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ABSTRACT Improving the efficiency of regulating the parameters of distribution network modes is an actual task for the energy
sector, requiring a detailed analysis of the nature of the total electrical load graphs of 10/0.4 kV transformer substations. The
complexity of the problem in consideration is due to the fact that the load variation of transformer substations 10/0.4 kV in
residential areas occurs randomly, due to the significant number, wide range and probabilistic nature of the operating modes of
connected consumers, and the lack of deterministic links between consumers of electricity. The investigated function of total load of
transformer substations 10/0.4 kV on a daily interval is non-stationary, in this connection there was a necessity of allocation of
stationarity areas for adjusting the process of regulation of parameters of electrical network modes. In order to solve this problem,
total load graphs for 10/0.4 kV transformer substations located in a residential area were constructed based on experimental
measurements of active and reactive loads. The use of these dependencies made it possible to analyse the distribution law for the
active and reactive power of the total load of 10/0.4 kV transformer substations, which change in time is stochastic characterised.
The use of probabilistic-statistical modelling was justified to reliably describe the load variation process of 10/0.4 kV transformer
substations. The hypothesis of a normal law distribution of the functions under consideration was confirmed and parametric tests
were performed. Fisher's F-criterion was used to confirm the hypothesis of variance constancy, and Student's t-criterion was used to
confirm the hypothesis of mathematical expectation constancy. Using the fact of constancy of dispersions and expectations of
investigated mode parameters, autocorrelation coefficients of investigated random functions were determined and autocorrelation
function graphs were plotted. In order to approximate the functions under investigation, the autocorrelation function coefficients
were determined using the least-squares method, and an analysis of the attenuation of the autocorrelation function was carried out.
The calculations carried out have highlighted the areas of stationarity on the total load curves of the 10/0.4 kV transformer
substations. These stationarity plots can be used for further modelling of load graphs and the formation of control actions to adjust
the load of consumer regulators in order to equalise the overall electrical load graph, as well as for voltage regulation facilities,
which will contribute to the required modes of operation of the electricity distribution networks.

Keywords: transformer substation; load graph; distribution law, parametric tests; mathematical expectation; dispersion; Pearson
test; fisher's f-criterion, student's t-criterion; autocorrelation function
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AHOTALIA Iiosuwenns egpexmugnocmi pe2yniogatts napamempis peicumis po3snooiibHUX eleKMPULHUX MEPelC € aKmyanrbHUM
3A60aHHAM OISl EHePeemUKU, WO 6UMA2AE O0eMAlbHO20 AHANIZY XApakmepy 2papikie CYMApHUX eneKmpUyHUX HA8AHMANICEHb
mpancgopmamoprux niocmanyiti 10/0,4 kB. Cxraonicms O0anoi npobnemu o00ymMoeneHa mum, WO 3MIHA HABAHMANICEHHS
mpancgopmamoprux niocmanyit 10/0,4 kB cenvbuwynux 30H 6i00y8acmuvcs GUNAOKOBUM YUHOM, WO OOYMOBIEHO 3HAYHOK
KLIbKICMIO, WUPOKOK) HOMEHKIAMYPOIO0 1 IMOGIDHICHUM XAPAKMEPOM DeXdCUMI8 poOomu NIOKIIOYEHUX CHONCUBAYIE, d MAKONC
8i0cymHicmio  0emepMiHOBAHUX 36'A13Ki6 Midic chodcusauamu erekmpuunoi euepeii. Jlocniodcysana @yHKyia cymapHozo
Haganmaoicenns mpaucgopmamopnux niocmanyiti 10/0,4 kB na dobosomy inmepsani € HecmayioHapHolo, 8 36'a3Ky 3 YUM GUHUKILA
HeoOXIOHICMb BUOLNEHH OLISIHOK CMAYIOHAPHOCHI 011 KOPUSYBAHHS NPOYECy Pecyit08aHHs NApaMempie pexicumis eneKmpuyHoi
Mepedici. [[na eupiwients ybo2o 3a60anHs Oyau n0OYO08AHI CyMAPHI epaghiku HABAHMAIICEHHS 0l MPAHCHOPMAMOPHUX NIOCMAaHYIl
10/0,4 kB, posmawosanux @ cenbouwyHill 30Hi, Ha NIOCMAG] eKCREPUMEHMANLHUX BUMIPIOBAHL 8ENUHUNHU AKIMUBHO2O | PeaKMUGHO20
Haganmaoicenns. Buxopucmanns nobyoosanux 3anedxicrocmeti 00360AUNO GUKOHAMU AHANI3 3AKOHY PO3NOOINY ONsl AKMUSHOT i
PEaKmueHOi NOMYAHCHOCI CYMAPHO20 HABAHMAMNCeHHsT mpancgopmamopuux niocmanyiti 10/0,4 kB, smina axux y uaci Hocums
cmoxacmuunull xapaxmep. s 00CMOBIPHO20 ONUCY Npoyecy 3MIHU HABAHMAdCeHHs: mpancgopmamoprux niocmanyii 10/0,4 kB
6y10 006IPYHMOBAHO 3ACMOCYBAHHA UMOBIPHICHO-CIMAMUCIMUYHO20 Memoody MmoldenioganHs. byna niomeeposicena cinomesa npo
HOPpMAanbHUll 3aKOH PO3NOOINY O00CTIONCY8AHUX PYHKYIN [ euKkonaHi napamempuuni mecmu. s niomeepodicenHs cinomesu npo
nocmitHicms oucnepciti 3acmocogysascs F-kpumepitl @iwepa, a ons niomeepoicentss 2inomesu npo NOCMIHICIb MAMEMAMUYHO20
ouikysanna — t-kpumepii Cmovrodenma. Buxopucmosyrouu @axm nocmitmocmi Oucnepcii i MameMamuyHux OYiKy8aHb
docniodcysanux napamempis pedcumy, Oyau usHaueHi KoeiyicHmu asmoxopensiyii 0ocniodcy8anux SUnAOKo8ux GyHkyit i
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Qyuryis

Formulation of the problem

The current trend in the energy sector is the active
introduction of smart grid technologies, one component of
which are systems for the automatic control of operating
parameters in electrical networks. Over the last decades,
there has been a significant increase in load density in
residential areas as well as a strong change in consumer
load patterns, leading to an increase in the unevenness of
the total electrical load graphs of transformer substations
(TS) in the urban electricity distribution networks. At the
same time, the issues of ensuring the quality of electricity
in accordance with current standards [1] become
particularly relevant with the introduction of a liberalised
electricity market in Ukraine. This leads to the need to
improve the efficiency of the mode control process in
electricity distribution networks.

An analysis of the characteristics of changes in the
parameters of the modes of operation of modern
electricity distribution networks must be carried out to
solve this problem, and the regularities of this process
must be determined in order to improve the efficiency of
their regulation. It should be noted that the main mode
parameters (current, voltage, power) are random variables
that can acquire unknown values in advance. At the same
time on the graphs of electrical loads of transformer
substations 10/0.4 kV, from which consumers of
residential areas receive power supply, it is possible to
allocate characteristic zones of the maximum, minimum
and average power consumption. The pattern of changes
in the level of electricity consumption during the day is
associated with the rhythms of life. Knowledge of the
patterns of the main parameters change of the mode
allows you to perform control actions to optimise the
operation of electrical networks.

Analysis of publications

Analysis of the graphs of the electrical load of the
10/0.4 kV substation indicates that parametric
autoregression models are used to determine the loads at
the design stage [2]. This model is used to describe
stationary and non-stationary time series. The
disadvantage of this model is the lack of connection with
the actual state of the object, respectively, its use for TS
10/0.4 kV residential areas is not justified.

Each 10/0.4 kV TS of the residential area must
have its own statistical models of electricity consumption,

reflecting the individual characteristics of the operation
modes of connected consumers. Ergorical random
processes are allocate from stationary random processes,
in which the probabilistic characteristics determined by
the ensemble and one implementation coincide. This
indicates that one sufficiently long implementation
contains information about the static properties of the
whole random process [3]. The obtained mathematical
model allows to estimate and forecast with rather high
degree of consumption accuracy of electric energy on
10/0,4 kV TS, and also character of this consumption.
This model includes both the accumulated information on
the nature of electricity consumption and the results of
calculations, reflected numerically [4]. In [5] a research
was carried out and a function of the voltage expectation
change is given. An analysis of the impact of the
probabilistic nature of electricity network loads on the
value of electricity quality indicators has been carried out
in [6].

The application of a controlled load that is
connected to the active electrical distribution network is
considered by the authors in [7] to solve the problem of
taking into account the structure of the electrical network
when determining the substation capacity. In addition, a
considerable part of research is devoted to the calculation
and analysis of the load capacity of power transformers
with regard to their design and electromechanical
characteristics [8], as well as the analysis of reliability and
power quality for transformer substations in electricity
distribution networks [9,10].

Also noteworthy are studies that focus on
estimating the load of complex electrical networks based
on transformer measurements and load forecasts [11,12],
which take into account realistic conditions of stochastic
load variation. In addition, the application of various
methods for probabilistic load forecasting in electricity
networks allows design and operational problems to be
solved [13,14].

Thus, no full-fledged modelling of electricity load
graphs and their analysis for improved regulation of
electricity network parameters has been carried out.

The purpose of the article
Determine the stages of allocation of stationary areas

on the graphs of the electrical load of 10/0.4 kV TS of
residential areas.
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Basic research materials

Factors affecting the magnitude of the load are
periodic and random. Periodic factors are due to natural
cycles, technological features, mode of work and rest,
lifestyle. During the year there is a decrease in load
during the non-heating period and its increase in the
winter months; during the week - decreasing the load on
weekends; during the day - decreasing the load at night
and increasing in the morning and evening hours.
Random factors are caused by a number of stochastic
factors, including load fluctuations associated with the
simultaneous switching on and off of electrical receivers,
the impact of changes in weather conditions, lighting, etc.
[15].

Accordingly, there are problems of research and
calculation of the parameters of the regime in the range of
their change, the calculation of the values that
characterize their scatter. The basis for this is statistical
material and methods of probability theory.

The power consumed by the 10/0.4 kV TS is a
continuous random variable [16]. Given that the argument
of the random function is the time ¢, the graphs of
electrical loads is the implementation of a random process
of power change. Average P., root mean square
(effective) P., and maximum P power refers to the
probabilistic characteristics the graphs of electrical loads.
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The ratio between its ordinates at different times 7,
t, =t + 7 is probabilistic. Probabilistic methods take into
account the random nature of the process of electricity
consumption, changes in equipment (operating mode,
winding temperature, etc.).

In the general case, the graphs of electrical loads
are combinations of two components: a component that
changes slowly due to the presence of morning and
evening maxima, and a component that changes rapidly
due to the presence of abrupt loads. Both of these
components are usually statistically independent. Thus,
such GEN are characterized by changes in their numerical
characteristics during the day and are non-stationary
processes.

In a nonstationary random process in characteristic
periods of time it is possible to determine areas of
stationarity. It should be noted that the nature of the
process depends on the accepted value At. The stochastic
process can be stationary, quasi-stationary or piecewise-
stationary.

The process of electricity consumption of major
consumers 10/0.4 kV TS, that is, their the graphs of
electrical loads, can be represented by a set of time-
ordered random variables P(t1), P(t2), ..., P(t,), where
7 <7+1. A research of the random process P*(f) of
changing the load of 10/0.4 kV TS was carried out, which
is shown in Fig. 1.

M[Pi()]

t, hour

19 20 21 22 23 24

Fig. 1 — Realization of random load function of 10/0.4 kV TS and its mathematical expectation

Combined  probabilistic-deterministic =~ models
provide the best forecasting accuracy and adaptability to
the power consumption process [17]. The actual load P(z;)
is represented as a set of standardized graph (base
component, deterministic trend) and the residual
component. The additive model has been most widely
used in the power industry [18]:

P(t) =q(t) +&(r),i=1.2,..,n, (1)

where q(7;) — non-random (deterministic) component,
which may include one or more of the following
components: trending #(z;), seasonal s(z;) s and periodic
p(t); e(z) — random component, an integral part of the
time series that remains after the selection of systematic
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components. It reflects the influence of numerous random
factors and is a random, irregular component.

The stationary random process can be analyzed
starting from any point in time, because it is in a state of
probable equilibrium, ie the numerical characteristics of
random variables P(z;) do not depend on time 7;.

We assume that the moments of measurement
are equidistant from each other by the value of A, ie for
any i, takes place

Tiv1 = T; T A ()

From model (1) it follows that at each moment z;
the value of P(z;) is random, subject to some distribution
that depends on the distribution of the random component
8(‘[,').

The presence of a large number of electrical
receivers in combination with the difference in the modes
of their operation make it necessary to assess the
stationarity of the load function.

The first step in identifying areas of stationarity is
to test the hypothesis of the distribution law. The
estimation of the load distribution law was performed by
analyzing a sample consisting of » independent
observations on a random variable P(f). Next, the
selection of the consistency criterion was performed
(Pearson's  consistency criterion = was  selected).
Comparison of calculated and tabular values of x* and
acceptance of the hypothesis of a normal distribution law
with the level of significance o. The time series is
stationary in the narrow sense if for each moment of time
the random variables P(z;) have the same distribution
laws.

Conditions of stationarity of a random process
[19]:

1) consistency of mathematical expectation of the
process:

m, (t) = m, = const; 3)
2) constancy of process dispersion:
D, (t) = D, = const; @)

3) dependence of the correlation function on one
argument, which is the difference between the arguments:

K. (t,t + 1) = K, (7). 5)

The second step for the selection of stationary areas
is to conduct parametric tests. The mathematical
expectation and variance for model (1) at time 7; are
determined by expressions:

M(P(z)) = q(7);
D(P(7y)) = D(&(z;)) + 0.179P,,,. (6)

Using Fisher's F-test, we test the hypothesis of
constancy of variances. If this hypothesis is accepted, then
the hypothesis of constancy of mathematical expectation
is tested (Student's t-test). If the hypothesis of constancy
of mathematical expectation is accepted, then the

hypothesis of stationarity (in a broad sense) of the time
series is accepted.

The time series is divided into two levels
according to the number of values of the part, each of
which is considered as some independent sample
population with a normal distribution. If the time series
tends to trend, then the averages calculated for each
population should differ significantly. If the difference is
insignificant, random, then the time series has no
tendency. Thus, the test for the presence of a non-random
component in the time series under study is to test the
hypothesis of equality of the average of two normally
distributed populations. Let the first part of P¥ contain n;
observations
P(t;),i = 1,2,...,n,, and the other part — PD contains ny
observations P(7;),i =n; + 1, ...,n; + n,;.

For each part of the time series, calculate the
sample mean p;, p;;:

n

Z Xi = M[PL (t)] (7)

i=1

1
Pi:E'

where i=[, II (the first and second parts of the time series,
accordingly).
Selective variances D;, D;:
ny

) ) ®)
D} = — 1-2(1% - %
i=
L ni
D = — Z (pi — Di)?. )
n” 1 i=nj+1

In order to confirm that the variances of both parts
of the series are the same, we use Fisher's F-test:

max(D?, D3)
S = T2 oy (10)
min(Df, D)
where  D?,DZ — variance estimates calculated by the
first n; and second n; parts of the time series. If the
inequality does not hold:

F Fs<F

%;nz—l;nu—l = 1—%;n1—1;n11—1 (11)
then the hypothesis of constancy of variances is rejected
with the level of significance o and it is necessary to
accept the hypothesis of the non-random component
presence of the time series, due to the fact that this
component may affect other characteristics of the time
series: variances, autocorrelation coefficients, etc.

If s? > s3, then the hypothesis is accepted as an
alternative hypothesis:
H,:0? > o/

(12)

in this case, the critical area is the interval (FK 00), where

the point F, is determined by the condition:

p’
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P(F,>F,)=a, (13)

where o — the probability of the first kind error.
If the value of F, does not fall into the critical area,

then the null hypothesis is accepted:

(14)

If the hypothesis about the constancy of variances
is accepted with the significance level o then the
hypothesis about the constancy of the mean value of the
time series is tested.

Lets formulate two statistical hypotheses:

2 — 52
Hy: of = of.

Hy: M(P(t;)) = const, (15)

Hy:M(P(1;)) # const. (16)

Calculate the value of Student's t-test:
_ plz_ D1 . %
\/(n, — Vst + (n,; — s

ny - ny (g +ny —2)

Ks

(17)

n; +ny

If the inequality holds:

Ks <t(l—a,n; +n,;—2), (18)

then the hypothesis of the constancy of the mathematical
expectation is accepted with the level of significance a.

If the actual values of the Student's coefficients do
not exceed the critical values in the selected areas of
stationarity, this indicates the heteroskedasticity of the
distribution residuals of the random variable. Thus, the
hypothesis of the constancy of the mathematical
expectation is accepted.

Acceptance of hypotheses about equality of
variances and equality of mathematical expectations
allows to accept a hypothesis about absence of a trend
component in the given time series and to go to the third
stage.

The next stage of the analysis of the stationarity of
the load function at the selected intervals is the analysis of
the autocorrelation function. The degree of statistical
relationship between sequences P(t;),P(73),..., P(T,)
and P(714;), P(7241), ---, P(Tpy1), shifted relative to each
other with a lag /, can be determined using the
autocorrelation coefficient:

M[(P(r) — (P (Tiv1) — )]
0—2

p(D) = : (19)

For a stationary time series p(l) depends only on
the lag [:

p(=D =pD. (20)

The estimate for p(l) is the sample autocorrelation
coefficient determined by the formula:

n-l
() = [(n =D b -

)G

i=1 =1
Ir n-1 n-l \2
|[ (n— l);p? - <L=1pl> X
n-1 n-1 Z]I
X |(n— l)z P2, — (Z pi+1> JI (21)
i=1 i=1

As [ increases, the number of observation pairs
Di,Di+1 decreases, so it is recommended [ < n/4. For a
stationary time series with increasing lag [, the
relationship of the terms P(t;), P(t;4;) weakens and the
absolute values of the autocorrelation coefficient p(l)
must decrease. At the same time, for the sample
autocorrelation coefficient r (1) the property of monotonic
decline with increasing / may be violated.

The autocorrelation coefficient characterizes the
density of the linear relationship between random
variables P(t;), P(t;3;). Therefore, the value of the
autocorrelation coefficient can be concluded about the
presence of a linear (or close to linear) trend of the time
series.

By the sign of the autocorrelation coefficient it is
impossible to do a conclusion about the increasing or
decreasing trend of time series values.

Sequence  of  autocorrelation  coefficients
p(0),p(1), p(2) is an autocorrelation function of the time
series. Analysis of the autocorrelation function allows to
identify the structure of the time series, ie the presence of
components in it t(7;), s(z;), p(t;).

If the largest was the autocorrelation coefficient
p(1), then the series under study contains only the trend
component. If the largest was the autocorrelation
coefficient p(l), then the series contains oscillations with
a frequency of time moments / , ie the period of
oscillation is equal to [ - A,. If neither of the coefficients
p(D) is significant, then one can make one of two
assumptions about the structure of the series:

1) the time series does not contain trend and cyclic
fluctuations, ie is white noise with p(1);

2) the time series contains a strong nonlinear trend,
for the detection of which it is necessary to conduct
additional analysis.

Therefore, the autocorrelation coefficient and the
autocorrelation function should be used to identify in the
time series of trend and periodic seasonal components.

The hypothesis about the ergodicity of the process
is accepted and according to the results of the values of
the autocorrelation coefficients the reference model of the
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correlation function is chosen - exponentially cosine,
which is described by the analytical dependence [20]:

R(t) =D - e % - cos(B7), (22)
where D - variance of a random function; aiff —
coefficients determined by the method of least squares
[21].

For the practical construction of the
autocorrelation function on stationarity intervals, it is
advisable to use software packages for statistical data
analysis (STATISTICA, STATGRAPHICS PLUS and
others). An example of using the package to construct a
STATISTICA autocorrelation function is shown in Fig. 2.
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Fig. 2 — Autocorrelation function at the daily interval
(STATISTICA)

The approximated function for the sequence of
daily intervals is presented in Fig. 3.
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Fig. 3 — An approximated function at the daily interval
sequence

Analysis of the values of p(1) and the correlogram
allows us to conclude that the time series are stationary at

all intervals, both for maximum and minimum load
modes.

The calculated value of the load is found by the
formula [22]:

Pi(t) = M[P;(t)] + Bo[P;(1)],

where  M[P;(t)] — mathematical expectation of load at
a time £, o[P;(t)] — standard deviation of the load at the
time #; B — the coefficient of a random value scatter of the
load, taking into account the intensity of the random
values scatter of the load near the accepted calculated
value [22].

In probability theory, the rule of three sigmas is
applied:

(23)

Prax = P, * 30,

o L 24)

which under the normal distribution law corresponds to
the ultimate probability 0.9973. The probability of
exceeding the load on  +0.5%  corresponds
B = 2.5; B = 2 corresponds to the probability 0.975. For
B = 1.65 is provided £5% of error probability. For the
accuracy of the calculation = 10%, which corresponds to
the error of engineering calculations, the value of the
coefficient § = 1.0.

Simulated graphs of electrical load allow to take
into account the real process of load behavior, which is an
important task for the implementation of high-quality
modeling of consumers-regulators [23].

Conclusions

The change in the load of 10/0.4 kV TS is
stochastic in nature, which is non-stationary at the daily
interval. For certain stages of allocation of stationary
areas it is necessary to determine the distribution law for
the allocated time interval, to check the normal
distribution law by Pearson's criterion. In the case of a
normal distribution law, the next step is to check the
stationarity of the time series by parametric tests, namely
the criteria for checking the constancy of variance
(Fisher's F-test) and mathematical expectation (Student's
t-test) and the correlation function. In the case of
ergodicity of the process in the allotted time, the process
is considered stationary. The final stage is to determine
the value of the numerical characteristics of the studied
processes in the stationary areas and the construction of a
probabilistic mathematical model of the load.

Cnucoxk Jgiteparypu

1. Voltage characteristics of general purpose electricity supply
systems (EN 50160:2010, IDT), Ministry of Economic
Development and Trade of Ukraine, DSTU EN 50160:2014,
2014.

2. Cnpagounux no 9HEP2OCHAOAHCEHUIO u
INEKMPOOOOPYOOBAHUIO NPOMBIULIEHHBIX NPeOnpusmuil u
obwecmegennvix 30anuii / Ilom obmel pexn. mpodeccopos
MOU(TY) CHU. I'amazuna, b.U. Kynpuna, C.A. Lpipyka.
M.: U3parensckuii jom MOU, 2010.

BICHUK HTY "XIII" Ne 3 (9)



ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

CEPLA "HOBI PIIIEHHA B CYYACHHMX TEXHOJIOI'LAX"

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Myers W., Ye M. Probability and Statistics for Engineers
and Scientists. 2012. P. 813. URL: http://www.elcom-
hu.com/Mshtrk/Statstics/9th%20txt%20book.pdf
Herman R., Gaunt C. T. A Practical Probabilistic Design
Procedure for LV Residential Distribution Systems. /EEE
Transactions on Power Delivery. Oct. 2008. Vol. 23. Is. 4.
TloBopoB II. II. KepyBanHS pexuMaMH pPO3MOTITIBHUX
CJICKTPUYHUX MEPEX MICT Ha OCHOBI THYYKHX CHCTEM: JIHC.
. I-pa TexH. Hayk: 05.14.02 / Ham. yH-T «JIpBiBCEKA
noitexHikay. JIpBiB, 2001. 457 c.
Joeranrok O. H. Yuer BiusiHUS BEPOITHOCTHOIO Xapakrepa
Harpy30K SJICKTPUYCCKHX CETeH Ha BEJIMYMHY IOKa3aTelel
KauecTBa  ANIEKTPOdHepruu. Becmuux  Hayuouanohoeo
mexHuyeckoeo ynusepcumema “XIIH”. 2003. Ne 11. C. 41-
52.
Liu W., Liu Y., Niu S., Liu Z. Assessment Method for
Substation Capacity Credit of Generalized Power Source
Considering Grid Structure. Sustainability. 2017. Ne 9.
P. 928. doi: 10.3390/5u9060928.
Micu D. D., Rusina A. G., Naumov O. V., Gorlov A. N.
Calculation of loading ability of power transformers taking
into account electromechanical characteristics. International
Scientific and Technical Conference Smart Energy Systems
2019 (SES-2019). 2019. Vol. 124. P. 02006. doi:
10.1051/e3sconf/201912402006.
Adesina L. M., Abdulkareem A., Ogunbiyi O., Ibrahim O.
On-load measurement method for the reliability of
distribution transformers. MethodsX. 2020. Vol. 7.
P. 101089. doi: 10.1016/j.mex.2020.101089.
Syahputra R., Arrozak L. F. Power Transformer Loading
Analysis in order to improve the Reliability of a Substation.
Journal of Electrical Technology UMY (JET-UMY). 2017.
Vol. 1. No. 4. P. 165-175.
Rong H., Leon F. Load Estimation of Complex Power
Networks from Transformer Measurements and Forecasted
Loads. Complexit. 2020. Vol. 2020. P. 2941809. doi:
10.1155/2020/2941809.
Zhao J., Zhang G., Das K. et al. Power system real-time
monitoring by using PMU-based robust state estimation
method. /EEE Transactions on Smart Grid. 2016. Vol. 7.
No. 1. P. 300-309.
Liu B., Nowotarski J., Hong T., Weron R. Probabilistic load
forecasting via quantile regression averaging on sister
forecasts. IEEE Transactions on Smart Grid. 2017. Vol. 8.
No. 2. P. 730-737.
Kong W., Dong Z. Y., Hill D. J., Luo F., Xu Y. Short-term
residential load forecasting based on resident behaviour
learning. /[EEE Transactions on Power Systems. 2018. Vol.
33. No. 1. P. 1087-1088.
Ziegler F., Seim S., Verwiebe P., Miiller-Kirchenbauer J. A
Probabilistic Modelling Approach for Residential Load

Profiles. Energie und Ressourcen. P. 1-28. doi:
10.5281/zenodo.3689339.
®denopos A. A. OcHogul LEKMPOCHAOICEHUS!

npomblunennvlx npeonpuamuil. MockBa: Dueprus, 1972.
312 c.

Sarantakos 1., Greenwood D. M., Zografou-Barredo N-M.,
Vahidinasab V., Taylor P.C. A probabilistic method to
quantify the capacity value of load transfer. International
Journal of Electrical Power & Energy Systems. 2020. Vol.
123.P. 1-12.

Kpamep I'. Mamemamuueckue memoowt
Mocksa: Mup, 1975. 648 c.

Komomiens C. B. Teopis eunaokosux npoyecie. Cymu:
JBH3 «YABC HBY», 2011. 80 c.

cmamucmuKku.

20.

21.

22.

23.

10.

11.

binak H.B., Cxmsp O.0. AnpokcHMaTHBHO-CIIEKTPAIEHAIN
aHaJli3 BUMAJKOBOrO mporecy. [lpobrnemu ingopmamuzayii
ma ynpaeninus. 2015. Ne 2. C. 26-31.

Benpux  1O. H. KommiekcHoe  MoOpenupoBaHHE
JJIEKTPUYECKUX CHUCTEM B  CTAllMOHAPHBIX  PEKUMAaXx.
Becmnux Xapovroeckozo 20CY0apCmeeHHo20

noaumexuuueckoeo yrugepcumema. 2000. Ne 112. C. 22-27.
Kexenenko M. B., Caenxko lO. JI., CremanoB B. Il
Memoovl 6eposmHoCmMHO20 MOOETUPOBAHUs 8 pacHemax
XAPakmepucmuK 3MeKmputeckux Hazpy30Kk nompeoumenei.
Mockga: DHeproaromusaat, 1990. 128 c.

Shcherbak 1. Mathematical model of consumer regulators
management for alignment of electric load graphs of
transformer substation 10/0.4 kV. Ceimaomexuika ma
enexkmpoenepeemura. 2019. Ne 3. C. 125-129.

References (transliterated)

Voltage characteristics of general purpose electricity supply
systems (EN 50160:2010, IDT), Ministry of Economic
Development and Trade of Ukraine, DSTU EN 50160:2014,
2014.

Handbook of power supply and electrical equipment of
industrial enterprises and public buildings. Under the
general editorship. professors MEI (TU) S.I. Gamazina, B.L
Kudrina, S.A. Tsyruka. M.: MEI Publishing House, 2010.
Myers W., Ye M. Probability and Statistics for Engineers
and  Scientists.  2012.  P.  813. Available at:
http://www.elcom-
hu.com/Mshtrk/Statstics/9th%20txt%20book.pdf

Herman R., Gaunt C. T. A Practical Probabilistic Design
Procedure for LV Residential Distribution Systems. /EEE
Transactions on Power Deliver, Oct. 2008, Vol. 23, Is. 4.
Govorov P. P. Control of modes of distributive electric
networks of cities on the basis of flexible systems: dis. ...
Dr. Tech. Science: 05.14.02 / Nat. Lviv Polytechnic
University. Lviv, 2001, 457 p.

Dovgalyuk O. N. Accounting for the influence of the
probabilistic nature of the loads of electrical networks on the
value of indicators of the quality of electricity. Bulletin of
the National Technical University "KhPI", 2003, No. 11, pp.
41-52.

Liu W., Liu Y., Niu S., Liu Z. Assessment Method for
Substation Capacity Credit of Generalized Power Source
Considering Grid Structure. Sustainability, 2017, 9, p. 928,
doi: 10.3390/su9060928.

Micu D. D., Rusina A. G., Naumov O. V., Gorlov A. N.
Calculation of loading ability of power transformers taking
into account electromechanical characteristics. International
Scientific and Technical Conference Smart Energy Systems
2019 (SES-2019), 2019, Vol. 124, p. 02006, doi:
10.1051/e3sconf/201912402006.

Adesina L. M., Abdulkareem A., Ogunbiyi O., Ibrahim O.
On-load measurement method for the reliability of
distribution transformers. MethodsX, 2020, Vol. 7,
p. 101089, doi: 10.1016/j.mex.2020.101089.

Syahputra R., Arrozak L. F. Power Transformer Loading
Analysis in order to improve the Reliability of a Substation.
Journal of Electrical Technology UMY (JET-UMY), 2017,
Vol. 1, No. 4, pp. 165-175.

Rong H., Leon F. Load Estimation of Complex Power
Networks from Transformer Measurements and Forecasted
Loads. Complexit, 2020, Vol. 2020, p. 2941809, doi:
10.1155/2020/2941809.

BICHUK HTY "XIII" Ne 3 (9)

17



CEPIA "HOBI PILIEHHA B CYYACHUX TEXHOJIOI'AX"

ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

12.

13.

14.

15.

16.

17.

prof. of Department of power

Zhao J., Zhang G., Das K. et al. Power system real-time
monitoring by using PMU-based robust state estimation
method. IEEE Transactions on Smart Grid, 2016, Vol. 7,
No. 1, pp. 300-309.

Liu B., Nowotarski J., Hong T., Weron R. Probabilistic load
forecasting via quantile regression averaging on sister
forecasts. IEEE Transactions on Smart Grid, 2017, Vol. 8§,
No. 2, pp. 730-737.

Kong W., Dong Z. Y., Hill D. J., Luo F., Xu Y. Short-term
residential load forecasting based on resident behaviour
learning. /[EEE Transactions on Power Systems, 2018, Vol.
33, No. 1, pp. 1087-1088.

Ziegler F., Seim S., Verwiebe P., Miiller-Kirchenbauer J. A
Probabilistic Modelling Approach for Residential Load
Profiles. FEnergie und Ressourcen, pp. 1-28, doi:
10.5281/zenod0.3689339.

Fedorov A.A. Fundamentals of power supply of industrial
enterprises. Moscow. Energy, 1972. 312 p.

Sarantakos 1., Greenwood D. M., Zografou-Barredo N-M.,
Vahidinasab V., Taylor P.C. A probabilistic method to
quantify the capacity value of load transfer. International

20.

21.

22.

23.

Journal of Electrical Power & Energy Systems, 2020, Vol.
123, pp. 1-12.

. Kramer G. Mathematical methods of statistics. Moscow.

Mir, 1975. 648 p.

. Kolomiets S. V. Theory of random processes. Sumy: DVNZ

«UABS NBU», 2011. 80 p.

Bilak N.V., Sklyar O.O. Approximate spectral analysis of
random process. Problems of informatization and
management, 2015, 2, pp. 26-31.

Veprik Yu. N. Complex modeling of electrical systems in
stationary modes. Bulletin of Kharkiv State Polytechnic
University. Kharkiv: KhGPU, 2000, 112, pp. 22-27.
Zhezhelenko 1. V., Saenko Yu. L., Stepanov V. P. Methods
of probabilistic modeling in calculations of characteristics
of electric loads of consumers. Moscow. Energoatomizdat,
1990. 128 p.

Shcherbak 1. Mathematical model of consumer regulators
management for alignment of electric load graphs of
transformer substation 10/0.4 kV. Lighting engineering and
electric power, 2019, 3, c. 125-129.

Binomocti npo aBTopiB (About authors)

Dovgalyuk Oksana — Candidate of Technical Sciences, Assoc. prof., National Technical University "Kharkiv Polytechnic
Institute", Professor of Department of Electric power transmission, Kharkiv, Ukraine; ORCID: https://orcid.org/0000-0003-1994-
619X; e-mail: Dovgalyuk O@khpi.edu.ua.
Joezaniok Oxcana Muxonaiena — KaHAUIAaT TEXHITHUX HAYK, TOIEHT, HarioHanpHMil TeXHIYHUN yHIBEPCUTET «XapKiBCHKUHA
MONITEXHIYHUH 1HCTUTYT», Tpodecop kadenpu mepenadi enexkTpuaHoi eHeprii; Xapkis, Ykpaina; ORCID: https://orcid.org/0000-
0003-1994-619X; e-mail: Dovgalyuk O@khpi.edu.ua.
Shcherbak Iryna — Candidate of Technical Sciences, O.M. Beketov National University of Urban Economy in Kharkiv,
assistant of Department of power supply systems and electricity consumption of cities, Kharkiv, Ukraine; ORCID:
http://orcid.org/0000-0003-1211-4665; e-mail: ie.shcherbak@gmail.com.

Llepoax Ipuna €szeniena — KaHIUIAT TEXHIYHNX HAyK, XapKIBCBKUH HAIllOHAJBHUN YHIBEPCHTET MiCHKOTO T'OCIOAAPCTBA
imeni O.M. bekeroBa, acuctenT kadeapH CHCTEM €JIEKTPOIOCTA4aHHS Ta €IEKTPOCIOKUBAHHS MicT, XapkiB, Ykpaina, ORCID:
http://orcid.org/0000-0003-1211-4665; e-mail: ie.shcherbak@gmail.com.

Yuliia Kovalova — Candidate of Technical Sciences, O.M. Beketov National University of Urban Economy in Kharkiv, Assoc.

supply systems and

electricity consumption of cities,

Kharkiv, Ukraine; ORCID:

https://orcid.org/0000-0002-2931-9176; e-mail: kovalova.jv@gmail.com.

Kogeanvosa IOnia Bixmopiena — XaHIUIAT TEXHIYHWX HayK, NOIEHT, XapKiBCBKUH HAI[iOHAJTHHUN YHIBEPCUTET MiCBKOTO
rocronapera iMeHi O.M. bekeToBa, TOLEHT Kadeapu CHCTEM ENIEKTPOIOCTadYaHHs Ta €IEKTPOCIIOKIUBAHHS MicT, XapKiB, YKpaiHa;
ORCID: https://orcid.org/0000-0002-2931-9176, e-mail: kovalova.jv@gmail.com.

Korobka Volodymyr — O.M. Beketov National University of Urban Economy in Kharkiv, Senior Lecturer of Department of
power supply systems and electricity consumption of cities, Kharkiv, Ukraine; ORCID: https://orcid.org/0000-0002-1398-8084; e-
mail: korobkat62@ukr.net.
Kopooka Bonooumup Onexcanopoeuu — XapKiBCbKHN HaI[lOHAIBHUN YHIBEPCHTET MIChKOro rocrogapcrBa imeni O.M.
BekeroBa, crapmmii Bukiamad Kadeapu CHCTEM EJIEKTPOIIOCTAYaHHS Ta EJIEKTPOCIOKHUBaHHS MicT, XapkiB, Ykpaina, ORCID:
https://orcid.org/0000-0002-1398-8084; e-mail: korobkat62@ukr.net.

Please cite this article as:

Dovgalyuk O., Shcherbak 1., Kovalova Y., Korobka V. Allocation of steady-state areas of total electrical load schedules of
10/0.4 kv transformer substations located in residential areas. Bulletin of the National Technical University "KhPI". Series:
New solutions in modern technology. — Kharkiv: NTU "KhPI", 2021, no. 3 (9), pp. 11-19, doi:10.20998/2413-4295.2021.03.02.

byow nacka, nocunaiimecs Ha Yo cmammio HACMYNHUM YUHOM:
Josramok O. M., llep6ak 1. €., KoBansosa 0. B., Kopo6xa B. O. Buzninenus qinsHOK cTanioHapHOCTI rpadikiB cyMapHUX
CJIEKTPUYHNX HABaHTAXEHb TPAaHC(HOPMATOPHHUX ITiJICTAHIIH
Hayionanshozo mexuiunozo yuieepcumeny «XI1ly. Cepis: Hosi piwenns 6 cyuacnux mexnonozisix. — XapkiB: HTY «XTIII». 2021. Ne
3(9).C.11-19. doi:10.20998/2413-4295.2021.03.02.

10/0,4 B, posramoBaHHX B CENLOMIIHMX 30HAX.

Bicruk

BICHUK HTY "XIII" Ne 3 (9)



ISSN 2079-5459 (print)
ISSN 2413-4295 (online) CEPLA "HOBI PILIEHHA B CYYACHHMX TEXHOJIOI'LAX"

Tooicanyiicma, ccoinatimecs na 2my cmamuio ciedyiowum 0o6pazom:

Josramok O. H., llepbax U. E., KoBanesa 0. B., Kopobka B. A. Brinenenus y4acTKOB CTaIIOHApPHOCTH TpaduKoOB
cymmapusix anektpudeckux HAIPY3OK tpancdopmaroprsix mopcranmmii 10/0,4 kB, pacnmonokeHHBIX B CEIMTCOHBIX 30HAX.
Becmnux Hayuonanono2o mexnuueckozo ynusepcumema « XIIHy». Cepus: Hoevle pewienus 6 coepemenHbIx mexHono2usx. —
Xapbkos: HTY «XITH». 2021. Ne 3 (9). C. 11-19. doi:10.20998/2413-4295.2021.03.02.

AHHOTALIHA [logviuienue s¢hghexmusrocmu pe2yiupo8anisi Napamempos pejicumos pacnpeoeiumenbHblx J1eKmpudeckux cemeti
A6IEeMCsT  aKmyanvbHoll  3a0aveil Ol dHEP2emuKu, mpedylowell 0emalbHo20 aHAIU3A Xapakmepa 2pagukos CYMMAPHBIX
NEKMPULeCKUX HAcPy30K mparcgopmamopuvix noocmanyuii 10/0,4 kB. Cnooscnocms paccmampueaemoti npobiemvl 00yciosiend
mem, 4mo usmererue Hagpysku mparcgopmamoprvix noocmarnyuii 10/0,4 kB cenumeOHbIX 30H NPOUCXOOUM CIYYALIHBIM 00PA30M,
4mo 00YCN06IEHO 3HAYUMENbHBIM KOTUYECEOM, WUPOKOU HOMEHKIAMYPOU U 6ePOAMHOCHIHbIM XAPAKMEPOM PENCUMOE pabOonbl
NOOKNIOUEeHHbIX nompebumenei, a maxice Omcymcmeuem 0emepMuHUPOBAHHBIX CBA3el MeXHCOy NOmpedumenamu d1eKmpudeckol
onepeuu. Hccnedyemas ¢ynkyus cymmapnou nazpysku mpancgopmamopnvix noocmanyuii 10/0,4 kB na cymounom unmepgane
ABNAEMCA HECMAYUOHAPHOT, 8 CBA3U C YeM BO3HUKIIA HeOOXOOUMOCHb 8bl0€NIeHUs YHACMKOE CIAYUOHAPHOCTU OJIs KOPPEKMUPOBKU
npoyecca pe2yiuposaniisi NApAMempos pexcumos dneKkmpuyeckoi cemu. /s pewtenus 3moii 3a0a4u Obiiu ROCMPOEHbL CYMMApHbLE
epaghuxu nacpysku ona mpancgopmamopnvix noocmanyuii 10/0,4 xB, pacnonodcennvix 6 cenumebHou 30He, HA OCHOBAHUU
IKCNEPUMEHMATILHBIX USMEPEHULl BeUYUHbL AKMUSHOU U DeakmusHou Hazpysku. Hcnonvsoeanue nocmpoeHHbix 3a6ucumocmell
NO360IUNO  GLINOAHUMb AHATU3 3AKOHA pacnpedenenusi ONid AKMUSHOU U pPeaKmuGHOU MOWHOCMU CYMMAPHOU HA2pY3KU
mpancgopmamopnvix noocmanyuii 10/0,4 kB, usmenenue Komopulx 60 6pemenu Hocum cmoxacmuueckuu xapaxmep. [[ns
00CMOBEPHO20 ONUCAHUA NPOYecca UMeHeHUs Haspysku mpancgopmamopnvix noocmamnyuii 10/0,4 kB 0Oviio 0bocrosaro
npuMeHeHue 8eposMHOCIHO-CIMAMUCMUYECKO20 Memoda Mooenuposanus. Bvina noomsepicoena eunomesa 0 HOPMAILHOM 3aKOHE
pacnpeodenenus ucciedyemvlx QYHKYUL U 6blNOIHEHbl NApaMempuiecKue mecmol. J{is noomeepucoeHuss 2unomessl 0 NOCHMOSHCMEE
oucnepcuii npumensnca F-kpumepuii @uuiepa, a 01 noomsepiicoeHuss 2unome3svl 0 NOCHMOAHCMEE MAMEMAMUYECKO20 0ICUOAHU —
t-kpumepuii Cmuvrodenma. Hcnonvsya gakm nocmoancmea OUCREPCUll U MAmMeMamu4eckux OJICUOAHUIL UCCTIe0yeMblX Napamenpos
pedcuma, Ovliu onpedenenvl KoIPDuyueHmvl aA8MOKOPPenayuu UCCIeO0yeMblX CAYYAUHbIX OYHKYUll U NOCMpPOeHbl 2paguKu
asmokoppenayuonnvlx  gynkyuti. C  yenvio annpokcumayuy uccredyemvlx @OYHKyuu Ovliu - onpeoenenvl  KOIPpuyuenmol
A8MOKOPPENAYUOHHBIX PYHKYUL, OIA 4e20 UCHONbI08AH MEMOO HAUMEHBUUUX KEAOPAMO8, a MAKdHCe NPOBEOeH aHANU3 HA 3amyXaHue
asmoxoppenayuonHou  @yukyuu.  Ilposedennvie pacuemvi NO360MUAU  bIOCTUMb HA  CYMMAPHLIX — 2paukax —HazpysKu
mpancgpopmamopnvix  noocmanyuii  10/0,4 kB yuacmku cmayuonaprocmu. JlanHvle YYACMKU CMAYUOHAPHOCMU  MO2Ym
UCNONBL308AMbCL OISl OAIbHEUUe20 MOOETUPOBAHUS 2paAPUKO8 HAZPY3KU U DOPMUPOBAHUS VAPAGTAWUX B030elUcmeull Ol
KOPPEKMUpOGKU HAZPY3KU NOMpedumeneti-pecyisimopos ¢ Yeblo blPAGHUBAHUA 00We20 papura S1eKmpudeckol Hazpysku, d
makoice 05l CPeOCm8 pecyaupo8anusi Hanpsaxicenuss, 4mo 6yodem cnocobcmeosanmsv odecnedeHulo mpebyemvix pejicumos pabomol
pacnpeoenumenbHbixX 2NEeKMpULecKux cemell.

Knrouesvie cnosa: mpancopmamopuas noocmanyus; paQux Hazpys3Ku, 3aKOH pacnpeoenenus; napamempuieckue mecmoi;
Mamemamuueckoe — odxcudanue;, oucnepcus;, kpumepuil I[lupcona; F-xpumepuii Duwepa; t-xpumepuii CmovrtooeHma;
A8MOKOPPENAYUOHHAS PYHKYUS.

Haoitwna (received) 01.09.2021

BICHUK HTY "XIII" Ne 3 (9) 19





