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DETERMINATION OF INSULATION PARAMETERS OF CURRENT
TRANSFORMERS AT MULTIPLE MEASUREMENTS IN MONITORING SYSTEMS
UNDER WORKING VOLTAGE

Features of the data processing procedures of multiple measurements of the dielectric loss tangent of the high-voltage insulation,
which are based on the comparison method, were considered. Three procedures were compared: the one procedure uses an
assignment of a particular standard object for comparison, and two procedures don't use assignments of the special standard
objects. Expressions of methodical errors of studied procedures were obtained. Analysis and calculations, which use the obtained
expressions were made. Evaluations showed that an influence of a change of the tangent of dielectric loss of one from the
monitoring objects on results of estimation of the tangents of other monitoring objects is the distinctive feature of the procedures
without assignment of the standard object. Errors of these procedures more than errors of the traditional procedure, with
assignment of the standard object. The study demonstrated that procedures without assignment of standard objects lead to
difficultly predictable methodological errors, which hinder to estimate the actual value of the loss tangent and to estimate
outcomes of the monitoring, by means comparing with allowable values. Moreover, the decrease of estimations of loss tangents of
all objects, as a result of occurrence of at least one the object with strongly bad parameters, hides occurrence of other
unsuccessful objects with smaller deviations and makes difficult recognition of such deviations at early stages. Improvements in
processing techniques which reduce earlier specified errors and reduce the amount of measurements are proposed. The study
results are useful in monitoring and diagnostic of basic insulation of current transformers or high-voltage bushings. References
8, tables 1, figures 5.

Key words: high voltage insulation, diagnostics, data processing procedure, processing procedure error, dielectric loss
tangent, current transformer.

Paccmompenvt  ocobennocmu  memooux o00padoOmKu  pe3yibmamos MHOMNCECHIGEHHBIX UIMEPEHUll MaHzeHca yana
OUIIEKMPUUECKUX ROMEPD GbICOKOBOIbMHOIL U30IAUUU, OCHOBAHHBIX HA Memoode cpasnenus. Ilpoananusuposansvt uzsecmuole
MemOOUKU onpeoenenus MmanzeHca NOMmepsb ¢ 6blOCICHUEM OMOENbHO20 IMATOHHO20 00beKma u 0e3 6blOeNeHUs MAK020
amanona. Ionyuensl svipasxicenusn ons onpedenenus memoouueckux nozpewmnocmeii. Ilposedeno cpasnenue u nokazano, umo
npumeHeHue MemoouxK oopadomku 6e3 evloe1eHUs OMOENAbHO20 IMATOHHOZ0 00BEKMA MOIHCem NPUGOOUMb K CYULeCMEEHHbIM
CIIOJCHOCMAM 6 OUeHKe pe3yibmamos Koumpons uzonsauyuu. Ilpednosicenvl ycosepuiencmeosanus memooux 006padomku,
YMeHbUIaOWUEe YKA3AHHbLE ROZPEUIHOCHU MEMOOUK U MPYyOoemMKocmb uzmepenui. buoti. 8, tadn. 1, puc. 5.

Kniouegvie cnosa: BBICOKOBOJbTHAS M30JISIMS, IHATHOCTHKA, METOAMKA 00pPafGOTKH, INOIrPEUIHOCTh, TAHIEHC YrJa
JIUDJIEKTPUYECKUX MOTePh, TPaHChoOpMAaTOp TOKA.

Introduction. The power companies of Ukraine reference for all other controlled OC (without

introduced technologies of condition monitoring of high-
voltage insulation of measuring current transformers
without decommissioning (under operating voltage) [1-5].
At present, as the main method of such control for oil-
filled current transformers (insulation of capacitor type)
should be considered differential control in which among
all tested current transformers (hereinafter referred to as
objects of control — OC) of one phase they select
«reference» having the best condition of the insulation,
and others’ state is evaluated by the change of dielectric
loss tangent with respect to the selected reference [3, 6].
We can select the technologies of periodic and continuous
monitoring which differ, in fact, by the frequency of
measurement of the insulation of objects of control (OC)
which is a consequence of the degree of automation of the
measurement process [3, 5]. Similar tools can be used in
both technologies (bridge, vector meters) and measuring
methods.

To increase the efficiency of control technology it is
proposed [2, 5] to use multiple measurements during
which it is assumed that each OC is alternately used as a

determination of separate reference object). Indicated
approach eliminates the need for special control and
awkward shifts of reference objects. These methods of
measurements results treatment differ from the processing
technique at selection of a reference by using various
kinds of averages over all the results that will naturally
lead to reduction of influence of random variations caused
by, for example, short-term noises. At the same time, in
[7] it is indicated on the possibility of occurrence at such
treatment of additional errors not arise at traditional
measurements processing with special release of the
reference object.

The goal of the work is definition of error of
techniques of results treatment of multiple measurements
of the loss tangent of the insulation without selection of
the reference object, the development of methods to
reduce the error.

Fundamentals of methods of processing the
results of measurements of loss tangent of insulation.
A basis of differential control is a bridge method of

© V.K. Beliaev, H.N. Panenko

40 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.5



comparison with a reference (standard) [3, 6]. Using AC
bridge (recently high-precision measuring vector meters,
for example [1] are used), they measure by tangent
(tg0neg) of the difference of dielectric loss angles of OC
() connected to the input «X» and angle of reference
loss (&) connected to the input «0», so that (because of
the smallness of the actual loss angles the tangent of the
difference from the difference of tangents can be
ignored):

180, =180 meq +180, - €))

meg

The problem is that the actual value of the loss
tangent of the reference object used as the base for
counting, during the measurement (control) is unknown,
and instead of it we use the approximate values that is a
source of systematic errors — the calculated tangent differs
from the actual OC loss tangent.

In the case of measuring a plurality of objects under
operating voltage for one phase OC at any time k, we
write the formula (1) as follows (for simplicity hereinafter
instead 7go we write 9):

k) = 9%k * Oighy> OF Wyyhy =0y =y » (2

where & is the loss angle tangent of the j-th OC; 05, is
the tangent of the differential angle at the measurement
for the j-th OC at the i-th standard (the first index is for
standard, the second one is for the tested OC). Here,
according to [3], the measured tangent of OC loss of the
angle difference and the standard is called as tangent of
the differential angle.

At the differential control is determined not the
tangent of the OC differential angle is determined but its
increment (AJ;) relative to baseline values — at the
beginning of the control [3, 6]. So, at the measurement at
time k for the j-th OC at the i-th reference (one pair
measurement), the increment of tangent of the differential
angle:

A8y = 0%(ky =900y = =A%y > )

where 0dj(0) is the initial value of the tangent of the
differential angle measured at the taking of objects in the
control.

According to the procedure 1 described in Standard
COVY-H MIIE [3], the measurements are carried out with
the selected reference OC (i is the reference index). Using
the obtained according to (3) increment, they determine
the current estimated value of the tangent of the checked
OC [3,6]:

P jky = A1) + (0 - @

where &) is the initial value of the tangent for the j-th
OC determined at the taking of objects in the control.
For the reference OC:

Pitk) = ~A%(k) * %u0) )

The obtained values are compared with the
permissible values of loss angle tangent (0.005 ... 0.008)
normalized in [3] (rejection criteria).

Substituting the definition (3) in the formula (4),
after transformations we obtain the following expression
for determining the calculated value of tangent:

P jk) = 9y *+ %i0) . 6)

Comparing (6) with the exact expression (2) for the
actual value of OC tangent we see that in the procedure 1
at determining the calculated tangent it is proposed
instead of unknown during measurement value of the
reference OC tangent dy, to use the value of objects in the
control determined at the taking of objects in the control
S0)- The resulting calculated value of the tangent of the
loss angle dp; (which is compared with the permissible
norm) will differ from the actual gy to the value of
increment of the tangent of the reference object tangent
for the time from the start of control.

At mass monitoring of OC insulation on the outdoor
switchgear, there are certain inconveniences with the
choice and the control of the state of the reference OK,
and when selection one standard for all OC phases (the
most convenient option), formula (5) to assess the
standard OC becomes unacceptable [5]. Indeed, for each
checked OC without changing the reference we obtain
individual different result from the others for Ag; and as
a consequence — different values of calculated tangent
Opiw for the same i-th reference.

To be able to control the reference OC, in the
Dniprovska Power Grid [5] it was proposed instead of one
particular measured value Adjy to use in (5) the average
increment for all NV received values for the controlled
objects on the phase:

il
Pit) =N ] 248500 J+ 810y, ™

J#

where i is the reference index.
Processing techniques without selection of the

individual reference. In cases of an automated
continuous or periodic monitoring of current
transformers, several methods (algorithms) for

determining the calculated tangent based on conducting
plurality of measurements without selection of individual
OC reference are proposed [2, 7]. In these measurements
each OC alternately serves as a reference for the other
checked OC of the same phases. As each OC passes
measurements in pair with another one, the total number
of measurements increases considerably — as the square of
OC number.

Method 2 used AT nine substations OF THE
Donbass power system [5] At the control of N objects on
the phase it is proposed in determining the current value
of each OC calculated tangent instead of formulas (4) and
(5) using the following expressions constructed by
analogy with formula (7):

1 N
Pice) =~ Aiaviy * %0 Aiaviy = 37 2484 8)

J#i
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where the index iav indicated the value average for all OC
(excluding the i-th one.

We merge (8) in one expression and substitute the
definition (3):

Py = Z“ i) + %i0) =
j#l
1 N( ) (9)
=51 2% +950) )= =%y + Oiav(oy
jil

The obtained expression shows (cf. (6)) that,
according to this method, the calculated value of the loss
tangent is the average of all paired results (each OC with
everyone, except as with itself) carried out according to
the method 1.

Procedure 3 proposed in [2] for use in the
continuous control system at 330 kV substation of the
Dnepr power system. According to [2], at the control of N
objects eponymous phase is first determined by the
intermediate values of tangent (J1 ;) for each i-th OC at
paired measurements with different standards j by the
formula similar to (6), where instead of the tangent of the
reference in the beginning of the control, use the
calculated value of the tangent of the i-th OC obtained in
previous measurements. To determine the final estimated
value for the i-th OC taken the average of all intermediate
values for this OC at different references j. The described
in the formula expression can be written as follows:

N
1
N jicey =P ey =00yt Pigy = 37 2 iy (10)
J#
We write last formulae as follow:

N
-L-> e -
iy = 57 2 0+ 9 )

j#i (11)

=~084y(k) * Piav(k-1)-

Comparing the expressions (11) and (9) we see that
the results of the processing algorithms to determine the
estimated value of the tangent of the last two methods,
without isolation of the individual reference, differ only in
the values taken for the baseline from which the
increments are counted. In the second method of the base
taken the average of all values of the tangents at the OC to
take control in the third uses an average of all the values
calculated in the previous measurement. Both techniques
are used an average of the measured values of the tangent
of the differential angle.

Comparison of methods’ of errors. Of interest is
the analysis of systematic errors arising as a result of the
loss tangent calculation formulas given above, instead of
the exact formula (2). Under the methodological error of
the specific techniques mean difference between the
calculated values of OC tangent, obtained by treatment of
the appropriate expression of its real value:

Doy =P jiay =9k .

Presenting each technique as a separate model to
determine the output value (the estimated tangent), this
error can be seen as error adequacy model showing the
lowest possible error when using the model-technique [8].
The resulting expression for determining b;yof all the
considered methods are given in the Table 1. For the
methods of quality characteristics it is advisable to carry
out sensitivity analysis, identifying the corresponding
coefficients of sensitivity (influence) that bind each
change of the input variable with the resulting change in
the output. The table gives the expressions for the
coefficients b,y characterizing the sensitivity of the
resulting changes in the estimated value of tangent j OC at
k time &dp;i to change in the actual value of the tangent
of each i OC &6

0P (k) = Z[Z bigkn e z(kl)} +2.b 00 &

Here the general expression of connection is
presented. Obviously, the components associated with the
timing of 1 to &1 appear only when using the method 3.
Assuming little change input values, sensitivity
coefficients were determined based on derived respective
functional connections of the output variable with input
[8]. The coefficients of the last part of the above
expression (k = 0) is characterized by sensitivity to errors
taking of objects in the control.

The presented in Table 1 expressions show that the
greatest impact on the estimated result for any checked
OC values have the latest measurements on the same OC
(bjw=1). Values of other OC tangents no effect on the
inspected result in the case of OK method 1, but can
significantly affect the use of other techniques. This effect
is inversely proportional to the number of OC.

Negative signs of influence factors b, indicate
that any increase in the value of the tangent at any OC
would reduce the calculated values on other OC tangents.

For example, we suppose that the change occurred at
one («damaged») OC. Let up to the k-th point in time no
changes have occurred. The k-th time at the m-th OC
abruptly changed by the amount of loss tangent
EOmiy=Omp—Omee—1y=d, the remaining OC changes were not
tangent (&J.,=0) and at subsequent times tangent values
at all OC is not changed (Jy+n= Six+1) =0ir) for all 7, n.
In accordance with the values of the coefficients of
influence by (12) we change tangent calculation and by
the expressions in Table 1.

We define Djerrors:

e By method 1: for «damaged» OC

S@m(k):d, Dj(k):O; for other OC 8®i¢m(k):0, l)j;ém (k):().

e By method 2: for «damaged» OC
85pm(k):d, Dj(k):O; for other OC Eé‘pjzm(k):
Djampy= —d/(N=1).

e By method 3: for «damaged» OC at time &:
Eépm(k):d, Dj(k):(); at the next time gépj:tm(kﬂ)_—d/(N—l),
D= —d/(N-1); for other OC at time k: E0Pemuy=
= —d/(N-1), Dpmu= -d/(N-1); at the next time
EDjamr1y=—d/(N-1)*, D, —d(N-2)/(N-1)~.

jem(k+1)

N (12)

—d(N-1),
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As we can see, using methods 2 and 3, the calculated
values differ from the actual tangent of its values (&op;u#
&S, Djwy #0) to appear for «healthy» OC. When using 3
methods calculated tangents differ from the actual not

only in «healthy», but also in «damaged» OC — not at the
moment of change, but starting from the next
measurement.

Table 1
Expressions for the considered methods’ errors and sensitivity (influence) coefficients
Method No., . .
Calculation formula Error Djgy: Sensitivity coefficient
1, (4), i — reference _(51'(1\7) —51.(0)) bj(k) =1, bi(k) =-1, bi(O) =1
1 N
- (5 -0 ) b =1,b =—1/(N-1), b =1/(N-1)
%0 N-1 l; ik) 70 iy = Dimjk) T » Dizj(0) T
— e ) bty =1 Brajiy = YN =D, By ==V =),
3, _N—I.Z i) ~ Pie-) 5
i#] b#j(kil) =1/(N-D~,..., bj(O) -0
1 Nm( )
4,(13) —m§ S~ i) by =1 by jioy =Y Nm=1), b, ;o) =1/ (Nm=1).
i#]

In actual control of a plurality of current
transformers may be situations where the aging of the
insulation at the same time gradually increasing the
tangents at several objects at different speeds. Upon
reaching the critical normalized values of tangents at one
of OK decision on further testing or withdrawal from
service. [3] In such cases, the effect of varying tangents of
one OK on other using methods 2 or 3 difficult to assess
the condition of the insulation.

For example, we consider a model situation of
control of several OC (N=6, in [5] it is recommended to
use no more than 6 OC due to the laborious
measurements). Fig. 1 shows an idealized picture of the
actual values change tangents insulation of OC (initial
values from 0.0015 to 0.001) during the operation at a
constant rate — from measurement to measurement (k is
time, measuring index). For OC No. 2 strong change leads
to achievement on the 20th step of monitoring a large
critical value (0.005), in the OC No. 3, 4 growth weaker,
for OC No. 1 poorly discernible rise (20 times less than
that for No. 2) ,for two of the remaining changes are
absent.

Fig. 2-4 show graphs of the calculated tangents,
respectively defined by the formulas (4), (9) and (11)
corresponding to the methods 1, 2 and 3. When using the
method 1 (Fig. 2) as the reference OK No. 1 is adopted
with a slight, but not with the smallest change that occurs
in practice.

Accordingly, the calculated values of the tangents at
the monitored objects smaller than actual (Fig. 1) to the
value of growth of the reference OC tangent. For OC with
the same with the real tangents will fix them a slight
decrease (for the same value). Status of the reference OK
by this method is not evaluated.

Fig. 2 also shows the calculated reference OK No. 1
tangents defined by the formula (7) (graph as la is

indicated), which show that the evaluation of the situation
in the considered yields a significant underestimation of
the tangent, is the same as using the method 2 (see Fig. 3
below).

OG-
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Fig. 2. Changes of calculated values of OC insulation loss
tangents determined by method 1
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The graphs in Fig. 3 and 4 clearly show a strong
change OK tangent tan calculated values but significantly
different from the actual values. It is also readily
determined by the relative state of isolation of objects of
control, but to determine how big the actual values of
tangents (which is necessary to identify the values
exceeds the regulation) and how fast they are growing, it
is difficult. To recognize errors in such an object with a
small increase of the tangent (the initial stages of
development defects) is a hardly feasible task.

It should be noted that when using the method of 3
difference between the calculated values of the tangents
from the actual more than method 2. Method 1 is easier to
have the predicted error (determined by the state of the
reference OC). Given that the selected object as a
reference in the best condition, an error procedure is one
less than the methods 2 and 3.

The difficulty of assessing the real value of tangents
and their trends according to methods 2 and 3 caused by
D;y error dependence (k) not only on the number of
controllable OC, but the total gain change reality tangents
(see expression in Table 1) which is unknown value in
advance. The real situation is complicated by the uneven
growth of losses, the temperature dependence of the
measured insulation value (different even for the same
type of real-OC) the inability to completely weed out the
external random and non-random influence.

Obtained expressions for D;y make it possible to
estimate the error (low value of real systematic error)
after receiving the results of an increase in the calculated
tangents at OC dp;y), assuming that the increase in real
tangents corresponds to an increase of calculated (-
0i0) = Pjy—0). Also expressions allow to assess the
expected error in the determination of tangents calculated
in the control system, making the assumption that the
increase in real tangents at a few OC.

Fig. 3. Changes of calculated values of OC insulation loss
tangents determined by method 2

Fig. 4. Changes of calculated values of OC insulation loss
tangents determined by method 3

As a result, it can be stated that the processing
technique without isolating individual standard (methods
2 and 3) do not provide the advantages of precision in
determining results but require substantially more
measurements (N against N in method 1).

Methods improvement. Reducing methods’ errors
without isolation of the individual standard can be
achieved by changing the order of calculation as follows.
Averaging the results of measurements conducted in (7),
(9) or (11) for determining the calculated tangent should
be not OC in all, and on the selected smaller group of
objects of volume Nm. The composition of this «support»
group defined in the previous (k1) time measurement
step, by choosing OC with the smallest increase
calculated relative to the tangent of the initial values:
(OPji-1y~%0)). With this selection of averaging excluded
objects bearing potential danger of a large distortion of
the calculated results, which reduces the expected error
(total gain of tangents «support» of the group is less than
the total increase). Thus, for example, the formula (7), (9)
at the modified procedure will be written:

1 Nm
Pit) =~ N1 .Z.M"f'(") 90 =
J#l

- (13)
= N1 Z(‘ ) +5;‘(0))
J#i

if the i-th OC is included in the selected group, if not — To
in (13) instead Nm—1 we should write Nm.

Taking into account the low probability of
simultaneous significant deterioration in many OC,
«support» group may contain only a few objects smaller
than the total number of OC. The greater part of the OC
group, the less can change its composition.

To substantially reduce the number of measurements
at each time step (from ~N? to ~N), one can determine the
differential angle tangent of two OC in (7) and (9), (11),
(13) by not a direct measurement but by calculation using
measurements of the tangent with selection of an
individual reference object:
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=00y ~

where / is the index of the selected reference object.
With this definition 85, we lose the opportunity to
further test the results by comparing the results of the

0

0%y Oli(ky »

«direct» and «reverse» measurements (0, ~ —0Pjiw)-
proposed in [2, 7]. Note that the specified test when
necessary, without losing efficiency deviation of
unsuccessful results it is possible to replace by the control
deviations at the statistical processing of the results of
repeated measurements with the selected reference.

Fig. 5 shows the variation of the calculated tangent
defined by the formula (13), an improved method for
modeling the situation described previously. When
calculating the chosen «reference» group of 4 OC (66%
of total OC) having the lowest increase at the current time
step, thus it was possible distorting effect of 2 and 3 OC
on the results of the evaluation (changes to OC 1 and 4
continue to influence, causing error ). It can be seen that
the calculated tangents better reproduce the values and
trends of the real tangents than in methods 2 and 3. In
contrast to the method 1 are controlled by all OC
including standard.

Errors of methods without selection of the standard
less at more controlled and OK with a smaller total
change of tangents (a smaller increase in the values of real
tangents, fewer OC to deterioration).

gH8B-OCN2 |__ ' ___L___ o _________

Fig. 5. Changes of calculated values of OC insulation loss
tangents determined by improved method

Conclusions. A distinctive feature of methods
without selection of reference is the impact of changes in
loss tangent of one OC on the results of the assessment of
other OC tangents leading to difficult to forecast the
methodological errors that make it difficult to estimate the
actual value of tangent and can cause errors in the
assessment of controlled objects.

Appearances of at least one OK with severely
deteriorating real parameters leads to a decrease in the
estimated loss tangents of all OC that disguises the

appearance of other disadvantaged OC with smaller
deviations, and makes it difficult to identify such
deviations for determining the developing insulation
defect in the early stages.

The proposed improvement of methods for
determining the estimated values of tangent with
averaging over a dedicated «supporty OC group allows
reduce the negative impact of objects with deteriorating
performance on the assessment of other OC tangents and

reduce errors, while maintaining the ability to
simultaneously control of all OC.
Utilization of the calculation method for

determining the differential angle tangents of two OC on
the results of measurements by the results of
measurements using selected standard permits to
significantly reduce the number of required measurements
(till the value required in the traditional method with the
selection of the standard).

In conclusion, conclusions are valid for both basic
current transformers insulation control as well as for
insulation monitoring of high-voltage bushings.
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