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General description of paper

In the power grid as a whole, there are a number of problems and challenges that
require the optimal solution, one of the most important of which is reactive power and
relating fundamental issues. This dissertation paper deals with this issue, revolves around it
and outlines effective ways to achieve the targets set.

Relevance of topic. In the wake of a significant increase in power flow in the electrical
network, voltage problems in the control nodes are exacerbated and in most cases, reactive
power compensation becomes one of the main ways to regulate the voltage in the
distribution network nodes.

The development of high-voltage and extra-high-voltage power networks, on the one
hand, has increased the possibilities for capacity flows between the major nodes of the
country's power grid, but on the other hand, it has increased the excess reactive power in a
backbone network, which is why we often have voltage problems in the control nodes and
therefore it is necessary to compensate the existing excess reactive power in a backbone
network.

The dissertation discusses the current issues and presents a strategy for the installation
of reactive power compensation equipment in the power grid.

Thus, the topic of the dissertation - the optimal selection of an additional source of
reactive power in the electrical system, is a truly topical issue.

The aim and main objectives of the research. The aim of the dissertation paper is: to
conceptualize and study the problems and complications caused by reactive power in the
electrical network; to investigate the problems caused by reactive power imbalances in the
backbone and distribution networks and find the optimal option for selecting reactive
power compensation equipment.

Depending on the purpose of the dissertation, the main objectives of the dissertation
paper are:

e Selection of additional reactive power source in control nodes of the high and

extra-high-voltage backbone network;

e Selection of additional reactive power source in medium and low-voltage

distribution network nodes;
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e Optimal selection of additional reactive power sources in the control nodes of the
500 kV high voltage backbone network of Georgia to illustrate the results obtained
in the paper and the selected strategy.

The aim of the dissertation paper is: to conceptualize and study the problems and
complications caused by reactive power in the electrical network; to investigate the
problems caused by reactive power imbalances in the backbone and distribution networks
and find the optimal option for selecting reactive power compensation equipment.

Research subject and object. The research subject is reactive power and related
complications, as well as the optimal compensation of reactive power in the electrical
network.

The object of research is the power grid, in particular the electrical network, mostly the
focus is on the high and extra-high-voltage backbone network.

Main findings and novelty of the research. The research novelty of the dissertation
paper is as follows:

» A strategy for selecting reactive power compensation equipment in the electricity
network is proposed;

» The diagram concering the calculation of voltage deviation in the network nodes is
obtained, which allows us to determine the operating voltage value in the network
nodes by means of resultant generation/load without calculating the mode
parameters in the nodes;

» A mathematical model for the selection of reactive power compensation equipment
in the backbone network nodes is obtained, which was developed using the
resultant generation/loads of the network nodes and the inherent and mutually
active and reactive resistances of these nodes. The basis of this model is the value of
the operating voltage deviation in a real characteristic mode in a given node, while
the criterion is the required value of voltage in the node being under consideration;

» A mathematical model of optimal distribution (according to the efficiency
criterion) of the additional reactive power source node from the backbone network
node to the distribution network nodes connected to it.

The main result of the research is the obtained mathematical models and the developed
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strategy for the selection of reactive power compensation equipment in the electricity
network, on the basis of which the technical-economic indicators of the electricity
network are visibly improving.

Practical significance and implementation of the research. The results, conclusions and
recommendations presented in the dissertation will significantly contribute to solving the
issue of reactive power compensation in practice. We consider it possible to adapt and
implement it in the real network, which will help increase the sustainability and
reliability of the Georgian electricity network. It would also help novice researchers or
scientists engaged in this field to intensify their research on this problematic issue and
improve, refine the presented visions and recommendations.

Provisions brought to defense. The credibility of the results, provisions and conclusions
obtained in the dissertation is confirmed by their rigorous substantiation. The
mathematical models proposed for the solution of problems set in the paper are completely
based on the materials and results of the scientific-technical literature of high academic
standard.

Approbation of work. The main provisions and results of the dissertation topic, related
issues were reported at various stages of its development and discussed at international
scientific-technical conferences held at the Georgian Technical University, particularly:

e Japaridze D. Criteria and strategy for selection of the reactive power compensation
equipment. II International Scientific-Technical Conference "Modern Energy
Problems and Ways to Address Them", Georgian Technical University, Tbilisi.
Journal "ENERGIA" ISSN: 1512-0120, N4 (96), 2020. - pp. 5-8

e Japaridze D. One-way connection mode of the extra-high-voltage power lines. III
International Scientific-Technical Conference "Modern Energy Problems and Ways
to Address Them", Georgian Technical University, Thbilisi. Journal "ENERGIA"
ISSN: 1512-0120, N2 (98), 2021. - pp. 62-67

Publications. There are published three scientific works, which are listed below the text
of this author’s abstract.

Volume and Structure of Dissertation. Dissertation includes introduction, four chapters,

major results and conclusions, list of references and annexes. It comprises 169 printing
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pages and contains 1 picture, 25 tables and 32 drawings. References include 41 literature

titles.

A brief content of Dissertation
The first chapter of the paper deals with general theoretical issues related to reactive
power. Also in the first chapter the task of reactive power compensation in the electrical
system has been set and formulated.
In the first paragraph is discussed nature of reactive power and its energy nature. In the
second paragraph reactive power users and sources, types of the compensating devices,

principles of their operation and features are also discussed here.

In the third paragraph the importance of reactive power balance in the power grid and
the impact of its disruption on the quality of electricity, as well as its impact on the active

power balance are presented.

The fourth paragraph discusses the issue of reactive power compensation in the
electrical system, defines the main task and aim of the dissertation. Criteria for solving the
problem in the power grid is discussed, the problem of multi-criteria is posed and the
ways/methods of solving it are mentioned. The task has been set and formulated, the main
criteria we have selected and the problem-solving strategy have been proposed.

The task of reactive power compensation is a sharply defined systemic problem that
encompasses and covers the whole electric network and a number of side effects caused by
it: Voltage adjustment; Improvement of power quality; Increase stability of power system
etc. There is almost no analogy to this problem in electric power system in terms of the
necessary consideration of the whole network.

The work of many researchers has been devoted to solving the problem of optimal
reactive power compensation and they have proposed different methods of solving the
problem. The most accurate method among these is the system approach method, which
involves considering all voltage networks of power system. This method is, in fact, a

universal method, but on the one hand is characterized by a large dimension (a large
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number of elements of the electrical system and consumption nodes) and on the other
hand, the initial information is relatively low quality.

Reactive power compensation in an electric network can be conditionally divided into
global and local tasks. The global task of reactive power compensation involves the use of
the systematic approach principle. On the other hand, there are cases when due to the
inaccuracy and multiplicity of information the global task of optimal reactive power
compensation (the system approach task) is reduced to the local tasks of a separate
distribution network.

The aim of the dissertation is reactive power compensation in backbone (transmission)
(U, = 220 kV) and distribution (U,, < 110 kV) networks. It is clear, that the purpose of
our task is global and large-scale, therefore we used the principle of systematic approach in
solving the task.

As practice shows, surplus of reactive power is mainly observed in the backbone
networks, especially in the minimal load modes, while deficit of reactive power is
observed in the distribution networks, especially in the maximal load modes. Therefore,
the principle of selection of additional source of reactive power in the electrical network is
that shunt reactors should be installed in the nodes of the backbone network. And
additional source of reactive power operating in generation mode shall be installed in the
distribution network nodes.

Based on the above, in the dissertation, the issue of selecting an additional source of

reactive power in the electric network is considered according to the following strategy:

* The principle of the system approach will be applied to the backbone network, and
the quality of voltage in the nodes of the mentioned network will be considered to
the criterion for selecting the capacity of the compensating equipment in the nodes
of this network and the place of installation;

= If we find that according to the voltage quality criterion, an additional source of
reactive power of a certain magnitude is required in one of the nodes of this
network, then this power will be optimally distributed among the distribution

network nodes connected to the given node of the backbone network.
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The first paragraph of second chapter of the paper discusses the own and mutual
impendances of the electrical network nodes and the properties of the node's own and
mutual impendance matrix and the ways of drawing up this matrix.

In the first subparagraph of second paragraph calculation of power losses in a node is
presented, which allows to calculate losses not by the power flows passing through the
branches, but by the nodal loads and their own and mutual impendances.

Write the power loss equation as an apparent power balance in the network:

AS

|II
<

where: S¢ — nodal apparent power, here generation is calculated by “+” sign and

).

: “« ) :
consumption by “ — " sign.

As we know S = \/5_’Uf1]i‘ , then we get:

n
AS = Z V3U. I
f=0

In turn, Uy = U, + \/§AUf , where AUy is a phasor value of voltage loss from slack bus

to f node. Based on the above discussion, we write:

n

n n
A§=Zx/?(uo+x/§Auf)-1;=\/§U021;+3 AU - I
f=0 T - f:()_ =0 -

f

The first member of the above equation contains the algebraic sum of the currents of all
nodes in the network (including slack bus), which is equal to zero according to Kirchhoff's
first(Current) law.

Therefore, we get AS = 3X%_, AUy - If , because AUy, = 0, we get:

n
AS = BZA&-I; (1)
f=1 o

Note that if we consider own and mutual impendances of the nodes in (1) equation, we

get:
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When calculating the grid modes, it is more convenient to plot the nodal loads with the

corresponding nodal currents:

n S n n . .

z: k_°f E:E:PR_JQR Pr —jQy ;
AS = — .7 - . 7o el Puk-f 3
= ]:U* k Uk Uf f.k e ( )

where: @y kr = Qyx — Qyy is a phasor shift between the voltage vectors of the k and f
nodes. Obviously that @ x_f = —@yr_.

As a result of certain mathematical transformations of the (3)equation and the
corresponding assumptions, we obtain the following for the power losses in the electrical

network:

NgE
M:

n
1
APP:_ZZ
6

=1

1 n n n n
AQp :_zzz kPrXri 5 AQq :_zzz QuQr Xrr 5
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where: APp is active power losses in the network caused by nodal active powers, but

QkaRfk ;o (4)
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APy — active power losses in the network caused by nodal reactive powers. On the other
hand, AQp is reactive power losses in the network caused by nodal active powers, but
AQ, — reactive power losses in the network caused by nodal reactive powers.

In the second subparagraph the calculation of the operating value of voltage in the
control node of a complex interconnected network was obtained, based on the node
resultant load/generation and the nodes' own and mutual impendances.

Magnitude of the operating voltage in the node of electric network depends on several
factors:

e Voltage value of slack bus — Uj;
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o Configuration and electric parametres of electric network — R, X;
e Values of consumption nodal powers — P, Q.
Relationship between operating voltage values of i node and slack voltage is:
U; = Uy + AU;
Voltage loss in the electrical network — AU; can be calculated by the own and mutual

impedances:

n
1
Ui = U Z (PiRi; + Q;X;j)

where: P;,Q; - j nodal active and reactive net powers (Generation is calculated by “+ "
sign and consumption by “ —" sign); R;;, X;; — own and mutual impendances of network
(own, when j = i and mutual, when j # i).

Therefore, operating voltage value at i node:
n
1
Ui="U + U, Z(PjRij +Q;Xy) (5
j=1

In the third paragraph we will look at the existing approaches and tools of technical-
economic management of the power grid, which are mostly aimed at minimizing active
power loss in the electricity network and optimizing voltage regulation, through which it
is possible to improve the economic and technical performance of the network.

The fourth paragraph discusses the means of balancing reactive power in the
distribution network.

The third chapter of the dissertation presents the mathematical models that we
developed for the selection of additional reactive power sources in the network.

The first paragraph presents the approaches and means in the technical-scientific
literature on the topic of reactive power compensation.

The second paragraph presents a mathematical model that we developed for the
selection of additional reactive power sources in the backbone network, let’s discuss this.

As you know, the ratio X > R is typical for backbone network elements, therefore
main contribution of voltage losses in equation (5) is Q;X;; member. Therefore, in order to

regulate operating voltage values in the nodes and reduce active power losses in the

34



network, the issue of appropriate selection of reactive power compensating equipments is
considered.

Prior to any additional measures, the operating voltages at the nodes shall be
determined by (5), but after the installation of reactive power compensating equipments

to ensure the required level of voltage at the nodes shall be determined:

n

1
UO + U—n . Z(P]RU + (Q] + QC])XU) = Ui,req (6)

Jj=1
where: Q.; — capacity of compensating equipment installed in j node, MVar; U;,.q —
required voltage value in the i node of backbone network.

As a result of simple algebraic transformations of (5) and (6) equations, we get:

n
D 0y =Un (Uipeg =U) ()
j=1

The equation (7) is the mathematical model that we developed for the selection of
additional reactive power sources in the backbone network. Which criterion is the
required value of voltage in this node.

As you know, the relationship X;; = X;; is typical for own and mutual reactances,
therefore when a compensating equipment is installed at i node, deviation of voltage value

at i node is bigger than at j node. Because of this we write:

QiXij<QiXii
U, = Uy

(8)

In most cases, there is such nodes in the electric network, where nodal voltages are
outside the permittible limits. If nodal voltage in the i node is bigger than the maximum
permittible value and on the other hand if nodal voltage in the j node is less than minimal
permittible one, then we can write:

Ui > Ui regmax and U; < Ujreqmiv (9)

Then the task of regulating of voltage values in the network is set, which must be carried
out by installing a reactive power compensating equipment in the respective nodes, all of
which will be written in the following form:

QeiXii + QcjXij = (Uregmax — Up) - Uy (10)
QeiXji + QcjXjj = (Uregmin — Uj) - Uy
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By solving of the above equations we will get Q.; and Q.; values. Where Q; will be
negative, what means that shunt reactor must be installed at i node, but Q.; will be
positive, what means that capacitor banks should be insalled at j node.

After this measurement, the voltages at i and j nodes will be strictly equal to the
corresponding permissible limit values. According to (8) inequality, after this operation,
any k or m node can be found where voltage values is outside the allowable range. In this
case we need to write a (7) mathematical model for all these nodes. So we will get:

QciXii + QcjXij + Qe Xire + QemXim = (Ureqmax — Ui) - Up
QeiXji + QcjXjj + Qe Xjie + QemXjim = (Uregmin — Uj) " Uy
QciXii + QcjXyj + QckXik + QemXiem = (Uregmax — Uk) - Uy
QetXmi + QejXmj + QecXonte + QemXmm = WUrequin — Um) - Un

It is expected that at this stage the goal set in terms of voltage regulation across the
whole network will be achieved.

Thus, we have a mathematical model of voltage management in the nodes of backbone
network, the methodology of which is as follows:

1. Calculation of steady-state mode of network and find operating nodal voltages.
2. Detection of nodes where the operating voltages are outside the corresponding

allowable limit value. (where (9) inequality is met) and:

2.1 If it is found that (9) type inequality is satisfied for several nodes but only on one
side, then we write the (7) equation for the node, where operating voltage value
is the lowest/highest. If there is several such nodes, then we write the (7)
equation for that one node, which own reactance is bigger. Let’s solve this
equation and check the operating voltage values in the nodes: If all nodal voltages
are within the norm, then calculation process is over. If we find that the voltage
at any of the other nodes in the network has exceeded its allowable limit, we will
write (7) equations for pre-selected and newly identified nodes. This procedure
will continue until the goal is reached.

2.2 If it is found that (9) type inequality is satisfied for several nodes but on both
side, then we write the (7) equation for the two nodes, where operating voltage

value is the lowest/highest. If there is several such nodes, then we will write the
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(7) equation for that one node, which own reactance is bigger. Let’s solve this
equation and check the operating voltage values in the nodes: If all nodal voltages
are within the norm, then calculation process is over. If we find that the voltages
at any of the other nodes in the network has exceeded its allowable limit, we
write (7) equations for pre-selected and newly identified nodes. This procedure
will continue until the goal is reached.

The third paragraph presents a mathematical model that we developed for the selection
of additional reactive power sources in the distribution network.

As we mentioned, according to the voltage quality criterion, an additional source of
reactive power of a certain magnitude is required in one of the nodes of this network, then
this power will be optimally distributed among the distribution network nodes connected
to the given node of the backbone network. This redistribution should be carried out in
such a way that the effect of reducing power losses in the distribution network is
maximized.

Therefore, we have a task: “Optimal rescheduling of the additional source of reactive
power selected in a backbone network to a distribution network”.

The initial data for this task are:

v' Redistribution reactive power Q., MVar;

v" Nodal reactive powers of consumption nodes Q;, where i = 1,2, ...n are nodes of
distribution network;

v" Own and mutual resistances of the distribution network R;;.

Optimization equations of the task are:

% Objective function — minimization of active power losses caused by nodal reactive
powers in the distribution network:
APy, = min;
¢ Equation of constraint:

W:(ch+Qc2+"'+Qci+"'+an)_Qc:0}

% Inequality of constraint with respect to load nodes:

0<Q;=-0; (11)
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In the network active power losses caused by nodal reactive powers before
compensation of reactive power is calculated by (4) equation, but after compensation the
objective function should be written as:

n n
.1
APy = ﬁz Z(Qi +Qc) (Qj + Qcj)Ry;
==
¢ Optimization equation is written by Lagrange’s function:
L = APy + AW = min
where: A — Lagrange multiplier.

The searchable Q. capacities in the load nodes are determined by the following

condition:
AP' + 11— 0 =0 i=1,2
= i=1,2,...,n
aQCI. aQCl
So:
n
2
_Z(Qj+ch)Rij+/1=0 i=1,2,...,n
U7 £y
]:

We have got n equations with n Q.; variables and one A multiplier. With this system
of equations we consider the equation of constraint and we have n + 1 equations with n +

1 variables:

n
2 .
2 (@ + Q) Ry +2=0 i=12,..,n (12)
n <

Jj=1

(ch + QCZ + et Qci + ot an) - Qc =0

The first equation of above (12) system might be written as follow:

n

2
ZRUQC]-+/1 7”= ZRUQ], i=1,2,.
j=1

This equation might be written by matrix form:

IQC,I+ IAI —IRI-|Q;|, i=1,2..n j=12,...n;

Rll R12 DR Rln

Rzl R22 DR RZn

where: |R| = — Matrix of own and mutual resistances;

Rp1 an .+« Rpyn
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ch A
QCZ A
|ch| =\ — Column-matrix of variables; |A| =] | — n X1 column-matrix of
QCTl A
Lagrange’s multipliers;
Q1
Q2
|Q j| =| ~ | — Column-matrix of nodal reactive loads of the distribution network;
Qn
Therefore the developed mathematical model (12) in matrix form will be:
U? —Q
R11 R12 R1 e QCl 1
" 52 Qe Ry Ry ... R, 0 |—Q
_n . R21 RZZ PRI RZTl 0 .
Ra1 Rz Ran 2 (X . |= Co x| . (13)
........... UTZL . Ry Ryy ... Ry 0 _
Rnl an Rnn 7 an 0 0 0 P 1 _Qn
11 1...0 A Qc

Note that, when we have a generation n node in a distribution network with Q,,
variable, then Q,, = 0 and remove the corresponding row and column of number m from
the system of equations (12). The stepwise solution of this system of equations must be
continued until all variables with respect to the load nodes meet the constraint (11)
inequalities.

The last fourth chapter of the paper is entirely devoted to the Georgian power grid,
mostly the backbone network.

The first and second paragraph describes the general current situation and future
challenges of Georgian power system.

In the third paragraph the own and mutually active and reactive impendances of the
prospective backbone network of the Georgian power grid were calculated and obtained.

In the fourth paragraph in the backbone network of the Georgian power grid,
calculations were made taking into account the prospective projects and the obtained
mathematical model, and the reactive power compensating devices were selected at the
control nodes. These calculations were performed during the operation of the Georgian

power grid in three scenarios (autonomous mode, parallel synchronous regime with the
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Azerbaijani power grid, and parallel synchronous regime with the Russian power grid)

taking into account two marginal load modes (maximum, minimum).

Finally, I would like to express my deepest appreciation to Professor of Georgian

Technical University Guram Makharadze for collaboration and fruitful discussions.
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Basic results and general conclusions

During the process of working on the dissertation paper general conclusions and the

following important results were obtained:

1.

The task of reactive power compensation is a sharply defined systemic problem that
encompasses and covers the whole electric network and a number of side effects
caused by it: Voltage adjustment; Improvement of power quality; Increase stability of
power system etc. There is almost no analogy to this problem in electric power
system in terms of the necessary consideration of the whole network.

In this paper, the issue of selecting the capacity of the reactive power compensation

equipment and the installation site is considered according to the following strategy:

» The principle of the system approach will be applied to the backbone
network, and the quality of voltage in the nodes of the mentioned network
will be considered to the criterion for selecting the capacity of the
compensating equipment in the nodes of this network and the place of
installation;

» If we find that according to the voltage quality criterion, an additional
source of reactive power of a certain magnitude is required in one of the
nodes of this network, then this power will be optimally distributed among
the distribution network nodes connected to the given node of the backbone

network.

3. A mathematical model for the selection of the reactive power compensation

equipment in the backbone network nodes is obtained, which was developed using
the resultant generation/loads of the network nodes and their inherent and mutually
active and reactive resistances. The basis of this model is the magnitude of the
operating voltage deviation in the given characteristic mode in a particular node, and
the criterion is the required value of voltage in the node being under consideration.

The mathematical model obtained for selecting the reactive power compensation
equipment in a backbone network is very convenient and efficient, it allows us to
select the most critical nodes (node) after analyzing the operating voltages, as well as

to work out a system of equations for them and obtain the required components in
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these nodes. The model takes into account the interconnection of each node of the
backbone network and can successfully eliminate the voltage-related problems in
almost all nodes.

In the maximum and near operating modes of the power grid, in some nodes of the
backbone network, where a relatively large total load distribution network is
connected, it may be necessary to place the reactive power compensation eqipment,
the criterion of which is the required voltage at this node. From a technical-economic
point of view, in particular in terms of minimizing active power losses, it is advisable
to optimally distribute this power between the nodes of the lower level voltage
distribution network connected to this node using the efficiency criterion.

The mathematical model of the optimal redistribution (according to the efficiency
criterion) of reactive power Q. selected according to the voltage criterion for the
backbone network node between the nodes of the distribution network is obtained.
Using the mathematical model obtained in the paper the issue of optimal
selection of an additional source of reactive power in the perspective network of

a 500-kV extra-high-voltage of the Georgian power grid has been resolved. We
discussed this problem while operating three possible scenarios of the Georgian
power grid (autonomous mode, synchronous parallel connection with Russia,
synchronous parallel connection with Azerbaijan). Each scenario is considered
according to two marginal (maximum, minimum) modes of perspective loading

of the Georgian power grid.

As the calculations have shown, when operating the Georgian 500 kV-voltage
prospective system in different modes, we have reactive power surplus and voltage
problems in the control nodes, especially in the minimum load modes. Therefore, it is
necessary to place the reactive power compensation equipment in the network in
order to keep the working values of voltages in the control nodes within the

allowable range.
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