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ERROR OF CONTROL OF ELECTRICAL INSULATION STRUCTURES BY
DIELECTRIC ABSORPTION PARAMETERS ACCORDING TO THE CONCEPT OF
UNCERTAINTY OF MEASUREMENTS

Introduction. Measurements on alternating current of dielectric absorption parameters — capacitance and dielectric loss
tangent tgo allow us to evaluate the quality of insulation of cables, electrical machines, transformers, etc., both at the
technological stage of manufacture and in operation. An increase in the reliability of the measurement result of the
parameters is provided by a decrease in the measurement error due to the improvement of measuring instruments and
measurement methods and an increase in the number of measurements Purpose. The estimation of the error of control of
electrical insulation structures by dielectric absorption parameters in accordance with the concept of measurement
uncertainty. Methodology. The error of measurements of the capacitance and the tangent of the dielectric loss angle is
estimated using the example of a twisted unshielded pair of category 5e. A statistical analysis of the results of multiple
measurements of the capacitance and the tangent of the dielectric loss angle of an unshielded cable is carried out. The linear
regression equations for the measured values of the dielectric absorption parameters of the number of measurements are
obtained. Practical value. Ensuring unity in the methods for estimating the error of measurement results, both when using the
traditional concept of «measurement result error» and when introducing the concept of «measurement result uncertainty»
into practice, it will allow to unambiguously interpret and correctly compare the results of measurements of the capacitance
and tangent of the dielectric loss angle of electrical insulation structures. References 16, figures 3.

Key words: dielectric absorption parameters, capacitance, dielectric loss tangent, multiple measurements, measurement error,
standard uncertainty, expanded uncertainty, twisted pair, digital immitance meter.

IlIpeocmaeneno memooon02it0 ouiHKu nOXUOKU GUMIPIOGAHL napamempie OiereKmpuyHoi adcopoOuii eneKkmpoizonayiinux
KOHCMDYKYill 6 pamkax Kouuenuii Heeusnauenocmi eumipioeanv. Hasedeno cmamucmuunuii ananiz pesynrbmamie
Oazamopazoeux GUMIPIOGAHL €EMHOCHMI | manzenca Kyma Oie1eKmPUYHUX 6Mpam CKpPy4YeHUil napu HeeKpanoeanozo Kaobenio
Kamezopii 5e. Ompumano pieHaHHA JIHIIHOT pezpecii 01 GUMIPAHUX 3HAYEHb napamempie dieneKmpuunoi adcopouii eio uucna
eumipie. Buxonano ouinioeanna noxuéxku eumiprosant €MHOCmI i maHzeHca Kyma OieleKmPUYHUX 8MpPAm HeeKpaHoB8aH020
kaoenro. bion. 16, puc. 3.

Knouosi cnosa: mapamerpm jiesieKTpU4HOI adcopOuii, €MHiCTb, TaHIreHC KyTa [ieleKTPUYHMX BTpPaT, OaraTopa3osi
BHMIpIOBaHH#A, NIOXU0Ka BHMIPIOBaHb, NOXH0KA BHMipIOBaHb, CTAHAAPTHA HEBH3HAYEHICTb, PO3IIMPEHA HEBH3HAYEHICTb,
CKpy4eHa napa, unpoBuii BuMipioBay imitancy.

Ilpeocmasnena  Memooon02us  OUEHKU  NOZPEUWIHOCHU  U3MEPEHUIl  napamempos  OuljieKmpuueckoi  adcopoyuu
INEKMPOU3ONAUUOHHBIX KOHCIMPYKYUIL 6 PAMKAX KOHyenuyuu Hheonpedenennocmu usmepenuii. Ilpuseden cmamucmuueckuii
AHANIU3 Pe3YIbMAMOE MHOZOKPAMHLIX UBMEPEHUNl eMKOCMU U MAH2eHCA Y2id OuINeKmpudecKux nomeps eUmoul napul
HeIKpanuposannozo kabensn xamezopuu Se. Ilonyuenvl ypagnenus nuneinou pecpeccuu OAsL UMEPEHHBIX 3HAYEHUIL
napamempog OulieKmpuueckoil aécopoyuu om yucna usmepenuil. Bovinoaneno ouenusanue nocpewnocmu uzmepenuii
EMKOCIU U MAH2EHCA Y2a OUITIEKMPUUECKUX HOMEPb HEIKPAHUPOBAHHO020 Kabens. bubin. 16, puc. 3.

Knouesvie cnosa: mnapamerpbl AUIJIEKTPUYECKOH a0copOUMHM, €MKOCTb, TAaHIEHC YIJa [MYIEKTPUYECKHX MOTepb,
MHOTOKpPATHbIe W3MepeHHsl, MOrPelIHOCTh W3MePEeHMil, NOrPEeNIHOCTh H3MEPeHUi, CTaHAapTHAA HeoNmpeaeIeHHOCTD,
pacuInpeHHasi HeoNpeaeIeHHOCTh, BUTas Mapa, Hu(ppoBoii n3MepuTe b HIMMHUTAHCA.

Introduction. Measurements on alternating current
of dielectric absorption parameters — the capacitance C
and dielectric loss tangent 7gd allow us to evaluate the
quality of insulation of cables, electrical machines,
transformers, etc., both at the technological stage of
manufacture and in operation [1-4].

When presenting the results of measuring the
dielectric absorption parameters, a certain quantitative
characteristic of the quality of the obtained measurement
result should be presented for the possibility of: assessing
its reliability; comparisons with the values specified in the
technical documentation, standards; comparisons with
results obtained by other authors.

The increase in the reliability of the measurement
result of the parameters is provided by reduction of error
of measurements due to the improvement of measuring
instruments and measurement methods and by increasing
the number of measurements themselves [5-9].

Problem definition. When conducting multiple
measurements, the procedure for estimating measurement
errors is defined in [10-12]. Processing the observation
results includes the following procedures:

1. Exclusion of known systematic errors from the
observation results.

2. Calculation of the arithmetic mean value of the
observation results, taken as the measurement result.

3. Calculation of the standard deviation of the
observation result.

4. Identification and exclusion of results containing
misses.

5. Calculation of the standard deviation of the
measurement results.

6. Testing the hypothesis that the measurement
results belong to the normal distribution law (for the
number of measurements n<10, the hypothesis is not
tested).
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7. Calculation of the random component of the error
of the measurement result, taking into account the Student
coefficient, depending on the accepted confidence
probability P and the number of observation results
(P =0.95 at technical measurements).

8. Calculation of the non-excluded systematic error
of the measurement result (the limits of the allowed basic
and additional errors of measuring instruments, as well as
methodological errors and errors caused by other sources)
[10-12].

By its definition, the error of the measurement result
represents the deviation of the measurement result from
the true (actual) value of the measured quantity, which is
unknown in practice when measuring [10-12].

The concept of measurement uncertainty does not
use the concepts of the true and actual values of the
measured quantity. The result is considered reality, since
the value of the true measurement is unknown [11-13].

The concept of uncertainty is the only internationally
recognized measure of error assessment. Measurement
uncertainty is considered as incomplete knowledge of the
value of the measured quantity. To quantify this
incompleteness, a probability distribution of the possible
values of the measured quantity is introduced. The
parameter of this distribution, called uncertainty,
quantitatively characterizes the error of the measurement
result [13].

Uncertainty can be expressed as standard deviation
(standard uncertainty) or interval (extended uncertainty)
and calculated by method A (based on a number of
experimental data) or by method B (based on additional
information) [13].

Uncertainty is a quantitative measure of how reliable
an assessment of the measured quantity is the result
obtained. Uncertainty does not mean doubt about the
result, but, on the contrary, uncertainty implies an
increase in the degree of reliability of the result.

Assessment of the measurement result and its
uncertainty is carried out in the following sequence:
drawing up the measurement equation; assessment of
input quantities and their standard deviations
(uncertainties); assessment of the measured (output) value
and its uncertainty; budgeting for uncertainty; assessment
of the extended uncertainty of the measurement result;
representation of the measurement result [13].

Extended uncertainty is interpreted as an interval
containing a given fraction of the distribution of values
that could reasonably be attributed to the measured
quantity. Extended uncertainty in the concept of
uncertainty does not play the role that is assigned in the
concept of error. It is believed that the main result of the
assessment is the total uncertainty uc, and the expanded
uncertainty differs from it by a constant coefficient, which
is necessary in a number of special cases to show the
reliability of the estimate. This coefficient can take values
from 2 to 3 with a confidence level from 0.95 to 0.99.

The goal of the paper is to evaluate the error of the
control of electrical insulating structures according to the
dielectric absorption parameters in accordance with the
concept of measurement uncertainty.

Methodology for assessing the error of measuring
capacitance and dielectric loss tangent. Inspections of

electrical insulation structures in stationary laboratory
conditions allow repeated observation of the measured
dielectric absorption parameters. The results of repeated
measurements of parameters even in stationary conditions
differ from one another because the effect of many
random interferences.

The standard ways to reduce the influence of
random interferences is to calculate the average value and
variance s of the measured parameters [7-8, 14].

The main difference in the concepts (of uncertainty
and of error) is in what value the variance (standard
deviation) is attributed: to the actual value of the
measured quantity or to the measurement result.

The initial data for estimating the standard
measurement uncertainty are the results of multiple
measurements (N) of the capacitance C; and the dielectric
loss tangent tgé Based on the results obtained, arithmetic

means C,, tgé‘ are calculated which are an estimate of

the capacitance and the dielectric loss tangent.
Here, for the electric capacitance, the average value

- 1 N
ivz;;. (1)

The standard uncertainty associated with the

estimate of Cis the experimental standard deviation of

the mean value and is equal to the positive square root of
the experimental variance of the mean value.

Standard uncertainty of measurement u(C))
according to method A
C;)=ualC))= (c af o

N@fl

for the measurement result of C; = Ci calculated as the

arithmetic mean.

In calculating the standard uncertainty in accordance
with (2), NV independent random values of the form C; and
one value C; depending on them are used. Therefore, the
number of degrees of freedom associated with (1) is
k=N-1.

The sum of the squares in (2) refers to one degree of
freedom, therefore, in the denominator of (2) there is the
number N — 1.

With an increase in the number of measurements,
the arithmetic mean C; tends to the true value of C;,
provided that all systematic errors are eliminated. In this
case, the difference between the error and (C; — C; ) will
tend to zero. Then the mathematical patterns of behavior
of the aggregates of error and u(C;) will be similar.

When calculating the average, a series of random
values of the capacitance C; (the tangent of the dielectric
loss angle) are summed up as the results of individual
observations. Each of the results C; can be represented as
the sum of the mathematical expectation C and the
random additive error e distributed according to the
normal law with zero mathematical expectation [14]

C;=C+e. (3)

When summing N random values of the form (3),

the mathematical expectation of the term C increases by
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N times, and of the random one (¢) only by a factor of

JN . In other words, Cc amplifies, and random e

decreases. As a result, the average is less prone to
fluctuations than the result of a single observation of C;.

The variance of the mean s% is N times smaller than the

variance of a single observation s” [6, 14]
2
2 S
Se=—. 4
=y “4)

The accumulation of the results of N measurements
and the calculation of the average lead to a decrease in the
width of the confidence interval by almost a factor

of \/ﬁ

S .c S s
where #(k, p) is the Student criterion selected with a
confidence probability of P (usually P = 0.95) for the
number of degrees of freedom £.

For example, at N = 100, the width of the
uncertainty interval decreases by 10 times. When using,
for example, a digital immitance meter E7-14, an
additional significant figure appears, indicating a decrease
in the error of the measurement result [5].

Statistical analysis of the results of multiple
measurements of dielectric absorption parameters.
Testing the methodology for assessing the error of
measuring the capacitance and the tangent of the
dielectric loss angle in the concept of the uncertainty of
measurements of electrical insulating structures is
performed using an example of twisted unshielded pair of
category Se [15, 16]. The cable length is 100 m. The
capacitance and the dielectric loss tangent are measured at
frequency of 120 Hz for 1 hour using a RLC E7-22 digital
immittance meter under constant ambient air conditions
under laboratory conditions. In real time, with a resolution
of 1 s, the results of measurements using the standard RS-
232 electrical interface are recorded in computer memory
using software. The error of the meter is 0.7 %.

Figure 1 shows a 3D diagram of the temporal series
of the electric capacitance and the dielectric loss tangent
of a twisted unshielded pair of category.

C—t(k, p) < C+t(k,p)

tgo

0.006'3

0004

Fig. 1. Temporal series of dielectric absorption parameters
of the twisted unshielded pair

The dynamics of the time variation of the capacitance
(Fig. 2,a) and the dielectric loss tangent (Fig. 2,b) are
almost identical. But the difference in time dependences
and the wider spread of tgd values are due to the physical
nature of the dielectric loss tangent. This parameter
reflects not only polarization losses, but also electrical
conductivity loses. The straight line in the Figures shows
the regression line of the parameter values depending on
the number of measurements N. The linear regression
equations for the measured values of the dielectric
absorption parameters on the number of measurements N
have the form

C=(0,4923 —9,5794-107' N)-108 | F (6)
tg5=0,0027 —8,5081-107 N . (7
C,10°F
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Fig. 2. Results of multiple measurements with a resolution of 1 s
of the electrical capacitance and the tangent of the dielectric loss
angle of a twisted pair

The average value of the capacitance is 0.4909-10° F;
the standard deviation is 0.00406:10°° F; the maximum
value is 0.501-10"® F; the minimum value is 0.4803-10 ° F
(Fig. 3,a). The average value of the dielectric loss tangent
is 0.001433; the standard deviation is 0.001128; the
maximum value is 0.052; the minimum value is 0, which
may be due to insufficient sensitivity of the digital meter
(Fig. 3,b).
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Fig. 3. Histogram of the observation results under the
assumption of a normal distribution law of the measured
dielectric absorption parameters

Assessment of error of measurements of
capacitance and dielectric loss tangent. The calculated
standard measurement uncertainty of type A, due to
random sources of uncertainty having random nature, in
accordance with (2) is u(C;) = 7.5007-10" F or 0.00153 %
for the capacitance; u(tgd;) = 2.0771-10° or 1.45 % for
the dielectric loss tangent.

The standard measurement uncertainty of type B for
systematic uncertainty sources, i.e. the instrument error is
1.9827-10" F or 0.4 % for the capacitance and
5.7983:10° or 0.4 % for the dielectric loss tangent,
respectively.

The total standard uncertainty: 1.9841-10"" F or
0.4 % for the capacitance and 2.1565-10"" or 1.5 % for
the dielectric loss tangent, respectively.

The expanded uncertainty of the measurement
results with a digital immitance meter E7-22 is for a
capacity 0.8 %, for the dielectric loss tangent 3 %,
respectively, for the confidence probability (probability of
coverage) P =0.95 and the coverage coefficient k = 2.

Conclusions.

A  methodology for assessing the error of
measurements of dielectric absorption parameters of
electrical insulation structures within the framework of
the concept of measurement uncertainty is presented.

Testing the methodology for assessing the error of
control of electrical insulating structures in terms of the

capacitance and the dielectric loss tangent in the concept
of measurement uncertainty is carried out on the example
of a twisted unshielded pair of category Se.

A statistical analysis of the results of multiple
measurements of the capacitance and the tangent of the
dielectric loss angle of an unshielded cable is carried out.
The linear regression equations for the measured values of
the dielectric absorption parameters on the number of
measurements are obtained.

The error of measuring the capacitance and the
tangent of the dielectric loss angle of an unshielded cable
has been evaluated. The standard measurement
uncertainty of type A is 0.00153 % for the capacitance
and 1.45 % for the dielectric loss tangent. The expanded
uncertainty of the measurement results with an E7-22
digital immitance meter for the confidence probability
(probability of coverage) P = 0.95 and the coverage
coefficient £ =2 is 0.8 % and 3 % for the capacitance and
the dielectric loss tangent, respectively.

Ensuring unity in the methods for assessing the error
of measurement results, both when using the traditional
concept of «measurement result error» and when
introducing the concept of «measurement result
uncertainty» into practice, will allow to unambiguously
interpret and correctly compare the results of
measurements of the capacitance and the tangent of the
dielectric loss angle of electrical insulation structures.
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