u] =,

Po3nodinvni enexmpuuni mepedci ne docmamioo ocHaueHi
3acobamu monimopuney pedxcumnux napamempis. Haiioinvw
Ppo36uneny iHppacmpykxmypy mawomo cCucmemu KoMepuiiHo-
20 00niky enexmpoenepeii. Oonax indopmauia npo cnoxcumy
enexmpoenepeito 3bepicacmoca y azpezosanomy euensnoi. Ile
He 0ae 3M02u BUSHAMAMU CKIA006] OANAHCOBUX SUMPAM eJleK-
mpoenepeii ma ananizyeamu ix cmpyxmypy 6e3 3acmocyeéanns
cnpowenn.

3anpononosaro suxopucmosysamu munogi epadixu nasamn-
maoicenns 015 ni0BUWEHH A0EK8ANMHOCH Pe3ybmantieé Ouitio-
BaHHA QOUHAMIKU PENCUMIE PO3NOOLILHUX eJIeKMPUHHUX MEPEIiC.
s y32000cenns GUMIPAHUX napamempie pe’cumy ma nceeoo-
BUMIPIO6AHD, PO3PAXOBAHUX 34 MUNOBUMU 2padiKaMu HAGAH-
maxncentst, 3anponoHoBaHo GUKOPUCMOBYEAMU AJIZOPUMM HA
0CHOBI Memody nHavimenumux keaopamis. Ouinioeanns mouwnocmi
NPo6OOUNOCy WAAXOM NOPIGHAHHA 2paiKié eNeKmpocnodicu-
6AHHSL AOCONIOMHO CNOCMEPENHCHOT Mepesci 3 pe3yromamamu
iMimauitinux po3paxymnxie.

Bcmanosneno, wo 3acmocyeanms munosux epagixie nagamu-
masicenns 0ae 3mozy ei0HosNI06aAMU 2padiKu enexmpocno-
JHCUBAHHA 3 NPULHAMHOIO MOUHICMIO 34 NOBHOT 6idcymHuocmi
sumiptoeans. Ilepemeopenns aepezoeanoi inpopmauii cucmem
KoMepuitinozo 061Ky enexmpoenepeii 6 4acoei 3anedrncHocmi
cnpusie ni0GUWEHHIO MOMHOCMI pe3ynbmamie Mo0eI08aHHs.
xapaxmepnux pexcumie mepedxc. Ak nacaioox, nidsuwyemocs
MOUHICMb BUIHAMEHHA MEXHIMHUX 6MPAM Ma THMUX CKIA008UX
Y cmpyxmypi 6anancy eaexmpoenepeii.

Ymounenns cxnadosux empam ejexmpoenepeii y cmpyk-
mypi 6anancy 003601uUMb GUSEIAMU NPOOJEMHI eneMeHmu
PO3n00inbHUX Mepeixc ma opmyeamu AKichiwi 3axo00u wo0o
nideuwenns ix enepeoepexmuenocmi. Kpim mozo, euxopucman-
HA munoeux zpa@ixie HABAHMANCEHHA MmMa POPMYEanHs ncee-
006uUMiIptO8ats, 0a€ 3M02Y IMEHUUMU EUMPAMU HA PEAi3aUit0
cucmem MOHIMoOpUH2Y NApamempie po3noOLIbHUX MepPeiic
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1. Introduction

Effective implementation of financial settlements re-
quires accurate and reliable information about power con-
sumption. Worldwide experience in the use of smart me-
tering systems involves the installation of smart metering
devices by manufacturers and consumers, automation of
survey systems, data processing and provision of informa-
tion about energy production, transmission, distribution and
consumption.

In power grids, the main source of measurements is
automated systems for commercial accounting of power
consumption (ASCAPC). ASCAPC are intended to pro-
vide reliable and timely information on power consumption
accounting on the basis of which financial settlements be-
tween market entities can be made. Today, however, the use
of commercial accounting systems in power grids is limited
by significant financial costs. The available information does
not allow ensuring the observability of operating parameters
of power grids and, as a consequence, determining the com-
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ponents of power losses in the structure of power balance
with sufficient accuracy.

The most effective measure to ensure the observability of
power grids is the integration of smart metering devices into
ASCAPC with the ability to store and transmit data based
on smart metering technology. Such systems allow solving a
complex of important tasks. For example, remote reading of
metering devices, automated recording at certain intervals,
identification of loss centers, as well as instant remote load
limitation and termination of power supply to non-payers.

The use of information collected by smart metering
systems increases the observability of the power grid by
using measured load curves. The presence of synchronized
information about the measured operating parameters of
the grid allows determining power consumption by stan-
dard algebraic methods [1]. However, quite often, due to
failure of hardware or information support, this data may
not be available for the whole or part of the day. During
measurements, as well as information transmission, there
are electromagnetic interference, desynchronization or tar-




geted attacks on the information network by third parties
in the form of manual or “viral” interference in the infor-
mation system [2, 3]. This leads to the loss of individual
information packets. Thus, a necessary condition for the
functioning of the power consumption monitoring informa-
tion system is the ability to recover lost information.

2. Literary review and problem statement

Today, several approaches are used to verify and restore
data on electric loads in ASCAPC and smart metering sys-
tems. The paper [4] proposes to use Big Data Technology to
control power consumption in power grids. This approach re-
quires considerable investment and large amounts of data for
simulation-based decision-making. This makes it impossible
to apply such technologies in the initial stages of information
system development.

Unlike [4], [5] proposes to fill the information system
by simplified calculations of the power grids on the basis of
available non-lost data. This method uses the assumption of
normalizing power losses. This makes it impossible to use it
to clarify the structure of power balance.

The paper [6] proposes to use regression analysis to
recover lost data. The disadvantage of this approach is the
need for careful synchronization of the regression model
parameters. Thus, in the case of parameter resynchroniza-
tion, the estimation of parameters, regression and perturba-
tion variance becomes biased, which decreases estimation
efficiency.

[7] proposes the application of statistical methods for
processing lost data based on the removal of all observa-
tions with incomplete feature vectors. This approach, simi-
lar to [6], requires significant amounts of data. In addition,
the results show that lost information can be restored to
within 15 %, which is insufficient to create a refined struc-
ture of power balance.

In order to improve the accuracy and effectiveness of
these approaches, they are combined to provide additional
benefits. For example, [8] proposes to use cluster analysis
and artificial neural networks to recover only part of the
load curve of a particular consumer based on statistical in-
formation. Application of neural networks a priori is based
on retrospective data, and standard load curves are repro-
duced by cluster analysis. This approach requires statistical
information on the restored load curve, but does not take
into account the relationship between operating parameters
of the power grid.

Application of state estimation methods [9] allows re-
storing lost information for each specific mode of the electri-
cal network provided its observability. This approach does
not involve the use of functional dependencies of operating
parameters and requires a comprehensive approach with
other methods of lost data recovery.

[10] proposes to use the characteristic modes method
and create a base of load curves of characteristic days. These
days relate to public holidays, some weekdays between hol-
idays, days of social events, and usually days characterized
by atypical demand. The disadvantage of such methods is
obtaining an estimate of total network losses. Therefore, it
is difficult to identify specific indicators to clarify the struc-
ture of power balance.

[11] proposes to use standard load curves to restore
time-aggregated information on power consumption ac-

counting. This approach does not provide sufficient accuracy
of results, since standard curves are formed with a large
probability distribution scale.

So, the main common requirement of these approaches
is the availability of non-lost data. That is, measurements of
part of the network in volumes sufficient to recover informa-
tion or large amounts of retrospective data to recover lost
information and detect measurement outliers are needed.

To date, equipping power grids with ASCAPC facilities
is quite expensive. Therefore, in most cases, power consump-
tion accounting is carried out using a traditional system. The
reporting period in such systems is a calendar month, and
collection of indicators is carried out with the participation
of the commercial power consumption accounting service
of power grids or consumers. This method of collecting
and processing commercial measurements is a source of
errors and distortions of commercial data. In addition, the
aggregation of information makes it difficult to adequately
assess the structure of power balance and to identify ineffi-
cient subsystems and elements of power grids. This makes it
fundamentally impossible to apply the above approaches to
accurately investigate changes in the operating parameters
of power grids.

The analysis shows that regardless of the equipment
of power grids with metering means, it is advisable to use
computational methods to increase the observability of
networks. Methods for evaluating network modes [9] and
standard load curves [10, 11] allow reproducing half-hour
network modes with acceptable accuracy.

Thus, the results of commercial power consumption ac-
counting aggregated over the reporting period can be used
to control power losses and voltage levels in power grids.

3. The aim and objectives of the study

The aim of the study is to prove the possibility of esti-
mating changes in the operating parameters of power grids
using aggregated data of automated systems for commercial
accounting of power consumption and standard load curves
of consumers.

To achieve the aim, the following objectives were set:

— to analyze the possibilities of using ASCAPC informa-
tion to increase PG observability under incomplete initial
information;

—to develop a method of estimating the operating pa-
rameters of power grids using aggregated information of
automated systems for commercial accounting of power
consumption;

—to check the efficiency of the developed method and
adequacy of the results of estimating the operating dynamics
of power grids using a full-scale experiment.

4. Analysis of the possibility of using available ASCAPC
information to increase the observability of electric
networks

According to the concept of building automated sys-
tems for commercial accounting of power consumption in
conditions of power market [12], ASCAPC for household
activities and services is a hierarchical system. It provides
automated accounting of power consumption based on data
received directly from meters and /or measuring converters.



The main purpose of ASCAPC is solving the issues of finan-
cial relations on the basis of accurate and promptly received
information, improving the efficiency and rational use of fuel
and energy resources and energy saving. According to [12],
the ASCAPC database shall contain:

— the value of total power consumption;

— the value of total power consumption for each tariff

zone;

— the value of average power according to the specified
integration period,;

— the value of the maximum power of the integration
period during the day, month;

— the value of the maximum power of the integration
period for each tariff zone during the day, month;

— the value of power consumption for current and past
accounting periods — day, month;

—load curve according to the specified integration
period,;

— values of power consumption for each tariff zone for
current and past accounting periods — day, month;

— information about events related to emergency situa-
tions, etc.

Thus, the availability of complete information in the
ASCAPC database for the entire power grid can ensure its
observability for solving technical, including operational,
tasks.

However, to date, most power companies have ASCAPC
only for a perimeter (at points of commercial accounting of
flows from/to adjacent power grids) and legal consumers.
Also, for balancing electric power in regional electric net-
works, industrial metering means are provided at the main
sites of feeders of 110—35 kV substations. Thus, for feeders
of power grids, observability is only ensured in the case of
power supply to legal consumers.

An additional source of information on power consump-
tion are billing systems of power supply organizations. They
store point of sale consumption information for the account-
ing period.

As the information support of financial settlements of
power grids is based on accounting data obtained from
different sources with different reliability, the commercial
component of power losses increases.

In order to create proper information support and in-
crease the reliability of power consumption accounting in-
formation, [11] proposes to use standard load curves (SLC)
averaged over time and totality of power receivers. For each
SLC there is a list of consumer codes according to the cate-
gories of economic activities (CEA), which allows determin-
ing the corresponding SLC for a particular consumer. The
use of categories of economic activities in the billing system
allows comparing information on power consumption during
the period of integration with its SLC.

Standard curves are presented in the form of hourly
characteristics of mathematical expectation and standard
deviation of active and reactive loads, as well as characteris-
tics of the correlation coefficient of active and reactive loads
(Fig. 1).

The mathematical expectation of load is normalized
relative to the maximum value and is given as a percentage.
Thus, the SLC allows decomposing the value of total power
consumption for the accounting period to the form of hourly
curve of probable load, supplementing information support
for solving technical problems.

Table A.1.1

Load curve of consumers of the following
categories of economic activity

«01.45» «14.11» «10.42» «32.11» «30.40» «10.31»
«30.92» «03.12» «22» «11.05» «24.42»

Month - January Form factor - 1.07

P 39 48 42 55 31 54 49 58 88 59 72 83 71
% 17 17 16 15 13 14 14 17 26 31 31 33 24
Q 12 18 11 19 10 20 19 23 26 20 23 24 16
% 77 6 6 4 5 61113201919 10
K 1111111111111

a

140

th
00 02 04 06 08 10 12 14 16 18 20 22 24

b

Fig. 1. Presentation of information in the book of standard
load curves: a —table form; b — interpreted graphic form

Traditionally, SLC have been used in power calculations
for designing electrical grids, compiling power balances and
evaluating power losses associated with transportation and
distribution by power grids. The load curves obtained in this
way are dependencies of averaged values with given standard
deviations. Therefore, their direct use in calculations togeth-
er with deterministic parameters and measurement results
with a given accuracy is incorrect and may decrease the
adequacy of results. For data adaptation, additional harmo-
nization measures must be applied that use the properties of
power grids, are based on power calculations and minimize
errors of reproduction of operating parameters and integrat-
ed indicators.

5. Method of estimating the operating parameters of
power grids using time-aggregated power consumption
accounting data

The problem of using time-aggregated information of
automated systems for commercial accounting of power
consumption can be considered as the problem of minimizing
errors of measurement of PG operating parameters in the
theory of state estimation (SE) of the electric network [16].
Several approaches are developed to analyze the reliability
of measurement data. The classical SE problem [13-17] for
power engineering uses steady-state equations based on the
basic laws of electrical engineering — Ohm'’s and Kirchhoff’s
laws. The variables of these equations are the values of
active and reactive power, current and voltage, as well as
the parameters of the PG equivalent circuit. The latter are
considered conditional-constant. Currents, voltages, active
and reactive power flows are considered telemeasurenr with
a given probability [13].

The electrical network mode characterized by these
parameters corresponds to a certain time period and is
constantly changing. As a result, there is the need to peri-
odically adjust unsynchronized and faulty telemeasurest so
that, in combination with probable operating parameters,



the measured values correspond to the conditions of power
balance in the PG.

The features of the system of technical monitoring of
modern power grids, in particular, the lack of means of syn-
chronized telemetry of operating parameters, do not allow
using the methods of state estimation in such networks.

Today, the hardware of the information support of
power grids consists mainly of metering devices installed
at the inputs of transformer substations and main sections
of feeders, which does not provide the necessary observ-
ability even for standard modes. Considering the totality
of measured parameters in power grids, their accuracy
and synchronization capabilities, it is expedient to apply
approaches based on the least squares method for SE. Such
approaches use the network state equation in the form of
current balance as a function of node voltages in polar and
rectangular coordinates.

The least squares state estimation method is based on the
linearization of the relationship between the measurements
and the state variables of the electrical grid. The nonlinear
relations between the state vector and the measured electri-
cal variables can be represented as follows [17]:

z=h(x)+v, @

where z is the vector of synchronously measured parameters
of electric networks; x is the vector of PG state variables;
h(x) is the vector function that relates measurements to
state variables based on balance equations for PG; v is the
vector of deviations between the measured and calculated
operating parameters.

To form the state vector x, an infinite number of com-
binations of variable values can be used, but the practical
value of such a combination is to minimize the absolute
values of the vector v. Based on this, the objective function
of the problem of determining the PG state vector in the
general form:

-$El
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J(x
:[z—h(x)]TW[z—h(x)]%min, (2)

where o is the standard deviation of each measurement;

-1

W =diag[c},6,...,0, |

is the inverse diagonal matrix of the expected (estimated)
standard deviations of individual measurements.

Usually, the module U; and phase angle o; of voltage at
independent network nodes are taken as the state variables
x;. The measured parameters of PG are voltage modules at
individual nodes U?, active P® and reactive Q power in
load and generation units equipped with ASCAPC facilities,
active PjB and reactive Qf power flowing in transmission
lines equipped with telemetry facilities.

The peculiarity of power grids is the insufficiency of the
observation vector z. That is, the PG state cannot be identi-
fied using purely measured parameters, since the problem (2)
has no solutions. Supplementing the vector z with informa-
tion from standard load curves (pseudomeasures) for PG
units will allow using the resources of existing metering and
monitoring tools to ensure network observability without
additional financial costs.

As expected standard deviations of pseudometry W; for
unobservable nodes, it is proposed to use the values given in
the atlas of standard load curves for the consumer according
to the CEA code [11].

The possibility of state estimation of the power grids
using SLC and ASCAPC database is proved by the example
of real urban 10 kV PG.

6. Verification of results of estimating the operating
dynamics of power grids for determining power losses

To verify the results of estimating the operating dynam-
ics of the partially observable grid on the basis of SLC, a
fragment of 10 kV urban networks of Vinnytsia is used — the
F-165 feeder of Zahidna 110/10 kV substation. The feeder
contains 5 consumer substations (Fig. 2) with 10/0.4 kV
transformers of different capacities. The substations feed
industrial (17 %) and household (83 %) consumers. Using
electronic meters (Table 1), synchronized recording of pow-
er input and output parameters with a half-hour interval
within 22 days was provided for the feeder. In this way, full
network observability was provided to determine balance
losses of power. In addition, data were obtained to estimate
the dynamics of load distribution between substations for
1056 consecutive half-hour periods. An example of the mea-
surement results is shown in Fig. 3.

Zahidna 110/10 kV
SS F-165

BD - 10 kV
OS -10kV
LD -10 kV
S
-
*®
<D
5]
«
«
AAB-3*120 543
400

2*AASHV-3*120

2*AASHV-3*120 __ AASHV-3*120

2*AASHV-3%120

457

400 0,36

Fig. 2. Fragment of 10 kV observation power grid

Table 1
Smart meter models
TP “Zahidna” “Elvin” No. 8506
TP-455 (T-1) “Argo” No. 409036
TP-455 (T-2) “Argo” No. 409022
TP-456 (T-1) “Argo” No. 404725
TP-456 (T-2) “Argo” No. 404785
TP-457 “Argo” No. 404700
TP-458 “Argo” No. 402874
TP-543 “Argo” No. 409061




From Fig. 3, b it can be seen that the sample included
both working days: the first, second, third, eighth and ninth
days, and holidays: from the fourth to the seventh, the tenth
and eleventh days. The list of feeder consumers contains
legal and household subscribers. The latter makes it possible
to summarize the results of the analysis of the main and test
samples.

Power input

700
= 600
< 500 !
D ]
= 1 P 9. 0 9 A P 4 P
2o P ]
oV Viik Vil V2 AL
o
=~ OOOOOOOOOOOOOOOOOOOOOOO
oo NSNS A
OO OO 0 —O0O—~0O0 0O —~O —~0O — O —
Time, h
— A, kWh — R, kVArh
a
Power output
Z 3
Z A
= A
= LT,
= . X
5 w A A N
Z S M e e A
€N €N €N €N N 0N 6N 6N 6N €N €N €N 0N N N oN
gagdgagdagdgdgdgd
ime. h
— A, kWh —  R,kVArh
b

Fig. 3. Example of measured values for eleven days:
a — power input from the main feeder section;
b — power output by TP-543

The state estimation of the electrical grid, provided
sufficient full observability, was performed on the basis of
weighted least squares (WLS) [17] in the MathCad 15 soft-
ware environment (Mathsoft, USA). Thus, it is proved that,
in the presence of complete information on power supply
and consumption, the estimated capacity of PG substations
practically coincides with the measured values (Fig. 4, a).
The maximum relative error was calculated by comparing
the vector of measured load capacities z, averaged over a
half-hour interval, with their calculated values h(x):

8, :if(x).mo 3)

Z;
and amounted to less than 0.01 % (Fig. 4, a).

For experimental verification of the possibility of using
SLC to generate pseudomeasures, the measured load capac-
ities of TP-458, TP-543, TP-455 and TP-456 units were
replaced with reproduced according to standard curves
and total power consumption during the experiment period
(information from ASCAPC). After estimating the PG state
and determining h(x), relative errors of estimating the oper-
ating parameters with half-hour averaging were calculated
(Fig. 4, b—d).

Fig. 4, b, ¢ shows the diagrams of changes in the relative
error of estimating average load capacities of PG substations

for the case of using pseudomeasures in the unit with the
highest power consumption (TP-458) and in the unit with
the lowest power consumption (TP-543), respectively. For
each of 48 measurements of the daily curve, the relative error
of load capacity reproduction does not exceed 0.01 %. That
is, using SLC followed by state estimation, information on
changes in power consumption in PG units was recovered
with high accuracy.
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Fig. 4. Maximum relative errors of modeling the PG
operating dynamics: a — for absolutely observable network;
b — in the absence of measurements in the TP-458 unit;
¢ — in the absence of measurements in the TP-543 unit;

d — in the absence of measurements in the TP-455 and
TP-456 units

Fig. 4, d shows the diagrams of changes in the relative
error of estimating the average load capacities of substa-
tions in the absence of measurement data for the TP-455
and TP-456 units. These units have the largest number of
connected lines, so the presence of telemeasures for them
significantly affects the flow of power in the PG. Analysis
of the results showed that the use of load pseudomeasures
for the specified units led to an increase in the relative
error of estimating the operating parameters by up to 5 %
(Fig. 4, d).

Thus, according to the results of the experiment, it is
found that data on the changes in power consumption in PG
can be restored with acceptable accuracy by using standard
load curves and ASCAPC information. The obtained results
also give grounds for the task of optimizing the structure of
the smart metering information system in order to minimize
the number of metering devices and provide a given accuracy
of reproduction of PG parameters.

7. Discussion of the results of using standard load curves
for estimating the dynamics of operating parameters of
electric networks

The problem of ensuring the energy efficiency of power
grids is related to the need to monitor their parameters.
Spatial branching, dynamics of configuration and PG pa-
rameters determine the complexity of monitoring systems.
Their implementation requires investment, which is often
not cost-effective.



The results of the studies show that individual tasks of
monitoring PG parameters and planning measures to reduce
power consumption can be solved on the basis of pseudom-
etry. Thus, using the aggregated ASCAPC information and
standard load curves, it is possible to estimate the average
load capacity of an arbitrary PG unit. Recovery accuracy
(Fig. 4) is acceptable for use in the calculation of PG oper-
ating parameters and power consumption, as well as in op-
timization procedures for planning power saving measures.

Unlike others, the developed method of estimating the
PG operating parameters does not require retrospective data
for load recovery. Conversion of power consumption from
ASCAPC to the functional form of load curves is performed
according to standard load curves [11].

The results of the full-scale experiment confirm the need
to consider the relationships between PG units to ensure
proper accuracy of load assessment. The absence of measure-
ments for double-ended substations (TP-455 and TP-456)
leads to an increase in load estimation error (Fig. 4, d).
Increasing the number of measurement points gives more
accurate results (Fig. 4, b, ¢).

The main limitation of the proposed method is the need
to provide information on the types of economic activity
of subscribers in terms of individual power substations ac-
cording to CEA. For each substation, weighting factors that
characterize the share of subscribers’ power consumption by
individual types of activities with respect to the total power
consumption must be determined. In addition, this informa-
tion should be updated, which increases the burden on the
relevant services of power grid companies.

Further research may raise the problem of developing
a method of generating standard aggregate load curves for
substations of power grids that provide power to different

types of subscribers, as well as receiving power from dis-
persed power sources with commensurate capacity.

8. Conclusions

1. Analysis of using ASCAPC data to increase the
observability of power grids revealed the need to convert
time-aggregated information on power consumption to a
functional form of load curve. To solve this problem, it is
suggested to use standard load curves according to the types
of economic activity of consumers.

2. The method of estimating power grid regimes using
time-aggregated ASCAPC information is proposed. The
method is based on the formation of pseudomeasures of
average capacities using standard load curves. Further min-
imization of deviations between pseudomeasures and actual
power measurements in other units of PG is performed by
the weighted least squares method. It is shown that the
developed method can be used to recover lost information,
reject measurements and synchronize aggregated readings
of power meters.

3. The adequacy of the results of estimating of the PG
operating parameters is confirmed by comparing the data of
computer simulation and field experiment for the real PG.
The simulation results show that the application of standard
load curves and state estimation methods allows restoring
the power consumption curves, averaged over a half-hour in-
terval, with a probability not lower than 95 % in the absence
of measurements of part of power substations. The effect of
PG equipment with power meters on the adequacy of the
results of estimating the operating parameters and power
losses needs additional research.
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1. Introduction certain attributes. Comparing values of these attributes

under the normal and emergency states of an electrical

It is known that all kinds of protection of electrical
systems from emergency modes of operation are based on

system underlies the principle of operation of protective
devices.





