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ABSTRACT

The article is devoted to development of a functioning algorithm of the control system of phase-shifting devices in double-
circuit overhead power lines, as well as to the formulation of the main tasks of this system. Based on these, functional schemes for
controlling phase-shifting devices were developed. The developed system will allow, through the use of phase-shifting transformers,
which belong to the flexible alternating current transmission system (FACTS) technology, to change the value of phase shift angle of
the voltage and current vectors of one circuit relative to another that. This will lead to a change in the value of the wave impedance of
double-circuit lines, due to the emergence of new electromagnetic connections between the conductors of the two circuits. The main
task of the developed system is to support the operation of power lines in the matched load mode, when the value of the wave imped-
ance is equal to the value of the load impedance. It follows from the analysis that this mode provides the lowest losses in the trans-
mission of electricity through power lines. The implementation of this control system is planned by using the Internet of Things in-
formation technology, that is, the formation of a wireless connection between the main elements of the system for data transmission.
The developed system can be attributed to information systems, as well as the current concept of Smart Grid. Thus, a method has
been proposed to increase efficiency by reducing losses during the transmission of electricity through double-circuit power lines
through the use of the concept of Smart Grid.
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INTRODUCTION of Ukraine. As a result of introduction of the action
plan for the implementation of this Concept until

. In_today's realities Of. l_Jkraine, the pr_obl_em of 2035, it is expected to reduce losses of electricity in
increasing the energy efficiency of functioning of the power grids in Ukraine as a whole from 11.6 %

power supply systems is very relevant one. At the t0 7.5 %, or by six billion kWh
same time, one of the scientific and practical tasks .Thu’s today, to solve the s.cientific and practical
Iﬁr s?lutlon_of_ this pfgb'gmt I'SB rf_ducmgf ofllois_es_tln task of reducing losses in the transmission and

€ ftransmission an Istribution ot €lectricily. - gigiripution of electricity, it is necessary to recon-
Largely such losses depend on the transmission lines struct and modernize the power lines to increase
state. their energy efficiency on the one hand, and to in-

According to da_ta given in the plan _for the de- troduce of the concept of Smart Grid — on the other.
velopment of transmission systems of national pow-

er company “Ukrenergo” [1], in 2018, 70 % of all LITERATURE REVIEW
overhead transmission lines in Ukraine have been in
operation for more than forty years, and are subject
to reconstruction or modernization.

One of the effective measures to reduce losses
in the transmission and distribution of electricity is
Concept of implementation of the Smart Grid, which
was adopted recently [2] by the Cabinet of Ministers

The analysis carried out in [3] showed that the
main methods, which are used to reduce losses of
electricity in transmission lines, are transfer of the
line to a higher class of rated voltage, or increasing
the cross-section of conductors.

The common disadvantage of these methods is
the necessity to modernize power grids, its equip-

© Savieliev A, 2022 ment, cables or wires. Such changes are associated
with economic costs, which in a crisis economy is not
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acceptable and is not in the first place in terms of
priority.

Also, according to review of the literature, it
follows [3] that such a type of losses as losses due to
inconsistency between the load and the line imped-
ance fell out of the consideration of scientists and
was insufficiently studied.

So, one of the new ways to reduce losses during
power transmission appears which has not been con-
sidered previously, namely maintaining the operation
of the power line in the mode of matched load, when
the wave impedance is equal to the load impedance.

In [4], study was made of the effect of a
matched load on the efficiency of power transmis-
sion lines (which was measured by the ratio of the
active power value at the end and at the beginning of
line) and evidence was obtained for reducing losses
in the transmission of electricity by using the
matched load mode.

In [5], the authors consider the possibility of
operating overhead power lines in the mode of
matched load. According to results of calculations of
parameters with using developed mathematical
models of real lines of the unified energy system of
Ukraine, they come to conclusion that using of this
mode of operation gives the maximum value of line
efficiency in transmission of electricity. The calcula-
tion results show that using of matched load mode
makes it possible to transfer more energy along the
same line (with an efficiency in the range of 97-99
%), in contrast to the normal mode of operation.

Here the question arises how to achieve this
matched load mode, what needs to be done for this.

Ensuring mode of matched load is possible only
in the case when the wave impedance of the line is
equal to the impedance of its load [6]. Here we are
faced with a significant and at first sight
insurmountable difficulty. The wave impedance of
the line is a constant value, which depends only on
primary parameters of the line and on the frequency.
The voltage frequency in the network is determined
by the standard and cannot be changed. Primary
parameters of the line depend on its design, which
can be changed only if the value of the cross section
of the conductors is changed or the length of the line
itself is increased. There is a contradiction,
expressed in the following. To ensure high energy
efficiency, the wave impedance of the line must
change, tracking the changing load impedance. But
at the same time, changing the wave impedance is
possible only by changing the geometric parameters
of the line, which is essentially impossible. So, it is

impossible to overcome these contradictions within
the framework of the traditional representation and
construction of power lines.

However, in the Laboratory of Controlled
Power Transmissions of the Energy Institute of the
Republic of Moldova, the so-called controlled power
transmission lines have been developed and tested.
The work on these lines was carried out by a large
team of authors led by academician Vitaly Postolaty.
The idea and theoretical foundations of controlled
power high-voltage lines are described in detail in
the monograph [7].

The design and circuit differences of power
high-voltage lines from conventional power lines are
described. Namely: power high-voltage lines consist
of two or more three-phase AC circuits and differ
from conventional overhead power lines in that their
circuits are brought together by a distance that is the
minimum allowable under the conditions of phase-
to-phase overvoltage. And the systems of three-
phase voltages applied to the circuits are shifted
relative to each other by a certain angle, depending
on the amount of transmitted power. The
convergence of phases of different circuits creates a
pronounced increased mutual electromagnetic
influence of the circuits, the nature of which depends
on the angular shift between the applied voltage
vectors. That is, from the shift angle 6 of the three-
phase system of voltage vectors of one circuit with
respect to another. The main parameter that is
influenced in power high-voltage lines is the wave
impedance. Controlling magnitude of wave
impedance is possible only by controlling the
angular shift 0. The value of the angle 0 can vary
depending on the load overhead power lines within
0-120° or 0-180°.

Thus, the only way to significantly increase the
efficiency of power transmission lines is to abandon
their traditional construction in the form of
unconnected single lines and switch to power high-
voltage lines.

The changing of the angle 6 is carried out
thanks to phase-shifting transformers, devices that
belong to the FACTS technology [8]. Devices of this
technology transform the electrical network from a
passive element of electricity transportation and
distribution into an active one, which is equipped
with modern high-speed power electronics devices,
which are designed to control processes in the
electric power system in real time. In paper [9]
presents an overview of phase-shifting transformers,
their technical characteristics, a description of the
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principle of operation and their current use in power
transmission networks.

One of the possible methods for adjusting the
value of the shift angle 0 between the input and
output current and voltage vectors is performed
using thyristor switches. According to the analysis
carried out in [10], using of thyristor switches as part
of the phase-shifting devices will increase the
reliability and service life of the switching thyristor
device, will increase the switching speed taps of
electromagnetic  elements  of  phase-shifting
transformers, which generally improves the dynamic
stability of the entire system. In the article [11],
authors analyze the problems of power supply
systems that can be solved through the use of
FACTS devices. These devices are key components
of the Smart Grid concept and are used to improve
the reliability of power systems and ensure power
quality in line with today's requirements.

Smart Grid is a digital technology [12] that is
used to create energy networks that can
automatically track energy flows and adapt
accordingly to changes in energy supply. So, with
this technology, it is possible to create a two-way
connection between generating capacities and
consumers, as well as provide monitoring of power
lines. Smart Grid is made up of controls, computers,
new technologies and equipment all working
together to form one global control network.

Thus, our analysis showed that there is an
alternative way to reduce losses in the transmission
and distribution of electricity. The essence of the
proposed method is to maintain the operation of line
in matched load mode, which will increase the
efficiency of lines. This effect can be achieved by
upgrading existing lines using FACTS technology
devices. Also, from analysis, it should be noted that
the question of developing an information control
system for phase-shifting devices to change the
power high-voltage lines parameters remained
relevant. The development of such a system should
be based on the concept of Smart Grid.

2. PURPOSE AND OBJECTIVES OF
THE RESEARCH

The purpose of this work is to develop
functioning algorithm for information-and-control
system (ICS) of phase-shifting devices to ensure
maximum efficiency of a power transmission line.
To achieve it, analysis was carried out of the main
tasks and functions that ICS will have to perform.

3. INFORMATION CONTROL
SYSTEM FOR PHASE-SHIFTING
DEVICES

3.1. Functioning algorithm and information
processes in the information control system for
phase shifting devices

As a rule, control systems for any technological
processes are based on information technology.
They are of various types, but they have similar
functions, namely: search and collection, processing,
storage of necessary data, generation of new
information, solution of optimization problems.

The ICS for phase shifting devices must
perform certain tasks and functions. The main tasks
of this system are:

e measurement of network parameters, namely
the value of current and voltage across the load, as
well as phase angle between them;

¢ calculation of complex of load impedance;

e comparison of the values of load impedance
complex and the value of wave impedance complex
of overhead power lines at a given time;

¢ analysis in which direction it is necessary to
change the value of the value of wave impedance
complex of overhead power lines (increase or
decrease relative to the value at a given time);

e creation and sending to the executive device
of the control signal,

e storage of information about the values of
load impedance and wave impedance OPL.

On basis of these main tasks, was developed
diagram of information processes (Fig. 1.), which
structures stages of operation of ICS for phase-
shifting devices, describes the procedure for
performing processes in this system, and also shows
which instrument-tools are used to perform certain
actions.

The principle of operation of the algorithm is
presented it in the form of a block diagram (Fig. 2.).
The operation of algorithm begins with obtaining
measurement results of devices, namely, with
readings of voltmeter, ammeter and phasemeter.
Based on these values, the value of load impedance
Z; is calculated. Next is taken data on current value
of the angle 6 from control unit of phase-shifting
devices. Based on this value, the wave impedance
Zc. is calculated Further, in the comparison block,
the values are compared Z; and Z..
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After comparison, there are three possible
scenarios for the development of event:

e 7, = Zc, then the cycle ends and after a
certain period of time starts again

o 7, >Zc, then is formed signal for the phase-
shifting devices control unit to increase the value Z
by increasing the angle 6;

o 7, <Zc, thenis formed signal for the phase-
shifting devices control unit to decrease the value
Zc by decreasing the angle 0

For the second and third options, after changing
the value of the angle 6, data about new angle is
sent to the calculation block, where new values of
Z are calculated.

The main task of the executive part of ICS for
phase shifting device is formation of logical signals
for controlling valves in static mode of operation of
semiconductor phase-shifting devices switch.

3.2. Functional diagram of the
information-and-control system for
phase-shifting devices

Considering entire set of functions that ICS for
phase shifting devices must perform during their
operation, this system can be divided into two
subsystems:

1) Subsystem of regulation,
automation phase-shifting devices.

2) Thyristor switch (TS) control subsystem.

Subsystem  of  regulation,  diagnostics,
automation phase-shifting devices comprises:

e Measuring device systems - collecting
information about overhead power lines and load
parameters, as well as transmitting them to main
control unit.

e Overhead power lines parameters analysis
unit — receives network parameter value from main
control unit, performs analysis.

e Information Storage Unit about the current
state of the thyristor switch — receives information
status on the TS control unit from the main control
unit. It also acts as part of the database, stores
information about control signals in accordance with
overhead power lines parameters in certain period of
time.

¢ Information storage unit about the overhead
power lines parameters — acts as part of the database,
stores information about overhead power lines
parameters.

e Main control unit — forms a decision about
type of the thyristor switch control signal based on
the data received from the overhead power lines
parameters analysis unit and the Information storage
unit about the current state of the thyristor switch,

diagnostics,

Namely, the need to increase the value Z. mby
increasing the angle value @pgp;

e the need to decrease the value Z. by
decreasing value of angle Opgp.

Thyristor swifch

TS control unit

infarmation Storage
Uit about the OPL
parameters

OFL Parameters

Anaiysis Unit Main confrol unit

Information Storage

tmt aboul current
stafe of fhe TS

Measuring device
systems

OPL

Fig. 3. Functional diagram of the information-

and-control system
Source: compiled by the author

Thyristor switch control subsystem generates
control signals and consists of a thyristor switch
Control Unit and the thyristor switch itself. This
subsystem cooperates with the main control unit
and receives signals to control the control stage,
generates logical gate control signals in the static
operation mode of the semiconductor switch phase-
shifting devices and gives feedback on the current
degree of regulation to main control unit.

In [13], a schematic diagram of the control
subsystem of a phase-shifting device using bridges
of TS was developed. They allow to change the
angle of shift @p5p of the voltage and current
vectors at the input and output of the phase-shifting
devices in the range of +60° in steps of 4°. In total,
there are thirty-one steps for adjusting the positions
of thyristor switches.

Also, a mathematical (simulation) model of the
ICS was developed in software “Matlab &
Simulink” for a double-circuit line. Choice of the
main parameters of the elements of this model is
given. The simulation results are presented in the
form of diagrams of currents and voltages, they
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confirmed the operability of the developed thyristor
switch control subsystem of the ICS. That is, by
changing the step of adjusting the positions of the
thyristor switches, to obtain the value of the shift
angle in the range of 0-120 °, and thereby changing
the value of the wave impedance.

3.3. Functional diagram ICS for phase-
shifting devices for double-circuit overhead
power lines

Fig. 3 shows functional diagram of ICS with
one phase-shifting device. A controlled power high-
voltage lines system with two phase-shifting devices
can be based on this scheme. The main control unit
of phase shifting devise No. 1 will be located at the
end of the line, i.e., at the distribution substation.
There it will receive up-to-date information from the
measuring devices installed on the underside of the
transformer, about the nature and values of the
current and voltage of load, which is transmitted via
overhead power lines. But the circuit needs to be
supplemented with phase-shifting devices, which
will be installed at the beginning of line. This phase-
shifting devices also need to be controlled, meaning
it becomes necessary to add secondary control unit
(SCU) to control the thyristor switches No. 2. The
general functional diagram of ICS of two phase-
shifting devices s is shown in Fig. 4.

Thyrisfor swifch Thyrisfor switch
NeZ et

TS confral unit TS contral unif
NEZ net

informaiion Sforage
Unit abou! current
cfate of the 75
Informalian Siarage
Uit abouf the OPL
parameters

Secondar ) =
g ’ f Main control unft
contraef unit -

— OPL Parameters
Anafysis Unit

Measuring device
sysiems

apL

Fig. 4. General functional diagram of the
ICS of two phase-shifting devices in one
circuit of a double circuit controlled

power high-voltage lines
Source: compiled by the author

The SCU performs the same functions as TS
control unit, but receives information about
necessary to change the value of angle 6 from the
main control unit.

The complexity of implementing such a system
also lies in fact that phase-shifting devices will be
located at a distance of hundreds, and possibly
thousands of kilometers from each other. Here one
question arises: how will they interact, and what will
be the speed of response to changes in the load value
at the end of the line.

Due to the possible long distance between
phase-shifting devices No.1 and phase-shifting
devices No. 2, the connection between SCU and
main control unit cannot be done by wires. There is
a need to use information technology, such as
Internet of Things (loT), to provide communication
between ICS for phase shifting devices.

3.4. Software for control subsystem of
phase shifting devices

For the operation of the phase-shifting devices
control device, a program code based on the C++
programming language has been developed. The
code consists of three main parts: an initialization
block, a function block, and a main program block.

In the initialization block are announced
complexes of currents, load voltage (these values are
obtained by the main control unit from the
corresponding measuring instruments, which read
the load value in real time), as well as complexes of
impedance, equivalent and wave impedance.

Further, in the block of functions, a translation
is performed from one form of writing complex
numbers to another to perform calculations. The
next step is to calculate values of load impedance
and wave impedance. The functions of controlling
the value of the angle 0 are also given to ensure the
matched load mode, that is, when the wave
impedance is equal to the load impedance. One
function is to decrease the angle 0 to decrease wave
impedance, and the other is to increase the angle 6.

In the main part, using the “If...else if...else”
cycle, the values of the complexes of the total wave
and impedance of the load are compared.

3.5. Using devices on the 10T platform to
monitor and control the operation modes of
power lines

Devices working with the loT information
technology can be involved in the controlled power
high-voltage lines system, namely in ICS for phase-
shifting device.

They will be responsible for the following
functions:
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» Collection and analysis of overhead power

» lines parameters;

» Create and send to control signals;

+ storage data of parameters EPS;

* Interaction between Main Control Unit and

SCU of phase-shifting devices.

The concept of lIoT [14] is to create a network
of various devices, sensors connected to the global
network.

So-called “smart meters” can be responsible for
collecting data on overhead power lines parameters
in real time — smart meters [15] have microprocessor
that reads data from the meters and transmits them
through the network to the device for collecting,
storing and processing information.

Devices for collecting, storing and processing
information are included as components in the Main
Control Unit  phase-shifting devices and perform
certain tasks. Physically, they are a board with a
processor.

The microprocessor in the Main Control Unit
is responsible for creating and sending control
signals to the thyristors. This may be the same
processor that is responsible for collecting
information, or another, depending on its power.

CONCLUSIONS

In this article, a functioning algorithm of the
ICS for phase-shifting devices was developed. The
algorithm was developed taking into account its
functions and tasks, that is, changing the shift angle
0 between voltage vectors of circuits and, as a result,
the wave impedance Z;, in order to maintain a
consistent network operation mode.

Taking into account the tasks assigned to the
ICS of phase-shifting devices, a diagram has been
developed that describes the information processes
occurring in the ICS for phase-shifting devices, with
the help of which the change in the value of the
phase shift angle 0 is performed.

The possibility of implementing communica-
tion between phase-shifting devices at the ends of
the line using the 10T platform is considered. It can
provide the necessary connection of ICS elements of
a double-circuit overhead power lines. It is also
shown that devices working with 10T information
technology can provide the implementation of the
developed ICS.

Thus, a method has been proposed to increase
efficiency by reducing losses during the transmis-
sion of electricity through double-circuit power lines
through the use of the concept of Smart Grid.

In further studies, it is necessary to perform a
feasibility study for the implemented system in
comparison with a conventional line. A large eco-
nomic effect from the introduction of controlled en-
ergy systems will be noticeable on long and high-
power transmission lines. On smaller lines, the effect
will not be so significant. And it is also necessary to
find the optimal dimensions and capacities of the
power system, under which the creation and imple-
mentation of ICS for phase-shifting devices become
economically justified

Also, one of the directions for further research
will be the development of a simulation model for
automatic control of the value of phase shift angle 6
by an ICS.
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AHOTAIIA

CTaTTs MpUCBsiueHa Po3po0Li anropuT™My (HYHKIIOHYBAaHHS CHCTEMH KepyBaHHS (a303pyIIyBaJbHIMH IPUCTPOSMH Y JIBOJIAH-
IIOTOBHX MOBITPSHMX JIHISIX eIEKTpOIepeiadi, a TAKOXK Yy IIOCTAHOBLI OCHOBHUX 3aB/IaHb L€l CHCTEMH, Ha MiJACTaBi SKUX OyJIM po3-
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pobieHi (GyHKIIOHATIBHI CXEMH YIPaBIiHHA (a303pyIIyBAILHUMH IIPUCTPOsIMU. Po3pobiieHa cucTemMa J103BOJMTH 32 PaXyHOK BHUKO-
puctanHs (a303pyLIyBaIbHUX TpaHCPOPMATOPIB, SIKI HAIEKaTh A0 TEXHOJIOTil THYYKOi CHCTEMH Iepenadi 3MiHHOTO CTpyMy
(FACTS), 3miHIOBaTH 3Ha4€HHs KyTa 3CyBY ()a3i BEKTOPIB HAIIPYT'H i CTPyMiB OJHOTO JIAHIIOTA JTiHi1 BIZTHOCHO-IHIIIOTO JIAHIIFOTa, 110
IpHU3BeJie 10 3MiHM 3HAYEHHS XBUJILOBOTO ONOPY JBOJIAHIIIOIOBUX JiHiH; 32 paXyHOK BUHMKHEHHS HOBHX €JICKTPOMArHITHHX B3ae-
MOJIi}1 MiXk NMPOBIAHUKAMHU JBOX KiJI. 3aBJaHHSAM CUCTEMH € MiATPUMKa pOOOTH JIiHIN eleKTponepeaayi B peKuMi y3roXKEHOTO HaBa-
HTa)XEHHSI, KOJI 3HAYCHHsI XBHJIHOBOTO OMNOPY JOPIBHIOE 3HAUCHHIO OIOPY HABAHTAXEHHS. 3 MPOBEIEHOTO aHaNi3y BUIUIMBAE, IO
Takuil pexuM 3a0e3nedye HaliMEHINI BTpaTH MU Iepenadi eIeKTpOoeHeprii JiHisaMu enexTponepenadi. Peanizamist cucremu ympas-
JIHHS TUIAHY€THCS 3 BUKOPUCTaHHIM iH(popManiiiHoi TexHoioril «[HTepHer Peueit», T00TO 3a paxyHOK (hopMyBaHHS 6€3pOTOBOTO
3B'I3Ky MK OCHOBHHMH €JIEMEHTAaMH CUCTEMH Iepenadi JaHux. Po3pobieHy cucteMy Mo)kHa BiiHECTH 0 1HOOPMALIHHUX CHCTEM,
a TaKoX JI0 BiZOMOI akTyansHOI KoHIemnmii “Smart Grid”. Takum YHHOM 3aIlipOITOHOBAHUM METOJ ITiABUIICHHS KOE]II[iEHTY KOpHC-
HoO{ 1ii, 32 paxyHOK 3MEHIIECHHS BTPAT IpH Iepenadi eleKTPOCHEPrii Mo ABOJAHLIOTOBUX JIIHISAX eJIEKTponepeaayi 3aBIsIKH 3aCTOCy-
BaHHIO KoHIenii Smart Grid.

KuiouoBi ciioBa: kepoBaHi BHCOKOBOJIBTHI JIHIT €lIeKTpoONepenadi; XBUIbOBHHI OIip; Y3rOUKEHHI peknM HaBaHTaXCHHS; 1H-
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