TECHNICAL UNIVERSITY OF MOLDOVA

As a manuscript
C.Z2.U.:621.31:004.94:514.742(043)

MURDID ECATERINA

DEVELOPMENT OF MATHEMATICAL MODELS
OF ELEMENTS OF ELECTRICAL POWER SYSTEMS
BASED ON THE TECHNOLOGY OF
SYNCHRONIZED PHASOR MEASUREMENTS

221.01. ENERGY SYSTEMS AND TECHNOLOGIES

Summary of PhD thesis in engineering sciences

CHISINAU, 2023



The thesis was written at the Department of Energy, Technical University of
Moldova

PhD Supervisor:

STRATAN Ion, doctor in technical sciences, university professor, Technical
University of Moldova
Official referents:

CHIORSAC Mihail, doctor habilitat in technical sciences, university professor,
Technical University of Moldova;
RADILOY Tudor, doctor in technical sciences.

Composition of the specialized scientific council:

ARION Valentin, president, doctor habilitat technical sciences, university
professor;

GUTU-CHETRUSCA Corina, Scientific Secretary, doctor in technical sciences,
university lecturer;

AMBROS Tudor, doctor habilitat in technical sciences, university professor;
GROPA Victor, doctor in technical sciences, associate professor;

HLUSOVYV Viorica, doctor in technical sciences, associate professor;
CHELMENCIUC Corina, doctor in technical sciences, associate professor.

The public presentation will take place on December 28, 2023, at 09.00, in the
meeting of the PhD Council D 221.01-23-97 from Technical University of
Moldova: 31 August 1989 str., no. 78, block study no. 2, room 2-222, Chisinau,
Republic of Moldova.

The PhD thesis and the summary can be consulted at the Library of the Technical
University and on the ANACEC website.

The summary was sent on 2023

Scientific Secretary of the specialized scientific council,
GUTU-CHETRUSCA Corina, doctor in technical sciences, university lecturer,

PhD Supervisor,
STRATAN Ion, doctor in technical sciences, university professor

Author
MURDID Ecaterina

© Murdid Ecaterina, 2023



CONTENT
CONCEPTUAL GUIDELINES OF RESEARCH
CONTENT OF THE THESIS
GENERALCONCLUSIONS AND RECOMMENDATIONS
BIBLIOGRAPHY
LIST OF THE AUTOR’S PUBLICATIONS ON THE THESIS
ADNOTARE
AHHOTANUA

ANNOTATION

26

28

30

31

32

33



CONCEPTUAL GUIDELINES OF RESEARCH

The actuality and the importance of the research topic. Currently, the electric power
system (EPS) of the Republic of Moldova is characterized by an increasing share of distributed
generation, a low level of modernization of electrical equipment, a high degree of wear and tear
and poor financing for maintenance and repair activities. The effectiveness of managing such a
system directly depends on the accuracy and reliability of both the information received about the
state of the system and the mathematical models used to describe it. Numerous studies (works by
A.Z. Gamm, T.B. Zaslavskaya, V.I. Idelchik, V.Z. Manusov, N.A. Melnikov, A.S. Novikov, S.I.
Palamarchuk, M. Gavrilas, J.W. Rittenhouse, J. Zaborszky, etc.) prove that the parameters of the
equivalent schemes, based on which there are formed mathematical models can change under the
influence of external factors during operation. At the same time, creating new equivalent schemes
or updating existing ones is difficult due to the inadmissibility of full-scale experiments and the
impossibility of physical modeling in the required volume. In this context, the development of
synchronized phasor measurement (SPM) technologies will provide a significant boost to the
improvement of the mathematical modeling of EPS.

Synchronized phasor measurement technology is based on the use of special devices (PMU
- Phasor Measurement Unit) [1], which perform high-precision measurement of voltage phasors
in nodes and currents from branches incident to these nodes. Each such measurement is time-
synchronized using a satellite navigation system (GPS and/or GLONAS), which provides a
"timestamp" of the observed network at any point in time. Thus, based on a system of synchronized
phasor measurement devices, informational support is provided both for the power system
management process and for the process of updating the mathematical models of the EPS. In
conditions when in the Republic of Moldova, two important projects are being implemented in
parallel in order to increase the security of electric power supply (the project for the synchronous
connection of the EPS from the Republic of Moldova and Ukraine with the ENTSO-E system, as
well as the integration project of interconnection of Moldavian EPS to the Romania's EEA by
construction 400 kV power lines), the issues regarding the large-scale use of SPM technology and
the improvement of mathematical models of the national EPS are becoming more actual and much
more important. Thanks to the implementation of SPM technology, the Moldavian system operator
will receive accurate and reliable tools for managing network operating regimes, for monitoring
and diagnosing equipment, for quick response to network failures and breakdowns. With the
improvement of information technologies and the introduction of automated computer systems, it
will be possible to identify automatically the parameters of equivalent schemes without interfering

with the technological process of equipment operation, as well as the automatic generation of
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databases about equipment parameters without operator participation.

Thus, it is necessary to carry out research on the identification of the parameters of the EPS
elements based on the SPM data. For economic and technical reasons, as a rule, PMUs are not
installed in every node of the network, so the problem of determining the critical nodes (from the
point of view of EPS observability) where PMUs should be installed arises. For the same reason,
it is necessary to consider the issues regarding the simultaneous use of data from SPM and
traditional measurement systems for the analysis of EPS operating regimes. Special attention to
these issues is also given in this research.

The purpose of the work is to develop methods and algorithms for mathematical modeling
of EPS elements based on the implementation of SPM technology.

In order to achieve the purpose, the following main objectives were established:

1. Justification of real ranges of changes in the values of the parameters of power lines and
power transformers, as well as the identification of the factors that have the most significant impact
on these modifications;

2. Analysis of scientific works and research on the possibilities of using PMU
measurements for solving practical problems in the field of electric power;

3. Development and research of methods for determining passive parameters of equivalent
circuits of power lines and power transformers based on the use of SPM technology;

4. Development of algorithms for the optimal placement of PMU devices, taking into
account ensuring the observability of EPS and minimizing the costs of purchasing and installing
of these devices;

5. Research of the proposed algorithms for the optimal placement of PMUs on the
possibility of increasing the reliability and calculation speed of the steady state mode of operation
of the EPS;

6. Research of the possibility of simplifying the process of the EPS static state estimation
by using PMU data.

The objects of the research are mathematical models of power lines and power
transformers for voltage classes of 35-330 kV, information and measurement infrastructure, IEEE
test schemes.

The subject of the research is methods and techniques for identifying the parameters of
the equivalent schemes of the elements of the SEE, algorithms for the optimal placement of the
PMUs, as well as methods for the accelerated calculation of steady state mode and the estimation
of the static state of the electrical network.

When conducting the study, there were used various forms of writing the nodal equations
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describing the operating modes of the elements in the EPS, optimization methods and the method
of determining nodal voltages. RastrWIN software was used to perform calculations, including for
IEEE test schemes.

The novelty and scientific originality of the thesis: methods for identifying the passive
parameters of the equivalent circuits of power lines and power transformers were developed, based
on synchronized phasor measurements made in one or two modes, algorithms were developed for
the optimal placement of SPM devices , which, in addition to ensuring the minimum number of
PMUs for placement in network nodes, can improve the reliability and speed of calculations of the
steady state mode and static state estimation due to the significant simplification of the system of
equations describing the analyzed mode.

The theoretical significance. This study makes scientific contributions to the calculation
and analysis of the EPS steady state modes, to the methodology for determining the passive
parameters of equivalent schemes without full-scale tests, as well as to the development of
mathematical models for optimizing the placement of PMUs in EPS nodes.

Applicative value. For the first time, a classification of methods for determination of the
parameters of EPS elements based on the use of SPM technology was developed. The
classification is based on the division of methods according to the original equations used to
identify the parameters of the equivalent schemes of the EPS elements. The correlation formulas
between the equivalent schemes of a transformer with two windings in the form of T, I" and IT and
the fundamental parameters of the quadrupole are obtained. Algorithms developed for the optimal
placement of PMUs can be used both to determine the minimum number of nodes for the
placement of SPM devices and to increase the speed and quality of steady state calculations and
static state estimation in EPS.

The main scientific results submitted for defense.

1. Identification methods of power line parameters, based on MFS technology performed
in one or two operating regimes are developed for different forms of representation of
the equivalent scheme of power lines (with distributed and concentrated parameters).

2. For different forms of representation of the equivalent scheme of power transformers
with real or complex transformation ratios, methods of identifying the parameters of
two- and three-winding transformers based on synchronized phasor measurements have
been developed.

3. By using the method of determining nodal voltages, there were developed algorithms

for the optimal placement of PMUs in the EPS nodes that ensure the observability of
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the network with a minimum number of devices installed in the network nodes.

4. The use of a matrix of nodal admittances of a special structure, in the framework of the
calculation in the steady state mode, with the combined use of data from the PMU and
SCADA devices can significantly reduce and facilitate the calculation of the steady
state mode, as well as the process of static state estimation of the EPS.

Implementation of scientific results. Research results can be used by system operators to
create active-adaptive models of EPS, to create methodologies for equipment diagnostics during
operation, to determine the minimum number of PMUs installed in networks of different voltage
classes, with the condition that the full observability of the EPS is ensured, in order to perform
accelerated steady state calculations and to simplify the static state estimation process when PMU
and SCADA measurements are used in combination.

Approval of the results. The results obtained in the thesis were presented and discussed
in conferences and forums of national and international level, in total seven. The results obtained
are published in eight scientific works.

Key words: synchronized phasor measurements, mathematical models, equivalent circuit
parameters, power line, power transformer, power grid observability, steady state calculation,

static state estimation.



CONTENT OF THE THESIS

In the Introduction, the actuality and importance of the research topic, the scientific
novelty of the work, theoretical and applicative value of the obtained results are presented; the
purpose of the thesis is indicated and the main research objectives are formulated.

In Chapter I, it is demonstrated that the mathematical models of the electrical network
elements play a primary role in the problems of operating mode management. Mathematical
modeling is done by solving direct and inverse problems. The direct problem involves conducting
research on the model to extract useful knowledge, if the structure and parameters of the model
are known. The inverse problem consists in development of mathematical models based on the
results of observations of the behavior of the modeling object. The modeling compartment that
solves the inverse problem is called identification [2].

The identification problem is divided into 2 components: determining the structure
(structural identification) and determining the parameters (parametric identification). In the first
case, an object (system element, control object, technological process element, etc.) is subjected
to external influences, its reactions are analyzed and a mathematical model is obtained (description
of its structure and parameters). The parametric identification of objects solves the problem of
determining the parameters with a previously known structure of the object's mathematical model
[3]. There is given special attention to parametric identification problems in this study.

Currently, the parameters of equivalent schemes, as a rule, are determined using catalog
and reference data. During the lifetime of the equipment, it is considered that these parameters do
not change. In turn, an analysis of researches in the field of studying the nature of changes in
passive parameters and the causes of errors showed that the passive parameters of equivalent
schemes depend on many factors and can change under their influence within significant limits
during operation.

The main reasons that affect the accuracy of determining the passive parameters of electric
lines are the use of simplified equivalent schemes, technological deviations of parameters, as well
as changes in external weather conditions and other causes.

Table 1 presents the error values of the power line parameters and the main reasons for
their occurrence.

It should also be noted that there is inaccuracy that occurs when representing power
transformers in any form of equivalent diagram presentation. The most accurate is the T-shaped
equivalent circuit, and the most commonly used I'-shaped equivalent circuit does not take into

account the fact that no-load current flows through the primary winding.



Table 1. Errors in the calculation of passive parameters of the equivalent scheme for

OHTL [4]
Reason Maximum error, in %

R X G B
1. Skin effect +(1-3) - +1 -
2. Temperature changes +16 - - +(2-3)
3. Meteorological factors +20 +3 +(4-40) +(3-20)
4. Technological elements +1 +(2-3) +11 +1
5. Lightning protection cables +1 +(2-3) - +(1-9)
6. Conductivity of the earth - +3 - -
7. Phase transposition - +6 - +(2-4)
8. Parallel OHTLs - -(4-6) - +(3-4)
9. Simplification of the equivalent - - -(5-6) -

scheme
10. Frequency modification - +0,5 - +0,5
11. Length of OHTL’s route +(0,8-1) +(0,8-1) - -
12. Non-linearity of characteristics - - +(8-20) -
13. Construction and installation - +0,5 - +(2-4)
tolerances

14. Other sources - +1 +(2-3) +0,7
15. Total maximum error, % -16..+20 -10..+8 -20..+40 -4.+20

Table 2 presents the causes and values of the errors of the passive parameters in the

equivalent schemes for transformers.

Table 2. Errors in the calculation of the parameters of the equivalent schemes of the

transformers [4]

Reason Maximum error, in %
R X G B
1. Simplification of the equivalent - +2 +2 +4
scheme
2. Construction tolerances +(10-20) +10 +15 +30
3.  Temperature changes +12 - - -
4.  Non-linearity of characteristics - - +(9-12) +45
5. Voltage regulation under load +16 +11 - -
6.  Wear and tear - - +15 -
7.  Total maximum error, % -16..+20 -15..+15 -12.424 -15..+45

Changes in the parameters of the equivalent schemes of overhead lines and power
transformers, as the main and most widespread elements of EPS, lead to inaccuracies in the
calculation of short-circuit currents, the determination of fault locations, the adjustment of relay
protection settings and emergency automation.

The traditional concept of creation of equivalent schemes does not reflect the changes of
analyzed parameters and objects during operation. Consequently, the calculated values of currents
and voltages in normal and fault conditions differ significantly from the measured values. This

happens due to the lack of feedback between objects and their mathematical models, which does



not allow reflecting changes in the passive parameters of EPS elements during their operation.
Thus, it is demonstrated that during operation, the passive parameters of the EPS elements must
be updated. The high economic costs and the impossibility of disconnecting from the network
explain the impossibility of conducting physical experiments on the elements of the network
during their operation in order to update their parameters. Therefore, the novel methods of
updating the parameters of power lines and power transformers during their operation become
particularly relevant and necessary.

For this reason, the new methods are implemented to identify the parameters of network
elements in real time. A high degree of automation of the technological process, the improvement
of the measurement system and the appearance of synchronized phasor measurements provide the
technical opportunity to perform parameter identification automatically, without interfering with
the technological process of equipment operation, as well as to generate automatically databases
with equipment parameters without operator participation.

SPM technology has two key features [5]. First of all, the measurement of the operation
mode parameters is carried out in connection with a high-precision exact time signal, since the
measurement results are converted into digital form and provided with a UTC time stamp. Time
synchronization accuracy is micro- and nanoseconds. In the information collection center, it is
possible to compare all measurements with the same time stamp, and thus obtain a snapshot of the
parameters of the EPS operating mode at any moment in time. In traditional telecontrol and
SCADA systems, the accuracy of time synchronization varies from 0.1 to 4 s, which leads to an
unpredictable time lag between the stamps of measurements made at different power stations and
makes it difficult to compare the results obtained for different nodes of the EPS. Secondly, the
measurements have phasor form, that is, not only the effective values of the currents and voltages
are measured, but also their phase angles.

According to the standard architectural solution [6], the SPM system consists of several
synchronized phasor measurement units (PMU) located in EPS nodes and phasor measurement
concentrators (PDC), where further data processing will be performed. In addition, if PMUs are
integrated into smart electronic devices that directly perform other functions (relay protection and
automation terminals), it is recommended to place the concentrator directly at the power station.
In general, according to the recommendations of SPM equipment manufacturers, phasor
measurement concentrators should be installed at each level of the hierarchical architecture where
requests to use phasor measurement data packets by third-party applications may occur.

The effect of the introduction of SPM technology is expressed in [7]:

- improving the quality of IT support for operational and dispatching staff in managing the EPS
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operating mode;

- increasing the accuracy of calculations of the steady state operation mode based on the verified
mathematical models of the electrical equipment and the network;

- increasing the stability of the operation of generating equipment, associated with the timely
detection and damping of low-frequency oscillations, determining the correct operation and setting
the automatic control of the generator’s excitation;

- reducing the number of technological disruptions in the EPS, which occur as a result of the
violation of static or dynamic stability, in the timely identification and assessment of the
consequences of the increase in load of the EPS operation mode;

- increasing the precision of the emergency control due to the use of the voltage phase angles in
the operation algorithms of the emergency automation.

As part of the reconstruction of relay protection and metering circuits with the financial
support of USAID and USEA, until 2025, PMUs synchronized with GPS will be installed at the
most essential power stations of the EPS in the Republic of Moldova, which will ensure the
measurement of voltage and frequency in the nodes, as well as the currents of outcoming lines.
The data from the PMUs will be sent to the control center of the State Enterprise "Moldelectrica"
and will be used in various applications, including the static state estimation, the calculation of the
transmission capacity of the power lines in real time, the analysis of static and dynamic stability.

In the Moldavian electric power system, there is currently a high degree of physical and
moral wear and tear of the equipment of power plants and power stations (more than 60% have a
service life of more than 30 years) and of high-voltage lines in the transmission networks of
Republic of Moldova. (67.5% have been in operation for over 40 years) [8]. For this reason, tools
for evaluating the parameters of equivalent schemes based on SPM data will have a great practical
role, allowing the preventive identification of faults and failures of power lines and transformers,
as well as the creation of appropriate mathematical models of these elements of the network. Such
important aspects as the synchronization of the electrical energy systems of Ukraine and the
Republic of Moldova with the European Continental Energy System ENTSO-E made in March
2022, as well as the stimulation of the development of renewable energy sources accelerate the
processes of implementation and development of SPM technologies in the Republic of Moldova.

In Chapter II, based on an analysis of researches in the field of identification of passive
parameters of EPS elements, as well as taking into account own studies, for the first time the
classification of existing methods of identification of passive parameters of equivalent schemes

for power lines and power transformers was carried out.
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Fig. 1. Equivalent scheme of OHTL (a) in II-form; (b) in the form of a quadrupole
For the identification of passive parameters, classical models of power lines with
concentrated parameters (Fig. 1 (a)) or with distributed parameters (Fig. 1 (b)) are used. In this
case, a distinctive feature of the proposed methods is the use of phasor measurements of voltages
and currents at the ends of the line, obtained synchronously in one or two operating modes of the
line.
When the Il-shaped equivalent scheme is used for power lines, it is proposed to use the
node current balance method to calculate the longitudinal and transversal parameters of the line,
- according to the data of the measurements made in a single mode:
1,,=-G,U,cos6, —B,U,sind, +G,,U,;
1,, =-B,U,cosd, +G,U,sino, +B,,U, ;

: (1)
1,,=G,U, cosd, —B, U sino, —G,U,;
1,. =B, U cosd, +G,U,sind, - B,U,.
- according to the data of the measurements made in two operating modes:
L," =G,U" coss,” — B, U" sins," - G,UY;
IZa(Z) = G21U1(2) cos 52(2) - B21U1(2) sin 52(2) - G22U§2); (2)

1," =B,U," cos &,° + G, U,V sin5," + B,UL;
L, =B, U? c0s 5,% + G, U? sin5,* — B,U?.
If there are known synchronized values of the power at the ends of the line, it is proposed
to use the method of power balance at the nodes:
- according to the data of the measurements made in a single mode:
P, =-G,,UU, cos 5, — B, U,U, sin 5, + G,,U;;
0, =-B,,U,U, cos 5, + G,,U,U, sin 8, + B,U’;
P, =G, U,U, cos &, — B,U,U, siné, —G,,U;;
0, =B,,U,U, cos S, + G,U,U, sin s, — B,,U3;

)

- according to the data of the measurements made in two operating modes:
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. 2
P =G, U U," c0s 8, - B, U,"U," sin 3, - G, (U ) ;

2
P? =G,UPU,? cos5,” - B,UPU,? sin5,” - G, (U ) @
2
0," =B,.U"U," cos8," + G,.U,"U," sin 8, + B,, (UL ;

2
0,% =B,U2U,” c0s8,” + G, U,U,” sin5,” - B,, (U ) .

By solving the systems of equations (1)-(4) the longitudinal and transversal admittance
values are determined. Knowing the active conductances G2. and G»;, as well as the capacitive

susceptances B2 and B:j, there are determined:

G B

TIZGZZ_GN; é:le_Bzz' (%)
Knowing values G2 and B2, the parameters of the longitudinal branch R;> and X;> can be

determined:

G12 _ BIZ

=2 . x =2 6
G+B, 2T Gi+B ©

12

In the case of using an equivalent scheme of a power line with distributed parameters in
the form of a passive quadrupole, it is assumed that the coefficients of the quadrupole are
calculated using the formulas derived for the case

- of using the measurements, made in a single mode:

Y Uu’-1,+U, U, 1 .- uz-u,-u, l_lefw/g—l_fz-lf-x/? -
S U L+U U, L, UR L ABHU U, \/— U, 1,+U,-U, - 1,
- of using the measurements, made in a two operating modes:
e U(l) 1 (2) _Q1(2) ‘12(1) - B QI(]) _zil _gz(') _ gl(2) _4 _g2(2) ‘
STUu LU ’ = \/5-12(” \/5,12@)
B - B B 8)

\/g.([l(n _[2(1) _ 11(2> _[2(1))
u,"-1,”-u,? - 1,"

Next, the parameters of the longitudinal and transverse branches of the power line are

C=

determined using the formulas:

A-1
Zy,=R,+jX,=B;Y,=G,-jB,=2-=—. )

|

Table 3 shows the results obtained for the parameters of the equivalent scheme of a 110
kV transmission line with a length of 100 km, made with conductor brand AC-185/43, with the

horizontal arrangement of the phase conductors at a distance of 5 m, with different line load factors

(k).
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Table 3. Comparison of the results of determining the parameters by different methods for

the OHTL 110 kV

Determined parameter

Applicated method ki R, X, B,

Q Q usS

Real values - 15,6 41,4 282

Balance of powers (with data from one mode) 1 15,6 414 282
Balance of powers (with data from two modes) 1/0,9 15,601 414 282,08
Balance of currents (with data from one mode) 1 15,6 41,4 281,(9)
Balance of currents (with data from two modes) 1/0,9 15,601 41,4 282,08

Quadrupole (with data from one mode) 1 15,6 41,4 282

Quadrupole (with data from two modes) 1/0,9 15,6 41,4 282

For transformers with two windings, it is possible to use I'-, I1- and T-shaped equivalent
schemes (Fig. 2 (a), (b), (c) respectively). In addition, to determine the passive parameters of the

two-winding transformer, it is proposed to use the scheme of active quadrupole (Fig. 2 (d)).

A P S S A A ! LR ox, 1 % 2y
1 p— 2 — —
U2
O
(a) (b)
A 1
o—— -0

|
o
N
I
I}
IS
-
s

(d)

Fig. 2. Presentation of the transformer with two windings (a) with the I'-shaped
equivalent scheme; (b) with the II-shaped equivalent scheme; (c) with the T-shaped

equivalent scheme; (d) in the form of a quadrupole.

For the I'-shaped equivalent scheme, there are obtained expressions for the calculation of

parameters using the method of balance of currents at the nodes:
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JO =u"G

1 tu

JO=U"8, +k"U,"G, sins," kU, B, coss,";

— k,(l)Uz(l)G, - COS 52(1) - k,(l)UZ(l)Bt sin 52(1);

(10)
JY =U%G, -kU,7G, -cos6,” —k2U,” B, sin5,?;
J? = Ul(z)Bw +kPU,2G, -sin8,” —k,PU,? B cos5,?.
or the method of balance of powers at the nodes:
PO _ U12(1)Gm _ kt(l)U](l)UZ(l)Gt . COS 52(1) _ kt(l)U](l)U2(l)Bt sin 52(1);
oV = UIZ(I)Bty n kt(l)Ul(l)Uz(l)G, .sin 52(1) —k,(l)Ul(l)Uz(l)Bt COS 52(1); an
P - U12<2)Gw —kPUPUG, c0s8,? —k,2U DU, B sins,;
0% = UIM)B,/I +kPUPUPG, sin s> —kPUPU,P B coss,”,
and also by the quadrupole method:
g1(1) = gz(l) A+ \/5 : ‘12(1)5;
=Y cigop,
V3 (12)

U2 =U,% - 4+3-1,%B;

In addition, there were obtained expressions for calculating the parameters of the I'-, I1-

and T-shaped equivalent schemes of two-winding transformers when they are represented in the

form of an active quadrupole (Table 4).

Table 4. Expressions for determining passive parameters of two-winding transformers with

I'-, II- and T-shaped equivalent schemes

I'-shaped equivalent schemes
g1'*11]£z+l_]2'*lz'kz_liz2'(_]2'*11 A=k B—l—jl_kt.U2
a= e T B
J, U, =)
" . P2 .
kJy=lk,| -J, |3 1 Z,=Bk,
c D==-a a—1
L= * k Z —_=
gl 'kt - - Zz‘
II-shaped equivalent schemes
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* 272 772
a:gl"llkt—'_gz.‘lz'kz deak E: gl kt I-_]2 .
- lz’gl+kzz'gz'=ll - \/g.(lz.gl_hll.gz.&

£ \2 *
(ktj .‘112_‘122 \/gkt 1 _t:B']_Ct
= D==a a—1
== * k =2.7 =2.7 —=_
(12.(_]14_11.(_]2.&2).& 4 Zy=2-2y, =22y 2.7
T--shaped equivalent schemes
* 2 72 772
l_]l'*llkt""l_]z"lz'k, y k B= gl _kt '(-_]2
a= A=a-k, D
‘12.(_]1+kt2.gz.‘_]1 \/5.(‘]2 Ui+d Uk,
oy e
(E,J S} = T3 |3k, 1 =k
e 2 (g-1)
&= . 2-(a-1
(12'Q1+‘11'Q2'kt2)'kt ]_(I —t:;
Y,

The methods presented by the expressions of table 4 can be used to calculate the passive
parameters of two-winding transformers with a complex or real value of the transformation ratio.
In this case, it is necessary to use the measurements made on both sides of the transformer in two
operating modes. Thanks to the expressions presented in table 4, it is possible to calculate the

passive parameters of a two-winding transformer when using the I'-, I1- and T-shaped equivalent

scheme, by calculating the coefficients of a quadrupole using a single measurement mode.

In order to identify the passive parameters of three-winding transformers and

autotransformers, it is proposed to use the simplified equivalent schemes shown in Fig. 3.

Lo
|H
Y,

Fig. 3. Simplified equivalent scheme of a three-winding transformer

Taking into account that R;=R>=R3, but X>=0 for three-winding transformers, a system of

eight equations with eight unknowns is formed:
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]2 \/§ 12 1 17
it Gu \/_ k12 <_]3 - 513 ) k13 o

" ]é’ 1 n
-1 _B"ﬁ+k_+< J3 +2]3)

R 3 3 V3 X,

U, — 2\/§]£k—112 + \/§]é'—1— <§]3 —_]§/> ( I3+ ]é’> — Uk, = 0;
V3 R V3 O\ X
Ve -2V - k ( J5+ 15’) ; (—Jé ——]é’) = Uk, = 0;
< 12 12 13
V3 \R;

V3 1 V3 X
’ 1_1_ R A £ 1L =g ” YUy S gn 3 _ Q.
Uzkiz +V3J; k12 ( 2 Us 2 U3>k13 ( I3+ ]3>k13 ( 2 J3 ]3>k13 0;
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The results of determining the parameters using these methods are compared with the real
(catalogue) data of overhead lines and power transformers with two and three windings, good
results were obtained, which confirms the reliability of the proposed methods.

Chapter III explains that from a technical and economic point of view it is not efficient to
install PMU devices in each node of the analyzed electrical network, since it is possible to achieve
network observability with fewer points where PMU devices should be installed. A system is
observable when its state variables can be determined from a set of available information [9]. The
problem of optimal placement of PMUs involves determining the minimum number of PMUs and
their installation locations in order to ensure full observability of the EPS.

The thesis proposes a new approach for the optimal placement of PMUs based on the
method of determining nodal voltages [10, 11]. The system of nodal equations can be written in
matrix form as follows [12, 13]:

[ U] —{""’ f”ﬂ {ﬂ (14)

—qp —q9 —q —4q

where [Y, ], - the transfigured nodal admittance matrix;

trans
[Q ; ] - matrix of nodal voltages for all nodes of the electrical network, determined with relation to

network neutral.

The transition from the matrix of nodal admittances [Z n], which corresponds to the initial

numbering of the electrical network nodes, to the matrix [Z n] is achieved by changing some

trans

lines and columns guided by the following rules:
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— in the matrix of nodal admittances [Y, ], any two lines i and k can replace each other
with the simultaneous modification of the matrix components [J, |;

— in the matrix of nodal admittances [Z ) ], any two columns s and » can replace each

other with the simultaneous modification of the components [U,, ].

Since the submatrix [X qq] has a special structure and if the elements of the column matrix

[Q p] are known, the elements of the submatrix [Q q] can be determined very quickly, as the

unknown variables.
Regarding the process of dividing the nodal admittance matrix into submatrices, the

following requirements are imposed:
- to reduce the investment costs for the installation of PMUs, the rank of the submatrix

[Y,, ] should be maximum;

- to significantly simplify the calculation of the static state of the electrical network, in most
cases, when possible, it is necessary to use linear equations for the determination of the unknown

variables. To do this, it is necessary to move (if possible) the elements of the main diagonal of the
matrix [Z s ] .

In this work, two new algorithms are proposed for determining the optimal placement of
PMU devices, based on the principle of dividing the nodal admittance matrix into submatrices
(algorithms A1 and A2). The differences consist in the fact that the A1 algorithm assumes that the
PMU device provides the measurement of only the voltage phasor in the network node, and the
A2 algorithm implies the use of both voltage phasor and current phasor measurements in all
branches incident to the nodes where the PMU devices are installed. In order to determine the
nodal voltages in the nodes where the PMU installation is not planned, the telemeasurements of
the power flows from the SCADA system are used in combination with the measured phasors,.

According to the A1 algorithm, the nodes of the studied electrical network are divided into
two subsets P and Q, while the matrix of nodal admittances is divided into four submatrices, one
of which is a band-shaped matrix of maximum rank, under the assumption that PMU devices
located in the nodes of the subset P ensure full observability of the power grid. To divide the nodal
admittance matrix into four submatrices, the following steps must be taken:

1. The ranks of all nodes of the electrical network are determined, i.e. the number of
branches incident to each node.

2. The maximum rank node with branches incident to this node are excluded from the

circuit. If there are several nodes of maximum rank, a node is selected according to the numbering
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order of the nodes in the circuit, the exclusion of which will not result in the partitioning of the
circuit into subcircuits. The inclusion of a node of maximum rank ¢ in a subset P leads to the
unlooping of g circuits in the analyzed single-line diagram of the electrical network. In other words,
the number g of open circuits at each step is equal to the number of branches incident to the node
that was excluded at this step.

3. After removing a node, the ranks of all remaining nodes in the single-line diagram of the
electrical network are recalculated.

4. It is checked whether there are any closed circuits left in the studied network. If there
are any left, steps 2 and 3 are repeated until all closed loops are removed from the single-line
diagram of the electrical network.

5. The nodes of the subset P are numbered in random order; one node in each tree is
necessarily included in the subset P.

6. The nodes of the trees are numbered sequentially starting with the nodes adjacent to
those that were included in the subset P.

7. Isolated nodes are numbered in the last turn arbitrarily.

8. In the subset Q there are included the nodes of the trees that were not included in the
subset P as well as the isolated nodes.

According to the A2 algorithm, the information from the PMU installed in node i about the
complex values of currents and voltages ensures the calculation of mode parameters not only at
the installation site, but also for the opposite end of the branch i-j based on the passive parameters
of the equivalent scheme in the given branch. The nodes for which the voltage is calculated based
on the equivalent circuit parameters are called pseudo-PMU nodes, they become part of the PP
subset. Thus, according to this algorithm, three subsets P, PP and Q are formed. In order to divide
the nodes of the analyzed system into three subsets, the following steps must be taken:

1. The ranks of all nodes of the electrical network are determined, i.e. the number of
branches incident to each node.

2. The maximum rank node with branches incident to this node are excluded from the
circuit. If there are several nodes of maximum rank, the first node is selected in the order of
numbering of the nodes in the network. The excluded node is included in the subset P.

3. After excluding any node, the ranks of the remaining nodes in the circuit are determined
again. Nodes whose ranks have decreased are indicated as pseudo-PMUSs (they are included in the
PP subset).

4. Steps 2 and 3 are repeated until all nodes with rank R>3 have PMUs or pseudo-PMUs
placed.
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5. If the rank of a node at any step is 1 or 2, then the node is included in the subset Q and
the complex value of the voltage at this node will be determined linearly by the balance of currents.

6. The nodes of each subset are numbered in random order, but sequentially: first, the nodes
of the subset P, where PMU s are installed, then the nodes of the subset PP, which have information
about pseudo-measurements, and finally - the nodes of the subset Q, i.e. nodes of rank R<2, not
included in the first two subsets.

The optimal placement of PMU devices using algorithms Al and A2 is illustrated using
the IEEE-14 test scheme with 14 nodes. In this scope, IEEE-14 single-line diagram is presented
with the initial numbering of the nodes, as well as the numbering performed according to the Al
and A2 algorithms. The concept of a dot diagram is also introduced. The term of dot diagram
means a conventional presentation of the nodal admittance matrix, in which all non-zero elements

are replaced by points.

£7) L B 14(11)

Fig. 4. Single-line diagram of the IEEE-14 test scheme with initial numbering, as

well as numbering performed according to the A1 algorithm (in brackets)
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Fig. 5. Point diagram of the nodal admittance matrix for the IEEE-14 test scheme,

where the submatrix [ Y, q} is reduced to the band form (according to algorithm A1)
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Fig. 6. Single-line diagram of the IEEE-14 test scheme with initial numbering, as

well as numbering performed according to the A2 algorithm (in brackets)
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Fig. 7. Dot diagram of the nodal admittance matrix for the IEEE-14 test scheme,
shown in fig. 6 (according to algorithm A2)
Obviously, the advantage of the A2 algorithm over Al is the reduction of the number of
PMUs required to ensure network observability.
Table 5 shows the results of the optimal placement of PMU devices in the IEEE-14, IEEE-
24, IEEE-30, IEEE-57 test schemes, made using the A1 and A2 algorithms, as well as taken from
other sources to compare the results.

Table 5. Comparison of the results obtained according to PMU optimal placement
algorithms for IEEE test schemes

Algorithms IEEE test scheme name
IEEE-14 IEEE-24 IEEE-30 | IEEE-57

Algorithm Al 4 PMU 7 PMU 8 PMU 10 PMU
Algorithm A2 2 PMU 5 PMU 5 PMU 9 PMU

Algorithm A3 [13] 5 PMU 6 PMU -—- 10 PMU
Algorithm A4 [14] 4 PMU 7 PMU 10 PMU 17 PMU
Algorithm A5 [15] 4 PMU 7 PMU 10 PMU 17 PMU
Algorithm A6 [16] 4 PMU -—- 10 PMU 17 PMU
Algorithm A7 [17] 4 PMU -—-- 10 PMU 16 PMU

A comparative analysis of the presented results demonstrates the advantages of the
algorithms A1 and A2 proposed in this research, since solutions with a similar or smaller number
of PMU devices were found for all the studied test schemes.

Chapter IV shows that the proposed algorithms for the optimal placement of PMUs (Al

and A2) have an important advantage: they provide an accelerated and ultra-accelerated method
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for calculating the steady state mode. Traditionally, the calculation of the steady state mode and
the process of static state estimation of the EPS is performed using telemetry data obtained from
SCADA systems. To calculate the regime of these networks, programs that implement the nodal
voltage method are used. The initial data for the calculation are the mathematical model of the
EPS, the loads in the nodes in the form of active and reactive power and the voltage in one of the
nodes, which is called the balance node. There is formed a system of equations, which are
nonlinear with a large number of variables and restrictions in the form of inequalities. To solve
such systems of equations, iterative algorithms with successive approximation of the desired result
are used. The placement of PMU devices in the nodes of the electrical network using the A1 and
A2 algorithms ensures the simplification and acceleration of the steady state calculation. The
minimization of the time required for the calculation of the permanent regime is achieved by using
the method of determining values and the transformation of the block matrix of the system of linear
equations.

The column-matrix of nodal voltages [U, | is divided into two submatrices [U, Jand [U, |,

respectively. The first submatrix includes the determining nodal voltages, i.e. the independent

quantities, and the second submatrix includes the dependent variables. The submatrix [Q J is
determined as a function of [Qp]. This way of dividing the column matrix [U, |is the basis of all

the fast methods for calculating the steady state mode of the EPS [10]. After dividing the matrix

[U,] into sub-matrices, the system of nodal equations describing the operation mode of the SEE

can be written in the form [10]:

(v, ]-[U )+ [r, ) [U, )=, ] (19)
[LJ'[QJ*‘[LJ'[QJ :[lq}

If the elements of the submatrix [QJ are known (these are the determining nodal voltages), then
they can be considered independent variables, thus the dependent variables of the subset [g q] are

calculated from the second equation of the system (19) using the expression:

[me ] ' [Qq ] - [lq ] B [qu ] U], (20)

where matrix [Z qq] is reduced to a lower triangular or band structure, because according to

algorithms A1 and A2, in this case, the number of PMU devices located in the network nodes will
be minimal.
To illustrate the accelerated algorithms of operation mode calculation, the IEEE-14 test

scheme was chosen. The steady state mode was calculated using the RastrWIN program, and the
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calculation results are compared with the voltages determined using accelerated methods based on
algorithms for the optimal placement of PMUs (A1 and A2).

If the first placement algorithm A1 is applied for the IEEE-14 test scheme, then taking into
account the installation of PMUs in nodes 1, 2, 3 and 4 (Fig. 4, nodes are indicated in brackets),
as well as using traditional measurements of power flows in the nodes, the accelerated method can
be used to obtain the values of the nodal voltages in all dependent nodes. The sequence of
determining the nodal voltages is indicated to the right of the dot diagram of the nodal admittances
(Fig. 5).

It should be noted that if the voltage of node i is determined from the expression for the

current balance of node j, then it is necessary to solve a linear equation as a function of U ;. If the

voltage of node i is determined from the expression for for the current balance of the same node i,
the voltage of that node is determined by solving a nonlinear equation using the iterative method.

The calculation of the steady state using the A2 algorithm contains two stages. In the first
stage, by determining the voltage drop in the branches incident to the installation node of the PMU,
the nodal voltages of the nodes adjacent to the PMU location are calculated (pseudo-
measurements), and then, based on the PMU data, pseudo-measurements and traditional SCADA
data, the voltage values in the dependent nodes are determined from the current balance equations.
In this case, it is important that, as in algorithm A1, the voltage value for node i is determined from
the expression for the current balance of node j, then it will be necessary to solve a linear equation

as a function of U ;. In fig. 7, to the right of the dot diagram of the nodal admittances, the sequence

of determining the unknown voltages in dependent nodes is indicated.

The differences between the results obtained using the A1 and A2 algorithms and those
obtained using the RastrWIN program are not greater than 0.1%, which indicates the high accuracy
of the results obtained using the accelerated algorithms for calculating the steady state mode. Such
calculation methods make it possible to significantly simplify the solution procedure, because
predominantly systems of linear equations are solved, which has a positive effect on the speed of
calculation and the accuracy of the obtained results.

Also in the Chapter IV, a PMU placement algorithm is presented to perform static state
estimation, when the state vector of the EPS is determined by solving a system of linear equations.
Static state estimation allows to get the most probable state of the system (as a control section) at
a given moment of time according to measurements and parameters of the mathematical model of
the electrical network. Both joint use of SCADA and PMU data (hybrid estimation algorithms [17-

20]) and exclusive use of PMU measurements are used to make simplier static state estimation
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algorithms. In this research, a static state estimation algorithm is proposed which is based on the
exclusive use of PMUs; the electrical network becomes fully observable with the help of PMUs
installed in the nodes of the system, and the state estimation problem is reduced to solving a system
of linear equations, since the static state model takes a linear form. The advantage of this algorithm

for EPS state estimation is that it uses a system of linear equations.
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GENERALCONCLUSIONS AND RECOMMENDATIONS

Based on the theoretical and practical results of the research, the following conclusions are
formulated:

1. Based on the analysis of the literature in the field and own researches, a classification of
identification methods [22] of equivalent circuit parameters for power lines and power
transformers based on the use of synchronized phasor measurement technology was developed
(Chapter 2, subchapter 2.1).

2. There are developed methods for determining the passive parameters of electric lines,
power transformers with two and three windings [22, 23] based on the balance of currents and
balance of powers methods, as well as based on the quadrupole method using measurements made
in one and two operating modes of the studied object (Chapter 2, subsection 2.2, 2.3).

3. Analytical relations were obtained [23] for determining the passive parameters of the I'-,
I1- and T-shaped equivalent scheme of a two-winding transformer by using the fundamental
parameters of the quadrupole (Chapter 2, subchapter 2.3).

4. Algorithms for the placement of PMU devices have been developed; they are based on
transformations of the nodal admittance matrix using the method of determining values [24, 25].
The developed algorithms were tested on test schemes with a number of nodes from 9 to 57. A
comparative analysis of the obtained results shows that the proposed algorithms ensure a smaller
or similar number of PMU devices required for installation compared to the other known
algorithms. In this case, any node in the electrical network that meets the requirements of the
applied algorithm can be selected as the PMU installation point (Chapter 3, subchapter 3.5).

5. The algorithms for the optimal placement of the PMUs developed in this thesis ensure
the performance of the steady stare calculation using accelerated and ultra-accelerated processes
[25, 26], due to the use of the method of determining values and the transformation of the system
of nodal equations (Chapter 4, subchapter 4.1, 4.2). The static state estimation of the EPS is greatly
simplified, in the case of the exclusive use of PMUs, because to determine the state vector it is
necessary to solve a system of linear equations (Chapter 4, subchapter 4.3).

Recommendations: due to the fact that the parameters of equivalent schemes of EPS
elements change during operation, it is recommended to use the identification methods based on
the SPM technology proposed in this thesis to update the parameters of equivalent schemes of
existing mathematical models for EPS. The data for performing the calculations can be obtained
from the PMUs located at the nodes of the network according to the optimal location algorithms
proposed in this research, which ensure both the minimization of the costs of implementation and

operation of this technology, as well as the full observability of the studied electrical network. The

26



updated parameters of the mathematical models can later be used for static state estimation and
steady state calculation using the algorithms developed in this study.

Further research directions and objectives: it is proposed to direct further studies on this
research topic to the creation of software for determining the passive parameters of equivalent
schemes based on SPM data (real-time as well as from historical measurements). This software is
of practical interest from the point of view of creating active-adaptive models of EPS, as well as
for preventive diagnostics of equipment condition.

Another important area is the creation of software for algorithms for the optimal placement
of PMU devices, in order to be able to determine the minimum number and optimal locations to
install PMU’ complexes for power networks containing a large number of nodes. Of great
importance in this context will be the results of the use of algorithms developed for determining
the optimal locations for the placement of PMUs in the nodes of the national transmission electric
power system for voltage classes of 35-110 kV, as well as for distribution networks.

Taking into account the growing interest in the Republic of Moldova towards renewable
sources of energy, the extension of distribution networks, the development of EPS with distributed
generation, a promising and currently little studied direction for the application of SPM technology
is the static state estimation in distribution networks. This approach implies the use of
synchronized measurements from electricity meters or other intelligent electronic devices to
compile power balances and to identify areas of the grid with significant technical and commercial

losses
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ADNOTARE

Autor - MURDID Ecaterina. Titlul - Elaborarea modelelor matematice ale elementelor
sistemelor elelctroenergetice bazate pe tehnologia masurarilor fazoriale sincronizate. Teza de
doctor 1n vederea conferirii titlului stiintific de doctor in stiinte tehnice la specialitatea 221.01.
Sisteme i tehnologii energetice, Chisinau, 2023.

Structura tezei: Lucrarea contine o introducere, patru capitole, concluzii generale si
recomandari, bibliografie din 101 titluri si include 5 anexe, 129 pagini, 41 figuri, 17 tabele.
Rezultatele obtinute sunt publicate in 8 lucrari stiintifice.

Cuvinte cheie: masurari fazoriale sincronizate (MFS), modele matematice, parametrii
schemelor echivalente, linie electricd, transformator de putere, observabilitatea retelei electrice,
calcul regimului permanent, estimarea starii statice a retelei electrice.

Domeniul de studiu: stiinte ingineresti.

Scopul tezei: dezvoltarea metodelor si algoritmilor de modelare matematica a elementelor
SEE bazate pe tehnologia MFS.

Obiectivele tezei sunt determinarea factorilor care au cel mai semnificativ impact asupra
modificarilor valorilor reale ale parametrilor pasivi ai schemelor echivalente ai liniilor electrice si
transformatoarelor de putere; analiza cercetdrilor stiintifice privind posibilitatea utilizarii
masuratorilor sincronizate pentru rezolvarea problemelor practice din domeniul electroenergetic;
dezvoltarea si cercetarea metodelor de identificare a parametrilor pasivi ai liniilor electrice si ai
transformatoarelor de putere pe baza utilizarii tehnologiei MFS; dezvoltarea algoritmilor pentru
amplasarea optimd a dispozitivelor PMU, tinand cont de asigurarea observabilitdtii SEE si
minimizarea costurilor economice; studiul algoritmilor propusi privind amplasamentul optim al
PMU pentru simplificarea algoritmilor de calcul al regimurilor permanente, precum si pentru
simplificdrea procesului de estimare a starii statice a SEE.

Noutatea si originalitatea stiintifica a tezei: se demonstreaza ca in conditiile utilizarii
masurarilor fazoriale sincronizate devine posibila utilizarea metodei tensiunilor nodale
determinante, metodei balantei curentilor si puterilor la noduri, metoda cuadripolului pentru a
introduce noi abordari privind determinarea parametrilor schemelor echivalente ale elementelor
componente ale SEE si, respectiv, calculul regimului permanent de functionare.

Rezultatele obtinute care contribuie la solutionarea problemei stiintifice importante,
demonstreaza ca in conditiile utilizarii complexe a tehnologiei MFS este simplificat semnificativ
procesului de identificare a parametrilor pasivi ai schemelor echivalente ale elementelor SEE pe
parcursul functiondrii acestora, precum si algoritmii dezvoltati pentru amplasarea optima a
dispozitivelor MFS, pe langa determinarea numarului minim de PMU-urile pentru instalarea in
nodurile retelei electrice asigurd, de asemenea, o simpplificare atdt a calculului regimului
permanent, cat si a estimarii starii statice a SEE.

Semnificatie teoretica: Teza aduce contributii stiintifice la calculul si analiza regimurilor
SEE, la metodologia de determinare a parametrilor schemelor echivalente fara efectuarea testelor
de teren, la dezvoltarea modelelor de amplasare optima a dispozitivelor de masurari fazoriale
sincronizate.

Valoarea aplicativa a lucrarii si implementarea rezultatelor: Rezultatele lucrarii pot fi
utilizate de operatorii de retea pentru a crea modelele SEE activ-adaptive, pentru a crea
metodologii pentru diagnosticarea echipamentului pe parcursul functiondrii, pentru a determina
numarul minim de PMU instalate in retelele de diverse clase de tensiune, cu conditia cd este
asiguratd observabilitatea completd a SEE, pentru implementarea calculelor accelerate ale
regimurilor de functionare si evaluarea starii sistemului cu utilizarea numai a masurarilor MFS
precum si cu utilizarea simultand a masurarilor MFS si SCADA.
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ABTtop - MYP/IH]] Examepuna. Ha3zBanue - Paspabomka mamemamuieckux mooenell
OJis1 DJIeMEHMO8 INIeKMPOIHEPSEMUUECKUX CUCEM HA OCHO8E MEXHOLOUU CUHXPOHUSUPOBAHHBIX
BEKMOPHBIX UMEPEHUll, TUCCEPTALMSI HA COMCKAHNUE YUYEHOM CTENEHU KaHIuAaTa TEXHUYECKHX
HaykK, cneyuanvhocms 221.01. Duepeemuyeckue cucmemol u mexuonocuu. Kummnay, 2023

Ctpykrypa padotrbl: PaboTa COCTOMT W3 BBEICHHUS, YETHIPEX TJIaB, 3AKITIOYCHUS,
oubmorpaduu co 101 ucTOUHUKOM, 5 TIpHIIOKEHUH, coaep uT 129 crpanwut, 41 pucynkoB u 17
tabmui. Ha TeMy uccienoBanus omyoJIMKOBaHO BOCEMb HAyYHBIX CTATEH.

KioueBble  cjioBa:  CHHXPOHWU3UPOBAaHHBIE  BekTOpHbie  u3Mmepenus  (CBU),
MaTEeMaTUYeCKHe MOJIEIH, MapaMeTphl CXEM 3aMEIIeHHs, JIMHHUS DSJIeKTpolnepenay, CUIOBOU
TpaHcpopmaTop, HaOJI0IaeMOCTh JJIEKTPUUYECKON CETH, pacdyeT YCTaHOBUBIIETOCS pexuMa,
OLICHMBAHHME COCTOSHUS.

OobaacTh UcciIe10BaHMS: NHKCHEPHBIC HAYKHU.

Henp auccepramum 3aKiIO4aeTcs B pa3pabOTKE METOJOB U alTOPUTMOB
MaTeMaTU4YeCKOro MoaeanpoBanus 3nemMeHToB D9C Ha ocHoBe TexHosiorun CBU.

3agauu AuccepTanuu: onpeneneHne GakTopoB, OKa3bIBAOIINX HAN0OJIEE CYIIECTBEHHOE
BIMSHUE HAa M3MEHEHHUS DPEAJbHBIX IUANa30HOB 3HAYEHHMI NACCUBHBIX MapaMeTpOB JUHUUN
DJIEKTpoTiepeaad W CHJIOBBIX TpaHCGOPMATOpPOB; aHAIM3 HAYYHBIX HCCIEAOBAaHUN Ha
BO3MOKHOCTh HCIIONBb30BaHus u3Mepennid PMU miis pemeHus mpakTHYECKUX 3a1ad B 00J1acTh
DIIEKTPOIHEPTEeTUKH;, pa3paboTKa U WCCIEAOBaHHWE METOJOB OIPEACTICHUS IMaCCUBHBIX
apaMeTpoB CXEM 3aMelleHUs JTUHUM 3JIeKTporiepeiad U CHIIOBBIX TpaHCPOPMATOPOB Ha OCHOBE
npuMeHeHus TexHonorun CBU; pazpaboTka alropuTMOB ONITUMAIIEHOTO Pa3MEIIEHUs! YCTPOUCTB
CBU c yuyerom obecrieueHusi HaOmogaeMocTd DOC U MUHUMM3AIMNA YKOHOMHYECKUX 3aTpar;
UCCJIEIOBAHME MPEUIaraeMbIX aaropuTMoB pacctaHoBkM CBW Ha BO3MOXHOCTH YBETUUYEHUS
HAJeKHOCTHU M YOPOLIEHUS KaK pacyeTOB YCTAHOBUBILIMXCS PEXHMOB, TaK U OLICHUBAHUSA
cocrosiHus D90C.

HayyHasi HOBH3HAa M OPHUIMHAJBHOCTb PAadOTHI: JIEMOHCTPUPYETCA, YTO B YCIOBUSX
UCIIOJIb30BAHUS. CUHXPOHU3UPOBAHHBIX BEKTOPHBIX HW3MEPEHUU TOSIBISIETCS BO3MOXKHOCTH
HCIIOJIb30BaTh METO/I OIPEIEISIONINX Y3JIOBBIX HAPSDKEHUH, METO/1 OaaHca TOKOB U MOILITHOCTHU
B y3JIax, METOJ| YETBHIPEXIOJIOCHUKA JJisi BHEAPEHUS HOBBIX TMOJXOJOB B OMNpEIEICHUU
MapaMeTpoB CXeM 3aMenieHus 35ieMeHTOB DOC U B pacueTax yCTAaHOBUBIINXCS PEKUMOB.

IMonyyeHHble pe3ybTaThbl, CIOCOOCTBYIOIIME PELIEHUI0 BA:KHBIX HAYYHBIX 327124
JA0KA3BIBAIOT, UTO NPU KOMIUIEKCHOM NpUMeHeHUH TexHosornu CBU cyiecTBeHHO ynporaercs
npoliecc UASHTU(UKALIMY TACCUBHBIX TAPaMETPOB CXeM 3aMeleHus aneMeHToB DOC B mporiecce
WX JKCIUTyaTalliy, a pa3pabOoTaHHBIC AITOPUTMBI ONMTUMAJILHON paccTaHOBKH ycTpoiicTB CBU,
MOMUMO ONpPENENEeHNUs MUHUMAIBHOTO KOJIMYECTBAa YCTPOMCTB ISl pa3MEICHHs B y3JIaX CETH,
00ecIeunBaroT yIPOIICHUE pacueTa YCTAHOBUBIIIETOCS PEXKUMa B OlleHUBaHUs cocTostHus DOC.

Teopernyeckoe 3HaueHue: [[aHHOE MCCIIEI0BAaHWE BHOCUT HAy4YHBIM BKJIAJ B pacyeT U
aHaJIU3 YCTAaHOBHUBIIUXCA pekUMOB DDC, B METOAOJIOTHIO TIO OMPEACICHUIO TapaMeTPOB CXEM
3aMeleHus 0e3 TPOBEACHHS HATYPHBIX HCIBITAHWNA, B Pa3BUTHE MATEeMATHUYECKUX MOJENen
ONTHUMAJILHOTO pa3menieHus ycrpoiicts CBU.

IIpakTHyeckasi LEHHOCTh PadOThl M BHeAPeHHe Pe3yJbTaToB: Pe3ynbrarhl
WCCIEOBAHUS MOTYT HCIIOJIB30BaThCA CETEBBIMHM OIEpaTOpaMU [UIsl CO3JaHUsl AKTHBHO-
aganTuBHBIX Mojaenedt DOC, A co3maHUs METOJOJIOTUN 1O JAMATHOCTUKE OOOpYHAOBaHUS B
npouecce  AKCIUTyaTalMu, Ui ONpEeAeieHus  MHUHUMaIbHOTO  KojmuuectBa  PMU,
YCTaHABIIMBAEMBIX B CETAX PAa3IMYHBIX KJIACCOB HAMPSOKCHHS] TPH YCIOBHH OOeCredYeHUs
MOJIHOIIGHHOW  HaOmomaemoctd  O0C, uisl  OCYIISCTBIEHUS  YCKOPEHHBIX  PacueToB
YCTAHOBUBIIUXCSL PEXKUMOB U OLEHUBAHUS COCTOSHUS CHUCTEMbl MPU HCKIIOYUTEIHLHOM
ucnoib3oBannu naHHbIX CBU, a Takke npu COBMECTHOM HCIOJIb30BaHUM u3Mepenniit CBU u
SCADA.

32



ABSTRACT

Author - MURDID Ecaterina. Title - Development of mathematical models for elements
of electric power systems based on the technology of synchronized phasor measurements. Doctoral
thesis in technical sciences specialty 221.01. Energy systems and technologies, Chisinau, 2023

Thesis structure: The paper comprises an introduction, four chapters, general conclusions
and recommendations, 101 bibliography titles, and includes 5 Annexes, 129 pages, 41 figures, 17
tables. The research results are published in 8 scientific papers.

Keywords: synchronized phasor measurement (SPM), phasor measurement unit (PMU),
mathematical models, equivalent circuit passive parameters, power line, power transformer,
electric network observability, steady state calculation, state estimation.

Field of study: engineering sciences.

The purpose of the thesis consists in the development of methods and algorithms for
mathematical modeling of EPS (electric power system) elements based on SPM technology.

Objectives are determination of the factors that have the most significant impact on
changes in the real values of the passive parameters of power lines and power transformers;
analysis of scientific researches on the possibility of using PMU measurements to solve practical
problems in the field of electric power engineering; development and analyses of the methods for
determining the passive parameters of equivalent schemes of power lines and power transformers
based on the use of SPM technology; development of algorithms for the optimal placement of
PMU devices, taking into account ensuring the observability of the EPS and minimizing economic
costs; study of the proposed algorithms for arranging the PMU in scope of increasing reliability
and speed of the algorithms for calculating steady state modes, as well as for the possibility of
simplifying the process of state estimation of the EPS.

Scientific novelty and originality of the work: it is demonstrated that under the conditions
of using synchronized phasor measurements, it becomes possible to use the method of determining
nodal voltages the method of balance of currents and power flows in nodes, the quadrupole method
in order to introduce new approaches in determining the passive parameters of equivalent schemes
of EPS elements and in steady state calculations.

The results obtained, which contribute to the solution of important scientific
problems, prove that with the integrated use of SPM technology, the process of identifying passive
parameters of equivalent schemes of EPS elements during their operation is significantly
simplified, and the developed algorithms for the optimal PMU placement, in addition to
determining the minimum number of PMUs for placement in network nodes, also provide a
simplification for steady state calculation and static state estimation of EPS.

The theoretical value. This study makes a scientific contribution to the calculation and
analysis of steady state EPS modes, to the methodology for determining the parameters of
equivalent circuits without field tests, to the development of mathematical models of optimal PMU
placement.

The practical value of the work and the implementation of research results. The results
of the work can be used by network operators to create active-adaptive EPS models, to create
methodologies for diagnosing equipment during operation, to determine the minimum number of
PMUs installed in networks of various voltage classes, ensuring full EPS observability, to carry
out accelerated calculations of steady state modes and assessing the system state estimation while
using only SPM measurements as well as simultaneously using SPM and SCADA measurements.
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