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The object of the research is a measuring current
transformer of the electromagnetic type, which is used
as part of the electricity metering unit. The current
transformers functioning in the mode of reduced pri-
mary current is accompanied by significant errors.
The existence of such a regime for a long time due
to downtime of production equipment leads to a sig-
nificant underestimation of electricity. This leads to
unjustified financial losses for energy supply compa-
nies as electricity in many countries has become more
expensive. The static characteristic of the measuring
current transformer at a reduced load of the meter-
ing unit is described by a linear statistical model. The
parameters of the model are estimated on the basis of
empirical data using methods of covariance analysis.
The adequacy of the model is confirmed by analysis of
regression residuals. The obtained statistical model
of the static characteristic, unlike the known ones,
is characterized by universality, as it describes cur-
rent transformers with an arbitrary transformation
ratio within the studied accuracy class of 0.5S. The
uncertainty of the current error is estimated using the
prediction intervals for the transformers secondary
currents as a function of the primary currents, calcu-
lated on the basis of the obtained model. The predic-
tion intervals for sample values of the current error
were obtained through the application of the proposed
approach for uncertainty estimation of such an error
at a reduced load of the metering unit. It was found
that the current error can reach —20 %. Taking into
account the indicated intervals for measuring cur-
rent transformers at a reduced load of the metering
unit during billing will allow energy supply compa-
nies to increase the accuracy of commercial electri-
city metering
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1. Introduction

The global market of measuring current transformers for
electricity meters is forecasted at USD 295.9 million in 2022
and will grow by 2028 [1]. As part of commercial electricity
metering units, such devices perform two main functions.
The protective function consists in the galvanic separation of
primary power circuits from secondary low-voltage circuits.
The measurement function provides current scaling, which
allows universal electricity meters operation in grids with
different load levels. Permissible measurement errors, cha-
racterized by the accuracy class of the current transformer,
are provided only in the normalized range of primary cur-
rents [2]. The rated primary current of such a transformer
is recommended to be chosen 10—40 % higher than the cal-
culated operating current [3]. However, the actual primary
current may be significantly less than the calculated value,
especially during planned or emergency shutdowns of the
main equipment, at night, etc. This increases the errors of

measuring current transformers above the standard values,
which reduces the accuracy of metering and can lead to
unjustified financial costs for both suppliers and consumers
of electricity.

The meter readings and the measuring transformers ra-
tios are taken into account when calculating the electricity
consumed for a certain period of time. At the same time,
the latter values are considered constant, i.e. the linearity
of the static characteristic of each of the measuring current
transformers is assumed. However, in the reduced load mode,
when the consumer current is a few percent of the rated
primary current of the metering unit, this assumption leads
to unacceptable errors. Energy, underestimated for such rea-
sons, refers to non-technological losses. Considering the elec-
tricity cost increase in the EU (in the first quarter of 2022
in Spain and Portugal — by 411 %, in Greece — by 343 %,
in France — by 336 % [4]), such losses can cause significant
economic harm. The listed factors determine the expediency
of research aimed at clarifying the static characteristics of




the measuring current transformer during the functioning
of the metering unit in reduced load mode.

Thus, the need to increase the profitability of energy
supply companies by clarifying bills for consumed electricity
determines the relevance of the disclosed scientific issue.

2. Literature review and problem statement

The significant influence of the current error of measuring
current transformers on the accuracy of electricity metering
by digital meters was confirmed in [5]. Such errors arise due
to the distortion of the current transformer static characte-
ristic Iy(I,) under non-standard operating conditions, which
are caused by the following factors. Many studies point to
higher harmonics in the current curve as a significant factor,
which can cause errors of up to 3.4 % [6]. However, there is an
opposite opinion. In particular, in [7], by reproducing the real
current curves through the transformer and estimating the
total error, it was found that the non-sinusoidal current has
an insignificant effect on the measurement accuracy (the error
did not exceed the allowable one for the accuracy class). Tem-
perature and magnetic properties of the core are also indicated
as essential factors [8]. The electricity metering errors of more
than 9 % occur when the actual current is double the rated
primary current of the measuring transformers as found in [9].

The accuracy of the measurement, especially in the area
of low primary currents (up to 10 % of the rated value) of
the measuring transformer, is significantly affected by the
core material. In particular, the current error is from -3 %
to —5.5 % when using traditional cold rolled steel. The uti-
lization of nanocrystalline materials or their combination
with steel reduces the current error to —1 % on average [10].
In order to minimize the error during the operation of the
measuring current transformer in non-standard conditions,
it is proposed to produce the current transformer using the
multiple winding technique [11].

It was found in [12] that the static conversion function
for the measuring channel of the metering unit at reduced
load is determined, among other factors, by the static cha-
racteristics of the measuring current transformers. However,
the specified characteristics were not determined, only the
transformation ratios were taken into account when pro-
cessing the experimental data, which somewhat reduced the
accuracy of the obtained results.

Several error compensation systems of measuring current
transformers are known, which differ in the ways of control
signal generation. For this, in particular, it is proposed in [13]
to use an artificial neural network, which was trained in
different operating modes of the current transformer. There
is also a proposal to use correction factors [14]. In addition,
the control signal can provide compensation for the constant
component of the measured current [15].

The proposed technical solutions for compensating the
error that occurs during the operation of measuring current
transformers are focused on transformer operation in the
primary overcurrent mode. Existing solutions cannot provide
complete compensation for static characteristic distortion
in the mode of reduced primary current. This makes it im-
possible to solve the problem of maintaining the necessary
accuracy of commercial electricity metering at a reduced
level of power load. All this allows us to state that it is rea-
sonable to clarify the static characteristic of the measuring
current transformer at a reduced load of the metering unit as

a theoretical basis for the functioning of current error com-
pensation systems in the specified mode.

3. The aim and objectives of the study

The aim of the study is to increase the accuracy of
commercial electricity metering in case of reduced load of
the metering unit by determining the static characteristic
of measuring current transformers. This will enable energy
supply organizations to increase the accuracy of billing for
consumed electricity.

To achieve the aim, the following objectives were set:

—to determine the influence of the measuring current
transformer transformation ratio within the specified accura-
cy class on the character of the dependence of the secondary
current on the primary current in the reduced load mode of
the metering unit;

— to estimate the parameters of the statistical model that
links the primary and secondary currents of measuring trans-
formers in the area of reduced loads of the metering unit;

— to specify the uncertainty of current measurement by
a transformer of electromagnetic type at a reduced prima-
ry current.

4. Materials and methods

The object of the study is a measuring current transfor-
mer of the electromagnetic type as part of the electricity me-
tering unit. The primary windings (terminals Py, Py) of the
measuring current transformers are connected in the break of
the phase wires, and the secondary windings (Si, S») — to the
current circuits of the electricity meter PI1, Fig. 1.

|3 P e ———— -
P ‘ & ‘ ‘ & ‘ \
k [2]3] T4[57T6] |7|8|9|10|‘
A Si Sy = b P
B PUTAT P2|ls) s
1/ Prpay P2 lsisd | |12
N PipAT P2

Fig. 1. Circuit diagram of the measuring current
transformers TA1—TA3, as part of the electricity metering
unit, connection: 1—10 — electricity meter terminals;
11— 380 V electrical grid; 12 — load

From the point of view of measurement accuracy, the
current transformer is characterized by the following pa-
rameters [2]: ratio error (current error), phase displacement,
composite error, turns ratio error, etc. In particular, the cur-
rent error € is determined as follows:

k-1 -1
gzifl-& 2.100 %, (1)

P
where I, I; — the actual root mean square values, respectively,
of the primary and secondary winding currents; k,.=1I,,/I; — ra-
ted transformation ratio; I, I, — rated primary and secondary,
respectively, current of the measuring transformer.



The largest current error € in the range of rated primary
current values and rated loads of the measuring transformer
secondary circuits determines the accuracy class of the latter.
For measuring transformers of accuracy classes 0.1, 0.2, 0.5
and 1.0, the current error is normalized starting from the
primary current relative value of 5 %, at which it should be,
respectively: 0.4 %, 0.75 %, 1.5 %, 3.0 % [16]. For accuracy
classes 0.2S and 0.5S, the current error is normalized from
I,=1 %, and at this current £is 0.75 % and 1.5 %, respectively.

The subject of the study is the static characteristic of
the measuring current transformer, which establishes the
relationship between the root mean square values of the
secondary and primary currents, at a reduced load of the me-
tering unit.

The static characteristic for an ideal current transformer
is defined as:

I(1,)=1,/k. (2)

Considering expression (2) in dependence (1), it can be
found that for an ideal current transformer, the current error
is zero: €=0. For real current transformers with a primary
current from the normalized range, the use of dependence (2)
leads to measurement errors, according to (1), which are ac-
ceptable for a given accuracy class.

The main hypothesis of the study consists in the possibi-
lity of representing the static characteristic of the measuring
current transformer at a reduced load of the metering unit by
the following statistical model:

L(L)=p+t+B-(I,-1,), 3)

where I” — statistical estimate of the secondary current re-
lative value of the current transformer; I, — primary current
relative value of the current transformer; T p — average rela-
tive value of the primary current in the reduced load mode
of the metering unit; L — estimate of the secondary currents
average value of the measuring transformer; T — parameter
corresponding to the influence of the measuring transfor-
mer ratio; B — estimate of the linear regression coefficient.

At the same time, it is assumed that the parameter esti-
mates of model (3) correspond to current transformers with
different transformation ratios within the same accuracy
class. The possibility to compare measuring devices with dif-
ferent transformation ratios is ensured by using the relative
values of the primary I;, p.u., and secondary I, p.u., currents
in model (3), which are calculated as follows:

I=1,/1,, (4)
[:zls /Isr‘ (5)

The statistical evaluation of the model (3) parameters is
carried out under the following assumptions:

1) the primary current value of the current transformer
does not depend on its transformation ratio within the spe-
cified accuracy class;

2) the transformation ratio of the i-th measuring trans-
former under study does not affect the static characteristic
within the accuracy class, corresponding to the fulfillment of
the condition Xt;=0;

3) the coefficient of linear regression is not zero B0,
i.e. it is assumed that there is a linear relationship between
the root mean square values of the primary and secondary

currents of the measuring transformer in the reduced load
mode of the metering unit.

Experimental studies were carried out using three mea-
suring current transformers of type T-0.66-300/5 (Ukraine)
and three — of type T-0.66-600/5 (Ukraine). The laboratory
unit (Fig. 2) is equipped with a digital meter PI1 of type
NIK2307 ART T.1600.M2.21 (manufacturer — Ukraine).
The connection scheme corresponds to Fig. 1. The design
of the laboratory metering unit provides the possibility to
change panels with current transformers. The ability of the
digital meter P11 to measure and display phase currents was
used to record secondary currents. Recording of primary
currents of measuring transformers was carried out using
an additional digital meter PI2 of type NIK2307 ARP3
T.1600.M2.21 (Ukraine). The current windings of such
a meter were connected in series to the primary windings of
measuring current transformers. All devices are of accuracy
class 0.5S. This approach makes it possible to obtain the
primary and secondary currents of measuring transformers,
which are the primary experimental data, when they function
as part of the metering unit.

Fig. 2. Laboratory equipment for studying the static
characteristic of the measuring current transformer
at a reduced load of the metering unit: 1 — three-phase
adjustable load terminals; 2 — load control screen;
3, 4, 5 — measuring current transformers T-0.66-600 /5
of A, B, C phases, respectively, of the metering unit;
6, 7 — electricity meters PI1, PI2, respectively

Measurements were carried out in a 380 V electrical grid.
The load of each phase was resistive and was formed using
incandescent lamps of different numbers and power. Load
control was carried out using a microprocessor board and
a mnemonic scheme on screen. The initial load of each phase
was 100 W. During the measurements, the load of one of the
phases increased by 100 W or 200 W, reaching a value of
2,700 W for three phases in the last measurement.

For the statistical evaluation of the model (3) parameters
based on experimental data, it is assumed to use the analysis
of covariance (ANCOVA) methods, combining the analysis
of variance (ANOVA) and regression analysis methods [17].
In particular, analysis of variance makes it possible to de-
termine whether the parameters of individual measuring
current transformers significantly affect the character of the
sought dependence. Regression analysis allows estimating
the parameters of the statistical model (3), which describes
the static characteristic of the measuring current transfor-
mer at a reduced load. The appropriateness of the selected
regression model is checked using residual analysis. The
use of test statistics (in particular, Student’s t-test, F-test,



Kolmogorov-Smirnov test, Durbin-Watson test) is envisaged
for testing statistical hypotheses. The asymptotic signifi-
cance (p-value) is also evaluated.

3. Results of the study of the static characteristic
of the measuring current transformer

5. 1. The influence of the transformation ratio on the
static characteristic of the current transformer at a re-
duced load of the metering unit

The experiments were carried out for three current trans-
formers T-0.66-300/5, the transformation ratio of which is
k,=60, and for three T-0.66-600/5 with k,=120. Empirical
points, corresponding to the dependence I;(I;), were ob-
tained as a result of the measurements, Fig. 3.
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Fig. 3. Empirical points of dependence of the secondary
current I:, p.u., on the primary current I;, p.u., for current
transformers TA1—TA3 (type T-0.66-300/5) and
TA4—TAG (type T-0.66-600/5), and the regression
line I;(I,) corresponding to the static characteristic

As an independent variable (covariate), the relative
value of the primary current [ ; is considered, which during
the measurements took n=17 values from 2.122:10~% p.u. to
1.363-1072 p.u. The dependent value (response) is the rela-
tive value of the secondary current I, which was in the range
from 2:1072 p.u. to 1.32:1072 p.u. For each of m=6 measuring
current transformers for j=1,7 measurements, the relation
between the secondary and the primary currents according
to (3) is characterized by uncertainty &;. The normal and in-
dependent distribution (0, £2) of uncertainties &; is assumed.
Then for each experimental point [17]:

Ly=p+t,+B(1, —1,)+E,, (6)

where i=1,m — treatment number (measuring current trans-
former); the value I p is calculated as:

—. 1 & -
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m-n-g o

The first stage of the covariance analysis involves per-
forming a one-way analysis of variance to test the following
hypothesis. The null hypothesis HO: the transformation ratio
does not have a statistically significant effect on the static
characteristic of the current transformer at a reduced load of
the metering unit, which corresponds to the fulfillment of the
condition 7;=0. Alternative hypothesis H1: the influence of the
transformation ratio on the static characteristic is statistically
significant, 1;#0. The F-test statistic is calculated taking into
account the empirical value of the residual variance Dy as:
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Based on the results of measurements on laboratory equip-
ment in accordance with (7), (9)—(18), the following were
calculated: I, =5.965-107; I’ =6.143-107; Dy=1.021-10"3;
D,y=1.03810"% D,,=1.029-10"%: E,=6.821-10% E,,=6.901-10%;
E,=6.854-10"% D;,=1.353-10" Dpp=1.340-10"5 D=
=1.410-10"8. According to (8), the value of test statistic
Fy=0.186 was calculated. The critical point of the Fisher
distribution F.(o; m—1; m(n—1)—1) at the significance level
a=0.05 is: F.(0.05; 5; 95)=2.310. Since Fy<F,, the null hy-
pothesis cannot be rejected at the accepted level of signifi-
cance, so there are reasons to assume that t;=0. This result
is confirmed by comparing p>>o asymptotic significance for
the specified degrees of freedom (p=0.453) and the level of
significance.

5. 2. Evaluation of the statistical model parameters of
the measuring current transformer static characteristic

The estimate [ of the average value of the measuring
transformer secondary currents can be determined as fi=1"

s



according to (13), ie. £1=5.965-10" The estimate B of
the linear regression coefficient can be found after testing
the hypothesis HO: B=0. Alternative hypothesis H1: B=0.
The value of F-statistic is calculated as:

(19)

The critical point F,(o; 1; m(n—1)—1) at the significance
level o=0.05 is: F.(0.05; 1; 95)=3.941. The value of the cri-
terion Fy=4.828-10% calculated by (19) significantly exceeds
the critical point (Fy>F,), so the null hypothesis HO is
rejected. This gives reason to accept the alternative hypo-
thesis H1: B=0.

To calculate the estimate of the linear regression coeffi-
cient, the expression can be used:

- E
_ s
B 7

rp

(20)

_ For the experiment conditions, according to (20),
B=9.932-10"" was calculated.

Then from (3), taking into account the obtained parame-
ter estimates, the statistical model corresponding to the
static characteristic of the 0.5S accuracy class measuring
current transformer at a reduced load of the metering unit is:

1)

where i =B, =-1.369-10"".

The regression line according to (21) is plotted in Fig. 3.
The adequacy of the covariance model to the experimental
data can be checked by examining the regression residuals:

(22)

* =1
e, = Isij —Isij.

The regression residuals for all current transformers
versus the relative values of the primary currents are plotted
in Fig. 4. Separately for each of the current transformers, the
regression residuals are presented in Fig. 5. The residuals e;
must be independent normally distributed random variables
with zero mean and the first-order autocorrelation must be
eliminated [17]. The Kolmogorov-Smirnov goodness of fit
test is used for checking for normality of the regression re-
siduals distribution. Null hypothesis HO: the sample belongs
to the normal distribution. Alternative hypothesis: H1: the
sample does not belong to the normal distribution. The test
statistic Ky=5.310-10"2 is smaller than the critical value
K.=1.327-107", i.e. Ky<K,, at the significance level a=0.05,
which does not give grounds for rejecting HO. The fact that
the sample belongs to the normal distribution law is also
confirmed by the asymptotic significance p=0.921 exceeding
the value of oz p>o.

Testing of the hypothesis HO: m[e]=0 concerning
the zero mean of the regression residuals with the alterna-
tive hypothesis H1: m[e]#0 was carried out using the Stu-
dent’s t-test. The t-test statistic (—2.556-10714) is significant-
ly smaller than the critical value of the test ¢(1—-o; mn—1)=
=¢(0.95; 102-1)=1.66 at the 0.95 confidence level, which
does not give evidence against the null hypothesis HO.

Testing of the first-order autocorrelation of regression re-
siduals was carried out according to the Durbin-Watson test.

The main hypothesis HO is tested: the random deviations of
the regression residuals are independent. At the same time,
the alternative hypothesis H1: there is autocorrelation bet-
ween the regression residuals. The calculated test statistic
value is D=2.115. The test critical values for the number
of observations m-n=102 at the significance level a=0.05
are: lower d;=1.657, upper dy=1.696. Since D>2, the value
(4-D)=1.885 is compared with d; and dp. The inequality
(4—D)>dy holds, so there is no reason to reject HO. Accord-
ingly, the autocorrelation between the regression residuals is
not statistically significant.
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Fig. 4. Regression residuals e, p.u., versus the value
of covariate Ip, p.u.
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Fig. 5. Regression residuals e, p.u., for current
transformers TA1—TA6

To evaluate the deviations of the response values calcu-
lated by the empirical regression from the true values given
by the theoretical regression, confidence intervals for the
regression were constructed, Fig. 6. With the probability
(1-0)=0.95, the theoretical regression lies in the range:

1
S ) (23)

CLQ(I*):j‘(I*)-{-L‘ PEE p— D

p)— "o

where ¢,» — the point of Student’s distribution for the sig-
nificance level o,/2 with m-n—[—1 degrees of freedom; [ — the
approximate polynomial degree; s — the standard deviation
of the observations results I, versus the regression values:

s=\/1iie; : (24)

m-n—I-15

To estimate the prediction interval PLZ(I;), which with
probability (1-0)=0.95 covers the sample response values,
Fig. 6, the following dependency was used:

(25)
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Thus, estimates of the parameters of the statistical mo-
del (21) linking the primary and secondary currents of the



measuring transformers in the area of reduced loads
of the metering unit were obtained. A fragment of the 5

graphical representation of such a statistical model is
shown in Fig. 6, illustrating the position of the regression
line towards the experimental points. The graph also
enables us to determine the location of the confidence
intervals for the regression line and the prediction in-
tervals for the sample values of the secondary currents.

12 *10°
Fig. 7. Regression dependence of the current error €, %,
of measuring current transformers of the accuracy class 0.5S,
confidence intervals €¢1, €¢, for the regression line, prediction
intervals €py, €py for values of the current error (at the
0.95 confidence level) versus the primary current I;, p.u.;
empirical sample current errors are plotted, the correspondence

52 54 56 58 60 14102,
p-u.
Fig. 6. Fragment of the regression line f:([;), p.u.,
confidence intervals C,(1,), C,(I,), p.u.,
for the regression line and prediction
intervals B(I,), P,(I,), p.u., for the secondary
currents of the current transformer versus the relative
values of the primary currents I;, p.u.,
from the interval I €[5.1-107;6.2-107°];
designations of experimental points correspond
to those adopted in Fig. 3

5. 3. Uncertainty of current measurement by an elec-
tromagnetic transformer at reduced primary current

Based on the obtained statistical model (21) of the static
characteristic of the measuring current transformer of ac-
curacy class 0.5S, it is possible to obtain an expression for
determining the current error. Using relative current values
in expression (1), in accordance with (4), (5), the regression
dependence of the current error on the relative value of the
primary current can be obtained (Fig. 7):

§(1,)= ISI({”)—1 -100%:(?:“3']-100%, (26)
pr

P
P

where B’ =B—1=-6.764-10".

The uncertainty of the regression dependence g(1,) can
be estimated by confidence intervals, which are calcula-
ted using (23) as follows:

C, (1;)

*
p

-1]-100%.

€c1n ([;): (27)

of which to TA1—TAG6 is marked similarly to Fig. 3

The uncertainty of the sample empirical values of the
current error, for a given confidence level, can be estimated
by prediction intervals bounded by lines:

M—l -100%
7 .

P

€pio (I;): (28)

Confidence and prediction intervals for current errors,
the bounds of which are estimated by dependencies, respec-
tively, (27) and (28), are plotted in Fig. 7.

Thus, the uncertainty of current measurement by the
electromagnetic transformer at a reduced primary current is
estimated using the intervals of the current error change. The
uncertainty of estimating the theoretical value of the current
error at a given value of the primary current is estimated
by the bounds (27) of the confidence interval. Bounds (28)
of prediction intervals provide the uncertainty estimates
of sample experimental values.

6. Discussion of the results of studying the static
characteristic of the measuring current transformer

The conducted analysis of variance for experimental
data, in accordance with (7), (9)—(18), for measuring cur-
rent transformers 300/5 and 600/5 of the 0.5S accuracy
class gave grounds for not rejecting the null hypothesis HO:
1;=0 at o=0.05. This result confirms the correctness of as-
sumption No. 2. This gives reason to consider the parameter
7, which determines the influence of the transformation ratio
on the static characteristic, to be zero in model (3). That is,
the influence of the transformation ratio of the measuring
current transformer within the specified accuracy class on
the dependence of the secondary current on the primary cur-
rent in the reduced load mode is not statistically significant.
This result is also confirmed by the insignificant variance of
experimental points around the regression line, Fig. 3. The
possibility of neglecting the specified influence determines
the universality of the proposed static characteristic model
within the accuracy class. From a technical point of view,
this property is explained by the similarity of the parameters



of measuring current transformers magnetic systems for
low-voltage electricity metering units. Since the secondary
rated current of most measuring transformers is 5A, mo-
del (3) is correct for low-voltage devices of the 0.5S accuracy
class with any primary rated current.

The F-test application gave reason to accept the alterna-
tive hypothesis H1: B#0 at a significance level of 0.05, since
the F-statistic value calculated by (19) exceeds the critical
point by 4 orders of magnitude. This confirms the correct-
ness of assumption No. 3. It also gives reason to assert the
existence of a statistically significant relationship between
the current values of the primary and secondary currents of
the measuring transformers in the metering unit at a reduced
load of the latter. This result is explained by the distance
of the low primary currents zone from the saturation zone
according to the current-voltage characteristic of the cur-
rent transformer. The application of the regression analysis
apparatus made it possible to calculate the numerical values
of the static characteristic parameters estimates. The latter,
after simplification, is represented by linear regression (21),
which is plotted in Fig. 3. The study of the regression resi-
duals (22) made it possible to determine the adequacy of the
regression line with the experimental data. This is confirmed
by the fulfillment of the main conditions that are put forward
for the regression residuals. Firstly, the hypothesis that the
sample belongs to a normal distribution was not rejected at
the 0.05 significance level according to Kolmogorov-Smirn-
ov test (Fig.4). Secondly, the hypothesis about the null
mean of the regression residuals was not rejected at the 0.95
confidence level according to the Student’s t-test. Thirdly,
using the Durbin-Watson test, it was found that there are
no grounds for rejecting the hypothesis about the inde-
pendence of random deviations of the regression residuals.
Fig. 5 illustrates the latter circumstance and allows deter-
mining that the regression residuals do not depend on the
type of current transformer TA1-TAS6. It was found that the
width of the confidence intervals, constructed in accordance
with (23), for the empirical regression line does not exceed
+6.083-107° p.u., Fig. 6. The insignificant value (by 2 orders
of magnitude less than the estimate of the secondary cur-
rent) of the confidence intervals indicates that the empirical
regression is sufficiently close to the theoretical one. This
determines the possibility of using dependence (21) with
the obtained parameter estimates as a static characteristic of
a measuring current transformer of the 0.5S accuracy class
at a reduced load of the metering unit in low-voltage power
grids. The width of the forecasting intervals for the response
sample values, obtained according to (25), does not exceed
+2.389-10~ p.u., Fig. 6. This makes it possible to predict the
interval of finding the measured secondary current values of
the measuring transformer as part of the metering unit.

Using the obtained static characteristic (21) of the mea-
suring current transformer, the expression (26) was obtained,
which makes it possible to estimate the current error at
a given value of the primary current. For the studied range
of the primary current (from 2:1073 p.u. to 1.4-1072 p.u.), the
estimate of the current error varies from —7.5 % to —1.7 %,
respectively (Fig. 7). The width of the confidence intervals
of the regression line for the current error, estimated accord-
ing to (27), with a confidence probability of 0.95 does not ex-
ceed +1.9 %. This characterizes the uncertainty of the regres-
sion dependence of the current error on the primary current
value. The uncertainty of individual estimates of the current
error is determined by prediction intervals (28), the width

of which varies from +11.7 % to +1.7 % when the primary
current changes in the studied range. This determines the
possible range of changes in the current error for each of the
metering unit transformers from 23.4 % to 3.4 % when the
latter operates in the reduced load mode, Fig. 7. A significant
change in the width of the current error prediction interval
is explained by the inversely proportional dependence (28) of
the latter on the primary current.

Determining the universal static characteristic (21) of
measuring current transformers within a given accuracy
class, compared to training an artificial neural network [13]
for each specific device, reduces the time spent on improving
the metering unit. The uncertainty of current measurement
by the measuring transformer is estimated, in contrast to the
experimental graphs in [5], by the regression dependence
(26) for the current error with confidence intervals (27).
The advantage of this approach is the ability to analytical-
ly determine the range of changes in the current error for
a given value of the primary current. Estimation of the
bounds of prediction intervals (28) for sample values of the
current error, in contrast to the application of correction fac-
tors [14], provides information about the actual level of un-
derestimation of electricity by a commercial metering unit.

The proposed statistical model (21) of the static cha-
racteristic of the measuring current transformer solves the
issue of maintaining the necessary accuracy of commercial
electricity metering at a reduced power load level. The mo-
del (21), characterized by confidence intervals (23), can be
directly used in the software of the metering unit to adjust
the meter readings during periods of reduced primary cur-
rent. Improvement of the accuracy of commercial metering
is achieved by billing the consumed electricity considering
the distortion of the static characteristic of measuring trans-
formers depending on each phase current level. The need for
such an adjustment, in case of doubts among electricity con-
sumers, is substantiated by significant values and conside-
rable range of prediction intervals for current errors (Fig. 7)
of measuring transformers.

The application of the proposed static characteristic
of measuring current transformers is limited to devices of
the 0.5S accuracy class. Characteristics for transformers of
other accuracy classes were not obtained during the study.
However, the proposed approach using covariance analysis
can be applied to current transformers of other common
accuracy classes.

The main drawback of the given method of determining
the static characteristic of the measuring current transformer
at a reduced load of the metering unit is ignoring the impact
of temperature, grid voltage fluctuations and other factors on
the level of the secondary current.

It is planned to combine the obtained statistical model
of the current transformer static characteristic and the ma-
thematical model [12], proposed by the authors, of the uncer-
tainty of electricity measurement at reduced load in future
research. This implementation of the integrated model in the
software part of an automated commercial electricity meter-
ing system will reduce non-technological losses by increasing
metering accuracy.

7. Conclusions

1. The statistical insignificance of the influence of the
measuring current transformer ratio for a specific accuracy



class on the static characteristic in relative units was deter-
mined. This, in contrast to known approaches, determines
the universality of the obtained statistical model of the static
characteristic.

2. The existence of a statistically significant linear re-
lationship between the primary and secondary currents of
measuring current transformers at a reduced load of the
metering unit was confirmed. The adequacy of estimates of
linear regression parameters to experimental data at a signif-
icance level of 0.05 was confirmed by analysis of regression
residuals. Sufficient closeness of the empirical regression to
the theoretical one is confirmed by the insignificant width
of the confidence intervals (+6.083-107° p.u.) for the experi-
mental characteristic, which is 2 orders of magnitude smaller
than the estimates of the secondary current of the measur-
ing transformer.

3. The sample estimates uncertainty of the current trans-
former current error of the 0.5S accuracy class changes from
+11.7 % to £1.7 % when the primary current increases, re-
spectively, from 2:1072 p.u. to 1.4-1072 p.u. in the reduced load
mode of the metering unit. This confirms the expediency of
increasing the accuracy of commercial electricity metering in
low-voltage grids by using the obtained static characteristic
as part of the digital metering unit software.
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