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ABSTRACT

Significant non-technological losses of electricity are observed in 0.38 kV distribution networks, which lead to financial dam-
ages of energy supply companies. The reason for their occurrence is the deficiencies in the accounting units functioning in the re-
duced load mode, which occurs during the downtime of the main technological equipment. The purpose of the study is to increase the
accuracy of electricity measurement by a commercial accounting unit in the reduced load mode based on mathematical modeling of
measurement uncertainty. Evaluation of regression parameters for the static characteristics of measuring current transformers in the
reduced load mode is carried out using the covariance analysis methods and analysis of regression residuals. Estimation of the non-
random uncertainty of electricity measurement by one measuring channel of the accounting unit was carried out using the fuzzy set
theory. The polynomial approximation of the experimental values of the membership function for the measured quantity was carried
out according to the maximum norm method. The least square method was used to approximate the boundaries of fuzzy functions. As
a result of research, a universal static characteristic of a measuring current transformer of a certain accuracy class was obtained at a
reduced primary current. It was established that the sample estimates uncertainty of the current transformer error of the 0.5 S accura-
cy class changes from =11.7 % to 1.7 %. The uncertainty of electricity measurement by the commercial accounting unit in the re-
duced load mode is proposed to be estimated by a fuzzy function. The developed mathematical model takes into account the depend-
ence of the fuzzy interval boundaries, which characterizes the measurement result, on the phase currents asymmetric values. Compar-
ison of the analytically obtained membership function for the relative deviations of the readings of the accounting units with the em-
pirically obtained value of such a deviation made it possible to establish the limit value of the confidence level, which was not less
than 0.54 at the minimum permissible value of 0.4 of the adequacy criterion. This confirms the adequacy of the results of mathemati-
cal modeling with experimental data. Estimating the electricity metering uncertainty with a fuzzy interval increases the accuracy of
the measurement, as it allows clarifying the monthly electricity consumption by taking into account the energy that was consumed
during the reduced load mode.
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INTRODUCTION electricity accounting units based on digital meters
are characterized by insufficient measurement accu-
racy in the reduced load mode. This mode accompa-
nies the downtime of the main production equip-
ment, when electricity is consumed for auxiliary
purposes (lighting, security etc.). Measurements for
industrial enterprises showed that the level of un-
deraccounting can exceed 50 % [2].

The need to improve the accuracy of electricity
accounting in order to reduce the economic losses of
energy supply companies determines the relevance
of the study.

Reduction of technological and non-
technological losses of electricity is one of the main
priorities for the development of the energy sector of
any country. In particular, for 9 months of 2021, the
amount of total technological energy losses in the
power grids of Ukraine amounted to 10.6 % of the
total supply of electricity [1]. During the post-war
reconstruction of the Ukrainian energy system, the
issue of reducing electricity losses becomes espe-
cially relevant, as it will allow decreasing the finan-
cial costs of energy supply companies, directing the
saved funds to the reconstruction of power grids. LITERATURE REVIEW

The data of automated system for commercial
accounting of power consumption, as well as the
possibilities of advanced measuring infrastructure,
are used to estimate electricity losses. However,

Commercial accounting of electricity in distri-
bution 0.38 kV grids is carried out with the help of
accounting units, which include measuring equip-
ment: measuring current transformers and a meter
[3]. Current transformers of electromagnetic
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type are most often used, but proposals to use a
Rogowski coil [4] or Hall effect sensors are known.
The volume of the global measuring current trans-
formers market for accounting units in 2022 is about
USD 300 million and will grow by 2028 [5]. Per-
missible measurement errors, determined by the ac-
curacy class of the current transformer, are provided
only in the normalized range of primary currents [6].

Electricity measurement is based on time inte-
gration of the power consumed by the load. Induc-
tion meters, due to low accuracy and sensitivity, are
replaced by more advanced measuring devices. Stat-
ic electricity meters are widely utilized, in which
analog-to-digital conversion is used to measure cur-
rent and voltage. The calculated value of the active
power is converted into the pulses frequencies,
which are sent to the counting mechanism. The latter
performs energy calculation by integrating the pow-
er and saving the result. Such devices are being ac-
tively replaced by digital electricity meters.

The operation of the digital meter is based on
the analog-to-digital conversion of currents and
voltages instantaneous values and the implementa-
tion of the measurement principle by a microcontrol-
ler at the software level [7].

Based on discrete readings of voltage u(n) and
current i(n), the active energy can be calculated
as [8]:

N
2 un]-i[n]
w=00___ = : 1)

S

where N is the number of counts; F=F/(P+1) —
sampling frequency; F: is the frequency of the timer
with the setting of the counter register Py.

The accuracy of the measurement is significant-
ly determined by the metrological characteristics of
analog-to-digital converters [9], among which the
sigma-delta and sequential approximation converters
are most widely used.

Many algorithms for measuring power compo-
nents and, accordingly, energy in the time and fre-
quency domains were developed. In particular, in
[10], the spectral composition of voltage and current
is determined for two samples of measured values
using the discrete Fourier transform. Based on the
processing of the real and imaginary parts of both
spectra, the power components are obtained in real
time. The active power measurement algorithm pro-
posed in [11] involves the use of filters with an infi-
nite impulse response to separate the component
signals by voltage and current while minimizing
noise. The overall estimate of the active power is

determined using an adaptive low-pass filter of the
specified type for averaging instantaneous power
values.

Successes in the development of digital proto-
cols for remote data exchange made it possible to
build automated systems for commercial electricity
accounting [12]. With the increase in the amount of
electricity accounting data, the issue of their verifi-
cation and validation to ensure financial calcula-
tions, accuracy, completeness, integrity and reliabil-
ity is receiving more and more attention [13].

The construction of micro grids and smart grids
[14] led to the need to allocate a separate class of
electricity meters — “smart” devices [15]. The global
smart electricity meter market for 2021 was estimat-
ed at USD 25 billion, for 2022 — more than USD 28
billion. By 2030, the market is expected to expand to
USD 55 billion with an annual growth of about 11%
[16]. A characteristic feature of smart electricity me-
ters is the possibility of two-way data exchange,
which permits to implement the concept of advanced
metering infrastructure [17].

The latter allows reading measurement infor-
mation in real time, as well as sending a dynamic
price to the meter (time-based pricing), providing
demand response for the purpose of reducing de-
mand and, accordingly, electricity prices during
peak hours, remotely disconnecting a consumer [18].

Today, phasor measurement units, which are
considered one of the key components of future
grids, are being intensively implemented [19].

For example, ABB RES670, SATEC PM180
etc. Such devices provide estimation of the position
of complex vectors. The current (or voltage) of the
grid is represented by a dynamic vector X with var-
iable amplitude and frequency:

X(t)=a(t) -e*®, )

where a(t) =X, -g(t)/\/§ is amplitude of the dy-
namic vector; Xm-g(t) is modulated amplitude of the
measured signal; o(t) is phase of the vector.

At the same time, the devices measure the val-
ues of the vector (2) discretized with the period Ts,
which are described by the dependence:

>_((nTs) =a(nT,)-exp[j(wonTs +@(nTy)]. (3)

The rotating vector (3) can be multiplied by

e 190 19 stop.

The discredited values of the stationary com-
plex vector for current or voltage are obtained:

X(nT,) = a(nT,) - e, (4)
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according to which the state of the grid is analyzed.

The evaluation of the phase of complex vectors
is carried out in synchronization with the global po-
sitioning system, which ensures the unity of meas-
urements at different points of the power grid. The
measurement results, obtained from the specified
devices, are used, in addition to the grids protection,
also for accounting of active, reactive and total ener-
gy [20].

The functioning of smart electricity meters as a
part of advanced measuring infrastructure has actu-
alized the issue of remote, without physical access to
the meter, assessment of accounting accuracy and
automatic detection of devices whose error exceeds
permissible limits. In particular, there is a known
method of online estimation of the smart meter error
based on an array of daily indicators, which involves
the selection of accounting errors, constant losses,
and losses in lines [21]. Estimating the error of the
consumer meter is possible based on the analysis of
the nodal meter readings in a tree-like topology by
means of k-means clustering and regularization [22].
There is also a well-known proposal to estimate the
error of a digital electricity meter, which takes into
account the errors of analog-to-digital conversion
and data transmission, using the Monte Carlo meth-
od [23]. The improved local outlier factor method
[24] is used to detect outliers (measurement results
stood out from the total sample) due to external
noise and disturbances. Moreover it is proposed to
find a combined estimate of the measurement error
and external disturbances using kernel support vec-
tor regression. A method for detecting deviations
from the acceptable limits of errors of smart meters
by applying multiple linear regressions to data com-
ing from an advanced measuring infrastructure, with
the involvement of Tikhonov regularization and op-
timization based on generalized cross-validation in
the distribution grid of a tree-like structure is also
proposed [25].

There are known developments in the direction
of remote calibration and verification of smart elec-
tricity meters, which should replace standard meth-
ods (watt-second, a digital source method etc.). In
particular, it is proposed to include a calibration cir-
cuit with a stabilized voltage source in the meter for
remote calibration in automatic mode [26]. Another
approach involves estimating the accuracy of the
measurement based on the analysis of the data from
the meter, using a recursive algorithm [27].

In recent years, a lot of attention has been paid
to evaluating the reliability indicators of the opera-
tion of smart meters and studying the effect of aging
on the accuracy of accounting. It is known about the

use of the Monte Carlo method and the failure tree
to predict the reliability and fail-safe operation of
smart electricity meters [28]. A method for estimat-
ing the measurement error that takes into account the
degradation of smart meter elements under the influ-
ence of external factors (temperature, humidity, cur-
rent load in the operating mode) is proposed. To ap-
proximate the degradation characteristic, a feed-
forward neural network is involved [29]. There is
also a known method for estimating the measure-
ment error for smart meters, which is based on a
modified back propagation method for a neural net-
work [30]. The method makes it possible to detect
meters with abnormally large error values.

The current error of measuring current trans-
formers has a significant impact on the accuracy of
electricity metering by a digital meter [31]. Errors
arise due to the distortion of the static characteristic
Is(1) of the current transformer in normalized operat-
ing modes [32]. In the area of small loads, the result-
ing error of the measuring channel of the accounting
unit can reach from —30 % to —90 % [33]. Therefore,
the authors suggest taking into account the depend-
ence of the calculation errors on the current for the
correction of the measurement results in automatic
mode. The measurement accuracy, especially in the
low primary currents range (up to 10% of the nomi-
nal value) of the measuring transformer, is signifi-
cantly affected by the material from which the core
is made. For cold-rolled steel, the current error is
from —3 % to —5.5 %. The error can be reduced to —
1 % on average when using a core made of nano-
crystalline materials or their combination with steel
[34]. To minimize the error when operating in non-
standard conditions, a multi-winding current trans-
former can be used [35].

Thus, in digital and smart electricity meters the
principle of measurement is implemented at the
software level. The functioning efficiency of the en-
ergy market is determined by the accuracy of com-
mercial accounting, which depends on the metrolog-
ical characteristics of electricity meters and measur-
ing transformers. The construction of information-
measuring systems for commercial electricity ac-
counting allows for remote control and correction of
errors of accounting means, which transfers the im-
plementation of the task of maintaining the specified
accuracy of accounting to the software level of ad-
vanced measuring infrastructure. Known studies an-
alyze the errors accompanying overloading of me-
ters by current, at the same time, insufficient atten-
tion is paid to the issue of accounting accuracy in the
reduced load mode.
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THE PURPOSE AND TASKS OF
THE STUDY

The purpose of the study is to increase the
accuracy of electricity measurement by an
accounting unit in the reduced load mode based on
mathematical modeling of measurement uncertainty.
This will make it possible to clarify financial
calculations between suppliers and consumers of
electricity.

To achieve the purpose, it is necessary to solve
the following tasks:

— to improve the procedure for identifying the
metrological characteristics of the accounting unit in
the reduced load mode;

— to substantiate a mathematical model for
estimating the  uncertainty of electricity
measurement in the reduced load mode;

— to assess the adequacy of the proposed
mathematical model with experimental data.

MATERIALS AND RESEARCH METHODS
OF ELECTRICITY ACCOUNTING
ACCURACY ESTIMATION

The following methods were used to evaluate
the parameters of the static characteristics of
measuring current transformers in the reduced load
mode. The methods of analysis of covariance were
used to evaluate the influence significance of the
parameters of individual measuring current
transformers on the nature of the regression
dependence describing the static characteristic, and
to evaluate its parameters. Verification of the
appropriateness of the selected regression model for
describing the static characteristics of current
transformers was carried out by analyzing the
regression residuals. At the same time, statistical
hypotheses were checked using the Student's,
Fisher’s, Kolmogorov-Smirnov and Durbin-Watson
tests.

The assessment of the non-random uncertainty
of electricity measurement by one measurement
channel of the accounting unit was carried out using
the theory of fuzzy sets based on the method
proposed in manuscript [36]. The polynomial
approximation of the experimental values of the
membership function of the measured quantity was
carried out according to the criterion of the
maximum norm method. When approximating the
boundaries of fuzzy functions, the least square
method was used, for the numerical implementation
of which the simplex Nelder-Mead method of
minimizing the function of several variables was
applied.

For an experimental study of the accuracy of

electricity accounting in the reduced load mode of
the accounting unit, the following equipment was
used: transformer connected meter NIK2307 ART
T.1600.M2.21, measuring current transformers T-
0.66-600/5 and T-0.66-300/5. The actual energy
value was determined by the direct connection meter
NIK2307 ARP3 T.1600.M2.21. The accuracy class
of measuring devices is 0.5 S. Incandescent lamps
were used to create an active load.

RESEARCH RESULTS OF ELECTRICITY
ACCOUNTING ACCURACY ESTIMATION

Metrological characteristics identification of
the accounting unit in the reduced load mode

The accuracy of electricity measurement by the
={A, B, C} measuring channel of the accounting
unit in the reduced load mode can be estimated by
the relative deviation dW; of the active energy
measured for the time interval At between the
readings of the transformer connected meter (PI1)
and the direct connected meter (PI2), which is
determined under the assumption of zero current in
the other two channels [37]:

W1 (A1) »
W2 (A1)

The deviation of the readings of the transformer
connected meter from the direct connected meter for
three measuring channels can be determined taking
into account the currents I of the channels [38]:

1 -8W (1)
¢

2l
g

SW, (At,1,)= (5)

SW(IA’IB’IC): (6)

Suppose that for the {-th measuring channel at a
fixed value of the load current I, (v is the number of
the current level) sample values of the relative
deviations of the meters readings oWgi(ls,) were
obtained, where the index i denotes the number of
the sample value. Let's establish a set {X}} of
confidence levels, and; > A

level I, the L-R boundaries of the fuzzy interval for
the relative deviations of meter readings can be

41 - For each current

found at a given confidence level X} :

oW &y = l:SWLgY - 5 SWRCY
]

b0

At the confidence Ievelx’}, the obtained L-R

boundaries of fuzzy intervals for each of the y
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current levels can be approximated by the depend-
ences SWLQ(IQ)X, , SWRQ(IQ)X,. Let us assume that
i i

the approximation of the left and right boundaries of
sets of fuzzy functions is carried out by nonlinear
dependencies F.

Let us denote the sets of parameters for the left
{L;} and right {R;} boundaries, then:

s =Fllolgtl @®
s =Flle®gl] O

Wi (1)

SWre (1)

The dependencies represent the boundaries of
the fuzzy function, which for A describes the accu-

racy of accounting for the { measuring channel:

6W4u>=ﬁwmua

o5 Weg(lo)

- } . (10)

Thus, the dependence of the relative deviation
of meter readings on one measuring channel on the
current is proposed to be represented by a fuzzy
function (10). Such a function, at a given signifi-
cance level, characterizes the accuracy under the
condition that the current flows only in the specified
phase of the accounting unit.

Mathematical model for estimating the
uncertainty of electricity measurement

Representation of the measuring channels char-
acteristics by fuzzy functions (10) makes it possible,
in accordance with the dependence (6), to obtain a
fuzzy function that characterizes the uncertainty of
electricity measurement by a three-phase accounting
unit for the given values of the phase currents
Ia, I8, lc:

ZIC'SWC(IC)

SW(l 15, 1c) == (11)
S
; ¢

The calculated empirical points, corresponding
to the boundaries of the fuzzy function

OW(Ia,lg,1c) for a set of confidence levels, can

be approximated.
As a result, the membership function papc for

dW can be obtained, namely:
Habe, BW), if SW <3W,;

. (12)
Mane, (W), i 3W >3W,.

Hape (OW) = {

Such a membership function corresponds to the
given values of the channels currents. The accuracy
of electricity measurement by a specific accounting
unit is evaluated according to panc, taking into ac-

count the limit level of confidence A, . For specific

measuring means, the value kf, can be determined

in advance on the basis of experiments number.
They can be planned as a full factorial experiment,
when the levels of phase currents are considered as
independent factors. The objective function in each
of the implementations of experiments is the value
dWe, by which, according to the membership func-
tion panc, it is possible to calculate the sample value

of the confidence level A,. The sample of A, ob-

tained in this way is checked for the random outliers,
and after rejecting them, it is possible to check the
hypothesis of a normal distribution of the sample
values according to one of the known tests. If the
hypothesis of a normal distribution of empirical
sample values of confidence levels is not rejected (at
the accepted level of significance), it is possible to

calculate the sample values of mean m[kZ] and

standard deviation s[A, ] .

Then, to find the limit confidence level, it is
suggested to use the dependence, which includes
empirical values with a probability of 0.95, namely:

Ay = Mg ] - 202, ]. (13)

Since measuring current transformers have a
significant impact on the accuracy of accounting, the
mathematical model should be supplemented with
the static characteristic of such a measuring trans-
former at a low primary current.

Suppose that the following statistical model
corresponds to the specified characteristic:

() =p+t+B-(17 =T, (14)

where [ is statistical estimate of the relative value
of the secondary current of the current transformer;
I is relative value of the primary current of the
current transformer; T~ is average relative value of
the primary current in the reduced load mode of the
accounting unit; (i is estimation of the average val-
ue of the secondary currents of the measuring trans-

former; t is the parameter corresponding to the in-
fluence of the transformation coefficient of the

A

measuring transformer; B is estimate of the linear
regression coefficient.
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The proposed mathematical model for estimat-
ing the uncertainty of electricity measurement by an
accounting unit during reduced load mode is sum-
marized in the block diagram, Fig. 1. Blocks of sub-
system | provide identification of metrological char-
acteristics of the accounting unit in the reduced load
mode. Identification is carried out once for a specific
type of accounting unit. The input values are the
phase currents la, lg, Ic of the load. For each of the
measuring current transformers, the parameters of
the static characteristic (14) are estimated, which is
presented in the diagram, Fig. 1, by blocks 1, 2, 3 for
phases A, B, C, respectively.

The obtained characteristics are used for esti-
mation of the parameters of fuzzy functions (10) for
each phase (blocks 4-6). The L-R boundaries ap-
proximation of such functions by the nonlinear de-
pendence of the selected type at given significance
levels, which in the general case is described by ex-
pressions (8), (9), makes it possible to obtain sets of
values of the parameters of the specified nonlinear
dependence, to which blocks 7-9 are corresponded.

Ly Ip Ic
I
1 2 3
fsA(f.4)| i.sB([B)‘ ig('(](’)|
“y v Sy v 6y
| s || up || scuo |

| R A |

| o wn || e e || terzey ]

|10 I I I

SW (I 4. 1. 1c) ‘1.4 Ig| I

‘,sH ‘;8“5’3) /uabc(SH/}
14
Iy fellgc

Wy Wg]
Fig. 1. Block diagram of the mathematical model
for estimating the uncertainty of electricity
measurement in the reduced load mode of the

accounting unit
Source: compiled by the authors

At the same time, the identification of measur-
ing channels characteristics (for example, for the
phase A channel — by blocks 1, 4, 7) is carried out at
the zero current of the other two channels. The inde-
pendence of the measuring channels functioning

makes it possible to determine the relative deviation
(6) of the meter readings as part of the accounting
unit from the actual value of the consumed energy.
The application of such dependencies for the analyt-
ical determination of the relationship between the
left and right boundaries of the fuzzy function (11),
which characterizes the accuracy of accounting, with
the values of phase currents, is carried out by block
10. Using the fuzzy function for the accounting unit,
defined in block 10, makes it possible to estimate the
confidence limit, block 11. Such evaluation is car-
ried out according to (13) on the basis of experi-
ments in which the accounting unit operates in the
reduced load mode with asymmetric currents of
three channels. As a result of characteristics identifi-
cation of the accounting unit (at the output of sub-
system 1), an analytical expression for the fuzzy
function (11) is obtained, which characterizes the
uncertainty of electricity measurement (output of
block 10), and the limit value of the confidence level
(output of block 11).

Metrological characteristics identified in sub-
system | serves as input values for subsystem Il. The
latter makes it possible to estimate the uncertainty of
electricity measurement at specific currents during
the reduced load mode. It is possible to directly
measure the primary currents of the accounting unit,
but this approach is characterized by disadvantages
in practice. In particular, it is necessary to use addi-
tional means of current measurement designed for
the flow of working and emergency currents of the
consumer. In addition, for such additional means of
current measurement, it is necessary to determine
the static characteristics in the reduced load mode.
Therefore, it seems rational to control the secondary
currents of the measuring transformers included in
the accounting unit. When using the ability of the
digital meter of the transformer connection to meas-
ure currents and output the measured values, the im-
plementation of the subsystem Il functions can be
carried out programmatically without additional
hardware. This approach is also justified by the
presence of static characteristics of measuring trans-
formers, which were defined in blocks 1-3. This al-
lows, using the inverse of (14) dependencies, to es-
timate the primary currents by the secondary cur-
rents, blocks 12-14.

The load currents estimated in this way are
passed to block 15, which determine the member-
ship function (12) for the fuzzy function coming
from block 10. According to the obtained member-
ship function, taking into account the limit level of
confidence that comes from block 11, block 15 de-
termines the relative deviation of the readings of the
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transformer connected meter from the actual value
of the consumed energy, which is described by a

fuzzy number dW .

At the output of block 15, the L-R boundaries
of the specified fuzzy number are given at the limit
confidence level:

SW =[8W, ; SWq]. (15)

The actual value of energy consumption during
the reduced load mode at specified a current (the
system of currents may be asymmetrical) is de-
scribed by a fuzzy number, which is defined as:

W=—P1_ (16)

At the limit level of confidence, the fuzzy num-

ber W of the actual amount of electricity is charac-
terized by the limits estimated in block 16 according
to the dependence:

WPIl WPIl ( )
SWg +1" W +1 |

W=[W_; WR]:|:

where Wpi1 — the amount of electricity measured by
the transformer connected meter during the reduced
load mode.

The boundaries of the fuzzy value (17) are the
output value of subsystem Il and the mathematical
model. Interval [W.; Wg] defines the boundaries in
which the actual electricity consumption lies during
the operation of the accounting unit in the reduced
load mode at the specified limit level of confidence.
For practical application, it is possible to accept the
right boundary Wr of the indicated interval as the
actual value of electricity consumption during the
reduced load mode in the most unfavorable condi-
tions, which opens the way to the practical applica-
tion of the proposed model.

Adequacy assessment of the mathematical
model

The experimental study of the characteristics of
measuring current transformers in the reduced load
mode was carried out for converters of type 300/5
and 600/5 of the 0.5 S accuracy class. Testing of the
hypothesis regarding the possibility of using
dependence (14) to describe the static characteristics
of the measuring current transformer was carried out
using methods of analysis of covariance. At the first
stage, a one-way analysis of variance was performed
to check the hypothesis HO about the absence of a
statistically significant effect of the transformation
coefficient on the static characteristics of the current

transformer at reduced primary current (t;=0).
Competing hypothesis H1: t1#0. The empirical value
of the F-test (Fo=0.186) is less than the critical point
Fc (o; m—1; m(n—1)-1)=F.(0.05; 5; 95)=2.310 at the
significance level @=0.05. Therefore, HO: 7=0
cannot be rejected.

The numerical the assessment

(=5.965-10" was determined according to the
dependence [39]:

value of

n

Z sij -

. 1
=lg=— (18)
m-

T MS

To estimate the value of the parameterﬁ, the

hypothesis HO: =0 is tested against the hypothesis
H1: B#0. The empirical value of the F-test
Fo=4.828-10* significantly exceeds the critical point
F¢(0.05; 1; 95)=3.941, which indicates acceptance of
the alternative hypothesis HI1: p#0. Then the
estimate of the linear regression coefficient equals
to:

B=E/Epp (19)
whereby
2
m n - 1 n -
ZZZEH ——Zhj] : (20)
i=1j=1 Nja

m n N 1 n -
EpSZZZ(Iij__ZIij}{ sij — zlqu(Zl)
i=1 j=1 Nj=1

According to the results of the experiment,
[§=9.932-10*1 was calculated. Then the statistical

model for the static characteristics of the measuring
current transformer of the accuracy class 0.5 S with
a reduced load of the accounting unit is:

(7)) =a"+B-1",

where ' =[i—B-1T =-1.369-10*.
Checking the adequacy of such a covariance
model with experimental data is carried out by
testing the regression residuals at a confidence level
of 0.95. According to the Kolmogorov-Smirnov test,
the hypothesis about the distribution normality of the
regression residuals was not rejected. The hypothesis
of a zero mean of the regression residuals was not
rejected according to the t-test. Using the Durbin-
Watson test, it was established that the
autocorrelation between the regression residuals is

not statistically significant.
The experimental study of the accuracy of

(22)
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accounting was carried out using 600/5 current
transformers of the accuracy class of 0.5 S as part of
the accounting unit. To assess the deviation
uncertainty of the readings of the transformer
connected meter from the direct connected meter, 71
experiments were carried out on the measuring
channel of phase A (Fig. 2), phase B — 66
experiments, phase C — 67 experiments.

W 4, %

,]: ol P

EsT1 . v

g ', %
Fig. 2. Empirical points and fuzzy intervals for
8Wa characterizing the uncertainty of electricity
measurement by the accounting unit in the re-

duced load mode at a confidence level of 0.4
Source: compiled by the authors

02 06 10 14

For each confidence level, the boundaries (8),
(9) of fuzzy functions (10) were approximated by
the sum of two exponents:

F(x{K}) =K -exp[-x/ K@+
+ K@ exp[-x/ KW+ K®),

where {K}={K®Y,...,K®} — a set of parameters.

For example, at a confidence level of 0.4, the
fuzzy function that characterizes the uncertainty of
electricity measurement by the phase A channel of a
three-phase transformer connected meter in the re-
duced load mode is [40]:

(23)

W, (1) =[K®; KP]x
_|Z
Xexp| —=——— |+
[KF’:KS)]]

) ) (24)
+[KP KPP
_|;

XeXp| —
(K KET

JHKES’;K@],

where  K®=-2.72-10% K® =-6.01-10%
KI(_Z) =2.03; Kéz) =9.35; KI(_B) 29841072,
KO=56410% KP=215 KP=1.93-107%;

K® =3.42; K& =-7.25.

It was established that with currents from 0.2 % to
0.8 %, the level of underaccounting in the most
unfavorable conditions can be from —32 % to -8 %. As
the current value increases, the largest underestimation

decreases, reaching 3 % at a current of 2 %.

As an adequacy criterion of the results of
mathematical modeling with the experimental data,
it is proposed to consider the actual value exceeding

the confidence level A of the minimum permissible

level of 0.4, which is typical for samples with a
volume of up to several hundred elements [36]. 8
experiments were conducted with asymmetric
currents of the measuring channels, the values of
which were chosen randomly. The actual value of
the confidence level in all experiments was

A, >0,54. This gives reason to accept the

hypothesis about the adequacy of the mathematical
modeling results to empirical data.

DISCUSSION OF THE RESULTS OF
ELECTRICITY METERING ACCURACY
ESTIMATION

It is proposed to evaluate the accuracy of
electricity metering in the reduced load mode by the
value of the relative deviation of the transformer
connected meter readings from the readings of the
direct connected meter. For one measuring channel,
such an estimate is calculated according to
dependence (5), for a three-phase accounting unit —
according to (6). The correctness of using a direct
connected meter to evaluate the actual energy value
is determined by the operation of such a device in
the current range in which the error is normalized
according to the accuracy class. This approach is
implemented without unnecessary complications in
laboratory conditions when studying the accuracy of
specific measuring equipment.

The identification of metrological
characteristics of measuring channels involves the
estimation of sets of dependences (8) and (9)
parameters for each of the given confidence levels.
Such dependencies correspond to the set of
boundaries of the fuzzy function (10), which
characterizes the accuracy of accounting for a
specific measuring channel. This makes it possible
to determine the fuzzy interval (7) of the relative
deviation of meter readings on each channel
according to the current value. Taking into account
the obtained intervals in dependence (6) ensures
consideration of the asymmetry of the phase currents
during the reduced load mode.

The mathematical model, which allows
estimating the uncertainty of electricity
measurement, defines a fuzzy function (11), which
characterizes the accuracy of measuring equipment,
and a membership function (12). The latter, as it
depends on the phase currents and dW, is determined
for specific values of the mode parameters. A
methodology for estimating the limit level of
confidence (13) is proposed, which is based on the
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results of comparing meter readings in case of
asymmetric phase currents. Such an estimation
finding during preliminary tests of the accounting
unit specifies the conditions for analyzing the results
of field tests. Also, carrying out measurements in
manufacturing conditions is simplified thanks to the
preliminary identification of the metrological
parameters values of the accounting unit, which is
illustrated by the diagram in Fig. 1. In addition, a
technique for estimating the parameters values of the
universal static characteristic (14) of measuring
current transformers of a given accuracy class is
proposed. The use of such a characteristic allows the
implementation of the proposed mathematical model
exclusively at the software level of the information-
measuring system, without the use of additional
hardware.

The validity of the estimation of the parameters
values of the universal static characteristic (22) for
current transformers of the accuracy class 0.5 S is
confirmed by the use of analysis of covariance
methods and known tests for checking statistical
hypotheses, as well as the results of the analysis of
regression residuals. The adequacy of the
mathematical model that estimates the accuracy of
electricity measurement is confirmed by the
empirical value of the confidence level (0.54)
exceeding the minimum permissible value (0.4).

The disadvantages of the proposed approach
include the need for preliminary identification of the
metrological characteristics of a specific accounting
unit. The labor intensity of such a procedure can be
reduced by automating laboratory studies.

In the case of a decrease in the load level of
current transformers to values at which the
permissible error is not normalized for a given
accuracy class (in accordance with [6]), or at which
the electric energy meter of the transformer
connection operates in the insensitivity mode (in
accordance with the passport data of the meter),
which causes underaccounting of electric energy, the
energy supply company may recommend to the
consumer to perform reconstruction or technical re-
equipment of the electric energy accounting unit
taking into account, when choosing measuring
equipment, the current load level. Technical re-

equipment of the accounting unit should provide for
the selection of measuring current transformers in
accordance with the actual power of the load
operating at the consumer. Also, current
transformers can be selected of a higher accuracy
class. If current transformers of accuracy class 0.5 S
were used before re-equipment, then it can be
recommended to use devices of accuracy class 0.2 S.

If the replacement of measuring current
transformers does not give a significant effect, it is
possible to recommend the reconstruction of the
power supply system in order to separate the
accounting of electricity consumed by production
machines and electricity spent on lighting the
territory and auxiliary needs. In this case, the
reduced load mode of the accounting unit will be
eliminated, since each of the units will function in
the normalized mode, which will increase the
accuracy of electricity measurement.

CONCLUSIONS

Improving the metrological provision of
electricity with digital and smart meters as part of
distributed information-measuring systems
(automated systems of commercial electricity
accounting, advanced measuring infrastructure) is
important  for  maintaining  the  necessary
measurement accuracy. This becomes especially
relevant in the reduced load mode of the accounting
unit, when there is a significant underaccounting of
electricity. The hypothesis about the possibility of
representing the static characteristics of the
measuring current transformer at a reduced load of
the accounting unit by a linear statistical model has
been confirmed. A mathematical model of the
uncertainty  of  electricity  measurement s
substantiated, which is represented by a fuzzy
function and takes into account the metrological
characteristics of each of the measuring channels,
the membership function for which is determined
taking into account the values of the currents of the
phases of the accounting unit. Adequacy of
mathematical modeling results is confirmed by
experimental data.
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AHOTALIS

B posnonineHux enekrpomepexax Hampyroio 0,38 kB croctepiraroTbcs CyTTEBI HETEXHOJOTIUHI BTPATH €JIEKTPOEHEeprii, o
MIPU3BOAATH 10 (D iHAHCOBHX 30MTKIB €HEpronocradaJbHUX KoMITaHid. [IpHurHOI0 iX BUHHKHEHHS € HEeJO0JIiKH (QYyHKIIOHYBaHHS BY3-
7B OOJIKY MiJ] 9ac peXKMMY 3HIDKCHOTO HaBaHTa)KSHHSI, III0 Ma€ MiCIie MIPOTSATOM IIPOCTPOiB OCHOBHOTO TEXHOJIOTIYHOTO 00JIaHAH-
Hi. MeTolo IOCH/UKEHHS € IIJBHINEHHS TOYHOCTI BHMIPIOBAaHHS €JIEKTPOEHEpPril BY3JIOM KOMEpLIHHOrO OONIKy B PEeXHMI
3HIDKEHOT'O HAaBaHT)KEHHS HA OCHOBI MAaTEMaTHYHOTO MOJEINIOBAHHS HEBU3HAUYEHOCTI BUMipioBaHHs. OLIHIOBaHHS IapaMeTpiB pe-
rpecii JuIs1 CTaTHYHOI XapaKTEPUCTUKH BHUMIPIOBAIEHHUX TPAaHC(HOPMATOPIB CTPYMY B PEKHMMI 3HHIXKEHOTO HaBaHTa)KEHHS 3/iHCHIO-
€THCS 3 BAKOPUCTaHHIM METOJIiB KOBapiallifHOTo aHali3y Ta aHali3y perpeciiHux 3anumkis. OIiHIOBaHHS HEBHUITAJIKOBOI HEBU3HA-
YEHOCTi BUMIPIOBAHHS €JIEKTPOCHEPTil 32 OAHMM BHMIpPIOBAJIGHHM KaHAJIOM By3Ja OOJIKY 3[iHCHIOBAIOCS 3 BUKOPUCTaHHSIM TeOpii
HediTkux MHOXHH. [TosiHOMIianpHa anpoKCUMAIisl eKCIIepUMEHTAIBHIX 3Ha4eHb (DYHKIIi HPHHAIC)KHOCTI BUMIPIOBAHOI BEITHYNHU
3IiHCHIOBANACS 3 BUKOPHCTAHHSAM METOJNy MaKCHMalbHOT HOopMH. [Ipu ampokcumarii MeX HediTKUX (YHKIIH BHKOPHCTOBYBAaBCS
METOJ HaiMEHIINX KBaapariB. B pe3ynpTari HOCHIIKECHb ONEpKaHO YHIBEPCAIbHY CTATHUHY XapaKTEPHUCTHKY BHUMipPIOBAJIBLHOTO
TpancdopMaropa cTpyMy BH3HAUCHOTO KJAacy TOYHOCTI NPU 3HWKEHOMY HMEPBUHHOMY CTpyMi. BCTaHOBIEGHO, 110 HEBHU3HAUYEHICTDH
BHOIPKOBHX OLIIHOK CTPyMOBOi MOXHOKH TpaHc(hopMaTopa cTpyMy knacy TodHocti 0,5 S 3mintoersest Big £11,7 % mo +1,7 %. Hesu-
3HAYEHICTh BHUMIPIOBAaHHS €JIEKTPOCHEPTii BYy3JIOM KOMEPIIHHOTO OOJIKY B PEKHMMi 3HIDKEHOTO HABAaHTAXXCHHS 3allPOIIOHOBAHO OIli-
HIOBATH HEUiTKOI (QyHKIi€er0. Po3pobieHa MaTeMaTHYHa MOJIENIb BPaXOBY€ 3aJIEKHICTh MEX HEUITKOTO 1HTepBally, SIKUIl XapaKTepH-
3y€ pe3yabTaT BUMIPIOBAaHHS, BiJl BETMUYUH HECUMETPUYHHX CTPYMiB (pa3. 3icTaBieHHsS aHATITHYHO OTpUMaHOI (DYHKIIT MPHHAIEK-
HOCTI ISl BITHOCHUX BiIXWJIEHB MOKAa3iB By3Ja OOJIKY 3 EMITIPHYHO OJICPYKAHOIO BETMYHUHOIO TAKOTO BiIXHIICHHS JJAJI0 3MOTY BCTa-
HOBHTH TpaHWYHE 3HAUYEHHA PiBHA IOBipH, 0 He Oyio meHme Bix 0,54 mpu MiHIMaIBHO JOMycTUMOMY 3HadeHHi 0,4 KpUTepis aiek-
BaTHOCTI. lle miATBepIKye aleKBaTHICTH PE3yibTaTiB MATEMATHYHOTO MOJENIOBAHHS EKCIIEPHMEHTATbHUM MaHuM. OLiHIOBaHHS
HEBU3HAYCHOCTI OOJIKY €JeKTpPOeHEepril HEWITKUM IHTEpBAJIOM MiIBHUIIYE TOYHICTH BUMIPIOBAHHS, OCKUIBKH JO3BOJSIE YTOYHHTH
MiCSIYHE CIIOKMBAaHHA EIIEKTPOCHEPTii IIIXOM BpaXyBaHHS €HEpTii, o Oylia CIIOKUTA i 9ac peKUMY 3HIKEHOTO HaBaHTAKCHHS.

KrouoBi ciioBa: JIidmiIbHUK eNEKTpOCHEPTil; HEBU3HAYEHICTh BUMIPIOBAaHHS; 3HIDKCHE HABAHTXKEHHS; TpaHC(HOPMATOPH CTPYMY
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