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1. Introduction

The problem of improving quality of electric power
supply systems (EPSS) and electric power consumption
systems (EPCS) during our crisis and unstable time is quite
important due to the continuity and variability of technolog-
ical processes of production and consumption of electricity.
As you know, contemporary economy of Ukraine is char-
acterized by a deformed structure of production, caused by
power-intensive technologies, material-consuming products,
excessive power consumption by the population, failures of
old equipment, etc. The impact of factors differs by specific
weight and by power consumption per hour.

The relevance of present work is in the increasing
of efficiency of EPSS and EPCS by establishing factors
of influence and optimizing the processes using directed
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graphs, which describe them. A minimum path corresponds
to the reduction in power losses and cost of production and
consumption, while the maximum path corresponds to the
power efficiency of systems.

Thus, on the one hand, there exists an EPS variable, and
on the other hand, the ECS variable; they can be balanced
only by their optimization, which must be constantly oper-
ating. Such problem of uncertainty is global.

2. Literature review and problem statement

Paper [1] presents numerical analysis of sensitivity by
critical parameters, such as technological costs and privi-
leged tariffs. However, it does not address the specifics of
power processes in electric power supply (EPS) and electric




power consumption (EPC). Article [2] considers linguistic
approach to the simulation of electrical systems, which allows
increasing accuracy in determining the length of lines of differ-
ent voltage, without losing their interpretation to the highest
level. The disadvantage of the given study is that it considers
general information on electricity supply systems without giv-
ing their details. In paper [3], the main classes of Petri nets and
their application in engineering systems are shown. Specific
features of the application of Petri net without linking to power
networks are considered. In article [4], the systems methodol-
ogies of designing electrical systems, including the integrated
optimal design with simulation and optimization methods, are
considered. The issues of designing and optimization of elec-
tric power systems are considered generally and in fragments.
Authors [5] try to develop a universal procedure to control the
modes of power consumption using resource of technological
process (TP) by constructing a conceptual model of energy
consumption of generalized TP. At the same time, in paper [5],
it is stated that the proposed methods cannot be applied in
certain industries, as “this will cause deterioration of the qual-
itative characteristics of TP”. Thus, the approaches, proposed
in [5], are not universal enough. In article [6], an approach
only to the construction of monitoring system of electric power
quality in real time is presented. The work does not consider the
interaction of main factors and their impact on improving the
quality of electricity supply systems.

In paper [7], the research deals with the assess-
ment of impact from generating sources of various
power on the modes of electric power networks.
However, the factors that affect efficiency of power
supply were not established in the work.

Authors [8, 9] consider the issues of quality
of power supply, but only combined with the dis-
persed sources of electricity. The proposed method
and algorithms created prerequisites for software
realization to evaluate reliability of local electric
power networks only. The authors pay little at-
tention to the solution of urgent tasks to improve
efficiency of power supply of enterprises, no ap-
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To achieve the set aim, the following scientific and scien-
tific-applied tasks were to be solved:

—to define the features of power processes in EPS
and EPC;

— to establish factors that affect efficiency of the process-
es and relationships between them;

— to develop a method for selecting the factors that affect
operation efficiency of electricity supply systems;

— to propose an approach to the efficiency optimization
of electric power processes.

In this case, the object of study is the performance effi-
ciency of electricity supply systems, and the subject is the
processes of improving effectiveness.

4. Materials and methods for examining effectiveness of
systems of electric power supply and power consumption

4. 1. Effectiveness of EPSS and EPCS as the main in-
dicator of quality of electric power supply systems

When considering joint operations of EPSS and EPCS
systems by the criteria of maximizing effectiveness in their
work and minimizing the costs, a general scheme of standard
EPSS and EPSC was accepted appropriate for research [10].
Its general view is shown in Fig. 1.
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about formation of the main factors that determine
the processes of improving efficiency in electricity
supply systems, construction of models of these
processes and their optimization. Solving a two-
fold task of EPS and EPC in this way will enable
businesses to make products with innovative con-
tent that will be competitive in the international
and domestic markets.

3. The aim and tasks of the study

The aim of present work is to increase effectiveness
in electric power networks by identifying input factors of
power processes, to model an impact of these factors and
subsequent optimization by the criteria of maximization of
effectiveness in their work while minimizing the costs.

Residential area

High voltage networks

Medium voltage networks m
Low voltage networks

Transformer Wind power station Solar power station

Fig. 1. Schematic of electric power supply systems in
the European countries [10]

In the course of analysis, it was found that the shortcom-
ings of such scheme for Ukraine include:

— physical and moral wear of equipment;

— low average technical level of the installed equipment;

— insufficient technical equipment and level of staff
training in the operation of EPS and EPC;

— insufficient level of investment for technical re-
equipment;



— low level of implementation of monitoring and diagno-
sis of conditions of equipment;

— imperfection of technology, diagnostic and repair
works;

— outdated principles and methods for designing objects
of EPSS and EPCS;

— insufficient loading of main lines, impermissible volt-
age increase and the decrease in network reliability;

— improper operation of EPSS and EPCS, which leads
to considerable losses of electric power in electric networks;

— little compensation of reactive capacity in power net-
works;

— insufficient checking of networks under conditions of
initiating powerful electro-receivers;

— insufficient testing and diagnosis of electric lines by
different methods and other numerous shortcomings.

A non-uniformity in daily electric power consumption by
large industrial enterprises leads to additional costs at peak
hours of the day when the cost of electricity significantly
increases. Thus, an enterprise faces the task of transfer-
ring electric power consumption from more expensive peak
hours of the day to cheaper night hours by managing power
consumption in order to minimize payment for consumed
energy. It stimulates industrial enterprises to optimize the
modes. Present research is aimed at the development of
scientific basis of managing EPSS and EPCS, it is relevant
and solves an important scientific task of improving power
efficiency. The Ishikawa diagram [11] is used to examine the
most significant cause-effect relationships between causes
and consequences (Fig. 2).

by economic factors, which express effectiveness through
indicators of quality, cost and power price, general costs, etc.
All listed factors are interconnected in various ways.

The resulting diagram is used as an analytical tool for ex-
amining the impact of existing factors and to isolate the most
important ones. The action of factors causes specific effects.

4. 2. Simulation of electrical power processes

Simulation of such processes may be performed by dif-
ferent methods, one of which is the application of Petri nets
[11]. Petri nets are an effective tool for discrete processes,
in particular, the operation of energy systems. Such Petri
net is a directed graph, the peaks of which are divided into
positions and transitions. Formally, the net is represented as
P (P, T, 1, O, M), where P and T are the finite sets of posi-
tions; I and O are the functions of following and preceding,
respectively; M is the initial marking. Designations control
the net operation. The transition is excited by marking and
works only when all the input positions of transition have
designations.

Organizational Technical
Logistic Control Equipment Standardization ty | tg
i capacity Technical
quality Organization . :
isi [ f effectiveness
provision of works oQ[::aar;goﬁ - 00
Investments i Automation
Consumer Innovativeness | level
Number of personnel rqu‘:;g};m Reliability Losses Fig. 3. Model of electric power processes
oo S by the Petri net
isi Unification .
Staff provision provision Effectiveness of
electric power . .

i - I P v:; Fig. 3 shows the model to control electric pow-
Intelligent decision : Power price SUpRLan . . .
SUDDOIt Svstem Modularity p consumption er processes, which allows creating control in an-

PRRT 5 . Up-to-date Economic Consumptio alytical form and is promising. The Petri net that

Technological processes effectiveness ) models these processes consists of a simple net

documentation . Quality ;

: , Technological ~ Costs P that reveals the features of energy generation, con-
Labor intensity DY indicators of . . .

: : discipline version, consumption and control. Positions 2—4
Diagnosis Losses Supply costs ' productivity describe conditions of energy supply. Existence
Control Informativeness | Installed power of markers in these potsmogls corresponds to the

operation of sensors Dj, D, and D,, and at tran-
Technological Economic sitions t, and t, the marker appears in positions

Fig. 2. Diagram of cause-effect relationships

The Ishikawa diagram is a graphical way for examin-
ing and determining. A group of organizational factors,
which will determine effectiveness of the processes of EPSS
and EPCS completely, ranks first. It includes technical
preparation of production (TPP), all types of provision,
investments, etc. The technical factors that make up the
stem of the system, rank second, they include facilities and
equipment, the level of automation, computerization, power
capacity etc. They are followed by the technological factors
that determine effectiveness of operation of the systems, and

5 and 6 that describe the nets. After making the

transitions t, and t; (starting additional equip-

ment), markers are found in positions 7, 8 and 9,

which correspond to the operation of sensors D}, D). If a

marker is found in position 8, transition t, is switched on and

current supply to the network starts (position 10), transi-

tions 7, 8 are responsible for emergency stops. Position 0 cor-

responds to the termination of electric power processes. In the

presence of marker in position 1 (start of the next cycle) and in

the correspondent positions that characterize the beginning
of work, transition t,, etc., is switched on.

The presented model is the basis for designing simulating

electric power models of their individual functional nodes;



it uses the principles of modular and structural similarity.
The principle of modularity lies in the fact that the object
is divided into separate fragments, described by modular
models. A general model is aggregated from constituents.
Each module is technologically autonomous. The principle
of structural similarity corresponds to the fact that a set of
positions of Petri nets, its current layout, unambiguously
describes technological state of the elements.

Thus, the Petri electrical power network is presented
by a set of finite non-empty multitude of positions (power
states), finite non-empty multitude of transitions (power
actions). These are the functions of input and output inci-
dences and initial marking (network marking out). They
are graphically represented by a two-part directed graph
with two types of vertices and arcs that match the incidence
of positions and transitions. The network transition, if it
appears to be excited, starts operating when marked, and it
is replaced with a new one. The end marking, at which none
of the transitions can start operating, is used to describe
the blocking subsystem. Any power position or transition is
interpreted as the Petri net of a lower level.

Using the queuing theory [12], one can analyze the
same electric power supply system in terms of determining
a probability of the number of requests, the average number
of requests that are in the queue, the average waiting time of
requests in the queue or in the system. For example, deter-
mining a shut-down in servicing p, is performed as follows

p0=[1+im’"nj , 1)

n=1 (Hl—n)!

where n is the number of requests, received by the system;
m is the maximum number of requests; p is the probability of
receiving requests; p is the coefficient of using the system or
downloading p=A/p, A is the failure intensity.

Thus, when forming a set of features for power systems,
it is sufficient to construct appropriate graphs of the Petri
nets. It is possible to explore by them the limitations and
provision of operation stability, to identify a set of structural
parameters. In this case, only parameters, which determine
the optimum-stable functioning of a power system, are re-
stricted by the analysis.

4. 3. Optimization of electric power processes in elec-
tric power supply systems

The EPS and EPC processes may provide high effi-
ciency at the lowest possible costs. It is known that such
non-optimum processes are ineffective and associated with
increased production costs. To provide optimality, different
methods are used. This problem is best solved by methods of
multi-parameter synthesis [12]. This method is based on an
analysis of elements and a system in general, on the method
of generating options with the use of innovative approach
and purpose-oriented search for optimal solutions without
complete consideration of all possible options. In general,
tasks of defining optimal variants of EPC and EPS processes
are reduced to definition of characteristics of distributive
function P (x), strategy C (y) and modes (y,, u,) in terms of
minimizing performance indicator

E(X,C,y,,u,P)=minE(X,C,y,u,P) (2)

at CeY; Pe(Tm), m=1 Xed (y,(0); y.€Y(y,(X)).

Outer set X describes the diversity of purposes of pow-
er processes, which are to be covered by areas of feasible
values d (y,) of elements y; in strategy C(y,). Multi-element
strategy C(y,), i=(1,m ) allows taking into account the ef-
fect of some elements y,, aimed at enhancing effectiveness of
implementing set X and distributed between the individual
elements. The most difficult task will be to get the area
of specialization of strategy elements, which is a subset of
areas of practically feasible parameters. Such a model can
be described by the coupling equations respective to one
dependent and two independent systems of inequalities
that describe attainable set Y, it contains conditions of
their realization and characteristics at minimal interval of
power processes.

The optimization of distribution assigns function P(x).
This function separates the area of specialization of each el-
ement of the strategy on set X. This multi-purpose approach
provides qualitatively better optimal power solutions

EX Y, y,u)=min E(X,Y,y,, u), 3)

at Yey,, y.ey(y), ueu(y), where X is one element of space
of parameters, set requirements, such as costs of EPC and
EPS; X=(x,,x, ], Y=(y,,y, | are parameters; ¥ is regulation
parameters. If X describes primary costs, parameters of reg-
ulation describe efficiency, reliability, and other indicators of
quality of power processes.

A complexity of practical solutions of problems involving
optimization of power processes is in the following. To de-
termine their optimal parameters, it is necessary to consider
and formalize certain modes, which are set from permissible
subsets and depend on many factors. That is why this prob-
lem may be significantly simplified by dividing it into sepa-
rate subtasks. It will somewhat decrease the adequacy of the
model. The ways of enhancing adequacy include establishing
rational versatility, specialization, division of undetermined
parameters into insufficiently studied and obtained from
incomplete goal setting, consideration of power process, as
multi-element system, etc.

The optimization of power processes of EPS and EPC
greatly simplifies this task. For the optimization, it is pos-
sible to recommend using the directed search method [13].
This method allows generating the required number of ra-
tional variants of elements’ structures in the very beginning
under conditions of incomplete initial data.

A general scheme of optimization of power elements
consists of a series of interconnected stages. The most im-
portant and responsible task is to work out the algorithm for
constructing a tree of power solutions with their following
optimization. Taking into account all the source data, we
compile competitive schemes of structures of individual el-
ements. After analysis and synthesis of obtained solutions,
their basic scheme is established, which is specified and
optimized by accepted criteria.

Optimum variant of the structure of EPS and EPC is
determined using the algorithm, during implementation of
which a symbolic matrix, which points out the best options,
is built. Such determining of the optimal structure may be
performed by the Danzing algorithm, which is reduced to
building an acyclic oriented tree [13].

After obtaining optimized variants of such elements, the
achieved effect is compared to required costs. In general,
the models of power efficiency criteria of the elements are




reduced to form F=f (X, Y), where F is the efficiency criteri-
on; X, Y are, respectively, insufficiently defined and known
magnitudes; f is the objective function.

A choice of technological solution is reduced to the
problem of optimization of functions on the admissible set of
parameters at a fixed value of vector X. In this case, we take
into account uncertainty, that is, inaccuracy of source data,
characteristics, etc. This leads to the structure of an element
with several performance indicators. Some optimal variants
of elements may be obtained, and the difficulty in getting
every decision is caused by the controversy of performance
criteria. Then the task of optimizing individual elements will
involve choosing their structure, optimal in terms of mini-
mization of effectiveness vector. It is easier to establish the
optimal structure both of the whole system and of a certain
power element with the use of graph theory [14]. To do this,
it is necessary to build a directed graph of EPSS and EPCS
structures that displays a combination of the main and aux-
iliary elements (Fig. 4).

In Fig. 4, vertices of directed graphs show elements (en-
ergy generation, conversion and accumulation, consumption
and control), and arcs show relationships between them
(processes taking place in the EPC and EPS systems and
between them).

The first and last vertices correspond to the start and
the end of the structure selection. Possible structures de-
pending on specific conditions of EPS and EPC may start
at different vertices and include a different number of indi-
vidual elements of the given sequence. The weight of the arc
is determined by the time of performing functions of an ele-
ment or its costs. Such directed graph describes both simple
sequential structures, and more complex ones. In the begin-
ning, the directed graph of the whole EPS and EPC system
is formed, according to which their optimal composition and
high efficiency (parametrical and functional optimization)
are determined, and then constituent components are opti-
mized using the same procedure. If necessary, it is possible
to return to the previous stage — definition of the final state
of EPSS and EPCS.

In a general case, such directed graph may be described
by a system of matrix equations

Il

t11 t12 t13 A t1,15 t

t t ty o to| |
21 22 23 215 X t2 :O, (4)

t15,1 t15,2 t15,3 ce t15,15 K

where t, is the set of variables, which corresponds to a for-
malized element; t; is the time of performing the functions of
certain elements, which corresponds to coefficient of trans-
mission d,def=t,/t;. Solution to such equation is found by the
known formulas [14].

The procedure for determining the optimal structure of
the power process is as follows:

— necessary time of distribution of EPS and EPC struc-
ture is established by actual capacity;

— competing variants of electric power supply structures
are considered by the chosen algorithm;

— competitive options are established, which are com-
pared in terms of predicted costs of their implementation or
other applicable criteria.

Fig. 4. Directed graph for selecting optimal solutions when
designing EPSS and EPCS

Structural implementation of the optimal structure is
associated with specifying structural characteristics. When
establishing structural power configurations, we should take
into account such indicators of quality as costs, reliability, etc.

According to the indicated indicators, the operation area
of structural configurations will be uneven and may be de-
scribed with a gradient of area

MigradK,] .. MigradK. |
M(0)= M[grad,K,] ... M[grad,K,] _
Mlgrad K,] ... Mlgrad,K,]
M[grad, K] M]grad, K, |

_ Mlgrad,K,,] M[grad,, K]

: )

M[grady1KX1] M[grady1Kx1]
where M[grad K] is the mathematical expectation of gradi-
ents, defined by formula

Mgrad K, |=[[ | o(X,Y,2)dx,dy,dz,  (6)

Xyz

oK, (X,Y,Z)
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where i is the coordinate direction; j is the gradient coordi-
nate; x, y, z is the probability density; X, Y, Z are the coordi-
nates of the operation zone of configuration.

By setting boundary magnitudes of mathematical ex-
pectation of gradients, it is possible to proceed to the iden-
tity-null matrix of limitations of these quality indicators.
Properly conducted optimization of the structure of indi-
vidual elements, their parameters and modes of operation
of EPSS and EPCS include a series of stages, completion of
which are the key to success.

A provision of the optimal solution is achieved by the
application of different methods. Mathematical definition
of characteristics of distribution function, strategy and



modes in terms of maximizing performance indicator are
required. In this case, the outer set of parameters describes
the diversity of purposes of power equipment that is to be
covered by areas of attainable values of elements of the strat-
egy. Multi-element strategy allows taking into account the
effect of several elements, aimed at improving efficiency of
satisfying a set of parameters, which are distributed between
individual elements.

3. Results of research into improving the efficiency of
electric power supply systems

Automation of power facilities is an effective method
of increasing efficiency of both EPSS and EPCS, and their
optimization, as well as one of the most significant trends in
the development of distribution complex. An important task
for all complexes of the network is to create fully fledged au-
tomatic substations without attending personnel, integrated
into a unified system of operational-dispatching control. At
the objects, it is supposed to use automated system of pow-
er control and record, the system of power supply control,
relay protection and automation, monitoring of electrical
power equipment, registration of emergency situations etc.
Integration makes it possible to optimize total costs of the
system due to the combined use of various resources such as
network devices, display tools, subsystem of single time, etc.,
as well as to increase profitability and faultless operation of
the equipment due to a separate controlling interface per one
working place.

The most difficult task is to receive the area of spe-
cialization of elements of the strategy, which is a subset of
the area of technically feasible options. When setting the
optimal configuration of power equipment and its elements,
intelligent decision support systems under conditions of
incomplete, inaccurate and sometimes controversial infor-
mation may be of considerable importance. Generally, this
information is difficult to formalize and the criteria are dif-
ferently defined. The solution of such problems is carried out
on the basis of the unstructured procedures, using expertise,
qualification and intuition of designers.

Intelligent support includes analysis and synthesis of
necessary information, methods of identification of building
fuzzy systems, generation of its fuzzy databases using artifi-
cial means, such as neural networks, methods and algorithms
of supporting different kinds of power decisions, interactive
algorithm of solving multi-criteria optimization problems
using, for example, genetic algorithms, development of appli-
cation package of implementing intelligent decisions support
systems, etc.

Intensive work in this direction is being carried out now,
so a specific forecast may be complicated. In addition, intel-
ligent power decision support system is intended to provide
the optimal condition of the entire system relative to the se-
lected criterion, regardless of its original state and previous-
ly made original decision. Thus, the procedure of establish-
ing optimal configurations of power equipment may be seen
in a wide and narrow aspects. The narrow aspect implies
setting configurations, and the wide aspect also includes
the structure, namely power equipment and its elements,
which best demonstrate the result. The developed procedure
includes a number of stages and phases, distributed between
them. In this case, the most important points are formaliza-
tion of power data, identifying the ways of EPSS and EPCS

and forming a model of an ideal solution, establishing indi-
vidual elements, their configurations, studying the operation
of power equipment and its elements, and updating accepted
decisions. The proposed way of describing modules and
configurations presents them to the fullest, providing their
description in detail, subsequently, when further processed,
they may be brought even to schematic-numerical values.

6. Discussion of results of analyzing effectiveness in
the operation of electric power supply systems

With an increase in certain quality indicators, in partic-
ular efficiency of electric power supply systems by optimiz-
ing energy processes, on the basis of the obtained results it
can be argued that it is expedient to identify the main factors
in these processes, especially the influence in their interrela-
tions. In this case, it is necessary to distinguish their action
according to defined effects. Obviously, it is due to this
mechanism of factors’ influence that the quality of operation
of electric power supply systems may be enhanced. But at the
same time, this mechanism has a negative impact on the op-
timization of the system because the optimization criterion
is not satisfied, and therefore comes down to a simple group
of elements of the systems, which significantly reduces effi-
ciency of power systems. In addition, it is necessary to take
into account mutual influence of individual quality indica-
tors. Therefore, optimization can be considered important,
namely, as a way of establishing necessary optimal elements
after their functional and parametric improvement, which is
not always successful.

The achievement of present studies is a comprehensive
consideration of interaction between the main factors and
their impact on quality improvement, based on which it is
quite easy to perform modeling and optimization of electric
power processes with the use of directed graphs. The lack
of database on necessary indicators of operation quality of
power systems, which would make the development more
focused, may be referred to as a shortcoming.

To achieve the efficient technical solution, it is necessary
to use preliminary simulating objects. And it is better to use
the Petri nets, which is a simple and effective tool to study
the operation of power systems. The developed Petri net is
formed by four interconnected simpler systems that reveal
the features of EPC and EPS processes. This gives the possi-
bility to analyze and identify the data, necessary for systems
as a whole and their elements in particular.

There are a lot of methods for functional and parametric
optimization, but using the graphs of power systems and
their elements is the most expedient. In the course of opti-
mization of the system, vertices of the directed graph corre-
spond to certain equipment and facilities, which is produced
as standard, and the elements correspond to its components
that are possible to develop and use. Then the task is reduced
to searching the shortest (number of elements, costs, losses,
etc.) and the longest paths (capacity, efficiency, etc.) in these
graphs. A lot is being done in this direction, but even more
needs to be done. Most of the questions are associated with
situation variability in processes, insufficient and out-dated
equipment, facilities failure, and low qualified staff, especial-
ly operational.

Conducted studies are extremely useful and could be
used when designing and especially operating electric power
supply systems. The continuation of the relevant research



into synthesis of individual quality indicators of electro pow-
er supply networks in the future would be very appropriate
as it would allow further expansion of the idea of internal
features of the electric power processes and a significant
increase in their quality. Continuation of work is planned
for the future.

7. Conclusions

As aresult of the conducted studies, it was established that:

— characteristics of electric power supply systems in-
clude variability of these systems due to power consuming
technologies, unstable supply and consumption, and outdat-
ed organization of work;

— the factors, which influence such quality indicator as
effectiveness of operation of electric power supply systems,
were established. A diagram of cause-effect relationships
was developed, which highlighted key factors, and revealed
their influence and interconnections. The categories of
factors include organizational, technical, technological and
economic, with 7, 8 factors in each of them, which provides
optimum-stable operation of power system;

— to outline the impact of individual factors for improv-
ing efficiency of operation of electric power networks, it
can be argued that it is essential to identify the influence
of the main factors on these processes, especially in their
interconnection and to eliminate secondary ones that do not
essentially affect the processes;

— it is more appropriate to perform modeling of EPS
and EPC processes using the Petri nets, which are an
effective tool for studying the functionality of electric
power systems. The resulting Petri net consists of four
interconnected, simpler systems that reveal features of en-
ergy generation, transformation and storage, consumption
and control. These systems make it possible to analyze and
determine likely number of shut-downs for maintenance,
the average number of requests that are in the queue, the
average waiting time of requests in the queue.

The studies are of great importance for the operation
and development of electric power systems. The most
effective optimization, which allows establishment of the
optimal structure of EPS and EPC, is the use of descrip-
tive directed graphs, the vertices of which correspond to
the elements of the structure, and arcs correspond to the
relations between them.
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