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TOPICALITY OF THE SUBJECT OF DOCTORAL THESIS

The steady state stability of power systems has been and continues to be of major
concern in system operation. Modern electrical power systems have grown to a large
complexity due to increasing of interconnections, installation of large generating units, and
extra-high voltage tie-lines etc. Steady state stability refers to the ability of the power system
to regain synchronism after small and slow disturbance, such as gradual power changes.

Economic and operational factors make power systems to utilize utmost percentage of
their transmission capacity and consequently operate close to stability limit with small
margins. In such environment voltage instability is emerged as a major threat for power
system security. At present most of electric utilities use the fast response excitation systems,
faster relays and stabilizing devices to improve the system security margin. Power systems
have become increasingly concerned world-wide with voltage stability and collapse problems.
A number of major voltage collapse phenomena have been experienced by utilities resulted in
widespread blackouts. In spite of dynamic nature of voltage instability, static approaches are
used for its analysis based on the fact that the system dynamics influencing voltage stability
are usually slow.

Again, fault may occur at various locations of a power system network such as near
the generator middle of the transmission line, and near the infinite bus etc. Steady state
stability problems use a very simple generator model which treats the generator as a constant
voltage source. The solution technique of steady state stability problems is to examine the
stability of the system under incremental variations about an equilibrium point. The methods
of linear analysis can be used to determine whether the system will remain in synchronism
following small changes from the operating point or not. It is convenient to assume that the
disturbances causing the changes disappear. The motion of the system is free; stability is
assured if the system returns to its original state. Such a behavior can be determined in a
linear system by examining the characteristic equation the system.

In all stability studies, the principle objective is to determine whether or not the rotors
of the machines being perturbed return to constant speed operation. Obviously this means that
the rotor speeds must depart at least temporarily from synchronous speed. In the past three
decades, power system stabilizers (PSSs) have been extensively used to increase the system
damping for low frequency oscillations. Worldwide the power utilities are currently
implementing PSSs as effective excitation controllers to improve the system stability under

various faults conditions.
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Fig. 1.1 BEMIP [55]

On June 17, 2009, eight Baltic Sea Member States (Denmark, Germany, Estonia,
Latvia, Lithuania, Poland, Finland, and Sweden) signed a Memorandum of Understanding on
the Baltic Energy Market Interconnection Plan. The BEMIP is the result of nine months’
work at the initiative of the European Commission (EC) to look at concrete measures to
connect Lithuania, Latvia and Estonia better to wider EU energy networks (Fig. 1.1).

The necessity of development assessment of the Latvian Western region transmission
network is required by a number of considerations, the most important of which is the safety
of power supply. The next few years are provided significant changes for the generating
capacity connected to the transmission network of this region, as well as the creation of
connections of new intermediate systems (Fig. 1.2). It is expected to construct the Kurzeme
KES and wind farms on the west coast, as well as it is planned to build new intermediate
system connections from the Baltics to Sweden and Finland. These changes make it necessary
to check the carrying capacity adequacy of the transmission network and determine doable
technical measures [34].

The market economy dictates the terms of unification of the energy systems of the
countries that leads to a change in number of interconnections, the increase of the transmitted
power, and therefore, it is necessary to reconfigure the networks and, consequently, the
recalculation of their normal modes, as well as the project assessment of static stability is

required. Stability is an important constraint in power system operation and control. Power




system stability is understood as the ability to regain an equilibrium state after being subjected
to a physical disturbance. Principal among methods of static stability analysis is the
determination of system stability on the consideration of eigenvalues in steady state condition.
This provides appropriate strategy to have a quick decision on the system’s steady state

behavior.
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Fig. 1.2 The long-term energy development scheme of Latvia until 2018

Power system stability has been recognized as an important problem for secure system
operation since the 1920s. Many major blackouts caused by power system instability have
illustrated the importance of this phenomenon. Historically, transient instability has been the
dominant stability problem on most systems, and has been the focus of much of the industry’s
attention concerning system stability. As power systems have evolved through continuing
growth in interconnections, use of new technologies and controls, and the increased operation
in highly stressed conditions, different forms of system instability have emerged. For
example, voltage stability, frequency stability and interarea oscillations have become greater
concerns than in the past. This has created a need to review the definition and classification of
power system stability. A clear understanding of different types of instability and how they
are interrelated is essential for the satisfactory design and operation of power systems [33].

The check of stability has the highest value when examining the systems of automatic
control, which the majority of industrial objects and transport are equipped with [36].

Airplanes most of the time fly controlled by automatic devices — autopilots. Ships in

sea are managed by automatic steersmen, stability characteristics of technological processes



are supported by automatic controllers at most plants. For example, the stability theory is
widely applied in aviation as well for safely operation of the engines of the helicopter. There
are numerous applications of Unmanned Aerial Vehicles (UAVs) in defense and civil areas
for monitoring, remote sensing, surveillance, dangerous environment etc. Quadrotor
helicopter is an emerging rotor craft concept for UAV that consist of four rotors, with two
pair of counter rotating, fixed pitch blades located at the four corners of the aircraft. A
quadrotor is a dynamic vehicle with four input forces, six output coordinators, highly coupled
and unstable dynamics (Fig. 1.3.). The stability theory (the theory of Lyapunov) is used to
stabilize this system [43].

Fig. 1.3 Scheme of quadrotor helicopter [43]

Variables x1; x2; ... xn, as a rule are the deviations of the process characteristics from
the desired value in control systems. If a mathematical model of the automatic control system
is a system of differential equations with unstable solutions, these deviations will increase
rapidly and normal system operation will be impossible. Therefore, even in the course of
design is checked whether the projected system will be stable or not in all design and
organizational organizations. Only the system, which accordingly to checking calculation is
stable, can be implemented in ,;metal”. Let’s assume that unstable control system was
recognized as the stable one due to a mistake in calculation. It is unpleasant, but not
dangerous. The system instability will be revealed immediately during the tests due to rapidly
increasing deviations of real flow of the controlled process from the desired one, so the
system will be written off as throw-outs with appropriate write-off of losses. The more
dangerous is the mistake related to maintaining stability under variations of parameters [36].

Thus, the theory of stability is the fundamental one in many fields of science and it is

widely used for reliable and high-quality operation of various engineering systems.
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AIMS AND OBJECTIVES OF THE THESIS

Aim - raising the level the static stability of power systems.

Objectives of this thesis are:

. Inspection of the current methods of the static stability assessment of EPS.

The search for a fundamentally new algorithm of the static stability assessment.

The study of the classical approach to analyze the static stability with the help of CP
and the introduction of new ideas for it application for small EPS.

The development of the static stability assessment criterion for large EPS on the basis
of the modified method of rotation.

The development of the graphical module of an algorithm for a computer program of
the static stability assessment. This algorithm has to visualize changes of the electrical

network configuration.

METHODS AND TOOLS OF THE RESEARCH

The results of the paper were obtained by applying the following computer programs

and methods:

1.

l.

The theory of differential equations, matrix algebra and the graph theory;

2. The EPS modeling in the environment of MATHCAD, EUROSTAG, ETAP;
3.
4. The result processing and graphical representation — MS EXCEL, MATHCAD.

The CP analysis using computer programs MAPLE and MATHCAD;

NOVELTY OF THE DOCTORAL THESIS AND BASIC RESULTS

The scientific innovation is characterized by the following aspects:
The fundament concerning creation of a unified criterion for the static stability

assessment is laid, which conditionally can be divided into two directions:

1.1 for the analysis of small EPS — use of CP and the modified Newton’s method, a

graphical localization of the roots;

1.2 For the analysis of large EPS — use of the modified method of rotation and

decomposition method because of which data related to each subsystem structure is

confidential and remains closed for the owner of other system.
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2. The graphical module of an algorithm for a unified computer program to assess the

static stability of EPS was worked out.

PRACTICAL IMPORTANCE OF DOCTORAL THESIS

The market economy dictates the terms of unification of the energy systems of the
countries that leads to a change in number of interconnections, the increase of the transmitted
power, and therefore, it is necessary to reconfigure the networks and, consequently, the
recalculation of their normal modes, as well as the project assessment of static stability is
required. Thus, the results of this paper can serve as a basis for further research in the field of
static stability of complex EPS, as well as for creating a module for the specialized computer

program for the static stability assessment.
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1. HIGHLIGHTS OF THE STATIC STABILITY ANALYSIS OF THE
COMPLEX ELECTRICAL POWER SYSTEMS (EPS)

Ensuring the stability of power systems is one of the important tasks of its engineering
and operation. Thus, violation of the stability of the parallel operation of generators can lead
to disruption of power supply of a large number of the electric power consumers and even to a
complete collapse of the power system. In its turn, the EPS union and its power growth make

the issue of the stability ensuring of the most urgency.

Power System

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small-Disturbance Transient Large- _Small-
Angle Stability Stability Dlsturbancg_ Disturbance
Voltage Stability Voltage Stability
I ] [ |
I [
1 [Seren ] [
Short Term Long Term

Fig. 1.4 Classification of power system stability [33]

The EPS stability evaluation is complex and includes many aspects, in connection
with that you have to separate this task into three main components (Fig. 1.4):
1. The stability calculation for short-term planning mode, the basis of which is the results
obtained in a long-term planning. This is primarily the experimental, prognostic and
calculation data which allow making the equivalent circuit of a minimum amount for a
sufficiently accurate presentation of the load qualities, regulator devices and automatic
devices. The stability calculation for a short-term planning is expected to carry out to validate
the permissibility of repair application and determinate the required mode changes and
automation settings, as well as clarifying the stability restrictions within the mode
optimization [3, 24, 35, 37, 38].
2. The stability calculations of power systems in the operational management enable to
determine the required mode changes and anti-damage automation for solving the emergency

applications and clarify the stability restrictions for operational optimization mode. In this
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case, the automatic data entry is required and too little time is given for the problem solving
because of which special methods and algorithms are required. The stability problem solving
for the automatic management is aimed to increase the anti-damage automation adaptability,
1. e. to save the staff from its responsible, complex and frequent setting operation changes [3,
24,35, 37, 38].

3. The stability evaluation of the power systems at the engineering stage of its development
which is a continuous process in time. It is important not only equipping with automatic
regulators of the introduced new facilities, but also possible changes in the network topology

with reconstructions of old and/or building of new electric mains [3, 24, 35, 37, 38].

Conclusion on Chapter 1

1. The market economy dictates the unification conditions of energy systems of the countries
that lead to a change in the number of interconnections, increasing of the transmitted power in
relation to what it is necessary to reconfigure the networks.

2. The market economy requires a planned assessment of the static stability.

3. Since the time of Lyapunov to the present days the theory concerning the solution stability
of differential equations has developed significantly and it has been widely used in the power

industry (the automatic control, the static stability analysis of complex EPS).

2. REVIEW OF MODERN APPROACHES USED FOR THE STATIC
STABILITY ANALYSIS OF THE COMPLEX EPS

First of all it should be noted that in general the development of information
computing technologies left an imprint and caused a revision of classical approaches to the
research of the static stability. The characteristic polynomial (CP) was widely used at the
earliest stage of the development of automatic control and introduction of automatic devices,
but in case when difficulties arose while finding its roots, the algebraic or frequency stability
criteria were employed (criteria of Routh, Hurwitz, Mikhailov, Nyquist etc.). Two
disadvantages of this approach appeared with the subsequent increase of the problem

dimension:
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1. The increasing difficulty in obtaining a characteristic equation on the basis of initial
operating description, even if it is set in a normal form of the matrix of coefficients, as
it is required to find its determinant with still unknown operator;

2. The increasing difficulty in applying the stability criteria, because quite laborious
calculations were in must.

The development of computer technologies has not led to essential progress in this
way as this approach is difficult to formalize and effectively algorithmizate. Moreover, the
calculation of the coefficients of the characteristic equation led to the accumulation of a large
computational error, which, in its turn, has often led to incorrect eigenvalues (EV) and
contrary to meaning results of stability. Now the most interesting was finding of eigenvalues
by more direct ways — speed and memory of computing devices allowed acquiring the
eigenvalues directly from the matrix of coefficients under a relatively simple
algorithmization, including also the original construction of the matrix in a normal form. Let’s
remind that the system of linear differential equations is in normal form when it involves
derivatives of the first order only. In case when there are a higher-order derivatives, the
system can be easily normalized by introducing new equations and extra variables instead of
derivatives of the higher orders (for instance, instead of X’ it should be written Y’ and
added one more equation to the system: X’ =Y, taking into account the introducing of a new
variable Y).

The modern association of EPS demanded the further increase of the problem
dimension with the presence of powerful computing environment. The decision itself is not a
problem anymore, but the efforts of researchers were directed towards operating speed
(efficiency) and adequacy of the realized computer models. In this sense it is possible to
highlight 6 independent directions (approaches) of researching the EPS static stability [3, 5,
21, 26, 46]:

Modern trends and approaches in the investigation of static stability of EPS:

1. New aspects of D-fragmentation

2. Solving problems of analysis of static stability of power system on the basis of artificial
neuron networks (ANN)

3. Methods for computing the Gramians and use of them for the stability analysis of large

linear systems
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4. The pseudo-spectral analysis of the static stability of the large-scale EPS
5. Express method of the EPS stability evaluation

6. The signum function method

Conclusion on Chapter 2

1. Despite the vast variety of the described approaches, a set of methods of the static stability
analysis of EPS, given in the algebra-differential form is substantially small. It includes
spectral methods (the generalized problem methods of eigenvalues) and iterative methods
(methods based on various iterative procedures). All these methods, despite the modern
computer technologies are quite bulky. Consequently, there is an urgent need for a completely
new express method of evaluation of the static stability of EPS.

2. With all the variety of modern computer software in the field of power industry, none of
the above mentioned programs have the isolated module that would evaluate exactly the static
stability of EPS. Only the combined use of programs can provide a good result that in point of
fact is irrational. Thus, the issue of creation a new program to assess the static stability of EPS

remains topical, based on a new algorithm.

3. SYNTHESIS OF A NEW ALGORITHM FOR EVALUATION
OF ROOTS OF THE CHARACTERISTIC POLYNOMIAL (CP)

Summarizing the above mentioned in the Chapter 1 of this paper, it should be noted that
there are two major directions in the static stability research field of electric systems:

1) Construction and research of the characteristic equation of the system as a

polynomial of the n-th degree with real coefficients a; (i = 0,1, ...,n) and a,>0:

az" + an_Iz”’I + an_gz”‘z + ... taz ta=0 (3.1)

where z; — a number of roots n, taking into account its multiplicity. If among them there are
complex variables, the latter always follow in the conjugate pairs since the coefficients of the

characteristic polynomial (CP) are real numbers. It is enough that all the polynomial roots are
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in the left half-plane of the complex field in order to derive the preservation of stability, but the
very fact of the stability preservation does not depend on its specific values which affect the
character of already known damped oscillations — aperiodic or oscillatory [13, 14, 15, 37].
According to the necessary, but not sufficient stability condition, the CP coefficients should
always be positive values: if at least one of the coefficients is a negative number, then the
system is unstable because the presence of positive coefficients does not allow obtaining the
real roots in the right half-plane, consequently, the aperiodic stability disturbance cannot occur.
However, the conjugate roots with positive real part may locate from the right of the imaginary
axis, which in its turn will lead to the oscillatory violation of stability.

The criteria of Hurwitz, Routh, Nyquist-Mikhailov etc. are widely known, they indicate
sufficient conditions for the stability preservation, focused on a hand-counting method which is
a complex task for large-scale schemes, but its formalization for program implementation is
quite laborious [14, 15, 16, 39].

2) Construction and obtaining of the eigenvalues of the coefficient matrix of the system

of linear differential equations presented in a normal form.

It is possible to turn from the initial description to the normal way of writing of the
differential equations, lowering the order of the derivatives, by introducing new unknown
functions. However, recently more and more application of static stability is researched with
the help of eigenvalues due to rapid development of computational tools. It is possible o
build the CP proceeding directly from the system description thanks to the computer
technology, without taking it to a normal form, which in its turn may lead to the revision and
full development of methods related to the CP root research.

Today, there are a variety of algorithms and software tools for finding the eigenvalues
(table 4.1), the basic one of those is the rotation method, the main idea of which is: the
eigenvalues agree closely with the CP roots and consequently, in the case of the stability
preservation among them should not be eigenvalues from the right half-plane. Unfortunately,
the existing theoretical methods for the transition from the matrix to the characteristic
equation and back have not found wide practical application due to laboriousness of the

matrix determinant of a high order [14, 15, 16, 39].
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In what follows, we take as a basis analysis of the roots of the characteristic equation
(3.1) with a complex variable in a polar form z = R after its expansion into the real y/ and

imaginary y2 parts:
yl = R"a,cos(ng) + ... + Rajcosp +ap=0; (3.2)
y2 = R'a,sin(ng) + ... + Ra;sing =0, (3.3)

where the unknowns are n of modules R; and its phases ¢;, satisfying the system (3.2, 3.3).
The selection of suitable initial conditions for the Newton’s iterative process (3.5) was
carried out with the help of a gradient minimization positively towards the definite function of

residuals (inaccuracies):

V3(R, 9)=yI(R, 0)’+ y2(R, )’ (3.4)
oyl oyl['
Pl_|e|_|op oR| ¥l (3.5)
R| [R| [0y2 0Jy2 y2
Jdp OR

It was necessary to research the function y3(R, ¢) antigradient in the first quadrant within
a quite small area from the origin of coordinates in direction towards the first quadrant. The
function reduction (3.4) shows that it is possible to find the required root in this area, i.e. you
can specify initial approximations for the iterative process with great accuracy by moving the
initial point in the direction of antigradient [14, 15, 16, 39].

On Fig. 3.1 are presented contours for different values of an absolute term and - radius of
the functions yI(R, ¢), v2(R, @), y3(R, @), as well as the function antigradient y3(R, ¢) for the
polynomial of the form Y(z) = 2 + z’+ z+ a,, Thus, increasing the absolute term within the
area of the origin of coordinates, antigradient —V y3(R, ¢) reduces. When R = 0, ¢ = 90°-

V y3(R, ¢) = 0. When the radius values are R>(0), antigradient increases.

According to the obtained results we can conclude that in case of the stable polynomial
the function y3(R, ¢) contours are smooth curves, slightly vertically curved, at that, the more
unstable the polynomial is, the more strongly pronounced form of perturbations acquires the

contour form (Fig. 3.2) [14, 15, 16, 39].
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Fig. 3.1 Stable and unstable surfaces of the auxiliary function y3(R, ¢) for a polynomial

of the form Y(z) =2° + 2+ z+ ay
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Fig. 3.2 The function y3(R, @) contours for a polynomial of the form Y(z) =z’ + z°+ z+ ay for

different values of the absolute term
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On the basis of the above mentioned will provide the idea of generalized algorithm for

evaluating the static stability of complex power systems. The algorithm is sequential and it

consists of the following basic steps (Fig. 3.3):

1-7
EPS Mathematical model
and steady state calculation

8-10

Matrix D(p) construction and
finding characterictic
polynomial (CP)

11-13
Auxiliary functions y1(R,®)
and y 2(R,p)

14

Roots localization and
conclusion about EPS static
stability

Fig. 3.3 Generalized algorithm of EPS static stability calculation

1. Entering the topology and the power system data - parameters of generators, transformers,
loads, lines etc.;

2. Bringing the power system parameters to a single voltage class or transition to a system of
relative values;

3. Calculation of the steady-state network regime;

4. Calculation of the stator circuit regime of generators to determine the complex values of
electromotive force on the basis of voltages of station nodes found in p. 3.

5. Exclusion of load nodes of the system applying the Jordan method in order to obtain the
generalized complex conductivities between the generator branches;

6. Compilation of expressions for calculation of node capacity;

7. Accounting of regulators in the mathematical model;

8. Finding the partial derivatives by angles and values of the electromotive force;
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9. Constructing of the matrix D(p) (3.5), consisting of 4 submatrices:

. 2 . .
Dy(p) = A’kTJ“gk +Ci i’; (3.5)
C, = %; B, = 5_2;
Ey = TP G;;Zi + 22" -2 g]‘:’" W, (p);
Dy = 74P %g:i + ZZ" 2 aagz" W, (P),

where T, — a diagonal matrix of constant inertia (with the size of NxN);

C, B, E, D — quadratic matrices of the size NxN.

P, —electromagnetic power of i-th machine;

E.,E,— EMF of synchronous machines;

7,; — time constant of time winding;

E, . E i E i the synchronous, transient and forced EMF;

WHU- (p) — the transfer function of excitation regulator, which includes records of transient
processes in the automatic excitation regulator (time constant 7,) and in the exciter (time
constant z,) of the i-th synchronous machine for the j-th regulation parameter IT;. The
summation for the j-th regulation parameters I1; is required in those most common cases

when the regulation is carried out by several regime parameters (for instance, current and

voltage, frequency and voltage etc.);

A, —symbol of Kronecker. Wheni =k A, =1.1lpui# kA, =0;
10. Drafting of the characteristic polynomial and finding a determinant of the matrix D(p);
11. Recording of the characteristic polynomial (3.1) as a system of equations (3.2) and (3.3)

12. Choice of initial conditions 0 and RO = Rc/2 ;

13. Finding the roots of ¢i and Ri by the iterative method of Newton (3.5) for each set of initial

conditions.
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14. Conclusion on the conservation/violation of the static stability: in the case when not all
roots @i are outside of the range [-90 +90] deg., the iterative process of Newton diverges that
indicates the stability violation.

Based on the foregoing, we conclude the possibility of establishing a unified program
for evaluation of the static stability for training purposes. The idea is to create two-block
modules. The first block — training. The basic algorithm — obtaining the CP and studying of its
roots by the example of small EPS (up to 10 nodes). The second block — computation for a
large-scale systems. The basis — analysis of the matrix coefficients D(p), i. e. the analysis by
partial derivatives (the modified method of rotation — Chapter 4). Also, in this program could
be a graphical module — more simplified, suitable especially for students and educational

purposes [46, 52, 53, 54].

Conclusion of Chapter 3

1. It has been shown how the conjugate roots of CP with positive coefficients may appear in
the right half-plane. It was suggested to observe the polynomial division to the real y/ and
imaginary y2 parts with the transition to a polar form of a complex argument and identifying
the conditions for this purpose, under which both parts are simultaneously zeroized. Due to the
graphical output it is easy to define upper and lower limits of the root modules in the right half-

plane, depending on an absolute term.

2. A new graphical method (locus) of localization of roots in the right half-plane by motion by
the contour of a central circle within a sector 0°+90° and return on ordinate up to origin of
coordinates was offered. A sufficient stability condition — symmetric alternation of zeros of

functions y/ and y2. It is required a relatively small number of points to construct the locus.

3. A simple method of calculation of roots in the first quadrant in accordance with the
Newton’s method was offered, based on the derivatives of the functions y/ and y2 in phase and

module.

4. Any iterative methods (3.5) need sufficiently good initial approximations. The question of
appointment of initial approximations required more detailed study. Per se, the proposed

algorithm is a general plan for the static stability evaluation of large-scale power systems.
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Difficulties arise when finding its polynomial (p. 10.) as it involves a large number of

computations, which is difficult to realize even with the use of modern computer technology.

5. There is an additional problem — the need to identify the sensitivity of the polynomial roots,

1. e. assessment of its changes for some small perturbations of the coefficients.

6. An important positive aspect of the proposed algorithm is the presence of p.11: the matrix in
this block always has the dimensions of 2x2, regardless of the size of the power system! It
should be noted, in the raw this idea may be applied for the stability analysis of not too large
(partially equivalent) power systems, the necessity to use not the polynomial of p. 10, but the

matrix D(p) itself (p. 11.) arises in order to calculate the power systems of a larger dimension.

7. The auxiliary function y3, its antigradient and contours were introduced, that at deeper study

can serve as a more accurate selection of the initial conditions in the iterative process (6).

8. The use of a graphical image makes it easy to determine the upper and lower limits of the
root modules located in the right half-plane and depending on the value of an absolute term. A
sufficient condition for preserving the static stability of the power system is the symmetric

alternation of zeros of the functions y/ and y2.

9. The idea of creation of a graphical module for a unified program for the static stability
analysis was offered, which could be used for training purposes. The algorithm we have
discussed, independent of its certain share of heuristics gives more than acceptable results and
its characteristics are superior to those of other algorithms we have tested. The outcome
coordinates of X and Y can be easily transposed to a graphics editor for the further plotting of
the obtained computation results.

10. The plotting of the electricity supply circuit can be done with multi-color layers
determined by the layers of tension — first for the 400 kV circuit, then for 330 kV, taking as

fixed the nodes from the preceding layers, and so forth.

4. THE MODIFIED METHOD OF ROTATION FOR THE STATIC
STABILITY ANALYSIS OF THE EPS

The static stability assessment of large power systems is related with some formidable

tasks that must be solved on the EPS scheme models of large-scale dimensions, implemented

in software packages. In this regard, a number of questions appear:
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1) How to determine the part of a large system that can be logically separated and simulated
independently, but to get a fairly accurate result for evaluating the static stability of its
synchronous generators?

2) How much detailed is it necessary to describe the oscillating electromechanical process,
1. e. is it possible to do without taking into account the electromagnetic processes in the rotor
and stator of a synchronous machine and if so, in what kind of machines?

Obviously, that the problem solution is related to the problem statement: i.e. what type
of the stability should be researched. For example, it is only about the aperiodic stability
violation, it is possible to only consider the accounting of electromechanical equations of the
rotor motion while constructing a model.

3) What is the solution sensitivity depending on the accuracy of source data?

Probably, even small inaccuracies in accounting (selection) of electrical or mechanical
parameters of network, such as moments of inertia of generator shafts with prime engines,
will lead to the opposite in meaning conclusion and real statically stable system while
modeling will be unstable.

4) How to take into account non-linear loads, set by its static characteristics (SLC) and
whether to exclude such load nodes in the transition to an equivalent network model
consisting only of generator units?

This problem was successfully solved in the general case [18, 19, 20] for the random

non-linear SLC of active P and reactive powers of O depending on the voltage U in the form:
P =Py (U/Uy)"; 0 =00 (U, 4.1
where Py, Oy and U - basic parameters of the steady-state regime.

5) Which method of the static stability assessment should be applied to minimize the

accumulation of computational error?
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Examine the system consisting of two subsystems, connected by a single bond (line):

Subsystem A Subsystem B

Fig. 4.1 The electrical system consisting of two interconnected subsystems

Imagine that the models of two subsystems consist of two synchronous generators and
equivalent lines between them and assume, that for all of them are already known the
eigenvalues in the isolated state, but preserving the internal steady-state regimes achieved by

the addition of equivalent load and generation at nodes k and £+, respectively (Fig. 4.2):

Subsystem A Subsystem B

Fig. 4.2 The electrical system consisting of two isolated subsystems

In this case the matrix of coefficients will consist of two mutually diagonal blocks

(Fig. 4.3 a):
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2k 2k+1 2n 2k 2k+1 n

Fig. 4.3 The structure of the matrix of coefficients: a) for two isolated subsystems;

b) after combining the subsystems, where m — added elements

We mark the eigenvalues of a block A (Fig. 4.3 a), corresponding to the subsystem A
with 4, 45, ..., 4, but the eigenvalues of a block B, corresponding to the subsystem B with
Adk+1, Aok+2s ..., A2n. Obviously, that the obtaining of its can be made separately for each block
according to any of the known methods because this matrix has a natural block
decomposition.

When combining the subsystems A and B (Fig. 4.1), this matrix will be complemented
by two elements and its structure acquires the form displayed on the Fig. 4.3 b. These
elements are partial derivatives of the true power overflow P of a flowline at the corners
OP/0o and OP/dy+ respectively. Thus, suppose that the original description consists only of

electromechanical equations given in the operator form:

OP,
85’

-poi=0, (4.3)

T.roi+ P, a)+z J#i (4.2)

where T); — iterative time constant of the rotor of the i-th machine;
— its angular velocity;
— damping coefficient.
The record is given in relative units, at that for the convenience of ordering columns of
the lock A is in the order of w;. d;, wy, 0,,..., but then in the block B is in order of 0y+;, Wi+,

5k+2, veey W+, oo, W2y [18, 19, 20]

27



Table. 4.1 Selection the task-solving algorithm of eigenvalues

Recommended for
finding their own

eigenvalues
N:;n:;i(glg:e Used for Result = Notes
S8l P | Y
<= Vv A
= =] =]
=B 3| =
Determinant General Eicenvalues * Requires to find the roots of
(iteration) matrix & a general form
Iteration G 1 Eigenvalues Provides the best accuracy
(iteration) ertlgra and * * * |for the largest and smallest
matrx eigenvectors eigenvalues
’ll;ll;:hJoadc obi Symmetric |Diagonal form x « |Theoretically requires an
(transformation) matrices of the matrix infinite number of steps
Symmetric "fl;rrlgieggfotr}llael « « |Requires knowledge of the
The Givens matrices matrix simple polynomial roots
method
t f ti U - .
(transformation) nsym The . . |Requires the use of
metrical Hessenberg o
matrices form additional method
. |Tridiagonal .
The Syrtnmetrlc form of the « « Requllres lfnowlgdlge Ot; the
Householder matrices matrix simple polynomial roots
method U —
(transformation) |~ Sy © N « |Requires the use of
metrical Hessenberg .
matrices form additional method
o 1
The LR method |General Quasidiagona « « .
(transformation) |matrix form of the Sometimes unstable
! matrix
The QR method |General The same * « The best method which
. . possesses the greatest
(transformation) imatrix .
generality
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The selection of a suitable algorithm for solving a problem of eigenvalues (EV) is
determined by the type of eigenvalues, by the matrix type and a number of desired
eigenvalues. The more complex the task, the lower is a number of algorithms to choose from.
Table 4.1 makes the choice easier. Usually, the computer mathematical packages include
subprograms, where all these algorithms or some of them are used. One of the most effective
ways to use the existing mathematical software is the simultaneous use of two subprograms
that allows combining the best qualities of them. For example, if you have the general form of
a matrix, you can reduce it with the help of the Householder method to Hessenberg form, but
later to find the eigenvalues with the help of the algorithm QR. At the same time both speed
provided the Householder method and universality of the algorithm QR [18, 19, 20, 45,
50, 51].

Conclusion of Chapter 4

1. The decomposition algorithm fpr stability assessment is suggested in case when two
subsystems are interconnected for transmission of power (trade). It is based on internal
stability assessments for each subsystem before merging, taking into account the boundary
link parameters and its regime.

2. The modification of the method of rotation was proposed to implement the algorithm used
to find the matrix eigenvalues.

3. The data on the structure of each subsystem preserves its privacy and remain closed for the
owner of other subsystem due to the proposed algorithm.

4. The algorithm has natural parallelism. The required operations may occur in each
subsystem simultaneously and independently of each other.

5. The proposed approach can be used to deal with cases of more complex connectivity of

subsystems.

5. COMPLEX POWER SYSTEM STATIC STABILITY ANALYSIS

Chapter 5 consists of three estimations:
1. The three machine system's static stability is estimated by localization of the roots of the
characteristic polynomial (Fig. 5.1.) Auxiliary function y3 shows that the system is stable

(Fig. 5.2, Fig. 5.3.)
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Fig. 5.4 Equivalent circuit of approximate electrical system with the set node active (Py;) and
reactive (Qgi) generating capacities of turbo generators, the calculated electromotive force for

the generator stators (Eg;) and loads (P2, Q>). The line 6-7 is connected to this system

2. The effect of impact of the transit line (connecting the generator) on static stability of
power system (Fig. 5.4.) was studied, using the modified method of rotation.
3. Static stability of the Latvian power system was estimated, showing that the system is

stable (Fig. 5.5, Fig. 5.6.)
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1 —Russia, Lithuania, Estonia; 5 — Rigas HES (402 MW); 9 — Krustpils; 13 - leriki;
2 — Jelgava; 6 — Salaspils; 10 - TEC 2 (832 MW); 14 — Ropazi
3 — BiSuciems; 7 — Plavinu HES (882 MW); 11 —TEC 1 (144 MW);
4 — Imanta (47.7 MW); 8 — Valmiera; 12 — Keguma HES (240.1 MW);

Fig. 5.5 A. Latvian power system and its main stations and substations;

B. Simplified scheme after the application of Jordan’s method
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X

Fig. 5.6 Latvian power system’s eigenvalues and surface of the auxiliary function y3 (R,¢)

Conclusion of Chapter 5

The analysis of the static stability of complex EPS would be best to carry out choosing
three machine subsystems out of the entire system, but later for each of them with the help of
the classical method by means of the CP analysis to evaluate the static stability. The
advantage of the proposed auxiliary functions of the CP is easy to implement localization of
its roots on the complex plane. In case you need to find the roots itself, you can do it with
the help of auxiliary functions y/ and y2. Besides, the static stability can be identified by the
shape of contour lines of the auxiliary function y3.

It should be noted that there are no special difficulties to find the roots for the CPs of
the three machine subsystem of the sixth degree. Then by transforming the matrix with the
help of Givens method and sequentially adding generators (or gradually combining the
3-machine subsystems) it is quite simply to find the EV of the already augmented matrix, as
well as to make a conclusion how the static stability would change after the combining, i.e. to
carry out the analysis of the large-scale EPS. The main advantage of the technique is a much
simpler form of the equation record to study the static stability in comparison with the model
of the whole system.

Practically this method of calculation of complex EPS gives the opportunity to know
which generators should be calculated and which of them not yet at the level of the analysis
of subsystems. For example, if it is required to set a controller of the n-th station and
determine its amplification coefficient, it would be enough to simulate only a small

contiguous part of a system. It is possible to determine which stations can be excluded from
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the analysis because they cannot affect the evaluation of the static stability of the system in
general in accordance with the proposed method in the process of Givens rotation without the
last row and in the process of comparing the diagonal elements (those that have not changed),
but later in the process of combining the subsystems by the last row. Also, this approach has
important practical meaning because for the perturbations with the purpose to test the
controller’s settings in real situations it is sufficient to functionally isolate a small part of the
system that is much easier and with minimal risk can be organized and implemented in
respect to a dispatcher without affecting the operation of the rest system. The proposed
approach is valid for a detailed calculation of electromagnetic transients that leads only to an
increase in dimension of still small matrices of subsystems. This method has been illustrated
on a small example.

The further directions of research can be identified on the basis of the research work:

1. Finding a practical convergence criteria at the iterative process of finding the
roots of the functions y/ and y2 as signs of instability of the CP.

2. Development of a method to choice convenient initial approximations for R and y
that ensure convergence to determine the roots located in the left half plane.

3. Mathematical basing of the contour line shape of the function y3 (degree of
evenness of a contour line as the stability criterion of the CP).

4. Computer implementation of the new criteria found with convenient

interactive visualization of the system quality to be researched for the static stability.

CONCLUSION AND FINDINGS

This doctoral thesis researched the static stability of electric power systems (EPS).

The market economy dictates the unification conditions of energy systems of the
countries that lead to a change in the number of interconnections, increasing of the
transmitted power in relation to what it is necessary to reconfigure the networks. The market
economy requires a planned assessment of the static stability.

The stability theory from Lyapunov times up to nowadays was examined (use of
gramians, the matrix signum function etc.). Despite the vast variety of the described
approaches, a set of methods of the static stability analysis of EPS, given in the algebra-

differential form is substantially small. All these methods, despite the modern computer
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technologies are quite bulky. Consequently, there is an urgent need for a completely new
express method of evaluation of the static stability of EPS.

Comparing five software we concluded that the unified program for static stability
analysis of EPS should be developed.

The static stability research can be divided into two directions assuming that there are
large-scale EPS and small dimension EPS:

1. The classical approach using the CP for small EPS. The detailed calculation of unregulated
three machine system was carried out — was analyzed the stability. It was proposed:

1.1 Separating the CP into two auxiliary functions y/, y2;

1.2 The method of graphical localization of the roots in the 1st quadrant;

1.3 The introduction of the auxiliary function y3 to specify initial conditions of the

iteration (use of the function y3 antigradient);

1.4 Analysis of the function y3 contours (waviness, curvature);

1.5 The idea of a graphical module to create a program for static stability analysis.

The advantage of the proposed auxiliary functions of the CP is easy to implement
localization of its roots on the complex plane. In case you need to find the roots itself, you can
do it with the help of auxiliary functions y/ and y2. Besides, the static stability can be
identified by the shape of contour lines of the auxiliary function y3.

Also Latvian power system static stability is calculated with method of CP roots
localization.

2. Alternative approach to use the modified method of rotation for finding the eigenvalues
and for further analysis of static stability:

2.1 The modified method of rotation;

2.2 Decomposition algorithm.

The decomposition algorithm for stability assessment is suggested in case when two
subsystems are interconnected for transmission of power (trade). It is based on internal
stability assessments for each subsystem before merging, taking into account the boundary
link parameters and its regime. The modification of the method of rotation was proposed to
implement the algorithm used to find the matrix eigenvalues. The data on the structure of each
subsystem preserves its privacy and remain closed for the owner of other subsystem due to
the proposed algorithm.The algorithm has natural parallelism. The required operations may
occur in each subsystem simultaneously and independently of each other. The proposed

approach can be used to deal with cases of more complex connectivity of subsystems.
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Therefore, considerable work to study the static stability of EPS was carried out within
the paper. The question is very topical for market economy and technical reequipment of

electrical networks, its modernization and development (Table 6.).

Further ways of study

1. Finding a practical convergence criteria at the iterative process of finding the roots of the
functions y/ nd y2 as signs of instability of the CP.

2. Development of a method to choice convenient initial approximations for R and y that
ensure convergence to determine the roots located in the left half plane.

3. Mathematical basing of the contour line shape of the function y3 (degree of evenness of a
contour line as the stability criterion of the CP).

4. Computer implementation of the new criteria found with convenient interactive
visualization of the system quality to be researched for the static stability.

5. Calculation the static stability of the Baltic states in accordance with methods proposed in

this doctoral thesis

Table 6. Scientific novelty of this doctoral thesis.

Scientific novelty of the doctoral thesis

Static stability

/\.

Small dimension EPS Large-scale EPS

Analysis in accordance with the
matrix coefficients:

The modified method of rotation and
the system extension method
(composition method)

—

The idea of a graphic module to develop a
program in accordance with the automatic
system topology visualization while
carrying out the analysis of the static
stability (based on the algorithm Li)

N— _/
Y

Analysis based on the auxiliary
functions y1, y2, y3 of the
characteristic polynomial

S

Thus, the proposed approach to study the static stability is rather effective
to provide reliable and high-quality operation of the EPS.

35



REFERENCES

[1] AbpamenkoBa H. A., Bopomaiit H. U,  3acmaBckas T.b.  CrpykTypHbIi  aHamu3
3JIEKTPOIHEpPreTHIeCKux cucteM. — HoBocuOupck: Hayka, 1990. — 224 c¢. — ISBN 5-02-
029657-0
[2] Antonovs E. Apvienotas energosisteémas stabilitates noveértéSanas modeli ar realo slodzes
raksturliknu ietekmes ievérosanu. Promocijas darbs. — Riga: RTU, 2013. — 176 Ipp.

[3] bepnuuk E. I'. PazpaboTka anropuTMoB IJis UCCIEAOBAHUSI CTATHUYCCKON yCTOWYHUBOCTH
AIIEKTPOIHEPTETHUECKUX CUCTEM O0NbIION pasmepHocTH. Juccepranusa. — M.: MOU, 1998. —
132 c.

[4] Das J. C. Transients in electrical systems: analysis, recognition, and mitigation. —
McGraw-Hill, 2010. — 737 p. — ISBN 978-0-07-162248-6
[5] Onbcromnbi JI. O. duddepennuansasie ypaBHenus. — M.: JIKU, 2008. — 320 c. — ISBN
978-5-382-00638-3
[6] Georgiev G., Zicmanel., KovalenkoS., Antonovs E. AN ALGORITHM OF
AUTOMATIC PLOTTING OF ELECTRICITY SUPPLY NETWORK CIRCUIT. The 5™
International Conference “ELECTRICAL AND CONTROL TECHNOLOGIES ECT -
20107, 2010, 6-7 May, Kaunas, Lithuania (ISSN 1822-5934)

[7] TeoprueB I'. /1., 3umnmane U. A., AmnronoB J.C., Kosanenko C. A. CO3IHAHUE
MOJIEJIM JUIA TPAKTUYECKOI'O PEIIEHMS IIPOBJIEMbI PAITMOHAJIbHOM
KOMITEHCAIIMM B CETAX BbBICOKOI'O W CPEAHEI'O HAIIPSXKEHUA.
XI Mexaynaponsas Hayuno-texundeckas kondepenuus. ,,[IPOBJIEMbl COBPEMEHHOM
DJIEKTPOTEXHMKUN-20107, 2010, 31 May — 4 June, Kyiv, Ukraine.

[8] Georgiev G., Zicmane 1., Kovalenko S., Antonovs E. BU3YAJIU3ALMA TOITOJIOTI'MN
SJIEKTPUYECKMX CETEM C ITOMOIIBIO BOJHOBOI'O AJITOPUTMA JIM. , THE
INTERNATIONAL ENERGY FORUM 20107, 2010, 23-26 June, Varna, Bulgaria.

[9] Georgiev G., Zicmane I., Kovalenko S., Antonovs E. EXPRESS ESTIMATION OF
INFLUENCE OF COMPENSATORY REACTIVE POWER ON THE ACTIVE LOSSES IN
THE HIGH VOLTAGE NETWORKS. International Scientific and Technical Conference
“Electrical Power Engineering 2010, 2010, 14—16 October, Varna, Bulgaria(ISBN 978-954-
20-0497-4)

[10] Georgiev G., Zicmane 1., Kovalenko S., Antonovs E. THE PRINCIPLE OF CREATING
A GRAPHICAL EDITOR FOR AUTOMATIZATION PROCESS TRACING ELECTRICAL
CIRCUITS. The 51% Annual International Scientific Conference of Riga Technical
University, 2010. gads, 14. October, Riga, Latvia. (ISBN 978-9934-10-054-3)

[11] Georgiev G., Zicmane I., Kovalenko S., Antonovs E. AN  AGGREGATE
ANALYTICAL LOAD MODEL WITH VOLTAGE DEPENDANT CHARACTERISTICS.
The 6™ International Conference on Electrical and Control Technologies ECT-2011., 2011, 5—
6 May, Kaunas, Lithuania (ISSN 1822-5934)

[12] Georgiev G., Zicmane I., Kovalenko S., Antonovs E. ELIMINATION OF NODES
WITH VOLTAGE DEPENDENT LOAD CHARACTERISTICS IN ELECTRICAL
NETWORK MODELS. 2011 10" International Conference on Environment and Electrical
Engineering (EEEIC). 2011, 8-11 May, Rome, Italy (ISBN 978-1-4244-8781-3)

[13]In scientific journal: Georgiev G., Zicmane I, KovalenkoS., Antonovs E.
OPERATIONAL REDUCTION OF ACTIVE LOSSES IN HIGH-VOLTAGE NETWORKS
VIA REACTIVE POWERS. Scientific Proceedings Of Riga Technical University, Power
And Electrical Engineering, 4™ series. Riga: RTU, 2011, sérija 4, vol. 28 (ISSN 1407-7345)

36



[14] Georgiev G., Zicmane I., KovalenkoS. HIGH ORDER CHARACTERISTIC
POLYNOMIAL ROOTS’ LOCATION ANALYSIS (MCCJIIEJOBAHUE
PACIIOJIOXXEHUS KOPHEM XAPAKTEPMCTHYECKOI'O ITOJIMHOMA BBICOKOM
CTEIIEHU). ELEKTROENERGETIKA 2011 The Sixth International Scientific Symposium
on Electrical Power Engineering. 2011, 21-23 September, High Tatras, Slovakia (ISBN 978-
80-553-0724-4)

[15] Georgiev G., Zicmane 1., Kovalenko S. STABILITY ANALYSIS OF ELECTRICAL
POWER SYSTEM TROUGH CHARACTERISTIC POLYNOMIAL ROOTS LOCALITY.
The 7th International Conference on Electrical and Control Technologies, ECT-2012. 2012,
3—4 May, Kaunas, Lithuania (ISSN 1822-5934)

[16] Georgiev G., Zicmane I., Kovalenko S. STATIC STABILITY ANALYSIS OF
ELECTRICAL POWER SYSTEMS BY MEANS OF ROOT LOCATION OF A
CHARACTERISTIC POLYNOMIAL. The International Scientific Conference ELECTRIC
POWER ENGINEERING 2012. 2012, 23-25 May, Brno, Czech (ISBN 978-80-214-4514-7)
[17] Georgiev G., Zicmane I., Kovalenko S. LOAD CHARACTERISTICS AND THEIR
INFLUENCE OVER THE ESTIMATES OF STABILITY AND TRANSIENT PROCESSES
IN ELECTRICAL SYSTEMS IV HAYYUHA KOH®EPEHIMA E® 2012., 2012,
28 September — 1 October, Sofia, Bulgaria.

[18] Georgiev G., Zicmane 1., Kovalenko S. A STUDY OF THE CHANGE IN ASSESSING
THE STABILITY OF THE INTERCONNECTED SYSTEM WHEN CONNECTING A
LINK (LINE) BETWEEN ITS TWO SUBSYSTEMS 12. International Conference on
Environment and Electrical Engineering., 2013, 5-8 May, Wroclaw, Poland. (ISBN 978-1-
4673-3058-9)

[19] Georgiev G., Zicmane 1., Kovalenko S. NEW APPROACHES OF STATIC STABILITY
RESEARCH OF UNIFIED ELECTRIC POWER SYSTEMS POWERTECH 2013, 2013,
16-20 June, Grenoble, France. (ISBN 9781467356695)

[20] Georgiev G., Zicmane ., Kovalenko S. EXPRESS ESTIMATION OF THE SYSTEM
STABILITY AFTER SWITCHING ON A CROSS-BORDER LINE. INTERNATIONAL
SCIENTIFIC SYMPOSIUM ELEKTROENERGETIKA EE2013, 2013, 18-20 September,
High Tatras, Slovakia (ISBN 9788055314419)

[21] Gerasimov K. K. Mathematical description of electromechanical oscillations in electric
power systems and some algorithms for investigation of its stability at small signal
disturbances. Summary of doctoral thesis. — Varna, Bulgaria: TUV, 2005. — 80 p.

[22] Gerhards J., Mahnitko A., Papkovs B. Energosistémas vadiba, optimizacija un riski. -
Riga: RTU, 2011. — 308 Ipp. — ISBN 978-9934-10-193-9

[23] 'antmaxep ®. P. Teopus marpun. — M.: Hayka, 1988. — 552 c. -ISBN 5-02-013722-7
[24] Hemmingsson M. Power system oscillations: detection estimation & control. Doctoral
dissertation. — Sweden: Lund University, 2003. — 158 p. — ISBN 91-88934-27-6

[25] XpymeB FO. B. Metonsl pacu€ra ycroiunBoctu sHeprocucteM. — Tomck: Tomckuit
noauTexHuueckuil yuusepcuret, 2004. — 178 c. — ISBN 5-93629-182-0

[26] Ivanov C. K. Assessment of the electromechanical oscillations in the unified electric
power systems and power system stabilizers tuning. Summary of doctoral thesis. — Varna,
Bulgaria: TUV, 2006. — 45 p.

[27] Anpikun U. b., TanseB A. A., Pyounosuu E. fI. O meTromax BbUKCICHHS TPAMHAHOB U
UCTIOJI30BaHUM WX B aHAJHM3€ YCTOWYMBOCTH OOJIBIIMX JIMHEHHBIX CHCTEM. — CIaiJIbl
cemunapa UITY PAH, 24 mas 2011 rona.

[28] Knmot-/lammackuit M. . Anrebpa matpun u BekropoB. — CI16.: Jlans, 2001. — 160 c.
ISBN 5-8114-0429-8

[29] Kolcun M., Muhlbacher J. Electric power system operation control.

37



[30] Kovalenko S.  Energosistémas stabilitates uzlaboSanas pasakumu izpéte. Magistra
darbs — Riga: RTU, 2006, 70 pp.

[31] Kpon I'. HMccnenoBanue CIOXKHBIX CHCTEM IO 4acTsaMm (auakomnTtuka). — M.: Hayka,
1972. - 544 c.

[32] Kundur P. Power System Stability and Control. — Peru, Electric Power Research
Institute, 1993. — 979 p.

[33] Kundur P., Paserbal., AjjarapuV.,  Andersson G., Bose A., Canizares C.,
Hatziargyriou N., Hill D., Stankovic A., Taylor C., Van Cutsen T., Vittal V. Definition and
Classification of Power System Stability. — IEEE Transactions on power systems, vol. 19,
NO. 2, May 2004, pp. 1387-1401

[34] Latvijas Rietumu regiona parvades elektrotikla attistiba saisttba ar RTEC-2
rekonstrukciju, Kurzemes KES un kabela Iinijas uz Zviedriju iesp&jamo btivniecibu. —2009.
[35] MeToanueckue yKa3zaHHUsl 10 OMPEACICHUI0 YCTOMYMBOCTH OHHEProcucteM. — M.:
OHeproceTsnpoekT, 1977. — 100 c.

[36] [Terpos YO. I1., Tlerpos JI. FO. Heoxxnnannoe B MareMaTHKe U €ro CBA3b C aBapUsIMU U
katactpodamu. 4-e nznanue. — CII6.: bBBX-IletepOypr, 2012. — 240 c. - ISBN 978-5-94157-
543-5

[37] Pivnyak G., Vinoslavskiy V., Rybalka A., Nesen L., Prokopenko V. Transients in electric
power supply systems. — Dnipropetrovsk: National Mining University, 2009. — 408 c. — ISBN
978-966-350-122-2

[38] [Toptho#t M. I'., PabunoBuu P. C. VYmpaBnenue sHeprocucteMaMu ajisi oOecriedeHus
yctoinuuBoctu. — M.: DHeprus, 1978. — 352 c.

[39] [ToctHukOB M. M. YcToituusie MmHOTOuUNeHbl. — M.: Equtopuan YPCC, 2004. — 176 c. —
ISBN 5-354-00637-6

[40] [Tyro B. . DnekTpoMexaHWYECKHUE MEPEXOTHBIE TTPOIIECCHI B JIETPUUECKUX CUCTEMAX. —
Pura, PTVY, 1 gactp, 1979. — 54 c., 2 gactb, 1981. — 80 c., 3 yactp, 1983. — 54 c., 4 yacTs,
1987. - 54 c.

[41] CtpoeB B. A. IlepexogHble NpOLECCHI MIEKTPUYECKUX CHUCTEM B IpUMEpax u
wutoctpauusix. — M.: 3Hak, 1996. — 224 c. — ISBN 5-87789-016-6

[42] CyxanoB O. A., IIlapos IO. B. Hepapxuueckue MOAEIM B aHAIN3E W YIPABICHUU
peXUMaMHU JIEKTpodHepreTudyeckux cucreM. — M.: MOU, 2007. — 312 c. — ISBN 978-5-383-
00123-3

[43] A. Swarup, Sudhir Comparison of Quadrotor Performance Using Backstepping and
Sliding Mode Control — Proceedings of the 2014 International Conference on Circuits,
Systems and Control, Interlaken, Switzerland February 22-24, 2014

[44] ITpundex Y. Ypoku, u3BIEUYEHHBbIE U3 JHOEpaiu3alliid PHIHKOB 3JEKTPOIHEPTHH. —
[Mapmx: OOCP/MDA, 2005. - 274 c.

[45] Uwamusi S. E., Otunta F. O. Computation of eigenvalues of hermittian matrix via
Givens plane rotations. — Nigeria: Nigerian Journal of Applied Science. Vol. 20, 2002. — 101—
106 pp. [46] mnon penakuueit BenukoBa B. A. Meronuka pacu€ToB yCTOHYMBOCTH
AaBTOMATU3MPOBAHHBIX JEKTPUUECKUX cucTeM. — M.: Beicu. mik., 1966. — 250 c.

[47] BenukoB B. A. IlepexoaHble 3J1EKTPOMEXaHWYECKHE MPOLECCHl B 3JIEKTPUUYECKUX
cucreMax. — M.: Bricmr. mxk., 1985. — 536 c.

[48] I. Zicmane Elektromehaniskie parejas procesi elektriskajas sisttémas. — Riga : RTU,
2012. — 404 Ipp. — ISBN 978-9934-10-309-4

[49] Knanos I1. C. Bonpocs! yCTONYMBOCTHU 3IEKTPUUECKUX cUCTeM. — M.: DHeprus, 1979. —
456 c.

[50] QR-pasnoxenue. Bpamenus ['uenca. http://it6-1605.narod.ru/#Givens_rotations

38



[51] MATEMATHUYECKASI CETh CKAMHET CereBble TEXHOIOTHH BEPCTKH (DH3HKO-
MaTEeMaTUYECKOM JTUTEPaTypPhl C UCIIOTHICMBIMH aJIrTOPUTMAaMHU (MaTeMaTHYECKasi CETh UMCHU
Jleonapma Diinepa) http://mathscinet.ru/main/index.php

[52] Polynomial Root finder http://www.hvks.com/Numerical/websolver.php

[53] Jlokanm3arus kopHel noauHOMa http://pmpu.ru/vi4/polynomial/zero_local

[54] IlorpemrHocTs  3HaueHWs moiuHOMA. JlaGopatopuss monumHoMOB ,,PolyLab” 16
http://rudocs.exdat.com/docs/index-538819.html?page=8

[55] Baltic Energy Market Interconnection Plan (BEMIP)
http://ec.europa.eu/energy/infrastructure/bemip_en.htm

39



