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M.1. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE
AND TECHNIQUE. PART 43: TRADITIONAL POWER ENGINEERING.
THERMAL POWER PLANTS: STATE AND PROSPECTS OF THEIR DEVELOPMENT

Purpose. Preparation of brief scientific and technical review with an analytical analysis about the state, achievements, problems
and prospects of development of world thermal power engineering. Methodology. Known scientific methods of collection, analysis
and analytical treatment of the opened scientific and technical information, present in scientific monographs, journals and
internet reports, world level in area of thermal power engineering. Results. A brief analytical scientific and technical review is
resulted about the present state, achievements, problem tasks and prospects of development of thermal power engineering in the
industrially developed countries of the world. Considerable progress is marked in development and creation of technical base of
modern thermal power engineering including such thermal power devices (TPD) as steam generators, steam turbines and
turbogenerators. Basic TPDs are described, charts of design and types of the modern thermal power plants (TPP), producing in
the world about 70 % annual production electric power are presented. From positions of approach of the systems advantages and
lacks of TPPs are described before other types of electric stations, generating heat and electric energy in industrial scales. Basic
technical descriptions of largest TPPs of Ukraine are resulted, TPDs of powerful power units of which behave to the morally out-
of-date past generation and characterized a large physical wear. Some topical problem tasks and possible ways of their decision
are indicated in area of thermal power engineering of Ukraine. In a review an accent is done on the necessity of development and
acceptance of strategic plan of development of thermal power engineering of Ukraine on the nearest 10 years. A regard is paid to
power engineering experts acceleration of rates of introduction in domestic practice of achievements alternative and ecologically
clean power engineering specialists — especially wind energy and sun energy. Originality. Systematization of the scientific and
technical materials touching functioning of such important sector of world economy as thermal power engineering known from
the sources opened in outer informative space is executed. It is shown that for normal development and determination of the
nearest prospects for domestic thermal energy the native revision of power politics of Ukraine is needed. Practical value.
Popularization and deepening for students, engineers and technical specialists and research workers of front-rank scientific and
technical knowledge in area of modern thermal energy, extending their scientific range of interests and further development of
scientific and technical progress in society. References 21, tables 2, figures 7.

Key words: thermal power engineering, thermal power plants, steam generators, turbogenerators, characteristics of thermal
power plants, problems and prospects of development of thermal power engineering.

Ilpuseden Kpamkuil HaAy4YHO-AHATUMUYECKULL 0030D O COBPEMEHHOM MEXHUYUECKOM COCHOAHUU U OUNCATIMUX RePCneKmueax
pazeumus mupoeoii mennonepeemuku. Paccmompenst ocnoenvie mennoanepzoycmpoiicmea, cxemvl ROCHIPOEHUS U BUObL
mennosvix nekmpuyeckux cmanyuit (TIC). Ykazanvt npeumyuiecmea u nedocmamxu TIC neped opyzumu euoamu
INeKMPUYECKUX CMAHYUIl, 2eHepupylowux menno u nekmpuuecmeo. Ilpusedenst ocnosnvie mexnuyeckue XapaKmepucmuxKu
kpynneitmux TIC Ykpaunvl. Ob603nauenst cyujecmayioujue npodiemusle 3a0auu U 603MONCHbIE NyMU UX PeuleHus ¢ odnacmu
mennodnepzemuku Ykpaunsl. bubn. 21, tabn. 2, puc. 7.

Knoueevle  cnosa: Temo3HEPreTHMKa, TeNJIOBble JJeKTPHYeCKHMe CTAHLIMH, TaporeHepaTopsbl,
XapaKTEePHCTHKH TEIUIOBBIX 3JeKTPOCTAHIMIL, IPOG/JIeMBbI U NEPCHEKTHBBI PA3BUTHS TEIVIOIHEPTeTHKH.

TypOoreHeparopbli,

Introduction. The development of human cables and other conducting structures at different values

civilization on planet Earth was impossible without the
use of energy by people. Scientists who studied different
types of energy (mechanical, thermal, chemical, electrical
energy, etc.), in the 18" century, discovered one of the
fundamental laws of nature - the law of conservation and
transformation of power engineering [1]. In the society,
that branch of the national economy, which covers energy
resources, production, transformation, transmission,
distribution and consumption of various forms of energy,
has received the name of energy [2]. In power
engineering, five main types of power plants are used:
generating, converting, accumulating, transporting and
consuming energy. With a fairly large variety in the
nature of primary energy resources, at present the main
forms of energy used in modern society are heat and
electricity. As is known, these two types of energy, in
turn, are used by people also in various forms [2, 3]:
thermal energy in the form of water vapor, heated gases,
heated water and other liquid heat carriers heated to
different temperature levels, and electric energy in the
form of alternating, direct and pulsed currents in wires,

of electric voltage. The primary sources of thermal energy
for earthlings have been and still remain minerals in the
form of organic (coal, natural gas, oil, oil shale, etc.) and
nuclear (uranium) fuel. The analysis of the
interrelationships between energy sources, thermal energy
and electricity belongs to the sphere of interests of heat
power engineering [2, 3]. Therefore, it can be said that
heat power engineering is a branch of the energy industry
that is engaged in converting heat into such types of
energy as mechanical and electrical. The subject of
studying thermal power engineering are thermodynamic
cycles, schemes for constructing power plants and their
improvement, problems of fuel combustion and heat
transfer, thermal properties of working bodies and
coolants [2, 3]. The technical basis for modern heat power
engineering is thermal power devices (TPDs), used
primarily at thermal power plants (TPPs) [4]. The TPDs
include boilers and steam turbines that are paired with
turbogenerators. Generation of electricity at TPPs is
carried out in synchronous turbogenerators. Since TPPs
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are one of the main types of power plants in the world,
which generate at least half of the total energy consumed
by mankind, an analysis of the current state and prospects
for the development of TPPs in the developed countries of
the world is an urgent task.

The goal of the paper is the preparation of a brief
scientific and technical review of the extensive material
available in information sources for the state and
prospects of development in the world of thermal power
plants.

1. General information about thermal power
plants, their composition and construction schemes.
TPP is the power plant that generates electricity by
converting the chemical energy of the organic fuel first
into the thermal energy of water vapor (gas) and then into
the mechanical energy of the rotation of the shaft of the
steam (gas) turbine and rotor of the turbogenerator, and
then converting the latter this mechanical energy into
electric energy of its stator [4]. Fig. 1 is a schematic
diagram of the construction of a TPP containing such
basic devices as [4] boiler-steam generator, steam turbine,
synchronous generator, waste steam condenser and
circulating pump that provides the closed-loop supply of
condensed steam of cooled water back to the boiler-steam
generator. The synchronous generator according to Fig. 1
operates only in conjunction with a steam turbine. TPP
uses the chemical energy released by burning fuel in the
boiler (coal, natural gas, fuel oil, etc.), to convert water
into superheated steam (with a temperature of about 540
°C) of high pressure (about 240 atm) [4]. This steam
rotates the steam turbine blades and simultaneously the
magnetic system located on the rotor shaft of the
synchronous generator. The rotating magnetic field of the
rotor of this generator due to the phenomenon of
electromagnetic induction causes the appearance of
electromotive force in the windings of its stator [4, 5].

Boiler Steam

_\Turbine _’ Generator
* Water e
Condenser
Cooling
water
=
e
pipeline

Fig. 1. Schematic diagram of the construction of TPP [4]

Modern TPPs with electrical power of up to several
thousand Megawatts convert to electricity up to 50 % of
the heat released during the combustion of fuel in their
boilers-steam generators [4]. It can be seen that at TPP

about 50 % of the generated heat energy is discharged
through the boiler and condenser (cooling tower) into the
environment. When using waste heat of TPPs for heating
residential houses and industrial premises, the energy
efficiency can be brought to 80 % [4, 5].

TPPs are subdivided into condensing power plants
(CPPs) and heating electric centrals (HECs). CPP
produces only electricity [5], and HEC - only heat for
heating houses and buildings of enterprises [4]. Earlier in
the domestic terminology, CPP was traditionally called as
state district power plants (SDPP). Depending on the
duration of the TPP operation during the year to cover the
graphs of power loads, characterized by the number of
hours of use of the installed power T, the power stations
are classified into basic (7>6000 h/year), semi-peak
(T=3500 h/year) and peak (7<2000 h/year) [4]. The base
stations are those that carry the maximum possible
constant load during most of the year. In the world power
industry, nuclear power plants (NPPs) and CPPs are used
as the basic ones. At the same time, peak loads are
covered by hydroelectric power plants (HPP), pumped
storage plants (PSP) and gas turbine units with high
maneuverability and mobility. Peak power plants are
switched on at that time of the day when it is required to
cover the peak (increased) part of the daily electric load
schedule. At present, a gas turbine scheme has become
widespread in a number of TPPs, in which the
compression mixture of hot gases obtained by burning a
gaseous or liquid fuel rotates the impeller of a turbine of a
gas turbine plant whose steel axis is connected to the rotor
shaft of the generator [4-6]. Such TPPs are called gas
turbine power plants (GTPPs) [6]. At the GTPP, after the
gas turbine, the exhaust gases remain sufficiently hot. For
the useful use of the thermal energy of these gases, they
are directed to the recovery boiler (Fig. 2) with further use
in combined-cycle plants (engines) and heat supply
schemes [7]. The electric power of the GTPP can be from
tens of Kilowatts to hundreds of Megawatts [6]. A
significant contribution to the creation and practical use of
domestic gas turbines was made by the first Head of
Department of Turbine Construction of the Kharkiv
Polytechnic Institute (KhPI) Professor V.M. Makovsky
(1870-1941).

[
e

i

o e’

" il 1 & H r i
Fig. 2. General view of heat recovery boiler of the GTPP [7]

1.1. Water tube boilers-steam generators. In the
water-tube boiler of TPP, heat exchange of hot products
of fuel burnt in its furnace with boiling steel pipes filled
with water takes place [7]. There are direct-flow and
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drum-type water tube boilers. Fig. 3 shows the
construction of a straight-flow water tube boiler, which is
the main component of any steam generator [8]. A
straight-flow water tube boiler is, as a rule, a pipe coil
with water, placed in a furnace where the fuel burns.
Heated water, passing through the evaporative tubes of
this coil, gradually turns into steam. After the evaporative
tubes, the steam-water mixture enters the boiler
superheater. Further, the superheated steam along the
steam line is directed to the impellers of the steam
turbine.

5

Fig. 3. The scheme of constructing a straight-flow water tube
boiler used in the steam generator of TPP
(1 - a feed water pump, 2 - an economizer, 3 - evaporation tubes,
4 - a superheater, 5 - a turbine steam line) [8]

1.2. Steam turbines. At TPPs, a steam turbine, in
fact, is the thermal engine in which the energy of
superheated steam is transformed into mechanical
(kinetic) energy of the circular rotation of its impellers
with blades and, accordingly, of the axial steel shaft
(Fig. 4). For better energy efficiency, this water vapor at
the TPP should be dry and not contain microdroplets of
water. Curvilinear high-strength turbine blades fixed
around the circumference of its rotor are involved in a
circular rotation at speed of about 3000 rpm (for bipolar
generators) or 1500 rpm (for four-pole generators) by
directing nozzles on them with steam from the steam
generator [9].

Steam turbines, depending on the direction in which
they drive a powerful vapor stream, are distinguished by
axial flow (the steam flow in them moves along the
longitudinal axis of the turbine, and its working blades are
perpendicular to the latter one) and radial (the direction of
steam flow in them is perpendicular to the longitudinal
axis of the turbine, and its working blades are parallel to
the latter one) [10]. Powerful steam turbines can contain
high, medium and low pressure steam stages. In this case,
the turbine is called a multi-body. This type of steam
turbine is mainly used in powerful steam turbine
installations. Depending on the purpose, steam turbines,
similar to the above classification of TPPs, are divided
into basic ones (carry a constant main electric load of
consumption), peak (operate during short time to cover
the peaks of the electric load of consumption) and
auxiliary ones (provide the internal demand of TPPs for
electricity).

Lagn? (e
||".. I

rll"ll .

T i .y
o HH -
Fig. 4. General view of the rotor and casing of a modern
powerful steam turbine manufactured by Siemens (Germany)
in the process of its installation on the TPP site [9]

Depending on the nature of the ongoing thermal
process, steam turbines can be divided into three large
groups [9]: condensing (without controlled steam
extraction with the maximum conversion of its heat into
mechanical work and the further release (exhaust) of the
exhaust steam into the condenser as shown in Fig. 1);
heating (with adjustable steam extraction); special
purpose (operating on the waste heat of metallurgical and
chemical enterprises). Steam turbines for TPPs have a
park life estimated at about 270,000 hours with an
overhaul period of 4-5 years [9, 10]. Steam turbines and
generators are matched on a power scale. Each steam
turbine corresponds to a certain type of electric generator.
For block thermal condensation power plants, the turbine
power corresponds to the power of the units, and the
number of units is determined by the specified power of
the TPP. On modern TPP units, IIT type condensing
turbines of power of 160, 200, 220, 300, 500, 800, 1000
and 1200 MW with intermediate steam superheating are
used. An important contribution to the development,
creation and enhancement of energy -efficiency of
domestic high-power steam turbines for TPPs and nuclear
power plants produced by the Kharkiv-based enterprise
Turboatom during the industrial boom of the country was
made by the Head of Department of Turbine Construction
of the KhPI (1941-1976) Professor Ya.l. Schnee
(1902-1977).

1.3. Turbogenerators. These power units for TPPs
are synchronous generators, working in conjunction with
steam (gas) turbines. The main function of the
turbogenerator (Fig. 5) is to convert the mechanical

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.2 5



energy of rotation of the steam (gas) turbine into electrical
energy. For this purpose, the rotor shaft of synchronous
generator in the working zone must create a rotating
magnetic field in the air gap between the rotor and the
stator of the electric generator. The initial magnetic field
of the stationary rotor of the generator is either due to
permanent magnets mounted on it (the rotor) or due to the
flow of direct current in the copper turns of the excitation
winding of the said rotor [11]. The electric potential
arising in the three-phase windings of the stator of the
generator under consideration and the voltage induced in
them will be the greater, the stronger the magnetic field of
its rotor, determined by the DC current flowing in its
windings. Note that in synchronous turbogenerators with
external excitation, the voltage and current in the rotor
windings are usually created by a self-excitation thyristor
system or a special excitatory generator placed on the
shaft of a turbogenerator [10, 11]. The massive steel rotor
of the turbogenerator is mounted on two sliding bearings.

— & 3
Fig. 5. General view of the fragment of a powerful synchronous
turbogenerator of the Balakovo nuclear power plant (RF) after it
has been stopped in the course of routine maintenance and repair
(in the foreground the steel rotor shaft is seen, and in the
background - the elements of its stator) [11]

For the needs of TPPs, the domestic industry
produces 2-pole (with speed of rotation v,, 3000 rpm) and
4-pole (with speed of rotation v,4 1500 rpm) synchronous
electric generators. Multi-pole turbogenerators can also be
manufactured depending on the conditions of their
operation. Depending on the cooling methods, the
windings of the turbogenerator are distinguished [10]:
generators with liquid cooling through the «jacket» of the
stator of the turbogenerator; generators with direct liquid
cooling of their windings; generators with air cooling of
their windings; generators with hydrogen cooling of
windings, often used at nuclear power plants. In the
course of many years of operation of the TPP it was found
that the more power of the turbogenerator, the more
economical it is [9, 10]. This leads to a reduction in the
cost of 1 kW of installed capacity of TPP. In this
connection, turbine generators of high power are installed
at the CPP. The rotor speed of the turbogenerator is
proportional to the frequency of the current generated by
it (vp2 = 50 rpm x 60 s = 3000 rpm), numerically equal to

(50+0.1) Hz in accordance with GOST 13109-97. A sharp
drop in the electric frequency of the voltage (current)
produced by the turbogenerator leads to an emergency
stop of the power unit of the TPP and its shutdown from
the industrial network [11].

We point out that currently about 86 % of the
world's  electricity  production is produced by
turbogenerators driven by steam turbines [10, 11]. These
data testify to the important role of the heat and electric
power equipment in question when generating electricity
in various countries on an industrial scale. Electric power
generators of various power at modern TPPs are used
[4, 11]: turbogenerators of T series (air-cooled) with
power of 2.5, 4, 6, 12 and 20 MW; turbogenerators of
TB® series (with hydrogen cooling) with power of 63,
110 and 120 MW; turbogenerators of TBB series (with
hydrogen-water cooling) with power of 160, 200, 220,
300, 500, 800, 1000 and 1200 MW. We point out that in a
TBB series of turbogenerators with efficiency of up to
98.8 %, the stator voltage is up to 24 kV, the stator
current is up to 27 kA, and the excitation current is up to
7kA[11].

1.4. Advantages and disadvantages of TPPs. The
main advantages of TPP in comparison with other types
of power plants are the following [12]:

e organic fuel used at TPP is a relatively cheap raw
material;

o for their creation and commissioning TPPs require
less capital investment in comparison with such types of
power plants as NPPs and HPPs;

e TPPs can be built much faster than NPPs and HPPs
and virtually anywhere in the country, regardless of where
the fuel source is located;

o for the construction and operation of TPP, the areas
of alienation and their withdrawal from the economic
turnover of the earth are much less than necessary for
nuclear power plants and hydroelectric power plants (in
this connection, TPPs occupy less production space and
territory than NPPs and HPPs);

o the ability of TPPs to generate electricity without
significant seasonal power fluctuations;

e unit cost per unit of installed capacity of TPPs is
lower compared to nuclear power plants, and the cost of
generating electricity is less than that of such power
plants as diesel power plants.

The disadvantages of TPPs in comparison with other
types of power plants include the following [12]:

e TPPs are not environmentally friendly sources of
electricity and are characterized by high pollution of the
environment due to smoke emissions (smoke) and the
appearance of ash during their operation;

o higher operating costs compared to similar costs for
nuclear power plants and hydroelectric power plants;

o characterized by relatively low efficiency (not more
than 40-50 %) of the majority of existing TPPs;

e variability of TPP operation modes reduces their
energy efficiency, increases fuel consumption and leads to
increased wear of their power units.
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1.5. Ecological aspects of TPPs. Expert
assessments point to the fact that TPPs of the whole world
are thrown into the earth's atmosphere every year [13]:
about 250 million tons of ash, more than 60 million tons
of sulfur dioxide, a large number of nitrogen oxides and
carbon dioxide. These emissions lead to a greenhouse
effect that causes global and long-term climate change on
our planet. It is established that the excess radiation
background around TPPs operating on coal is on average
100 times higher in the world than near nuclear power
plants of the same power [13]. This is due to the fact that
coal as a trace element always contains uranium, thorium
and a radioactive isotope of carbon. Despite these
negative features, well-developed technologies of
construction, equipment and operation of TPPs, as well as
a lower cost of their construction, lead to the fact that the
TPPs currently account for the bulk of the world's
electricity production.

1.6. The largest thermal power plants in Ukraine.
According to the State Enterprise «National Energy
Company «Ukrenergo», as of January 1, 2016, the total
installed power of Ukraine's power plants was 54 826.1
MW, of which 34 266 MW (or 62.5 %) accounted for
thermal power plants [14]. Electrothermal generation of
Ukraine is now provided to six main companies. Five of
them are private: DTEK Vostokenergo Ltd, PJSC DTEK
Dneproenergo, PJSC DTEK Zapadenergo, PJSC
Kyivenergo and Donbassenergo. Privatization of
Centrenergo was postponed indefinitely due to a fire at
the largest thermal power plant in Ukraine -
Uglegorskaya TPP (Fig. 6) in March 2013. We point out
that DTEK  Vostokenergo Ltd, PJSC DTEK
Dneproenergo, PJSC  Kyivenergo and DTEK
Zapadenergo are part of DTEK, which is the largest
energy company of Ukraine, which is part of the financial
and industrial group System Capital Management (SCM)
[14]. Table 1 on the basis of [14] provides basic
information about the largest TPPs in Ukraine.

o

THTIT ST - OF

Fig. 6. General view of the Uglegorskaya TPP with installed
power of 3,600 MW with a nearby lake-cooler [4]

At present, the most widespread in the world are
thermal power plants of the block type of building their
power units. At the same time, each block of such a TPP
in one operating mode specified by the operational
personnel operates independently of other power plant
units. Fig. 7 shows the general view of the control panel
of the modern TPP, which serves a 300 MW unit [4, 15].

Table 1
Data on the largest TPPs in Ukraine [14]

Power, Fuel .
No. TPP name MW grade Region
1 Uglegorskaya (before 3600 Coal Donetsk
the fire) I'cia region
Coal Zaporozh.
2 |Zaporozhskaya 2825 rCiI region
3 |Burshtynskaya 2334 | CoalT I.-Frank.
region
4 [Krivorozhskaya 2328 | CoalT | DniPro
region
. Coal Kharkiv
5 |Zmievskaya 2200 AILL T region
Coal Donetsk
6 |Starobeshevskaya 2010 ALLL T region
: Coal . .
7 |Trypilskaya 1800 ALLL Kiev region
Coal Vinnitsa
8 |Ladyzhynskaya 1800 rCiI region
9 |Kurakhovskaya 1527 | Coal ' Donf:tsk
region
10 |Zuevskaya 1270 | Coal T’ Dongtsk
region
. Coal Dnipro
11 |Pridneprovskaya 1195 ALl region
. Coal Donetsk
12 |Slavianskaya 800 AILL T region
13 |Dobrotvorskaya 510 Coal I" | Lviv region
14 |Myronovskaya 275 Coal T’ Don@tsk.
region

Fig. 7. General view of the control panel
of a modern high-power TPP [15]

1.7. TPPs generation in the industrialized
countries of the world. A huge amount of electricity is
produced and consumed all over the world. So, in 1990 its
annual volume was about 11900 billion kWh, and in 2000
- 15100 billion kWh [13]. This electricity has been
generated and generated by three traditional types of
power plants [13]: TPP, NPP and HPP. It should be noted
that in modern conditions the annual volume of electricity
generation by non-traditional energy (for example, wind,
hydrogen, geothermal and solar power plants) does not
exceed 10 % in the world annual electricity production
balance [16]. At the same time, in some countries (for
example, Denmark) as of 2014, only such a type of
alternative energy as wind energy provided electricity
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generation up to 40 % in their total annual electricity
production balance [16]. As of 2010, about 70 % of the
world's annual electricity production was generated by
TPPs [13]. For example, in the Russian Federation (RF)
about 67 % of electricity is generated at TPPs located in
places of organic fuel production (in the central and
eastern regions of the country) [13]. In the western and
southern regions of the RF, nuclear power plants
operating on thermal neutrons are given advantages in the
production of electricity. In Table 2, based on the data
from [13], the main comparative quantitative indicators of
electricity production in the world for 1990 and 2000 are
given.

Table 2
The main indicators of electricity generation in the world
of thermal power plants, nuclear power plants and hydroelectric
power plants [13]

. Year
Indicator
1990 2000
1. Share of total electricity
production by types of power
plants in the world, %
- NPP 17 16
- Natural gas TPP 14 19
- Black oil TPP 12 10
- Coal TPP 38 37
HPP and power plants on
19 18
renewable energy sources
2. Installed power of power plants
in the world, GW 2830 .
- NPP 340 394
- Natural gas TPP 481 716
- Black oil TPP 424 501
- Coal TPP 934 1146
HPP and power plants on 651 823
renewable energy sources
3. Electricity generation by regions
of the world, %
- Western Europe 20 19
- Eastern Europe 18 13
- Americas 36 34
- Asia and Australia 21 28
- Middle East and Africa 5 6

2. Problems of thermal power engineering and
prospects of development of thermal power plants in
Ukraine. The basis of modern TPPs and nuclear power
plants, as well as HECs is a TPD. In this regard, the
technical level of the development of the TPD
determines the level of development of technological
progress in a particular country in the world as a whole.
By the mid-1960s, TPPs using coal in the furnaces of
steam generators in a pulverized state had almost
reached the limit of perfection in the technology of flare
(coal-dust) burning of coal. This made it possible to
achieve at these TPPs the conversion factor for the
thermal energy of the fuel and steam into electricity at

the output of their turbogenerators (efficiency factor) to
40 %. The general crisis in a number of countries
(including Ukraine) has led to the fact that they have to
spend more money on generating 1 kWh of electricity
than in the advanced countries of the world. Thus, in the
RF these indicators have increased to 1.5 times [17]. In
this regard, in the RF specific consumption of
conventional fuel for the generation of 1 kWh of
electricity at TPPs is now required to be reduced from
360 to 280 grams [18]. In addition, the greater part of
the existing TPDs at TPPs both in the Russian
Federation and in Ukraine, built by the end of the 1970s,
is worn out and needs to be reconstructed and replaced.
Boiler units, steam turbines and turbogenerators of TPPs
in Ukraine, which have a design life of 100 thousand
hours of operation, have practically exhausted these
indicators of their resource [19]. We should be
depressed additionally by the fact that the current
situation with high depreciation of productive assets
concerns all other branches of our economy. For
comparison, we note that in the RF approximately 90 %
of all operating steam turbines at TPPs have an «age» of
at least 20 years [18]. Therefore, one of the most
difficult problems (fask No. I) for domestic heat power
engineering is the decommissioning of the old power
equipment from TPPs and replacing it with new and
more highly efficient one. Current decisions related to
the motivated reasons for the extension of the
operational life of the existing TPDs at TPPs (these tasks
concern the nuclear power plants, too) do not solve the
problem of physical and moral deterioration of the TPD,
but only postpone its decision for a certain later time.
For this, it is obviously necessary to have a strategic
plan for the development of Ukraine's heat and power
industry for the next 10 years at least. To my great
regret, for the time being, there is no such plan in the
energy sector of Ukraine under consideration, in my
opinion. Therefore, we are lagging behind the
development of new highly efficient TPDs for TPPs.
One of the examples of such TPDs is steam and gas
installations of power units of TPPs and HECs with
efficiency of up to 50 %, actively used in the world
practice [19, 20]. Another topical problem (task No. 2)
in our power engineering is the replacement at the TPPs
of the old technology of burning fine-grained coal with a
more advanced technology for burning solid fuel in
circulating fluidized layer (CFL) at atmospheric pressure
[19]. In Western Europe, such advanced technology at
TPPs has already been successfully applied in the last 15
years. The use of this technology makes it possible to
increase the economy and ecological purity of modern
high-power TPPs. In the opinion of authoritative heat-
and-power engineers, it is the technology based on the
CFL that is the most promising in the reconstruction and
construction of new power units of TPPs in Ukraine
[19]. By the way, it should be noted that in Ukraine for
the past 40 years, due to lack of private investment and
due government funding for TPPs, no new power units
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have been commissioned. During the years of Ukraine's
independence, only one new boiler was built with CFL
at the Starobeshevskaya TPP, and only one pulverized
coal boiler was reconstructed at Zmievskaya TPP
(SDPP) using modern high-efficiency technology [19].
So, one can justifiably say now that even the nearest
prospects for the development of TPPs in Ukraine are
tightened with «fog» of uncertainty and are covered by a
«mountainy» of internal problems.

The next problematic task (fask No. 3) in the heat
and power industry of Ukraine is related to the effective
solution of the actual environmental aspects arising
during the operation of the TPP. Modern power industry
including heat and power engineering is causing tangible
damage to the environment worsening the living
conditions of people on our planet. All technologies for
generating electricity at TPPs are associated with a large
number of industrial wastes emitted into their
environment. Today, the problem of the impact of power
industry and especially heat and power engineering on
nature becomes particularly acute, as the pollution of the
environment (land, air atmosphere and hydrosphere) is
increasing every year [21]. Combustion products of
organic fuel, getting into the atmosphere, cause the
precipitation of acid rains and intensify the greenhouse
effect, which has an extremely unfavorable effect on the
overall ecological situation. An urgent task for coal-fired
TPPs is ash dumps requiring large areas. In addition, they
are the centers of accumulation of heavy metals harmful
to humans and have increased radioactivity [21]. In this
connection, the issues of improving heat and power
technologies at TPPs and reducing their negative impact
on the environment around the world have been and
should continue to be given great attention.

Conclusions.

1. The brief scientific and technical review of the
development of the global thermal power industry shows
that TPPs in the industrialized countries of the world
continue to maintain their high positions in industrial
power generation. Despite the fact that since the mid-
1970s, in the former USSR and in several other countries
of the world, the priority in the development of power
engineering has been given to the construction of the
nuclear power plants with its subsequent rapid «freezing»
and, despite the termination since this period of time, real
investments in their heat and power engineering and
power machinery, TPDs developed and created in those
years, having chosen their calculated resource, continue to
successfully «work» (for example, in the RF and Ukraine)
on many dozens of powerful units of TPPs of the old
generation. The countries of Western Europe, in contrast
to the above-mentioned countries of Eastern Europe,
significantly more successfully modernize their TPDs,
increase their energy efficiency and the generation of
electricity at the powerful power units of the TPPs of new
generation.

2. The normal development of domestic power
engineering requires a radical revision of the country's

energy policy aimed at ensuring energy saving in all
sectors of the economy, training highly qualified electric
power professions, supporting relevant research
institutes and design bureaus, and developing and
creating new heat-resistant materials and technologies
for manufacturing and introduction of high-efficiency
TPDs on powerful units of the TPPs of new generation
TPP. With this new approach, the Ukrainian thermal
power industry has a real prospect for its further
progress and active participation in the country's energy
market.

3. Unconventional (alternative) energy  with
inexhaustible and renewable energy sources, especially
wind power and solar energy, in the coming decade
should make up the traditional energy of Ukraine with its
powerful TPPs, HECs, NPPs and HPPs, if not a worthy
intra-industry competition, then at least a worthy energy
supplement in the annual balance of industrial output in
Ukraine of heat and electricity.

4. The problem of environmental safety of powerful
TPPs in operation in Ukraine for its successful solution
requires a new approach and large investments from both
private capital and the country's budget. Avoiding its
solution only exacerbates the situation of domestic power
engineering.
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ELECTROMECHANICAL PROCESSES IN A LINEAR PULSE-INDUCTION
ELECTROMECHANICAL CONVERTER WITH A MOVABLE INDUCTOR
AND TWO ARMATURES

Purpose. The purpose of the paper is to determine the influence of the height of the mobile and stationary disk electrically
conductive armatures covering the movable inductor on the electromechanical processes of linear pulsed-induction
electromechanical converter (LPIEC). Methodology. With the help of the developed mathematical model that describes
electromechanical and thermal processes of LPIEC, the influence of the heights of the armatures on electromechanical
processes, the values of the electrodynamic forces acting on the inductor and armature, and the moving speed of the movable
armature (MA) is established. Results. It is shown that if the height of the stationary armature (SA) is twice the height of the
MA, then the inductor at the initial instant of time is acted upon by electrodynamics forces pressing it to the SA, and the
displacement of the inductor begins with a delay of 0.35 ms. If the height of the MA is twice the height of the SA, then the
electrodynamics forces act on the inductor at the initial instant of time, repelling it from the SA, and its movement begins with
a delay of 0.1 ms. If the heights of the SA and the MA are equal, then until the time 0.15 ms on the inductor, the
electrodynamics forces practically do not act and the inductor moving relative to the SA begins with a delay of 0.25 ms.
Originality. The effect of the geometric parameters of the SA and MA on the velocity of the inductor moving relative to the SA,
MA relative to the inductor and the MA relative to the SA is established. It has been established that the highest velocity of the
MA relative to the SA develops the lowest MA, and the height of the SA does not affect it practically. However, with the
increase in the height of the MA, the effect of SA begins to affect. In this case, it is expedient to select the height of the SA to
be 0.4-0.42 of the height of the inductor. Practical value. It is shown that as the weight of the actuating element increases, the
currents in the active elements of the LPIEC increase, the induction velocities of the inductor relative to the SA and the MA
decrease relative to the inductor. At the same time, the maximum the electrodynamic forces values acting on the inductor
decrease, and the armatures increase. Moreover, the maximum the electrodynamic forces acting on the MA are less than
similar forces acting on the SA. References 12, figures 7.

Key words: linear pulse-induction electromechanical converter, mathematical model, mobile inductor, stationary armature,
movable armature, electromechanical processes.

Pazpabomana mamemamuueckylo mooens, KOmopas onucvléaem IieKmpomexanuyecKue npoyeccol 6 JUHEUHOM UMRYAbCHO-
UHOYKUUOHHOM  INIEKIMPOMEXAHUYECKOM npeodpazoeamene ¢ NHOOGUNCHBIM UHOYKMOPOM, 63AUMOOCICIMEYIOUUM  CO
cmayuonapuvim axkopem (CA) u noosusricnvim axopem (I14), yckoparouwum ucnonnumenvrolii 31emenm. YCmanoenieno eiusnue
8blcom AKoOpell Ha YIeKmpomexanuieckue npoyeccol 6 npeoopazoeamene. Ecau evicoma CH ¢ 0ea paza 6onvuwe evicomut T4,
mo Ha UHOYKMOP 6 HAYAIbHBIIL MOMEHmM epemenu Oelicmeylom rnekmpoounamuydeckue ycunusa (3/1Y), npuncumarouue e2o K
CA u nepemeuienue undykmopa navunaemes c 3aoepckoit 0,35 mc. Ecnu eévicoma IIA ¢ 06a paza 6onvue evicomor CA, mo na
UHOYKMOP 6 HAYAILHBLI MOMeHm épemeHu Oeticmeyiom 3/1Y, ommankueaowjue e2o om CH, u e2o nepemeujenue nauunaemes ¢
3adepsckoit 0,1 mc. Ecau evicomwvr CA u IIA pasnvi, mo 00 momenma eépemenu 0,15 mc nHa unoykmop npaxmuuecku He
oeitcmeyrom 3JIY u nepemewjenue unHOyKkmopa Hauunaemca c¢ 3aoepyckoit 0,25 mc. Ycmanoenemvt KombOunayuu
2e0MemMPUUECKUX napamempos aKopeii, npu KOMopsix Oelicmeyiom Kaxk Haudonvuiue, maxk u naumenvuiue umnynsvcet /Y.
Hauéonvuue ckopocmu pazeueaem naubonee nuskuit IIA, npuuem evicoma CH na nux npakmuuecku He enusem. C
Yyeéenuuenuem Maccol UCHOTHUMETLHO20 IIEMEHMA RPOUCXOOUM YeeuteHue MOKOE 8 AKMUGHBIX IJIEMEHMAX npeoopazosamens
u ymenvuwienue cxkopocmeit unoykmopa u IIA. Ilpu smom makcumanwvhuvle 3nauenusn I/Y, oeiicmeyrowjux na uHOyKmop,
YMeHbuiaromca, a Ha AKOpA — yeeauuugaromcea. buodin. 12, puc. 7.

Kniouesvie cnosa: nuHeHHBI HMIYJIbCHO-MHAYKUUOHHBIH 3JeKTPpOMeXaHMYecKHil npeodpa3oBareib, MaTeMaTHYecKasi
MO/1eJ1b, NOABHKHBIH HHAYKTOP, CTAMOHAPHBII SIKOPb, NOABM:KHbII IKOPS, 3J1eKTPOMeXaHHYeCKHe NPOLecchl.

Introduction. Linear pulsed electromechanical
converters are designed to provide high speed of the
actuating element (AE) on a short active section, and/or to
create shock force pulses [1-4]. Such converters are used
in many branches of science and technology as
electromechanical accelerators and shock-power devices
[5-7]. The most widely used are linear pulse-induction
electromechanical converters (LPIEC) of a coaxial
configuration in which the accelerated -electrically
conductive armature interacts non-contact with a
stationary inductor [1, 2, 8]. At excitation of a multi-turn
inductor from capacitive energy storage (CES) in an
electrically conductive armature made in the form of a
copper disk, eddy currents are induced. As a result, the
electrodynamic forces (EDF) of the repulsion act on the
armature, causing its axial movement together with the
AE relative to the inductor.

However, when operating in a dynamic mode with a
rapid change in the electromagnetic, mechanical, and
thermal parameters, the force and speed indicators of the
LPIEC of traditional design are not high enough [9]. One
of the ways to increase these indicators is the
development of new design schemes of the LPIEC [10,
11]. Since in the traditional LPIEC design with an
armature only one side of the inductor interacts
inductively, a significant part of the magnetic field from
the opposite side of the inductor is scattered into the
surrounding space, negatively affecting closely located
electronic and biological objects and is not used to create
additional EDF.

Let us consider a constructive scheme of a LPIEC of
a coaxial configuration, containing a movable inductor,
enveloped on opposite sides by two electrically
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conductive armatures (Fig. 1). One of the armatures
interacts with the fixed stop, and the second one interacts
with an actuating element, for example, of a shock-power
device.

When the inductor is excited through flexible or
sliding contacts from the CES C, the EDF of repulsion
occur between the inductor and the armature, which leads
to the movement of the movable armature (MA) relative
to the inductor, which in turn repels with respect to the
stationary armature (SA). This raises the question of the
effect of geometric parameters of armatures on
electromechanical processes in LPIEC. Since the radial
dimensions of the armatures, as a rule, correspond to the
radial dimensions of the inductor, the question arises as to
the effect of the axial dimensions of the electrically
conductive armatures on the force and speed indicators of

the LPIEC.
6 7

oéol_i

[

3 H1 Hy

Fig. 1. Constructive scheme of the LPIEC: 1 — inductor;
2 — stationary armature; 3 — movable armature;
4 — actuating element; 5 — stop; 6 — case; 7 — damper spring

The goal of the paper is determination of the
influence of the height of the mobile and stationary disk
armatures  covering the movable inductor on
electromechanical processes in the LPIEC.

Mathematical model. Consider a mathematical
model that describes electromechanical processes in
LPIEC using lumped parameters of active elements —
inductor, stationary and mobile armatureS'

diy
aR(h)+L—- 7 _Illdt +M12(Z)—+M13(Z)— +

dM, dM, 1.
+V12(t)l2 12 +V13(l)l dz3 =0; EJ‘lldf:UO 5 (1)
0

dip di i . .
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diz di R R .
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i1y ddz =Ipi3 +Kr - (v3(0) +vpa(0)+
+0.12577,8,D3,, [V12(f) +v3(OF + KP[Azlz(f) +Az13(0]4(5)

s &= 13(f)

the indexes of the
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inductance and current of the p-th active element,

M12 .. dM23 dV12
+\my +m, )——
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where 51—"12(1) 3. p=1,2,3 are

1nductor, MA and SA;

; R(Ty), Ly, i, are the resistance,

respectively; My(z), Mi3(z), My(z) are the mutual
inductances between corresponding p-th active elements;
vi3(%), vi2(¢) are the speeds of the inductor relative SA and
MA along the z-axis, respectively; Az3(¢), Azy(¢) are the
displacements of the inductor relative SA and of the MA
relative inductor, respectively; m;, m,, m, are the masses
of the inductor, MA and actuating element, respectively.
The coupled solution of equations (1) — (3) allows us
to reduce them to one differential equation:
4. 3. 2.
d d d di
1 1ia, ;1 o tay=0, (6)
dt dt dt dt
where ay :lel +M13d2 +M12d3 )
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The characteristic equation of the differential
equation (6)

a4x4 + a3x3 + a2x2 +aix+ay=0 @)
by means of a substitution @ =x+0.25a3/a, is
transformed into the reduced form with a cubic resolvent:

w3+q1-w2+q2~w—q32=0, ®)
2
where ¢q; = 2% . 75( ] ;
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If the discriminant of the resolvent
=(u/3) - (v/2)?, 9)
where u =g, —q12/3; v=2-q13/27—q1 ~q2/3—q32,

is less than zero, then, using the trigonometric solution of
equation (8), we obtain:

0.5 arccos(—O.Sv —27/a3j
O ) o)

= - +
p 27 3 3

In this case, the roots of equation (7):
x; =05 (i,/ml ti@, t@ )—0.25-a3 lag,
where [=1, 2, 3, 4.
If all the roots of (11) are real, then for the currents
in the p-th active elements of the LPIEC we can write:

U()l
a43 ’

an
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En = [a4 bldm/c_gl (Rldm +embn +end1)_§n (Rnbn +emdm +81d1)—
7§m (Rmdl +endm Jrelbn )]/ai’
gl = Rlblz + de_o,z + R3d22 + 2[bl (€2d2 + €3d3 )+ €1d2d3] 5
Cn= dm(Rlbl + Rnbn)+ R,dd, +e, (blbn + dr%l)_ (enbl +ed, )X
x Lanm - Lanm (endm + elbn )_ Llin (eldl + endn )
If the discriminant of the resolvent (9) is greater than

zero, then, using Cardano solution for equation (8), we
obtain one real and two complex conjugate roots:

@ =¢+5—q/3; Tr3=€tjy,
where ¢:?\’/—O.5-v+x/3; (2%/—0.54/—\/5;
e=-05-(p+¢)-q/3; 7=05-43(p-¢).

In this case, the roots of equation (7) have the form:

x12=0.5y@; -025-a3/a4 + \/05(8+\/52+12j;

(14)

(13)

x4=01j&,

O'=O.5'WIZU'1 —0,25'613/(14;

g:\/o.s.(_ﬁm).

If x; and x, are real and different, the currents in the
p-th active elements can be represented as:
p a4N
where
N= )51962(302 ~20y - & +x1x2)+ 0+ n-200);

A= B, exp(xif) + By exp(xof) + exp(o - t)[Bp3 cos(ét)+ By sin(ét)J 5

By = {(9[,[)(22(30‘2 —52 —2x20')— ;(22J+ AAZO‘;(z—xz(30'2—§2 —x%)]—
-5, [o-x P+ [/ -2)

By = {(-Dp l;(% +o? (52 -30% + 2X10')J+ A, [xl (30'2 - 52)— 20';(2J+
+5p(}(2 *2x10)}/(x2 -£&);

B,;3=0, [(52 - 302);(1 + 25;(3]+ A, [(302 - 52)— ;(3J+
+ Ep (ll — 26) 5

By = {G)p[;g(éz - )+;( O'(G -3 )+x1 X5 J+A (;(30—

—X1 X 7] +3J§2 —03)+Ep(0 —§ + X1 Xy —051)}/§;

where

(15)

xi=xtxa; X2 =o’ +§2; 23 =30 XX + X3

The displacements of the inductor relative to the SA,
as well as the MA relative to the inductor on the basis of
equations (4) and (5) can be represented in the form of
recurrence relations:

AZIS(tkH)_|:i1(tk)(i3(tk)d —iy(t ) j KTVIS(tk):|

2
K05— B pna) +via(t)A,  (16)
m1+m2+me
A2y (tpar) = Az (65 ) + V15 (¢ )At+A7t2><
12U k+1) = 2412k 12\ 2(m2+P)
am daM
XHH(U{) 12 _i3(t) 223jiz(tk)_KT(V12(fk)+V13(tk))_
— 01257 B,ya D3 i () + i3 (4] -
(17)
_KP(AZIZ(tk)+AZI3(tk)):|-

The temperature of the p-th active element at
moving the armature and inductor, when there is no
thermal contact between them, can be described by the
recurrence relation [10]:

T, () =T, (1) 2 + (1 —Z)lTo +4772%, ()R, (T gy %
xDe_le;,l(Dz —D2) } (18)

where Z:exp%O.ZSAtD P2 TpCp (T )7 p } D,,, Dy, are

the outer and inner diameters of the p-th active element,
respectively; ag, is the heat transfer coefficient of the p-th
active element; ¢, is the heat capacity of the p-th active
element.

The initial conditions of the system of equations
(1) = (18): T,(0)=Tj is the temperature of the p-th active
element; 7,(0)=0 is the current of the p-th active element;
Az(0)= 1 mm is the initial axial distance between the
armatures and the inductor; u.(0)=Uj is the voltage of the
CES; v,(0)=0 is the armature speed along the z-axis.

In order to take into account the complex of
interconnected electric, magnetic, thermal and mechanical
processes and various nonlinear dependencies, the
transient process is divided into a large number of time
intervals At =t¢;,1—t, within which all quantities are

assumed to be unchanged. With such a numerical-
analytical approach within a small interval Ar the
previously defined analytical expressions are used to
calculate the basic quantities, and the transient process is
calculated using iterative relationships using computer.

LPIEC main parameters. Let us consider LPIEC
of a coaxial configuration, in which both armatures are
made in the form of a flat disc of technical copper, one of
whose sides faces the inductor.

Inductor: outer diameter D,,=100 mm, inner
diameter D;,;=10 mm, height H; = 10 mm, copper bus
section axb=1.8x4.8 mm?, bus number of turns N,= 46.
The inductor is made in the form of a double-layer
winding with external electrical terminals.

Armatures: outer diameter Dﬂ23 = 100 mm, inner
diameter D;,, 3 = 10 mm, height H, = H; =3 — 7 mm.
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CES: capacitance C = 500 uF, voltage Uy=1.5 kV.

Actuating element has mass m, = 1 kg.

LPIEC electromechanical characteristics. We
consider the influence of the height of armatures on
electromechanical processes of the LPIEC. The height of
the MA will be estimated by a dimensionless geometric

parameterh; =H,H| ! and the height of the SA by a

parameter h; =HyH| L

Let us consider the electromechanical characteristics
of the LPIEC having various combinations of the heights
of the SA and the MA.

Fig. 2 shows the electromechanical characteristics of
the LPIEC, in which the height of the SA is twice the
height of the MA (armatures parameters hy,=0.3, h3*=0.6).

The current in the inductor with density j; has a
vibrationally damped character. The maximum inductor
current density is A/mm?. At the initial moment of the
operation process the current densities in the MA j, and in
the SA j; have a polarity opposite to the inductor. The
maximum current density in the MA is 554.6 A/mm’, and
in the SA 303 A/mm?’. Due to the interaction of currents,
on the MA, electrodynamic forces of repulsion f, act with
maximum value of 13.6 kN.

7 A/mmz;fz, kN; v, m/s

800

50 -);2 200 Vi |
oL/ pl\(
400
// \ / 200 v,
200 \\
0 ;ﬁ ,.; Qﬁ?
e
507
-200 < -
N J\
/3
-400
/fz
=600
0 0.25 0.5 0.75 1.0 ¢ ms

Fig. 2. Electromechanical characteristics of the LPIEC with
armatures geometrical parameters 4, =0.3, ~3; =0.6

In the interval 0.5-0.65 ms EDF change direction,
after which a repetition of repulsive forces, but much less
than in the original one, takes place. As a result, the MA
moves relative to the inductor at a speed v, the maximum
value of which is 3.65 m/s.

On the inductor at the initial instant of time, negative
EDFs f.; act, pressing it to the SA. However, after
0.25 ms, these EDFs, changing the direction, repel the
inductor from the SA with a maximum value of 3.9 kN.
As a result, the inductor moves relative to the SA with a
speed vi3 the maximum value of which is 0.4 m/s. And
the displacement of the inductor begins with a delay of
0.35 ms. The value of the maximum speed of the MA
relative to the SA is 4.05 m/s.

Fig. 3 shows the electromechanical characteristics of
the LPIEC, in which the height of the MA is twice the
height of the SA (armatures parameters 4, =0.6, /3 =0.3).

In this LPIEC, as in the considered above, the
character of the current flow is preserved. The
maximum current density in the inductor j; slightly
increases to 450.1 A/mm’ The maximum current
density j, in the MA decreases to 294.3 A/mm’, and in
SA j; the current density rises to 573 A/mm’. As a
result, the maximum EDF of repulsion acting on f,
decreases to 12.7 kN. As a result, the maximum speed
of moving the MA relative to the inductor v, decreases
to 2.95 m/s.

However, in this LPIEC, positive EDF £; act on the
inductor at the initial instant of time, repelling it from the
SA and its movement begins in about 0.1 ms. The
maximum value of these forces is observed in the second
peak of repulsion, reaching 2.18 kN. As a result, the
inductor moves relative to the SA with a velocity v;3, the
maximum value of which reaches 0.63 m/s. The
maximum speed of the MA relative to the SA vy; is
3.58 m/s. The decrease in the speed of the MA can be
explained by its increased mass.

J» A/mmz;fz, kN; v, m/s
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Fig. 3. Electromechanical characteristics of the LPIEC with
armatures geometrical parameters A, =0.6, /1;'=0.3

1.0 £, ms

Let us consider the LPIEC variant, in which the
heights of the SA and the MA are equal. Fig. 4 presents
the electromechanical characteristics of the LPIEC with
parameters hy=0.4, h;"=0.4.

In this LPIEC the maximum current density in the
inductor j, is 442.8 A/mm’. The currents in the armatures,
especially in the initial part of the process, where there is
no movement of the active elements, are practically the
same. The maximum current density j, in the MA is 420.3
A/mm?, and in the SA J3 it is 434.8 A/mm>. The
maximum EDF of repulsion acting on f, is 12.8 kN,
which results in the displacement of the MA relative to
the inductor at a speed of vi,, the maximum value of
which is 3.28 m/s.
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Fig. 4. Electromechanical characteristics of the LPIEC with
armatures geometrical parameters h,"=0.4, hi;’=0.4

In this LPIEC, the EDF (£, is practically not effective
on the inductor until the time 0.15 ms. As a result, the
displacement of the inductor relative to the SA begins
almost in 0.25 ms. The maximum value of these forces is
observed in the second peak of repulsion and is only
1.85 kN. As a result, the inductor moves relative to the
SA with a speed v;3, the maximum value of which is
0.56 m/s. The maximum speed of the MA relative to the
SA vy3is 3.84 m/s.

LPIEC force and speed indicators. Let us consider
influence of the geometrical parameters of the SA

hy €[0.3;0.7] and the MA 3 [0.3;0.7] on the value of
the EDF impulse F7, J Szpdt, where p =1, 2, 3 are the

indexes of the inductor, MA and SA.

The values of the EDF impulses acting on the
inductor F,; are much smaller than the values of the
impulses acting on the MA F, and SA F,;. The maximum

arise at geometrical parameters of armatures /3 =0.4 and
hz*:0.7 (Fig. 5). The minimum values of F,; arise when
h3'=0.7 and h,"=0.4. The largest value of the EDF impulse
F, at any height of the MA is realized for a SA with a
parameter /5 =0.4.

The smallest values of the EDF impulse F., acting
on the MA, on the contrary, arise for hy =04 (the
minimum value takes place for a high MA h, =0.7.).
The greatest values of the EDF impulse F,, occur at
h,"=0.42-0.45 (the maximum value takes place at a high
SA h35"=0.7).

The largest values of the EDF impulse F.3, acting
on the SA, arise for ;' =0.4 (the maximum value occurs
for h,"=0.7). And the largest values of the EDF impulse
F; take place when hy,=0.4 (the minimum value occurs
for i3 =0.7).

Let us consider the influence of the geometric

parameters of the SA h; €[0.3;0.7]and  MA

h; € [0.3;0.7] on the speed of the inductor and the MA,

realized at the end of the operating process (Fig. 6).

The maximum value of the speed of the MA relative
to the inductor Vi, is realized with its minimum height
h,"=0.3 and the maximum height of the SA /5 =0.7, and
the minimum value of the speed of the MA relative to the
inductor V7, is realized at its maximum height hz*:0.7 and
the minimum height of the SA /3 =0.3.

In turn, the highest values of the speeds of the
displacement of the inductor relative to the SA V3 occur
at a relatively low SA /h;=0.4 (the maximum speed
occurs at a high MA £, =0.7). The lowest values of the
speeds V5 are realized at 4,"=0.45 (the minimum speed
V15 occurs for high SA h3*=0.7).

Of greatest interest is the speed of the displacement
of the MA relative to the SA V,;. As the calculations
show, the highest speeds V,; the lowest MA h2*20.3
develops, and the height of the SA does not affect it
practically. However, with the increase in the height of
the MA, the influence of the SA begins to affect. In this
case, it is expedient to select the height of the SA with

values of the EDF impulse F,, acting on the inductor, geometric parameters hy=0.4-0.42.
leyN'S zZaNS Fz3’ N-s
0.7 0.7
. 16 . 41 . 07T 87
hy,pu, hiy, pu hi,pu ~__ 56
0.6 0.6 - |
i 0.6 5.5
051 13 0.5 1 0.5 S4
1,0 08
0.4} ¥ 0.4 4 04 5,3 5,1
5.0
1,2 ’
03 "\ . 0.3 0.3 . .
0.3 0.4 0.5 hj,p.u. 0.7 0 0.4 0 5 p u 0.7 0.3 0.4 0.5 h]: pu 0.7
a b c

Fig. 5. Dependence of the EDF impulses acting on the 1nduct0r (a) MA () and SA (c) on the
geometrical parameters ;" and h;"
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Fig. 6. Dependence of the speeds of the MA relative to the inductor (a), of the induc*tor relative to the SA (b) and the MA
relative to the SA (c) on the geometrical parameters /4, and h;"

Effect of the mass of the actuating element on the
LPIEC indicators. In order to more fully understand the
electromechanical processes in the LPIEC, let us consider
the effect of the mass of the actuating element m, on its
electromechanical indicators. Fig. 7 shows the
dependencies of the indicators of the LPIEC having
geometrical parameters of armatures hz*IO.S, h3*:0.5, on
the mass of the actuating element. With an increase in the
mass m,, there is a significant decrease in the speed of
displacement of the inductor relative to the SA V3, which
practically decreases to zero even at a mass m,=3 kg. The
speed of the MA relative to the inductor Vi, with an
increase in the mass of the actuating element from 0 to
5 kg decreases from 9.83 m/s to 0.9 m/s.

Js A/mmz;j; kN; ¥V, m/s

15

12

0 T 7 g 7 i
(B] 1 2 3 m,, kg 5

Fig. 7. Dependencies of the indicators of the LPIEC with
parameters s, =0.5, i3 =0.5 on the mass of the actuating element

Dependencies of the maximum EDF values acting
on the active elements of the LPIEC, on the mass of the
actuating element, have the following features. With
increasing mass m,, the maximum EDF values acting on
the inductor f;,, decrease and on the armatures increase.
Moreover, the maximum EDFs acting on the MA f,,,, are
smaller than the analogous forces acting on the SA f;,.
However, as the mass of the actuating element increases,
these forces tend to equalize. Obviously, with a fully
retarded MA, these EDFs will be equal.

With an increase in mass m,, there is an increase in
currents both in the inductor and in the armatures,
especially strongly in the interval O ... 1 kg. This can be
explained by a stronger induction interaction of the
inductor with armatures, which are in a strong magnetic
coupling.

Conclusions.

1. A mathematical model is developed that describes
the electromechanical processes of LPIEC with a movable
inductor interacting with stationary and mobile
electrically conductive armatures.

2. The effect of armatures heights on electromechanical
processes of LPIEC was established. It is shown that at the
initial moment of the operating process, the currents in the
armatures have a polarity opposite to the inductor current.

3. It is shown that if the height of the SA is two times
more than the height of the MA, then the EDF acts on the
inductor at the initial instant of time, pressing it to the SA,
and the displacement of the inductor begins with a delay
of 0.35 ms. If the height of the MA is twice the height of
the SA, then the EDFs act on the inductor at the initial
instant of time, repelling it from the SA, and its
movement begins with a delay of 0.1 ms. If the heights of
the SA and the MA are equal, then until the time 0.15 ms
the EDFs practically does not act on the inductor and the
inductor moving relative to the SA begins with a delay of
0.25 ms.

4. The influence of the heights of the disk armatures on
the values of the EDF impulses acting on the inductor and
the armatures is established. The values of the EDF
impulses acting on the inductor are much smaller than the
EDF impulses acting on the armatures. Combinations of
armatures heights are established, in which both the
largest and the smallest impulses of the EDF act on them
and on the inductor.

5. The effect of the geometric parameters of the SA
and the MA on the speeds of the inductor and the MA is
established. The highest speeds are developed by the
lowest MA, and the height of the SA practically has no
effect on them. However, with the increase in the height
of the MA, the influence of the SA begins to affect. In this
case, it is expedient to choose the height of the SA with a
geometric parameter /3 =0.4-0.42.

6. It is shown that with an increase in the mass of the
actuating element, the currents in the active elements of
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the LPIEC increase and the speeds of the inductor and the
MA decrease. In this case, the maximum values of the
EDFs acting on the inductor reduce, and on the armatures
increase. The maximum EDFs acting on the MA are less
than similar forces acting on the SA.
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V.S. Malyar, A.V. Malyar

STUDYING THE EFFECT OF AN ADDITIONAL ACTIVE RESISTANCE
IN THE FIELD WINDING CIRCUIT ON STARTING CHARACTERISTICS
OF SALIENT-POLE SYNCHRONOUS MOTORS

On the basis of the developed method for calculating steady-state asynchronous operation modes of salient-pole synchronous
motors, a procedure of mathematical modelling of the starting characteristics is proposed. The problem of calculating the
steady-state asynchronous mode is solved as a boundary value one for differential equations of motor circuit electrical
equilibrium. Algebraization of the system of differential equations is carried out by approximating the equations of state using
cubic spline functions on a grid of period nodes, taking into account the periodic law of variation of the coordinates. This
results in the changeover from continual values to nodal ones. The starting static characteristics are calculated using the
parameter continuation method. The study of the effect of the starting resistance value on the asynchronous characteristics of
the motor relied on a mathematical model of the motor taking into consideration real field circuits, saturation and asymmetry
of the magnetic path. References 10, figures 5.

Key words: salient-pole synchronous motor, asynchronous operation mode, starting resistance, static characteristics,
boundary value problem, spline approximation.

Ha ocnose paspabomannozo memooa pacuema ycMAaHOBUGUIUXCA ACUHXPOHHBIX PEHCUMO8 AGHONONIOCHBLIX CUHXPOHHBIX
oguzameneii nPeOIOHCEHA MEMOOUKA MAMEMAMUUECKOZ0 MOOCNUPOBAHUA NYCKOGLIX Xapakmepucmuk. 3adaua pacuema
CIMAUUOHAPHO20 ACUHXPOHHO20 DPENCUMA pPeulaemcsa KAaK Kpaeeas ona Oughgpepenyuanvhulx ypasHenuii 31eKmpuuecKozo
pasnosecus KOHmMypog oOeuzamenn. Anzeopausayus cucmemvl OughepeHUuanbHLIX YPAGHEHUI OCYW|ECIMEAECMCA HYyHeM
AnnpoKcuUMayuu ypagHeHuil cOCMOAHUA KyOUUeCKUMU CRNAUH-QYHKYUAMU HA CemKe Y3/106bIX MOYEK nepuood ¢ yuemom
nepuoou1ecKo20 3aK0Ha usmeHenuil Koopounam. B pesynsmame ocyuwiecmennemcs nepexoo om ux KOHMUHYANbHBIX 3HAYEHUIL
K y3106bim. Pacuem nyckogvix cmamuueckux XapaKmepucmuk 0Cyuiecmenemcs Memooom npooonyicenus no napamempy. /ns
UCCNIe008AHUS GNUAHUA BETUUUHBL NYCKOBO20 CONPOMUGNEHUA HA ACUHXPOHHbIE XAPAKMEPUCIMUKU 06Uzamens UCHOIb306AHO
MaAmemamu4eckylo mooens 0suzameis, ¢ KOMOpPO y4umoléaiomcs pedanbHvle KOHMYPbl RYCKOGOU 00MOMKU, HACbIUjeHUE U
Hecummempus mazhumonposooda. butn. 10, puc. 5.

Kniouesvle cnosa: SIBHOMOJMWCHBIA CHHXPOHHBIN JBUraTellb, aCHHXPOHHBII MYCK, IIyCKOBOE CONMPOTHBJIEHHE, CTATHYECKHE
XapaKTePUCTUKHU, KpaeBas 3a/1a4ya, anMpoKCUMAINS CIJIaifHAMM.

Introduction. The use of synchronous motors (SMs)
for high-power electric drives provides high technical and
economic indicators, but there is a problem of their start-
up [1-3]. SMs are manufactured mostly with salient poles,
on which an excitation winding is located. To access the
synchronous mode, it is necessary to accelerate the rotor
of the motor to close to the synchronous speed of rotation,
after which to supply direct current to the winding
excitation, causing the rotor to enter the synchronization
with the magnetic field of the stator winding.

The problem of starting synchronous motors, which
operate in powerful electric drives, is one of the main
[4-6]. This problem is especially relevant for those
synchronous electric drives, in which the start is carried
out under load. Its essence is to provide the necessary
starting torque, which is conditioned by the operating
conditions of the drive. In practice, there are various
methods of start-up and circuits that implement them,
which are characterized by disadvantages and advantages.
The choice of a particular method for solving the problem
of start-up requires effective in relation to the adequacy
methods for obtaining functional dependencies that would
enable to analyze both qualitative and quantitative aspects
of the dynamics of the starting process. They are the basis
for the development of starting systems [4], which ensure
the technological reliability of electrical equipment and its
cost-effectiveness for electricity consumption, which is
important for electric drives, which operate under
frequent start-ups.

As is known, the main method of starting a SM is
asynchronous start, which is carried out by its direct
switching on the nominal voltage, and the electromagnetic
torque develops due to the position of the starter winding
located at the poles of a salient rotor [2]. Generally, the
excitation winding is closed at the start time on a
discharge active resistance with a value that is (5-10)
times more than its own resistance ry; less frequently
short-circuit. The purpose of this resistance is to avoid
overvoltage in the excitation winding at the beginning of
the asynchronous start-up. The problem of the effect of an
additional starting resistance in the excitation winding on
the value of electromagnetic torque was generally not
considered or investigated using so simplified
mathematical models that reliable results are unlikely.

The electromagnetic torque, created in the
asynchronous mode by the starting winding of the SM
rotor, lacking for its start-up under the load, therefore
different techniques for its increase are used [5, 6]. For
example, one of ways to solve the problem of increase the
SM starting characteristics is serial connection of
capacitors to the excitation windings which compensate
its inductive resistance, but of the wrong choice of their
capacities can call result in the phenomena of the voltage
resonance or to decrease the starting electromagnet torque
instead of its increase [7]. These disadvantages are
enhanced by the way to improve the startup
characteristics by using active resistance in the excitation
winding [1]. However, the problem of completing an

© V.S. Malyar, A.V. Malyar
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asynchronous start-up of SM, its excitation winding is
shorted to an active resistance, despite of its importance
for practice, is still not solved till now.

The problem of the reasonable choice of the value of
the additional resistance in the field winding can be
solved by the way of mathematical modeling, but it
requires utilization of the improved SM mathematical
models and the development of effective numerical
analysis techniques.

The goal of the paper is development of a
mathematical model and technique of calculation of
asynchronous modes of SM in order to study the
influence of active resistance in the circuit of excitation
winding on the starting characteristics of SM.

A mathematical model. We consider the SM,
whose stator winding is powered by a three-phase
network, and on the rotor is a starter winding with » rods
at each pole and an excitation winding.

As is known [2], the stable synchronous modes of
SM can be analyzed on the basis of the use of equivalent
circuits, but under the conditions of non-synchronous
rotation of the rotor, even in steady state, the
electromagnetic processes occurring in the electric
circuits of the motor are dynamic. And since equivalent
circuits do not allow to take into account the main
factors influencing the dynamics of processes in the SM,
they are not suitable for analysis of asynchronous modes
of the SM.

Due to the salient pole construction of the rotor and
the asymmetry of the starting winding, the distribution of
the magnetic flux density in the air gap differs from the
sinusoidal, and the -electromagnetic torque in the
asynchronous mode has a constant component and a
variable one that fluctuates with a double frequency. In
addition, as a result of saturation of the SM magnetic
circuit, the flux linkages of the circuits, and hence
electromagnetic parameters, are nonlinearly dependent on
all its currents.

The practice of calculating processes in SM shows
that the initial determining influence on the behavior of
the motor in asynchronous mode is due to a starting
winding, and therefore the accuracy of the results of the
calculation depends on the adequacy of its description in
the mathematical model. Other factors are the non-
sinusoidal distribution of the magnetizing forces of the
electrical circuits of the SM and the saturation of the
magnetic system. Only taking into account these factors
in their interconnection can serve as the basis for the
development of appropriate calculation methods based on
the use of modern numerical methods.

Asynchronous modes of the SM are described by the
nonlinear system of differential equations (DE) of the
electromechanical equilibrium, which can be written in
real phase or in transformed coordinate systems. The
choice of the coordinate system is determinative because
a possibility to take into account factors influencing the
dynamics of processes depends on it. In addition, for a
salient-pole SM the technique of the starting winding
modeling is important: as two equivalent or real physical
circuits.

Most of the analysis tasks do not require the use of
mathematical modeling of processes in each rod of the

starting winding, so it can be equivalented with two
orthogonal circuits oriented on the longitudinal (d) and
transverse (¢g) axes [2]. Since in creating an
electromagnetic torque in asynchronous mode the starting
winding is decisive, in order to obtain adequate results,
we consider the real circuits formed by its rods [10],
between which there are nonlinear mutual inductive
connections due to the saturation of the magnetic core.
However, the winding of a stator, since it is symmetric
and is fed by a symmetric three-phase voltage system, can
be considered in the known d, g coordinate axes. Under
these conditions, the process of asynchronous start-up of
the SM in the case of closing the excitation winding to the
active resistance r, = k-r;, where k is the multiplicity of the
additional resistance, is described by the nonlinear system
of DE of electromagnetic equilibrium of the circuits

d .
ﬂ=a)wq—rid +U,,sin@ ;
dt
dy
q _ : .
7——a)y/d—rlq+Umcosﬁ,
d!//l . . .
7=—V1,111+F1,212—V1,nln§
Q)
dy . . .
dtn =Tt n—1tn-1 " Tnnln >
——=—\re+r,)ir,
d (f a) S

where y;, i (k=d, g, 1,..., n, f) are the flux linkages and
currents of the corresponding circuits; 7, r; 7y are the
active resistances of windings: of the stator, field and
damping circuits (7), intrinsic — at j=k and mutual — at
j#k; Ois the angle of rotor runoff.

The DEsystem (1), supplemented by the equation of
rotor motion, allows us to investigate the transients in
asynchronous modes of operation of the SM. Obviously,
the transient asynchronous startup requires a numerical
integration of the DE in a time interval sufficient for the
motor to output to the asynchronous mode. However, for
the design of the SM and, in particular, the corresponding
starting systems for electric drives [4], and the study of
their starting properties, it is necessary to have an
effective algorithm for calculating static characteristics,
which would enable to investigate the influence of the
starting winding and excitation winding parameters on the
processes in the SM in the starting mode.

As is well known [2], in the asynchronous mode of
the salient-pole SM, the angle & the rotor runoff is
continuously increasing by law

0 =—wq [ s+,

where 6 is its initial value, s = 1, 0 — @/@y,, ay, @ are the
angular speed of the voltage power and angular rotor
speed of the motor, expressed in electric radians.

Since with unbounded growth of the angle & the
functions sin@ and cosé, which determine the value of the
applied voltage, are changed according to the periodic
law, then the flux linkage, the circuit currents and, as a
consequence, the electromagnetic torque, are periodic
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functions. The sliding s of the rotor within the period
fluctuates relative to the mean value

lTa
S0 :?J‘Sdt .
0

however, for solving most tasks it can be accepted
unchanged and equal to the average value.

A technique of problem solution. Investigation of
the influence of the active resistance in the circuit of the
excitation winding on the electromagnetic torque can be
made on the basis of the calculation of the static
characteristic, which is obtained [2] by calculating the
sequence of stable asynchronous modes, which are
calculated for different values of sliding. The lawfulness
of such an approach is due to the fact that the mechanical
time constant is far greater than electromagnetic. Since in
the stable asynchronous mode with sliding s processes in
the SM are changed with the period

T, =27n/(swy),

then the task of its calculation is to determine the periodic
dependencies of the coordinates. Their calculation by
solving an evolutionary problem requires the integration
of the DE system in a significant time interval, and
therefore not suitable for the calculation of static
characteristics. Calculate these dependencies with the
minimum computations can be by solving the boundary
value problem for the DE system (1) with periodic
boundary conditions [9].

In order to reduce the description of the calculation
algorithm for the periodic dependencies of the coordinates
of the mode on the 7, period, we write the DE system (1)
by one vector equation
dy (- + .

i Z(l//,l ,u,t), 2)
where

U, sin9+a)0(l—s)l//q —rig
U,,cos0—ay(l-shy —ri,

=M1l + 2l ~ iy

Ny
Il

B nlil +rn,n—1in—l _rnnin
= (I"f + Va) lf

The equation (2) includes the time coordinate ¢, and
therefore, calculating with its use of static characteristics
is a problem. However, in the condition of constant
sliding, it describes the stationary asynchronous mode of
the SM, which is characterized by a periodic non-
harmonic change in coordinates. Due to the nonlinear
electromagnetic connections between the motor circuits,
the DE system (2) describing electromagnetic processes
can not be reduced to algebraic ones by the transition to a
complex variable, and the calculation of the steady state is
to determine the functional dependencies of instantaneous
coordinate values during the 7, period.

Determining these dependencies is a boundary value
problem for the DE system (2). In mathematics, as a rule,
boundary-value problems are considered for second-order
DEs, but due to the fact that boundary conditions are
given by periodic dependencies, their definition is

possible for first order DEs. To solve the boundary-value
problem, the DE system (2) needs to be algebratized on a
period, that is, to make a transition from differential
equations to algebraic ones.

Different methods of algebrization are known in the
literature, among which are the difference methods of
various orders, collocation, including trigonometric, and
others. However, projective methods [8] proved most
effective, the essence of which is that the solution of the
operator equation in a given subspace is determined by
projecting a differential equation on some other subspace.
Projection methods are the basis for constructing various
computational schemes for solving boundary value
problems [8]. The difference between them is to choose
basic functions for approximation of the corresponding
curves. In the paper the method of analysis of
asynchronous modes of SM operation is proposed by the
projection method developed on the basis of the use of
cubic splines [9]. The essence of the method is the
transition from the DE system (2) of a continuous variable
to discrete algebraic equations. For this we divide the

period T into m intervals h; = t; — ¢, ( Jj= E) and on each
of them

approximated by splines of the third order of the form
vl)=a; 46t~ 1)+ il =P +d il - of . ©)
where a;, b;, c;, d; are the spline coefficients, the relations
between which are determined by the properties of the
spline functions, which in the nodes of the mesh are
linked together by the value of functions and are twice
differentiated throughout the period. The relationships
between the spline coefficients follow from its properties
and are determined for each coordinate of the vector

the components of the vector y are

only by the mesh of nodes in the period

3 a 3 + 3 a;:+ 3 a
—a;_1—|— t——a; =
Ty by )T )
:hjcj*1+2(hj+hj+1) Cj+hj+lcj+1'
a,_1—a; h;
bj=%—?j(6j_l—20j). (5)

J
In the matrix form equation (4), taking into account
the conditions of the periodicity of the spline a,.; = a;,
Catj = Cj, has a form
W2121+W226=0, (6)

where A= (al,...,aN)* ; C= (cl,...,cN)* , and the upper
index (*) means the transposition of the vector.
Equation (2) for the j-th node of the mesh has a form

dy = (- 7 =
o =27 i), ™

J
in which :( msind;,Uy, cosﬁj,O,...,O)k.

Because, as it follows from (3), in the j-th node

aj=y;i  bj=—dy/di| =-Z;,
equation (5) has a form

aj1-4; b _

h——?(cj'_l —2Cj)——Zj
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or in the matrix form
VV]IZ-FVVlzé:—Z, (8)

where Z = (zl,...,zm )* . Consequently, the problem of
determining the spline (3) is reduced to the determination
of the coefficients a; and c;.

Defining a vector C from equation (6), we obtain the

equation for determining the nodal values of the
coordinates (vector A )

(Wn +W12W2_21W21)A:—Z , ©)
where Wi, Wiy, W5, Wy, are the block-matrices of size
mxm, the elements of which are determined exclusively
by the coefficients of the equations (4), (5).

The obtained system (9) of the algebraic equations of
the km order, where & = 2+m+1 is the number of
equations of the DE system DR, is a discrete reflection,
which approximates it on the mesh of nodes of the period
T, of the repetition of the process. It includes coordinate
values that correspond to fixed values of the time
coordinate # in the nodes of the period, the relationships
between which at each time point are nonlinear. Because

A= v, a 7 :Z(y?,ﬁ), and, moreover, ¥ =l/7<7). it can
be presented as a nonlinear equation of the form
o(%.7.0)=0.
Its solution is the values of the vector
1= (H’ZJ”ZW) ’ ;1 = (idi,iqj’ilj""’inj’iﬁ)*’
which are determined by the vector of applied
voltages and electromagnetic parameters of SM.
For the solution of the nonlinear algebraic system
(10), the method of continuation by the parameter [8, 9] in

combination with the iterative method of Newton is
applied, according to which on each /-th step iteration the

(10)

vector 7 is corrected by the formulas
) O A7), ar® = 50,

where Q(l) is the vector of the discrepancy of the system

(10yat 1 =11,
The inducing force in equation (10) is the vector

— — ol . . . .
U= (u1 ,um) , increasing which from zero to nominal

value, we obtain the values of vectors ¥and 7 that
correspond to the specified value of sliding s = sy. The
obtained coordinate values are the initial conditions for
the calculation of static characteristics.

Elements of the blocks of the Jacobi matrix are
differential inductive resistances of the motor circuits
which are determined by calculating the equivalent circuit
of the magnetic circuit of the SM in accordance with the
accepted model [10]. The result of the calculation of the
magnetic circuit is the determination of the magnetic flux
density curve in the air gap of the motor by the theory of
circuits, which enables to determine the flux linkages of
the circuits that belong to the vector of discrepancies and
depend on the set of currents of all motor circuits.

To study the effect of the value of the additional
active resistance in the winding of excitation on the
starting characteristics it is necessary, by setting the value
of sliding, according to the above algorithm, to determine

the value of coordinates of the mode with the value of the
starting resistance in the excitation winding », = 0, and
then to increase its value within the required limits,
correcting the discrepancy by the Newton method. The set
of coordinates defined at each step of integration, allows
us to determine the multidimensional characteristic as
their dependence on the starting resistance in the
excitation winding.

Similarly, the calculation of static starting
characteristics as coordinate dependencies on sliding is
performed. In this case, the additional resistance in the
excitation winding is assumed unchanged, and sliding
varies within the specified range.

To study the transient process of starting a SM, it is
necessary together with the DE system (1) to integrate by
a numerical method the equation of the mechanical
equilibrium of the rotor

df o

A,
dt ()

dw Po 3 . .

d ZT(EPO(V/dlq_qud)_Mcj’ (11)

where p, is the number of pairs of poles; J is the moment
of inertia of the electric drive system; M. is the moment of
loading on the motor shaft.

At each step of integration to determine the
electromagnetic parameters, which are the elements of the

matrix 0w /0i of differential inductances of the motor

circuits, it is necessary to solve a system of equations that
describes the branched magnetic circuit of the SM.

Note that when calculating the periodic change of
coordinates by the method of solving a boundary value
problem, the magnetic state is calculated only for node
points of the period, which is much smaller than their
calculation by the method of setting.

Results of investigations. Below are examples of
calculation results based on the developed method of
stable modes and static characteristics of salient-pole
synchronous motors CJIC3-17-41-16 (P = 1600 W,
U= 6000V, 2p = 16; n = 8) and C/JH3-2-19-49-24
(P =1600 kW, U= 6000 V, 2p = 24; n = 5), which differ
in the number of pairs of poles and rods at the pole.

An example of the periodic dependencies of the
excitation current and the electromagnetic torque of the
CZC3 motor at sliding s = 1.0 is shown in Fig. 1.

M if

15 =]

0. H_\_\\{r\/

1] E+d 21
Fig. 1. Periodic current dependencies in the excitation winding
of the CJIC3 motor and the electromagnetic torque
with a short excitation winding
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As can be seen from Fig. 2, the dependence of the
starting (s = 1) electromagnetic torque on the additional
resistance in the excitation winding for the SM of the same
power, but with different number of pairs of poles and rods
on each of them significantly differ. The calculation of the
dependence of the propulsion electromagnetic torque on the
starting resistance allows one to determine its value, at which
the maximum torque will be.

Analysis of the calculation results (Fig. 2) shows
that the 5-10-time value of the starting resistance, which
is usually used, is not optimal in terms of providing the
maximum value of the starting torque. However, a
significant overstatement of the starting resistance can
give a reverse effect.

[
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Fig. 2. Dependencies of the starting (s = 1) electromagnetic
torque on the multiplicity of the additional resistance in the
excitation winding for the motors CIC3 (a) and CITH3 (b)

The developed mathematical model and calculation
technique allows to investigate the effect on the
asynchronous characteristics of the starting winding and
excitation winding separately, which is important both for
the design of the starting winding, and the development of
optimal systems for automated control of the starting of
the SM. To do this, in the program of calculating, the
resistance of the winding, which must be excluded from
consideration, is multiplied by a large (10°~10°) number.
An example of the results of such studies is shown in
Fig. 3, of which it is evident how different the created by
the field winding asynchronous moments for different
motors. In particular, at the first moment of the
asynchronous start-up the asynchronous torque generated
by the excitation winding, has little effect on the
electromagnetic torque as a whole. Its maximum value is

manifested in small sliding, but it is, as can be seen from
Fig. 3, is significantly different for different motors.

In the absence of a starting winding in the vicinity of
the sliding value s = 0.5 in the curve of the asynchronous
moment, the uniaxial effect is manifested (curve in Fig. 4,b).
However, due to the salient polarity of the SM rotor, the
failure in the curve of the electromagnetic torque is
practically leveled by the starting winding, although for a
sufficiently large value of the starting resistance in the
excitation winding it manifests itself (Fig. 5). The
corresponding choice of the value of the starting resistance
can achieve not only increasing the starting torque but also
maximizing it (Fig. 5). In addition, at the same time, the
starting current in the stator winding decreases somewhat.
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Fig. 3. Starting characteristics of the electromagnetic torque that
is created by an excitation winding in the absence of a starting
winding for motors CJIC3 (a) and CIIH3 ()
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Fig. 4. Mechanical characteristics of the motor CIC3:
a —with a shorted excitation winding and a starting
winding; b — in the absence of a starting winding
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Fig. 5. Dependencies of the electromagnetic torque and the
current of the motor CJIC3 on the sliding with shorted (r, = 0)
excitation winding — (a) and closed on the additional resistance
7, =250 ry— (D).

Conclusions.

1. A mathematical model and technique of calculation
of asynchronous modes and static characteristics of
salient-pole synchronous motors are developed, which
makes it possible to investigate the influence of the value
of the starting active resistance in the excitation winding
on the value of the electromagnetic torque.

2. It is shown that by connection of the resistors in the
excitation winding, it is possible not only to increase the
driving electromagnetic torque of the motor, but also to
influence its starting characteristics in general.

3. The developed mathematical model and calculation
technique can be used in the process of designing salient-
pole synchronous motors for optimization of their starting
resistance and starting winding in order to form the
starting characteristics required for a specific electric
drive.
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ADVANTAGES OF ELECTRICAL HEATING SYSTEMS WITH NIGHT HEAT
ACCUMULATION IN UKRAINIAN CONDITIONS

Purpose. To develop electrical heating systems with night heat accumulation and to prove its advantages comparable with
others possible variants of heating. Methodology. We have purposed a methodology which is based on the current
Standards of Ukraine and included few main assumptions: the efficiency of the electric boiler is assumed equal 100 %; the
dependence of the building heating load on the outside temperature is linear; all the variants of different energy resources
calculating for the system operating correspond to the adequate (depending on weather) regulation. Methodology allows to
determine the main technical characteristics of the system taking into account the possibility of switching on the electric
boiler in the daytime using the half-loading. On the base of suggested methodology was developed the calculation program
for determine the monthly consumption of heat by the building and estimate the cost of heating using different energy
sources. This program also allows to compare the payment for centralized heat supply services at the tariff for the
consumed heat with a payment for the heated area tariff. Results. We have obtained a method for electrical heating systems
with night heat accumulation calculation. Method bases on the current Standards in Ukraine and allows to determine the
main technical characteristics of the system taking into account the possibility of switching on the electric boiler in the
daytime. On the base of suggested method was developed the calculation program for determine the monthly consumption
of heat by the building and estimate the cost of heating using different energy resources. This program also allows to
compare the payment for centralized heat supply services at the tariff for the consumed heat with a payment for the heated
area tariff. Originality. For the first time we have suggested methodology and developed the calculation program for
electrical heating systems with night heat accumulation which is based on the Ukrainian Standards and allows to
determine the monthly consumption of heat by the building and estimate the cost of heating using different energy sources.
Practical value. We have developed a method and calculation program which allows to design the energy saving electrical
heating systems with night heat accumulation. We have demonstrated on the numerical example for the real weather
conditions of Kyiv city the economical advance of using electric heating with night heat accumulation comparable with all
others options (centralized heat supply, gas heating, pellet heating). For December 2017 tariffs in Ukraine, the cost of
electrical heating with night heat accumulation are two times lower than in the case of centralized heat supply with
payment for consumed heat. We have proved that the refund period for implementation of electrical heating systems with
night heat accumulation instead of centralized heat supply services at the tariff for the consumed heat is less than 3 years,
and for centralized heat supply services at the tariff for the heated area tariff is less than 1 year. References 10, tables 4,
figures 2.

Key words: energy saving, electrical heating, night heat accumulation, cost of heating for different energy resources.

Ilens. Ilenv uccnedoganua - paspabomka cucmemvl INEKMPUUECKO20 OMONIEHUA C HOYHBIM AKKYMYJUPOGAHUEM
mennomul U 000CcHOBAHUE ee IHep2OocOepeaouiezo XapaKmepa no CPAGHEHUIO C OPY2UMU 603MONCHLIMU GAPUAHMAMU
omonnenus. Memoouka. Memoouka 0CHOBAHA HA COGPEMEHHLIX cmaHOapmax YKpaunsl u eKauaem cueoyroujue
OCHOGHblE Oonyujenusa: Korghduyuenm noneznozo oeiicmeus rneKmpuueckozo Komna npunumaemcsa paenvim 100 %;
3A6UCUMOCHIL OMONUMENbHOU HAZPY3KU 30QHUA OM GHEWHEell MmeMnepamypvl cuumaemcsa JAUHEUHOU; 0114 6cex
PAcCUemHbIX 6aAPUAHMOE OMONNEHUS, UCHOALIYIOWUX DA3TUYHbIE IHEPZEMUUECKUE PecypCbl, PedCUM padonbl cucmembul
OMONNEHUA OMCNeNHCUBAEN NO200HbIE YCI08UA 6 COOMEEMCHEUU C MEeMRepamypoil Hapyy#cHozo 6030yxa. Memoouka
npedycmampueaem onpeoeyieHue OCHOGHBIX HMEXHUYECKUX XAPAKMEPUCMUK CUCHEMbl C YYEmOM G03MONCHOCHU
GKI0UEeHUA INIEKMPUUECKO20 0ollnepa é OHegHOe 6peMA HA NOI08UHY pacuemnoil nazpy3ku. Pesynomamu. Ha ocnoee
npeonodHceHnozo  memooa  Ovlia  paspadomana  pacuyemHas  nPopamma  OnA  ONpeOeNeHUA  eHCeMeCAYHO20
mennonompebdnenua 30aHuUA U pacuema CMOUMOCHMU OMONNECHUA NPU UCHONb3IOGAHUU PAZIUYHBIX IHEPZEMUUECKUX
pecypcog. Ima npozpamma makyice no360JAem CONOCMAGNAMb CIOUMOCHU UEHMPATU306AHHO20 MENN0CHADICeHUA KAK
no nompedn1eHHOll menaome, MaK u nPpu onaame no éeauyune omannugaemoun naouwiaou. Hayunaa noeusna. Bnepevie
npueedensvlT. Memoo u npozpamma pacuema cucmem 3J1eKMPOOMONIACHUA C HOYHLIM AKKYMYJIUPOGAHUEM Meniomal,
yuumuvlearuwjue Oeiicmeyiouwjue cmanoapmyl YKpauHvl U NO3601AI0W4Ue ONpedeamy OCHOGHble HMEXHUYECKUe
XapaKmepucmuKu CUCHmembl, @ MAKHce paccyumpléams CMOUMOCMU OMONIAEHUA NPU UCHOAb306AHUN PA3IUYHBIX U008
anepzemuueckux pecypcoe. IlIpakmuueckoe 3nauenue. Hcnonv3oeanue npeonazaemoit mMemoouKu no3eonaem
npoekmuposams IHepzochepezaruiue CUcnmemsbl INeKMpPULecKo20 OMONIEHUA C HOUHBIM AKKYMYIUPOGAHUEM MENI0mbl.
Ilpuseden uucnennstii npumep 0na peanvHvlx no200nwix ycaoeuit 2. Kueea. Ilokazano, umo cpok okynaemocmu nepexooa
Ha INeKmpoomonnenue 011 6APUAHMA 3AMeHbl YEHMPATUZ0BAHN020 MENTOCHAOICEHUA ¢ ONNAMOIL 30 NOMPEONEeHHYIO
mennomy cocmagnaem meHnee 3 nem, 0N 6APUAHING 3AMEHbL YEHMPATUIOBANHO20 MENNOCHAOIHCENUA C ONNAMOU 3a
omanaueaemyo naiouyadb cocmasnsiem metee 1 200a. buotn. 10, radn. 4, puc. 2.

Kniouesvie cnosa: sHeprocéepeskenue, 3JIeKTPOOTOIVIEHHE, HOYHAS AKKYMYJSIOHS TeIUIOTHI, PAcXoAbl HA pa3Hble BHIBI
JHEPreTHYeCKUX PecypcoB.

Introduction. The sharp and uneven rise in the Reducing heating costs can be achieved by
cost of different types of energy used for heating reducing the heat loss by building envelopes as a
encourages the search for alternative economic result of their thermo-modernization [1], as well as
solutions.

© A.M. Andryushchenko, V.R. Nikulshin, A.E. Denysova
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through the transition to the use of alternative energy
resources.

Among alternatives, primarily for large cities, in
recent years, electric heating with night-time heat
accumulation [2] and electric heating of the heat-
carrier at night at centralized heat supply systems are
considered.

In both cases, the effect of equalizing the daily
schedule of the electric load of the integrated power
system of Ukraine will be achieved, which will have a
beneficial effect on its operation due to the more complete
loading of the Ukrainian NPPs, which produce the electric
power at the lowest cost in comparison with other types of
generation. Another positive aspect of the application of
electric heating, provided it is sufficiently distributed, is
the saving of natural gas.

The simplest version of electric heating was
considered - the use of thermal electric heaters, not heat
pumps.

Heat pumps, as is known, would allow about three
times to reduce the cost of electricity for heating, but at
the same time they would have to require thousands of
USD investments with a payback period from 3 years and
more that in the current economic situation for Ukraine is
not acceptable.

The problem of finding effective solutions for
different heating systems has been relevant over the past
decades and will remain so in the near future and in the
foreseeable future.

The number of publications on this subject is tens of
thousands. Therefore, let us dwell only on some of them.

Much of the publications are devoted to systems of
centralized heating (both from combined heat and power
plants and from boiler houses).

Of particular interest to this work are publications,
including domestic ones, which deal with issues of
heating with the accumulation of heat.

In [3], the search for rational combinations of
systems of electric heating with renewable energy
sources is carried out, economically justified heating
tariffs are given in [4], in [5] possibilities of rational
arrangement of heat accumulators with systems of
electrical are estimated heating, in [6] the possibilities
of taking into account the need of hot water supply in
systems of electric heating are shown, in [7] the
influence of market factors on the efficiency of
systems of electric heating is estimated, [8] the
possibilities of efficient use of heat accumulators as for
electric heating, and hot water supply are shown.

In contrast, in this paper, the emphasis is not on the
theoretical description of the calculation of the heating
systems itself, but on the practical results of such
calculations.

Hence, the following problem arises - the
determination of the required heating load of the
building (regardless of the specific type of indoor
heating system used), comparisons on this basis of
various possible options for the supply of heat to the
building and the choice of the most economical of
them.

The goal of the investigation is the substantiation
of the energy saving nature of the electric heating system

with night-time accumulation of heat in comparison with
other possible variants of heating.

To achieve the goal, the following tasks must be
solved:

e to develop a method and a calculation program to
determine the main technical characteristics (useful
volume of the tank-accumulator of hot water and the
power of the electric heater) of the electricity system of
heating with an accumulator of heat and electricity
accounting for a three-zone tariff;

e to compare the cost of district heating with gas
heating, with round-the-clock electric heating at
electricity accounting for a single-zone tariff, as well as
with pellet heating;

e to bring a numerical example of the calculation
and a comparative analysis of the cost of heating the
office building located in the city of Kyiv (under the
actual weather conditions in this city) and show the
advantages of a heating system with nightly heat
accumulation.

Brief description of the system of heating with an
accumulator of heat. Charging the heat accumulator [9]
(Fig. 1) is performed when the electric boiler and
circulation pump of the charging circuit are switched on,
mainly at night.

The supply of heat-carrier to the heating devices of
the building is provided by the circulating pump of the
flow path continuously throughout the heating season.

Heat
accumulator

Heat boiler

e
=
on

.g
Three-way AE
. =
electric valve
To heating
N devices >
'

Fig. 1. Principle diagram of the electric heating system
with a water thermal accumulator

The scheme provides the weather control of the
temperature of the heat-carrier supplied to the heating
devices by mixing the part of the rotary heat-carrier with a
three-way electric valve.

Thus, it provides energy-saving mode of operation
and the required heating load of the system, depending on
the temperature of the outside air.
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Method of calculation. The following assumptions
are accepted in the calculation:

e the heat accumulator and the electric boiler are
located directly in the heating room, therefore the loss of
heat through thermal insulation of the accumulator and
through the surface of the electric boiler is not taken into
account;

e the efficiency of the electric boiler is taken equal to
100 %;

e the dependence of the heating load of the building
on the temperature of the outside air is linear: the
external temperature +18 °C corresponds to the zero
heating load, the minimum design temperature of the
outside air corresponds to 100 % of the heating load of
the building in accordance with the statistical climatic
data [10]; heating operates only at ambient temperatures
below +8 °C;

e it is assumed that in all variants of use of different
energy resources the system operates in the mode of
adequate weather regulation;

o the useful temperature difference of the heat-carrier
in a fully charged thermal accumulator and completely
discharged one is 35 K;

e calculation of the current value of the temperature of
the heat-carrier in the volume of the heat accumulator
during operation of the system is carried out on the model
of perfect mixing, without taking into account
temperature stratification;

o tariffs and prices for various energy resources are
taken in accordance with [10] as of December 2017.

The method of calculation takes into account the
possibility of switching on the electric boiler in the
daytime, in the semi-peak period of the load of the power
system, at ambient temperatures below the set
temperature of only night electricity consumption /™€",
while also envisaging the switching on of the electric
boiler for incomplete power.

At the linear relationship between the temperature of
the outside air and the heating load of the building, the
proportion of the total heating load of the building,
depending on the temperature of the outside air, will be:

q/qcalc — ¢q — (tincalc_ t)/(tmcalc _ tCil]C)’ (1)

where ¢ is the specific heating load of the building, W/m?,
at the current value of the temperature of the outside air
t, °C; ¢°° is the specific maximal heating load of the
building, W/m?, at the normative minimal value of the
temperature of the outside air, °C; £,""° = +18 °C is the
calculated air temperature at which the heating load
equals to zero; 1° is the normative minimal value of the
temperature of the outside air, for Kyiv % = -22 °C.

Specific normative losses of heat in a building
during the heating season are the sum of monthly losses
of heat during the heating season:

dearnorm = Goct + Gnov + Gdec + Gjan + gteb + G mar +
+ Gaprs KW-h/m’, 2)

where g ... gapr are the monthly specific losses of heat,
kW-h/m?, which taking into account (1) can be
represented as:

Goct = @ qoct.qcalc. Toct = (1 8~ toct)'qcalc' Toct/(lg - tcalC)’

Gapr = @ qapr _qcalc. Tapr = (1 8- tapr)'qcalc' z-apr/(lg - tcaIC)’
where @ Yo ... @ %, are the shares of the total heating
load at the average monthly temperatures of the outside
air of the respective month of the heating period; 7y ...
T,pr are the number of hours in the respective month of the
heating period, h; ¢® is the specific losses of heat of the
building, kW/m?, at the normative minimum calculated
temperature of the outside air £ °C: toy ... tyr are the
average monthly air temperatures in the corresponding
month, °C.

Then:

qyearnorm = qcalc'[roct'(l 8~ toct) + Tnov'(lg - tnov) + Tdec'(lg -
7tdec) + Zjan'(lg - tjan) + Tfeb'(lg - tfeb) +
+ T (18 — fnar) + Tupr (18 — £p) /(18 — £, kW-h/m’.

Consequently, the maximum calculated specific heat
losses of the building, kW/m?, at the normative minimum
calculated temperature of the outside air, are:

qcalc = (1 8- tCalc)'qyearnorm/[Toct'(l 8— toct) + z-110\/'(18 - tnov) +
+ Tdec'(lg - Z‘dec) + zjan'(lg - tjan) +

+ z-feb'(lg - tfeb) + Tmar'(lg - tmar) + Tapr'(lg - Z‘apr)]’ kW/m2

The maximum calculated heating load of the
building at the normative minimum calculated
temperature of the outside air ' corresponds to the value
¢" =1 and equals:

chalc _ A.qcalc’ kW, (3)

where 4 is the total heating area of the building, m’.
Daily heat consumption of the building at the
normative minimum calculated temperature of the outside

calc,

air £
Qcalc — 24.@‘33]‘3’ kWh/day (4)

At the minimum calculated temperature of the only
nightly electricity consumption €™ °C, heating load
@"™ and daily heat consumption of the building Q™&"
will be:

(pnight _ (Dcalc_(pqnight —
— (pcalc.(tincalc_ tnight)/(tincalc _ ZLc:alc)’ kW, (5)
Q" = 24.-O"", kW-h/day. (6)

During the time of preferential night electricity
consumption (within 7 hours) at a temperature /"™ it is
necessary to carry out a full charge of a water thermal
accumulator simultaneously with the supply of heat for
heating the building.

In this case, the supply of heat accumulated in the
heat accumulator should provide heating of the building
for a full day period of 17 hours.

Consequently, the total amount of heat in the heat
accumulator will be:

Q" = 17-0"", kW-h. @)

Since the heat accumulator must be charged for 7
hours at the same time as the heat supply for heating the
building, the electric power of the boiler will be:

N= Q" + /7, kW. (8)
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Useful volume of heat accumulator:
Ve = 0*¢.3600/(c, - AT*), m’, 9)

where ¢, = 4.19 kJ/(kg-K) is the specific isobaric heat
capacity of water; p = 1000 kg/m’ is the density of water;
AT*™ = 35 K is the useful temperature difference in the
heat accumulator.

Calculated duration of operation of an electric boiler
during daytime during the day at the normative minimum
calculated temperature of the outside air:

z_day _ (Qcalc 7 Qnight)/N’ h. (10)

According to the calculations, > should be less
than the duration of the half-peak period to exclude the
operation of the electric boiler during the peak day period
with the most expensive tariff.

On the basis of expressions (1-10) a program has
been prepared in MS Excel for variant comparative
calculations of systems of electric heating with thermal
accumulator.

Below is an example of the calculation of such a
heating system of an office building located in the city of
Kyiv.

Results of comparative calculation of heating
systems and their discussion. Output data and
calculation results are given in Table 1 for an office
building with an area of 1000 m® with a maximum
specific calculated heating load of ¢°° = 40 W/m?, which
corresponds to a well-insulated building.

Estimated total power of the thermal electric heaters
of the electric boiler is (at operation mostly at night)
102.9 kW, with a useful volume of thermal accumulator
12.52 m’, while the calculated power of the electric
boiler, at a 24-hour operation without a thermal
accumulator, is equal to 40 kW.

The calculation is made for the case when at the
temperature of the outside air below —12 °C the electric
boiler will be switched on at 50 % of the power for
heating the heat-carrier in daylight hours.

At minimum calculated temperature, the duration of
day-time switching on the electric boiler will not exceed
5 hours.

Table 2 presents the results of calculations of
monthly costs for building heating using different energy
resources and forms of payment.

Table 3 and Fig. 2 show the results of calculations of
total seasonal costs for building heating using different
energy resources.

According to the calculation, the total heat
consumption of the building during the heating season is
83.9 MW-h, which corresponds practically to the
regulatory level of 83 MW:-h, hence, the calculated
maximum 40W/m’ of the specific heating load
corresponds to the normative thermal losses of the
building.

The smallest seasonal heating costs in the amount of
41.2 thousand UAH are provided with the use of electric
heating with night-time accumulation of heat and with the
use of three-zone accounting of electricity consumed.
Relatively small expenses of 50.6 thousand UAH
correspond to the heating with pellets, but considering the

concomitant factors associated with the need for periodic
delivery, storage of pellet and waste disposal, the
electrical heating is much better.

When using a gas boiler, seasonal expenses will
amount to 83.5 thousand UAH, which is twice much as
when electrical heating with  night-time heat
accumulation.

In the case of district heat supply, payment for its
services in the amount of 92.8 thousand UAH during the
heating season is not much higher than the cost of gas
heating.

The largest seasonal heating costs in the amount of
210 thousand UAH arise in the case of monthly payment
for district heating services at the tariff 30 UAH for each
square meter of heating space during the heating season,
that is, in the absence of a registered heat meter.

If you wuse electric heating without thermal
accumulation, then, subject to adequate weather
regulation, seasonal costs will be 164.7 thousand UAH,
which is less than with district heating with payment for
services for the tariff for the heating area.

Table 1
Initial data and technological calculation results

Total heating area of the building, m> 1000

Maximum specific heating load of the building, W/m? 40

Normative maximum seasonal heat losses of the

83

building by JIEH B2.6-31:2016, kW-h/m?
The minimum external temperature of only night-time
electricity consumption (at lower temperatures there is| —12
a day-time switching on of the electric coil), °C
The share of electrical power in the daytime operation

Lo 50
of the electric boiler, %
Calculated total power of the thermal electric heaters 102.9

of the electric boiler, kW

Calculated power of the thermal electric heaters of the
electric boiler with round-the-clock operation without 40
thermal accumulation, kW

Useful difference of temperature of water in a thermal

accumulator, K 35
Useful calculated volume of the thermal accumulator, 12.52
m’ ’
Basic electricity tariff excluding VAT, kopeck/(kW-h) | 163.545
Cost of consumed heat at centralized heat supply,
UAH/Gcal 1286.07
Cost of district heating at paying for a unit of heating 30
space, UAH/(m* month)
Cost of natural gas for an industrial boiler-house,

3 9692.4
UAH/thousand m
Cost of natural gas in the composition of the
consumed heat at district heat supply, taking into 1156.6
account the efficiency of the gas boiler, UAH/Gcal
Cost of pellets, UAH/t 2410
Heating capacity of pellets, MJ/kg 18
Cost of pellet heat, taking into account the efficiency 700.7
of the pellet boiler, UAH/Gcal ’
Cost of heat for round-the-clock heating without a 2282 4

thermal accumulator, UAH/Gcal
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Let us consider also expediency of reconstruction of
existing heating systems by replacing the heat source with
electric heating with a thermal accumulator at a three-
zone tariff. The comparison is made with the most
widespread heat supply in large cities of Ukraine —
centralized (district) heat supply both with payment for
consumed heat, and with payment for the heating area.

Table 2

Seasonal heating costs at using various energy resources
The heat consumed for the season, Geal 72.2
The heat consumed for the season, MW-h 83.9
Normative maximum seasonal heat losses for a 3
building by IBH B2.6-31:2016, not more, MW-h
Cost of electricity consumed during the heating
season in the presence of adequate weather 41.2
regulation, thousand UAH
Cost of electricity consumed during the heating
season at round-the-clock heating without a thermal 164.7
accumulator, but in the presence of adequate weather ’
regulation, thousand UAH
Cost of district heating during the heating season at
the tariff for the released heat in the presence of 92.8
adequate weather regulation, thousand UAH
Cost of district heating during the heating season with 210
the tariff for the heated area, thousand UAH
Total amount of consumed gas during the heating
season, in the presence of adequate weather 8.6
regulation, thousand m’
Cost of consumed natural gas during the season for 235
heating, thousand UAH ’
Cost of pellet heating in the presence of adequate 50.6
weather regulation, thousand UAH ’
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Fig. 2. Seasonal heating costs at using various energy resources,
thousand UAH

Table 3
Monthly heating costs when using different energy resources
Month Oct. | Nov. | Dec. | Jan. | Feb. [March|April
Average temperature, °C 75| 12 | 35|-59|-52|-04]|75
Consumed heat, Gecal/month 3.84110.40(13.75|15.29(13.41|11.77|3.71
Consumed heat, kW-h/month 4464(12096(15996|17782{15590/13690|4320
Cost of consumed electricity, thousand UAH/month 2191593 | 7.85|8.72 | 7.65 | 6.72 |2.12

without thermal accumulator, thousand UAH/month

Cost of consumed electricity at round-the-clock electrical heating

8.76123.74131.39|34.90|30.60 | 26.87 | 8.48

UAH/month

Cost of district heating when paying for released heat, thousand

4.94113.38|17.69|19.66|17.24|15.14 [ 4.78

Cost of district heating when paying for heating area, thousand

30| 30 | 30 | 30 | 30 30 | 30

UAH/month
Cost of the equivalent gas consumed for heating, thousand UAH/month [4.44[12.03|15.91|17.68|15.50| 13.61 | 4.3
Cost of pellet heating, thousand UAH/month 2.69| 7.29 | 9.64 [10.71]| 939 | 8.25 | 2.6

Calculations of the electrical heating system are
presented in the summarized Table 4. Comparison of
the total cost of the proposed system of heating (Table
4) with annual costs for district heating (Fig. 2) shows
that the payback period for switching to electrical
heating from district heating with payment for

consumed heat is 2.7 years, and with payment for
heating space — 0.83 years.

Thus, the use of electrical heating systems with
night-time heat accumulation is not only appropriate
for new heating systems, but also for existing ones.
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Table 4

Characteristics of the system of electric heating with thermal accumulator

Initial data for calculation
Calculated total power of thermal electric heaters 102.9 kW
Useful calculated capacity of the heat accumulator 12.52 m’
Calculated temperature difference in the charging circulation circuit 5K
Estimated temperature difference in the consumption circulation circuit 10K
Water speed in the charging circulation circuit 1.5m/s
Water speed in the consumption circulation circuit 1.5 m/s
Water speed in the mixed circulation circuit 1 m/s
Results of calculation of main technological characteristics of the heating system
Calculated water consumption in the charging circulation circuit 4.913 kg/s 17.69 t/h
Calculated water consumption in the consumption circulation circuit 0.955 kg/s 3.44 t/h
Tube diameter of the charging circulation circuit 0.0646 m 64.6 mm
Tube diameter of the consumption circulation circuit 0.0285 m 28.5 mm
Diameter of branch pipes of heat accumulator 0.0864 m 86.4 mm
Cost indicators of the heating system
cost, UAH
Electrical boiler 15000
Circulation pump of the charging circuit 8300
Circulation pump of the consumption circuit 2900
Heat tank-accumulator 18000
Heat insulation 10000
Three-way regulating valve {y32 1700
Servo drive for three-way regulating valve /{y32 2500
Automatic control unit 16000
Locking valves, pipes, tees, fittings, heat insulation of communications 20000
Construction works 45000
Total cost 139400
Conclusions. heating with payment for the consumed heat is less

1. A method and program of calculation of systems of

electric heating with night accumulation of heat is given.

The method takes into account the current Standards
of Ukraine and allows to determine the basic technical
characteristics of the system, taking into account the
possibility of switching the electric boiler into half of the
calculated power in daylight hours.

2. The proposed method and developed program allow
determining the monthly heat consumption of buildings
and calculating the cost of heating using different types of
energy resources, as well as comparing the costs of
district heating with payment for consumed amount of
heat and when paying for the heating area.

3. A numerical example for real weather conditions in
Kyiv city has shown the economic benefits of using
electric heating with night-time heat accumulation.

According to the Ukrainian tariffs for December
2017, the cost of heating with a nightly accumulation of
heat is two times lower than for district heat supply with
payment for consumed heat.

4.1t is proved that the payback period for switching
to electrical heating for the option of replacing district

than 3 years, and for a variant of the replacement of
district heating with payment for the heating area is
less than 1 year.
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S.Yu. Plesnetsov, O.N. Petrishchev, R.P. Mygushchenko, G.M. Suchkov, S.V. Sotnik, O.Yu. Kropachek

POWERFUL SOURCES OF PULSE HIGH-FREQUENCY ELECTROMECHANICAL
TRANSDUCERS FOR MEASUREMENT, TESTING AND DIAGNOSTICS

Aim. Development of powerful current radio pulses generators (CRPG) for powering high-frequency electromechanical
transducers based on IGBT transistors. Methodology. To carry out the research, the statements of the magnetic and
electromagnetic fields interaction with electric and ferromagnetic material, electric circuits, structure of radio electronic devices
theory were used. Results. The main provisions for creating powerful broadband generators for powering electromechanical
transducers based on IGBT transistors are determined. It is shown that the generators intended for use in measurements, testing
and diagnostics should provide adjustment of the frequency and duration of the output current pulses, and also provide current in
the transducer inductor of several hundred amperes. The connection between the power frequency of the resonant
electromechanical transducer and the gap between the transducer and the surface of the metal being diagnosed is established. A
CRPG variant for powering electromechanical transducers in the frequency range 1 ... 3 MHz and the duration of current pulses
of 1 ... 20 periods of the filling frequency is developed and manufactured. The peak current in the inductor of a high-frequency
electromechanical transducer has reached 450 A. Novelty. For the first time, the possibility of using powerful IGBT transistors in
electronic devices working in a key mode in push-pull circuits for feeding high-frequency electromechanical transducers is
shown. Practical value. Using the results obtained will allow the creation of new instruments for measurement, control and
diagnostics with wider characteristics. References 12, figures 6.

Key words: powerful transistors, radio pulse generator, electromagnetic field, conductive and ferromagnetic metal, high-
frequency current, inductor.

Ilenv pabomui. Pazpabomka OCHOBHBIX NONOIHCEHUI NO CO30AHUIO MOWIHBIX UCHIOYHUKOG UMAYIbCO8 MOKA O RUMAHUA
6bICOKOUACMOMHBIX ~ IJIEKMPOMEXAHUUECKUX  npeodpazoeameneii 014  UIMEPEHUll, KOHMPOAA U  OUAZHOCHIUKU
Inekmpomexuuueckux ycmpoiicmeé na 6aze cunoevix IGBT mpanzucmopos. Memoouxa. /Ina npoeedenusa uccnedosanuii
UCNOIb306ATIUCH NOJIONHCEHUS MEOPUU 63AUMOOCHCMEUA MAZHUMHBIX U IIEKMPOMAZHUMHBIX ROJIEl ¢ INEKMPONPOGOOHLIM U
eppomaznumnbim mamepuanom, INeKmMpuLecKuUx yeneil, HOCMPOeHUs I1eKMPOHHbIX ycmpoiicme. Pesynomamut. Onpedenensvt
OCHOGHbBIE NOJIONHCEHUA NO CO30AHUI0 MOWHBIX UWIUPOKONOIOCHBIX 2eHEPAMOpPO8 OnA RUMAHUA IIEKMPOMEXAHUYECKUX
npeobpazosameneii na o6aze cunosvix IGBT mpanszucmopos. Ilokazano, umo 2enepamopsl, npeoHasnHauenuvie OJA
UCHOB306ANUA 8 UBMEPEHUAX, KOHMPOJIe U OUACHOCIUKE, 00TIICHbL 0Decneuueams pezyauposKy 4acmomol u OaUmeabHOCmu
UMRYIABbCOB 6bIXOOHO20 MOKA, A MAKIHCEe 00ecneuusams moK ¢ Kamyuike npeoopazosamensn eeauuunoi 0o 450 A. Ycmanoenena
C6A3b  MeMcOy UACHOMmOU NUMAHUA DPE30OHAHCHOZ0 IJIEKMPOMEXAHUUECKO20 npeodpazoeamena U 3a30poM  MexHcoy
npeoépazosamenem u nOGEPXHOCMbIO OUazHoOcmupyemozo memanna. Paspaboman u uszzomoenen éapuanm HHUT ona numanus
INeKmpomexanuyeckux npeoopazosameneit 6 ouanazone uwacmom 1...3 MHz u onumensnocmu umnynvbcoe moka 1...20
nepuoooeé uacmomsl 3anonuenusn. Ilukoeas eenuuuna moxa 6 Kamyuwike 6blCOKOUACHMOMHOZ0 INIEKMPOMEXAHUUECKO20
npeobpazosamena oocmuena 450 A. Hayunas noeusna. Bnepewvie nokazana 6o3mosxcnocms npumenenus cunogvix IGBT
mMpan3ucmopos 6 I1eKMpPOHHBIX YCIMPOUCIEAX, NPU KII0UesoM pedcume padomsl 6 OGYXMAKMHBIX CXeMAx O NUMAHUA
GHICOKOUACMOMHBIX INIeKmpoMexanuieckux npeoopasoeameneii. Ilpakmuueckan 3nauumocmes. Hcnonvioeanue noyueHHbIx
Pe3yIbmamos no3eonum co30aeamv HOGble NPUOOPLL O UBMEPEHUll, KOHMPONA U OUAZHOCHMUKU C YAYYUIEHHBIMU
xapakmepucmuxamu. bubn. 12, puc. 6.

Kniouesvie cnosa: cuiI0Bble TPaH3UCTOPbI, IeHEPATOP HMIIYJIbCOB, 3JEKTPOMATHMTHOE TII0J1e, 3JIEKTPONPOBOAHBIA U
(heppoMarHUTHBINH MeTaL1, BBICOKOYACTOTHBIH TOK, KATYIIKA HHAYKTUBHOCTH.

Introduction. Recently, there has been a growing
tendency to use pulse high-frequency electromechanical 1
transducers (PHFEMT) [1-4] for measurement, control
and diagnostics of electrically conductive and
ferromagnetic metal products. PHFEMT can transform
electromagnetic energy into high-frequency mechanical
(ultrasonic). This transformation is traditionally called 2
electromagnetic-acoustic (EMA) transformation. The
physical nature of EMA transformation can be explained —— - -
with the help of Fig. 1 (1 — the source of a constant \ '\.k_ : ( }l"”‘i'\lﬁ !31 } \ ' ‘ }})
polarization field; 2 — high-frequency inductor; 3 — N Al = S
product; 4 — power lines of a constant magnetic field; 5 —

field lines of high-frequency electromagnetic field; 6 —  Fe

. A e L -

vortex current in the surface skin layer of the product). Fig.1 The diagram explains the physical effects of
Conductors with flat inductor current are located in  electromagnetic field transformation into high-frequency
parallel with the conductive or ferromagnetic metal mechanical (ultrasonic) oscillations

surface (OT — object of testing). The current layer has a .
linear density / = I,¢”', which induces a current /; = —I,  |Hl|ly, where j=+/-1, @ — the current frequency in the
and creates a uniform magnetic field with the amplitude =~ EMAT inductor. A constant polarization magnetic field
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with induction B = xyB, + YoB, is applied to the surface

layer of the OT under the inductor. According to [5],
alternating stresses are formed in the surface skin layer of
the OT, due to the interaction of the magnetic and
electromagnetic fields. The total voltage T, is written in
the form
|Txx| = Txg +TxA);[ +Tx§

=HB, , (D

-1 .
-4~ jap;
7

where T, xﬁ — the stresses formed due to the

electrodynamic effect (Lorentz forces); T, )gf — voltages

formed due to magnetic interaction; 7, xg — the stresses

formed due to magnetostrictive effects; f, — generalized
parameter that is equal to the ratio of the wave numbers of

. . 1)
mechanical and electromagnetic waves ,6’,2 =

sz HoHo
H — the intensity of the alternating magnetic field; x,— the
magnetic constant 47-10”" H/m; u — the relative magnetic
permeability; ¢, — the propagation velocity of the high-
frequency elastic shear perturbation in the OT material;
o — the frequency of high-frequency elastic mechanical
oscillations, which coincides with the frequency of the
high-frequency current in the EMA transducer’s inductor;
a — the magnetostrictive constant; j = J-1; o — electric
conductivity of the OT material.

Analysis of the equation (1) shows that the
magnitude of the mechanical variable stresses depends on
the induction of the polarization magnetic field and the
current magnitude in the inductor. When diagnosing
ferromagnetic materials, it is very difficult to generate an
induction value of the magnetic field in the excitation
zone of high-frequency mechanical oscillations of more
than 1 T. On the other hand, it is not advisable to
significantly increase the induction of the polarization
magnetic field, since the EMAT attractive force to the
ferromagnetic product will be significant. As a result, it is
difficult to scan the OT during diagnostics.

Pulse current in the EMAT inductor can
theoretically be increased without special restrictions up
to tens of kiloamperes, for example by means of
mechanical interrupters. However, it is impossible to use
such generators in devices, especially in small ones. In
addition, the problem arises when forming high-frequency
current pulses in the range from tenths to tens of MHz.

This problem can be solved by increasing the peak
power of current pulse sources (CPS) [6-11]. The authors
in [6, 7] propose to use powerful short unipolar pulses for
powering the PHFEMT, which are not difficult to obtain,
for example, with the help of thyristors. However, such
pulses have a wide frequency spectrum, which reduces
their efficiency at given values of diagnostic frequencies.
In articles [8-11], it is proposed to apply a pulse packet of
certain duration and with a specified filling frequency to
feed PHFEMT. In this case, the output voltage in the
device [8] does not exceed 300 V, which is unacceptable.
The generator [9] allows obtaining significant pulse
currents in the load. However, it is made on high-voltage
high-frequency electron tubes GMI-83, which require
cumbersome  high-voltage power supplies. Such
generators consume a lot of electricity. The device is

dangerous for maintenance staff. The power sources given
in [10, 11] are more promising, but they do not allow
increasing the output power. Therefore, the development
of high power CPS is of great interest.

The aim of the paper is to develop the main
regulations for the creation of powerful current pulse
sources for feeding high-frequency electromechanical
transducers for measuring, monitoring and diagnostics of
electrical devices based on IGBT transistors.

Research and analysis of the developed results.
Analysis of known literature sources [1-11] allowed
formulating requirements for CPS, which should provide
EMAT feeding, for example, described in [1-4], in the
most constantly used frequency range. It should be
formed in EMAT with an input resistance from fractions
of up to several Q current pulse packets with a filling
frequency from 1 to 3 MHz. The period’s number of the
pulse filling frequency should be adjustable in the range
1 ... 20 pcs. The maximum peak amplitude of the current
in the transducer conductors should reach several hundred
amperes. The repetition frequency of the probing pulses
should be regulated in the range from 0.01 to 1 kHz,
depending on the OT scanning speed.

The authors based on the analysis of the power
electronics elements characteristics came to the
conclusion that it is expedient to use powerful IGBT
transistors in the output stages. To test this assumption,
experimental studies were performed of the capabilities of
several modern powerful comparatively high-frequency
IGBT transistors at high frequencies. It is determined that
they do not allow creating a sinusoidal output signal. At
the same time, it is shown that in the claimed frequency
range, some IGBT transistor models switch with
sufficient time intervals in push-pull circuits.

To implement the developed technical solution, it is
proposed to form the CPS output pulse in the form of a
meander, and the sinusoidal component allocation is
carried out using the EMAT resonant circuit or a separate
filter. This approach makes it possible to provide an
acceptable thermal operating mode of the transistors,
especially at high probing frequencies, and to obtain
significant amounts of excited currents in the load. The
expediency of using parallel switching up to 5 transistors
in each arm of a push-pull circuit allows increasing the
current in the transducer or increasing the voltage due to
the use of high-frequency broadband transformers. The
pre-switches in front of the output stages must be
powerful enough to quickly fill the gate of the IGBT
transistors of the CPS output stage. To quickly switch off
the output transistors, the resistance of the pre-output
transistors in the open state should be minimal.

The expediency of manufacturing CPS in the form
of two main blocks — a signal generator with adjustable
parameters and a high-frequency broadband power
amplifier is specified.

On the basis of this approach CPS has been
developed, which allows fulfilling the requirements
necessary for feeding EMAT with modern monitoring,
measuring and diagnostic tools. As an example of such a
development Fig. 2 shows the electrical circuit diagram of
a high-power high-frequency broadband generator.

The signal generator with adjustable parameters is
made on a microprocessor U4 of the AT90S1200 type.
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Fig. 2 Electric schematic diagram of CPS for feeding high-frequency electromechanical transducers

It forms two sequences of rectangular pulses IN1
and IN2 with an amplitude of 5V with a pulse ratio of 2
(meander) and the phase opposites that are required to
power the subsequent CPS stages. The frequency, pulse
ration and the number of pulses are controlled by the
buttons PQO-PQ3 and Reset. Each of the two signals from
the microprocessor's output goes to the inputs of the
buffered repeaters Ul and U3, executed on the chips of
74AC245 type. Buffered repeaters are used to amplify the
current output signal, to provide steep edges, form
rectangular pulse sequences IN1 and IN2, and to protect
the microprocessor in case of short circuits in the
amplifier circuit. To increase the output current, 8 inputs
and 8 outputs of each buffered repeater are connected in
parallel. The time diagrams of the output signals
generators are shown in Fig. 3, where: T1 — the sequence
period of rectangular pulses; T2 — total duration of the
pulse packet; T3 — the interval period of pulse packet;
T4 — the duration of the bias pulse.

ARnAn.  nnan;
Jnnnnr-nonor. -

Fig. 3. Time diagram of the output signals generators

The outputs of the buffered repeaters Ul and U3 are
loaded on the input winding of the high-frequency
wideband transformer T1. From the transformer output
T1, rectangular pulses in antiphase go to the transistors
gates Q1 and Q2, switched on in a push-pull circuit.
Switching on transistors at the same time ensures the
sequential opening of only one of them and closing of the
other one. Simultaneously, a bias pulse is applied to the
middle point of the output winding of the transformer T1.
It comes from the microprocessor U4 through the buffer
U2 (74AC245), providing a rapid opening of the
transistors Q1 and Q2 and their subsequent closing after
ending the pulse packet. The duration of the bias pulse T4
is equal to the duration of the T2 packet.

From the outputs of transistors Q1 and Q2, square
wave pulses of the packet signal are fed to the input of a
high-frequency broadband transformer similar to T1 (not
shown in the diagram). Rectangular pulses from the
output of the second transformer go to the transistors
gates Q7 and Q8 (IRF540N), also included in the push-
pull circuit. The stage on transistors Q7 and QS8 serves to
amplify rectangular pulses in voltage and current
sufficient for the key output stage operation on IGBT
transistors Q9 and Q10, Q11 and Q12 (IRG4PC50F),
included in pairs in each arm of the push-pull circuit.
Parallel switching on two IGBT transistors in each arm
allowed increasing the limiting switching current and
reducing losses by lowering the resistance of the arm in
the open state. The output stage is connected to the
previous one using a broadband high-frequency
transformer similar to T1 (not shown in the diagram). The
output stage is also loaded on a broadband high-frequency
transformer (not shown in the diagram), which output is
connected to the EMAT, for example [1].
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Power units of the generator’s stages are not
shown in the diagram. To test the developed CPS
characteristics, tests were performed when it was
connected to the active load and when the EMAT load
was operating in a resonance mode.
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Fig.4. Amplitude-frequency response of CPS with an active load
equal to 0.5 Q

Fig. 4 shows the amplitude-frequency response of CPS
with an active load equal to 0.5 Q in the frequency range
exceeding the range of 1 ... 3 MHz. The measurements were
performed using an oscilloscope SDS7202.

Data analysis (Fig. 4) shows that the amplitude-
frequency response of CPS in the frequency range
1 ... 3 MHz is close to uniform. This means that the use of
IGBT transistors in the switching mode in the output push-
pull stages allows covering the traditionally used frequency
range for measurements, monitoring and diagnostics. In this
case, the peak current in the active load exceeds 100 A.

Studying generator’s operation when connecting
resonant EMAT, the following procedure was used. The
high-frequency electromechanical transducer [1] was
mounted on a metal (high-carbon steel) with various gaps
between the inductor and the metal. The CPS frequency
controller fed EMAT into resonance. It is taken into
account that the basis of any EMAT is a high-frequency
inductor and that the inductance of this inductor is
different for different gaps. Consequently, the resonant
frequency of the transducer will also be different. This
position was confirmed by the data in Fig. 5, which
showed the amplitude-frequency response of CPS
together with EMAT resonant type. In this case, the high-
frequency inductor was connected in parallel with an
additional capacitor of 10* pF. The inductance of the
high-frequency inductor, taking into account power cables
and CPS output parameters, was about 1 ... 2 pH. The
backlash was established with the help of gaskets made of
glass-textile of various thicknesses. The measurements
were performed using an oscilloscope SDS7202.

Data analysis (Fig. 5) shows that when the gap is
reduced, the EMAT resonance frequency increases
approximately in inverse proportion to the frequency of
the power current: with a gap of 7 mm — about 1.3 MHz;
with a gap of 4.5 mm — about 1.6 MHz; with a gap of
2 mm — about 2.05 MHz and with a gap of 1 mm — about
2.45 MHz. These data confirm that CPS must necessarily
have a frequency regulation of the power current. Its own
amplitude-frequency response should be close to linear in
order to ensure the same power conditions for the

transducer. Especially these requirements are important
for automatic or automated measurements, monitoring
and diagnostics, when it is impossible to maintain the
exact gap size (usually several millimeters).

It is obvious that the CPS current feeding the EMAT
can not instantaneously bring into operation the parallel
resonant circuit of the electromechanical transducer. This
requires several periods of the generator -current
frequency, Fig. 6. At the same time, the required number
of periods for EMAT output to the operating mode also
depends on the gap size. Consequently, it is necessary to
regulate the periods number of the filling frequency for
the pulse packet of the CRPG.
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Steal Y7 (CT70)
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Fig. 5. The amplitude-frequency response of a high-frequency resonant
electromechanical transducer [10] connected to CPS at distances (gaps)
between a high-frequency conductor and an electrically conductive
ferromagnetic OT surface: 1 — 7 mm; 2 — 4.5 mm; 3 —2 mm; 4 — | mm
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Fig. 6. A typical voltage on the EMAT [1] when feeding CPS
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It is known that the current in the resonant circuit
exceeds the current coming from the power source [12].
To evaluate its value, a shunt with a resistance of 0.01 Q
was built into the parallel resonant EMAT circuit. During
resonance, its voltage was 4.5 V. Consequently, the
current in the EMAT high-frequency conductor was about
450 A. The requirement to increase the degree of
electromagnetic energy transformation into high-
frequency mechanical one by increasing the current in the
EMAT inductor developed by CPS on the basis of IGBT
transistors is satisfied.

Conclusions.

1. The main regulations for the creation of powerful
current pulse sources for feeding high-frequency
electromechanical transducers for measuring, monitoring
and diagnostics of electrical devices based on IGBT
transistors are developed.
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2. A practical implementation of a powerful current
pulse generator based on IGBT transistors of the
IRG4PCS50F type is proposed, which provides currents of
up to 450 A in the frequency range 1 ... 3 MHz with a
pulse packet duration of 1 ... 20 in the inductor of a high-
frequency electromechanical transducer.

3.1t is shown that CPS provides a significant increase
in the current of a high-frequency inductor when feeding
the resonant EMA transducers, thereby increasing
electromagnetic energy transformation into high-
frequency mechanical one in electrically conductive and
ferromagnetic materials.

4. The necessity to regulate the frequency and duration
of power pulses for high-frequency electromechanical
transducers intended for measurements, monitoring and
diagnostics is determined and experimentally confirmed.

5. It is experimentally determined that the gap increase
between the high-frequency EMAT inductor and the surface
of an electrically conductive ferromagnetic metal leads to a
decrease in the resonant frequency of the transducer,
approximately in inverse proportion to the current frequency.
This effect is due to the influence of metal properties on the
inductance of the high-frequency EMAT inductor located
with a gap above the product surface.
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DEVELOPMENT AND INVESTIGATION OF LAYOUT OF ACTIVE SCREENING
SYSTEM OF THE MAGNETIC FIELD GENERATED BY GROUP OF OVERHEAD
TRANSMISSION LINES

Purpose. Development and field experimental research of layout of the single-circuit active screening system of the magnetic field
generated by group of high voltage transmission lines in residential area is given. Methodology. Mathematical model of magnetic
field, generated by group of high voltage transmission lines in residential area, based of the experimental values of magnetic field
flux density in given points on the basis of optimization problem solving is improved. The objective of the synthesis of the single
circuit active screening system is to determine their number, configuration, spatial arrangement, wiring diagrams and
compensation cables currents, setting algorithm of the control systems as well as the resulting value of the magnetic flux density
at the points of the protected space. Synthesis of the full-scale model of active screening system is reduced to the problem of
multiobjective nonlinear programming with constraints in which calculation of the objective functions and constraints are carried
out on the basis of the Maxwell equations solutions in the quasi-stationary approximation. The problem is solved by a stochastic
multiswarm multi-agent particles optimization. Results. The single-circuit active screening system synthesis results for reduction
of a magnetic field generated by group of high voltage transmission lines in residential area is given. Field experimental
researches of the single-circuit active screening system of the magnetic field generated by group of high voltage transmission
lines in residential area with various control algorithms is given. Originality. For the first time out the development and field
experimental studies of the single-circuit active screening system of the magnetic field generated by group of high voltage
transmission lines in residential area are carried out. Practical value. Practical recommendations on reasonable choice of the
spatial arrangement of compensating cables of single-circuit active screening systems of the magnetic field generated by group of
high voltage transmission lines is given. Results of field experimental investigations of the single-circuit active screening system
of the magnetic field generated by group of high voltage transmission lines in residential area are given. References 12, figures 5.
Key words: overhead transmission lines, power frequency technogenic magnetic field, layout of single-circuit active screening
system, field experimental investigations.

Paszpaboman makem O00HOKOHMYPHOU CUCHEMbl AKMUGHOZ0 IKPAHUPOBAHUA MAZHUMHO20 ROAA, CO30A8AEMO20 6 HCUTOM
nomewienuu zpynnoiu JIII. IIpocmpancmeennoe pacnonoxicenue u 2eomempuiecKue pasmepvl KOMREHCUpywen 0omomku, a
makoice napamempul pecyiamopos onpedeneHsl Ha 0CHOB8E PeUeHUA 3a0a4u MHOZ0KpumepuanvHoiu onmumuzayuu. Ilposedensi
nonegvle IKCREPUMEHMANbHBLE UCCIE006AHUA MAKEMA CUCIEMDbL C PAZOMKHYMBIM U 3aMKHymbim ynpaenenuem. Ilokazano, umo
Ippekmugnocms cucmemsl npu pazoMKHYMOM U 3AMKHYHIOM YHPAGIEHUU NPUMEPHO OOUHAK06AA U cocmasensnem Oonee 4
eounuy. Ilpuseoenvt pesynvmamol cpagHeHus IKCREPUMEHMATILHBIX U PACUEMHBIX 3HAYEHUI UHOYKUUU MAZHUMHOZ20 NOIA 6
30He IKpanuposanus. Ilokazano, umo IKCnepUMEHMANIbHbIE U PACYEMHble 3HAYEHUA UHOYKUUU MAZHUMHO20 NOJA
omauuaromcsa ne 6onee uem na 20 %. bubn. 12, puc. 5.

Kniouesvie cnosa: Bo3ylIHbIe JJUHUM 3JIeKTPONIepe aYd, MATHUTHOE 110JIe MPOMBIIIJIEHHOH YaCTOThI, MAaKeT OJHOKOHTYPHOIH
CHCTeMa AaKTHBHOI'0 3KPAHHUPOBAHUS, I0JIEBbIE IKCIIEPUMEHTAJIbHbIE HCCJIe10BAHUS.

Introduction. The flux density of the magnetic field
(MF) of the power frequency outside the guard zones of
high voltage power transmission lines (TL) in some cases
exceeds the boundary permissible level of 0.5 pT [1],
which poses a threat to the health of the population and
requires taking certain measures to reduce MF of the
existing TL in line of cities of Ukraine. Economically the
most suitable for Ukraine are [2] methods of active
contour screening of operating TL realizing by means of
active screening systems (ASS) [3-10].

Analysis of existing active screening systems. In
[10], a method for the synthesis of the ASS of the MF was
developed, and in [11] experimental studies of the ASS
layout with a different number of compensating windings
and MF sensors operating according to various control
algorithms were carried out [8, 9]. With respect to the
geometric dimensions of real systems, these layouts are
manufactured on a scale of 1 to 10, which causes
additional errors in the layout of the ASS, caused, in
particular, by the finite dimensions of the MF sensors
commensurate with the dimensions of the compensating
windings of the layout. In addition, studies of ASS
layouts were carried out for MF, generated by a single

TL. In this connection, the problem arises of verification
of the synthesis method [10] of the ASS of the MF,
created by a group of TL, on a full-scale ASS layout.

The goal of the work are development and field
experimental investigations of a full-scale layoot of a
single-circuit active screening system of a magnetic field
created by a group of overhead transmission lines in
residential premises.

Development of the layout of a single-circuit ASS.
Fig. 1 shows the layout of a group of TLs generating MF,
the flux density of which must be reduced in residential
premises (hereinafter «in the screening zoney).

TL-3
TL-4 Z,m

TL-1 L 30

= 20 screening system
winding

- 10 screening zone

-T0 60 -50 -40 =30 -0 -10 0 10 20 30

Fig. 1. Layout of the TL group and single-circuit ASS
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The initial MF in the screening zone is generated by
two double-circuit 110 kV TLs (TL-1 and TL-2), a two-
circuit 330 kV TL (TL-3) and a single-circuit 330 kV TL
(TL-4). Fig. 1 also shows the zone in which the MF is to
be screened. On the basis of experimental studies, it was
found that in the screening zone, the MF has an
insignificant polarization [12], which makes it possible to
use a single-circuit ASS with one compensation winding.
In the synthesis of the ASS layout, constraints on the
geometric dimensions and the location of the supports of
its compensation winding were taken into account.

Fig. 2,a shows the calculation scheme of the layout
of the single-circuit ASS, screening zone and
compensating winding.
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Fig 2. The calculation scheme of the layout of a single-loop ASS
(a), distribution of the MF initial (b) and with the switched on
ASS (¢)

Fig. 2,b shows the distribution of the flux density of
the initial MF, created by a group of TL, and Fig. 2,c —
flux density distribution of MF with switched on ASS.
The initial flux density of the MF in the space under
consideration is 0.9 uT, and with the switched on ASS,
the level of the flux density of the magnetic field does not
exceed 0.4 pT.

Fig. 3 shows the spatio-temporal characteristics
(STC) of MF, created by: I — a group of TLs; 2 —
compensating winding, and 3 — total magnetic field with
the system switched on. As can be seen from this figure,
in the space under consideration, the initial MF produced
by the TL group has a negligible polarization, so that its
STC represents a strongly elongated ellipse, and the
ellipse coefficient (ratio of the smaller semiaxis of the
ellipse to the larger semiaxis) is about 0.4, which is
confirmed by the experimental research.

STC of the MF, created by the winding of a single-
circuit ASS is a line and, consequently, this MF has no
polarization. With this winding, the larger semiaxis of
the STC ellipse of the original MF is compensated, so
that the STC of the resultant MF remaining after the
operation of the ASS is an ellipse with an ellipse
coefficient equal to 0.8.

B,
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Fig. 3. Spatio-temporal characteristics of the MF created by:
a group of TLs (/); compensating winding (2), and total MF
with switched on ASS (3)

Implementation of the layout of a single-circuit
ASS. The layout of a single-circuit ASS contains [10] one
square winding, the upper part of which is located at a
height of 5.1 m, and the lower one — at a height of 3.1 m.
The winding contains 20 turns and is powered by an
amplifier of the TDA7294 type. The inductive sensor is
used as the flux density sensor of the MF, and the flux
density measurement of the MF is performed by a
magnetometer of the EMF-828 type from Lutron. The
ASS is powered by an autonomous source.

The winding control system is built on the principle
of subordinate regulation and contains an internal current
regulator and an external regulator of the flux density of
the MF.

Results of field experimental studies of the open-
loop single-circuit ASS layout. To realize the open
control of the ASS, the MF sensor was installed in the
immediate vicinity of the TL wires and at some distance
from the screening zone. With the help of such a MF
sensor, the flux density of the magnetic field produced by
only the TL is measured and, consequently, the output
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voltage of such a MF sensor is proportional to the current
of one of the phases of the TL wire or their superposition.
Thus, an indirect measurement of the currents of the TL
generating the initial MF is carried out, and the ASS on
the basis of such a MF sensor, on the principle of its
construction, is open.

Fig. 4 shows the experimental flux density
distributions of: @) the initial MF, created by the TL group
and b) — d) the total MF with the switched on ASS.

The initial flux density of MF in the space under
consideration is 1.15 puT, which is more than twice the
boundary permissible level in 0.5 pT [1].

J_ /Lo _d__a_
/o | |

T

=T

i

o =085

Fig. 4. Lines of equal level of the magnetic flux density module
of: a) the initial magnetic field produced by the TL group and
b) — d) the total magnetic field with the switched on open ASS

The adjustment of the open ASS was performed in
such a way as to minimize the flux density of the MF at a
given point in the space where it is necessary to screen the
original MF. In particular, Fig. 4,b — d show the
distributions of the total MF with the switched on ASS at
its adjustment to different points of the screening zone.
Note that in the adjustment points of the ASS, the flux
density of the MF has a minimum value, practically the
same for any adjustment point, and is 0.2 uT.

Field experimental studies of the layout of a
closed single-circuit ASS. To implement closed-loop
control, the MF sensor was installed directly in the
screening zone.
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Fig. 5. Lines of equal level of the magnetic flux density module
of: a) the initial magnetic field produced by the TL group and
b) — d) the total magnetic field with the switched on closed ASS
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Here, with the help of such a MF sensor, the flux
density of the total MF, created in the screening zone
by the wires of the TL and the compensation winding,
is measured, and the ASS on the basis of such a sensor
becomes closed on the basis of its construction
principle.

Fig. 5 shows the magnetic flux density
distributions of: a) the initial MF, created by the TL
group and b) — d) the total MF with the switched on
enclosed ASS at a different position of the MF sensor.
With the help of a closed ASS, the flux density of the
MF at the point of installation of the MF sensor is
minimized. In this case, the minimum value of the flux
density in the three considered variants is 0.2 uT, but
the distribution of the magnetic field in the screening
zone depends significantly on the position of the MF
sensor.

The initial flux density of the MF in the space under
consideration is 0.95 pT, and when the closed ASS is
switched on, the level of the flux density of the magnetic
field does not exceed 0.4 pT.

Note that the efficiency of the closed system
depends on the location in the screening zone of the MF
sensor. Moreover, with one compensation winding, an
important issue is also the spatial orientation of this MF
sensor, which ensures the maximum efficiency of a closed
system.

In general, a closed ASS minimizes the level of the
magnetic field at the location of the MF sensor.
Therefore, one of the possible approaches to the problem
of determining the location of the MF sensor is its
placement at a point in space in which the flux density
value of the MF calculated in the synthesis of the ASS
assumes a minimum value. In this case, a closed ASS
provides the maximum screening efficiency in a given
space.

The advantage of a closed ASS is also the possibility
of compensating both the external MF, generated by TL,
and the internal MF, generated, for example, by
household electric appliances located near the screening
zone, by electric floors, etc. In addition, when the
parameters of a closed ASS change, its efficiency varies
insignificantly, i.e. the closed system has more robustness
in comparison with the open system. However, with
significant changes in parameters, a closed system may
lose stability and, therefore, become inoperable. In
addition, the measurement of the magnetic field at the
point at which the level of the total MF has a minimum
value leads to an increase in measurement noise and,
consequently, to a deterioration in the efficiency of the
closed system operation.

The advantage of an open ASS is the use of an MF
sensor located near the TL wires, where the level of the
flux density of the initial MF is sufficiently large and,
therefore, can be measured with a high signal-to-noise
ratio. Therefore, in an open system, the noise level can be
substantially smaller than the noise of measuring the MF
in a closed system. In addition, in the open system when
the parameters of the system are changed, its stable
operation is always ensured, although the efficiency of its
operation can be reduced due to undercompensation or
overcompensation of the initial MF.

A comparison of the results of the MF distribution of
the synthesized single-circuit ASS, shown in Fig. 2,c,
with the experimental MF distributions of the open and
closed single-circuit ASS shown in Fig. 4,b-d and
Fig. 5,b — d showed that they differ by not more than 20 %.
Conclusions.

1. A full-scale layout of a single-circuit system for
active screening of a magnetic field created in the
screening zone by a group of overhead transmission lines
is developed, taking into account the limitations on the
spatial arrangement and geometric dimensions of the
compensating winding.

2.Field experimental studies of the layout of a
single-circuit active screening system of magnetic field
with open and closed control algorithms are carried
out. It is shown that the efficiency of an open and
closed system is approximately the same and is more
than 4 units.

3. Comparison of the results of experimental and
calculated values of the magnetic field flux density in the
screening zone shows that their spread does not exceed
20%, which confirms the adequacy of the developed
method for synthesizing the active screening system
layout and the possibility of using it for creating real
active screening systems.
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EFFECT OF THE THICKNESS OF INSULATION OF PROTECTED WIRES
OF HIGH-VOLTAGE OVERHEAD TRANSMISSION LINES
TO THEIR CURRENT CARRYING CAPACITY

Introduction. The main direction of technical policy in the design, construction and technical re-equipment of transmission
lines is the modernization of electrical networks and increase their energy efficiency in order to increase the throughput
and reliability. Problem. Existing calculation methods do not take into account the influence of insulation thickness on the
long-term current load of the wires according to the values of the maximum permissible working temperature of the
conductors. Purpose. The investigation of the influence of insulation thickness of the protected wires of high-voltage
electric transmission lines on their current carrying capacity. Methodology. The long operating temperature of the wire
when the rated load current flows is determined based on the heat balance equation. Results. A method has been developed
for determining the optimum thickness of polyethylene cross linked and oxide insulation to provide the lowest thermal
resistance to the heat transfer of protected wires, the use of which allows increasing the current carrying capacity by 20 %
compared to bare wires. It is shown that the internal temperature drop in cross linked polyethylene insulation is an order of
magnitude smaller in comparison with the oxide insulation at identical values of the dielectric loss tangent. Originality.
The calculations take into account the presence on the surface of a non-insulated aluminum conductor of a natural dense
film based on aluminum oxide, which protects it from further contact with air. The capacitance of a single phase conductor
with insulation is determined on the basis of the calculation of the electric field in a piecewise homogeneous medium by the
method of secondary sources. References 12, tables 3, figures 5.

Key words: bare conductor, protected wire, cross-linked polyethylene insulation, oxide insulation, thermal resistance, optimal
insulation thickness, heat balance, effective heat transfer coefficient, current carrying capacity.

Paspabomana memoouxa onpeoenenus ORMUMATLHOU MOTWUHBL NOJUIMUICHOGON CUIUMOL U OKCUOHOU U30NAUUU ONA
obecneueHus HAUMEHbUIEZ0 MENI06020 CONPOMUGTIEHUA MeNnionepedaie 3AU{UWEHHBIX U HeU30aUPOGAHHBLIX NPOE0O0G.
ObocHosana npumenumocms pazpadomannoil MemoOuKu O ORMUMUAYUU MONWUHBL UZ0IAUNUU 3AUUU{EHHBIX NPOE000G
nanpsacenuem 20 kB. Ilokazana 603m04cHOCHb NOBBIUMEHUA NPONYCKHOU CROCOOHOCHU NO MOKY 3AU{UU{EHHBIX NP0BO00E HA
20 % no cpaséHenuio ¢ HEU30AUPOBAHHLIMU NPOCOOAMU 34 CYEM ONMUMUIAUUU MONUWUHDBL UX U3OTAUUU. YCMAHOGIEHO, YINO
GHYMPEHHUI NePEenad MemMnepamypvl 6 CUIUmMOoll nOJUIMUIEHOGON U3ONAYUL HA NOPAOOK MEHbULE 6 CPAGHEHUU C OKCUOHOIL
U30IAUUU NPU 0OUHAKOBBIX 3HAUEHUAX MAH2EHCA Y2ia OulieKmpuueckux nomeps. butbin. 12, tab6n. 3, puc. 5.

Kniouesvie cnosa: Hen30JUMpOBaHHBbIE NMPOBOJA, 3alUMINEHHbIe NMPOBOJA, CIUMTASl NMOJHMITUICHOBAS M30/ISIIMS, OKCHIHAS
H30/151Ms, TeIUIOBOe CONPOTHBJIEHHE, ONTHMAIBHAS TOJLIHHA H30JISILIMH, TeII0Boi OanaHc, 3¢dexkTHBHBINA K03(pdunmenT
TenJionepeaayu, NPONyCKHasi ClIOCOOHOCTH 10 TOKY.

As a progressive alternative to standard non-
insulated aluminum wires for high-voltage TLs of voltage
class 6-110 kV, it is possible to consider protected wires
(PW). The design of a protected wire is a single-stranded

Introduction. The main direction of the technical
policy in the design, construction and technical re-
equipment of transmission lines (TLs) is the
modernization of electric networks and increase of their

energy efficiency with the purpose of increasing the
capacity and reliability, reducing losses on the basis of an
innovative  approach to the development and
modernization of the existing power transmission
complex [1]. Technical re-equipment, reconstruction of
electric networks and their development should be carried
out on the domestic regulatory framework, taking into
account the recommendations of the International
Electrotechnical Commission and regional peculiarities
regarding the conditions of reliability and environmental
safety, taking into account the real cost of land and
maximum use of basic materials and equipment of own
production.

One of the main directions of work in the
construction of high-voltage TLs with increased current
carrying capacity is the creation of new types of wires:
high-temperature non-insulated ones based on aluminum
alloys [2] and protected [3, 4]. The use of high-
temperature wires with increased current -carrying
capacity in two times at an increase in cost, practically by
an order of magnitude, is most effectively for high-
voltage TLs of 110 kV and above [2].

multiwire conductor covered with a protective sheath [3,
4]. The conductor is made of aluminum alloy, the
protective layer is made of light-stabilized cross-linked
polyethylene. The permissible long operating temperature
of cross-linked polyethylene insulation corresponds to
90 °C [3, 4]. The operating temperature of non-insulated
aluminum wires does not exceed 75 °C [5].

The use of PW provides an increase in the current
carrying capacity of high-voltage transmission lines in
comparison with non-insulated aluminum wires [3, 5]
(Table 1).

Table 1
Current carrying capacity of aluminum non-insulated and
protected wires based on cross-linked polyethylene insulation
with thickness of 2.3 mm of high-voltage TL with voltage
of 20 kV (ambient air temperature 25 °C)
Strand cross-section S, mm?> 70 {120|150{185|240
Continuous load current of bare wire
LA
Continuous load current of PW I, A 310(430|485|560|600

235|330(370{430{500
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Problem definition. The continuous operating
current flowing through the solid conductor is determined
on the basis of the thermal calculation [6] and depends on:
the active resistance of the strand R, the strand
temperature 7, and the ambient temperature 7., the
thermal insulation resistance R,; and the environment (air)
resistance R,., the dielectric loss power in insulation
Py=Uf oCtgS 7]

I= Tg_Tc _Pd(Rts +Roc)
Rg '(Rts +Roc)

) (1)

where Uy is the phase voltage, o is the angular frequency,
C — is the own capacitance of wire, tgo is the tangent of
the dielectric loss angle of insulation.

Existing calculation methods [4, 7] do not take into
account the influence of insulation thickness on the
continuous current load of the wires by the values of the
maximum permissible working temperature of the
conductors (strands). The need to analyze the effect of the
thickness of cross-linked polyethylene insulation on the
long-term permissible working temperature of protected
wires is an urgent task, because it allows you to optimize
the size of the wire.

The goal of the paper is investigation of the
influence of the insulation thickness of the protected wires
of high-voltage TLs on their current carrying capacity.

Method for calculating the heat balance. The
continuous operating temperature of the wire when the
rated load current flows is determined on the basis of the
heat balance equation between the extracted P, and the
dissipated P,,; power [8]

Py =Py - @)

The heat extract power is determined by the thermal
resistance of the insulation R, the temperature of the
heated strand 7, and the surface temperature of the wire
T, [8]

p=-:_7 (3)

For a wire in the air, the dissipated heat power P,
depends on the thermal resistance of the ambient air R,
and the surface temperature of the wire 7, and the
medium temperature 7, [8]

T, -T
Py =~ )
Ry

The thermal insulation resistance R, the thermal
resistance of the ambient air R,. and the total thermal
resistance R, are defined as [8]

1 (dy 1
R.,=—Inl—| R,=—, R =R, +R,y, (5
ts 22 (de 10 aef Sts t ts 10 ( )

where 4 is the insulation heat conductivity; d;, d, = d; +
+ 2A5, Sis= 7d, -, are the strand diameter, the insulated
wire diameter, the insulation thickness and the cooling
surface of a wire of length /,,, respectively; o= o + G
is the effective heat transfer coefficient to the
environment due to convection of . and radiation
Orad [8, 9]

Optimum insulation thickness for minimum heat
transfer resistance. The calculations take into account

the presence on the surface of a non-insulated aluminum
conductor of a natural dense film based on aluminum
oxide, which protects it from further contact with air. The
film thickness is unity — hundreds of nm, depending on
the service life and environmental conditions [9].

Fig. 1 shows the dependence of the thermal
insulation resistance R, (curve 1), the heat transfer to the
environment R,. (curve 2) and the total thermal resistance
R, (curve 3) on the ratio of the diameter of the insulated
wire d, to the diameter of the aluminum strand d;:
Ky, = do/d,. For PW with an increase in the thickness of
the cross-linked polyethylene insulation A;, with an
unchanged diameter of the strand d;, the thermal
insulation resistance R, increases (Fig. 1,a, curve 1 for
A =0.25 W/m'K), and the thermal resistance R,. of the
ambient air decreases (Fig. l,a: curve 2 for R, =
= 17 W/m*K). The total thermal resistance R, (curve 3)
has a minimum value at the intersection of the curves Ry
and R,. corresponding to the critical (optimal) value Kj,.
At K > Ky, the thermal resistance to heat transfer
increases, at K < K}, — decreases. The critical values of
Ky, are 1.5 (Fig. 1,a) and 70 (Fig. 1,b) for a protected wire
made of cross-linked light-stabilized polyethylene
insulation and a wire with oxide insulation, respectively.

Rt, Wt/K

10

K=d2/d1

0 1
10 Ky 10

Rt, Wt/K

A= 37 WtmK 8 S=120 mm2

10°
10 10 K10

0 ' K=d2/d1 10°

Fig. 1. To the determination of the optimum thickness of
insulation of a protected wire and a wire with an oxide dielectric
film at the cross-section of the strand 120 mm®

The thickness of the wire insulation, corresponding
to the minimum thermal resistance of heat transfer, is
optimal. For a protected wire and an oxide-insulated wire,

the optimum insulation thickness is A;, opt =3.2 mm and

434 mm, respectively.
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Critical values Kj, for PW at corresponding strand
cross-sections are: Ky, =1.9 (70 mm?), Ky, =1.5 (120 mm?),
K, =1.5 (150 mm’), K}, =1.4 (185 mm?’), K}, =1.2 (240 mm?).

Effect of insulation thickness on the thermal
stability of protected wires. On the basis of the
presented technique, a thermal calculation has been
performed for a continuous current load (see Table 1) of
the protected and bare wires of a high-voltage TL with
voltage of 20 kV (Table 2). At this stage of the
calculation, the dielectric losses power P, in insulation is
not taken into account. The effective heat transfer
coefficient (Fig. 2) is determined using the criterial
equation of natural convection and the Stefan-Boltzmann
equation [8, 9].

Table 2
Effect of insulation thickness on heat resistance of PW
of high-voltage TL with voltage of 20 kV

Aluminum strand cross-section S, mm?’

70 | 120 | 150 | 185 | 240
Continuous current load 7, A
310 [ 430 | 485 ] 560 | 600

1. Ambient air temperature 25 °C

1.1. PW of cross-linked light-stabilized polyethylene
insulation

The temperature of the aluminum strand 7, °C: in the
numerator — for the optimal insulation thickness, in the
denominator — by 33 % less than the optimal
81/85 80/84 | 80/82 | 80/81 75/71

The temperature of the wire surface 7, °C: in the

numerator - for the optimal insulation thickness, in the
denominator — by 33 % less than the optimal
75/80 75/80 75177 75177 75/76
1.2. Bare aluminum wire

The strand temperature 7Ty, °C: in the numerator — for bare,
in the denominator — with the oxide film of
thickness of 100 nm
95/95 92/92 90/90

2. Ambient air temperature 30 °C

105/105 82/82

2.1. PW of cross-linked light-stabilized polyethylene
insulation

The temperature of the aluminum strand 7, °C: in the
numerator - for the optimal insulation thickness, in the
denominator - by 33 % less than the optimal
85/90 85/85 85/85 | 8587 | 7779

The temperature of the wire surface 7, °C: in the

numerator — for the optimal insulation thickness, in the
denominator — by 33 % less than the optimal
80/85 80/85 80/82 80/82 76/78
2.2. Bare aluminum wire

The strand temperature T, °C: in the numerator — for bare,
in the denominator — with the oxide film of
thickness of 100 nm

120/120 | 105/105 | 95/95 | 95/95 |

87/87

Fig. 2 shows the results of calculating the effective
heat transfer coefficient (Fig. 2,a) and the thermal
resistance of the surrounding medium (Fig. 2,b) of a
protected and bare wire with different sections of the

aluminum strand. An increase in the cooling surface of a
protected wire in comparison with a bare wire with
identical strand cross-sections leads to a decrease in the
effective coefficient of heat transfer and thermal
resistance (Fig. 2,a,b): curves 1 and 1' — for a protected
wire with a cross-section of 120 mm® and 150 mm?
2 and 2' — for bare wire of cross-section of 120 mm” and
150 mm?, respectively.

a 20 T
ef
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16

14

12F

10f

2.5
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N
s
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Fig. 2. The effect of the wire cooling surface on the temperature
dependencies of the effective heat transfer coefficient (a) and
thermal resistance of the environment (air) (b)

The results of the thermal calculation show that
the protected wires, whose insulation thickness is 33 %
less than the optimal one, provide current carrying
capacity at an increased ambient temperature of 30 °C:
the strand temperature does not exceed the permissible
working temperature of the cross-linked polyethylene
insulation (see Table 2, curve 4 of Fig. 3,a).

Reducing the thickness of cross-linked polyethylene
insulation makes it possible to reduce the mass-
dimensions of the protected wire.

In Fig. 3,a curve 1 corresponds to the extracted
power, curves 2, 3, 4 and 5 — dissipated power: curves
2 and 4 correspond to the optimal insulation thickness,
curves 3, 5 — 33 % less than optimal at ambient air
temperature of 25 °C (curves 2, 3) and 30 °C (curves 4, 5).

The wire temperature 7, of bare wires exceeds the
permissible working temperature by 30 °C — 45 °C (for a
70 mm’ wire) and 7 °C — 12 °C (for a 240 mm? wire) (see
Table 2 and Fig. 3,b).

The presence on the bare wire surface of an oxide
film of 100 nm thick does not affect the heat balance
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condition: the temperature on the wire surface remains
constant.

150 T T
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100 %

3 /
2 // 5
N\ “\ 4
50 Py 1 - +
Potd;%
0 30 40 50 60 70 80 90 100 110 120
Tg, oC
a
10°
P, Wt/m - Y e 1 < Wﬁ.
...... Pv 3 -
10" -
/L
10° f
‘J:Potd
} S=120 mm2
10 20 40 60 80

100 Tp, oC 120

b
Fig. 3. Heat balance in a protected (a) and bare (b) wire

The requirement to limit the working temperature of
bare wires is due to the process of possible annealing of
cold-drawn aluminum wires, an increase in plastic
elongation and, as a consequence, sagging arrows. At load
current of 430 A, the curves of the dissipated P,
(curve 2) and the extracted power P, (curve 1) intersect at
a point corresponding to a temperature of 105 °C
(Fig. 3,). Reduction of the load current up to 330 A, i.e.
by 20 %, leads to the intersection of P, (curve 3) and P,
(curve 2) at a point corresponding to a working
temperature of 75 °C (Fig. 3,b).

Effect of dielectric losses in insulation on the
current carrying capacity of the protected wire. The
internal temperature drop in insulation (see (1)) AT}, =
= PAR; + R,) is determined by the diclectric losses
power P, = Ufza)Ctgé)’, which depends on the electrical
characteristics of insulation: the dielectric losses angle
tangent and the relative permittivity determining the wire
capacity. The capacity of a single phase conductor with
insulation is determined on the basis of the calculation of
the electric field calculation in a piecewise homogeneous
medium by the method of secondary sources [11], which
reduces to solving a system of linear algebraic equations
(SLAE). The first Ne rows of SLAE follow from the
Fredholm integral equation of the first kind for potentials
on the surface of a current-carrying strand (electrode).
The following Nd rows are from the Fredholm integral

equation of the second kind for jumps in the normal
component of the field strength E,, undergoing a break at
the interfaces of dielectric media with relative dielectric
permittivities & u & to satisfy the condition: &-Ey, =
= &-FE,,. The written form of the combined SLAE has the
form [12]

A-5=U, (6)
where & is the matrix-column of unknown calculated

densities of secondary charges, C/m’; U is the matrix-
column, the first Ne elements of which reflect the given
potentials of the nodes lying on the electrode, and the
remaining ones are equal to zero (the potentials of the
nodes lying on the interface of dielectric media); A is the
square matrix of coefficient.

The total number of nodes (the number of unknown
of the charge density) is N = Ne + Nd. Solving SLAE (6)
by a numerical method, the calculated density (in
vacuum) of secondary charges is determined. The field
strength for the electrode surface is determined by the
calculated charge density E; =o0;/¢gand for the

interfaces of dielectric media E; =i(l+l) , where «

2¢& a
is the parameter related to the permittivity of adjacent
media: @ = (& — g)/(& + &) [12]. The true density o’ of
charges on the surface of the strand, which is insulated by
a dielectric with relative dielectric permittivity &, is
greater by & times [12]. The desired capacitance is
defined as the ratio of the true charge to the specified
phase voltage. The wires are in the air with dielectric
permittivity & = 1.

Fig. 4 shows the sweep of the electric field strength
as a function of the length of the SDL generator (SDL
corresponds to the reduction of «sum of DL» — the sum
of a plurality of small length sections) for a PW and a
20 kV bare wire with a strand cross-section of 120 mm®.
Curve 1 — the optimal thickness of insulation (3.2 mm)
and curve 2 — 33 % less than the optimal (2.3 mm) for a
protected wire made of cross-linked polyethylene
insulation (relative dielectric permittivity & = 2.3).
Curve 3 — for a wire with oxide insulation thickness of
100 nm (relative dielectric permittivity & = 9: for a
continuous oxide film obtained, for example, by high-
voltage oxidation, the value of the relative dielectric
permittivity is & = 8-10 at a frequency of 50 Hz).
Section I — distribution of the field strength along the
surface of the strand, section II — along the insulation
surface. The relative permittivity greatly influences on
the distribution of the electric field strength (compare
curves 1, 2 and 3, Fig. 4): the electric field strength on
the surface of the wire with the oxide film is 30 %
higher in comparison with the PW with the cross-linked
polyethylene insulation.

Table 3 shows the results of calculating the intrinsic
capacitance of the wires for different sections and the
thickness of the insulation.
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The results of the calculations show (Fig. 5) that
adjacent phase protective wires located by a triangular at
a distance of 50 cm from each other lead to a decrease in
the intrinsic capacity of the wires: 18 % for the wire at the
apex of the triangle (C; = 9.7 pF/m); 8 % for two other
(C,=10.6 pF/m and C; = 10.6 pF/m).

x10°

UI=20 kV 3
$=120 mm2

0 0.02 0.04 0.06 0.08 0.1 0.12
SDL, m

Fig. 4. The effect of the relative dielectric permittivity and

insulation thickness on the distribution of the electric field

strength over the wire surface

Table 3
Effect of insulation thickness on intrinsic capacitance

of wires of high-voltage TL of voltage of 20 kV
)

Aluminum strand cross-section S, mm
70 [ 120 | 150 | 185 [ 240
1. Protected wire capacitance C, pF/m
optimal insulation thickness

11 | 15 |17 |19 | 121
insulation thickness by 33% less than the optimal
109 | 114 [ 115 [ 117 [ 120
2. Wire capacitance C, pF/m
oxide insulation thickness 100 nm
105 | 110 | 113 [ 115 [ 118
819 , .
= =2,3
E,V/m.G . Ul=20 kV =23 A\
S=120 mm2 sV o
2.2}k h=0,5m
2
1 2
1.8
1.4
125 0.05 0.1 0.15 0.2 0.25 0.3
SDL, m

Fig. 5. The effect of near located protected wires
on the distribution of the electric field strength along
the surfaces of the strands (curve 1) and cross-linked

polyethylene insulation (curve 2)

The dielectric losses power in XLPE insulation is
0.5-10° W/m, 0.005 W/m for tgd = 0.1 % and 1 %,
respectively. The thermal resistance of the wire is
1 m-°C/W at core temperature of 90 °C and ambient air

temperature of 30 °C (see Fig. 2,b). The internal
temperature drop in the insulation AT}, = PR, + R,
(see formula (1)) is 0.12 % and 1.2 % for the
corresponding values of tgd in comparison with the total
temperature difference between the strand and ambient air
AT = T, — T.. For wire with oxide insulation ATj;,, =10 %
(tgd =1 %), which causes a reduction in the permissible
current load in the bare wire.
Conclusions.

1. For the first time, a method has been developed for
determining the optimum thickness of polyethylene cross-
linked and oxide insulation to provide the lowest thermal
resistance to the heat transfer of protected wires, the use
of which makes it possible to increase the current carrying
capacity by 20% compared to bare wires.

2. The applicability of the developed technique for
optimizing the thickness of insulation, both separated
protected wires of various types, and for high-voltage
transmission lines based on them, is justified, provided
that the minimum distance between phase wires of the
transmission line is limited to 0.5 m.

3. The results of the studies performed, provided they
are appropriately experimentally substantiated, can
become the scientific basis for the creation of a new class
of compact high-voltage transmission lines with increased
current carrying capacity.
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V.M. Zolotaryov, M.A. Shcherba, R.V. Belyanin, R.P. Mygushchenko, [.M. Korzhov

ELECTROMECHANICAL TRANSIENT PROCESSES DURING SUPPLY VOLTAGE
CHANGING IN THE SYSTEM OF POLYMER INSULATION COVERING
OF THE CURRENT-CARRYING CORE OF ULTRA HIGH VOLTAGE CABLES

Aim. The article is devoted to the analysis of the electromechanical transient processes in a system of three frequency-controlled
electric drives based on asynchronous motors that control current-carrying core motion, as well as to the study of the effect of
such processes on the modes applying three-layer polymer insulation to the current-carrying core. Technique. The study was con-
ducted based on the concepts of electromechanics, electromagnetic field theory, mathematical physics, mathematical modeling.
Results. A mathematical model has been developed to analyze transients in an electromechanical system consisting of three fre-
quency-controlled electric drives providing current-carrying core motion of ultra-high voltage cables in an inclined extrusion
line. The coordination of the electromechanical parameters of the system drives has been carried out and the permissible changes
in the supply voltage at the limiting mass while moving current-carrying core of ultra-high voltage cables with applied polymer
insulation have been estimated. Scientific novelty. For the first time it is determined that with the limiting mass of the current-
carrying core, the electromechanical system allows to stabilize the current-carrying core speed with the required accuracy at
short-term decreases in the supply voltage by no more than 27 % of its amplitude value. It is also shown that this system is resis-
tant to short-term increases in voltage by 32 % for 0.2 s. Practical significance. Using the developed model, it is possible to calcu-
late the change in the configuration and speed of the slack current-carrying core when applying polymer insulation, depending
on the specific mass of the current-carrying core per unit length, its tension at the bottom, the torque of the traction motor and the
supply voltage to achieve stable operation of the system and accurate working of the set parameters. References 12, figures 7.

Key words: electromechanical transient processes, ultra-high voltage cable, mathematical modeling, frequency-controlled
electric drives, polymer insulation covering.

Lenv. Ilenvio cmamovu aenaemca npogedeHue AHAIU3A IIEKMPOMEXAHUYECKUX NEPEXOOHBIX NPOUEccos 6 cucmeme u3 mpex
YACMOMHO Pezynupyemuix INeKMpPonpueo00s Ha 6aze ACUHXPOHHBIX Osuzameiieil, KOmMopbole Ynpasiaom 06uicenuem noKonpo-
600AU4€ell HCUTbL, A MAKIHCE UCCTIE006ANHUE GTIUAHUA MAKUX NPOUECCO8 HA PEHCUMBI HAHECEHUA HA HCUTY MPEXCAOUHOL nonu-
Mmepnoii usonayuu. Memoouka. /[na npoeedenus uccied06anHuili UCROIb308ANUCH NOJIONCEHUA INEKMPOMEXAHUKU, Meopuu
INNEKMPOMAZHUMHO20 NONA, MAMEMAMUYECKOU (PU3UKU, Mamemamuueckozo mooenuposanusn. Pesynoemamol. Pazpabomana
Mamemamuyeckas Mmooeib, NO360NAIOWAA AHATIUIUPOCAML NEPEXOOHble NPOUECchl 6 IIEKMPOMEXAHUYECKOU cucmeme, co-
cmosawell u3 mpex YacmomHo pezyaiupyemolx 3J1eKmponpusoo0s, 00ecneuusarouux 08UNceHue MOKORPOGOOAuLell HCUibl C8epx-
BbICOKOGOILMHO20 Kabensn 6 HAKNOHHOU IKcmpy3uonnou aunuu. Ilposedeno coznacosanue IneKmpomexanuecKux napamempos
npUB0O06 cucmemvl u 6bINOJIHEHA OUEHKA OONYCIMUMbIX U3MEHEHUIl HANPAXNCEHUA RUMAlouiell cemu npu npeoenvHoll macce
0BUNCYULETICA HCUTIbL CBEPXEHICOKOBOILINHO20 KADeNA ¢ HAHECEHHOI HaA Hee noaumepHoll uzonayuen. Hayunasa noeusna. Bnep-
6ble onpeoeneno, Ymo npu nPedeibHoll Macce MOKONPOBOOAWEH HCUTIbL IIEKMPOMEXAHUYECKAA CUCIeMa NO3601Aem cmadunu-
3Upo6amMs CKOPOCHIL NepeMeu|eHUA HCUbl ¢ HeOOXO0OUMOII MOUYHOCMbIO NPU KPAMKOEPEMEHHBIX YMEHbUIEHUAX RUMAIOULe20
Hanpsaxcenusn ne oonee uem na 27 % om e2o amnaumyonoz2o 3nauenus. Takyce nokazano, umo 0aHHAA CUCHEMA AGNACHICA YC-
MouYUGONl K KPAMKOBPEMEHHOMY yeeauuenuio nanpaxcenus na 32 % ¢ meuenue 0,2 c. Ilpakmuueckoe 3nauenue. Ucnonv3osa-
Hue pazpadomanHoll MoOeu NO36071A€m PACCUUMBIGAMb UZMEHEHUe KOHQU2ypayuu u cKOpoCmu O08UNCEHUS RPOSUCAlOuiell
MOKONPOBOOAWEIL JHCUNIbL NPU HAHECEHUU HA Hee NOJITUMEPHOU U30NAYUU, 8 3A6UCUMOCIU OM YOEaAbHOU MACCHL HCUNbL HA eOu-
HUUY ONUHBL, ee HAMANCEHUA 8 HUMCHEN MOYUKe, MOMEHMA MA208020 INEKMPOOSUZAMENA U e/IUYUHbL NUMAIOU{e20 HAnpAice-
HUA 0N 00CMUNCEHUA CIMAOUNBLHOU padompl cucmemsvl U mOYHOIl ompadomku 3a0annvlx napamempos. buodn. 12, puc. 7.
Kniouesvie cnosa: 3nekTpoMexaHuyecKHe Iepexo/Hble NMPOoLecchl, CBEPXBbICOKOBOJIbTHBIN Kadelb, MaTeMaTHYeCKOe MoJe-
JIMpPOBaHHe, YACTOTHO pery/jupyemMble 3J1eKTPONPHBO/Ibl, HAHeCEHHEe NOJTMMEePHON H30IANH.

Introduction. The modern phase of technological
development for applying polymer insulation to current-
carrying cores of power-driven cables is characterized by
the use of adjustable AC electric drives. These drives are
made on the basis of asynchronous motors with frequency
control, which have high dynamic and energy perform-
ance. At the same time, when two or more adjustable
drives are used in one system, the solution to the problem
of their electrical and mechanical parameters coordination
becomes much more complicated. When choosing the
optimal structure of the control unit of the whole system,
it becomes necessary to model complex electrodynamic
processes, which now is most appropriate to implement
using the Matlab/Simulink/Sim-PowerSystems package.

This approach helps to investigate the laws of fre-
quency regulation and determine the most appropriate

system regimes for its stability, speed and other indicators
[10]. When operating these drives systems, there is also
the task of studying their operation stability when chang-
ing the supply network parameters, which is especially
important in case of maximum mechanical loads of the
drives and their power supply from the power supply sys-
tem with a limited installed capacity of the servicing sub-
station. The use of computer modeling to solve this type
of problems makes it possible to significantly reduce the
material costs and timing of such systems design.

This research provides an estimation of the operation
stability of electromechanical system with vector control
of frequency-controlled electric drives considering short-
term changes in the supply network voltage. It is known
[10] that the vector control advantages are the high accu-
racy of diagram optimization at a set speed, the preserva-
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tion of the necessary torque magnitude at low rotational
speeds, the smooth operation of the motor and the rapid
reaction to load jumps due to the high dynamics of regula-
tion. At the same time, the quantitative analysis of the
stability and accuracy of the specified parameters optimi-
zation - motion speed and the torque shaft of the drive, are
currently insufficiently studied.

The aim of the paper is to analyze the electrome-
chanical transients in a system consisting of three fre-
quency-controlled electric drives based on asynchronous
motors that control the current-carrying core motion, as
well as the effect of such processes on the modes of ap-
plying three-layer polymer insulation to the current-
carrying core.

The paper studies such freelance regimes as the ap-
pearance of short-term voltage failures in the supplying
three-phase network and short-term increases in this volt-
age. The study is carried out to coordinate the electrome-
chanical parameters of the system two drives and to eval-
uate the permissible level of the voltage failure in the
supply network at the limiting mass of the moving cable.

The material is based on the computer modeling re-
sults of electrical system that includes two induction mo-
tors with vector control, using the scientific statements
presented in [7, 11]. Synthesis of the virtual model uses
the tools of the Matlab / Simulink computer modeling
software package [8], which contains special blocks and
demonstration samples dealing directly with the elements
and systems of the automated electric drive. The princi-
ples of constructing and exploring individual blocks of
virtual models are presented in [6, 7], and the control sys-
tems of electric drives in the monograph [5].

Description of the inclined line. The inclined ex-
trusion line (Fig. 1,a) is in the form of a metal vulcaniza-
tion pipe, inside of which extrusion and vulcanization
(cross-linking) of a polyethylene insulation layer as well
as two polymeric semiconductive layers are applied on
the current-carrying core of high-voltage and ultrahigh
voltage cables. In such a line, the insulation of aluminum
and copper current-carrying cores of power cables is
made with a cross section of 35-2000 mm? for a voltage
of 10-330 kV. The current-carrying core consists of many
twisted and compacted current-carrying cores, which can
be divided into 5-7 separately sealed and isolated sectors.
A polymeric semiconductive layer 0.4-3 mm thick is ap-
plied to the current-carrying core, on which an insulating
layer of high-quality polyethylene with a thickness of up
to 28 mm and another layer of semiconductive polyethyl-
ene with a thickness of 0.4-3.5 mm are applied. All three
layers are simultaneously applied by extrusion using a
triple extrusion head and vulcanized in a vulcanization
pipe of continuous vulcanization at 450 °C in a medium
compressed to 16 atm. nitrogen in the gaseous state. This is
necessary to ensure the insulation quality, namely to exclude
the presence of conductive microcircuits larger than 50 pm
and groups of closely located microinclusions [4, 12].

The cable current-carrying core with polyethylene
insulation and semi-conductive shielding layers applied
must move at a speed of 0.3-50 m/min inside the vulcani-
zation pipe 172 m long. The motion is carried out as a
result of the effort up to 4.5-10* N electric drive No. 1
(Fig. 1,b).

The principle of line operation, its scheme is shown
in Fig. 1 as follows. The current-carrying core wounded
on the feeding device cylinder, is passed through the elec-
tric drive No. 1 through a triple extrusion head, into which
polyethylene insulation melts and a semiconductive pol-
ymer are simultaneously fed. The head has three extruders
of different capacities: the first (with the highest capacity)
for applying a polyethylene insulation layer, and the sec-
ond for forming semiconductive polymer layers.

In order for the liquid layer of molten polyethylene
to be less displaced relative to the current-carrying core
axis, a twisting mechanism is additionally applied. It
twists the current-carrying core in the direction of its
wires approximately at a pitch equal to one current-
carrying core turn around its axis for 30 linear meters of
its length. This makes it possible to obtain a cylindrical
item with a crust of solidified polyethylene on its surface
and avoid the displacement of the polymeric semiconduct-
ing and insulating layers relative to the current-carrying
core axis, i.e. avoid the polymer layers eccentricity.

The possibility of such technology implementation
is provided by a special configuration of the inclined vul-
canization pipe. The initial part of the pipe, where the
current-carrying core polymer layers are still sufficiently
liquid, is practically vertical. Then the pipe bends and in
its final part, where the current-carrying core polymer
layers are sufficiently hardened, becomes almost horizon-
tal. The bending and cross-section of the pipe are selected
from the conditions of inadmissibility of touching its in-
ternal surface by polymeric layers of the current-carrying
core with all changes in its cross-section, mass, polymeric
layers thickness and linear displacement speed.

A current-carrying core with polymeric layers must
move in the central part of the vulcanization pipe and can
be considered as a heavy material thread. The angle «
between the abscissa axis and the line connecting the be-
ginning and the point with coordinates (x, y), as is known
from mechanics, can be determined from the expression:

X
tea === 1
ga=" (D

where g is the weight of heavy material thread per unit
length and H is the tension at the lowest point.

Since the manufacture of insulated cable standards
of different cross-sections and at different voltages the
value of g varies, the profile of the sag thread also varies:

1
y=—x2, )
C

where ¢ = H/g is sag constant.

From the equations given, it is clear that the sag con-
stant ¢ should be unchanged to keep the thread profile.
Such profile invariance can be made by adjusting the ten-
sion force H and correspondingly adjusting the motor
shaft of the drive No. 2 (Fig. 1,b), driving the track-type
traction device at a constant technological speed V of the
current-carrying core motion in the vulcanization pipe.
The invariance of the current-carrying core speed is en-
sured by adjusting the torque of the traction motor. These
relationships are the basis for the motion control system
of the current-carrying core inside the vulcanization pipe,
which bend is determined from the sagging equations of
the current-carrying core as a material heavy thread.
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Fig. 1. Inclined extrusion line of applying and vulcanizing a polyethylene insulation layer and two semiconductive layers
on current-carrying core of high and ultrahigh voltage cables, a — photo of PJSC «Yuzhcable Works» and b — its block diagram

Problem statement and the development of math-
ematical model of electromechanical system. The elec-
tromechanical system is studied. It is schematically shown
in Fig. 1,b and contains three electric drives, based on
asynchronous motors with vector control.

Drives No. 1 and No. 3 set in motion the cylinder of
the deeding and receiving devices and ensure the cable
motion at a constant speed V set by the technological con-
ditions. Drive No. 2 sets in motion the track-type traction

device and provides the required cable tension H when it
moves inside the vulcanization pipe. All drives are built
based on direct control of the torque and flow of an asyn-
chronous motor (DTC method), described in [1, 3, 9].

In this paper, as in [7], a mathematical model was de-
veloped using the Matlab / Simulink software package [8]
to study the electromagnetic processes in electromechanical
system shown in Fig. 1. This system model with two elec-
tric drives with vector control is shown in Fig. 2.
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Fig. 2. Mathematical model of a system with two electric drives with vector control
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In this model, the effect of two drives No. 1 and
No. 3, providing a set speed of the cable motion, is re-
placed by the equivalent action of one drive, so a system
consisting of two drives is considered in the modeling.
The model has a drive’s receiving device, providing a set
speed of shaft rotation of the asynchronous motor, and,
consequently, a set speed of cable pulling. Also, there is a
drive of the track-type device No. 2, which creates a set
torque on the motor shaft, and, consequently, a set tension
of the cable. Both drives are connected to a three-phase
power supply. To model a short-term voltage failure
mode, an additional active three-phase load is connected
to this source with a key. To visualize the calculation re-
sults, the blocks of virtual oscilloscopes Display of the
Simulink package are used, the inputs of which are con-
nected to the corresponding communication lines.

Each of the two drive units, as in [7], model the elec-
tric drive operation based on an induction motor with vec-
tor control. This model contains an uncontrolled three-
phase rectifier, a three-phase inverter with pulse-width
modulated current (PWM), an asynchronous motor, a
speed controller and an inverter control unit. In order to
avoid overvoltage at the rectifier output when the motor is
switched on in the electric power generation mode, a spe-
cial chopper block is located between the rectifier and the
inverter, which provides the connection of a resistor
shunting the storage capacitance when the voltage across
the set value exceeds it. The block diagram of the drive
realized by the DTC method is given in [2, 3, §8].

The asynchronous machine model is used and con-
sisted of an electrical part represented by a fourth-order
state space model and a mechanical part model in the
form of a second-order system. All electric variables and
machine parameters were driven to the stator.

The initial equations of the electrical part of the ma-
chine are recorded for a two-phase coordinate system (the
d-q axis) and have the form:

. d
Vqs = Rslqs +E(pqs — WP » 3)
. d
Vas = Ryigs +Z¢dx 0Py » 4)
’ ! d ’ ’
Vqr = erqr + qur + (a) — @y )¢dr > )
! 1! d U ’
Var = Rylgy + der - (a) — Oy )¢’qr > (6)
Te = 1’5((/7dsids - quids )’ (7
where: Pys = Lsiqs + Lmi;r > Pds = le.qs + Ly, (8,9)
%r = L;i(,]r + Lml‘qs s g = Lyigy + Lyigs, (10, 11)
L =L, +L,, L.=L,.+L,. (12, 13)

The mechanical part of the machine was described
by two equations:

iwzl(Te ~Fo-T,),
dt J

The following symbols are used in the equations: R;,
L; and R',, L, are the resistance and inductance of stator
and rotor scattering; L,, is the inductance of the magnetiz-
ing circuit; L, L', are the total inductances of the stator

d
—0=0. (14,15
= ( )

and rotor; Vi, i, and V', i, are the projections of the
stator and rotor stresses and currents on the g axis; Vs, 4
and V', 'y are the projections of the stator and rotor
voltages and currents on the d axis; @u, ¢4 and @'y, @'y,
are the projections of the stator and rotor flux linkages on
the d and g axes; w is the angular velocity of the rotor;
@ is the angular velocity of the rotor; J is the rotor inertia
torque; 7, is the motor electromagnetic torque; T, is the
static load moment; F is the friction coefficient.

This mathematical model has become the basis for the
one developed in the Simulink and for the virtual model of
the asynchronous machine used in this paper. A number of
parameters were calculated from the machine's passport data
on the basis of the method described in [6]. At that, the asyn-
chronous motor RA160MA4 (11 kW, 1460 rpm) was used in
the drive’s receiving device, and RA132S2 (5.5 kW,
1455 rpm) was used in the drive of the tracked chassis.

The analysis of modeling results. Fig. 3 shows the
timing diagrams of the main characteristics of the drive’s
receiving device for the studied time period — 2 s, corre-
sponding to the start-up mode. The diagrams are in good
agreement with the results given in [7]. The Fig. 3 shows
the time-dependent current of the stator motor winding,
the rotor speed, the electromagnetic torque on the motor
shaft, and the reference voltage at the inverter input con-
sidering stable parameters of the supply network or net-
work with infinitely large power.

Based on the modeling results, it can be noted that
the current in the stator of the receiving device's motor
changes in amplitude and frequency during start-up, and
at the initial area the frequency is low and gradually in-
creases as the motor accelerates. It is this trigger mode
that is characterized by low energy consumption. The
motor is monotonously accelerated to a set speed of
1200 rpm for a time equal to 1.35 s and then accurately
reproduces this predetermined rotation frequency in the
subsequent time interval.

At the next stage of the research, dynamic processes in
the drives were modeled with a short-time increase during
0.4 s of the supply voltage from an amplitude value of 380
V to various values up to 500 V. Such a mode was modeled
by connecting the drive to an additional voltage source of
increased amplitude in a time point of 1.4 s (after reaching
the steady state). The results of calculating these processes
for the drive’s receiving device are shown in Fig. 4.

Based on calculation results it follows that, although
the inverter input voltage increases from 580 V to 800 V,
rotor speed does not change. That is, the studied system of
the two drives is stable to short-time increases in the input
voltage in the wide range.

At the next stage, dynamic processes in the drives
were modeled for a short-time (0.4 s) network voltage
failure from the amplitude value u, to the value uy — Au,
with Au/uy = 0.54. This mode was modeled by connecting
to a power supply with a limited power of an additional
three-phase load.

The calculating results of these processes for the
drive’s receiving device are shown in Fig. 5 for the phase
voltage and in Fig. 6 for the stator current, the rotor speed,
the electromagnetic torque and the inverter input voltage.
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Fig. 6 shows that the voltage failure (time interval
1.4 — 1.8 s) at the inverter input decreases, current level
in the stator motor winding decreases, but vector con-
trol system increases the electromagnetic torque in or-
der to work at the set speed. It can be seen that with
this voltage failure, the electromechanical system, de-
spite the torque increase, cannot work at the set rotor
speed, which decreases at the end of this time interval
by an amount 4n = 430 rpm.

In order to obtain a quantitative dependence of the
relative decrease in the rotor speed An/ny on the rela-
tive decrease in the network voltage Au/u,, calculations
were carried out for different values of the load addi-
tionally connected to the network. These dependences
are shown in Fig. 7.
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As can be seen from this figure, there is a threshold
value for the voltage failure Au/uy-100 % = 27 %, below
which the drive ensures stabilization of the set speed with
high accuracy. When this value is exceeded, the relative
rotor speed An/ngy increases, that is, the drive does not
provide stabilization of the set speed. The obtained data
on the threshold value of the voltage failure allow us to
formulate the requirements for the parameters of power
supply systems, taking into account their possible connec-
tion to additional power loads.

Conclusions.

1. A mathematical model has been developed to study
the dynamic processes in the electromechanical system
used in the production line for the extrusion coating of
polyethylene insulation and semiconductive polymer lay-
ers on the current-carrying core of ultrahigh-voltage ca-
bles. The investigated system includes electric drives on
the basis of frequency-controlled asynchronous motors
and their load - moving current-carrying core with neces-
sary speed and tension.

2. The coordination of electrical and mechanical pa-
rameters of the system is carried out and the analysis of
its dynamic processes is made. It is determined that with a
critical mass of the current-carrying core, the electrome-
chanical system allows stabilizing the current-carrying
core speed with the necessary accuracy at short-time fail-
ures in the supply voltage of no more than 27 % of its
amplitude value. This is one of the basic requirements for
the parameters of power supply systems, taking into ac-
count their possible connection to additional power loads.

3. It is also shown that this system is stable to a short-
term voltage increase for 0.2 s from a value of 380 V to
500 V.
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NUMERICAL ESTIMATES OF ELECTRODYNAMICS PROCESSES IN THE INDUCTOR
SYSTEM WITH AN ATTRACTIVE SCREEN AND A FLAT RECTANGULAR SOLENOID

Purpose. To carry out numerical estimates of currents and forces in the investigated inductor system with an attractive screen
(ISAS) and determine the effectiveness of the force attraction. Methodology. The calculated relationships and graphical
constructions were obtained using the initial data of the system: induced current in the screen and sheet metal; the distributed
force of attraction (Ampére force); the repulsive force acting on the sheet metal (Lorentz force); amplitude values of the force
of attraction and repulsion; phase dependence of the force of attraction, the repulsive force and the total resulting force.
Results. The results of calculations in the form of graphical dependencies of electrodynamic processes in the region under the
conductors of a rectangular solenoid of inductor system with an attracting screen are presented. The graphs of forces and
currents in region of dent are obtained. In the paper the analysis of electrodynamics processes for whole area under the
winding of inductor system with an attractive screen is shown. The flowing this processes in the region of dent a given
geometry is presented. Originality. The considered inductor system with an attractive screen and a rectangular solenoid is
improved, in comparison with the previous developed ISAS. It has a working area under the lines of parallel conductors in the
cross section of a rectangular solenoid, and this allows to place a predetermined portion of the sheet metal anywhere within
the working region. Comparison of the indicators of electrodynamics processes in the considered variants of calculation shows
an approximate growth of almost 1.5 times the power indicators in the area of the accepted dent in comparison with similar
values for the entire area under the winding of the ISAS. Practical value. The results obtained are important for the practice
of real estimates of the excited forces of attraction. With a decrease in the dent, the amplitude of the electrodynamics forces
being excited is growing proportionally (for example, when the depth decreases by 3 mm, the forces increase more than 2
times). The highest efficiency of force attraction is for sheet metal regions, the dimensions do not exceed the transverse
dimensions of the winding branches of the exciting solenoid. References 8, figure 7.

Key words: magnetic-pulsed treatment, inductor system, attractive screen, rectangular solenoid, electrodynamics processes.

IIposeoenvt uucnennvie oUeHKU U AHATU3 NOJIYUEHHBIX PE3YIbIMANIOE 014 MOKOE U CUJI 6 UCCAe0YeMOoll UHOYKIMOPHOU cucmeme
C NpUMAZUGAIOWUM IKPAHOM U NPAMOY20JIbHBIM CONCHOUOOM. Buviaeneno, umo npu ymenvwienuu 2nyounvt eMAmuHsl 6
Memanne, AMRAUMYOd, 6030YHCOAEMBIX INEKMPOOUHAMUYECKUX YCUNUL, pacmém. AHANU3 noKazaa, 4mo 3HAYeHue Cui
OMmManKueanus, UHMeZPAIbHOE 60 8PeMeHuU, Hudyce pazsugaemuvix cun npumsadxcenus. Ilpu docmamouno nuzkux padouux
yacmomax Oelcmeylouux nofeil, pAcCMOMPEHHAA cucmema padomaem, KAK UHCIMPYMEHM MAZHUMHO-UMNYIbCHO2O
npumsadicenus MOHKOCMEHHbIX 1UCmMOo6bIX Memannos. budn. 8, puc. 7.

Kniouesvie cnoea: MarHMTHO-UMIIY/IbCHAs 00pa0oTka, HHAYKTOPHAas CHCTEMA, NPUTATHBAIOMIMII 3KPaH, NPAMOYIOJIbHBIN
COJICHOM[, 3JIEKTPOJUHAMHYECKHE IIPOLECChI.

Introduction. The development of any area of
modern industry is focused on the accelerated
introduction of innovations. This applies to the
metalworking area. The needs of society also indicate that
it is necessary to promote a greater development of
manufacturing industries. Magnetic-pulse processing of
metals (MPPM) has recently become quite common in the
application of various manufacturing operations [1, 2]. In
this regard, the improvement of systems and tools that
improve the efficiency of existing devices or the creation
of absolutely new ones for the modern level of
development of MPPM is actual.

Analysis of major achievements and publications.
The main component of any system of magnetic-impulse
attraction of thin-walled metal sheets is the inductor
system. Its improvement is a solution to the problem of
increasing the effectiveness of instruments of magnetic
pulse technology. In order to obtain high homogeneity of
the excited field and forces in the working area of the
MPPM tool, inductor systems with an attractive screen
(ISAS) were created. The principle of operation is based
on the mutual attraction of conductors with identically
directed currents (Ampere law) [3-6].

The goal of the work is to carry out numerical
estimates of electrodynamics forces in the «inductor
system with an attractive screen» under investigation to
determine the effectiveness of the force attraction.

Problem definition. The ISAS system consists of a
source of a magnetic field (a flat rectangular solenoid), an
auxiliary conducting screen and an object of processing.
The field of the solenoid excites unidirectional Foucault
eddy currents in the screen and sheet metal. Due to the
rigidly fixed screen, the attraction experiences only the
processing object. Force magnetic-pulse action leads to a
stretching of the specified area on its surface. The
working zone of the ISAS under consideration is the area
under the branches of the parallel conductors, that is, the
specified section of the sheet metal processed object,
which has a depression (for example, a dent), which must
be deformed (attracted).

Initial data (Fig. 1). Solenoid:

a) number of turns in each branch — N = 10;

b) branch width — (b — @) = 0.05 mm;

c¢) width of turn and interturn

_(b-a)

insulation —
~ 0,0026 m;

d) internal solenoid window —a = 0.025 m;

e) current in the inductor generated at the capacitive
storage discharge — C = 1200 uF with voltage — U,, = 2000 V
at frequency — /= 1500 Hz, is assumed — J,, = 22620 A
(respectively, the linear density of the exciting current —
Jm = 8.6-10° A/m).
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Fig. 1. Schematic representation of ISAS, C — capacitance,
K —switch

Screen and sheet metal:

a) thickness —d = 0.0075 m;

b) conductivity —y = 0.4-10" (Q'm) " (steel).

The system geometry:

a) distance between the working surface of the
solenoid and the screen — 2 = 0.0005 m;

b) dent depth — H' = 0.005 m, its length — D = 0.03 m.

Calculation relations:

a) from the expression obtained in [7] we obtain the
formula for the current induced in the screen:

)= [ J(uomd )djl(w)
g

2 dy
6]

0 h
x _([f(x)e_x.d (1 —e )sin[x%jdx

where J,, is the amplitude of the current in the solenoid,
w = wt is the phase of the induced current in the pulse,
Jiy) is the phase function of the current in the solenoid,

f(x)= E-L3J.f(oc)-sin(oc)afoz , fla) 1is the lateral
T x 0

distribution function of the exciting current

b
<2,

>

Lael

oy
|

fla)=
]9

N
f(x)= é : (%{cos{x : [3 +2(k — 1)§D _
oot

b) from the relation obtained in [7] we obtain a
formula for the current induced in sheet metal:

i W)= ( j(a)ﬂoﬂi )djl(l//)
g

2 dy
_ UrdeH) ;o (@

XI fx)e d (l—e_x )sin(x%jdx

¢) from the relation obtained in [7] we find the
distributed force of attraction (Ampere force),

Q| >

0, ¢

B

Ul

. . D
Fae@,3) =22 jow, ) - i) —5  (3)
27 H

where D is the dimension (length), H is the dent depth,
Jeim(y,y) 1s the current density induced in the screen and
sheet metal in accordance with (1), (2);

d) the repulsive force (the Lorentz force!) acting on
the sheet metal is determined from the expression in [7]:

FropWs7) = 2% ji0, 1)+ im0, 3)- )
2 (

b
h+d+H)’

where j(,y) is the current density in the solenoid,

I
Jilw), at |y|e
Jily,y) = ( J Ol
0, at |y €[a,b],

Ji(w) is the phase dependence of the current in the
solenoid, ji(,y) is the current density induced in sheet
metal in accordance with (2);

e) amplitude-for-phase value of the attractive force

max —

atr (V) = Farer (W, J/)L/, Y G
_Ho i D
- 0 ]e(l//ny)L//:W - jlm(l//’y)L//:'//max H

f) phase dependence of the attractive force averaged

in the transverse dimension on the interval
yel[=b, b]
Fawr) == [ Fawrw,2) dv ; ©)
2b 2
g) amplitude value of repulsive force
B () =Fpoy)|,_, =
b ™

= _Jz W) jim (v, J/)L,, Vo m,
h) phase dependence of the repulsive force averaged
in the transverse dimension on the interval ye[-b, b]

Frep) = j WD ®)

i) phase dependence of the resultant force, found as
a phase superposition of repulsive and attractive forces
averaged in the transverse dimension along the width of
the ISAS in the interval ye[-b, b]

Foum (W) = Fatr W) + Frep(y) . ©)

The characteristic phase dependence of the exciting
aperiodic signal can be described by a function of the
form [8]:

T
S_a
v 2

Jily)= (10)
exp(—ﬁ-(l// —ED,W > %,,b’ ~0,75.

siny,

2
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In addition, we illustrate graphical dependencies
with additional averaged numerical estimates:

a) the value of the attractive force averaged in the
transverse dimension on the interval ye[-b, b] and in
phase we[0, 27]

_ 1 27 27 b
- . — 11
Faur =—— !;F atr (Y)dy (e 20) JO. LFam(u/,y)dyd y.(11)

b) the value of the repulsive force averaged in the
transverse dimension on the interval ye[-b, b] and in
phase we[0, 27]

o 1 2z 1 2z b
Frep=—o | F dy =——— | [F. (v, y)dvdy.(12)
rep = o .(,; rep(W)dy (2”.217) _([__[7 rep(l// yydydy

c) the value of the resultant force (the superposition
of the attractive force — Ampere and the repulsive force -
Lorentz) averaged in the transverse dimension on the
interval — ye[-b, b] and in phase — we[0, 27]

. 1 2r 1
F sum 2; stum(W) dW=mX
0

(13)

Yy
XJ JFsum(l//ay) dydy.
0 -b

We note that formula (13) illustrates the quantitative
increase in the efficiency of the magnetic-pulse attraction
taking into account the phase of the proceeding process.
Numerical estimates can be averaged over any interesting
spatial or phase interval. For example, when considering
processes in the region directly under a separate inductor
current lead, the averaging interval — yUl[a, (a + b)].

Results of calculations.

1. Electrodynamics processes in the region under the
conductors of a rectangular solenoid of ISAS (Fig. 2-7).
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Fig. 2. The picture of the spatial distribution of induced currents,
1 — screen metal, 2 — sheet metal

With a decrease in the depth of the dent, the
amplitude of the excited electrodynamics forces increases
in practice, in proportion. Thus, with a decrease in depth

from 0.005 m to 0.002 m, the forces increase by more
than a factor of ~ 2.
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Fig. 3. The spatial pattern of the distributed force of attraction
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Fig. 4. The phase dependence of the resultant force
(superposition of Ampere and Lorentz) acting on the sheet metal
in the ISAS, the average value over the time of action —
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The main results of the calculations are as follows:

e calculated data are integral indicators of
electrodynamics processes, characterizing their flow over
the entire area of the inductor system, excited by a
multiturn flat rectangular solenoid with current amplitude
in the winding of ~ 22.6 kA with storage capacitor
voltage of ~ 2 kV and storage energy of ~ 2.4 kJ;

e the temporal dependencies of the exciting and
induced currents are different, which ultimately causes the
oscillation of the Lorentz force, that is, the appearance of
repulsion and attraction intervals;

o the prevalence of repulsive forces over the forces of
attraction is short-term and occurs exclusively in the
initial phase of the process of force action;

e averaging of the excited forces over the action time
shows more than an order of magnitude (~ 15 times) the
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excess of attraction over repulsion (attraction — Far ~
~0.282-10° N/m?, repulsion — Frep ~—0.0182-10° N/m?);
¢ in the integral (averaging over the action time and

the spatial variable), the ISAS examined over its entire
area provides a magnetic-pulse attraction with force —

S~ 0.245-10° N/m?’.
2. Currents and forces in the area of the dent.
Geometry of the dent area (assumed area of force

action): DxDxH = 0.03 mx0.03 mx0.05 m.

The specified sheet metal area is placed under the
plane of the conductors of any of the branches of a
rectangular solenoid, which excites the «inductor system
with an attractive screen» (ISAS).

For the assumed region of force action, averaging
over the transverse spatial variable is performed in the

interval we[0, D].
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Fig. 5. The picture of the spatial distribution of induced currents,
1 — screen metal, 2 — sheet metal
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Discussion of the results of calculations:

e calculated data are local indicators of
electrodynamics processes that characterize their flow in
the region of a dent of a given geometry, in contrast to
previous results obtained for the entire area under the
ISAS winding;

e as before, the prevalence of repulsive forces over the
forces of attraction is short-term and occurs exclusively in
the initial phase of the process of force action;

e averaging of the excited forces by time of action
shows a significant excess of attraction over repulsion

(attraction —  Faur ~0.35-10°  N/m?,
Frep ~—0.056-10° N/m?);

e in the integral (averaging over the action time and
the spatial variable), the ISAS considered on its entire
area provides a magnetic-pulse attraction with a

distributed force — F thltr:] ~0.345-10° N/m?;

e in general, the comparison of the indicators of
electrodynamics processes in the considered variants of
the calculation shows an approximate growth in 1.3-1.5
times of the force indicators in the area of the accepted
dent on the surface of the sheet metal in comparison with
similar values for the whole area under the winding of the
ISAS inductor.

Conclusions.

1. A numerical analysis of electrodynamics processes
in an inductor system with an attractive screen and a
source of a magnetic field — a flat rectangular solenoid is
carried out in the work.

2. Numerical estimates have shown that when the
depth of the dent decreases, the amplitude of the
electrodynamics forces excited increases in practice in
proportion.

3. The greatest efficiency of force attraction occurs for
sheet metal regions, the dimensions of which do not
exceed the transverse dimensions of the winding branches
of the exciting solenoid.

4. The integral value of the repulsive forces in time is
much lower than the developed attractive forces (less than
~5%).

5. In general, at sufficiently low operating frequencies
of acting fields (~ 1500 Hz), the «inductor system with an

repulsion —
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attractive screen» considered operates as an instrument of
magnetic-pulse attraction of thin-walled sheet metals.
Local distributed forces of attraction in the region of
given areas (for example, dents with limited dimensions!)
at current in the inductor of ~ 22 kA can reach values of
the order of ~ 0.345-10° N/m’.
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THE RESEARCH OF THE OPERATION MODES OF THE DIESEL LOCOMOTIVE
CHME3 ON THE IMITATION MODEL

Introduction. Fuel consumption by diesel locomotive during operation depends significantly on many factors, among which the
main is the mode of driving a train. Purpose. Research on the mathematical model of the modes of driving a train on the site of
Kharkiv-Merefa with the purpose of the main oscillograms of the operation of the locomotive on the site. Methodology. A
mathematical model of the operation of the main units of the locomotive CHMES3 in the Matlab environment was developed. The
model of the diesel engine is based on the calculated indicator diagram of its operation, which is approximated by a continuous
dependence. The control panel operates on a system of conditions, the purpose of which is to maintain the set speed. Results. In
the course of the simulation, statistical data were obtained on the fuel consumption of the diesel locomotive when it operated on a
section with a train of constant mass. Based on the data obtained, a three-dimensional surface is constructed showing the
dependence of the fuel consumption on the time of the site's exploration and the maximum speed on the site. Practical value. The
dependence obtained can be used to optimize the driving behavior of trains along a section. The apparent dependence of fuel
consumption on the driver's behavior is the basis for the further development of automatic locomotive speed control systems.
References 8, figures 6.

Key words: diesel locomotive, imitation model, diesel engine, traction electric drive, road profile, fuel consumption,
train mode.

Pazpadomana umumayuonnan mooenv mennoeoza YMDI3, komopas cocmoum u3 ouzens ¢ peyiimopom 4ucia 060pomos
KOJleH4amozo 6and, ms208020 2eHEPAMOPA HNOCHOAHHO20 MOKA HE3A8UCUMO20 B030YHCOEHUSI U MAZ08020 IIEKMPUUECKOZ0
npueooa. Ilposedeno mecmuposanue padomol UMuUmMayuoORHoU mooenu na npogune yuacmxka nymu Xapvkoe - Mepegha, npu
INOM OCHOBHBIMU OZPAHUUEHUAMU AGTAIOMCA 8PeMA 0BUNCEHUA, OA OAHHOZ0 NEPezOHa He 00IHCHO npesviuiams 45 mun., a
MaKsce MaKCuMaiabHas OONYCMUMas cCKOPOCMy, KOmMopas 01s 2py308ulx noe30o6 cocmaegnsem 80 km/u. Ilonyuena mpexmepnasn
NHOGEPXHOCMb, KOMOPAsi NOKA3bIGACHM 3AGUCUMOCHIL PACX00A MORIUGA JIOKOMOMUGA OM pexcuma 6e0eHus noe3oq
MAWUHUCIMOM NPU 6bINOJIHEHUU 00UHAKOGOU PAGOMbL, MO eCHb 00UHAKOB020 6PEMEHU 8UiCeHUA no nepezony. bubn. 8, puc. 6.
Kniouesvie cnosa: TennoBo3, MMUTAIIMOHHAST MOJeJIb, TH3€/]Ib, TATOBBINA JIEeKTPONPHUBOA, NPOQUIb MyTH, PACcX0] TOILIMBA,

PEKUM BEICHUA MMoe3aa.

Introduction. Efficient use of fuel and energy
resources is one of the most important tasks facing the
Ukrainian economy. The Law of Ukraine «On Energy
Saving» defines the energy efficiency of the economy as
one of the main strategic guidelines for long-term state
energy policy [1].

Railway transport is one of the largest energy
consumers in the country. Energy efficiency in modern
conditions is the most important factor in increasing the
competitiveness of Ukrainian railways in the domestic
and international transport services market. In 2010, the
Cabinet of Ministers of Ukraine approved the Transport
Strategy of Ukraine for the period up to 2020, aimed, in
particular, at optimizing energy consumption in the
unconditional performance of cargo transportation
services and energy security of the company.

The main share of expenses of fuel and energy
resources in the company accounts for traction of trains.
Today it is 82 % of the total consumption of electricity
and 90 % of diesel fuel [2]. Therefore, emphasis in energy
saving is made, first of all, on the main type of activity -
the transportation process. In this regard, the issue of
energy efficiency is very relevant for the railways and
requires further research.

Analysis of literary data and problem definition.
An overview [3] shows that CHME3 locomotives make
up 97 % of the entire fleet of shunting locomotives in the
Ukrainian railways. In addition to maneuvering at
stations, these locomotives are often used for
transportation, as well as in the suburban traffic. In the
conditions of the introduction of high-speed traffic, the
optimization of the modes of data types of trains by

sections is of particular importance. In conditions of
increasing the speed of the passage of the site we should
not forget about the cost of fuel and energy resources.

As noted in [4], the conditions of the locomotive
operation while driving the trains are characterized by a
continuous change in traction and speed, and to this also
there are sections of the paths with insufficient grip. In
this case, the power of the locomotive depends on many
circumstances, it varies depending on the speed being
implemented, the selected position of the controller of the
driver and the degree of weakening of the excitation field.
These circumstances allow us to implement very diverse
modes of control of traction rolling stock, which often
differ from those taken in the traction calculations and
specified in the regime cards.

For various modes of operation, the rational
driving conditions are essential. It does not allow to
recommend one mode of driving a train as optimal for
all practically possible traffic conditions in the area,
because even on the same site, these conditions often
change. In addition, the characteristics of electric
machines and specific locomotives, depending on their
technical state, may differ in certain respects from the
corresponding passport data.

All this creates difficulties in the development and
practical use of rational modes of driving trains.
However, experience shows that even in the presence
of regime maps and the implementation of
recommended modes of driving trains, technically
justified for some average operating conditions, actual
costs of electricity and fuel from different drivers on
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the same sites are different, deviations can be both
greater and to a lesser extent than the established norm
(up to 10 %).

Based on the above mentioned, one can conclude
that studying the modes of driving a train is very
important. Imitation modeling is the most appropriate way
of research, since it enables to obtain important statistics
with sufficient accuracy [5].

The goal and tasks of the research. The goal of the
work is to investigate various modes of driving a train by
CHMES3 diesel locomotive for their optimality in terms of
time of passage of a site and fuel consumption.

To achieve this goal we need:

e to develop an imitation model of all components of
the locomotive involved in the creation and
implementation of traction force;

e to select and simulate the section of the path on
which the research will be conducted;

e to identify train driving modes and explore each one.

Presentation of the main material. The diesel
generator set together with the electrical part of the research
object consists of the following basic structural elements:
control panel, diesel with regulator of crankshaft speed,
traction generator of direct current of the independent
excitation and traction electric drive. The block diagram of
such object of research is shown in Fig. 1.

M= M lgX

- 1 | |

SCD 4l peG e «

DCG F*~{TED -+

y k&
y r !m ‘?\P 1»; l',m

Fig. 1. Functional diagram of CHME3 diesel locomotive model:
CP - control panel; SCD - diesel speed regulator; D - diesel;
DCG - DC generator with exciter; TED - traction electric drive

The input parameters for the CP unit are the train
speed V; and the motor current /,, on the value of
which depend the driver’s controller position number
N, and the specified number of diesel turns n,. which is
the input value for the SCD block. Depending on n,.
and ny;,, SCD determines the required amount of fuel
kfier. On the basis of k., and loading torque M.z, DCG
receives from D the value w,. The value E, which is
the input parameter of the TED block, is calculated by
DCG depending on N, and /,. At the output of TED,
the value V), is formed.

The control panel CP of the diesel locomotive
CHMES3 has 8 positions of the voltage change on the
traction motors and two positions of the field weakening.
At each position, with the help of automatic regulators,
the steady values of the frequency of rotation of the
crankshaft of the diesel engine and of the voltage on the
terminals of the exciter are maintained [6].

The modeled control panel switches the position of
the driver’s controller depending on two coordinates,
namely: the current of engines and the speed of the train.
The operation of the unit that simulates the panel is
carried out under the following conditions:

N,=1if I, >1, v V; >V,
Ny if Ly<l, A Vi=5<V, <V, (1)
N, +1if I, <I, A V,<Vy=5

N, =

where N, is the position number of the driver’s controller,
1, is the current of the motor, 7, is the rated current of the
motor, V; is the current train’s speed, Vg is the specified
train’s speed.

To exclude the possibility of too frequent switching
of positions, analysis of the need for switching occurs at
intervals of 1 s. To exclude a large number of switches in
steady state, when the actual speed is close to the given,
there is a dead zone of 5 km/h in which there is no
switching, and the movement is carried out on the
previously selected position.

The block diagram realizing the condition (1) is
shown in Fig. 2, where PS is the position selection block.
The selected position number, also, is converted to a
given speed of the diesel engine n,,.

- A"\'I;J 1
4 [ 5 1% . Ng-
PS Npyton f——
- F— to diesel
r
v, 1 r
/ i JNII; _
®—’ -'r_\} to generator
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] m J'\"p

+
@ to a traction

1" electric drive
n
t

Fig. 2. The block diagram of the control panel model

All diesel engines according to the nature of their
operation are very sensitive to load changes. An
increase in diesel loading causes a reduction in the
speed of the crankshaft («drawdowny), which can lead
to the stopping of the diesel engine, and a decrease in
the load is accompanied by a sharp increase in the
rotational speed of the shaft, that is, the diesel engine
can go to «spacingy [7].

In order to maintain constant rotational speed of the
shaft under variable load conditions, a special regulator is
required which automatically controls the fuel pumps.
Mounted on a diesel K6S310DR a centrifugal inverted
indirect action regulator protects it from overload
performing the functions of the power regulator. The
combined regulator can be represented as the PI regulator
of the rotation speed of the crankshaft of the diesel
engine, the input value of which is the amount of fuel that
needs to be fed into the cylinder.

As the basis of the simulation model of the diesel,
indicator diagram of its operation is used. The process
taking place in the cylinder of the piston engine can be
presented as a indicator diagram. Indicator diagram is the
extreme reflection of pressure change of gas in the
cylinder of the piston engine depending on the piston
displacement or the turn angle of the crank [8]. For the
K6S310DR diesel engine, the indicator diagram of its
operation is calculated and built. The indicator diagram is
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built as a dependence of the change in pressure P in the
engine’s cylinder on the change in volumes V' during the
piston’s displacement.

For the diesel model, the use of the diagram in the
axes P and V is rather uncomfortable, so the diagram is
transformed into a diagram in the axes F and S, where F
is the force acting on the piston, S is the displacement of
the piston. The dependence diagram of the force acting on
the piston on the displacement is shown in Fig. 3.

0 01 02 03 04
S m
Fig. 3. Operation diagram of the diesel engine K6S310DR

The locomotive has a generator that is a ten-pole DC
motor with independent excitation. The power supply of
the independent excitation winding of the generator is
carried out from the exciter - a machine of direct current
connected by a shaft with auxiliary generator.

The block that simulates the traction electric drive
includes, in addition to the traction electric motor, blocks
that simulate the train's motion in the section and braking
of a train.

The model of the resistance blocks of the train’s
movement is made according to the empirical formulas
for the locomotive and cars. The profile of the section
Kharkiv-Merefa has been used as a profile of the road.
The input parameter for the slope selection block is the
path that traveled, which is obtained by integrating the
speed of the train.

Input variables for the braking unit operation are the
given speed V, the current train speed V), and the position
number of the locomotive driver’s controller N,. To
exclude the mode at which braking occurs with operating
traction motors, the check of the current position of the
handle of the driver’s controller is performed. If the
position is non-zero, braking does not occur.

The testing of the imitation model was carried out
under the parameters given above. Here, the main
restrictions were the time of travel, which for the
Kharkiv-Merefa section should not exceed 45 minutes, as
well as the maximum permissible speed, which for freight
trains is 80 km/h. Taking this into account, it is possible
to use different intensity of acceleration of the train with
the subsequent maintenance of the average speed of the
run. Fig. 4 shows two types of train traction tachograms.

In the tachograms shown, #, is the run-time, which is
the same for two tachograms. The change in the intensity
of the train’s acceleration leads to a change in the
maximum speeds that are shown in the diagrams shown
as V1, Voo In the software package Matlab, using a m-
file, a subroutine was written in which the calculation of
the intensity of acceleration and train’s braking depending
on a given maximum speed was performed, subject to the

observance of the driving time of the run. In the study of
the operation of the train on the imitation model,
tachographs with maximum speeds in the range
of 40-80 km/h with step 10 km/h were set. Fig. 5 shows
the oscillograms of the shunting diesel locomotive
operation with 10 cars, at a maximum speed of 60 km/h.

V, km/h
Vomi

L,

V., km/h

Ly
b
Fig. 4. Types of tachograms of the train acceleration:
a - triangular; b - trapezoidal
1 km/h

L%  kunkg N

2000 2500

1000 1

0 500 1500

700 - Un -V a I’.*."' A - i : At
600
500} 2 ]
400
300 :
200 ]
100

% 500 1000 s 1500 3000 3500

Fig. 5. Oscillograms of the locomotive operation at a maximum
speed of 60 km/h: 1 - a tachogram is given; 2 - real speed of the
train; 3 - profile of the path; 4 - fuel consumption; 5 - position
number of the driver’s controller; 6 - voltage on the traction
motor; 7 - current of the traction motor

On the obtained oscillograms curve 3 shows the
process of set of positions, which varies with different
values of maximum speed. Each position corresponds to
the change in the voltage on the traction motors (curve 6)
and the values of current (curve 7) in them, which was
limited to 600 A. The graphs show a tendency to increase
fuel consumption with an increase in maximum speed,
which requires a more detailed study. Changing the
maximum speed of a triangular diagram in the range of
70-95 km/h with step of 5 km/h the results presented in
the form of a three-dimensional surface were obtained

(Fig. 6).
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The resulting surface confirms the dependence of the
fuel consumption on the locomotive on the train driver's
mode of driving (on the time the locomotive operation at
a certain position and the intensity of the transition from
position to position) when performing the same work, that
is, the same time of movement on the run. The smallest
fuel consumption, namely 29-31 kg, takes place when the
maximum speed is set at 40-50 km/h. Therefore, there is a
need to optimize the given train tachogram and develop
an automatic control system using a speed regulator that
more accurately worked out such a tachogram.

Conclusions. An imitation model of the diesel
locomotive CHME3, consisting of a control panel, a
diesel engine with a crankshaft speed regulator, an
independent excitation DC traction generator and a
traction electric drive with sequential excitation DC
motors, has been developed. An algorithm is created that
simulates the work of the driver, that is, it switches the
positions of the controller and controls the brakes. The
modeling of the diesel engine is based on the indicator
diagram of its operation, which is approximated by
continuous dependencies. The obtained imitation model
allows obtaining important statistical data for conducting
analysis of train driving modes.

A number of operation modes investigations have
been carried out when changing the tachogram of speed.
Changing the maximum speed of a triangular diagram in
the range of 70-95 km/h with step of 5 km/h oscillograms
of the locomotive operation with a constant loading on the
real section of the road Kharkiv-Merefa are obtained.

From the oscillograms it is seen that the current
during motion of the site was lower than the nominal, and
in peak modes reached 500 A. Time of passage of the site
with a given acceleration rate and speed limit on the level
60 km/h was 2530 s.

The model includes a block that calculates fuel
consumption by diesel locomotive. Based on the data
obtained from the simulation, a three-dimensional surface
is constructed, which reflects the dependence of fuel
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consumption on the time of the passage of the site and the
maximum speed. It has been established that the smallest
fuel consumption, namely 29-31 kg, occurs when the
maximum speed is set at 40-50 km/h.

The results obtained during the study show that there
is a need to create an automatic control system using a
speed controller that more accurately worked out the
given tachogram, as well as optimization of train driving
modes.
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CURRENT FILTERING IN A THREE-PHASE THREE-WIRE POWER SYSTEM
AT ASYMMETRIC SINUSOIDAL VOLTAGES

Purpose. Investigation of the optimal current distribution between source, shunt active filter and reactive compensator of a
three-phase three-wire system that provides consumption of a sinusoidal symmetric current under asymmetric source
voltages with minimal power losses was provided. Methodology. The tasks were solved by conducting theoretical and
experimental studies. The main provisions of the theory of electrical circuits, the apparatus of mathematical analysis,
methods for solving linear differential and algebraic equations, elements of matrix and complex calculus and vector
algebra are used. During the development, modern methods and software of computer simulation of electrical engineering
complexes and dynamic systems were applied: Matlab-Simulink, MATHCAD. Originality. The principle of compensating
current distribution between PAF and reactive compensator of a three-phase three-wire power system with asymmetric
sinusoidal voltage was proposed at which the input current is equal to the positive-sequence active current and rms value
of PAF current is minimal. The feasibility to compensate the inactive sinusoidal Fryze current by reactive elements under
arbitrary combination of load and source parameters was proved and expression for direct calculation of the reactive
compensator parameters for generation of inactive Fryze current in the source unbalanced mode was obtained. Practical
value. The simulative example for transmission line load showed that combined application of PAF and reactive
compensator with the specified distribution of compensating currents ensured a reduction of power losses in 3.273 times
and rms value of the SAF current is 12.9 % of rms value total compensation current. References 10, tables 1, figures 2.

Key words: active and inactive Fryze current, asymmetrical voltage and load, reactive compensator, symmetrical
components.

Paccmompenst npunyunsl akmueHoll ursmpayuu moxa 6 mpexgaznoil mpexnposooHoll cucmeme INEKMPONUMAHUA NPU
HeCUMMEMPUYUHOM CUHYCOUOAIbHOM UCHOYHUKE RUMAHUA, y0oeiemeopalowue mpeoosanusm cmanoapma IEEE Std.1459-
2010. Ilokazanvl npeumyuiecmea (opmupo6anus CUHYCOUOATLHO20 CUMMEMPUUYHO20 6XO00OHO20 MOKA RPU RAPAIIETbHOM
NOOKIOYeHUU AKMUGHO20 PUALMPA U PEaKMUEH020 Komnencamopa. /JoKa3ana 603MONCHOCHb KOMREHCAUUU HeAKMUBHOZ0
cunycouoanvnozo moka @Ppuze peakmusHviMu IeMeHmMAMU NPU RPOU3EONbHOU KOMOUHAUUU RAPAMEMPO8 HAZPY3KU U
ucmounuka. Ilonyuena gpopmyna npamozo pacuema napamempos peaKkmugHoz0 KOMREHCAmopa O0naa 2eHepayuu HeaKkmueHozo
moka Dpuze 6 HecumMMempuuHOM pedxcume ucmounuka numanus. Ilpueooamca pesynomamol YUCIEHHO20 MOOEAUPOSAHUSA.
bu6mn. 10, Tabn. 1, puc. 2.

Kniouegvie cnoséa: akTHUBHBIH M HEaKTHMBHbI Tok ®pu3e, HeCHMMETPHMYHOE HANpPsiKeHHMEe W HArpy3Ka, peaKkTUBHBIH
KOMIIEHCATOP, CHMMeTPUYHbIE COCTABJISIIOLIHE.

Introduction. The unbalanced load of three-phase,
three-wire power systems leads to a deterioration in the
quality of electricity, which manifests in the emergence of
negative sequence currents and pulsations of
instantaneous power, which cause additional losses on the
active supports of the transmission line and asymmetry of
the supply voltages in the nodes of the overall connection
of loads. Passive filters on reactive elements are
efficiently used to balance the asymmetrical stationary
linear load, calculation of which is based on two
approaches: compensation of inactive components of
input currents [1, 3-5] and elimination of the pulsating
component of instantaneous power [2, 6]. However, in the
case of asymmetry of voltages, the use of passive reactive
compensators of both types leads to the emission into the
transmission line of negative sequence currents and even
greater voltage asymmetry, which contradicts the
approaches outlined in [7]. Effective compensation of
these currents is possible only by means of active
filtration [8], and parallel active filters (PAF) are
dominated successive ones by power of energy losses on
their own elements. To further reduce the loss of PAF
they are used in combination with reactive compensators
[9]. Therefore, it is relevant to study the optimal
distribution of asymmetric load currents between a three-
phase source, PAF and a reactive compensator, which
provides the minimum power loss when consuming
sinusoidal symmetric source current.

Vectors of active currents in phase coordinates.
The periodic process in the section <4, B, C> of the three-
wire power supply system is determined by three-
coordinate vectors of instantaneous voltage and current
values

u 4 (1) Uy cos(a)t+¢A
u(t)=|ug(t) :\/E Ug cos(a)t+¢A ;
(1) U cos(art + ¢y
iq(0)
i) =|igt)||=i(t+27/w), (1)
ic (1)

where @ is the circular frequency of the three-phase
source; uy, Up, Uc are the phase voltages deduced from the
point of artificial grounding [5], Uy, U, Uc and @4, @s,
@c are their mean square and initial phases; the periodic
current vector i(f) contains higher harmonic components
in the case of nonlinear loading.

According to the Fryze [1] concept, active current

i4(0) = u(o) @
U

provides the same active power P as the total current i(¢).
The scalar coefficients of formula (2) can be found
in the time domain as integrals
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1 T
pP= ?.([u ®)i(0)dt;

T
|
U? = ?IuA(t)u(t)dt =U2+UR+Ug;
0

where A is the sign of transposition, 7 = 27w is the
period.
The current determined by the formula
iy(@0)=i(t)—i (), 3)
is called inactive [1], it does not carry energy to load, but
causes additional losses in the transmission line.
Since the vectors of active and inactive currents are

mutually orthogonal, the correct ratio for the mean square
values of these currents is:

T
1? =%J'iA(t)i(t)dt =12 +1%.
0

In the case of compensation of inactive current by
means of filtration, we will have a decrease in the power
loss APin the transmission line, which can be
characterized [10] by the coefficient of gain on the power
loss:

AP I*r 1

K4F = =
APy 13 22

“4)
where r is the resistance of each wire of the transmission
line; A = P/S = 1,/I is the power factor; S = Ul is the full
power of the three-phase system.

In the sinusoidal mode of the three-phase voltage

source, the active current vector also consists of
sinusoidal temporal functions, so it is expedient [5] to
introduce three-dimensional complex vectors (3D-
phasors) of voltage and current in the same way [5].
ﬁT | UAe]:(ﬂA QAe.]:(ﬂA
E=—Iu(z)e_jwtdt= Upge/?4| =|Uge’?4|;
r 0 U e/ %4 U e/ ®4
ce ce
Y-S
== j i(t)e ™/ dt =i ge’V4|. (5)
T 0 ['CeJ'//A

The complex vector flrepresents the harmonic

component of the fundamental frequency of the vector
i(¢). In the time domain, it corresponds to a vector of

instantaneous values #j(¢), which differs from the vector
i(t) on the vector of higher harmonics

i1y ()= i)~ () = i) 2 Relie’™ ). (6)

However, two complex vectors of (5) completely

determine the active Fryze current in the frequency
domain:

T
i :T2J'iA(t)e*-/"‘”dt :U_Pzﬁ =
0

where the sign * denotes complex conjugation, # is the

complex vector of inactive current of the main frequency.
In the unbalanced mode of the three-phase source,

the vectors # and i, contain symmetric components of

the negative sequence, which the modern Standard [7]
refers to inactive components of the current to be
compensated. To meet the requirements of the Standard,
the active current must be formed as proportional to the
reference voltage vector containing only the symmetric
components of the direct sequence. We represent this
vector in the frequency domain as proportional to the ort
of a symmetric direct sequence [5]

1 1
— - U —j2x3|_ Ui~
u, =U,e, =—*|e/ =—=lla|, 8)

then the active current vector of the direct sequence is
given by the expression

< P _ P _
bae = U =5 U ©)
u u, Uz
where the coefficient of proportionality is determined
from the condition of providing by this current under the
action of the voltage vector u of the same active power P,

as the total current i(¢).

Decomposition of load currents in symmetric
coordinates. For a detailed study of the difference
between the vectors defined by formulas (7) and (9), we
turn to the basis of symmetric coordinates [5]. Since the
symmetric component of the zero sequence of each of
these vectors is zero, we multiply them on the matrix
containing the transposed orts of the symmetric
components of the direct and negative sequences

/\*_ 1
(FO)_ \/3

As a result, we obtain the following expressions for
complex voltage vectors in symmetric coordinates:

EA

I a a
—AN

e 1 a a

~ ANF— e’ — U,
u+:(F0)u+:_AU+e+= >
e 0
U4
- _ . U
i=FM) u=F) |Ugl= U+ .
Uc -

The transition from two-coordinate vectors in
symmetric coordinates to three-coordinate complex
vectors in phase coordinates is carried out by multiplying

on the matrix F :||EJr E_”. Taking into account the

relationship between the matrices

* 1 0 * i .
(F§") Fy =H0 1H=sz2; Fy(Fg) :I3x3_%; J =11,
1

which stores the mean square values of the quantities in
symmetric and phase coordinates, we obtain the following
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expressions for complex active current vectors in
symmetric coordinates

e P G P i P ULl
4= = U= s
uu Gt Ur+u?|u-
o~ P - P U
iy, =—5 U, =— 0+ : (10)
U2 U2

Consumption from an asymmetric sinusoidal Fryze
current source does not eliminate the pulsations of active
power [5]. Its instantaneous value can be determined [2]
using the vector
U_
U.

jo__ P
U2 +U?

by the formula
PRe(2U+U_ej2wt)
Uf +U?

ﬁA (Z) = RC(EA;AHszwt ):

_2P6_ cos(2awt +¢_)
1462

>

where 6 =U_/U = 5% is the complex parameter

of asymmetry of a three-phase source.
If the input current of the three-phase system is

determined by the vector ?A , the instantaneous value of

e]2wt] _

Thus, the active current of a direct sequence creates
a pulsation of instantancous power, the amplitude of

the pulsation of the active power is

ROE Re(ﬁAtTA‘feﬂ“’l): %Re[ U, U,"
+

0
U
=P5_ cos(2a)t +o_)

which is in 2/(1+ 5_2) times less than that one generated
by the active Fryze current.
The difference between the active current vectors in
symmetric coordinates obtained from (10), i.e.
A A
vl+ut| U

(11

defines an additional current of compensation. The active
power of this current is zero:

-U2/U,
U

2
11=Rdw€b=[57§57JWA U | =0,

+ —

and it can be realized by PAF.

Thus, in order to realize the consumption from a
three-phase current source of current active current of
direct sequence, the main harmonic of the compensation
current should contain the following components in
symmetric coordinates:

fic =i =iy =iy +is. (12)
In the time domain, the compensation current vector
also includes a higher harmonic vector:
ic, ) =i(O) =iy ()=iyO+is@O+ig@®). (13)
The coefficient of gain on the power loss in the
formation of active current of direct sequence

ap AP TP Ae1d 1% k4P
kA+ = = 2 = 2 X 2 = 2 (14)
APy 19, 15 13, 1+67
exceeds the unit provided
A1+682 <1. (15)

Taking into account the orthogonality of the vectors
ic,(t), i4.(¢) and the limitation (15), the relative mean

square value of the compensation current

2 2 2
12, I*-1 1

Cr_— Ao =1-2(1+52).
I I K4

At low values of the power factor, the rms value
of the compensation current increases. To reduce the
power loss of the active filter, it is advisable to use
PAF in combination with a passive reactive
compensator [9].

Current filtering for linear stationary load. If the
load is linear and not changeable in time, then in formula
(13) iy (#)=0, and all components of the currents are

sinusoidal in the time domain, then the energy processes
in the system are completely determined in the basis of
symmetric coordinates. In this case, the compensation
current vector corresponds to (12), and the sinusoidal
inactive current can be completely generated by the
reactive compensator in both the symmetric and
asymmetric mode of the voltage source [5]. Therefore, in
order to minimize the loss of PAF power, it is advisable to
distribute the currents of the reactive compensator and the
active filter in the integrated substitution circuit (Fig. 1) as
follows:

ik i
iR = [g :FOilN; lp = jC —F0i+
i& ik
C C

1 , s i |
8 [l E EI—
5 | ¥ |
2 r jS B |j _.-!B’ [
EH e B3 Ve, :|'
=% | I:::I |
! s 2 Vo

j::é ‘t}]:‘ C ! —t Vi :
= ?J;Jﬁ;}fn fgn fﬁlk | Load I

T A2 TET

PAF | /b, | jby.

s
UH | o

Reactive
compensator
Fig. 1. The substitution circuit

This will reduce the mean square value of the PAF
currents to the value
PU Po_

) UH/UE 2 U+\/1+53 .
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We obtain the formulas for the direct calculation of
the parameters of the reactive compensator for the
generation of the inactive Fryze current in the asymmetric
mode of the three-phase source. Let the linear stationary
load be characterized by a diagonal matrix of complex
conductivities

- L

a0 O] leup O 0 bjp 0 0

Y=[|0 3¢ 0f=0 gz O[+j]0 b5 o0f
0 0 Yeu 0 0 gcu 0 0 by

In [5] it was shown that the Ohm law for input
vectors of current and voltage is described by an
expression in symmetric coordinates

,}7, (16)

L — _ _ - N C ok
8+ by =Vap+Ypc+Ycas 8=(&) s by =—(by) ;

by
by

by,
by

g+ £

g 8+

+J

where

& =—(ag 3+ 8pc +gcy); by =—(abliy +bgc +abg,).
Similar parameters of the jet compensator

bR = bR+ bR vk bp = —(abﬁfB +bR- +5b§A) for

realization of the vector

compensation  current

ic :H[f ijA are determined by the matrix-vector
equation [5]:

b
by

U, -U_
-U_ U,

is
_je

__J
U2-u?

We show that for a compensation currents vector in
the form of an inactive Fryze current

R = P ~
lC:llN:W—lAZ(Y—mlzxz]u (17)
+

the parameter bX. will always be a real number. For this
we find the expression for the active power of the given
load

P= Re(?Aﬂ*)= Re(ﬂAfAﬂ*)= (g, +Ag)U? +U?),
where Ag =20, Rel¢U_ (U2 +U2) = 2Rel8_g )1 +62)
and substitute this expression in formula (17) and further
in (16).

After the transformation we have

bR . ptl i Ju. o flu. -U_|l-ag

be| o] vZ-v?|-U- UL |l-O- ULl & (18)
1 —aml(ég) | b

T1o52 |jhaag-li-a2)e] Tl 6]

The first coordinates of the vectors of formula (18)
are real numbers, which proves the possibility of realizing
the reactive compensator of the inactive Fryze current at
an arbitrary combination of linear load parameters and an
asymmetric source. The reactive conductivities of the
compensator are determined from the system of equations
(18) in the form

R b —2Re51§ L
bap :%_)_bABQ

b, —2Relh)

bic = 3 ~bc; (19)
b, —2Relab
bgA =%—>—b&.

Example of simulation of currents filtration. We
consider the hybrid filtration of input currents for a three-
wire linear load determined by complex conductivities

Y45 :L. =(0.16— j0.12)G; Yge =0;
4+j3
Ype = i =(0.5+ j0.5)G,
1-j
and the asymmetry of the source is characterized by the
parameter 5_ = 0.2 j-
First of all, we define the parameters of the matrix of
complex conductivities in symmetric coordinates
8. =848+88c +8ca =(0.16+0.5)G = 0.66G;
bt =Ly + bk +bE, =(-0.12+0.5)G = 0.38G;
¢=—(ag 45 +gpc +agcy)=(0.33+0.294/)G;
b, = —(abjB +bho+ a’béA)= (0.19+0.537/)G.
The values of the matrix of complex conductivities
in accordance with (16)
0.66+0.38
0.867—0.104
The load current vector
1 0.563+0.339;
0.2 0.791+ j0.028
We determine the parameter
_2Re(o )
1+ 52
and find the Fryze active current vector:
< P 0.547
Yo" 0.109,
The value of the power factor

ﬂ‘:[A/[:

~0.207+0.484
0.66+0.38

i=6+jBL=

Foga-v| v, - G

Ag =-0.113G

= (g, +Agi =

+4U.

iNig 1N —=0.542

satisfies the condition (15):

1402 /U2 = 21462 20553 <1,

Consequently, in accordance with (14), the
formation of the active current of a direct sequence will
bring savings in energy losses, which is estimated by the
coefficient of gain

k4P =1/0.553% =3.273.

Further by (18) we determine the parameters of the
reactive compensator:
A A bt
bell (6| (5, b,
and form a matrix of complex conductivities with
elements of reactive compensation:

~0.137
0.272-0.358;

-0.517
0.082-0.895;
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0.66—-0.137;
—0.028-0.022;

0.688+0.566 /
~0.66-0.137;

bR by
R b+
The multiplication of this matrix on the vector of the
input voltage gives the vector of the input current in the

presence of a reactive compensator

fR:f'f'.

~ = - [0.547 -
1 = u= 5
Sk=7RT " 0.109)
which completely coincides with the previously

determined vector of Fryze active current, which indicates
the correctness of the calculation of the parameters of the
compensator.

Generation of PAF of the vector of current
determined by (11)
—0.04 —-0.022

. . (20)
0.2 0.109;

provides the consumption from a three-phase source of
active current vector of direct sequence:
0.569

ip =ii(g, +Ag)

+=

igpr =gy =iy —iy = +

The joint action of PAF and reactive compensator
provides a total compensation current
—0.006+0.339;

0.791+ j0.028

thus the relative active value of PAF currents is

Ip [ Ioy =iRip 1idyie, =0.129 =12.9%.

The reactive conductivities of the compensator are
calculated by (19):
bRy =0371G; bR =-0227G;
Simulation of currents filtration in the time domain

was carried out using the MATLAB model presented in
Fig. 2

ey =1~ 14 = +9>

Bubsysternd
SubsysternAt

RA A A
—a-Mmsa (D) & R Dispiag?

Ammesert

| il 2
I ] i T
an { B a1 Bubsystems1 E T ] '
[t Dt L@t | o — _ :g“é
€L Ammeterd LN
‘ Sayme | "E ‘
e c . rc.W.-m
ArmmeterC
Fig.2
Parameters of the reactive elements of the

compensator for G = 1 S and w = 100z rad/s are,
respectively, Cyp = 1.18 mF; Lpc = 14.02 mH; L, = 4.81
mH. Asymmetry of the voltages was realized by a
sequential connection of sources of symmetric sinusoidal
voltages of 100 V in direct sequence and 20 V in negative
sequence with values of initial phases corresponding to
U, =100s3B;5_ =0.2j. PAF has

parameters been

simulated by dependent sources of currents controlled by
source voltages. In order to generate filter currents in
accordance with (11) and (20), the parameters of the
dependent sources were taken equal

G, =—(g, +Ag)s? =21.88x107G;G_ = g, + Ag =0.547G.

The simulation results confirmed all calculated rms
currents (Table 1) and the advantages of using a hybrid
filter with the proposed currents distribution.

Table 1
r Ik g 17
Calculated 31751 9333 9713 370
Measured 31920 9401 9712 371

Conclusions. A principle of the distribution of
compensating currents between the active filter and the
reactive compensator of a three-phase three-wire power
supply system with asymmetric sinusoidal voltages is
proposed, which provides the consumption of symmetric
sinusoidal source currents and minimizes the mean square
value of the filter currents.

It is shown that the direct sequence active current
provides a gain on the power of losses in accordance with
(14) and creates a pulsation of power with amplitude in

2/(1+ 52 ) times less than the Fryze active current.

The possibility of compensation of inactive Friyze
current by reactive elements at an arbitrary combination
of linear load parameters and asymmetric sinusoidal
source is proved, and direct formulas for calculating the
parameters of a reactive compensator for generating Fryze
inactive current are obtained.

An example of simulation of currents filtration of
linear stationary load showed that the combined
application of PAF and reactive compensator with the
proposed distribution of currents of compensation ensured
reduction of energy losses in the transmission line at
3.273 times, and the relative mean square value of PAF
current was 12.9 % of the rms value of the total
compensating current.

REFERENCES
1. Fryze S. Active, reactive and apparent power in circuits with
nonsinusoidal voltage and current. Przeglqd Elektrotechniczny,
1931, no.7, 8, pp. 193-203.
2. Shidlovskii A.K., Kuznetsov V.G. Povysheniye kachestva
elektroenergii v elektricheskikh setyakh [Improving of the power
quality in electrical networks]. Kiev: Naukova Dumka Publ.,
1985. 268 p.(Rus).
3. Hanzelka Z. Mitigation of voltage unbalance. Available at:
http://www.leonardo-energy.org/chapter-5-mitigation-voltage-
unbalance (accessed 22 May 2016).
4. Czarnecki L.S., Haley P.M. Unbalanced Power in Four-Wire
Systems and Its Reactive Compensation. /EEE Transactions on

Power Delivery, 2015, vol.30, no.l, pp. 53-63. doi:
10.1109/TPWRD.2014.2314599.
5. Sirotin Iu.A. Fryze’s compensator and Fortescue

transformation. Przeglad Elektrotechniczny, 2011, no.l, pp.
101-106.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.2 67



6. Sirotin Tu.A. Non-pulsed mode of supply in a three-phase
system at asymmetrical voltage. Przeglqd Elektrotechniczny,
2013, no.7, pp. 54-58.

7. 1EEE Std. 1459-2010. Definitions for the measurement of
electric power quantities under sinusoidal non-sinusoidal,
balanced or unbalanced conditions. doi:
10.1109/IEEESTD.2010.5439063.

8. Salmerdn Revuelta P., Pérez Litran S., Prieto Thomas J.
Active power line conditioners design, simulation and
implementation for improving power quality. Elsevier Inc.:
Academic Press, 2016. 436 p.

9. Artemenko M.Y., Batrak L.M., Polishchuk S.Y.,
Mykhalskyi V.M., Shapoval I.A. Reactive compensation of non-
active power in hybrid shunt filter of three-phase four-wire
system at random load. Proceedings of 2016 2nd International
Conference on Intelligent Energy and Power Systems (IEPS).
Kiev, 2016. doi: 10.1109/IEPS.2016.7521863.

10. Artemenko M.Y., Polishchuk S.Y., Mykhalskyi V.M.,
Shapoval I.A. Apparent power decompositions of the three-

How to cite this article:

phase power supply system to develop control algorithms of
shunt active filter. Proceedings of the IEEE First Ukraine
Conference on Electrical and Computer Engineering
(UKRCON), 2017, pp- 495-499. doi:
10.1109/UKRCON.2017.8100537.

Received 13.02.2018

M. Yu. Artemenkol, Doctor of Technical Science, Professor,
LM Batrakl, Candidate of Technical Science,

S.Y. Polishchukz, Candidate of Technical Science,

!'National Technical University of Ukraine «Igor Sikorsky Kyiv
Polytechnic Institute»,

37, Prosp. Peremohy, Kyiv, Ukraine, 03056,

e-mail: artemenko m_ju@ukr.net, batrakln5@gmail.com

2 The Institute of Electrodynamics of the NAS of Ukraine,

56, prospekt Peremogy, Kiev-57, 03680, Ukraine,

e-mail: polischuk@ied.org.ua

Artemenko M.Yu., Batrak L.M., Polishchuk S.Y. Current filtering in a three-phase three-wire power system at
asymmetric sinusoidal voltages. Electrical engineering & electromechanics, 2018, no.2, pp. 63-68. doi: 10.20998/2074-

272X.2018.2.11.

68 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.2



UDC 621.311.1 doi: 10.20998/2074-272X.2018.2.12

V.G. Kuznetsov, Yu.l. Tugay, V.V. Kuchanskiy,Yu.G. Lyhovyd, V.A. Melnichuk

THE RESONANT OVERVOLTAGE IN NON-SINUSOIDAL MODE OF MAIN ELECTRIC
NETWORK

Purpose. The resonant overvoltage arises in main electrical networks as a result of random coincidence of some parameters of
circuit and its mode and it may exist for a relatively long time. Therefore, the traditional means of limitation of short duration
commutation surges are not effective in this case. The study determines conditions of appearance and development of non-
sinusoidal mode after switching idle autotransformer to the overhead line of extra high voltage. The purpose of the paper is to
choice measures for prevention overvoltage, too. Methodology. The study has used the result of extra high voltage line testing, the
methods of electric circuit theory and the simulation in the MATLAB & Simulink package. Results. The simulation model of the
extra high voltage transmission line for the study of resonant non-sinusoidal overvoltage is developed. The conditions for the
appearance of resonant circuits in the real power line are found and harmonic frequency in which overvoltage arises are
obtained. The study proposes using the controlled switching device as a measure to prevent resonance surges and determines the
appropriate settings. Originality. The expression for calculation of resonant length of extra high voltage line was derived. The
special investigation of processes in the resonant circuit of the extra high voltage transmission line for higher harmonic
components of voltage is carried out. The program of switching for control apparatus that prevents non-sinusoidal overvoltage
has been developed at the first time. Practical value. The using of the proposed settings of controlled switchgear will prevent the
occurrence of hazardous resonant surge on higher harmonic components of voltage. References 10, figures 4.

Key words: main electric network, extra high voltage transmission line, resonant overvoltage, nonsinusoidal mode, controlled
switching.

Pesonancnsle nepenanpsaicenus ¢ MazucCmMpanabHbIX INEKMPULECKUX CEMX G03HUKAIOM 8Ce0CHEUe CAYUANH020 COBNA)CHU
napamempos cxemvl U PEeIHCUMA U MOZYM CYWLECMGO6ANb CPAGHUMENbHO Onumenbvhoe epems. Iloamomy mpaouyuonnsie
cpeocmea 01 ux 02paHudeHus 6 OanHom ciayuae nerpgpexmuenst. Llenvro cmamou asnsemces ucciedosanue nepeHanparicenuil,
GO3HUKAIOWUX 6 MAZUCMPATIbHBIX INIEKMPUUECKUX CEMAX HA Gblcuiux 2apmouukax. /[{na 3mozo 66110 ucnonv3oeano
umumayuonnoe u mamemamuueckoe mooenuposanue 6 cpede MATLAB&Simulink. Ilokazano, umo necunycouoanvhuvle
UCKAIICEHUA GO3HUKAIOM NPU GKAIOUEHUU JIUHUU INIeKMpPOonepedauu Ha A6MOmpancopmamop 6 peixpcume Xo0a0Cmo20 X00d.
Onpedenensvt coomeemcmeyiowue uacmomol. Ilpednosceno ucnonvzoeanue ycmpoiicmea ynpagiiemoii Kommymauuu O0/s
npeoomepauieHuUA NePeHanpAdCeHus OAHHO20 Kaacca u papadomana mooenv Onsa OnpedeneHus CcoOmEencmeyIoujux

Hacmpoexk. bu6n. 10, puc. 4.
Knouesvie cnosa: marucrpajibHas

JJIEKTpUYeCKas CeTb,

JIMHHSI DJIeKTponepeJayd CBePXBBICOKOI0 HAaMNpsLKeHHs,

pe€30HAaHCHbIE NEePeHaNPsAKEeHUs, HeCl/lHyCOl/I).IaJILHLIﬁ PEKUM, yIIpaBJ/iseMble¢ KOMMYTallUH.

Introduction. Trends in the development of modern
main electric networks indicate the growth of the role of
super high voltage transmission lines (SHVTL) as both
system-forming and inter-system. It should be noted that
it is the study of overvoltage of this class of lines should
be carried out particularly carefully, in particular, taking
into account the influence of possible sources of
distortion. This is due to the practical absence of an
operating reserve of insulation, calculated for extreme
parameter values, since such a reserve for extra high
voltage has a high cost [1-4]. Experience of operation of
AC electric networks indicates that under certain
conditions in them there are stable fluctuations of currents
and voltages with frequencies other than normal operating
frequency. As a result, an analysis of the possibility of
overvoltage in the transmission lines of the SHVTL
should be performed not only for normal, but for
abnormal (asymmetric and non-sinusoidal) modes.

It should also be noted that in the main electric
networks of Ukraine the nominal voltage of 750 kV the
replacement of the air circuit breakers into the SF¢ ones
has been carried out. Compared to the air circuit breakers,
SF¢ ones have certain advantages, the most important of
which are the high operation speed and high ability to
extinguish the arc, as well as the ability to control the
switching process. The objective reason for such a
modernization is also that the Ukrainian electrical

engineering industry does not manufacture air switches,
and in the event of their damage, proper repairs and
renewals of the electricity supply becomes a complicated
task.

In general, the switching time point of the air circuit
breaker commutation is a random variable due to its low
speed, which is why it is unrealistic to perform opening
and closing at the chosen particular moment. This
uncertainty of the initial conditions makes the transient
process unpredictable after switching, and the appearance
of internal overvoltage is unexpected. During operation it
is possible to develop emergency situations, including the
emergence of overvoltage in non-sinusoidal modes
[2, 5, 6]. The SF circuit breaker allows for commutation
at any moment of the sinusoidal voltage change, which
control device chooses according to the criterion for
reducing the negative effects of transients.

The goal of the work is establishment of the
conditions for the appearance and development of internal
overvoltage that arises in main electrical networks on the
higher harmonic components, as well as the choice of
measures for their prevention. One of these measures is to
perform controlled switching according to selected
criteria, which allows to reduce the values of overvoltage
to the level of effective operation of traditional protective
devices, for example, nonlinear overvoltage limiters. To
do this, intervals of switching angles of circuit the breaker
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were determined, which allows the operation to be carried
out without dangerous excess of voltage levels.

Investigation of resonant overvoltage in SHVTL.
The main direction of previous studies of overvoltage
[2-9] using mathematical modeling was focused on the
development and application of mathematical models for
quantitative results in order to limit overvoltage at the
main frequency. They did not consider the physical
processes of the development of resonance overvoltage on
even harmonic components, although the occurrence of
this type of overvoltage is known for a relatively long
time. Therefore, it was unclear from the results obtained
that the modes or commutations themselves lead to
resonant overvoltage on higher harmonics and such
studies can not be considered exhaustive.

Investigation of resonant overvoltage in non-
sinusoidal modes of SHVTL. A prerequisite for the
emergence of resonance overvoltage at higher
harmonic frequencies is the development of an
abnormal non-sinusoidal mode of the SHVTL [2-7].
Typically, sources of distortion of the shape of the
curve of the voltage and currents in the transmission of
SHV are ferromagnetic shunts of magnetization of
transformers. It should be noted that oscillatory
processes in circuits with steel require special attention
in investigations of modes of main electrical networks,
as linear resonances on higher harmonic components,
the source of which is nonlinear inductance, and
nonlinear resonances, in which this inductance is part
of the resonance circuit, are possible [2, 5, 6].

A characteristic non-sinusoidal power transmission
mode of the SHV is the connection of an unloaded power
autotransformer (AT) to the transmission line. The
physics of the process of the appearance of even harmonic
components in the SHVTL with connected unloaded AT
is due to the periodic change in the inductance of the
magnetic shunt when the AC passes through it. This
inductance varies with a double frequency in relation to
the applied voltage. But it should be noted that although
in theory the process of occurrence of overvoltage on
even harmonic components is generally known, but the
detection of factors of an abnormal mode that affect the
multiplicity and duration of overvoltage of this type in
practice requires additional research. It is necessary
during the design and operation of main electrical
networks to have means to check the possibility of not
only the necessary but also sufficient conditions for the
appearance of abnormal overvoltage and its possible
multiplicity.

A sufficient condition for the occurrence of
overvoltage on the even harmonic components is the
coincidence of the parameters of the elements of the
substitution circuit of the SHVTL, at which the frequency
of the proper oscillations will be approximated to 100 Hz.
For this it is necessary that the input impedance of the line
has a capacitive character and was approximately equal to
the average value of the inductive resistance of the
magnetic shunt of the autotransformer at this frequency.
The condition will be fulfilled only at certain lengths of
the SHVTL, which can be called resonant.

Main networks operate with a grounded neutral,
therefore, at simplified analysis of the resonant power

transmission properties in a symmetrical non-sinusoidal
mode, an one-line substitution circuit of an equivalent
two-terminal network can be used. To find the critical
resonance values of the transmission line lengths, the
expression in the denominator of the input impedance of
the equivalent two-terminal network of the TL, to which
the unloaded AT connects, is extrapolated by the
polynomial of the third degree and equated to zero:
al —ar* — a3 —n=0, (1)

where ay, ay, as are the coefficients of a polynomial; / is
the line length; n is the the number of shunt reactor (SR)
groups for charging power of the SHVTL compensation.

To determine the ranges of the resonant length of the
line, we vary the parameters of the elements of its
substitution circuit within the limits of the existing main
electrical networks. Accordingly, we obtain the ranges of
changes in the values of the coefficients of the
substitution polynomial:

ay =0,084+0,27; ©)
ay =1,996-107% =3,1-107%; (3)
a3 =2,055-1077 +1,55-107°. 4)

After determining the ranges of changes in the
values of the coefficients of the polynomial (1), we can
find the resonance length of the line. Comparison of the
results obtained by the expression (1) and by
mathematical modeling indicates that extrapolation leads
to errors of 3.3 %, which is quite acceptable to perform
rapid preliminary analysis of the possible appearance of
overvoltage at the higher harmonic components for the
SHVTL of given length.

Let us investigate, which is the frequency at which
are lengths to expect higher harmonic overvoltage when
connecting a unloaded AT. We substitute the marginal
value of possible parameters of the expressions (2-4) and
get graphs of frequency dependence on the length of the
line (Fig. 1) for the relevant parameters.
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Fig. 1. Resonant length of the SHVTL:
a —graphs for lower values of expressions (2-4);
b — graphs for upper values of expressions (2-4)
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The real graphs of the dependencies of the length of
the line and frequency for the corresponding number of
SRs will lie between the boundary ones (Fig. 1,a and
Fig. 1,b). One can conclude that the harmonic overvoltage
of pairwise multiplicity may arise in the SHVTL when
them three groups of SR are installed on them.

Imitation simulation of non-sinusoidal abnormal
modes of SHVTL. In the study of harmonic overvoltage,
each individual factor can not be considered independent.
Changing one parameter may lead to another change, in
other words, in this case, there is a correlation between
both the parameters of the mode of a particular network
and its equipment parameters [5]. The presence of this
interdependence does not allow for obtaining clear
dependencies that could be used to completely correct the
analysis of overvoltage on the second harmonic in the
main electrical network and the choice of measures for
their prevention, and in this case, as the research
experience [3] shows, an effective means for modeling
such undefined systems is imitation simulation [5].

In this work, an imitation model for the transmission
of SHV was developed for implementation in
MATLAB/&Simulink [10] environment (Fig. 2). Its
peculiarity lies in the presence of models of three groups
of SR, since it has been shown above that overvoltage in
even harmonics arises at the lengths of lines that are
required to compensate their charging power, namely, the
same number of SR groups [4-6].

The poles of the circuit breakers in the model are
considered separately for each of the phases: each pole is
modeled by an ideal circuit breaker. This makes it
possible to independently change the closing moments of
each of the poles during the simulation. The overhead line
is modeled by an equivalent substitution circuit with
parameters corresponding to the length of the SHVTL.
The electric power system is given by a three-phase
voltage source and an equivalent reactance.
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Using the model (Fig. 2), in particular, the ranges of
angles of switching at which there are dangerous over-
voltage are investigated. The research was carried out at a
variation of the length of the line from 415 to 525 km.
The moment of switching the line to an unloaded AT has
changed during the complete period of the sinusoid
0e[0; 360] in order to detect critical values for the
appearance of resonant overvoltage. It is shown that the
necessary condition for the occurrence of overvoltage is
the coincidence of two factors: the length of the SHVTL
and the angle of switching of the poles of the circuit
breaker. It should be noted that the length of the SHVTL
is one of the determining factors for overvoltage not only
in non-sinusoidal, but also in asymmetrical modes [6-9],
although the source of distortion of the mode, and the
appearance of the corresponding resonant circuits in these
cases are different. But the length of the line is

determined when designing the track of the line, and the
factor of the possibility of occurrence of overvoltage is
not taken into account. Thus, for each type of overvoltage,
measures for their warning on this SHVTL have to be
developed and implemented separately. An event that will
be effective for overvoltage in a non-sinusoidal mode will
be ineffective in the asymmetric mode and vice versa
[6-8]. In modern main electric networks, structural
measures, which are connected with the change of the
working circuit and preventing the appearance of an
abnormal mode, should be used first of all. Also, if
necessary, special settings may be used based on the
criterion for reducing the resonance overvoltage of
devices that have been installed for another purpose.

As studies have shown, overvoltage at switching
of an unloaded AT significantly depends on the time
point of its switching on. Thus, overvoltage can be
limited by using a controlled switching unit configured
to close contacts near the zero value of the idle current
of the AT, which prevents the emergence of harmonic
components. In general, controlled switching is a
means of preventing dangerous transients by executing
switching on and/or switching off operations at a
predetermined time point.

Consider the choice of criteria for switching control
on the example of the SFg circuit breakers widely used in
the main networks of the integrated power system of
Ukraine at nominal voltage 750 kV — LTB 800E4 of ABB
(Asea Brown Boveri Ltd.). The Company completes
circuit breakers of its production by controlled switching
devices SwitchSync F236. They are intended for the
issuance of commands for closing and/or opening the
poles of the circuit breaker at the point of the current or
voltage sinewave, which is determined by the conditions
of elimination of undesirable development of transients at
planned switching of sources of reactive energy, shunt
reactors, autotransformers, etc. It should be noted that the
recommendations for choosing the switching moment for
the criterion of the prevention of overvoltage on the
higher harmonic components were not available by
this time.

In order to study the influence of the switching
angles on the development of transients, an appropriate
simulation model was developed (Fig. 3), which, unlike
that developed in [6], allows us to investigate switching in
both normal and abnormal modes.
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Fig. 3. Imitation model of the controlled switching device
Switchsync F236

The block carries out continuous control over the
module of current of AT idling. As soon as the curve of
the idle current reaches zero value (in the block there are
modules where the trend of changing the current value is
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determined), the external command is confirmed and the
output signal to the circuit breaker is fed, which, in turn,
instantly closes its contacts. In the block of the controlled
circuit breaker it is possible to set the moment of closing
its poles, usually the closing of the contacts occurs as
soon as the difference between the voltage of the source
and the voltage at the end of the line reaches the
minimum value, after the closing time, which is defined
in the block itself.

In order to evaluate the effectiveness of the
application of controlled switching to prevent overvoltage
on the harmonic components of pairwise multiplicity,
consider two SHVTL with the same parameters and
characteristics. Each of these two lines is switched by its
own circuit breaker. The first line is switched by the
circuit breaker with the factory setting, and the second
one by the circuit breaker with the selected on the
criterion of minimizing harmonic overvoltage of dual
multiplicity. The moment of switching of the first line
falls into the intervals of the angles [0; 140] and
[200; 240], and the second one - at intervals of angles
[140; 215] and [275; 355]. In Fig. 4 graphs of voltages in
the first and second SHVTL after the connection of the
unloaded AT are presented (amplitude value for nominal
working phase voltage of the TL 750 kV is 612 kV).
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Fig. 4. Voltages of the SHVTL at the device Switchsync F236
settings:

a — standard setting;
b — setting on the non-resonant switching angles

The switching on or switching of commands
supplied to the switch are performed in such a way that
the contact closure takes place at a given time point in

relation to the phase angle. At present, the accuracy of
controlled switching is £ 2 ms, which can not be
considered fully sufficient to minimize the currents when
switching off the short circuit, but to prevent the
emergence of harmonic components in the current of the
unloaded AT, such a spread is not critical. As can be seen,
the controlled by the criterion of reducing the harmonic
overvoltage switching (Fig. 4,b) significantly limits their
multiplicity compared to the standard setting, when the
closing moment can fall into the range of the appearance
of even harmonic components in the current of the AT.
Conclusions.

1. A necessary condition for the development of
overvoltage in the non-sinusoidal modes of main
electrical networks is the emergence of an auto-
parametric source of nonlinear distortions when the
unloaded autotransformer is switched on to the super high
voltage transmission line, and the generation of higher
harmonic components of even multiplicity characteristic.

2. Resonant adjustment of the electrical circuit of the
substitution circuit of the transmission line is a sufficient
condition for the overvoltage appearance on the
corresponding harmonic component. The defining
characteristic of this condition is the length of the
transmission line.

3. According to the typical values of parameters of
power transmission elements with nominal voltage of 750
kV, an expression was obtained for express analysis of the
presence of sufficient conditions for the resonant
overvoltage appearance. It is shown that overvoltage on
the harmonic components of even multiplicity can be
expected if in total three groups of shun reactors are
installed in the final substations of the SHVTL.

4. To prevent resonant overvoltage or reduce them to a
safe level, it is advisable to use a controlled switching
device for SFg circuit breaker. Intervals of safe switching
angles can be determined using developed imitation
models of SHVTL.

5. If the switch-on angle of the circuit breaker falls at
certain intervals, even if it is adjusted according to
another criterion (for example, by the value of the
aperiodic component in current), it is possible or
completely prevent the occurrence of overvoltage, or to
reduce their multiplicity to the levels of effective
operation of traditional protective measures.
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