOCMOGIPHICMb OIACHOCMU-
ku. Tlokpawena mooens iOpI3HAECMbCA MUM, WO 8pAX08YE 000AMKO8I napamempu - poboyy mpughasHy Hanpyey, nio
BNIUBOM SKOI 3HAXOOUMbBCSL 13015Yist enekmpudnux anapamie. Ompuman 3a 0ONOMo2010 Yiel Mooeni 3navents gasu i
aAMAAIMYOu CMmpymy Hebaiancy He 3a1eHCamuMyms 8i0 pexcumie pobomu mepexci, maxKux AK acumempis, HANPukiao, i,
BION0BIOHO, HeMAE HeOOXIOHOCMI BCIMAHOGII0EAMU 3A6UYEH] YCMABKU CNPAYbO8YE8AHHSL ABAPIUHUX CUSHAILIG, HA GIOMIHY
810 «KIACUYHO20» MEMOQY, OCKLIbKU 3MIHU NAPAMEMPIE CMPYMY HeOarancy 0y0ymo SUKIUKAHT MITbKU 3MIHAMU AKMU-
GHUX 6MpPam 6 i301AYii abo YacmKo8UM NPoOOEM 301AYIUHOT KOHCMPYKYIT eleKMmPU1YHO20 anapama.

Hayxosa nosusna. Aemopu po3pobunu 600CKOHAIEHY MAMEMAMUYHY MOOeTb 05l OIACHOCMUKU anapamis UcoKoi
Hanpyau 3 KOHOeHCamopHorw izonayiero. Pezyriomam noeoi modeni ne 3anedxcums 6i0 6niugie pobouoi nanpyau (makux
SK ACUMEmPIst AMAAIMYO [ Menchazosux Kymis).

Ilpakmuuna yinnicms. Ompumana mooeisb modice 6ymu UKOPUCMAKa 6 po3pooyi cucmem ma npUCmpoie o me-
nepepeHoi diacHocmuky (MOHIMOPUH2Y) CMAaHy 20JI08HOT 301AYii anapamie 3 KOHOEHCamoOpPHOIO I301AYI€I0 HA Kiacu
nanpyau 110 — 750 B.

Kmouoei cnosa: nepienosaxcho-komnencayitinuil memoo; KOHOEHCAMmOopHa i301ayis; Cmpym Hebalancy; EMHICMb,
manzenc Kyma OleneKmpuyHuX empam, HenepepeHutl KOHmMpoOn®, 6UCOKOBONLMHI 8600U.
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Lleno pabomwi. Hccnedoganue HepagHOBeCHO-KOMREHCAYUOHHO20 Memood OUAZHOCMUKU COCMOSHUSL 6blCOKO-
BOILMHBIX ANNAPAMOE C KOHOCHCAMOPHOU U30AsYUell, ONUCAHUE ONbIMA UCHOIb308ANHUSL MEMOOd, HAXOHCOeHUe HedO0C -
MAMKO8 U NpeumMywecme 35moz20 Memood OUASHOCMUKY, pa3pabomKa YCOB8EPUEHCMBOBAHUS HEPABHOBECHO-
KOMNEHCAYUOHHO20 Memood.

Memoouvl uccnedosanus. Hcciedosanue 0biio npogedeHo mMemooom HenpepbleHo20 KOHMPOs Noo paboyum Ha-
npsxcenuem (“oHnain’”’) 051 660006 MPex-QhasHOU ePYRNbL UWLYHMUPYIOWUX PeaKmopos Ha Kiacc HanpsisiceHus 750kB.

Tlonyuennvle pesynomamol. B pe3yivmame npogedennozo uccied08anus demopsl papabdomani yco8epuieHCmMeEo-
BAHHYIO MAMEMAMUYECKYIO MOOeNb O/ HePAGHOBECHO-KOMNEHCAYUOHHO20 Memood, KOMOpPAsl yHumuledaem Gnusihue
Ppabouezo Hanpsidcenusl, U NOAYYULU OKOHYAMENLHYIO (POPMYIY OJist Onpedeienust MmoKa HeOaIanca, KOmopas no360sen
BHAYUMENbHO NOBLICUMb 0OCTNOBEPHOCIb OUASHOCMUKY. YIyuuennas Mooeib OmaAudaemcs: mem, 4mo yyumsleéaem
OdononnumenbHvie napamempyl - pabodee mpexgaznoe HanpsdiceHue, n00 8030elicmauem KOmopo2o Haxooumcs u30Jjis-
yust snekmpuveckux annapamos. Ilonyyennvie 3moii MoOenvblo 3Hayenus Qaszvl u amnaumyovl moka Hebanauca ne 06y-
O0ym 3a8uUcenmsv om pedxicumos pabomel cemiu, MaKux KaK acumMmempus, Hanpumep, U, COOMEEnCmeeHHO, Hem Heobxo-
OUMOCImU YCMAHABIUBAMb 3A6bIUIEHHbIE YCMABKI CPADAMbIBANUS ABAPULHBIX CUSHALO08, 8 OMIUYUE OM (KIACCUYECKO-
20» Memooa, NOCKOIbKY UBMEHEHUsI NapaMempo8 moka Hebaianca 6yoym 6bl36aHbl MOAbKO USMEHEHUSIMU AKMUGHBIX
nomepwb 6 U30IAYUU UYL YACHUYHBIM NPOOOEM USOIAYUOHHOU KOHCMPYKYUU YCIMPOUCmEd.

Hayynaa nosusna. Aemopol paspabomanu yco8epUICHCMEOBAHHYIO MAMEMAMULECKYI0 MOOeb Olist OUASHOCIUKU
annapamos GblCOK020 HANPSIHCEHUs. ¢ KOHOEHCAMOPHOU uzonsyueti nod pabouum nanpsoicenuem. Pezynomam eviuucie-
HUSL HOBOU MOOEU He 3a8UCUM OM GIUSHULL pabO4e20 HaANPSICEHUsl (MAKUX KAK AdCUMMEMPUU aMIIUMYO U MelcPazo-
8bIX V2J108).

Ilpaxmuueckasn yennocmu. [lonyuennas moodenb moocem OblmMb UCIOAL3OBAHA 8 paA3PAOOmMKe cucmem u ycm-
Ppoticma 015 Henpepwbi8HOU OUAZHOCTNUKY (MOHUMOPUH2A) OCHOBHOU U30JAYUU ANNAPAMOS C KOHOEHCAMOPHOU U30AYU-
etl Ons knaccog Hanpsiscenust 110 — 750 kB.

Kniouesvie cnosa: Hepaeuoeecno-Komneucauuonubzﬁ Memod; lcom)eucamopuaﬂ usonayus; mok He6aJlaHC£1,' em-
Kocmb, maHecenc yana ()uaﬂelcmpuueacux nomeps, Henpepbzenbzd KOHMpOb, 6blCOKOBOSIbMHbBIE 680001.
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