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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 41: COMPOSITE MATERIALS: THEIR CLASSIFICATION,
TECHNOLOGIES OF MAKING, PROPERTIES AND APPLICATION DOMAINS IN
MODERN TECHNIQUE

Purpose. Preparation of brief scientific and technical review about the state, achievements and prospects of development of
works domestic and foreign scientists-specialists on materials and technologists in area of development and creation of
composite materials (compos). Methodology. Scientific methods of collection, analysis and analytical treatment of the opened
scientific and technical information of world level in area of studies about materials, related to development of basic
technologies of making of new perspective compos and their application in a modern technique. Results. A state-of-the-art
scientific and technical review is resulted about the state, achievements and prospects on the future in the world of researches
on development and creation of new metallic and non-metal compos, possessing as compared to traditional homogeneous
materials substantially more high physical and mechanical descriptions. Classification of compos is executed. Technologies of
making of basic types of compos, findings a practical wide use enough in an aviation and space-rocket technique, engineering
and row of the special areas of modern technique are briefly described. Main properties of basic types of compos and their
advantage are indicated before traditional metals and alloys. The basic failings and technical application for today of different
compos domains are resulted. Considerable progress is marked in technologies of making and volumes of the use in the front-
rank areas of technique of compos. The possible nearest prospects are indicated in the use of compos on the future in a
number of stormy developing in the whole world technical areas. Originality. Systematization of the scientific and technical
materials, devoted the basic results of works on being in 2016 year of domestic and foreign specialists in area of development,
making and application in the modern technique of the most perspective types of compos, known from the sources opened in
outer informative space is executed. Practical value. Popularization and deepening for students, engineers and technical
specialists and research workers of scientific and technical knowledges in the necessary area of development, creation and
application in the modern technique of compos, extending their scientific range of interests and further development of
scientific and technical progress in human society. References 22, figures 6.

Key words: composite materials, basic technologies of receipt of compos, advantages of compos before traditional materials,
world achievements in creation of compos.

Ilpugeden nayuno-mexuuueckuii 0030p 0 COCMOAHUU, OOCMUNCEHUAX U NEPCHEKMUGAX PA3GUMUA PAOOM OmeuecmeeHHbIX U
3apyOedsHCcHbIX YUEeHBIX-MAMEPUATIOB8E0068 8 001acmu pa3padomKu U co30aHUA KOMROZUYUOHHBIX MAMEPUAN08, 001A0al0uUX no
CPABHEHUI0 ¢ MPAOUUUOHHLIMU OOHOPOOHLIMU MAMEPUATAMU CYULECIEEHHO 001ee GbICOKUMU (PUIUKO-MEXAHUUECKUMU
xapakmepucmukamu. Onucanvl 0CHO8Hble KnaccuuKkayuu, mexHono2uu NOyYeHUs, CEOICMEA U 001ACMU RPUMEHEHUA
nOOOOHBIX MAMEPUAnO6-KOMnO3umoe 6 mexuuxe. bubn. 22, puc. 6.

Kniouesvie cnosa: KOMIIO3NIHMOHHBIE MAaTePHAJIbI, OCHOBHBIE TEeXHOJIOTHMH TOJyYeHHsI KOMIIO3HTOB,
KOMIIO3UTOB Hepe/l TPAAUIHOHHBIMU MaTepHAIaMH, MHPOBBI€ I0CTHKEHHS B CO3AaHUH KOMIIO3UTOB.

NpeuMylecTBa

Introduction. Further progressive development in
the world of modern technology in mechanical
engineering, electrical engineering, electric power,
instrument-making, aviation and rocket building
industries requires the creation of a variety of new
materials with their increasingly high performance
properties. Scientists and specialists from many
countries of the world engaged in the study of behavior
in the field of material science and experimental
determination of the physical and technical
characteristics of various metals and alloys have long
concluded that the creation of inhomogeneous solid
compositions with a correct choice of their initial
components may lead to new materials with their
significantly improved mechanical characteristics
compared to known homogeneous materials. Similar
materials in materials science are called composite.
According to modern concepts, composite material
(CM) is an artificially created heterogeneous solid

material consisting of two or more components with a
clear interface between them [1]. One of the «oldest»
and still used throughout the world of CM is a «bulat»
containing the finest layers (sometimes strands) of high-
carbon steel, which are «glued together» by soft low-
carbon iron [1]. After the reasons for their plasticity,
elasticity and strength were scientifically explained in
metal science and in the physics of metals, and the main
physicochemical pathways of a noticeable increase
(strengthening) of the indices of these physical
properties were established [2] in the leading material
science laboratories of the world, intensive systemic the
development of new non-metallic materials with their
significantly increased physicomechanical
characteristics. In the last decades, materials scientists of
the industrially developed countries of the world are
actively engaged in scientific and technical search for
new CMs, purposefully creating the most promising for

© M.I. Baranov

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.6 3



their physico-mechanical properties for a number of
rapidly developing areas of modern technology and
relatively cheap in the production of CM (compos).

The goal of the paper is compilation of a brief
scientific and technical review on the state, achievements
and prospects for the development of materials research in
the world in the field of development and production of
composites.

1. Classification of composites. In most CMs,
which are wusually multicomponent materials, the
components (components) used in them can be divided
into a matrix (continuous throughout the volume of the
CM plastic base) and included in it reinforcing elements
(interrupted by the volume of CM reinforcing fillers) that
have high strength, rigidity, heat resistance and other
physical properties [1-3]. We note that the CM matrix
ensures the monolithic nature of the created material,
imparts the required shape to the created product,
transfers the mechanical stress from one part of the filler
medium to the other, protects the reinforcing
reinforcement from mechanical damage and provides
mechanical and other resistance to overall external forces.
Specialists (materials scientists and technologists),
varying the compositions of matrices and fillers, their
percentage ratio and the spatial orientation of the filler
reinforcement in the volume of CM, can now obtain a
very wide spectrum of CM with the required set of their
properties [1-3]. In this connection, all the composites by
the form of the matrix used in the CM are now classified
into [1]:

e composites with a polymer matrix;

e composites with a metal matrix;

e composites with a ceramic matrix;

e composites with an oxide-oxide system.

By the type of filler used in the CM (reinforcing
component), existing and newly created composites are
classified into [1]:

e fibrous composites (reinforcing components -
fibrous structures of non-metals and metals);

e layered composites (reinforcing components -
separate layered structures, Fig. 1);

e composites such as «filled plastics» (reinforcing
components - nano- and microparticles);

e bulk composites having homogeneous dispersed
non-metallic and metal structures;

e skeletal composites in which the original structures
are filled with a binder.

According to the type of reinforcing filler, fibrous
CM are classified into the following groups [2]:
fiberglass with glass fibers;
carbon fibers with carbon fibers;
boron fibers with boron fibers;
organic fibers with synthetic threads.

In addition, the CM according to the geometry of the
reinforcing element-filler included in their composition is
divided into the following main groups [4, 5]:

o with zero-dimensional fillers
reinforcements), whose dimensions
dimensions are of the same order;

e with one-dimensional fillers, one of the sizes of
which considerably exceeds the other two;

(structural
in three spatial

e with two-dimensional fillers, any two sizes which
significantly exceed the third.

Fig. 1. Layout of individual layers in the CM [1]

According to the arrangement of the reinforcing
element-filler, CMs are divided into such groups [4]:

e with an uniaxial (linear) arrangement of the filler
reinforcement in the matrix in the form of parallel fibers,
filaments and filamentary single crystals;

e with a biaxial (planar) arrangement of reinforcing
filler, mats from filamentary single crystals and metal
foils in a matrix with a parallel arrangement of their
planes;

e with a three-axial (three-dimensional) arrangement
of reinforcing filler and absence of a preferred direction in
its arrangement.

According to the physical nature of their
components, CMs are divided into the following large
groups [4, 5]:

e composites containing components from various
metals or alloys;

e composites containing within themselves
components from various inorganic compounds (for
example, oxides, carbides, nitrides, etc.);

e composites containing components from nonmetallic
elements (including carbon, boron, etc.);

e composites containing components from organic
compounds (for example, epoxy, polyester, phenolic
resins and other chemical compounds).

As we see, CMs have a rather extensive
classification. Below we will dwell in more detail on
some of these composites.

2. The main technologies for manufacturing
composites. Let us consider a number of composites,
indicated above.

2.1. Fibrous composites. The mechanical
characteristics of such CM are determined by the
properties of a large number of parallel continuous fibers
used in their composition. In each layer, the CM fibers
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can be woven into a fabric, which is an original shape
whose dimensions correspond to the geometric
parameters of the final material [1-5]. The matrix of such
a composite should redistribute mechanical stresses
between reinforcing fibers. Therefore, the strength and
modulus of elasticity of the fibers used in such a
composite must be significantly greater than the strength
and modulus of elasticity of the matrix. Rigid reinforcing
fibers perceive the mechanical stresses that occur in the
composite when it is loaded with force, and also give it
strength and rigidity in the direction of fiber orientation.
For example, boron fibers, as well as fibers of refractory
compounds (for example, carbides, nitrides, borides and
oxides) with high strength and modulus of elasticity are
used to harden aluminum, magnesium and their alloys in
this case. Often used as a fiber wire of high-strength steels
[1-5]. For the CM under consideration, when reinforcing
titanium and its alloys, molybdenum wire, sapphire fibers,
silicon carbide and titanium boride are used. The increase
in the heat resistance of nickel alloys is achieved by
reinforcing them with tungsten or molybdenum wires
[1-5]. Metal fibers are also used in those cases where high
values of thermal conductivity and electrical conductivity
are required for the composite to be created. Prospective
reinforcing fillers for high-strength and high-modulus
fibrous CM are filamentary crystals of aluminum oxide
and nitride, silicon carbide and nitride, boron carbide, etc.
[1-5]. Composites on a metal base have high strength and
heat resistance. At the same time, they are not very
plastic. However, the reinforcing fibers in the CM reduce
the propagation speed (on the composite) of the cracks
that originate in the matrix. This almost completely
eliminates the sudden brittle failure of CM. A distinctive
feature of fibrous uniaxial CM is their anisotropy of
mechanical properties along and across fibers and a low
sensitivity to mechanical stress concentrators. The
anisotropy of the properties of fibrous composites is taken
into account when constructing machine parts (apparatus)
from them to optimize the properties of CM by matching
the resistance field with the fields of mechanical stresses
in it. It was found that the reinforcement of aluminum,
magnesium and titanium alloys with continuous refractory
fibers of boron, silicon carbide, titanium boride and
aluminum oxide significantly improves their heat
resistance [1-5]. Thus, aluminum alloys reinforced with
boron fibers can be reliably operated at temperatures up to
(450-500) °C instead of (250-300) °C [1-5]. The main
disadvantage of composites with one- and two-
dimensional reinforcement by their fibers is the low
resistance of CM to the interlayer shear and transverse
breakage. This is deprived of materials with bulk fiber
reinforcement [1-5].

2.2. Disperse-hardened composites. Unlike fibrous
CM in dispersed-hardened composites, the matrix is the
main element that carries an external force load, and their
fillers (dispersed particles) inhibit the motion of
dislocations in it (the matrix). In such CM, high strength

is achieved at a particle size (10-500) nm, and also with
an average distance between them (100-500) nm and
uniform distribution of them in the matrix [1-5]. In these
composites, the strength and high-temperature strength,
depending on the volume content of the strengthening
phases in their matrix, do not obey the additivity law. The
optimal content of the second phase in the matrix for
different metals in these CMs is not the same, but usually
does not exceed (5-10) % of the volume of the matrix
material [1]. The use of stable refractory compounds (for
example, thorium, hafnium, yttrium oxides, complex
oxides compounds and rare earth metals) that do not
dissolve in the matrix metal of the composite as hardening
phases allows preserving the high strength of the CM
material to temperatures approaching the melting
temperature of the matrix metal [1 ]. In this regard, such
CM are most often used as heat-resistant materials.
Dispersion-hardened composites can be obtained on the
basis of the majority of metals and alloys currently used
in the technology (for example, aluminum, magnesium,
nickel, copper, etc.) [1-5]. The most widely used similar
CMs are aluminum-based alloys — SAP (sintered
aluminum powder with Al,O3 oxide) [1]. The density of
these CM is almost equal to the density of aluminum.
They are not inferior to it for corrosion resistance and can
even replace titanium and corrosion-resistant steels when
operating in the temperature range (250-500) °C. For
long-lasting strength, they exceed the deformable
aluminum alloys. Thus, the long-term strength for alloys
of the SAP-1 and SAP-2 type at 500 °C is (45-55) MPa
[1]. According to materials scientists, there are great
prospects for nickel dispersed-hardened materials. They
found that nickel-based alloys with (2-3) % thorium
dioxide or hafnium dioxide had the highest heat resistance
(1-5). Wide-range alloys of the type BJY-1 (nickel
hardened with thorium dioxide), type BIAY-2 (nickel
hardened with hafnium dioxide) and BAY-3 type (nickel
matrix Ni plus 20 % by volume of chromium Cr,
hardened with thorium oxide ThO). These alloys have
high heat resistance. It should be noted that the
introduction to these CMs (5-10) % reinforcing fillers
(refractory oxides, nitrides, borides and carbides) leads to
an increase in the resistance of their metal matrix to force
loads. The effect of increasing the strength of the material
is comparatively small. However, it is valuable here to
increase the heat resistance of the resulting composite as
compared to the original matrix. Thus, the introduction of
fine-dispersible powders of thorium oxide or zirconium
oxide into the heat-resistant chromium-nickel alloy allows
to increase the temperature at which products from this
alloy are capable of prolonged operation, from 1000 to
1200 °C [1-5]. We will point out that dispersed-hardened
metal composites are obtained by introducing filler
powder into the molten metal or by powder metallurgy
methods [1-5]. Dispersion-hardened CM, as well as
fibrous composites, are resistant to softening with an
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increase in the temperature acting on them and to the
duration of exposure to the force loading [1-5].

2.3. Fiberglass. This composite is a composition
consisting of a synthetic resin that is a binder and a
fiberglass reinforcing filler. In this case, continuous or
short glass fibers are usually used as the filler [1, 2]. It
was found that the strength of glass fibers increases
sharply with a decrease in its diameter. This feature is
explained by the elimination of the effect on the strength
properties of thin glass fibers of irregularities and cracks
occurring in thick (with a large cross section) fiberglass.
We note that the properties of glass fibers also depend on
the content of alkali in its composition. The best strength
parameters are for  alkali-free  glasses  of
aluminoborosilicate composition [1-5]. Glass fibers are
usually made in the form of yarns, bundles (rovings),
glass fabrics (Fig. 2), glass mats and chopped fibers [1].
Binder in these CM is polyester, phenol-formaldehyde,
epoxy and silicone resins, polyimides, aliphatic

polyamides, polycarbonates, etc.

' L
Fig. 2. General view of a fragment of the original glass fiber
fabric of the type Parabeam 3D Glass fabric consisting of two
woven horizontally placed parallel glass plates connected to
each other by vertical glass worm and forming the so-called
«sandwich-glass structure» [6]

Non-oriented glass fibers contain as a filler a short
fiberglass. This makes it possible to press the details of
complex shapes, including metal reinforcement [1]. In
this case, the CM is obtained with isotropic strength
characteristics, which are much higher than for press
powders. Known representatives of such a composite are
glass fibers of the AT'-4B type, as well as the DGF type
(dosing glass fibers) [1-6]. They are widely used for the
manufacture of power electrical components and parts of
engineering products (for example, spools, seals of
electric pumps, etc.). When these unsaturated polyesters
are used as binder in these glass fibers, premixes like
IICK (pasty) and prepregs of the type AIl and IIIIM
(based on the glass mat) are obtained [1]. Prepregs can be
used for making light large-sized products of simple
shapes (for example, car bodies, boat hulls and a number
of devices) [1-6].

Oriented glass fibers contain a filler-reinforcing
agent in the form of long glass fibers located in the CM
oriented with separate strands and carefully glued

together with a binder. Such a technology of their
manufacture provides, in comparison with nonoriented
glass fibers, a higher strength of the resulting glass fiber
reinforced plastic [1-6]. These CMs can reliably operate
under temperatures acting on them from «minus» 60 °C
up to «plus» 200 °C. They are able to withstand tropical
atmospheric conditions and large inertial overloads [1]. It
is known that penetrating ionizing radiation has little
effect on their mechanical and electrical properties.

2.4. Carbon fiber. This kind of composite contains
a binder polymeric matrix (based on phenol-formaldehyde
or other resin) and a carbon fiber reinforcing filler
(Carbon fiber) [1-6]. Carbon fiber is a new material
consisting of thin filaments with a diameter of 3 to 15 pm,
formed predominantly by carbon atoms. The carbon
atoms (carbon) in these filaments are combined into
microscopic crystals aligned parallel to each other.
Alignment of these crystals gives the carbon fiber greater
tensile strength. Carbon fibers are characterized by high
tension force, low specific gravity, low coefficient of
temperature expansion and chemical inertness [7]. Carbon
fibers are obtained from synthetic and natural fibers based
on cellulose, copolymers and acrylonitrile [1, 7]. When
they are made, heat treatment of the fiber is used. It is
usually carried out in three stages [7]: stage 1 — oxidation
at temperature of 220 °C; stage 2 — carbonization at
temperatures (1000-1500) °C; stage 3 — graphitization at
temperatures (1800-3000) °C). This technology leads to
the formation of fibers characterized by a high content of
carbon in them (up to 99.5 % by mass). The high binding
energy of atoms in carbon fibers allows them to retain
their strength at very high temperatures (in a neutral
medium up to 2200 °C), and also at low temperatures
[1-7]. From the oxidation of the surface, carbon fibers are
protected by protective pyrolytic coatings. Unlike the
glass fibers of carbon fiber, because of the low values of
their surface energy, they are poorly wetted by the binder
(matrix) used in the technologies for their production.
Therefore, these fibers are etched before they are filled
with a binder [1, 7]. This increases the degree of
activation of carbon fibers by the content of the carboxyl
group on their outer surface. Because of this, the
interlayer shear strength for carbon plastics increases
1.6-2.5 times [1]. In addition, in the manufacture of the
CMs under consideration, whiskerization of the
filamentary carbon crystals with titan TiO is used, which
provides an increase in the interlayer stiffness of carbon
plastics up to two times and the strength is almost
2.8 times [1]. Often in the manufacture of carbon fiber
they use spatially-reinforced structures. In this case,
synthetic polymers serve as bonding agents (matrices),
which also determines the name of the resulting
composites-polymer carbon fibers. In the case where
synthetic polymers are subjected to pyrolysis during the
manufacture of CM, the resulting composites are called
coking carbon fibers. When used in the technology of
production of the pyrolytic carbon composites under
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consideration, the CM obtained with it is called
pyrocarbon carbon fiber [7].

Epoxyphenolic carbon fiber type KMVY-lm can
operate for a long time at temperatures up to 200 °C.
Carbon fiber type KMVY-3 and KMVY-21 are obtained on
the basis of epoxy anilinoformaldehyde binder, which
serves as a polymer matrix. These composites are
considered to be the most technologically advanced
carbon fiber. They can be reliably operated at
temperatures up to 100 °C. Carbon fiber type KMVY-2 and
KMVY-31 based on polyamide binder can be used at
temperatures up to 300 °C. Carbon fibers are
characterized by high statistical and dynamic fatigue
resistance. They retain this property at normal and low
temperatures (high thermal conductivity of the fiber
prevents self-heating of the CM due to internal friction).
They are water and chemically resistant. After the
exposure of X-rays in air, their properties do not
practically change [1-7].

Currently, one of the directions in obtaining new
CM is the production of carbon fiber with a carbon
matrix. At temperatures (800-1500) °C, carbonized
carbonates are formed, and at (2500-3000) °C, graphitized
carbon fibers are formed [1, 7]. To produce pyrocarbon
materials, the reinforcement is laid out according to the
shape of the article and placed in an oven through which
an gaseous hydrocarbon is passed through the atmosphere
(usually methane CH,). Under a certain regime
(temperature 1100 °C and residual pressure 2660 Pa),
methane decomposes and the resulting pyrolytic carbon
deposits on the reinforcing fiber, binding them. It should
be noted that the coke formed during the pyrolysis of the
binder has a high adhesion strength to the carbon fiber. In
this regard, the CM obtained in this way has high
mechanical and ablative properties, as well as high
resistance to thermal shock. Carbon fiber with a carbon
matrix of the type KVYII-BM on the strength and
toughness is 5-10 times higher than special graphites
[1, 7, 8]. When heated in an inert atmosphere and
vacuum, it retains its strength to temperatures of about
2200 °C. In air, it oxidizes, starting at 450 °C, and
requires a protective coating.

The main advantages of carbon fibers in front of
fiberglass are their lower density and higher modulus of
elasticity [7]. Carbon plastics are light, strong and have
practically zero coefficient of linear expansion. All types
of carbon plastics conduct electricity well through
themselves. High-temperature parts of rocket engines and
high-speed aircraft, brake shoes and disks for jet planes
and reusable spaceships and parts of electrothermal
equipment are made of high-temperature carbon fiber [8].

2.5. Boron fibers. This CM is a composition made
of a polymeric binder (matrix) and boron fibers (filler).
Boron fibers (boron plastics) are distinguished by their
high compressive strength, shear and shear, low creep,
high hardness and elastic modulus, and thermal
conductivity and electrical conductivity [1-8]. The

cellular microstructure of boron fibers provides high
strength of the CM at shear at the interface between them
and its matrix. In the production technology of this
composite, in addition to the continuous boron fiber,
complex boron glasses are also used, in which several
parallel boron fibers are intertwined with glass fiber that
betrays them to form stability. The use of bored leaflets
facilitates the technological process of manufacturing the
CM under consideration. Modified epoxy and polyamide
binders are used as matrices for the production of boron
fibers. Boron fibers of type KMb-1 and KMb-1k are
designed for continuous operation at temperatures up to
200 °C, while KMb-3 and KMB-3k types do not require
high pressure during processing and can operate at
temperatures not higher than 100 °C. KMB-2k type boron
fiber is operable at temperatures up to 300 ° C [1-8].
Boron fibers have high rates of fatigue resistance. They
are resistant to the effects of penetrating radiation, water,
organic solvents and various fuels and lubricants. In
addition, for boron fibers, the compressive strength is
2-2.5 times greater than for carbon fiber strands [1]. At
the same time, the high fragility of boron plastics makes
their processing difficult and imposes restrictions on the
shape of products obtained from boron fibers. The
technological feature of obtaining boron fibers is that the
necessary boron for them is precipitated from boron
chloride to a tungsten matrix-substrate, the cost of which
can reach up to 30 % of the cost of the boron fiber
obtained [1, 8]. In this connection, the cost of boron fiber
is today high and reaches USD 400 / kg [8].

2.6. Organic fibers. These CMs are composites
consisting of a polymeric binder (matrix) and reinforcing
agents (fillers) in the form of synthetic fibers. Organic
fibers have low mass, relatively high values of specific
strength and rigidity. They are stable under the action of
alternating loads and a sudden change in temperature
[1-8]. In organic fibers the values of the modulus of
elasticity and the temperature coefficients of linear
expansion of the reinforcing agent (synthetic fibers) and
the binder (polymeric compounds based on epoxy and
other resins) are similar. Therefore, during their
manufacture, the components of the binder are diffused
into the fiber used and the chemical interaction between
them. The structure of the resulting synthetic material is
practically defect-free [1, 7]. Its porosity does not exceed
(1-3) %. For comparison, note that in other CMs the
porosity reaches values (10-20) % [1, 7]. The impact
strength of organic fibers is high and equal to about
(400-700) Pa-[1, 7]. Hence, the stability of the mechanical
properties of the organic fibers follows with a sharp
temperature difference, the impact of shock and cyclic
force loads. Organic fibers are resistant to the action of
corrosive environments and the humid tropical climate.
Their dielectric properties are high, and the thermal
conductivity is low. Most organic fibers can work for a
long time at temperatures (100-150) °C. Based on the
polyamide binder and polyoxadiazole fibers, they are able
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to function reliably at temperatures (200-300) °C [1, 7]. A
disadvantage of these composites is their relatively low
mechanical strength under compression and high creep.

2.7. Polymer nanocomposites. This type of CM is
polymers filled with nanoparticles that interact with the
polymer matrix not at the macrolevel (as in the case of
conventional composites), but at the molecular level [9].
Due to this interaction, a composite is formed, which has
a high adhesion strength of the polymer matrix to
nanoparticles. As is known, nanoparticles have linear
dimensions of not more than 100 nm in one of three
spatial dimensions [10]. An analysis of recent domestic
and foreign studies indicates a high potential for research
in the field of polymeric nanocomposite materials [9].
Unfortunately, these works contain a lot of technological
«know-how» and access to them is currently extremely
limited [2].

2.8. Intermetallides. Such a name in materials
science received new chemical compounds based on
compositions of the type «titanium-aluminumy, «nickel-
aluminumy», etc. [9]. It is believed that it is
intermetallics, as a new class of structural materials that
can lead to revolutionary solutions in the development
and creation of promising products for rocket and space
technology. These composites have a relatively low
density - from 3.7 to 6.0 g/cm’ and have high heat
resistance (up to 1200 °C) [9]. In addition, they are
characterized by high levels of corrosion resistance, heat
resistance and wear resistance. Intermetallic titanium-
based alloys can operate up to 850 ° C without
protective coatings. Alloys based on nickel — up to
1500 °C [9]. In the opinion of specialists, the use of
intermetallic compounds in propulsion systems (for
example, for the rotor, stator, impeller, valve group,
uncooled nozzles, etc.) will increase the specific thrust
of the engines by (25-30) %, and also provide a
reduction in the mass of the designs of propulsion
systems to 40 % [2, 9].

2.9. Eutectic composites. This type of CM is an
alloy of a eutectic or close to eutectic composition, in
which oriented crystals formed in the process of
directional crystallization act as a strengthening phase [8].
Unlike ordinary CM, eutectic composites are produced in
one technological operation. A directional oriented crystal
structure can be obtained at the final stage of the product
release. The geometric shape of the crystals formed
during the corresponding operation can be in the form of
fibers or plates. Directed crystallization methods already
produce composites based on aluminum, magnesium,
copper, cobalt, titanium, niobium and other chemical
elements [8]. Therefore, these composites can be used in a
wide range of temperatures [2].

2.10. Composites based on  ceramics.
Reinforcement of ceramic materials (matrices) with
fibers, as well as metallic and ceramic dispersed particles,
allows obtaining high-strength composites [8]. As a
reinforcing filler, metal fibers are often used. In this case,

the tensile strength increases insignificantly, but the
resistance to thermal shocks increases significantly.
Because of this, the ceramic material cracks less during its
heating. The properties of the CM thus obtained will
depend on the ratio of the thermal expansion coefficients
of its matrix and filler. Reinforcement of ceramics with
dispersed metal particles provides a new type of material -
cermet which has increased mechanical resistance,
thermal conductivity and resistance to thermal shocks
[8, 11]. In both cases, ceramic composites are produced
by hot pressing (tableting with subsequent sintering under
pressure) or by slip casting (filler fibers are poured with a
slurry of matrix material, which after drying is sintered in
special furnaces) [2, 11].

2.11. Functional gradient materials. Such new
types of composites as functional gradient materials
(FGM) are alloys consisting of hard grains of carbides,
nitrides and borides of transition metals (for example,
tungsten carbide, titanium carbide, titanium carbonitride,
titanium diboride, etc.) forming a strong continuous
framework matrix), and a metal bond (from cobalt, nickel,
titanium, aluminum, etc.), the content of which varies
continuously in the volume of such CM [12]. Practical
realization of the layered structure of FGM is ensured by
layer-by-layer pressing of carbide press powders with
different contents of the above-mentioned metal bond and
different grain sizes of the solid phase followed by
vacuum sintering. In this case, mass transfer of the metal
bond during the liquid-phase sintering from a layer with a
large grain size into a layer with a smaller grain size,
leading to a gradient of its content in the alloy, will be
observed in the CM under consideration. Such a CM
manufacturing technology makes it possible to control the
gradient in the «frame-binder» system for the composite
under consideration by changing its (metal bond)
concentration in the pressed layers of FGM. As a result,
FGM have the properties of both a hard alloy and a metal.
Therefore, such composites have high hardness, thermal
stability and high impact strength [2, 12].

3. Basic properties and technical characteristics
of composites. Let us dwell on the advantages, properties
and disadvantages of a number of these CMs.

3.1. Advantages of composites. The main
advantage of CM in comparison with traditional
structural materials is that during the manufacture of a
composite, the material and the construction of the
product are created simultaneously [1-5]. CM specialists
are always created for specific technical tasks and for a
particular product. Therefore, the composite in its
essence can not always be a priori better than the
traditional material in everything. The main advantages
of most of the known composites in the world are their
following properties [1-9]:

e high mechanical strength (with a
resistance of up to 3500 MPa);

¢ high mechanical rigidity (with modulus of elasticity
from 130 to 240 GPa);

temporary
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e high corrosion resistance in corrosive environments
and wear resistance of structures from CM;

¢ high fatigue mechanical strength;

¢ high heat and heat resistance (up to 1650 °C);

¢ high thermal protection properties of CM;

e low coefficient of thermal expansion;

e low density and weight (mass) characteristics, which
make the structures made with the use of CM easy;

e possibility of manufacturing from CM dimension-
stable structures for various purposes.

3.2. Some properties of boron plastics. One of the
most promising CM in the field of aircraft and rocket
construction are boron fiber, made with the use of
reinforcing boron fiber and epoxy matrices [13].
According to the results of foreign studies, the use of
boron plastics makes it possible to reduce the weight of
the final design of an aircraft (20-40 %), significantly
increase its rigidity and increase the operational reliability
of the product as a whole [13]. The specific strength ratios
of boron plastics and, for example, aluminum alloys for
stretching are 1.3-1.9, for compression 1.5, for shear 1.2
and for crushing 2.2. In addition, the boron plastics retain
their properties in the temperature range from -60 up to
+177 °C [2, 13].

3.3. Some properties of carbon plastics. It is
known that carbon plastics are characterized by a
relatively low specific gravity (up to 1.5 g/cm® while the
density of aluminum alloys is about 2.8 g/cm?, and that of
titanium alloys is 4.5 g/em® [13]), high stiffness values,
vibration and fatigue strength [1-9]. According to the data
of [13], the mechanical strength and rigidity of carbon
plastics is about six times higher than that of the main
grades of steel used in aircraft designs. The carbon
plastics are radio transparent (they pass electromagnetic
waves well through themselves) [1-9]. Carbon fibers
(carbon plastics) with a carbon matrix (with specific
gravity up to 1.4 g/cm’) have high heat-shielding
properties and the ability to maintain their strength
characteristics at temperatures up to 2500 °C [7, 13].

3.4. Some properties of boron aluminum. In this
CM with a matrix of aluminum alloys, boron fibers
(sometimes coated with silicon carbide SiC) are used as
the reinforcing filler [13]. Boron aluminum is 3.5 times
lighter than aluminum and twice as strong as aluminum,
which makes it possible to obtain significant weight
savings for a number of aircraft designs. In addition, at
high temperatures (up to 430 °C), the boron aluminum
composite has twice the values of mechanical strength
and stiffness compared to titanium [13]. Therefore, boron
aluminum can compete with titanium when used in
supersonic aircraft with flight speeds of about three Mach
numbers (at present, only titanium alloys are used as
structural material in such aircraft) [13].

3.5. Disadvantages of composites. All CMs known
to date in the world have a number of significant
shortcomings that hinder their wider application in
various areas of modern technology [1-9]:

e high cost, which is due to the high science-intensive
production of CM, the need to use special expensive
equipment and raw materials in the CM technology;

e anisotropy of properties, leading to the dependence
of the physico-mechanical characteristics of CM from the
choice of the direction of their measurement in the
finished product;

e low impact strength, which determines the choice of
an increased safety factor for the product, and as a result -
increased consumption of expensive CM and an increased
probability of concealed defects in the product;

e high specific volume of CM in the product, which is
unacceptable in areas with a strict limitation of occupied
volume (for example, when creating supersonic aircraft,
for which even a slight increase in the volume of elements
leads to a sharp increase in wave drag);

¢ hygroscopicity, caused by the incompleteness of the
internal structure of CM and, accordingly, propensity to
absorb atmospheric moisture;

e toxicity caused by the release of toxic fumes from
the structure of CM during their long-term operation;

e low operational manufacturability leading to low
repairability of composites and high cost of operation of
products in the construction of parts of which CM is used.

4. The main applications of composites in
engineering. Areas of use of CM are not limited. The
introduction of composites into modern technology
provides a new qualitative leap in increasing the power of
engines, power plants and vehicles, reducing the weight
(mass) of machines and devices. Practical application of
CM in modern technology will be considered on a
number of examples.

4.1. Aviation and rocket and space technology.
CMs with a metal matrix, reinforced with filamentary
single crystals («whiskers»), were created in the early
1970s purposefully for aviation and space structures of
aircrafts [8]. Filamentary crystals for composites are
prepared by pulling a suitable melt through spinnerets.
For these technical purposes, the «whiskers» of sapphire
(aluminum oxide Al,O;) and beryllium, boron and
silicon carbides, as well as aluminum, silicon and other
chemical elements of length (0.3-15) mm and diameter
(1-30) pm are used [8, 11]. Reinforcement of the
«whiskers» of many metals can significantly increase
the strength of the material being created and increase
its heat resistance. Thus, the yield stress of a composite
composed of silver containing 24% «whiskers» of
aluminum oxide is 30 times higher than the yield
strength of silver and twice as many silver-based CMs
[11]. The reinforcement of «whiskers» made of
aluminum oxide composites based on refractory metals
tungsten and molybdenum doubles their mechanical
strength at a working medium temperature up to 1650
°C [11]. This made it possible to use these heat-resistant
CMs with a metal matrix in the manufacture of heat-
resistant nozzles for most liquid and solid-fuel rocket
engines for peaceful and military launch vehicles.
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The use of boron plastics in modern technology is
limited, above all, by the high cost of producing boron
fibers used in them (up to USD 400 / kg [8]). In this
connection, they are used mainly in products of aviation
and rocket and space technology in parts and assemblies
subjected to long-term power loads under the influence of
an aggressive medium [8]. Due to the qualities mentioned
above (see paragraphs 2.4 and 3.3), carbon plastics are
considered to be very promising for the manufacture of
those parts and units of airplanes that operate at high
temperatures, as well as for heat shields of aircrafts and,
above all, spacecraft [13]. Note that initially (in the
1970s) the use of carbon plastics in aircraft designs was
insignificant (due to the high cost of carbon fiber, up to
USD 900 / kg) [13]. At the beginning of the 21st century,
this cost was already about USD 150 / kg. According to
the forecasts of American specialists, the cost of carbon
fiber will soon be up to USD 80 / kg. Based on the
information given in Section 3.4, boron aluminum can
also be considered one of the promising CMs, the use of
which in aircraft construction can give up to 50% of the
weight savings of aircraft designs [11, 13].

Fig. 3 shows a general view of the Russian medium-
haul passenger aircraft of the Tu-204 type, in the designs
of parts (assemblies) of which at the beginning of the 21st
century the share of CM was up to 25 % [14]. We will
point out that the proportion of using composites on a
new Russian aircraft of the MC-21 type, developed by the
«Irkut» Corporation, will amount to as much as 37 %.

Fig. 3. The general view of a medium-haul passenger aircraft of
the Tu-204 type (RF, 1990's) in which up to 25% of all parts of
the glider were made of composites [14]

World leaders in aircraft construction — the
corporations Airbus and Boeing are also actively using
composites in the designs of their aircraft. If only
(10-15) % of CM from the weight of the liner was used in
their A-340 and B-777 aircraft in 2000, then in 2015 this
figure was not less than 50 % [14]. Fig. 4 shows the
general view of the American trunk passenger aircraft
type Boeing 787 Dreamliner in which the share of CM by
mass (weight) exceeds 50 % [14].

It is known that the use of polymer CM in the
production of aviation and space technology can reduce
from 5 to 50 % weight (mass) of aircraft [11, 13]. At the
same time, it should be noted that the reduction in weight

(mass), for example, of an artificial Earth satellite when it
is brought to a near-earth orbit by 1 kg leads to savings of
money up to USD 1000 [11]. In this regard, the tasks of
the practical application of CM in the objects of rocket
and space technology are today not only relevant and
promising, but as defining and strategic tasks for
developers and creators of this high technology.

The general view of the main passenger aircraft of the type
Boeing 787 Dreamliner (USA, 2015) the fuselage and wings
of which were 90 % made of composites [14]

Using the world experience of using CM in civil and
military aircraft designs and taking into account the high
mechanical and thermal protection properties of polymer
CM, US specialists came to the conclusion that carbon
fiber composites with a carbon matrix are used in the
manufacture of strategic missile warheads [13, 15].

It should be noted that a number of critical parts of
artificial earth satellites (for example, the frames of their
radio antenna series) are already made of carbon plastic in
combination with an aluminum honeycomb structure
[11, 15]. Let us emphasize that at the present time, due to
the special importance and availability of many
technological know-how for the production in the world
of high-quality carbon fiber and, accordingly, the
technology for making various carbon plastic materials
with it, are closed «with seven locks». According to
authoritative scientists, no more than two or three
countries own such technologies in the world today [16].
You can not buy them by purchasing the appropriate
licenses from the developer. Therefore, many interested
firms, working especially in the field of aerospace
engineering, face a dilemma: [16] «Either you buy a
finished product (for example, an aircraft in which
carbon fiber is used in the form of parts). Either you need
to develop the necessary technology for the production of
good carbon fibery.

Fig. 5 shows the general view of the orbital
compartment of the new American spacecraft Liberty for
transportation of astronauts and scientific equipment to
the International Space Station (ISS) [17]. The light
housing of the compartment was made of polymer CM
based on carbon fiber [17].

We point out that at the Scientific-&-Research
Planning-&-Design Institute «Molniya» of the NTU
«KhPI» in recent years, in conjunction with the State
Enterprise «Antonovy», the LN. Frantsevich Institute for
Problems of Materials Science of the National Academy
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of Sciences of Ukraine and Boeing Corporation,
certification tests of prototype of sheet specimens with
dimensions in the plan of 500x500 mm of a number of
CMs intended for the manufacture of composite cladding
of domestic and foreign passenger airplanes (including
the Boeing 787 Dreamliner [14]), on the resistance to
direct action of pulsed current of artificial lightning on
them [18] were carried out.

Fig. 5. The general view of the orbital compartment of the new
spaceship Liberty (USA) made on 90 % of polymer composites
and intended for the re-delivery of astronauts and scientific
cargoes on board the ISS [17]

These tests were performed on a unique generator of
artificial lightning current type YUTOM-1 developed and
created at our Institute (at the Department No. 4 for
Electromagnetic Investigations) which generates a pulsed
A- and long-time C- components of the simulated
thunderstorm air current at the tested technical facility
with normalized amplitude-temporal parameters (ATPs)
[19]. In addition, these high-current high-voltage tests
were conducted in accordance with the stringent
requirements of the current US regulations SAE ARP
5412 and SAE ARP 5416 [20, 21]. As a result of long-
term tests (with a total number of tested at the working
table of the generator YU'TOM-1 of different composition
and identical by the geometric dimensions of
experimental samples of sheet composites of not less than
250 pieces), stable CMs were determined to directly
affect the specified normalized [ 21] the component of the
pulsed current of artificial lightning with limiting ATPs
(at amplitude 7,, of the pulsed 4- component of the
current of negative polarity with a front duration <50 ps
equal to (200+20) kA, the action integral of the pulsed
A- component (2+0.4)-10° J/Q, the duration of the pulsed
A- component of current <500 ps, the amplitude 7,,¢ of the
long C- component of negative polarity current equal to
(0.2-0.8) kA, charge of a long C- current component equal

to (200£40) K, the duration of the flow of a long
C- current component equal to (0.25-1) s [18]).

Fig. 6 shows the external view of the rounded
damage zone (up to 100 mm in diameter) of the
experimental sheet specimen of the 3 mm thick composite
lining (with its dimensions in the plan of 500x500 mm)
when it is exposed to only a pulsed A- component of the
artificial lightning current with an amplitude equal to
1,/~-212 kA [18]. The multilayered composite of this
sample had in its composition layers of fiberglass with an
epoxy matrix, layers of carbon fiber with an epoxy phenol
matrix, and layers of thin metal meshes acting as a
reinforcing agent [7, 18].

4.2. Mechanical engineering. In the machine
building industry, CM is widely used to create hard
coatings on the cutting tool and protective coatings on
metal surfaces with intense friction, and also for the
manufacture of various parts of internal combustion
engines (e.g. pistons, connecting rods, etc.) [1-9, 22]. In
this case, solid structures of titanium carbide TiC are used
to create wear-resistant coatings on the cutting tool [22],
and for a protective coating a number of functionally
different materials can be used [2, 11]: inorganic
materials (modified by various additives, magnesium, iron
and aluminum = silicates);  polymeric  materials
(polytetrafluoroethylenes modified with ultradisperse
diamond-graphite powders and ultrafine powders of soft
metals); organometallic materials containing an increased
number of acidic functional groups. Due to the formation
of high-strength metal-ceramic, polytetrafluoroethylene
and organometallic layers on the protected surfaces in the
local zone of high power loads (due to phase transitions
and plasticization processes), the protective composite
coatings formed are characterized by the following
properties [1-9]: high adhesion to the surface of the
protected metal; high purity of the working surface (up to
grade 9); low porosity (at pore sizes up to 3 pm and
coating thickness up to 100 pm); low coefficient of
friction (up to 0.01).

Fig. 6. The results of the action of an artificial lightning current
pulse (1,4 =212 kA) on a prototype aircraft skin made of
multilayer CM using fiberglass, carbon fiber,
and metal mesh [18]
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4.3. Special fields of technology. From high-
temperature cermets now make parts for jet aircraft and
space technology, gas turbines, as well as various
armature electric furnaces [11]. Solid wear-resistant
cermets are used for the manufacture of cutting tools. In
addition, cermets are used in special fields of engineering
in the manufacture of fuel elements of atomic reactors
based on natural uranium oxide 9,>>*U, friction materials
for brake systems of various devices, etc. [11].

FGM can be effectively used in the following
technical areas [12]: in military equipment (making
bulletproof vests and protecting tanks and helicopters
from bullet and fragmentation); for metalworking
(making cutters for processing hard-to-work steels and
alloys); in the mining industry (making cutters for rock
drilling); in the processing industry (lining grinders for
grinding solids), etc.

Dispersion-hardened composites based on sintered
aluminum alloy SAP are used in the manufacture of
blades of powerful compressors, fans and steam turbines
[11]. CM containing reinforced filamentary single
crystals have found application in the manufacture of
gas turbine blades, which are made of nickel alloys
reinforced with crystalline yarn of sapphire (aluminum
oxide ALO;) [7, 9]. This makes it possible to
significantly increase the temperature of superheated
steam at the inlet to the turbine (note that the ultimate
strength of sapphire single crystals at a temperature of
1680 °C is not less than 700 MPa [11-17]) and,
accordingly, to increase its efficiency.

Such composites known as from the middle of the
20th century as various types of textolites (in these CM as
a filler, fabrics from various fibers - cotton, synthetic,
glass, carbon, asbestos, basalt, etc.) and wood-laminated
plastics based on phenol-formaldehyde resin have found
application in high-voltage high-current electrical
engineering in the manufacture of power units and load-
bearing elements of insulating structures of powerful
electrophysical  installations  for  scientific  and
technological purposes [18].

Conclusions.

1. Metal and non-metallic composites, because of their
high physical and mechanical characteristics, have
already found wide practical application in many areas of
modern technology (in aviation technology for highly
loaded parts of aircraft and their engines, in space
technology for power units of aircrafts subjected to
intense heating and large overloads, elements of rigidity
and thermal protection of aircraft, in the reactor building
for nuclear power plants, in mechanical engineering for
the creation of solid and protective coatings, etc.; before
and in the automotive industry for the production of
propellers and for the facilitation of bodies, frames, auto
panels, etc., in turbine construction for the production of
blades, in the chemical industry for autoclaves and tanks
for storing and transporting chemical and petroleum
products, in the mining industry in the manufacture of

drilling tools, parts underground combines, etc., in civil
engineering in the performance of spans of bridges,
elements of prefabricated structures of high-rise
structures, etc.; in high-voltage impulse technology for
the manufacture of such reinforced insulation materials as
fiberglass, wood-laminated plastic grade JICIIb-D,
bakelite, bakelized plywood, etc.).

2. The complex scientific and technical task facing the
producers of composites in the world is the development
of new technologies for their manufacture with lower
costs that would make the CM competitive with respect to
traditional metals and alloys that are also involved in the
struggle for a leading role in the production of future
technology.

3. Composites can become for humanity a
constructional material for the near future. It is these
synthetic materials that successfully combine high
mechanical strength with their high modulus of elasticity
and low density.
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IMITATION MODEL OF A HIGH-SPEED INDUCTION MOTOR WITH FREQUENCY
CONTROL

Purpose. To develop the imitation model of the frequency converter controlled high-speed induction motor with a squirrel-cage
rotor in order to determine reasons causes electric motor vibrations and noises in starting modes. Methodology. We have applied
the mathematical simulation of electromagnetic field in transient mode and imported obtained field model as an independent
object in frequency converter circuit. We have correlated the simulated result with the experimental data obtained by means of the
PID regulator factors. Results. We have made the simulation model of the high-speed induction motor with a squirrel-cage rotor
speed control in AnsysRMxprt, Ansys Maxwell and Ansys Simplorer, approximated to their physical prototype. We have made
models modifications allows to provide high-performance computing (HPC) in dedicated server and computer cluster to reduce
the simulation time. We have obtained motor characteristics in starting and rated modes. This allows to make recommendations
on determination of high-speed electric motor optimal deign, having minimum indexes of vibrations and noises. Originality. For
the first time, we have carried out the integrated research of induction motor using simultaneously simulation models both in
Ansys Maxwell (2D field model) and in Ansys Simplorer (transient circuit model) with the control low realization for the motor
soft start. For the first time the correlation between stator and rotor slots, allows to obtain minimal vibrations and noises, was
defined. Practical value. We have tested manufactured high-speed motor based on the performed calculation. The experimental
studies have confirmed the adequacy of the model, which allows designing such motors for new high-speed construction, and
upgrade the existing ones. References 15, tables 3, figures 15.

Key words: induction motor, squirrel cage, high-speed, scalar control, ANSYS, RMxprt, Simplorer, high-performance
computing, simulation, vibration, noise.

Paspabomana umumayuonHas mooens 6blCOKOCKOPOCHIHO20 ACUHXPOHHO20 06UZAMENA ¢ KOPOMKOZAMKHYMbIM POMOPOM NpU
CKAIAPHOM YACMOMHOM ynpaenenuu é npozpammuom naxeme AnsysMaxwell&Simplorer. Ilpu modenupoeanuu na knacmepe
6bICOKORPOU3600UMETILHBIX PACYEMO8 GLINOIHEHbL NAPAIIENbHble GbINUCICHUA NOJIe60ll MOOenu IIeKmpoosuzamens
(AnsysMaxwell 2D) u moodenu, nocmpoennoii na ocHose meopuu ueneii (Ansys Simplorer), umo nozeonuno coszoams
UMUMAYUOHHbIE MOOeNU, NPUOIUNCEHHbIE K UX (u3uyecKum npomomunam. Boinonnen ananus nycKoewix Xapakmepucmuk,
ONMUMUZUPOSARbL naApamempyl neKkmpoosuzamena. Jlanvl peKomenoayuu no 6vl0opy 4UCIA NA306 CHMAMOPA U POmMopa
6bICOKOCKOPOCHIHO20 ACUHXPOHHO20 08UZAMENS, YMO NO360AUNO CYU{ECINGEHHO YMEHbUUMb GUOPAUUU U UWIYMbL 8 DedcuMe
nycka. bu6n. 15 tabn. 3, puc. 15.

Kniouesbie crosa: acHMHXPOHHBINH JBHraTellb, KOPOTKO3AMKHYTBIii POTOP, BBICOKOCKOPOCTHOIi, CKaJIsIpHOEe YINpaBJIeHHe,

ANSYS, RMxprt, Simplorer, BICOKONIPOU3BOAUTEIbHbIE BHIYNCIEHHS, MO/IeJIMPOBaHUE, BUOpaLMs, LIIYM.

Introduction. High-Speed Induction Motors
(HSIM) are induction motors working on high rotation
speeds. At an instance HSIM, controlled from frequency
converters (FC) with frequency 400 Hz, have rotation
speeds up to 30000 rev/min.

In modern HSIM the increase of high speed is
achieved without application of reducing gears and strap
transmissions due to control from the FC. HSIM are well
adjusted for a work in the weak field mode, providing the
maximum wide speed range, restricted only by their
mechanical construction.

At high rotation speed, there are considerable
vibrations and noises both at starting and during a work in
the rated mode. The high level of vibrations results in
destruction of bearing in a short time, and the level of
noises rising to a critical level. That is why a task of
vibrations and noises diminishing in HSIM is actual for
modern industrial enterprises and producers of electric
engineering industry. To solve this task Ansys Maxwell &
Simplorer software both for induction motor design and
transient simulation were used [1, 2].

There are limited amount of works devoted to speed
control of induction motor in Ansys Maxwell & Simplorer
software [3, 4]. In addition, existent works are not spared
attention to forming of motor smooth starting mode and
features for frequency control laws realization [5, 6].

In many of publications we can find only
information of motor control theory or with coupling of
Ansys software with Matlab/Simulink but without detail

description of control system realization [3, 7, 8]. In
known software products that allow the implementation
of frequency control, the mathematical models are based
on differential equations [9, 10].

A distinctive feature of the Ansys software is the
ability to connect the simulation model of the control
system (Ansys Simplorer) to the object of the electric
machine, storing the full field data (AnsysMaxwell 2D &
3D), including the state of the electromagnetic field
values (magnetic induction vector with vector magnetic
potential for 2D calculations and vector magnetic
induction with a vector of magnetic field strength for
problems in 3D formulation) in a given range of rotation
frequencies. Thus, the jointly solved field problem and the
mathematical model of frequency control increase the
accuracy of calculations due to the operation of
electromagnetic field components in space and time. The
amount of data operated by the Ansys program, reaches
20-30 GB, which requires huge computing resources.
Setting up a cluster of high-performance calculations
(HPC), implemented by the authors using parallel
computing technology, solved the problem of increasing
the processing speed of a large data set.

Works devoted to the implementation of the
described task are not elucidated in the technical literature
or partially disclosed.

In this paper the material on the induction motor
with a squirrel-cage rotor field model scalar control in
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Ansys Maxwell and Ansys Simplorer with a detailed
study of the simulation model is given for the first time.

Imitation modeling of the HSIM transient processes,
considered in this work, allows to estimate their
characteristics without making a full-scale sample, which
significantly reduces the price of electric machines
development and choosing their optimal parameters.

The aim of the paper is development and
investigation of induction motor simulation model,
controlled from the frequency converter with the using of
parallel modeling on HPC cluster.

Simulation of an asynchronous drive in Ansys
Maxwell. Now for the electric machines design and
simulation the most used programs are Matlab/Simulink,
ScilLab, wxMaxima, Mathcad, Comsol Multiphysics. The
advantage of Ansys Maxwell and Simulink package,
compared to the known programs is an imitation of
transients on mathematical models, near to their physical
prototypes. Mainly it is realized due to objective approach
in implementation of electric machines. The Ansys
package includes three software products specialized in
design and simulation of electric machines and electric
drive systems: RMxprt, Maxwell 2D/3D and Simplorer
[1]. It is possible to simulate electric drive with the motor,
calculated previously in RMxprt (engineering project) or
Maxwell 2D/3D (electromagnetic field project) [4]. The
motor of RMxprt or Maxwell 2D/3D project is inserted as
an object to the Simplorer shield and calculated
simultaneously. The program RMxprt allows to make
engineering calculation of electric machines based on the
circuit of theory. On Fig. 1 the RMxprt model of an
induction motor is shown.

Fig. 1. Induction Motor with Squirrel Cage Rotor Model
in Ansys RMxprt

Model, calculated in RMxprt, can be exported in
Maxwell 2D/3D project for the solving the field task. The
exported model is formed the task of transient simulation
fully adjusted for solving, including setting of materials
properties, border and symmetry conditions, winding
excitation and electric circuit diagram, selection of
moving object with inertia torque and motion function.
Templates of charts and output data shield are created too.
A model of induction motor example, automatically
generated in Maxwell 2D on Fig. 2 is shown.

As a result of laboratory tests of induction motors
E&A of Swiss production (four-pole, 1010 Hz) and
Ukrainian — series DAV (two-pole, 505 Hz), the presence
of vibrations during the start-up and operation of the
DAYV motor was detected.

We have made numerous calculations of
electromagnetic field of these motors in transient mode in

Ansys Maxwell 2D in order to find reasons that cause
vibrations. Ansys offer a direct integration with a number
of HPC software programs and provide parallel
processing for running advanced application programs
efficiently, reliably and quickly. We can enable queuing,
set the design type, specify the distributed memory
vendor and enable GPU for transient solves.

70 imem)

Fig. 2. Induction Motor with Squirrel Cage Rotor Model
in Ansys Maxwell 2D

All results in Ansys Maxwell&Simplorer shown in
this paper, were got in HPC cluster with ten 2-core (with
hyper-threading technology) processors Intel Core i3
2.40 GHz; 48 Gb of server RAM; 64x OS Microsoft
Windows HPC Server 2008 R2 SP2 and dedicated server
(4 cores, 8 Gb RAM). Using of this cluster allow us to
provide a way to solve complex problems in a short
amount of time. Some of simulation results of motors
with different ratio Z/Z,, and rotor slots shapes in Table 1
are shown.

As calculations have shown, the presence of
vibrations is caused by reversing brake torques that arise
with a certain combination of stator Z; and rotor Z, slots.

All motors, that have braking torque at start mode
and have high level of vibrations and noises, represented
by Torque-Time chart, shown on Fig. 3. On this picture
the mechanical torque, registered in experiment and equal
to 4.5 Nm, is shown with a dotted line. The simulation
torque, equal to 5.2 Nm, is represented by a solid curve.

All motors with positive torque at start mode and
without vibrations, represented by Torque-Time chart,
shown on Fig.4. On this picture the mechanical torque,
registered in experiment and equal to 1.2 Nm, is shown
with a dotted line. The simulation torque, equal to
1.35 Nm, is represented by a solid curve.

As we can see from Table 1, the shape and material
of rotor slots does not have any influence on the braking
torques presence and the level of vibrations and noises.

Analysis of got results have shown that in order to
eliminate magnetic vibrations, the following correlations
must be performed

Z, =2pmg*2p,

Z2 = Zl +2 D,
where g — integer, «+» is for motor mode and «—» is for
generator mode.

It is need to know, that equations (1) are true only
for high-speed motors with net frequency more than
200 Hz. For motors with net frequency 50-60 Hz
following the equations (1) will cause synchronous
braking torques from high harmonics.

(M
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Table 1
Braking torques in high-speed motors with different ration
of stator and rotor slots

No Z/ Z, Rotor slot shape Presence
" | poles and material of braking torque
24/22
1 p=2 @ Yes
Al
SECANESD No
P Al
24/26
3 p=2 U No
Al
|2l (O No
P Al
P Al
24/28
6 2p=4 @ No
Al
24/22
7 =4 @ Yes
Al
24/22 E
8 p=2 i Yes
|
Al
24/26 E
9 p=2 i No
|
Al
24/22 E
10 2p=2 i Yes
|
Cu
24/26 E
11 =2 i No
|
Cu
24/22 E
12 p=2 || Yes
|
Cu

High-speed induction motor simulation model.
Both in RMxprt project and in Maxwell 2D/3D project,
solved model can be exported as an object and becomes
accessible by reference in Simplorer working shield. In
Simplorer a complete electric supply and control system,
including electric motors, different scopes and signals
distribution are fully supported.

The design of transients in HSIM is impossible
without the imitation of control system, built on the base

of frequency converter. High-speed motors can be started
during 5-10 min for the approaching of rated speed. For
realization the law U/f = const frequency and voltage
signals will be linearly rising from 0 to the rated values in
starting time (z,) and in relative units (f, u") will be

coincide [11]:
o« |kgt, if0<t<tg
f =u = b .
1: ?ft>tsl

) 2

where k, — the rate of tempo increase, &y, = 1/¢,,.

Torque

om

Simulation

Experiment value

s ok ik 5 . ik

Fig. 3. Transient report of Maxwell 2D simulation for motor
with vibrations
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Fig. 4. Transient report of Maxwell 2D simulation for motor
without vibrations

For the acceleration of motor starting processes,
magnetizing first of all, voltage initial value u~ must be
greater than zero. In this case a voltage change law will be
the next [11]:

o u;+(l—u;)lfstt, ifo<t<t, 3
L if t>ty ’
where u”, — voltage relative value, u"o = u"(0).
On Fig. 5 voltage and frequency signals realization
in Simplorer design sheet are shown.
Below is decryption of blocks on Fig. 5:

e both STEP6 and INTEGRAL blocks forms time
function (STEP6 block has Time Step value 0, Final
Value 1 and Initial Value 1);

e GAING block scales time value to starting time 1/2,;

e LIMIT1 block limits a signal at the level +1;

e CONSTS block sets the boost voltage value (in
relative units);

e GAIN block with the label U calculates 1— u, value
by equation (3);
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e GAIN block with the label Uf has value 1 and
finalizes the equation (3);

e GAIN block with the label f has a rated frequency
value and calculates actual frequency value in Hz;

e GAIN block with the label speed converts speed
frequency value from Hz to rad/s and has value 60/p;

e Data block ICA sets the model constant parameters
values.

| b—i- 1 f—- GAN p—i- LINT b
— 1itp
STEPG INTEGRAL GAING LIMIT1
Data
CONSTS CONST SUM7
ICA
Um:=380
b A Y . < fn:=505U0:=0
> GAN | d—_/, b GAIN 1 =7
u uf
r GAIN - P GAIN
fi G0/p

f speed

Fig. 5. U/f control signals realization in Simplorer

AC voltage source in Simplorer forming the output
electric voltage with given function. If we set the
frequency signal on AC voltage input port, we will get an
error result. Instead of the expected voltage equation
U = U, sin(wt + ¢g) we will obtain U = U,,-sin(w(¢)t+¢,)
where we have a variable angular speed function w(f)
under the sinus instead of constant value w. If frequency
is linearly growing, the motor speed will be double from

the rated value. To obtain the correct frequency signal, it
is necessary to change the form of AC voltage
Sourceblock in property Simplorer from harmonic time
controlled function to EMF value. Also it is need to take
an integral from variable speed function to get the correct

angle value 6 = Iw(t)it as on Fig. 6 is shown.

GAIN > | + ’ s SINE = GAIN
SUMG
omega INTEGRAL1 i FCT_SINE1 Ua
> SINE i GAIN
SUM3
FCT_SINE2 up

CONST3

FCT_SINE3 Uc

Fig. 6. AC Voltage Source signals block diagram in Simplorer

Below is decryption ofblocks on Fig. 6:

e GAIN block with the label omega has the value 27
and calculates angular speed;

e CONST4 block has the value —27/3 and give time
shift value for phase B;

e CONST3 block has the value 27/3 and give time
shift value for phase C;

e GAIN blocks with the labels Ua, Ub and Uc with the
same value Uy converts voltage value from relative to real
(V) units;

o SINE block is standard sinus function.

The full block diagram of induction motor scalar
control in Simplorer on Fig. 7 is shown. The induction
motor model in presented block diagram is an imported
object from RMxprt project.

e

STEF1

VESI2ph_aZ
’
+
y
i\ W
. Mz
1
. - E3
J_ . UEEI
T NN
] ( )
EC SPWMA

am3 *
S)
VM1 0

H

FROT1 L®

FML_INIT1
ICA:

Kp:=1.05
Ki:=-0.05
Kd:=0

FID1
GAlNS SUmM4

GAIN —p—+

e

Fig. 7. High-speed induction motor main block diagram in Ansys Simplorer

Description of structure scheme shown on Fig. 7:

e FA, EB and EC blocks is AC Voltage source blocks
and takes values from Ua, Ub and Uc GAIN blocks
respectively;

e SPWMI is sinusoidal PWM block;

e DC Voltage source block has the value U, V2 ;

e VSI3phA2 block is Voltage Source Inverter;

e GAIN4 block converts the motor speed from
rev/min to rad/s and has a value 27/p;

e PID controller block takes parameter values from
ICA block;

e summation block SUM4 sends the output speed
value to the GAIN block with the label omega (Fig. 8);

e F ROTI and STEP1 blocks realizes the mechanical
torque value on motor shaft.
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Simulation results. Before the transient simulation
an induction motor in authors’ design Java program
[12, 13], Ansys RMxprt [14] and Ansys 2D [15] was
developed. As induction motor a high-speed motor
«DAV-22» of Ukraine production was taken.

The housing-less bipolar induction motor with a
rated power 20 kW, line voltage 380 V and frequency
505 Hz has a built-in version and serves for driving a
high-speed turbine.

The test bench was located in a vibro-acoustic
chamber. At the stand, the electric motor was tested in
idle mode, locked rotor motor and was connected to the
Altivar  (Schneider Electric production) frequency
converter. The start of the electric motor was carried out
according to the soft start program set in the frequency
converter with a discrete frequency adjustment from
10 Hz to 505 Hz. Boost voltage was set to 50 V value.

During the tests, the currents in the motor phases,
the three phases voltage of the motor and the frequency
converter, frequency converter output frequency, the
rotation speed, the noise and vibration levels, the
temperature of the stator windings, as well as the moving
torque value were registered. Summary data of the
experiment and modeling results in Table 2 is given.

Table 2
High-speed induction motor data
Parameter Value
Parameter Name - —
Model |Experiment |Deviation, %
Rated current, A 36.45 39.05 6.66
Efficiency, % 91.25 90.10 1.28
Moving speed, rev/min 30064 29994 0.23
Starting current ratio 6.84 6.2 10.33
Starting torque ratio 0.69 0.61 13.11
Braking torque ratio 3.01 2.6 15.77
Copper losses, W 378 361 4.71
Rotor losses, W 221 190 16.32
Steel looses 404 400.1 0.97
Rated torque, Nm 6.35 6.37 0.31

Comparative diagrams of the calculated parameters
and parameters obtained as a result of experimental
studies on Fig. 8-10 are shown. The symbol «M» on the
diagram columns denotes the columns relating to the
modeling, and the symbol «E» — to the experiment.

Analyzing the obtained results, the estimation error
can be divided on three categories: energy, mechanical
and power losses. In the energy category, which includes
currents in the stator windings, efficiency and the starting
current ratio, the highest convergence has the efficiency
(deviation 1.28 %) and the smallest one — the starting
current ratio (10.33 %).In the mechanical category
(moving torques and speed), the minimum deviation of
the calculated data from the experimental ones is the rated
speed (0.23 %) and the rated torque (0.31 %), and the
maximum — the braking torque (15.77 %).

In the losses category the most accurately calculated
is steel loss (deviation 0.97 %), and the greatest error in
the determination are losses in the rotor (16.32 %). The
average error based on the results of calculation and
experiment is 6.97 %.

40 645 3905

30

20

10

0
LA

Fig. 8. Diagram of calculation and experiment results:
rated current (/) and moving speed (#)

30.064  29.994

nx1000, rev/min

8
684 635 637
6
4
301 5,
2 0.69 0.61
0 M E
Is Ms Mb M, Nm

Fig. 9. Diagram of calculation and experiment results:
starting current (Is) and torque (Ms) ratio, braking (Mb) and

rated (M) torques
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0,6
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04 0.38 0.36
0.22 0 19

0,2

0

Pcu, kKW Pr, kW Ps, kW Efficiency

Fig. 10. Diagram of calculation and experiment results:
copper (Pcu), rotor (Pr) and steel (Ps) losses and efficiency

The high discrepancies between the calculated
values of the results obtained as a result of the full-scale
experiment are due to the simplifications of the
mathematical model (the field in the zone of the frontal
parts was not calculated, the cross-section of the machine
in the field calculation was considered without taking into
account the slot skew, the properties of the steel were
determined by main magnetization curve without splitting
it into the tooth and yoke zones, did not take into account
the presence of bearing shields).

Meanwhile, integral parameters, such as efficiency,
current, rated torque, important for the evaluation of the
model, have high convergence, which indicates the
acceptability of the obtained results for engineering
calculations.

In addition, the 100 % convergence of mathematical
modeling is the fact of confirmation or absence of
increased vibrations with different combinations of the
number of stator and rotor slots.

After Ansys Maxwell & RMxprt calculation, the
motor object with the full base of field calculations was
imported in Ansys Simplorer. In simulation, as well as in
real experiment, the soft start time value was 4s and total
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simulation time was 6s. The speed vs time graph on
Fig. 11 is shown. Dash lines represented the given speed
and the solid one — actual motor speed in rev/min.

14015
25000.00 -
30000.00 |

prasacace = |- 25000.00

;puomnn—

Speed VAL

ilm.w -

= 12500 00
1000000

5000.00 -]

0.00 -
a0

ok 5 2k 5 A

200
Tine ]

Fig. 11. Motor moving speed, rev/min vs time

Motor currents on Fig. 12 are shown. The dashed
line (bottom graph, scaling by the time axis for steady
state) indicates the value of the motor current obtained
during the experimental studies.
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Fig. 12. Motor phase currents vs time

The graph of the one phase line voltage on Fig. 13 is
shown.

The characteristic of the motor torque for a mode
with vibrations on Fig. 14 is shown (scaled section on the
time axis). The dashed line indicates the torque magnitude
registered in experiment. This value also has good
convergence with the torque magnitude, obtained during
field calculations (Fig. 3).
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Fig. 13. Motor one phase voltage vs time
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Fig. 14. Motor torque chart (full time range) with brake values

The characteristics of the motor torque for the mode
without vibration on Fig. 15 is shown (scaled section on
the time axis). The dashed line indicates the torque
magnitude registered in experiment. This value also has
good convergence with the torque magnitude, obtained in
field calculations (Fig. 4).
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Fig. 15. Motor torque chart (scaled time range) without brake
values

Comparative characteristics of the modeling results
and experimental studies in Table 3 is given.

As follows from the given research results, the
dependences of speed and voltage correspond to the task
of equations (2) — (3) and accurately represent the set
values of the control system.

Table 3
Results of imitation modeling and experiment

Parameter Name Model|Experiment|Deviation,%
Rated current, A 39.1 39.05 0.13
Rated speed, rev/min 30064| 29994 0.23
Negative starting torque 43 45 6.67
value, Nm
Positive starting torque value, 1.3 12 .33
Nm

The results of the simulation were compared with
actual factory experiments and have a good correlation
(minimum deviation 0.13 %, maximum 8.33 %, average
error 3.84 %) with experimental data from a certified
factory laboratory.

Conclusions.

1. The simulation model of a high-speed induction
motor with scalar frequency control in Ansys & Simplorer
has been developed and investigated using parallel
modeling on a cluster of high-performance computations,
which makes it possible to create simulation models that
are close to their physical prototypes. The results of the
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simulation have good convergence with the results of
experimental studies (deviation is not more than 8.33 %).

2. Using the simulation model, the correlation between
the number of stator and rotor slots and the number of
pole pairs of a high-speed induction motor with a rated
frequency above 200 Hz is obtained for the first time and
can significantly reduce vibration and noise in the motor
start-up mode.

3. The developed simulation model of a high-speed
induction motor allows to optimize its characteristics
without using expensive actual tests and can be widely
used both in the development of induction motors and in
the educational process.
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INFLUENCE OF ARMATURE PARAMETERS OF A LINEAR PULSE
ELECTROMECHANICAL CONVERTER ON ITS EFFICIENCY

Purpose. The evaluation of the effect of armature parameters on the efficiency of a linear pulsed electromechanical converter,
taking into account the power, speed, constructive and environmental parameters. Methodology. First, the height of the
electrically conductive, coil and ferromagnetic armature of a linear pulse electromechanical converter is determined, at which
the highest velocity develops. An integral efficiency index is introduced, which takes into account, in a relative way, the power,
speed, energy, electrical and field characteristics of the converter. Variants of the efficiency evaluation strategy are used that
take into account the priority of each indicator of a linear pulse electromechanical converter using the appropriate weighting
factor in the integral efficiency index. Results. A mathematical model of a linear pulsed electromechanical converter is
developed. It is established that as the height of the electroconductive, coil and ferromagnetic armature increases, the force
pulse increases. The greatest speed develops with the use of a coil armature, and the smallest with an electroconductive
armature. In the converter with coil and ferromagnetic armature, practically the same values of the electrodynamic and
electromagnetic force pulse are realized, while in the converter the electrodynamic force is 1.52 times smaller in the converter
by the electrically conductive armature. It is established that with all efficiency evaluation strategies, the converter with a coil
armature is the most effective, even in spite of its constructive complexity, and the converter with a ferromagnetic armature is
the least effective, although it is constructively the simplest. Originality. For the first time, using the integral efficiency index,
which takes into account the power, speed, energy, electrical and field indices in a relative way, it is established that with all
efficiency evaluation strategies, the converter with a coil armature is the most effective, and the converter with a
ferromagnetic anchor is the least effective. Practical value. The height of the electrically conductive, coil and ferromagnetic
armature of a linear pulse electromechanical converter is determined, at which the highest speed develops. It is shown that
when using an electrically conductive armature, the value of the electrodynamic force pulse is lower than when using a coil
and ferromagnetic armature. It is established that the converter with a coil armature is the most efficient, and the converter
with a ferromagnetic armature is the least effective. References 11, tables 3, figures 2.

Key words: linear pulse electromechanical converter, mathematical model, electrically conductive, coil and ferromagnetic
armature, integral efficiency index, efficiency evaluation strategy.

Pazpabomana mamemamuueckas Mooenb JIAUHEHHO20 UMRYAbCHO20 INIeKmMpomMexanuueckozo npeoopasosamensn (JIUIII),
onucvlearouian OvicmponpomeKarOuue U 3AUMOCEAZAHHbBIE IIEKMPOMAZHUMHbIE U ITIEKMPOMEXAHUYECKUE NPOUeccol,
npoaenaowuecs npu nepemeuieHuu AKopa omuocumenvno unoykmopa. Iloxkaszano, umo npu yeenuuenuu evicombvl
INIEKMPONPOBOOAULE20, Kamyuieunozo u ¢eppomaznumnozo saxopeii JIHIII npoucxooum yeenuuenue uUMRYILCA CUTTBL
Haubonvwmaa ckopocmo paszeusaemca ¢ JIUIII ¢ kamyweunvim axopem, a naumenvuias — ¢ JIUIII ¢ anekmponpogooauwjum
akopem. B JIHJII ¢ xamywieunvim u ¢HeppomMacHUMHBIM AKOPAMU PEAIUVIOMCA NPAKMUYECKU O0OUHAKOGble 3HAYEHUS
UMRYIbCA INEKMPOOUHAMUYECKOU U INleKmpomazHumnoi cuavl, a ¢ JIUIII ¢ nekmponpoeodawyum AKOpem UMRYIbC
Inekmpoounamuydeckoii cunvt ¢ 1,52 paza menvuwie. Beeden unmezpanvuuvlii noxkazamenv 3Ihgpekmuenocmu, Komopuwlii 6
OMHOCUMENLHOM 6UOE YYUMDbIGAEm CU06ble, CKOPOCHIHble, IHepemuuecKue, 3INeKmpuyecKkue u nojeevle NOKa3amenu.
Yemanoeneno, umo npu ecex cmpamezusx ouyenku Ipgpexmuenocmu nauovonee Ippexkmuenvim aennemca JIHUII ¢
KamyueuHvIM aKopem, a HaumeHee Igppexmusnvim aenaemca JIUIII ¢ peppomaznumnbin axkopem. bubn. 11, tadn. 3, puc. 2.
Kniouegvie cnosa: nuHeHHbIE WMIYJBLCHBIA 3JJIeKTPOMEXaHMYECKHIl mNpeodpa3oBaTesib, MaTeMaTHyecKasi Mo/elb,
3JICKTPONPOBOASIIIMI, KaTyIIeYHbIH U ()ePPOMATHUTHBIN SIKOPSl, HHTErPAJIbHbIA NoKa3aTesib 3Q(PeKTUBHOCTH, CTPaTerust
oneHKH 3(pPeKTHUBHOCTH.

Introduction. One of the promising devices of
modern electromechanics are linear pulse

cleaning containers from sticking loose materials,
destroying information on digital media, etc. Such

electromechanical converters (LPEC) which provide a
high speed of the actuator element (AE) on a short active
site, and/or create powerful power pulses with little
movement. LPEC are used in many branches of science
and technology as electromechanical accelerators and
shock-power devices [1-4].

In construction, electromagnetic hammers and
perforators, devices for driving piles and anchors are
used; in the mining industry — butchers, rock separators,
vibrators; in geological prospecting — vibroseismic
sources; in mechanical engineering — drives of mills of
cold rolling of pipes, presses, hammers with a large range
of impact energy; in the chemical and medical-biological
industry — vibromixers and batchers. LPEC are used in
magnetic pulse devices for pressing ceramics powders,

converters are used in fast-acting valve and switching
devices, in testing complexes for testing response
products to shock loads, in aviation and space technology,
in research facilities, for example, to study micro-
meteorological impacts on space or responsible ground
facilities. The problem of providing high speed for high-
speed electrical apparatus is topical.

A feature of considered LPECs is that they operate
with a short working cycle and a shock load that multiple
exceeds the load of traditional linear motors of continuous
action. LPEC of induction, electrodynamic and
electromagnetic types the most widely used [5]. In these
converters there is an electromagnetic interaction of the
movable armature with a stationary inductor excited from

© V.F. Bolyukh, A.L. Kocherga, 1.S. Schukin
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a pulsed source, usually a capacitive energy storage
(CES). In these types of LPEC, the main difference is in
the design of a movable armature, which ensures the
acceleration of AE.

In the inductive-type LPEC, the electrically
conducting armature (EA) is a relatively thin copper disk
in which eddy currents are induced from the inductor, so
that an electrodynamic repulsive force occurs between
them.

In the LPEC of the electrodynamic type, the coil
armature (CA) is a movable coil that is electrically
connected to the inductor, i.e. it is fed by the same
current, so that an electrodynamic repulsive force also
occurs between them.

In the electromagnetic-type LPEC the ferromagnetic
armature (FA) is a relatively thick-walled disk on which
the electromagnetic force of attraction from the inductor
side acts. Considering the considerable flux density of
magnetic fields, it is advisable to use an external
ferromagnetic shield (FS) with low electrical conductivity
in the LPEC made either from a magnetodielectric or with
radial cuts [6]. This shield increases the magnetic fields in
the active zone of the LPEC and reduces the magnetic
scattering fields which is important for closely located
electronic devices and maintenance personnel.

LIEP with the types of armature under consideration
provide different power and speed indicators creating
different values of the flux density of magnetic scattering
fields into the surrounding space. LPECs have a different
mass of active elements, a constructive complexity that
determines their reliability and the value of the excitation
current of the inductor which is important for the
electronic control system. As a consequence, for a well-
founded choice of the type of LPEC armature, it is
necessary to take into account many different disparate
indicators.

The task of choosing the armature type for LPEC is
actual. Thus, in [2], a comparative analysis of the LPEC
with EA and CA is considered, and in [7] - LPEC with
EA and with FA. In these works only electromechanical
characteristics of the LPEC are considered, without
considering the reliability of the design of the armature,
the magnetic scattering fields, the interconnected electric,
force, speed and mobile armature parameters and the
presence of external FS.

Based on this, efficiency of the LPEC it is necessary
to estimate the efficiency of the LPEC using an integrated
indicator that takes into account its force, speed, power
and electrical parameters, as well as the reliability of the
armature design and the magnetic scattering field that
negatively affects close-lying electronic devices and
maintenance personnel. However, such studies have not
been carried out so far, which makes it difficult to
implement a reasonable and comprehensive selection of
the electrically conductive, ferromagnetic or coil armature
for LPEC.

The goal of the paper is the estimation of the
influence of the parameters of the LPEC armature on its
efficiency when taking into account the force, speed,
constructive and environmental indicators.

Mathematical model. In LPEC under excitation
from CES, fast interconnected electromagnetic and
electromechanical processes occur when the armature
moves relative to the inductor. Implementation of the
mathematical model of LPEC using the theory of electric
circuits does not allow to fully describe the totality of
spatio-temporal processes [8]. Proceeding from this, the
mathematical model of LPEC is used which is based on
the finite element method.

Since these LPECs have axial symmetry, it is
advisable to use a 2D mathematical model with spatially-
distributed  parameters [3]. To determine the
electromagnetic parameters of the LPEC in the cylindrical
coordinate system {r, z}, the magnetic vector potential A
is calculated from the equation:

0 [ 1 8(rA)j a( 1 GAJ

— +— +o

or\ ru(B) or 0z\ u(B) oz
where u(B) is the magnetic permeability depending on the
magnetic flux density B of the ferromagnetic material;
o is the electrical conductivity of the armature and the
inductor; j, is the current density in the active element;
n =1 is the index of the inductor; » = 2 is the index of the
coil armature.

Components of the magnetic flux density vector are
calculated by using known relations:

_Lald) g 04 e
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As boundary conditions the relation n x 4 = 0 is
used, where n is the unit vector of the outer normal to the
surface. For the ferromagnetic materials the nonlinear
magnetization curve B = f{H) is used.

The current in the inductor 7, is described by the
equation:
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where R, is the active resistance of the external circuit; R,
is the active resistance of the inductor; L, is the
inductance of the external circuit; U is the CES charging
voltage; C is the CES capacitance; N, is the number of
turns of the inductor; s is the of the cross-section of the
inductor permeated by the magnetic flux; A, is the
projection of the magnetic vector potential on the
direction of traversal of the contour; V' is the volume of
the inductor.

The electrodynamic or electromagnetic forces acting
on the armature are found using the Maxwell tension
tensor:

f:=0.5§[H(B-n)+ B(H -n)-n(H -B)is, (4

where S is the area bounding the armature cross-section;
n is the unit vector of the normal to the surface of the
armature.
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The force pulse determining the force action on the
armature from the inductor side is described by the
expression:

t
F,=[f.dt. )
0

The velocity v, of the armature with AE along the
z-axis is described by the equation [3]:

dzz = J2(2) = kpAz(t) = krv, (1) - ©

-0. 1257l7/aﬂngx2v3 (0,

where mj is the armature mass; m, is the AE mass; kp is
the coefficient of elasticity of the buffer element, e.g.
spring; kr is the coefficient of dynamic resistance; y, — is
the air density; S, is the aerodynamic resistance
coefficient; D,,, is the outer diameter of the armature;
Az is the value of the armature displacement.

Equations (1) — (6) describe electromechanical
process in the LPEC at initial conditions: u.(0)=Uy;
i1(0)=0; Az(0)=0; v,(0)=0, where u. is the CES voltage.

In the calculation, we assume the absence of
mechanical movements (recoil) of the inductor, the
deformation of the elements, and the strictly axial
disposition and movement of the armature relative to the
inductor.

The solution of the system (1) — (6) is obtained using
the finite element method with integration over spatial
variables and the improved Gear method in time
integration. When moving the armature, a «deformable»
mesh is used. To solve the problem, the computer model
of LPEC was developed in the software package Comsol
Multiphysics which allows adaptively changing the mesh
and monitoring errors when working with various
numerical solvers [9]. The estimated time step
automatically is varied depending on the convergence
conditions and the error indices of the solutions obtained.
The solution of the system of equations is performed
using the BDF (backward differentiation formula) method
with fixed time step, irregular mesh and using the
PARDISO solver.

The main parameters of the LPEC. Let's consider
LIPEC with electrically conductive, coil and
ferromagnetic armature, and unchanged dimensions.
LPEC has a coaxial configuration and contains a FS
covering the inductor from the end and outer sides [6].
The armature is made in as a flat disk, one side of which
faces the inductor, and the second one interacts with the
AE. The main parameters of the LPEC are:

Inductor: outer diameter D,,;=100 mm, inner diameter
D;,;=10 mm, section of copper bus axb=1.8x4.8 mmz,
the number of turns of the bus N = 46;

F'S: the height of the disk base H;,=8 mm, the outer
diameter of the shell D,;,=118 mm, the inner diameter of
the shell D;,3,=102 mm.

CES: capacitance C=2850 puF, voltage Uy=400 V.
The electronic system forms an aperiodic pulse of
excitation of the inductor using an inverse diode [5].

Weight of the AE m,=0.5 kg.

dv

(mZ + me)

The EA is made as a massive disk of technical
copper, and the CA and FA are made of a
magnetodielectric with the magnetic properties of steel
C1.10. The CA and inductor are made with the same
geometric parameters and are wound with a copper bus.

Table 1 shows the differing parameters of the LPEC
elements due to the type of armature.

Influence of armature height on LPEC
indicators. Electromechanical characteristics of the
LPEC with EA, CA, and FA are presented in [10]. We
consider the influence of the height of the armature of
these types on the LPEC on the maximum velocity V,, and
the valueof the impulse of the electrodynamic or
electromagnetic force acting on the armature. Despite the
different structure of the movable armature in the
converters under consideration, they can realize different
heights while preserving the remaining parameters. The
height of the EA and the FA is determined by the height
of the copper and ferromagnetic disks, respectively. The
height of the CA is determined by the width of the bus
with an unchanged number of its turns.

Table 1
Different LPEC parameters

LPEC armature

Indicator, designation, unit type
CA | FA | EA
Inductor height, H;, mm 5 10 10
Armature outer diameter, D,,,, mm 100 | 118 | 100
Armature inner diameter, D,,,, mm 10 0 6
Armature height, H,, mm 5 5 2.5

Initial distance between inductor and
armature, Azy, mm

Armature mass, m,, kg 0.345]0.535/0.205
FS shell height, H3,, mm 24 21 24

1 5 1

The cross-section of the inductor bus remains
unchanged. We introduce a dimensionless geometric
parameter characterizing the height of the armature:
_

H,

Let's consider the range of the height variation of
armature, in which the maximum speed of the armature
with the AE V,, is located (Fig. 1). When the height of the
armature is increased, an increase in the force impulse £,
occurs in all LPECs. When the geometric parameter ¢ of
the CA is changed from 0.2 to 1.2, the value of the force
impulse F, increases by a factor of 2.03.When the
geometric parameter ¢ of the FA changes from 0.4 up to
1.4, the value of F, increases by a factor of 2.52. And
when the parameter ¢ of EA changes from 0.1 to 0.5, the
value of F, increases by 1.94 times. Thus, with increasing
the height of the considered types of the armature in the
LPED, the value of the electrodynamic force impulse F,
increases, but in different degrees.

With an increase in the height of the armature, an
increase in its mass also occurs. This causes that, the
maximum speed of the armature with AE V), on the

&

(7
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specified height has a more complex dependence. The
maximum values of the speeds of the types of LPEC
armature considered are realized at different heights,
which is the most rational for them. The least low, from
this point of view, is the EA (H,=2.2 mm), and the
highest is the FA (H,=10.5 mm). In the CA, the maximum
speed is realized at the armature, the rational height of
which is H,=6.1 mm.

In Table 2 shows the values of the force impulse F,
and the maximum armature speed V,, at a rational height,
which is represented as a geometric parameter &. As
follows from the obtained results, at a rational height of
the armature, the fastest speed takes place in the LPEC
with CA, and the smallest one in the LPEC with EA. In
the LPEC with CA and FA, practically the same values of
the electrodynamic and electromagnetic force impulse are

F,,N-s; V,,, m/s

F.,N-s; V,,, m/s
12 12 — :

realized, while in the LPEC with EA the electrodynamic
force pulse is 1.52 times smaller.

Fig. 2 shows the distribution of the magnetic flux
density at the moment of the maximum force in the LPEC
with different types of armature. In the LPEC with EA, the
greatest magnetic flux density takes place in the gap
between the inductor and the armature. At the same time,
on the outer surface of the armature the field is almost
completely shielded. In the LPEC with CA, the greatest
magnetic flux density appears between the armature and
the inductor, over which the same current flows. In this
case, the magnetic field partially extends beyond the
surface of the armature. In the LPEC with the FA, the
maximum magnetic flux density occurs in the inner
cylindrical core, which is covered by an inductor. In this
case, a considerable magnetic flux density of the scattering
field is observed.

F,,N-s; V,,, m/s

Vin .
/a/_"‘\ ><_. Vin
9F . s /f.-
F, V
6 9
¥ /‘
3 3 3
0 0 0 |
02 0.7 spu. 12 04 09 gpu 14 01 03 spu. 05
a b c

Fig. 1. The change in the moment of the force F, and the maximum velocity V,, of the armature with AE as a function of the value
of the parameter ¢ for: CA (a), FA (), and EA (c)

Table 2
The F, and V,, values for the LPEC with different types of
armaturefor a rational value of the parameter ¢

Armature type e, p-u. F.,N-s V,,, m/s
EA 0.22 6.1 9.32
CA 0.61 9.3 10.82
FA 1.05 9.3 9.75
As calculations show that electromechanical

processes occur most rapidly in the LPEC with CA, and

the current in the inductor and the electrodynamic forces
take the greatest values. In the LPEC with FA,
electromechanical processes proceed most slowly, and the
maximum value of the electromagnetic forces here is the
smallest. The velocities of the LPEC with CA and EA,
where the electrodynamic repulsive forces act, after a
sharp initial increase practically do not change. In LPEC
with FA, where the electromagnetic force of attraction
acts, the indicated speed constantly increases until the
moment of the armature collision with the FS.

Fig. 2. The distributions of the magnetic flux density in the LPEC with EA (a), CA (), and FA (c) at the moment of the maximum
of the force: 1 — inductor, 2 — armature, 3 — FS
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Evaluation of the efficiency of LPEC. To evaluate
the LPEC with different types of armature, having a
rational height at which the fastest armature speed with
AE takes place, we introduce the integral efficiency
indicator K~ [11]. This indicator in a relative form takes
into account the force, speed, power, electrical and field
(magnetic flux density of the field of scattering)
indicators:

* * * * C{4 aS
K =Bl ayfopm + oV, + a3sWiy, Tt (®)
Jim  Bex

where jj,, is the maximal current density in the inductor,
fom 1s the maximum value of the force acting on the
moving armature from the side of the inductor, V,, is the
maximum value of the speed of the armature with AE,
Wi 18 the kinetic energy of the LPEC, B,, is the averaged
value of the magnetic flux density of the field of
scattering, f is the armature reliability factor, a; are the
weight factors of the corresponding LPEC indicators
satisfying the relation:

5
da;j=1. 9)
Jj=1

The averaged value of the magnetic flux density of
the field of scattering B., is calculated on the contour
located at a distance 2H; from the lower end and side
sides and at a distance 4H, from the upper side of the
inductor.

All LPEC indicators are normalized with respect to
the LPEC with EA and marked with asterisks. Thus, the
in:fegral indicator of the efficiency of the LPEC with EA
K=l.

We use the reliability factors for the FA = 1.2, for
the EA f =1, for the CA £ = 0.8. The increased reliability
of the FA is due to the design of a massive ferromagnetic
disk. The lower reliability of the EA is due to the cdesign
of a thin-walled copper disk that is less stable to
electrodynamic forces. Even lower reliability of the CA is
due to the presence of a movable contact between the
inductor and the armature, which is made in the form of a
multi-turn coil compounded with epoxy resin.

Let's consider several variants of the strategy for
assessing the efficiency of the LPEC (Table 3). The
priority of the LPEC indicator is estimated by the value of
the corresponding weighting coefficient a;.

Table 3
Variants of the evaluation strategy and the values of the integral
indicator of the efficiency of the LPEC with FA

and with CA, p.u.

Variant| o | ap | o3 | a4 | o5 . K . K
(with FA) | (with CA)

1 02]102/02(02|02 0.703 1.518
11 0.4 |0.15/0.15|0.15(0.15 0.656 1.556
I 0.15| 0.4 |0.15(0.15]0.15 0.676 1.335
IV ]0.15]0.15| 0.4 |0.15]0.15 0.720 1.474
\ 0.15]0.15{0.15]| 0.4 |0.15 0.829 1.218
VI ]0.15|0.15/0.15(0.15| 0.4 0.631 2.004
VII 0.35| 0.1 ]0.1]0.1]0.35 0.584 2.043
VI | 0.1 10.35| 0.1 | 0.1 {0.35 0.605 1.822

In the variant of strategy VII in which the highest
priority is given to the amplitude of the force acting on
the armature and the value of the magnetic flux density of
the scattering field, the efficiency of the LPEC with the
FA is the smallest, and the efficiency of the LPEC with
CA is the largest. In the variant of strategy V in which the
highest priority is given to the value of the inductor
current pulse, the efficiency of the LPEC with FA is
greatest, and the efficiency of the LPEC with FA is the
smallest although it is constructively the simplest.

Thus, for all efficiency assessment strategies, the
LPEC with CA is the most effective, even in spite of its
constructive complexity, and the LPEC with FA is the
least effective, although it is constructively the simplest.

Conclusions.

1. A mathematical model of the LPEC has been
developed which describes fast and interconnected
electromagnetic and  electromechanical  processes
manifested when the armature moves relative to the
inductor which is excited by the CES.

2.1t is shown that as the height of the electrically
conducting, coil and ferromagnetic armature of the LPEC
increases, the force impulse increases.

3. The greatest speed takes place in LPEC with CA,
and the smallest one in LPEC with EA. In the LPEC with
CA and FA, practically the same values of the
electrodynamic and electromagnetic force impulse are
realized, while in the LPEC with EA the electrodynamic
force impulse is 1.52 times smaller.

4. Using the integral efficiency indicator which takes
into account in a relative way the force, speed, power,
electrical and field indicators, it is established that for
all evaluation strategies the LPEC with CA is most
effective, even in spite of its constructive complexity,
and the LPEC with FA is the least efficient, although it
is constructively the simplest.
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DETERMINATION OF RAILWAY ROLLING STOCK OPTIMAL MOVEMENT MODES

Purpose. To develop a methodology for simulating of an electromotive railway rolling stock in terms of power-optimal modes on a
track with a given profile and a set motion graph. Methodology. We have used combined genetic algorithm to determine optimum
modes of an electromotive railway rolling stock motion: a global search is performed by a genetic algorithm with a one-point
crossover and roulette selection. At the final stage of the optimization procedure we have used Nelder-Mead method for the
refinement of the optimum. Results. We have obtained that traction motor on a tramcar, while driving on a fixed site, has an
excessive power of the cooling system. Its using only in the considered area allows to modernize the cooling system in the way of
its power reducing, which in turn provides an opportunity to increase the overall efficiency of the electromotive railway rolling
stock. Originality. For the first time, we have obtained the train motion equation in the program-oriented form. This allows to use
it for determination of electromotive railway rolling stock optimal control laws according to the Hamilton-Jacobi-Bellman
method. Practical value. We have made the computer program to determine optimum modes of an electromotive railway rolling
stock motion. The experimental studies of program results for the track section have confirmed the adequacy of the model, which
allows to solve the traffic modes optimization problem for the tram track sections and increase the overall efficiency of the
electromotive railway rolling stock. References 19, figures 3.

Key words: electromotive railway rolling stock, genetic algorithm, cooling system, traction motor, tramcar, control laws,
optimization problem, efficiency.

Pazpabomana memoouxka MOOeIUPOBAHUA OGUIHCEHUA ACUHXPOHHO20 MA206020 O0uUzamMena Npu  OBUNCEHUU
INIEKMPONOOBUINCHO20 COCMABA NO IHEPZOONMUMANLHBIM PEHCUMAM HA YUACMKe RNymu ¢ 3a0AGHHBIM npodunem u
YCMAHOGIEHHBIM 2paPuKkom deudcenun. Onpeodesenvl ONMUMATIbHBLE PEHCUMbBL OGUNCEHUA ITIEKMPONOOBUNICHO20 COCMABA
Ha ochoge memooa I'amunvmona-AAxoou-bennmana. Onpedenenue pexcumos pabomsl mazo08020 NPuUe0Oa NPeodi0HceHO
npo6ooums 3apanee HA OCHOGAHUN PEeULeHUA 3A0aiU YCIA06HOI ORMUMUAUUL €20 pedcumos. Onpedenenue ONMUMATbHBIX
perxcumos pabomol ma206020 npugooOa ObvlIO0 NPOEEOEHO HA OCHOBE KOMOUHUPOBAHHBIX MEMOO0E8 YCIOE6HOU MUHUMUZAUUU
¢yukyuu. Henonvzoeanue npednazaemoii memoouxku nozeonaem nosvicumsy oowuit KIIJ[ snexkmponoosusxicnozo cocmasa.
bubn. 19, puc. 3.

Kniouesvie cnosa: 3MeKTPONOABUKHOI COCTAB, TeHeTHYECKUI aIrOPHTM, CHCTEMA OXJIA:KAEHMsI, TATOBBI JBUraTe/lb, BATOH
TpaMBasi, 3aKOHBI yIIPABJICHHs, IPo0IeMa ONTHMU3ALNUH, KOIPPHIHEHT N0/1e3HOr0 AeiCTBHA.

Introduction. The processes of energy conversion
in traction electromechanical converters (traction motors)
relate to constant losses in different elements of its
construction. The most of power loss are caused by
physical processes of energy conversion [1-5]. The
temperature of the traction motors design parts increases
with the operating time and may exceed the permissible
design limitations. This is especially true for the windings
insulation temperature, which is limited to the thermal
class of applied insulation [2-5]. To reduce the
temperature on traction motors, cooling systems that
increase the efficiency of the heat transfer of the motor
construction components are used.

However, cooling systems need additional costs for
their efficient work, which in turn reduces the efficiency
of the electric vehicle in general. Thus, the creation of an
efficient cooling system for electromotive vehicles is one
of the most important scientific and technical problems
solved by many leading scientists in the field of railway
transport [1-5].

The following ways are possible to solve this
problem: reduction of losses in the elements of traction
motors design and increase of efficiency of the cooling
system. Optimization of traction motors designing
processes, which is common in most enterprises of
leading electrotechnical manufacturers, allows to create
traction motors optimal by their efficiency [1].

However, the modes of their operation on the
electromotive railway rolling stock (ERRS), which moves
at different speeds and under different load conditions,
significantly reduce its overall efficiency [1, 6-12].

Determination of optimal motion modes by energy
consumption criteria can improve the efficiency of the
cooling system of traction motors [1, 6-12].

The paper considers the solution of this problem for
the most common motors in production now — an
asynchronous traction motors (ATM) on the base of
Hamilton-Jacobi-Bellman method.

The aim of the paper to improve the methodology
of an electromotive railway rolling stock simulation in
terms of power-optimal modes on a track with a given
profile and a set motion graph.

The task of optimizing of the traction drive
modes. The basic states of the simulation method for the
electromotive rolling stock in terms of power-optimum
modes at the track with a given profile and a fixed motion
graph and initial developments were described in papers
[17, 18]. In this paper we present the results of further
authors researches that were begun in previous works.

The determination of the ATM-SVI circuit
efficiency based on the approaches proposed in the works
[1, 13] is carried out, which include the following: to
solve the problem of determining the optimal modes of
the traction drive, four problems of the conditional
optimization of the parameters of the traction drive must
be solved (in acceleration modes U,, = 1, regenerative
braking mode U,, = 5, maintaining mode of a given
movement speed U,, =2.3).

The efficiency of the traction drive in a certain mode
of its work will be evaluated according to the criterion of
maximum of its efficiency, subject to compliance with the
requirements imposed by the operation modes.
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Therefore, the task of determining the efficiency of
the traction drive is to find the extremum of the drive
factor function.

The efficiency of the traction drive (Fig. 1) can be
given under the next equation:

U,, =1 U,y =2
m — max,
F; — max 1
<[, 1Pl <l
V<Y v< vmax
Fd >nz)ax Fd >0
m= (1
Up=3 |Jor™>
p b
71 — max m — max,
IFy| <|F], 1
<l
X
Fd < 0 v< Vmax
L Fd <0

where 77; — efficiency of the asynchronous traction motor

(ATM) circuit — standalone voltage inverter (SVI), U,, —
the operation mode of an electromotive railway rolling
stock (ERRS), F; — traction or braking force created by
ERRS, F; — limitation for engagement force of wheel-

rail contact, v — railway rolling stock speed, Vi —
constructive movement speed. U,, = 4 — outburst mode is
an idle mode, so it is not considered in determining of
drive efficiency.

For each of these tasks, it is necessary to consider
two modes: the use of single-time or spatial-vector pulse-
width modulation (PWM). The mode of acceleration and
regenerative braking are similar. Apply the method of
vector objective functions proposed in [1, 14]. As a target
function for the acceleration mode, we select a vector
function with the next parameters:

P 1-7; — min, 2
e —-F; > min, |

The first component is chosen in such way that when
it is minimized, the maximization of the efficiency of the
traction drive can be obtained.

For regenerative braking mode, the vector target
function has the form:

1 -7, — min,
Fas=| " 3)
y — min,

For a given speed maintaining mode we select as a
target function:

Fe3=Feq=1-m — min . )

The value of losses, and hence the efficiency of the
drive, can be determined based on the slip of the traction
motor, the motor voltage (phase or line) and the rotation
speed. Because the operating modes are determined for all
motion speeds (ATD rotation speeds), the rotation speed
is a predetermined constant given in solving problem of
finding the optimal traction drive operation mode.

Thus, the target functions to determine the traction
drive optimal operating modes were chosen, which allow
to find the optimal traction drive modes when different
PWM modes are using.

The general formulation of an optimal control in real
time in [13] is described.

Software-oriented model of the ERRS motion. As
an optimization method, a combined genetic algorithm
was chosen: a global search is performed by a genetic
algorithm with a one-point crossover and roulette
selection. At the final stage of the optimization procedure,
the refinement of the optimum by the Nelder-Mead
method is carried out [1, 13-19].

Let us consider the representation of the train motion
equation in the program-oriented form, which will allow
to use it for determination of the optimal control laws
according to the Hamilton-Jacobi-Bellman method.

In this paper, the forces and supports are calculated
as follows:

Acceleration force F4 (for one time step)

Fi=m v(t)—v(t —tstep) , 5)
tstep

where m — train weight, a conjunction;

g w(t) —V(t —tstep)

6
tstep ©)

where a — the equivalent constant acceleration, which is
subjected to a train at a speed difference W) — Ut — tstep)
in one time step, due to the assumption that for each time
step the acceleration is constant and the speed is linearly
dependent on the time for each time step.

The main resistance to rolling F,, (for one time step).

Since the velocity is linearly dependent on the time
for each transition (time step), the rolling resistance for
each time step can be calculated according to the average
speed step and is equal to:

Varg = v(t) + v(t —tstep) . )
2

Thus, the main motion resistance for each time step

will be:

2
Fop =, +b vy, +¢ Vg, ®)

where a,,, b, ¢ — coefficients which for the tram car T-3
VPA with a full load 30000 kg have the following values:
1500 N, 0 N-c/m, and 1.5 N-c*/m accordingly.
As a result, the force for ERRS moving on #step:
Eot:(1+7)FA+Frr+Ev+Frk' ©
where Fy, F,;, — resistance forces from the slopes and
curves determined by the following equations:

1

F.=m , 10

s=ME 1000 (10)
c

F, = r0 ) 11

rk R_c”m ( )

where ¢y, ¢,;— constants, determined by [15]; R — radius
of the curve, i — slope, g — gravitational acceleration.

The required energy for movement on fstep,
considering the limitations and the assumption that the
velocity changes linearly over time, using [15] is listed
below.
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For the time step from the state n—1 to the state n,
from the equation of equally accelerated motion, the
traveled distance can be obtained by equations (13).

(1+7/)FA+arr+
+bvavg+
sign ¢
E= ol v, +—20 gy X
t=tstep (’71 )szgn e R_Crl
i
+mg——
1000 (12)

8 v(t)+v(t —tstep) )
2
I+ EF +a, +b*v,, +

tstep

i <

1000

c
+c*v§v +—"0 mimg
g R—Cl

.

<9.81k;m-1000

where k; — the coefficient of clutch, which for the tram

is 0.16, v,,, —average speed per step.
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Ax, =v,_1 At, +%vn At, _%Vn—l At, = (13)

1
Ax, = 5 (vn—l + Vn)Atn =
1
Xp = Xp-1= 5 (vn—l +v, ) At, =

1
Xn = Xp—1 +E (Vn—l + Vn) At .

where x, Vv, a, — position of the train, its speed and
acceleration at n step.
For one hour step we have:

(14)

where x, — final position of the train for one tstep;
X, s1ep — the initial position of the train for one #step.

1
X = X—istep +5 (Vt—tstep + v,)tstep )

Electromechanical
Output Converter Converter
3 11 o
(g
ATM

Fig. 1. The typical scheme of traction drive

Expression (14) gives the final position of the train
for transfer, when the initial position, the initial and final
velocities are known, as well as the value of the time step.

Thus, the resulting equations (12 — 14) allow to
improve the simulation method of the electromotive
rolling stock in terms of energy optimum modes.

The solution of the traffic modes optimization
problem for the track section from the tram depot
«Saltovske» to the turning circle of 602 district in
Kharkiv and in the reverse direction was carried out. The
results of solving the traction problem with tram traffic in

optimal mode on Fig. 2 are shown. According to the
results of solving the traction problem, the losses in the
elements of the traction motor design on Fig. 3 are shown.

By means of a comparative analysis of
experimentally determined and computing traction
characteristics and efficiency values, the adequacy of the
proposed mathematical model for the drive efficiency
determination of the was established.

The maximum deviation in the calculation of losses
is 7.42 %, which is quite acceptable for the carried-out
calculations.
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Fig. 2. The solution results of the traction movement task for the tramcar T-3VPA with traction motor AD931 on the track section
from the tram depot «Saltovske» to the turning circle of 602 district in Kharkiv and in the reverse direction:

1 —movement speed (), km/h ; 2 — speed limitation , km/h; 3 — traction force, (£),) kN; 4 — movement time (¢), min, 5 — losses (E), kW-h

4000 T T T T T T

2000

0 i i
0 2000 4000 6000 2000 12000 f ¢
Fig. 3. Loses in traction motor: 1 — core loss Py, W; 2 — rotor loss P,, W; 3 — copper losses in stator winding at a slot part P3, W;

4 — copper losses in stator winding at a front part P4, W; 5 — mechanical losses Ps, W

10000
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Conclusions.

1. Using the genetic algorithm and the Yakobi-
Hamilton-Belman method the calculated ratios for the
determination of the railway electromotive traction drive
efficiency are obtained. On this base the methodology of
ATM motion simulation during the movement of the
electromotive rolling stock according to the power-
optimal regimes on the track section with the given graph
and the set motion schedule is improved.

2. The adequacy of the obtained equations, which
determine the efficiency both the maximum efficiency
value of the ATM-SVI circuit in different operating
modes under the coupling constraints, and constructive
speed, is confirmed by the results of the experiment on
the section of the tramway from the depot «Saltovske» to
the turning circle of 602 district in Kharkiv. The
maximum deviation in the calculation of losses does not
exceed 7.42 %.

3. According to the results of solved traction problem,
the change in losses in the elements of the traction tram
traction design was first determined.

4. The use of advanced methodology is proposed to be
carried out in advance based on solving the problem of
work modes conditional optimization.
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V.A. Yarovenko, P.S. Chernikov

A CALCULATION METHOD OF TRANSIENT MODES OF ELECTRIC SHIPS’
PROPELLING ELECTRIC PLANTS

The purpose of the work is to develop the method for calculating the transient modes of electric ships’ propelling electric
plants during maneuver. This will allow us to evaluate and improve the maneuverability of vessels with electric motion.
Methodology. The solution to the problems is proposed to be carried out on the basis of mathematical modeling of
maneuvering modes. The duration of transient modes in an electric power plant at electric ships’ maneuvers is
commensurable with the transient operation modes of the vessel itself. Therefore, the analysis of the electric power plants’
maneuvering modes should be made in unity with all the components of the ship’s propulsion complex. Results. A specified
mathematical model of transient regimes of electric ship’s propulsion complex, including thermal motors, synchronous
generators, electric power converters, propulsion motors, propellers, rudder, ship’s hull is developed. The model is universal.
It covers the vast majority of modern and promising electric ships with a traditional type of propulsors. It allows calculating
the current values of the basic mode indicators and assessing the quality indicators of maneuvering. The model is made in
relative units. Dimensionless parameters of the complex are obtained. These parameters influence the main indicators of the
quality of maneuvering. The adequacy of the suggested specified mathematical model and the developed computation method
based on it were confirmed. To do this, the results of mathematical modeling for a real electric ship were compared with the
data obtained in the course of field experiments conducted by other researchers. Originality. The mathematical description of
a generator unit, as an integral part of an indivisible ship’s propulsion complex, makes it possible to calculate the dynamic
operation modes of electric power sources during electric vessels’ maneuvering. There is an opportunity to design the electric
ships’ propulsion power plant according to the final result — according to the indicators characterizing the vessel and its
maneuvering properties. The use of a system of dimensionless units provides a generality to the results obtained. Electric ships
with equal values of dimensionless parameters will have correspondingly the same values (in relative units) of maneuvering
quality indicators. Practical value. The developed mathematical model and the research method constructed on its basis allow
calculating the current values of the basic regime parameters of all the components of the ship’s propulsion complex. A
mathematical apparatus for estimating the main indicators of the quality of electric ships’ maneuvering is proposed. There is
an opportunity to improve the electric ships’ maneuvering characteristics by optimizing the operation of propulsion motors.
References 21, tables 2, figures 3.

Key words: electric ship’s propelling electric plant, mathematical model of transient modes, calculation method.

Llenvio pabomut agnsaemca papabomka Memooa pacuema nepexoOHsIX PeHcUMOo8 2PedHbIX INEKMPOIHEPLEMUYECKUX YCIANOGOK
6 cocmage Cy006bIX NPORYNbCUBHBIX Komniekcod. Memoouxa. Ha manespax npooonsycumensnocmu nepexooHsix peicumos 6
INEKMPOIHEPLEMUYECKOIl  YCIMAHOBKE COUIMEPUMBL C NEPeXoOHbIMU  pedcumamu padomwst cyona. Ilosmomy ananus
MAHEBPEHHBIX peNCUMO8 ee pabomsl ciedyem RPOGOOUMb 6 eOUHCHEe CO 6CeMu COCHABHBIMU HACMAMU CYO08020
nponynscuenozo komniaexca. Pesynomamer.  Paspabomansvt ymounennas mamemamuyeckas MoO0eib U Memoo pacuema
NEPeXOOHbIX PeNCUMO8 6CeX COCMAGHBIX YACHMell RPONYAbCUBHO20 KOMNIEKca IneKmpoxooa na manespax. Haiidenwt
Oe3pasmephovle napamemput Komniexca. Onu onpedensiom 0CHO8HbIe NOKA3AMeNU Kauyecmea Manespuposanus. Aoexkeamnocms
Modenu u mMemooa pacuema NOOMEEPHCOeHbl CPAGHEHUEM DPe3YIbIMAN08 MAMEeMAmuiecKozo MOOeIUPosanus ¢ HamypHsimu
akcnepumenmamu. Hayunas nosusna. Memoo pacuema no3eonsem paccHumuléams OUHAMUYECKUE PelNCUMbL PAOOmMbL 8cex
cocmaenbix yacmeii komnaexca. Ilosensaemea 603moHCHOCIb NPOCKMUPOBAHUA ZPEOHBIX INEKMPOIHEPZEMUUECKUX YCIMAHOBOK
N0 KOHEYHOMY pe3yibmamy — no noKazamenam Kauecmea manespuposanus cyona. Ilpakmuueckoe 3nauenue. Memoo pacuema
Nn0360.151€M NPOBOOUMb UCCIE006ANUA NOBEOCHUSA RPONYIbCUGHBIX KOMNIEKCO8 HA MAHEBPAX U OMBICKUEAMYb NYMU NOGbIULEHUS
MaHespeHHoCcmu 31eKkmpoxo0os. bubn. 21, tabi. 2, puc. 3.

Kniouesvlie crosa: 31eKTpoIHepPreTHYECKasi yCTAHOBKA 3JI€KTPOX01a, MaTeMaTHYeCKasi MO/IeJIb IIEPEXOIHbIX PesKHMOB, METO]
pacuera.

Actuality of the problem. In recent years, interest
in the use of electromotion on ships of the merchant and
navy has noticeably increased in the world shipbuilding
industry. This is due to a number of undeniable
advantages inherent in such a method of power transfer
to propellers: the possibility of using high-speed thermal
engines (TEs), using simplified design engines (non-
reversible TEs are installed), splitting the total power
into several parts and the ability of each heat engine to
operate several screws which increases the vitality and
flexibility of the power plant), the reduction of shaft
length, the wide use of automation systems. The most
important advantage of electromotion before the
traditional drive of ship propulsors is the ability to
provide high maneuverability of vessels equipped with
this type of power plant. It is the maneuvering qualities

of the propeller system that ensure, above all, the safety
of maneuver operations by ships.

Modern rowing electrical installations (REIs) are
built on the basis of induction frequency-controlled
electric motors and based on valve propulsion motors.
At the same time, a large number of vessels are in
operation, the power plants of which are constructed
using an alternating-direct current system. In this regard,
both the design of modern electric trains with high
maneuvering properties as well as the tasks of
improving the management of rowing power plants of
vessels in service are very relevant. Moreover, the need
to assess the maneuverability of newly built electric
boats is already at the initial stages of their design, and
increasing the efficiency of performing maneuver
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operations of existing vessels is undoubtedly relevant at
any stage of their life cycle.

State of the issue under consideration. A
distinctive feature of the work of electric boats on
maneuvers is that the duration of the transient processes
in the ship electric power plant (SEPP) is commensurate
with the duration of the transient processes of the ship's
movement. Therefore, the traditional assumptions about
the constancy of the speed of the propellers during the
movement of the ship on maneuvers (as well as vice
versa) are not acceptable. All the components of the
electric motor complex are in close interconnection.
Only when solving particular problems is it permissible
to consider any element of a single propulsion complex
in isolation from the others. (This, in particular, refers to
the steady movement). When analyzing unsteady
regimes, propulsion power plants should be considered
in unity with all other elements of the propulsion
complex, including SEPP, propellers and hull. Only in
this setting can a thorough analysis of their maneuvering
operating modes and assess the maneuverability of the
electric ship.

An analysis of the state of the issue under
consideration shows the following. Studies of transient
modes of operation of propulsion power plants have a
long history. Numerous research works deal with the
problems of analytical and machine methods of
calculating the basic maneuvering regimes — starting,
stopping, reversing propellers. However, even today
they all have a serious shortcoming. In practice, only the
electric part of the propulsion system (generators,
propulsion motors, converters, control panels, control
stations) is meant and implied under the electromotive
system without primary engines and propulsors. In
particular, this is clearly presented in [1-4]. The main
distinguishing feature of these and other thorough works
is that the speed of the vessel's motion is considered
constant throughout the considered maneuvers. Thus, the
propulsion system is considered in isolation from a
single ship propulsion complex. Of course, as a result of
this simplification, it is much easier to analyze the
maneuvering modes of the REI operation, but at the
same time, the accuracy of the results obtained is
reduced and, most importantly, the system principle of
the approach to the analysis of operating modes of ship
electric power plants is violated. There is no possibility
to evaluate the efficiency of the electric power plant
operation according to the «final result» — in terms of
the quality of the maneuver performance of the electric
boat as a whole.

The second distinctive feature of earlier studies is
that the overwhelming majority of them have been
performed with respect to specific electric trains (at best —
to specific series of electric boats), to specific propulsion
systems. The results of the calculations obtained with the
help of these methods refer to specific SEPPs and can not
be extended to other electric vessels. This does not allow
us to carry out wide, valid scientific generalizations. This
reduces the scientific value of the results of the
investigations carried out.

An attempt to eliminate these shortcomings was
undertaken by one of the authors of this paper in [5]. To

analyze the maneuvering regimes of rowing electric
power plants as part of propulsion complexes of electric
ships, he developed a corresponding mathematical model.
It describes the transient modes of operation of all
components of the complex. The model is universal,
covers the vast majority of modern and prospective
electric boats with a traditional type of propulsors. At the
same time, when describing the processes occurring in
thermal engines, a number of assumptions were adopted
that do not allow analyzing the dynamic modes of their
operation. In addition, a mathematical description of the
processes occurring in synchronous generators was built
on the basis of a vector diagram of the generator, which
also made it impossible to fully appreciate the dynamic
modes of their operation. Thus, the mathematical
description of the transient modes of operation of diesel
generators is in need of improvement, which led to the
need for this work.

The goal of the paper is development of an
improved mathematical model of transitional modes of
propulsion power plants of electric boats and a method of
calculating on its basis maneuverable modes of operation
of ships.

The solution of the problem was carried out with
reference to the most common electric-motive system —
on the basis of frequency-controlled induction propulsion
motors.

A method for solving the problem. The structural
diagram of the SEPP «thermal engine — synchronous
generator — frequency converter — induction motor» of the
propulsion complex of the electric ship is shown in Fig. 1.
It corresponds to the generally accepted in the theory of
electromotion the layout of the electric power plant [14,
16, 20]. At the same time, in accordance with the goal,
namely, the need to improve the design and management
of electric power plants in terms of the quality of
maneuver operations performed by the ship, it
additionally includes propellers, the steering wheel and
the body of the electric ship.

The propulsion complex consists of two «power»
circuits. Here: thermal motors — D, synchronous
generators (SG) — G, frequency converters of electricity —
SE, induction propulsion motors (IPM) — M, propellers —
P, rudder — H and hull.

Elements of the automatic control system and the
main parameters linking the power units and control
signals: speed regulators of the primary engine — DR;
automatic voltage regulators of the generator — GR; Mp
and wp — the torque and angular speed of rotation of the
heat engine; M; — electromagnetic torque of the
generator; U, and U, — the generator voltage along the
longitudinal and transverse axes (internal coordinates); I,
and /, — generator currents along the longitudinal and
transverse axes (internal coordinates); Ug — voltage at the
generator output; ws,, — set the angular velocity of the
speed controller; &, — the course of the fuel pump rail;
A¢p — the increment in the stroke of the fuel pump rail;
1/Tgp — the link of the servomotor; K, and K;; — the gain
factors for the links of rigid and flexible (isodromic)
feedbacks; Urand I,— excitation voltage and current of the
synchronous generator; /g, Iy — currents of SG and IPM;
ase and ys, — relative frequency and voltage of the
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converter (setting values); a and y — the relative frequency
and voltage at the output of the converter (taking into
account the feedbacks); FC — the functional converter
forming the law of frequency control y = fla); Mp and Pp
— the torque and emphasis of propellers; M), and w,, — the
torque and the angular velocity of the IPM rotation.

Isodromic all-regulators of indirect action are used
as regulators of the rotation speed of the heat engine [8,
9]. As regulators of the voltage of synchronous generators
[9, 10], combined (based on the control action and on the
deviation of the regulated variable) regulators are used.

Fig. 1. Structural diagram of the propulsion complex of the electric ship
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The system of equations describing the transient
modes of operation of the electric power plant as part of
the propulsion complex of the electric motor is presented
below.

To make the results of the analysis more general, the
model is reduced to relative units. As a result, the criteria
for the dynamic similarity of propulsion complexes were
revealed. These are the dimensionless parameters of the
system «thermal engines propulsion system
propulsors — hull». The ranges of the values of these
parameters are found, covering the majority of series of
electric boats with a traditional propeller drive. It is these
parameters that determine the current values of the
relative regime parameters of all components of the
complex and determine the numerical values of the main
quality indicators of maneuvering. This approach allows
us to give a generality to the results obtained — electric
vessels with equal values of dimensionless parameters
will have the same values (in relative units) of the
maneuvering quality parameters, respectively. There is an
opportunity to generalize the results of research.

Relative values of performance indicators will be
indicated by a symbol with a bar. (The index «O»
corresponds to the values of the modes indicators when
the electric motor operates in the nominal steady-state
mode.)

For example, the relative electromagnetic torque of
the generator:

_ Mg
Mgo
To simplify the perception of the material, the term

«relativey is omitted from the text below.
The relative time is determined differently:

Mg

7=20;,
L

where v is the vessel speed, L is the vessel length, # is the
current time.

The final version of the generalized mathematical
model of transient and steady-state operating modes of
propulsion complexes of electric motors is presented
below.

Heat engine and speed controller of its rotation.

Equation of motion of the heat engine [5]:

dop, — —
25D _ Np\Mp-Mg), 1
T D( D G) (1)
where
M oL
Np =——D0" @
Jp@poVo

is the criterion of dynamic similarity, Jj is the moment of
inertia of the engine and the generator brought to the shaft
of the heat engine.

The torque of the heat engine can be represented as
the relative displacement of the fuel pump rail [8]:

Mp=tp. 3)

34
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The heat engine power:

The equations of transient processes in the regulator
of the speed of rotation of a thermal engine, taking into
account rigid and flexible feedbacks and taking into
account the operation of the active power distribution
system (with parallel running generating sets (GS)), can
be represented as [9, 10].

Increment of the stroke of the fuel pump rail:

ddi?: Kpli~(0p - 80 )~ K dEp ~KiBEp . )

where Kp, Kr, K;s are the gain factors for the regulated
value (change in the speed of rotation of the heat engine),
rigid feedback and flexible (isodromic) feedback,
respectively;

t
Aa)Hl :.[Usldt (6)
0

is the difference in the angular frequencies of rotation of
the generators;

7 Lae1 = Laed (7)

kael
is the voltage on the servomotor; 4, is the gain factor of
the automatic control loop of the active load distribution

system;

S

Loet =Ugid g1 +Ugid 1, (®)

is the active component of the SG current.

For the heat engine of the second generator set, the
equations are written similarly.

A synchronous generator and an automatic
voltage regulation system. In contrast to the «classical»
[11] description of the SG, processes that are
incommensurable with the time constants of the main
components of the propulsion complex of the electric
drive are not taken into account here, namely, the
transformer EMF in the stator windings [12]. In view of
the smallness, we neglect the active resistance of the
armature [13], the mutual inductance, which is
incommensurably small in comparison with the
inductance of the excitation winding, as well as the flux
linkages of the damper windings.

The combined system of automatic voltage
regulation of synchronous generators includes a control
loop for reactive power distribution (with parallel GSs).

Switching angle:

¥G = arccos I—KyG % R )
G
where
K?G _ 0,5(3)\6/%-% Xg ), (10)

x:, and x; are the supertransitive inductive resistance
along the axes d and ¢.
Angle of phase shift between vectors /; and Ug :

YG
=46 11
PG =7, (11)

Angle of phase shift between vectors % u Z :

sin g N Xqlg
cospg  Ugcospg ’
where x, is the synchronous inductive resistance along the
axis q.

Angle of phase shift (load angle) between vectors

%and@:

VG = arctg[ (12)

O =¥ —9G- 13)
Generator currents (internal coordinates d-q):
Iy =~Igsinyg, (14)
I, =1gcosyg. (15)
Generator voltages (internal coordinates d-g):
Ug=—Kgqlgcosyg, (16)
Uq:—Kq1]GSiIll//G +Kq21f’ (17)
where I, is the current of the field winding of the
generator.
Increment of the excitation current:
di, K 1KygUy +K 10K 1g1g -
_/:Nf S1™Uq q_f sy
dar —Kf3KU(UG —(1—AUH1))—If
where
AUH] — [rel _Ire2 (19)
krel
generators’ voltages difference;
Lot =Ugdg1 =Uaid (20)
s the reactive component of the SG current;
K= @1
cosy
1—cosf,
Kpg=—"+ (22)
siny
Kp=1, (23)
Ky, = Yso , (24)
1Go%a
K =-80 (25)
UfO
Ky =Zao (26)
are the dimensionless parameters;
LU
S L 7)
Lf]fOVO

is the criterion for dynamic similarity; L,is the inductance
of self-induction of the excitation winding; U, and I, are
the voltage and current of the field winding; K, Kp, K
are the gain factors for the main signal, the disturbance
and the deviation of the controlled variable, respectively;
k.. 1s the gain factor of the automatic control loop of the
reactive load distribution system.
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Electromagnetic torque of the generator:

M_G = —KGll(z; siny g cosyg +Kgal plgcosyg, (28)

where
(Ld -L )Iéo
Kai =M—q, (29)
GO
M, 10l
Ky == 1% (30)
GO

are the dimensionless parameters; L, and L, are the
inductances of self-induction of the armature winding
along the d- and ¢- axes; M,, is the inductance of mutual
induction along the d-axis.
The relations (9) — (30) were obtained in [6, 7].
Voltage on the generator output:

Ug = /(U§+U§j. 31)
Active power of the generator:
%zUGIG COS Q. (32)

A converter of the electric power. Considering the
frequency converter as a non-inertial «quantizer» of
electricity with ideal gates, we do not take into account
the electromagnetic processes taking place in it, and we
consider that the current at the output of the converter is
continuous, and the converter itself does not go beyond
the region of normal loads [14]. The converter type is a
frequency converter with an autonomous voltage inverter
(FC with AVI).

Output voltage versus input one:

Uy =rUg .,
where Uy, is the IPM voltage

Rowing electric motor. In the mathematical model
[5], a mathematical description of the generalized
propulsion motor is given. As a special case from it, a
mathematical model of an induction electric motor (IM)
follows with frequency control. It is based on the exact
classical scheme for the replacement of blood pressure,
which determines the necessary assumptions and
simplifications. The voltage at the stator terminals is
considered to be sinusoidal, the saturation of the steel of
the machine is not taken into account, the distribution of
the flow along the arc of the air gap is assumed to be
sinusoidal, the steel losses in the stator are taken into
account approximately, and in the rotor are not taken into
account [15, 16].

Equation of motion of the IPM:

(33)

@2 NM(W—M_P),

dT 39
where
Ny = Mol (35)
JM@poVo
is the criterion of dynamic similarity;
My =K Iy Dy cosoyy (36)

is the IPM torque;

1

Iy =Crroay - (37)
Cui7 +Cyiga”™ +
2
Cyo1+Cuna”™ |
(CM190! —Car200p )2
N Cuna
Crroa = Cpao0py
is the motor current;
) —P .,
Do —C ’ sz(CMwOf—CMzoCOM)2 trv (38)
M =Cpm25Y 5 5 5 —
bM ey a XCMlga - CMzoa)M)z +
a2 v edia?) 3+
+ 2’1M”2M05(CM190! - CMzoa)M)
is the IPM magnetic flux;
cos gy = ! (39)
\/1 + CM26(CM190! = Car200m )z
is the motor power factor;
biy
Cyi7==5-> (40)
M
01214 2
Crmis == 0 » (41)
Dy
Cumio =, (42)
®
Chrao =12, (43)
DI Mn
2
Cyu21=djy, (44)
2 2
Cun =eyap, (45)
n
Cus =2 ap, (46)

M

C C C
Chro4 :\/CM17 +Cypyg+ M2 =M22 | ZM3 - (47)

2 2
o Buo By

2 .2 2 2
(bM +epa XCM196¥0 —Car200p0)” +
a2+ ad )R+

+ 21101 s 20(Car19%0 — Car20@10)

Cras = 5 , (48)
2 M
XoM + T
Biro
xyzzM
Cy26 =5 (49)
"M
are the dimensionless parameters;
by =np(1+72), (50)
CM =XOMTM > (51)
dor = rm% , 52
M ot (52)
ey = 1+ M (53)

are the constant coefficients of asynchronous frequency-
controlled IPM;
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M
iy = , (54)
Xom
XM
oM = N 5 (55)
oM
Ty =Tim +Tom + T Tam (56)

are the scattering coefficients; J,, is the moment of inertia
of the motor; K;, is the constant constructive coefficient;
w1y, 18 the rotational frequency of the stator magnetic
field; r1), and 75y, are the active resistances of stator and
rotor (reduced); x1;, and x'y, are the inductive resistance
of the stator and rotor (reduced) of the IM; xgy is the
inductive magnetization resistance; S, is the absolute
slip of the IM rotor. The relations (34) — (49) were
obtained in [5].

Electric power plant control. Management is
carried out from the control station (CS) on the bridge.
The main task is to control the movement of the vessel in
real time. The output signal of the CS forms two control
actions on the frequency converter (with respect to the
frequency o and the voltage y).

Relative frequency of the output voltage of the
frequency converter SE [5]:

a=agsy —Kgpop =Ky -

_KO{f <af_afmax)_ Kom (aM_aM max)_ ,  (57)

~ Kot (e =@ pmax )~ Kp (@ pp= P max )
where ag,, is the reference value of the relative frequency;
op is the corrective communication for IPM power; a,, is
the corrective coupling for the angular velocity of rotation
of the IPM; o is the cut-off according to the output
frequency of the frequency converter; oy, is the cutoff on
the torque of the IPM; a; is the cutoff of the stator current
of the IPM; app is the cut-off according to the power
consumed by the electromotive system; K,p, K, Koy
Ko, Ko, K,pp are the gain factors that are determined by
the particular control system.
Relative output voltage of the converter SE [5]:

YV =7Set — 7[(71_71max)_K7U7Un (58)

where ys,, is the reference value of the relative voltage of
the frequency converter — a signal that is a function of the
relative frequency and the adopted voltage control law; yy
is the corrective coupling for the IPM voltage; y; is the
current stator cutoff of the IPM; K, K,y are the gain
factors. In each specific case, the automatic control
system has its own «set» of control signals for each
control channel. It is these control actions that directly
affect the performance indicators of ship maneuver
operations.

Propellers. The hydrodynamic reversal
characteristic of the propeller, taking into account the
ship's motion along a curvilinear trajectory, is represented
in the form of a parabolic polynomial [17, 18].

Propeller torque:

2 -2

+ayv tgzaBev ,(59)
where ay;, byi, ¢y are the coefficients of the universal
characteristic of the screw (are constant ir in certain ranges

—_— _2 [ —_
Mp =ay 0p +by0pV, +cyv,

of measurement of wp and v, ); wp is the angular

velocity of rotation of the propeller; ve is the rate of

water leakage onto the propeller; vis the speed of the
vessel; ay, is the constant coefficient; ajp,, is the angle of
the bevel of the water flow.

Propeller stop:

—2 —2 -2
PP_alla)P +b11a)Pv +C11Ve tapv tgzaBev, (60)

where ai;, b1y, c11 are the coefficients of the universal
characteristic of the propeller; ap is the constant
coefficient.

The body of the electric boat. The movement of
the vessel along the free water surface in the associated
coordinate system GXYZ whose origin coincides with the
center of gravity of the vessel G is considered. The GXY
plane is parallel to the ship's main plane, the GX axis is
located in the center plane and directed to the bow, the ZY
axis to the starboard, GZ axis — vertically up. The
associated moment Ay is neglected [19].

The components of the ship's speed along the axes
X, Y and the speed of rotation around the Z axis:

dvy
X vy Q, +
aT A2Vysiz

_ , (61)
P, ~Cpx Brpv _RX}

R_Y}

(M_PZ—MDZ)+ >

B (62)
{ZKPJQ]Z 2l ~CryBrpv*
Cﬁz

dQ, No ., ——
—==——=CyyVyvy +
dT NX 21V XVy

> K pjhp; Py +
+NQ J

(63)

- 2
+Cry XrPrPV
where

Cl 1 COSI,Sﬂdr - C12 sin4 1‘5ﬂdr +
Ry = 3 v (64)
VA

is the longitudinal force of the rudder;

R_ C21 sin Zﬂdr cos ﬂdr + C22 Sil’l2 :Bdr + _2
14

Y = (65)

+ C23 sin4 2ﬂd,
is the transverse power of the rudder;
C61 sin 2ﬂdr + C62 sin ﬁdr +
MPZ_MDZ = +C63 Sil’l3 2ﬂd}’+ V2—

66
+Cgysin* 2, (66)

- C65 EVZ
is the turning torque;
m+ ﬂ’ZZ

Cyy = ,
A2 m+/111

(67)
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Cra1= =) ; (68)

e = 2 KpPjo )
Hg *V(%Sc(l —'//)2
Cry = SKnby (70)
R
0 07§V8FD
" 2 KpiPjo 7
Cy gngD
Ciz = S KnPro (73)
0.5¢f §V3FD
- 2 KpiPyjo o
9 g"g Fp
Cyp = S KpPyy (75)
o c3 ngFD 6
23_21(1713@]0’ (76)
2my gngD
Ce1 S KBy (77)
2my gngD
Cer = S KpBr (78)
. 2m, gngD ;
63 = S KnPy (79)
2my gngD
Ces = S KpBr (80)
2[0.739 + 8,7T}C§1’0 L2E,
Ces = L 2 (81)
2 KpiFjo
are the dimensionless parameters;
_ L2 KpFo 82)
(m+ Vg
_ X Ky 83)

Q- 2

2(Jz + 466 )V0

are the dynamic similarity criteria; X is the distance
from the center of the coordinate system to the rudder;
P, and Kp; are the useful thrust of the propeller and its
share in the total flow, respectively; L is the length of

the vessel; m is the mass of the vessel; p is the specific
density of water; 1;; u Ayare the connected masses of
water along the X and Y axes; A¢ is the connected
moment of inertia of water; u,, is the drag coefficient of
the rudder; ux is coefficient of lateral power of the
rudder; y is the angle of the course; Sc is the reduced
area of the rudder; c¢; is the coefficient of the
longitudinal positional force of the water resistance; Cy/,
¢, c3 are the coefficients of the body strength; m;, mo,
mj3, my are the coefficients of the positional moment of
resistance; Fp is the reduced area of the submerged part
of the ship's diametrical plane; Mp; and Mp; are the
positional and damping moments of resistance; C,,0“ is
the coefficient of the damping moment of resistance; Sy,
is the drift angle; J; is the moment of inertia of the
vessel when it rotates about the Z axis.
Angle of attack of the helm:

Brp =KrPr—xc (arCtgﬂdr —€ QTZ] )
where fr is the angle of rotation of the helm; y is the
reduced coefficient of impact of the body and propellers
on the rudder; ¢ is the value determined by the ratio /z/L
(Ix is the distance between the rudder and the midriangle
frame). The relations (61) — (84) were obtained in [5].

The developed mathematical model allows to
comprehensively analyze transients of propulsion
complexes of electric boats on maneuvers.

To analyze the maneuvering modes of operation, a
package of applied programs has been developed. The
base program is a program that allows calculating the
laws of time variation of relative regime indicators,
when the electric power performs a variety of
maneuvers. At the same time during the analysis of
maneuvering regimes:

o dimensionless parameters of the component parts of
the complex are calculated;

o for the maneuver under study, the control parameters
are entered in accordance with the positions of the
handles of the control posts and the shifting of the rudder;

e initial conditions are given;

e according to the selected maneuvers, the laws
governing each power circuit are formed;

e current values of the main mode parameters of each
power circuit are calculated in the course of the
maneuver;

o the hydrodynamic forces and torques acting on the
vessel are determined; the current values of the ship's
motion parameters in the coordinate system associated
with it are calculated, and then in the unrelated coordinate
system.

The solutions of the system of equations (1) — (84)
presented above is a solution of the Cauchy problem. The
Runge-Kutta-Merson method was used as the solution
method.

The final results of the calculations are presented in
numerical form and in the form of ready-made graphs of
the time variation of the mode indicators:

a) for each power circuit:

— angular speed of rotation — wp, torque — Mp and
power of the heat engine — Pp;
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— output voltage — Ug and current — /s of the
generator;

— excitation current of the generator — /y;

—relative control voltage of the converter — y;

— voltage — Uy and current — /), of the propeller
motor;

— torque — M), and angular rotation speed — w,, of
the propulsion motor;

b) on the parameters of the vessel's movement:

— speed of movement — v;

— components of the speed v along the longitudinal
axis X — vy and along the transverse axis Y — vy;

— angular velocity of rotation about the axis Z — Qy;

— angle of drift — S, and heading angle — y of the
vessel.

If necessary, any other parameters, obtained during
the calculation, can be recorded.

To confirm the adequacy of the developed
mathematical model and the calculation method based on
it, we compare the results of mathematical modeling with
the data published in [20, 21] obtained in the course of
field experiments by other researchers.

We use the oscillograms of acceleration and reversal
of the propulsion power plant of the nuclear-powered ship
«Arktikay presented in these publications.

Recalculated (for convenience of comparative
analysis) into relative values, these oscillograms are
shown, respectively, in Fig. 2, 3 by solid lines. Here, the
dashed lines show the current values of the mode
parameters obtained with the aid of the developed
calculation method.
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Fig. 2. Comparison of the theoretical calculation of the

acceleration of the REI of the nuclear-powered electric ship
«Arktika» with experimental data

The main parameters of the propulsion complex
necessary for calculating the dimensionless parameters
and the dynamic similarity criteria are presented in
Table 1.

The generalized dimensionless parameters and the
dynamic similarity criteria calculated from the above
relationships are given in Table 2.

PU
2.0 In

15

10 Im Itm Om

0.5

Fig. 3. Comparison of the theoretical calculation of the
alternating reversals of the REI of the nuclear-powered electric
ship «Arktika» with experimental data

Table 1
The main parameters of the propulsion complex
Length of the vessel by c.w.l. 136 m
Vessel speed 21 knots
Nominal parameters of thermal engines:
power 27 600 kW
rotation speed 3500 RPM
Nominal parameters of synchronous generators:
power 9000 kW
voltage 780 V
rotation speed 3500 RPM
power factor 0.88
winding data, p.u.:
X4 0.96
Xy 1.12
X"y 0.14
x", 0.16
Nominal parameters of propulsion electric motors:
power 17600 kW
Armature current 9200 A
rotation speed 130 RPM
Table 2

Dimensionless parameters and criteria for dynamic
similarity of the nuclear-powered ship «Arktikay

KM Kdl qu qu KGI
1.071 1.12 0.294 1 -0.029
KGZ ND ]vfG NM NX
1.684 0.641 5.6 6.06 0.2
K/G Kp Ky K; ar;
0.118 900 2 0.5 1.73
ap by by 21 Ci1
1.73 0.33 0.33 -1.06 -1.06

The control laws of each power circuit are given in
the mathematical model in accordance with oscillograms
of full-scale tests [16, 17]:

a) at acceleration 0 < T < T:
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UcGeer = 0.8(1 e KT ) (85)
Utser = 1; (86)
b) at reversing from the forward to the rear
T] <T< T2:
Ut = 0.8—1.5(1—6_0'8K2 T ‘Tl)), (87)
Upgoor =1 —1.5(1 - e‘Kz(T‘Tl)) - (88)
for wy, > 0;
Uceer =o.1+0.5(1—e‘1~5K2(T‘T1)), (89)
Upgsor =—0.5— 0.5(1 —e k@ *Tﬂ) = (90)
for wy,<0;
¢) at reversing from the rear to forward
T,<T<T;
Utser =0.1+0.7(1—e*1-5K3(T*T2)), 1)
Uptsor = o.5+o.5(1 —e‘Ks(T‘Tz)) - (92)
for wy, < 0;
Ugeor =0.6— 1.5(1 — o 0K (T 2)), (93)
Upser = =1+ 1.5(1 —e_K3(T_T2)) - (94)

for wy, > 0;

where Ugge, Upgse are the control signals in the excitation
systems of the SG and IPM, respectively; K, K, K3 are
the time constants.

The results of calculating the mode indicators (/,
Uy, wy, Iy) carried out according to the developed
method in accordance with the relations (18), (33), (34),
(37) in the qb64 application package, matlab are shown
by dashed lines in Fig. 2, 3.

Comparison of the calculated results with the
developed method with the experimental data shows a
fairly good convergence. Trends in the change of mode
indicators coincide. Certain discrepancies in the initial
stages of transient processes are expected, and are
explained by the settings and gain factors of the automatic
control system, which for each ship have their own
values.

Thus, the conducted studies confirm the
acceptability of the proposed mathematical model and the
developed method for calculating the maneuvering
operating modes of electric vessels.

Conclusions:

1. A refined mathematical model and a method for
calculating on its basis the operating conditions of
propulsion power plants in the composition of propulsion
complexes of electric boats are proposed. The method
makes it possible to calculate the current values of the
basic mode indicators both in the steady-state and in the
dynamic modes of electric power plants, and evaluate the
performance indicators of electric boats on maneuvers.

2.The adequacy of the developed method of
calculation is confirmed by the results of full-scale tests
conducted by independent researchers.

3. The use of the developed method of calculation
opens up wide possibilities in the study of transient and

steady-state  operating  conditions  for
complexes of vessels with electric movement.

propulsion
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TESTING OF NUMERICAL SOLUTION OF THE PROBLEM OF DETERMINING
SOURCES OF MAGNETOSTATIC FIELD IN MAGNETIZED MEDIUM

Purpose. Testing of numerical solution algorithm for integral equation for calculation of plane meridian magnetostatic field
source distribution at interfaces of piecewise homogeneous magnetized medium by means of electrostatic analogy. Methodology.
The piecewise homogeneous medium consists of three regions with different magnetic permeabilities: the shell of arbitrary
meridian section, external unlimited medium outside the shell, and the medium inside the shell. For testing external
homogeneous magnetic field effect on spherical shell is considered. The analytical solution of this problem on the basis of
electrostatic analogy from the solution of the problem uniform electrostatic field effect on dielectric shell is obtained. We have
compared results of numerical solution of integral equation with the data obtained by means of analytical solution at the
variation of magnetic permeabilities of regions of medium. Results. Integral equation and the algorithm of its numerical solution
for calculation of source field distribution at the boundaries of piecewise homogeneous medium is validated. Testing of integral
equations correctness for calculation of fictitious magnetic charges distribution on axisymmetric boundaries of piecewise
homogeneous magnetized medium and algorithms of their numerical solutions can be carried out by means of analytical
solutions of problems of homogeneous electrostatic field effect analysis on piecewise homogeneous dielectric medium with central
symmetry of boundaries — single-layer and multilayer spherical shells. In the case of spherical shell in wide range of values of the
parameter Ay, including close to + 1, numerical solution of integral equation is stable, and relative error in calculating of fictitious
magnetic charges surface density and magnetic field intensity inside the shell is from tenths of a percent up to several percent
except for the cases of very small values of these quantities. Originality. The use analytical solutions for problems of calculation
of external electrostatic field effect on piecewise homogeneous dielectric bodies for testing integral equations of magnetostatics
and algorithms for their numerical solutions. Practical value. The described method of testing integral equations of
magnetostatics and their numerical solutions can be used for calculation of magnetic fields of spacecraft control system
electromagnets. References 12, tables 2, figures 3.

Key words: plane meridian magnetostatic field, piecewise homogeneous magnetized medium, integral equation, electrostatic
analogy, fictitious magnetic charge.

Boinonnena nposepka npasunbHoCmu UHMEZPAIbLHOZ0 YPAGHEHUA 6MOPOZO POOA 0/ PACHEmdA PACHPeOeneHUsl UCHOYHUKOG
HIOCKOMEPUOUAHHO020 MAZHUMOCIAMUYECKO20 NOJIA HA ZPAHUUAX PA30eNd KYCOYHO-00HOPOOHOI HAMAZHUYUGAEMOU CPeObl U
€20 uuciennozo pewenus. /s 3moz0 ucCnoNb306anbl IIEKMPOCMAMUYECKASA AHANI0ZUA U AHATUMUYECKOe peulenue 3a0auu o
6030eiicmeuu 00HOPOOHO20 INEKMPOCMAMUYECKO20 NOJIA HA CHEPUUECKYI0 OUIIEKMPUUECKYIO 00010UKY 8 KYCOUHO-00HOPOOHOI
ousnekmpuueckoit cpede. Iloomeeprcoena npaguILHOCMb UHMEZPATILHO20 YPAGHEHUA U €20 YUCTEHHO20 PeUleHUs NPU NOMOuU
annpokcumupyloujeii cucmemsl anzeopauveckux ypasuenuii. Coenan ananu3 6GIUAHUA MACHUMHBIX NPOHUUAEMOCHIEN]
00HOPOOHBIX 0On1acmeli cpedvl HaA pacnpedesienue UKMUGHBIX MACHUMHBIX 3APA00E HA NOBEPXHOCMAX U HANPAHCEHHOCHD
MAZHUMHO20 NOAA 6HYmMpPU chepuyeckoii 06onouku. buodin. 12, rabdn. 2, puc. 3.

Kniouesvie cnosa: NI0CKOMepHMINAHHOE MATrHUTOCTATHYECKOe I0Jie, KYCOYHO-OJHOPOAHAsI HAMarHHMYHBaeMasl cpena,
HHTErpajibHOE YPaBHEHHE, YIEKTPOCTATHYECKAs] aHAIOrMsl, GUKTUBHBII MATHUTHBIN 3apsi.

Introduction. For the calculation of magnetostatic
fields in inhomogeneous magnetized media, the use of
integral equations of the second kind with respect to the
density of fictitious magnetic charges in the volume and
on the interfaces of the sections of the medium is effective
[1-3]. Integral equations are approximated on a spatial
mesh by systems of algebraic equations of high order,
which are solved using computers. As in the formulation
of integral equations, and with their approximation, errors
can be made, connected, for example, with
inconsistencies in the directions of vectors, integrating on
the elementary part of the computational domain with the
singular point of the kernel of the integral equation.

The relevance of this work is due to the need to
verify the correctness of the used algorithms and labor-
intensive computation procedures using tasks that have
analytical (exact) solutions — testing. The number of such
solutions in magnetostatics is relatively small. In the
known papers, exact solutions of problems of calculating
analogous physical fields are not fully utilized, giving
preference to more accurate, in the opinion of the authors,
numerical methods.

The goal of the work is use of electrostatic analogy
for testing the algorithm for the numerical solution of the

integral equation for the surface density of fictitious
magnetic charges at the interfaces of homogeneous
regions of a piecewise homogeneous magnetized medium
in the case of a plane meridian magnetostatic field.

Main equations and formulae. Let it be required to
test the algorithm for solving a problem for a piecewise
homogeneous medium consisting of three homogeneous
regions with different constant absolute magnetic
permeabilities u; (k = 1,3). The shell of an arbitrary
meridian section (region 2) divides the unbounded
environment into regions 1 and 3, respectively, outside
and inside the shell (Fig. 1). In the particular case, region
3 is absent, i.e. there is an axisymmetric body in an
unbounded medium, for example, the core of an
electromagnet. Using the electrostatic analogy of the
problem under consideration [1, 4-6], we represent the
scalar potential ¢, of the magnetostatic field due to the
magnetic properties of the medium in the form [3, 7, 8]:

On (M)FMK(k) dlM , (1)

JZQ-ZM)Z o+ P

where O, M e [ are the point of observation and point

2 (0)
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with current coordinates, respectively; i, is the magnetic
constant; o,(M) is the surface density of fictitious
magnetic charges; /, dl), are the total contour of the
meridian section of the shell and its element with center at
the point M, respectively; [ = I, +1, [;, are the outer and
inner parts of the total contour, respectively; K(k) is the
complete elliptic integral of the first kind of module & [9];

}"QI”M

J()Z()z |

ro, 'y and zp, zjy are the radial and axial cylindrical
coordinates of points O and M.

The strength of the magnetic field due to the
magnetic properties of the medium, and the resulting
magnetic field are respectively equal [1]

H,, =—gradg,, 2

and
H=Hy+H,, 3)
where H, o 1s the external magnetic field strength.

Following the idea of the method [1], we note that in
order to perform calculations using formulae (1) — (3), it
is necessary to find an unknown function o,(Q), O € [/ by
solution of the integral equation

ow(0)- 2 [, (IS0 Mty <211074 0, (0), )
!
where

S(0.M)=

—{ﬁ KL

2r5

X(Ml{z - lJE(k)} cos(I,,ﬁQ )+ (5)

ZI’M

_ 2
" M(i) E(k)cos(iz g )},
2 VM k

1., 1, are the orts of cylindrical coordinates r and z;
sz is the unit normal to the contour / in the point Q € /;

E(k), k' is the complete elliptic integral of the second kind
of the module £ and the additional module of complete

elliptic integrals [9]; k' =v1—k> ;
ﬂfk — Hi+1 — Hi Jk=1,2;
Hie1 + Hy
H,(Q) is the normal projection of H 0-

" A

U 4

Fig. 1. An axisymmetric shell in a piecewise homogeneous
magnetized medium

The particular case of the problem under
consideration. For testing, we consider a particular case
of the problem described above — the effect of external
constant homogeneous magnetic field directed along the
axial coordinate z on the spherical shell in a piecewise
homogeneous magnetized medium (Fig. 2). The meridian
section of this shell is symmetric about the r axis,
therefore, for the points M and M~ with such symmetry
on(M’) = —0,,(M) and the domain of definition of ¢,,(M) is
halved. We transform the integral equation (4) for this
case to the form:

oul0) 2 [onrkstenn)-slou fu =
!
=2ug A Hpsin G,

where 6 is the spherical coordinate of elevation angle
(Fig. 2).

= A
_H g
M
o) Jr/— M, T
' V1
« M2
< 0
{3 I
Y o My M

ny

Rl

B

Fig. 2. A spherical shell in a piecewise homogeneous
magnetized medium

The total integration contour / in equation (6)
consists of two halves /; and [, symmetric about the r-axis,
located in the region z > 0. The functions S(Q, M) u S(Q,
M) entering the kernel of this equation, we determine by

formula (5), having adopted in it cos L,sz =cosd,
cos(IL.iip)=sin@, zy=—z)7, 1y =ny . In addition, it

is necessary to take into account the change in the
z-coordinates of the symmetric points M’ in calculating
the modulus k. After solving equation (6), the intensity of
the homogeneous magnetic field at an arbitrary point Q
inside the shell (region 3) is found using the formula that
follows from (1) — (3):

1
H{(Q) = Hy+—— [ ,,(M)x
8714y 1
| ™)
x ————(8) = S )dly.
FQ FQVM
where
k3
81 =(z0 - 2u )kTE(k) . (8)

The function S; in the integrand of the second term
(7) is determined by formula (8), replacing in it, as well as
in the formula for determining %, the coordinate z), on z,.
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When forming the functions S(Q, M) and S(Q, M’)
entering the kernels of equations (4), (6), formulas were
used to calculate the projections of the plane meridian
electrostatic field from [3, 8]. The contour / was divided
into N elementary regions with nodal points M, at their

center, which form a spatial mesh, andk =1,N; at

My € lyand k=N;+1,N at M; € I, (Fig. 2). Equation (6)
was transformed into a system of algebraic equations on a
mesh using the quadrature formula of rectangles. The
diagonal elements of the NxN matrix of this system of
equations, corresponding to the elementary sections of the
contour with the singular point of the kernel of equation
(6), were determined by the method described in [10].
The system of algebraic equations was solved by a direct
method based on the inversion of the matrix of the left-
hand sides and the subsequent multiplication of the
inverse matrix by the column vector of the right parts.

Analytical solution of a similar electrostatic problem
of the action of an external homogeneous electric field on
a dielectric spherical shell is known [11]. Using this
solution, we obtain formulas for calculating the
distribution of the surface density of fictitious magnetic
charges on the boundary surfaces, as well as the intensity
of the homogeneous magnetic field H; inside the
magnetized shell:

2 .
O'm(Rl,e) = 'UO[F(BI —Bz)‘f' HO +A2jsm9; (9)
1

3
L Ry | [ 4

H,=-9H,/|c 1(+2j—2c 2[—] [——1] ,(11)
l /{ﬂ My AR )

where R}, R, are the radii of the boundary surfaces (Fig. 2);
R ’
_p3 2 . _ 3 4.
Bl_Rl H0+A2 1+C/u[?1j ’BZ_CIURZAZ’

Cul =ﬂ3/ﬂ2 +2;Cy2=1—ﬂ3/ﬂ2 5Cy :CyZ/Cﬂl;
A2 :Hicﬂ1/3.

The values of o, and H; obtained by numerical
solution of the integral equation (6) and calculations by
the formula (7) will be called approximate, and using
(9) — (11) — exact.

Table 1, 2 show the values of 6,, = 6,, / (uoH,) and
H'=H,/H,, respectively, and Fig. 3 shows the variation
curves for o, vs 6 [0, 7/2] on the boundary surfaces of
the shell at u; = uo, Ro/R; = 0.95 and the variation of .
The data in columns 1 are approximate, and in columns 2
— exact. For the data given in the numerators of columns 1
of Table 1, it was assumed that N = 80, in the
denominators — 2160. The curves in Fig. 3 are built from
the results of a numerical solution of equation (6) with
N=2160.

From Table 1, 2 it follows that in wide ranges of
variation of the magnetic permeabilities x4, u ¢z when the
step of the spatial mesh is reduced the absolute
discrepancies of the exact and approximate values of g,

2B, ) 51 H,-* are of the order of 107. In this case, the relative
On(Ry,0) = tip| —-+H; = 4y |sinf ; (10) discrepancies vary from 0.1% to several percent, except
R;
for very small values of the calculated value.
Table 1
The values of the surface density of fictitious magnetic charges g,, on the surfaces of a spherical shell
Mo = 50,uo, }vl = 0961 M3 = Ho
_ _ _ Ur = 50/1() Ur = 500/1(] Mo = 2000/10
? ) e P 4, =-0.961 4, =-0.996 4, =-0.999
1 2 1 2 1 2 1 2 1 2 1 2
0.7312 0.8288 0.8457 0.6067 0.7823 0.8048
0.2945 0.7490 0.8350 0.8498 0.6383 0.8362 0.8617
0.7483 0.8348 0.8497 0.6370 0.8339 0.8594
1.4404 1.6326 1.6658 1.1951 1.5412 1.5855
0.6086 1.4753 1.6447 1.6739 1.2573 1.6470 1.6974
1.4739 1.6443 1.6736 1.2548 1.6426 1.6928
2.0087 2.2765 2.3229 1.6668 2.1499 22117
Outer 0.9228 2.0572 2.2935 2.3342 1.7532 2.2967 2.3670
2.0553 2.2929 2.3338 1.7497 2.2906 2.3605
2.3812 2.6977 2.7525 1.9765 2.5502 2.6236
1.2369 2.4378 2.7178 2.7660 2.0776 2.7216 2.8049
2.4355 27171 2.7656 2.0735 2.7144 2.7972
2.5335 2.8539 2.9033 2.1023 2.7249 2.8047
1.5510 2.5798 2.8762 2.9272 2.1986 2.8802 2.9683
2.5774 2.8754 2.9267 2.1943 2.8725 2.9602
—-0.0507 0.0103 0.0208 —-0.1286 —0.0441 —-0.0329
0.2945 —0.0443 0.0089 0.0181 —0.1128 -0.0173 —0.0045
—0.0446 0.0090 0.0182 -0.1134 -0.0184 —0.0057
—0.0999 0.0203 0.0410 —0.2533 —0.0868 —0.0647
0.6086 —0.0872 0.0176 0.0357 -0.2222 —0.0340 —0.0089
—0.0878 0.0177 0.0359 -0.2234 —0.0362 -0.0112
—0.1393 0.0282 0.0572 —-0.3530 —0.1206 —0.0898
Inner 0.9228 -0.1217 0.0246 0.0497 —0.3098 —0.0474 -0.0124
—0.1224 0.0247 0.0501 -0.3116 —0.0505 —0.0156
—0.1646 0.0334 0.0678 -0.4174 —0.1410 —-0.1044
1.2369 —0.1442 0.0291 0.0590 —0.3671 —0.0562 —0.0147
—0.1450 0.0293 0.0593 -0.3692 —0.0598 —0.0185
—0.1319 0.0139 0.0150 —0.3902 —0.0764 —0.0349
1.5510 —0.1526 0.0308 0.0624 —0.3885 —0.0595 —0.0155
—0.1534 0.0310 0.0627 -0.3906 —0.0632 —0.0195
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Table 2
The values of the magnetic field intensity H;"
penetrated inside the spherical shell

U= 50/!0, j.[ =0.961 Us = Uo
- _ =500 | p2=500u,
N T Ok s 00| 20961 | 4 =0.996
2 ’ s Jo=-0.961 | 1,=-0.996
1 2 1 2 1 2 1 2
80 |0.2179 0.0363 0.4502 0.1507
240 | 0.2006 0.0325 0.4159 0.0935
0.1908 0.0308 0.3965 0.0596
720(0.1941 0.0314 0.4031 0.0711
2160] 0.1919 0.0310! 0.3987 0.0634
on A
2.57
2 4
1.5+
1 +
0.51
0 ! i -
0.5 1 1.5 @.rad
o
Jm' !_\ 3
0.2
0.1
0 + + + {‘)‘r‘ d
2 I - Tal
01 0.5 1 1.5
-0.2 I

h

Fig. 3. The distributions of 6,, on the outer () and inner b)
surfaces of the spherical shell: for curve 1
2 = 100u0, 13 = po, 2 — pp = 100019, u3 = pto, 3 — pa = 10110,
#3 = 50000

Increasing the accuracy of the numerical solution
can also be achieved by using more precise quadrature
formulas. From Table 1 and Fig. 3 it follows that the
numerical solutions are stable for values of the parameter
A close to £ 1. Thus, with the help of an analytical
solution of a similar electrostatic problem, the correctness
of the compilation of the original integral equation (4) and
the algorithm for its numerical solution was confirmed.
We note that analytical solutions of problems of the effect
of external homogeneous electrostatic field on multilayer
dielectric spherical shells are known [12], which can be
used to test the algorithm for solving the integral equation
in the case of multilayer axisymmetric magnetized shells.

The features of the variation of 6,,” and H;" with
the variation of u; in the case of a spherical shell. The
values of ¢,, on the calculated part of the contour of the
outer surface of the spherical shell (z > 0) are positive for
all u; and vary insignificantly for large wu,. On the
calculated part of the contour of the inner surface of the

shell for u; < uy (4, < 0), the values of G, are negative,
and for u3 > u, (4, > 0) are positive (Table 1). Naturally,
on the part of the contour symmetric about the r-axis, the
signs of g, are opposite.

At large u, > 100y, the shell shields region 3, which
results in small values of H,~* and a,,,*. An increase in u;
leads to an additional decrease in H;” (Table 2).

The described features of the changes of o, and H;"
can also be useful in the analysis of the magnetostatic
field in the case of axisymmetric shells and solid bodies
of a different shape.

Conclusions.

1. Testing the correctness of integral equations for
calculating the distribution of fictitious magnetic charges
on the axisymmetric boundaries of a piecewise
homogeneous magnetized medium and the algorithms of
their numerical solutions can be carried out using
analytical solutions of problems of analyzing the action of
homogeneous electrostatic field on a piecewise
homogeneous dielectric medium with a central symmetry
of boundaries — single-layer and multilayer spherical
shells.

2. In the case of a spherical shell in a wide range of
values of the parameter 4, including those close to £ 1, the
numerical solution of the integral equation is stable, and
when reducing the mesh step, the relative error in
calculating the surface density of fictitious magnetic
charges and the magnetic field strength inside the shell is
from the tenths percentages to a few percent, except for
very small values of these values.
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J. Ganji

NUMERICAL SIMULATION OF THERMAL BEHAVIOR AND OPTIMIZATION
OF a-Si/a-Si/C-Si/a-Si/A-Si HIT SOLAR CELL AT HIGH TEMPERATURES

Purpose. Silicon heterostructure solar cells, particularly Heterojunction with Intrinsic Thin layer (HIT) cells, are of
recommended silicon cells in recent years that are simply fabricated at low processing temperature and have high optical and
temperature stability and better efficiency than homojunction solar cells. In this paper, at first a relatively accurate computational
model is suggested for more precise calculation of the thermal behavior of such cells. In this model, the thermal dependency of
many parameters such as mobility, thermal velocity of carriers, band gap, Urbach energy of band tails, electron affinity, relative
permittivity, and effective density of states in the valence and conduction bands are considered for all semiconductor layers. The
thermal behavior of HIT solar cells in the range of 25-75 °C is studied by using of this model. The effect of the thickness of
different layers of HIT cell on its external parameters has been investigated in this temperature range, and finally the optimal
thicknesses of HIT solar cell layers to use in wide temperature range are proposed. References 20, tables 4, figures 5.

Key words: heterojunction with intrinsic thin layer cell, high temperature, thermal behavior.

ILlenv. Kpemnuesvie zemepocmpykmyphsle colHeunble IIEMEHMbl, 6 YACIMHOCHU 2emePOnepexoobl ¢ AUEUKAMU GHYMPEHHe20
monkozo cnoa (HIT), ¢ nocnednee epemsa pekomeHOyIOmMc: 014 UCHOIb308AHUA 6 KAYeCmee KPEMHUEBHIX I/IEMEHMN 06, HOCKOIbKY
OHU J1€2KO U320MA6IUAIONCs NPU HU3KOU memnepamype 00pasomKu u umeron blCOKYI0 ORMUYECKYI0 U MEMNEePAmypHyIo
CMaoubHOCMY, 4 Makdice 6oee GblCOKUIl K.1.0., YeM COTHEeUHble INeMeHMbl HA 0CHOGe 2oMmonepexodd. B nacmoaweii pabome
6nepevle NPedNazaencs OMHOCUMENTbHO MOYHAA GLIYUCTUMENbHAA MOOEb 01 D01ee MOYHO20 PACHema Meni06020 N0GedeHUs
maxux aveex. B amoit mooenu onsn écex cioee noaynpoGoOHUKA PACCMAMPUBACICA MEMNEPAMYPHAA 3AGUCUMOCHL MHOZUX
napamempos, maKux Kak nOO8UICHOCIb, MENI06aAs CKOPOCMYb HOCUmeneil, Panuya 30Hbl, Inepeus Ypoaxa xeocmoe 30omuvl,
CPOOCHIBO INIEKMPOHO8, OMHOCUMENbHAA OUIIEKMPUUECKA NPOHUUAEMOCHb U IPdeKmusnas niomHOCHMb COCMOAHUL 6
6aneHmnoil 30ne u 6 30He npogodumocmu. C UCnOIL3IOGAHUEM OAHHOU MOOenu uccinedyemcsa mennoeoe noeedenue HIT
COJIHEUNBIX INiemenmos 6 ouanazone 25-75 °C. B Oannom Ouanazone memnepamyp UCCIE008AHO GIUAHUE MOIUUHDL
paznuunvix cnoee HIT aueiiku na ee enewinue napamempel u @ pe3yiomanie npedioiicena onmumanvhas moauwuna cioee HIT

COJIHEYHDBIX ITIEMEHMO08 Ol UCNOIb308AHUA 8 WUPOKOM ouana3one memnepamyp. bubn. 20, tabm. 4, puc. 5.
Knrouesvie cnosa: rereponepexobl ¢ sueiikaMi BHYyTPEHHEr0 TOHKOIO CJI0s1, BbICOKAsi TEMIIEPATYPA, TeNJI0BOE I0OBEIeHHE.

Introduction. The Heterojunction with Intrinsic
Thin layer (HIT) solar cells are one of the most promising
affordable photovoltaic systems to achieve clean energy.
Low process temperature and, as a result, more economic
modules [1], high open circuit voltage due to higher
bandgap of amorphous silicon [2], good efficiency due to
low recombination of carriers in the interface of
amorphous and crystalline silicon [3], good stability and
low temperature dependence [1] are of advantages of
these solar cells.

Because of developments during recent years, the
efficiency of HIT solar cells has been continuously
increased and the efficiency of 25.6 % recorded for these
cells by Panasonic company in 2014 [4]. This
performance upgrades happen due to research on various
subjects like the effect of Indium-Tin-Oxide (ITO) layer
on the behavior of the cell [5], the impact of front contact
work function [6], the effect of surface texturing of
crystalline silicon (c-Si) wafer [7], the role of Fermi state
of doped hydrogenated amorphous silicon (a-Si:H) layers
and band offsets [8], and the effect of intrinsic layer on
the cell function [9].

Dwivedi et al. (2012) optimized different structures
of HIT cells through the thickness change of a-Si:H(n)
and a-Si:H(i) front layers and c-Si wafer. The highest
efficiency achieved in that study was 27.2 % for a cell
with  ITO/a-Si:H(n)/  a-Si:H(i)/c-Si(p)/a-Si:H(i)/  a-
Si:H(p)/metal structure [10]. Jian et al. (2015) reached
theoretic efficiency of 27.2 % using simulation of HIT
solar cell with TCO/a-Si:H(n)/ a-Si:H(i)/ c-Si(p)/ a-
Si:H(p)/Ag structure by varying of thickness and doping
of layers [11].

While the modeling of a massive amount of
performed research has been done in Standard Test

Conditions (STC) and 25 °C, a limited number of them
conducted in hot weather conditions like tropical zones in
which the cell temperature rises to over to 70 °C or in the
concentrated modules which the cell temperature rises up
to 100 °C [12]. Taguchi et al. (2008) reported an
efficiency decrease with increase of temperature and
reduction of efficiency drop with increasing thickness of
a-Si:H(i) layer through examination of temperature
dependence of external parameters of the Ag/TCO/a-
Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(i)/a-Si:H(n)/TCO/Ag cell
[13]. In 2013, Vishkasougheh et al. studied changes of
external parameters of TCO/a-Si:H(n)/pc-Si:H(i)/c-
Si(p)/a-Si:H(p) cell influenced by increase of temperature
via simulation [14]. Agarwal and Doosan (2015)
performed similar study and investigated the effect of the
thickness of a-Si:H(i) layer on the cell’s dark saturation
current density [15]. Sachenko et al. (2016) studied
temperature dependence of a cell with
Ag/ITO/aSi:H(p)/aSi:H(i)/a-SiC/c-Si(n)/a-
SiC/aSi:H(i)/aSi:H(n)/ITO/Ag structure. The research
results showed increase of short circuit current, decrease
of open circuit voltage, reduction of fill factor and
decrease of cell efficiency in the range of 300-400 K [16].
Dramatic and abnormal increase of mobility of
amorphous silicon layer with the temperature has been
neglected in most solar cell simulation packages in spite
of its important impact on the temperature behavior of
solar cell.

The goal of the paper is to provide a relative
accurate simulation of HIT solar cells, in which, almost
all temperature-dependent layer parameters (the most
comprehensive set of parameters in the literature) have
been considered. By these simulations, the thermal
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coefficient of studied HIT cells is obtained, resulting to
optimize the thickness of the HIT layers to gain the least
temperature dependency of efficiency.

Simulation tools and method. In the current
study, the simulation core is AFORS-HET software, a
tool for one-dimensional of homojunction and
heterojunction solar cells that has necessary facilities to
observe the effect of parallel changes of various
structural and environmental parameters on the final
characteristics of the solar cell [17, 18]. This software
uses defect-pool model [19] to explain amorphous and
microcrystalline layers which is used in various types of
heterojunction cells including HIT cells, with the ability
to define and edit the exponential, Gaussian, linear, and
point defect shapes for each layer. Moreover, in order to
increase flexibility and performance of simulation, a
program was developed for defining a set of parametric
structures with the capability of changing the
temperature in the desired range and called GDMAT.
This program can define layers with regular parametric
changes, and through combination of them, it can create
structures useable by AFORS-HET software, and also
can prepare all outputs of AFORS-HET in the suitable
form to plot.

The cell under investigation is based on a p-type
silicon wafer as the absorber layer. The emitter has been
constituted from a-Si:H(n) and a-Si:H(i) thin film layers,
respectively. Two ITO layers have placed in the back and

transparent electrode. Back Surface Field (BSF) has been
formed from a-Si:H(n) and a-Si:H(i) layers in the back of
the cell. Fig. 1 shows the structure of defined cell and its
bands diagrams.

20

_ _
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Fig. 1. The defect density diagram of a-Si:H (i) layers used

in the simulation. The dashed-line curve represents the total

defect density

The defect-pool model has been used to describe
non-crystalline layers in which structural defects were
defined with exponential band tails and Gaussian—shaped
dangling bonds in the midgap. Fig. 2 shows the defect
density curves of the a-Si:H (i) layer which is used in the

front of cell which act as both anti-reflection layer and  structure.
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Fig. 2. The structure of simulated HIT cell (¢). Band diagram of the cell at the thermal equilibrium (b)

Table 1 contains the temperature-independent
parameters of semiconductor layers in the simulation. The
temperature-dependent parameters have been inferred
from reference [20] and summarized in Table 2. This
parameter values have been briefly recorded only at end
temperatures of 300 and 350 K. However, in our
simulations, the temperature changing step is considered
to be 5.

In the proposed model, parameters that have linear
temperature dependence are interpolated with a general
relation

T -298
¥ (T)=y (298)+]y (348)-y (298)]( 3 48_298)
at intermediate temperatures. Other parameters, which
have exponential dependency, interpolated with relation
T-298
)/(348)}(348—298j
y(298)

in which »(298) and y(348) are the values of considered
parameters at 298 K and 348 K that shown in Table 2.

y(T)=y (298){
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Table 1

Temperature-independent parameters of HIT layers in the current study

Parameter | Unit | a-Si(n) | a-Si(i) | a-Si(p) c-Si(p)

Conduction Band Tail
Electron Thermal Cross Section cm’ 7E-16 7E-16 7E-16
Hole Thermal Cross Section cnt’ 7E-16 7E-16 7E-16
Total Trap Density cm” 1.36E20 6.4E19 1.6E21
Specific Trap Density cm™ 2E21 1.8E21 2E21

Valence Band Tail
Electron Thermal Cross Section cm’ 7E-16 7E-16 7E-16
Hole Thermal Cross Section cm’ 7E-16 7E-16 7E-16
Total Trap Density cm™ 1.88E20 9.4E19 2.4E20
Specific Trap Density cm’ 2E21 1.88E21 2E21
Dangling Band Acceptor

Electron Thermal Cross Section e’ 3E-15 3E-15 3E-15
Hole Thermal Cross Section cnt’ 3E-14 3E-14 3E-14
Total Trap Density cm™ 6.9E19 SE15 6.89E19
Specific Trap Density cm™ 1.3E20 1.38E16 1.3E20
Energy of Distribution eV 0.6 0.82 1.2
Characteristic Energy eV 0.21 0.144 0.21

Dangling Band Donor Point Defect
Electron Thermal Cross Section e’ 3E-14 3E-14 3E-14 1E-14
Hole Thermal Cross Section cnt’ 3E-15 3E-15 3E-15 1E-14
Total Trap Density cm™ 6.89E19 SE15 6.89E19 1E10
Specific Trap Density cm™ 1.3E20 1.38E16 1.3E20 1E10
Energy of Distribution eV 0.7 0.92 1.1 0.56
Characteristic Energy eV 0.21 0.144 0.21

Table 2
Temperature-dependent parameters of HIT layers at 25 °C and 75 °C
Parameter Unit c-Si c-Si nip a-SiH | n.ip a-Si:H Sequence Type
@348K @298K @348K @298K

Dielectric Constant - 12.05 11.9 12.05 11.9 Linear
Electron Affinity eV 34.17 4.05 3.83 3.9 Linear
Mobility Bandgap (E,) eV 1.106 1.12 1.726 1.74 Linear
Optical Bandgap (E, ) eV 1.006 1.02 1.626 1.64 Linear
Effective Conduction Band Density of States em” | 3.57E+19 | 2.8E+19 1.24E+20 1E+20 Exponential
Effective Valence Band Density of States em™ | 1.39E+19 | 1.04E+19 | 1.24E+20 1E+20 Exponential
Electron Mobility em*/Vs 708 1040 20 5 Exponential
Hole Mobility cm*/Vs 280 412 4 1 Exponential
Electron Thermal Velocity cm/s | 1.08E+07 1E+07 1.08E+07 1E+07 Exponential
Hole Thermal Velocity cm/s | 1.08E+07 1E+07 1.08E+07 1E+07 Exponential
Urbach Energy of Conduction Band Tail meV - - 78,38,92 68,35,80 Linear
Urbach Energy of Valence Band Tail meV - - 108,57,138 | 94,50,120 Linear

Simulation steps and results. A 1000 W/cm’
AML.5 light was applied to the front surface of studied
HIT cell, and simulation process started using AFORS-
HET. Due to the large number of parameters to be swept,
GDMAT tool was employed to define various cell
structures frequently and run AFORS-HET to simulate
them as a batch process.

In the first step, the effect of the thickness of layers
on the thermal behavior of cell was investigated through
change of a-Si(n) layer thickness from 4 nm to 12 nm and
observed that increase of the thickness of this layer
decreases efficiency of cell, but improves its thermal
coefficients (TC). With selection of the minimum value of
the range, second phase of simulation was performed
through change of a-Si:H(i) layer thickness from 3 nm to

9 nm that obtained same result as the previous one.
Therefore, 3 nm thickness was recorded for this layer.
Fig. 3 shows the fill factor (FF) and efficiency diagram of
cell after this step.

In the next step, wafer thickness was swept from
100 pm to 250 um. According to the Fig. 3, this increase
leads to reduction of open circuit voltage (V,.) and
enhancement of short circuit current density (J,.) and a
peak was observed in efficiency at 200 pm. Thus, 200 um
was recorded as optimum thickness of wafer.

Decrease of V,. can be considered due increase of
recombination of carrier in thicker layer and increasing of
J. 1s as a result of enhancement of photon absorption rate
because of its prolonged pathway in the absorber layer.
Results are shown in Fig. 4.
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In the fourth step, the thickness of a-Si(i) layer was
changed from 3 nm to 9 nm. It was observed that this
change has no impact on the J;. and V,. but decreases fill
factor and consequently efficiency at temperature near to
300 K. Therefore, value of 3 nm was selected as optimal
thickness.

In the fifth and final step, the thickness of a-Si(p)
layer was swept from 4 nm to 12 nm but observed no
significant change. Summary of all steps is given in Table

3. Furthermore, optimum thickness of layers is included
in Table 4 for which open circuit voltage of 783 mV,
short circuit current density of 40.08 mA/cm?, fill factor
of 80.6 % and efficiency of 25.4 % have been obtained. In
this condition, thermal coefficient of efficiency (TC,) and
mean efficiency in the range of 25-75 °C are calculated —
0.32 %/°C and 23.38 %, respectively. Current-voltage
(I-V) curve of designed cell under light at several
temperatures has shown in Fig. 5.
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Fig. 5. The I-V Diagram of desired HIT cell in various temperatures under AM1.5 Sun light
Table 3
Summarized results of simulation steps
i L ) . TCn (%/°C)
Order Parameter Initial (nm)| Variation (nm)|7 (K)|V,. (mV)|Jsc (mA/cm”)| FF (%) |Efficiency (%) Mean 1 (%)
0
.. . 298 | 802-760 | 39.1-36.8 |[80.1-80.2| 25.1-22.4 -0.39, -0.3
! | aSiH(n Thickness 12 348 [677-675| 39.3-36.9 | 76-76.1 | 202-19.0 | 22.65,20.7
R . 298 | 803-763 | 39.08-38.45 [80.1-75.9] 25.1-22.2 |-0.39,-0.23
2 |Fronta-SiH (i) Thickness| 3 39 348 [673-673 | 39.29-38.8 |76.4-75.3] 202-19.7 |22.65,21.85
. . 298 | 817-772 | 38.4-40.3 | 79.6-81 |25-25.4-25.35]-0.29, -0.32
3 ¢-Si (p) Thickness 150 100-250 348 1731681 | 38.6:40.5 |75.5-76.9] 21.35-21.25 | 23.18,23.3
R . 298 | 783-783 | 40.08-40.08 [80.6-78.2| 25.4-24.55 |-0.32,-0.26
4 | Back a-Si:H(D) Thickness 3 39 348 [ 693-693 | 42.09-42.09 |76.4-76.4] 21.35-21.35 |21.38,22.95
.y . 298 | 783-783 | 40.08-40.08 [80.6-80.6| 25.4-25.4 |-0.32,-0.31
5 | BSFa-SiH(p) Thickness | 10 12 348 | 694-694 | 42.09-42.09 |76.4-76.4] 21.35-21.35 |23.38,23.32
Table4  The following results can be inferred from performed

Optimized values of layers thickness’ simulations:

Layer Thickness (nm) 1. In the studied cell, increase of temperature causes
a-Si:H (n) 4 linear reduction of open circuit voltage, minor increase in
a-Si:H (i) 3 short circuit current, less fill factor, and less efficiency.

c-Si (p) 200 2. Though increase of the thickness of a-Si:H(n) layer
a-Si:H 0) 3 within a few nanometers slightly improves fill factor and
a-Si:H (p) 4 thermal coefficient of efficiency but it causes significant
Conclusions. Considering a fairly complete decrease of open circuit voltage, short circuit current and

collection of structural dependencies of layers on the
temperature, a model was codified to describe the thermal
behavior of HIT cell with ITO/a-Si(n)/a-Si(i)/c-Si(p)/a-
Si(i)/a-Si(p)/ITO/Ag structure, and simulated the thermal
variations of external parameters of cell by using of the
model. Moreover, the effect of variation of the thickness
of layers on the cell’s thermal behavior was investigated.

output power. Therefore, because of the technological
limitations and to avoid the occurrence of quantum
effects, it can be chosen in the range of 3-4 nm.

3. Increase of the thickness of a-Si:H(i) layers, located
at both sides of the wafer, within a few nanometers
improves TC, since this layer participates in the
absorption process and increase in the absorption

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.6

51



compensates part of the short-circuit current drop at high
temperature. On the other hand, this advantage is
disregarded because of significant reduction of open
circuit voltage, fill factor and efficiency and thus,
thickness is limited to about 3-4 nm.

4. Increase of the c-Si(p) wafer thickness, enhances
absorption and short circuit current and on the other hand,
reduces the recombination rate and consequently open
circuit voltage. These two contradictory effects make this
quantity optimal in a certain number. In this research, the
optimum amount of wafer thickness has been calculated
to be 200 um. Moreover, this layer as the only crystalline
layer, is also the only layer that increase of its thickness
doesn’t improve thermal coefficient.

5. The changes in the thickness of a-Si(p) BSF layer
within a few nanometers does not show a significant
effect on the thermal behavior of cell.

6. Selecting the optimized thicknesses for layers,
theoretical efficiency at 25 °C and mean efficiency in the
range of 25-75 °C have been obtained 254 % and
23.38 %, respectively.
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APPLICATION OF HIGH VOLTAGE DIVIDERS FOR POWER QUALITY INDICES
MEASUREMENT

Introduction. Determination of power quality indices in high-voltage power grids allows to find the reasons for the deterioration
of the power quality. The relevant national and International Standards for power quality contain relevant norms of quality
indices and requirements for their accuracy measurement. Problem. The most complicated part in the process of measuring the
power quality indices at high voltage is the selection of the corresponding high-voltage scale voltage converters. Therefore,
comparing the requirements of IEC 61000-4-30 to high voltage scale voltage converters is an important task. Goal. Analysis of
the International Standard IEC 61000-4-30 requirements feasibility for measuring the indices of power quality in high-voltage
electrical networks using different types of high-voltage scale voltage converters. Methodology. Comparison of the requirements
of IEC 61000-4-30 Standard to high-voltage scale voltage converters, when measuring power quality indices, with the
characteristics of high voltage electromagnetic transformers used in Ukraine, and with promising developments of high-voltage
converters of other types. Results. It is shown in the study that in order to fulfill some of the requirements for class A of IEC
61000-4-30, the characteristics of electromagnetic voltage transformers should be determined in the substation conditions using
mobile calibration high-voltage laboratories. To meet all the requirements for Class A IEC 61000-4-30, it is recommended to use
broadband high-voltage dividers of resistive-capacitive type. Originality. In study it is shown firstly that all the requirements of the
1IEC 61000-4-30 Standard for high-voltage scale voltage converters can be performed on the basis of the use of broadband
resistive-capacitive damped voltage dividers. Practical value. Expositions of specific types of resistive-capacitive high-voltage
dividers are presented, their parameters are confirmed by the results of state metrological certification. References 17, figures 11.
Key words: power quality indices, high voltage, electromagnetic transformers, voltage dividers.

Llenv. Ananus eévtnonnumocmu mpebdosanuii mexcoynapoonozo cmauoapma IEC 61000-4-30 npu usmepenusax noxaszameneii
Kauecmea IJ1eKMPOIHEPUU 6  BbICOKOBONLMHBIX  INIEKMPUUECKUX CEeMAX C UCHOIb306AHUEM  PA3IUYHBLIX  MUNO0E
BbICOKOGOILIMHBIX MaACWImMadnvlx npeodpazoeameneil nHanpsaxycenus. Memoouxa. Cpaenenue mpeodosanuii cmanoapma IEC
61000-4-30 K 6bICOKOBOILMHBIM MACUIMADHBIM RPEOOPA30BAMENAM HANPACEHUA, NPU U3MEPEHUU ROKa3amesiell Kayecmea
INeKmpoInepeUU, ¢ XaAPAKMEPUCIMUKAMU INEKMPOMAZHUMHBIX MPAHCHOPMAMOPOB BbICOKO20 HANPAINCEHUS, NPUMEHACMBIX 6
Ykpaune, u c nepcnexmuenvimu papadomkamu macwimaduvlx npeoopazoeameneii 6bICOKO20 HANPANCEHUA OPY2UX MUNOS.
Pesynomamut. Iloxkazano, umo ona evinoanenus uacmu mpebosanuii no kaaccy A IEC 61000-4-30 xapaxkmepucmuku
INEKMPOMAZHUMHBIX MPAHCHOPMAMOPOE HANPANHCEHUA O0JIHCHBL OblMb ONpedeienbl 6 YCA0GUAX ROOCHAHUUU C HOMOUIBIO
MOOUNILHBIX NOBEPOUHBIX 6bICOKOBONIbMHBIX Nadopamopuil. /Ina evinonnenusn écex mpebosanuit no knaccy A IEC 61000-4-30
PEKOMEHOYemca UCnOIb306aHUe 6bICOKOBOILMHBIX WIUPOKONOOCHBIX Oeliumeniell HANPANCEHUA eMKOCIHO-OMUYECK020 munda.
Hayunas noeusna. Bnepevie noxkazano, umo éce mpeooganusn cmanoapma IEC 61000-4-30 K 8b1cOK0601bMHBIM MACUMAOHBIM
npeobpazoeamensam HANPANCEHUA MOZYHL ObliMb GLINOHEHbI HA OCHOGE UCHONL308AHUSA WIUPOKONOIOCHBIX €MKOCHHO-
omuyeckux oOemnguposannvix Oenumeneii Hanpaxycenus. Ilpakmuueckas 3nauumocms. Ilpedcmasnensvt IKcno3uyuu
KOHKDEMHbIX MUNOE eMKOCHHO-OMUYECKUX Oenumeneil 6blCOKO20 HANPANCEHUS, UX RAPAMEmpPbl, NOOMEePIHcOeHHble
pe3ynvmamamu 20cy0apcmeennoil memponozuieckoii ammecmayuu. butn. 17, puc. 11.

Kniouesvie cnosa: moka3aTesll KayecTBa 3JIEKTPOIHEPTHH, BBICOKOE HANPSKeHHE, 3J1eKTPOMATHHTHbIE TPaHc(OPMATOPHI,
JeJIUTe]IH HANPSIKEHHSI.

Introduction. The transition to free market In accordance with [1], the power quality indices are

economy in the electric power industry of Ukraine in
accordance with the recently adopted the FElectricity
Market Law, as well as the prospect of joining the
Ukrainian energy system to the European Union energy
system, posed a serious problem of increasing the
domestic power quality (PQ) level to the requirements of
European Standards. At the same time, this problem is
technically divided into two parts: first, it is necessary to
create means for measuring power quality indices and
perform their metrological certification, and then, using
these tools, to improve the power quality at specific
power facilities. To reduce the loss of time, it is advisable
to perform both tasks in parallel.

It should be noted that, in fact, the power quality at a
particular site (at a certain point of connection) is
determined only by the voltage characteristics [1], but in
order to detect sources of deterioration in the power
quality, it is also necessary to have information on the
characteristics of the current consumed by the loads
connected to this point [2].

normalized for low-voltage networks (for example,
220/380 V), as well as for voltage classes of 6-20 kV;
35 kV; 110-330 kV and separately 500-750 kV.

In accordance with [3], the power quality indices
(PQI) are normalized for voltages up to 150 kV, inclusive,
while according to [4] - up to 220 kV. For higher voltage
classes, the power quality indices are determined based on
the contractual relationship between the supplier and the
consumer of electricity.

For low-voltage electrical networks in a number of
countries (Israel, Germany, Japan and others), firms
produce certified (by the international organizations)
means of measuring the power quality indices (MM PQI)
adapted to certain power quality standards, with a range
of input nominal voltages, for example 100/N3 V, 100 V,
110 V, 220 V, 230 V, and so on. [5]. For high-voltage
electrical networks, these devices are connected to the
outputs of high-voltage measuring transducers [2], among
which the most requested are high-voltage measuring
electromagnetic voltage transformers and voltage dividers
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(current converters intended for the purposes of power
quality measurements are not reviewed in this paper).

The feature of the Standards, regulating methods and
means of measuring power quality indices [2, 6] is that
they establish general requirements for such facilities, and
the one who conducts the measurement of power quality
indices should select the type of MM PQL. In the existing
high-voltage electrical networks, the measurement of PQI
is carried out using high-voltage transformers involved in
substation circuits (of HOM, 3HOM, HAMU, HK®, HOT'
types) that do not meet all requirements for large-scale
voltage converters for measuring power quality [2, 6]. As
a result, they get knowingly «improved» power quality
indices that are not true. Unfortunately, this problem has
not been systematically studied in the domestic literature.

In foreign publications attention is paid to the
problem of measuring power quality in high-voltage
systems. For example, in [7] it is noted that if earlier the
main problem was power supply interruptions, nowadays
the main thing is the quality of electric power, the
registration of the power quality indices, while the use of
voltage dividers is the preferred one in the role of high-
voltage converters.

The paper [8] describes the circuit and design of the
divider for a 400 kV network, which, although called a
«resistive» voltage divider, is in fact is a resistive-
capacitive voltage divider with parallel connection of R,
C- elements. Its purpose is to measure harmonics in a 400
kV network. The height of the divider is 3.78 m, the
maximum diameter of anti-corona ring is 2.0 m.

The work [9] compares the results of measurements
of voltage harmonics in a 400 kV network using a divider
and voltage transformers. As a result of the measurement
it is shown that the total ratio of higher harmonic
components of voltage for the resistive divider and the
electromagnetic voltage transformer practically coincide,
while for the capacitive voltage transformer dramatically
different results are obtained.

In [10], the development of a pulse resistive voltage
divider is described for recording a lightning impulse up
to 500 kV. The height of the divider is 1.84 m with
maximum diameter of the anti-corona ring of 0.96 m. The
resistance of the high-voltage arm of the voltage divider is
10.3 kQ.

Low-voltage experimental studies of the frequency
characteristics of a pulsed resistive voltage divider with
nominal voltage of up to 1000 kV and a resistive-
capacitive divider with nominal voltage of up to 200 kV
have been carried out in [11]. Measurements were also
made of the reaction time of the dividers by the stepped
pulse method, while the first divider reaction time was 47
ns and the second one was 120 ns.

According to the results of the review of foreign
publications, it can be concluded that high-voltage
dividers are considered as a promising alternative to
electromagnetic voltage transformers when measuring
power quality in high-voltage systems. In this case,
resistive-capacitive voltage dividers have similar dynamic
characteristics with impulse resistive dividers.

The goal of the paper. On the basis of the analysis
of the requirements for means of measuring the power

quality parameters [2, 6], to justify the necessity of using
voltage dividers in high-voltage systems for measuring
these indices, and also to generalize the results of studies
of high-voltage broadband voltage dividers made at the
Department of High Voltage Engineering and
Electrophysics of the National Technical University of
Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»
(HVEE of NTUU «KPI»). At the same time, high
voltages will be understood as voltages whose nominal
values are 110 kV, 150 kV [3] and 220 kV [4]. The
requirements for the measurement parameters will be
assigned to class A, since it is a question of the
correspondence of the real power quality to the
requirements of International Standards [2, 3, 6].

Below we will analyze only those indices that affect
the use of high-voltage measuring transducers in
determining the power quality in high-voltage networks.

The root-mean-square value of the voltage in
accordance with 5.2.1 [2] must take into account the
harmonics, interharmonics, telecontrol signals existing in
the electrical network. Its measurement uncertainty in
accordance with 5.2.2 [2] should not exceed £0.1 % of the
voltage Uy, (declared input voltage) in the range of 10-
150 % of U, with the range of disturbances according to
Table C.1 [2] is 10-200 % of Uy,

Electromagnetic voltage transformers (types HK® —
110, HK® — 150, HK® — 220, HOT" 110 — 220) used in
most cases at electric stations and substations in
accordance with the Interstate Standard [12] are capable
of withstanding in the course of 1s 200 % overvoltage of
frequency of 50 Hz, but the guaranteed area of their
accuracy class (0.2; 0.5) corresponds only to the range of
80-120 % of the nominal voltage.

Concerning the permissible uncertainty in the
measurement of 0.1 % Uy, it should be noted that the
Department of HVEE of NTUU «KPI» created a mobile
calibration laboratory [13] of classes 6-110 kV (Fig. 1)
the use of which makes it possible to determine the
tolerance of voltage transformers in substations at their
actual load, and thus, taking into account the introduction
of the corresponding adjustment, to reduce the uncertainty
of Uy, measurement to £0.03 %.

Fig. 1. A mobile calibration laboratory for classes 6-110 kV

However, taking into account the fact that
«electromagnetic voltage transducers of transformer type
have frequency and transient characteristics that are
applicable for operation at frequencies up to 1 kHz» (cited
from [2]), their use for measurements of higher harmonics
and interharmonics with order n > 20 ( and, moreover, the
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telecontrol signals) are unreasonable. Thus, high voltage
electromagnetic voltage transformers used in electric
stations and substations do not meet the requirements for
determining the rms voltage value in class A [2].

Voltage of harmonics and interharmonics. In
accordance with the above definition [2], electromagnetic
voltage transformers are not suitable for an adequate scale
conversion of harmonics and interharmonics, with an
order that exceeds 20.

The voltage asymmetry is determined by the main
voltage harmonics in three-phase networks [2, 6], which

are transformed with sufficient accuracy by
electromagnetic  voltage transformers (subject to
corrections, determined using a mobile calibration

laboratory [13]). Existing devices for measuring power
quality indices [5], as a rule, determine the line voltages
with sufficient accuracy when using the results of
measuring phase voltages.

The above power quality indices are related to
quasistatic modes of three-phase systems. Other indices,
such as flicker, voltage dips and rises, short-term
voltage interruptions, telecontrol signals in electrical
networks, voltage of transients and fast transients refer
to the dynamic modes in three-phase electrical systems
whose scale voltage transformation is not provided by
existing high-voltage electromagnetic voltage
transformers, since the characteristic value of their time
constant is 10-400 ms [14]. In this connection, it can be
concluded that a full-scale measurement of power quality
indices in high-voltage systems should be carried out
using high-voltage measuring dividers. Using the
electromagnetic voltage transformers used in high-voltage
electrical networks, it is possible to measure the
asymmetry of voltages as well as voltage interruptions.

The choice of types of high-voltage dividers for the
purposes of measuring the power quality indices has its
own specific solution. The Standard [2] states that:
«... capacitive dividers may have frequency and phase
characteristics, used to operate at frequencies up to
hundreds of kilohertz or higher; but in many applications
a resonant circuit is added, which makes the frequency
response of the capacitive divider inapplicable for
measurements at any frequency other than resonant.» The
latter refers to the so-called capacitive high-voltage
transformers. Therefore, in the above-mentioned
publication [9] it is noted that the results of measuring the
total coefficient of higher harmonic components for
voltage of 400 kV using a capacitive voltage transformer
are unacceptable. Similar measurement results for a
resistive voltage divider and an electromagnetic voltage
transformer are similar [9]. This is because the harmonics
with the order n < 20 are satisfactorily transformed [2, 6]
by electromagnetic voltage transformers, which explains
the agreement of the results of measuring the total
coefficient of higher harmonic voltage components for the
«resistive» divider and the electromagnetic voltage
transformer [9].

At the same time, as noted above, the «resistive»
voltage divider [9] is actually (according to the circuit) a
resistive-capacitive voltage divider with a parallel-series
connection of R, C- elements. «Resistive voltage dividers
can have frequency and phase characteristics that allow

operation at frequencies up to hundreds of kilohertz.
However, they can introduce other problems, for example,
the capacitive nature of the load of the measuring device
can affect the frequency and phase characteristics of the
voltage divider» (quoted by [2, 6]). With respect to the
above provisions [2, 6], it should be noted that the only
correct solution for the type of high-voltage divider for
PQI measurements in high-voltage systems is the
combination of a resistive and capacitive divider, i.e. the
use of a resistive-capacitive voltage divider, as in [9] (the
authors' development on this issue will be considered
below). This allows, in principle, to ensure the constant
amplitude-frequency response (AFR) of the voltage
divider from zero to the high-frequency region with
«zero» values of the phase-frequency response of the
divider in the same frequency range. This solution also
makes it possible to remove the question of the effect of
the capacitive load of the measuring device on the
coefficient of conversion of the voltage divider.

Developments of the Department for High
Voltage Engineering and Electrophysics of the NTUU
«lIgor Sikorsky Kyiv Polytechnic Institute» in the field
of research of high-voltage dividers. The task of
developing a high voltage divider for the measurement of
the PQI is to create a so-called wideband voltage divider
whose dividing ratio would be constant (within £0.1 % of
the nominal value) up to frequency of 10 MHz. Although
resistive-capacitive  dividers with a parallel-series
connection of R, C- elements are principally designed for
this, however, a number of complex phenomena arise in
their implementation.

1. The instability of the amplitude-frequency
response caused by the nonidentity of the values of the
R, C-elements of the high-voltage arm of the voltage
divider (VD). If we present the circuit of a high-voltage
resistive-capacitive voltage divider (of a mixed type) in
the form (Fig. 2), it can be shown [15] that for the
amplitude-frequency response (AFR) and the phase-
frequency response (PFR) of the divider, the following
expressions can be obtained:

AFR =L 4",
K
e L+y? SO
2 1P
(1+f) +;/2[1+ 5)
PFR = arctg (5_'f)}/ , (@
I+ K +7? 5+L
Tkt K-1

where K is the nominal value of the division coefficient
of the VD, at which the parameters of the low-voltage
arm are determined in the form
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(the dimensionless angular frequency parameter), and the
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Fig. 2. The circuit of a high-voltage divider of mixed type
according to [15] (here R;, C; are the values of resistances and

capacitances of the elements of the high-voltage divider arm,
r, c are the values of the elements of its low-voltage arm)

It should be noted that expressions (1)-(5) were
obtained [15] in the general case, without assuming the
smallness of the parameters a;, f5;, . In the absence of non-
identity of R;, C; elements, i.e. Ry, =R, = ... =R,=...=R,,
Ci=C=..=C=..=C,a,=0, =0 and from (4),
(5) we obtain = 0, 0 = 0 and, accordingly, 4” = 1 and
PFR=0.

In [16], the work [15] was further developed taking
into account the assumption of the «triangular» law of the
probability distribution of the deviation of the parameters
a;, f; from the zero value, see Fig. 3*).

Below, according to the data of [16], the dependence
of the deviation of the normalized value of the amplitude-
frequency response (4" - 1)100 %, in % and PFR (') in
angular minutes for mixed type VD on the dimensionless
frequency parameter Ig(y) is presented (see Fig. 4, 5).

-Ay “A, 0 Al f,

Fig. 3. The graph of the «triangular» probability distribution
P(a;) and P(f;)
*Note: Since the number of elements of the high-voltage arm of
the VD is usually n>>100, it is advisable to switch to the use of
the distribution functions P;(«;), P,(5;)
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Fig. 4. Dependence (4™-1)-100 % for mixed type VD depending
on the dimensionless frequency parameter y for fixed
4y = 0.05 when the value of 4, is changed in the range:
0.00...0.05, here the designation 1 corresponds to 4, = 0.00;
the designation 2 corresponds to 4, = 0.01; the designation 3
corresponds to 4, = 0.02; the designation 4 corresponds to
A, =0.03; the designation 5 corresponds to 4, = 0.04;
the designation 6 corresponds to 4, = 0.05
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Fig. 5. Phase-frequency response for mixed type VD depending
on the dimensionless frequency parameter y for fixed
4, = 0.05 when the value of 4, is changed in the range:
0.00...0.05, here the designation 1 corresponds to 4, = 0.00;
the designation 2 corresponds to 4, = 0.01; the designation 3
corresponds to 4, = 0.02; the designation 4 corresponds to
4, = 0.03; the designation 5 corresponds to 4, = 0.04;
the designation 6 corresponds to 4, = 0.05
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From the data in Fig. 4, 5 and [16], we can draw
conclusions:

e the influence of non-identity — the «scatter» of the
values of the elements (R;, C;) of the high-voltage arm of
a mixed VD leads to instability of its frequency
characteristics;

o the influence of the boundaries of the «spread» of
the active elements of the high-voltage arm up to
4, = 0.01 (£1 %) is negligible compared to the effect of a
«spread» of capacitive elements with a level
A1 =10,05 (£5 %). The «spread» of the capacitance values
of the high-voltage arm of the VD (5 %) is still
acceptable, since it leads to a range of AFR oscillations of
up to 0.05 %;

e the influence of the «spread» of capacitive elements
on the frequency characteristics is proportional to the
square of the values of its boundaries (~4,%);

e PFR instability of mixed type VD caused by the
nonidentity of its R;, C; elements of the high-voltage arm
up to 4, =0.05; 4, = 0.01, is negligible.

2. Dependence of the scale factor of the high-
voltage divider on its input voltage level.

As already stated above, the tolerance of high
voltage electromagnetic  voltage transformers is
normalized for a range of 80-120 % of their rated voltage
[13], which is due to nonlinear magnetization of their
magnetic circuit. For high-voltage dividers of mixed type,
this dependence can be significantly weakened when the
potential distribution along the internal circuit of the
lumped R, C- elements of the high-voltage arm (Fig. 2) is
consistent with the distribution of the potential in the
spatial-field circuit of the divider due to the electric field
between its high-voltage and grounded electrodes.

Fig. 6, 7 show the dependences of the tolerance of
the high-voltage divider of the «high-voltage meter of
direct and alternating voltage BBH — 0,8 — 100My,
developed by the Department of HVEE of NTUU «KPI»
(Fig. 8) according to its state metrological attestation at
the State Enterprise «Ukrmetrteststandarty (Kyiv)
processed in [17]. The tolerance of the high-voltage

K,-K

divider was determined as A= " .100% , where

n

K, is the nominal value of the divider dividing ratio (in
this case K, = 10000), and K, is its actual value,
determined by the ratio of the rms values of the input and
output voltages, averaged over the results of
10 independent observations. The load of the divider was
on the active resistance (10+0.5) MQ, on capacitance
(10+£5) pF.

The difference between the dependences 1 and 2 of
the tolerance of high-voltage dividers in Fig. 5, 6 is
explained by the appearance in the first case of a
microcoron on its R, C- elements, which leads to leakage
of the current of the high-voltage arm with an increase in
the input voltage of the divider, while the actual value of
its division factor K, increases. Thus, it is obligatory to
reconcile the distribution of the potentials of the circuit of
lumped R, C-elements and the spatial-field circuit of the
divider. In this case, the range of oscillations in the
tolerance of the voltage divider in the range 10 — 100 kV
will be an acceptable value of £0.1 %.

A, %
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Fig. 6. The experimental dependence of the tolerance of the
same voltage dividers of the high voltage meter BBH — 0,8 —
100M in the range of the input DC voltage variation 10...100
kV: 1 —design of the high-voltage arm with a uniform
arrangement of R, C- elements in the height of the divider; 2 —
design of a high-voltage arm with a coordinated distribution of
potentials of the internal circuit with lumped R, C- elements and
the spatial-field circuit of the divider.
A, %
0.7
0.6
0.5
0.4 ~ .
0.3 S Bl ) 1
02 .l
0.1
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-0.2
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Fig. 7. The experimental dependence of the tolerance of the
same voltage dividers of the high voltage meter BBH-0,8-100M
in the range of the input AC voltage variation 10...100 kV
(frequency 50 Hz): 1 — design of the high-voltage arm with a
uniform arrangement of R, C- elements in the height of the
divider; 2 — design of a high-voltage arm with a coordinated
distribution of potentials of the internal circuit with lumped
R, C- elements and the spatial-field circuit of the divider.

Fig. 8. General view of the set for measuring high voltage
BBH-0,8-100M in the composition of a high-voltage arm,
a low-voltage arm, a specialized digital voltmeter and
connecting cables. The separate design of the low-voltage
divider arm is due to the possibility of its adjustment and
switching for the high-voltage measuring ranges 0.8-10 kV
and 10-100 kV
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3. Features of broadband voltage dividers for the
high frequency region, as well as for measuring pulse
voltages. In this case, the low-voltage divider arm should
have a low-inductance design and must be built into the
overall design of the divider. In addition, it is necessary to
use damping resistances in the circuits of the high-voltage
and low-voltage divider arms, as well as the matching
resistances in the cable connection of the oscilloscope,
Fig. 9.

Fig. 9. External view of a high-voltage broadband voltage
divider BJIH -75 designed to measure DC, AC and pulse
voltages of 110 kV class (the nominal value of the division
factor is K, = 10000)

Fig. 10 shows an oscillogram of the output voltage
of BJH — 75 when a step voltage pulse is applied to its
input.

Fig. 10. Output voltage oscillogram of a high-voltage wideband
divider BJIH — 75 when a step voltage pulse is applied to its
input (vertical scale is 10 mV per division, horizontal scale
is 20 ns per division)

Processing of this oscillogram according to the
requirements of the Standard IEC 60060-2 determines the
response time of the BJIH — 75 divider 7, ~ 25107 s,
which allows it to be used for measurement of switching,
lightning, and chopped lightning voltage impulses.

Fig. 11 is a general view of the voltage divider of the
220 kV class for measuring the power quality indices in
220 kV electric networks developed by the Department of
HVEE of NTUU «KPI» under a contract with State
Enterprise «NEC Ukrenergoy.

To test high-voltage voltage dividers in substation
conditions, it is advisable to develop the capabilities of
high-voltage mobile calibration laboratories [13] for

metrological certification, both transformers and voltage
dividers with their actual load.

Fig. 11. A high-voltage divider class 220 kV for measuring the
power quality indices (outdoor design)

Conclusions.

1.In accordance with the requirements of the
International Standard IEC 61000-4-30, electromagnetic
voltage transformers used in substations can be used to
measure such high-voltage power quality indices as
voltage asymmetry and voltage interruption (tripping),
provided they are metrologically certified on site using
mobile calibration laboratories.

2. According to the results of the research, among the
large-scale high-voltage converters of various types, high-
voltage broadband voltage dividers of resistive-capacitive
type have the most acceptable characteristics of the
accuracy of high voltage conversion in accordance with
class A of the International Standard IEC 61000-4-30.

3. Among the main scientific problems of the
development of the theory and practice of high-voltage
broadband voltage dividers, one should note the influence
of the non-identical parameters of the R, C- elements of
the high-voltage arm, the matching of the distribution of
the potentials of the circuit of lumped R, C- elements and
the spatial-field circuit of the divider, as well as the
optimal damping of its circuit connections.

4.1t is necessary to create high-voltage mobile
calibration laboratories for metrological certification of
both transformers and voltage dividers with their actual
load at the substations.
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APPROXIMATE CALCULATION OF BASIC CHARACTERISTICS OF PLASMA
AT THE AIR ELECTRIC EXPLOSION OF METAL CONDUCTOR

Purpose. Obtaining approximate calculation correlations for determination of maximal values of temperature T,, and
pressures P, at a shock wave and speed v,, distribution of a shock wave in the plasma products of air electric explosion (EE)
of metall conductor under act of large impulsive current (LIC). Methodology. Theoretical bases of the electrical engineering,
scientific and technical bases of electrophysics, thermal physics and electrophysics bases of powerful high-voltage impulse
technique, related to the theory and practice of the phenomenon EE metallic explorer in gas environments under action of
LIC. Results. New calculation correlations are got for approximate calculation in a local area of EE in atmospheric air of
metallic explorer of maximal values of temperature T,,, pressures P, and speeds of v,, of shock wave in “metallic plasma”
appearing from an explosion under action of LIC of its conducting structure. It is set that numeral values of the sought after
sizes of temperature T,,, pressures P, and speeds v, as it applies to air EE thin copper conductor under the action of LIC of
the microsecond temporal range can arrive at a few ten of thousands of Kelvin, hundreds of technical atmospheres and
thousands of meters in a second accordingly. It is shown that similar values of speed v,, of shock wave in “metallic plasma”
are comparable at speed of detonation wave in hard explosives. An accent is in this connection done on expedience of
application air EE thin short metallic conductors at injury of live ammunitions with an ordinary and nuclear explosive. The
real technical suggestions are offered on a possible receipt in the discharge circuit of powerful high-voltage generator of LIC
of condenser type of “record” (most) values of the examined descriptions of “metallic plasma” at air EE thin metallic
conductors. Comparison of the obtained results is executed for the probed descriptions of plasma at air EE of the metal
conductor with known in the world information in area of electrophysics and thermal physics EE metal in gas environments.
Originality. The obtained new theoretical results in area of high-current electrophysics and high-temperature thermal physics
extend our physical views about the phenomenon of EE in atmospheric air of thin metallic conductors under action of LIC of
the nanosecond and microsecond duration. Practical value. Application of the calculation correlations obtained in practice for
the indicated descriptions of “metallic plasma” will allow technicians-and-engineers in a certain measure to accelerate and
improve adjusting of difficult electric charts of powerful high-voltage generator of LIC at a receipt in his discharge circuit by
air EE of thin metal conductors required on protocol of lead through of heavy-current electrophysics experiments of
parameters of plasma in the local zone of its explosion. References 14.

Key words: powerful high-voltage generator of current pulses of condenser type, metallic conductor, high pulse current,
electric explosion of conductor, plasma, temperature, pressure, speed of distribution of shock wave in the plasma products of
explosion, calculation.

Ilpuseodenwl pezynomamosl nPUOIUINICEHHO20 PACHEMA MAKCUMANbHBIX 3Havenuil memnepamypul T, oagrenusn P, u ckopocmu vy,
pacnpocmpanenus yOapHoil 60J1HbL 6 «KMEMAIIULECKOU naazmey, 00pasylouieiica npu 6030yuHom nekmpuieckom gpuiee (IB)
MOHK020 MemaniuiecKkozo npoeoOHUKa noo eo3oeiicmeuem 601vui020 umnynvcnozo moxka (bUT). Ilokazano, umo npu 3B ¢
ammochepnom 6030yxe MOHKO20 MEOHO20 NPOBOOHUKA 6 pA3PAOHONU Uenu 6blCOK08ONbMHO20 2enepamopa bBHUHT
MUKPOCEKYHOHO20 6PEMEHHO020 OUANA30HA MAKCUMANbHble 3Hauenusa memnepamyper T,, oagnenus P, u cxopocmu v, @
JI0KQIbHOIL 30He ee 63DPblea MO2Ym O00CHIU2AMb COOMGEENICHIGEHHO HECKONbKUX 0eCAMKOE MblCAY 2PAdycoé KeabGuHd, COMeH
mexuuueckux ammocpep u moicay mempos 6 cekynoy. Copmynupoeanst 603MoicHble RymMu NOJIYyYEHUA 6 Pa3pAOHOI yenu
MOWHOUI KOHOEHCAMOpPHOU Oamapeu 6blcoK08onbmuozo 2enepamopa BUT «pexoponvixy» 3nauenuii memnepamypolr T,,
oaenenusn P,, u ckopocmu v,,. bu6n. 14.

Kniouesvie cnosa: MOIHBI BBICOKOBOJILTHBIN TIeHEpPATOpP HMIYJbLCOB TOKA KOHIEGHCATOPHOrO THINA, MeTANLIMYecKHi
MPOBOIHUK, 00JbIIOH HMNYILCHBINA TOK, 3JeKTpHYecKHii B3pPbIB MPOBOJHUKA, N1a3Ma, TeMIlepaTypa, AaBjeHHe, CKOPOCTh
pacnpocTpaHeHHs YIapHOii BOJIHBI B IVIAa3MEHHBIX POAYKTAaX B3PbIBA, pacyeT.

Introduction. The electric explosion (EE) of thin
metal conductors in vacuum, gas and liquid media under
the influence of a high pulsed current (HPC) flowing
through them is currently widely used [1-9]: in
experimental physics in the study of plasma; in nuclear
engineering when creating local high-pressure zones; in
high-voltage pulse technology (HVPT) in tests for the
lightning strength of external and internal insulation of
electric power equipment; in the HPC technique when
creating fast circuit breakers of high-current circuits; in
the technique of powerful pulsed light sources; in
electrotechnologies in the production of micro- and

nanopowders for the production of new composite
materials; in electric discharge technologies for impact
treatment of liquids and solids. The undesirable
manifestation of EE of metal can be observed in the field
of HVPT and HPC technique and with an unreasonable
choice of the cross-sections of current-carrying parts of
high-voltage high-current circuits of the corresponding
equipment. Engineering personnel who carry out EE of
thin metal conductors, usually in air and industrial water
[4, 6] when debugging the required operating modes of
used HVPT and predicting the devastating consequences

© M.I. Baranov, S.V. Rudakov
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for HVPT from the possible EE of its metallic conductors,
simplified and convenient in practical applying
approximate relationships for the operative calculation of
the maximum levels of the temperature 7,,, the pressure
P,, and the velocity v,, of the propagation of the shock
wave in the plasma products («metallic plasmay).
However, as analysis of literary sources shows,
insufficient attention is paid to obtaining such calculated
ratios in the world. In this connection, obtaining
approximate relations for the estimated quantitative
determination of these parameters 7,, P, and v, is an
actual applied scientific and technical problem both in the
field of electrophysics and thermal physics.

The goal of the paper is obtaining approximate
calculated relations for determining the maximum values
of the temperature 7,,, the pressure P, in the shock wave,
and the velocity v,, of propagation of the shock wave in
the plasma products of the air electric explosion of a
metallic conductor under the influence of a large pulse
current.

1. Problem definition. Let us consider a thin
metallic conductor of rectangular or cylindrical
geometric shape located in the air under normal
atmospheric conditions, along which HPC flows in its
longitudinal direction from a high-voltage pulse energy
source (for example, from a powerful charged low-
inductance capacitor bank), whose amplitude-temporal
parameters (ATPs) are sufficient to achieve in a
conductive structure a conductor with a rectangular or
circular cross section S, of the numerical value of the
integral J; a current, which is critical for the test
conductor. By the current integral J, we mean an
integral defined in time ¢ by an expression of the form

I
Ji = j5,3(t)dt, where J,(f) is the critical density of a

0
pulsed current in a conducting material of a conductor; #;
is the time of the EE of the conductor [3-6]. For
definiteness, we note that for a copper conductor in air
at room temperature 20 °C, the critical value of the
indicated current integral J, is numerically about
11.95:10" A%s'm™ [3]. In addition, it should be borne in
mind that for EE of metallic conductors, «fasty HPC
generators are commonly used whose ATPs change in
time according to the law of a damped sinusoid [6, 8].
When a critical value of the current integral J; is reached
in the conductor, the conducting structure of the latter
will be subjected to an EE accompanied by rapid
evaporation and sublimation of its material [3-6]. We
assume that the density Jx(f) of the pulse current has a
uniform distribution along the cross section of the
conductor under consideration [4]. We assume that at
the initial stage of the EE of the thin conductor, the
maximum values of the temperature 7, and the pressure
P,, of the «metallic plasma» are uniformly distributed
over the cross section of the sublimated material of the
conductor, which is still within its section S, [3, 4]. We

assume that the temperature 7,, is determined by the
electron plasma temperature, which, in turn, is
determined by the heat flow density g,, in the conductor
cross-section S;. The initial air surrounding the
conductor before its EE and the «metallic plasmay»
formed in place of the solid body of the conductor under
study are assumed to be ideal gas media that satisfy the
classical concept of an «ideal gas» with its limited
volume [10]. Taking into account the normal
atmospheric conditions to the EE of the conductor, the
following basic characteristics for the initial air can be
used [10]: the air pressure is P;=1.013-10° Pa; the air
temperature was equal to 7,=273.15 K; the molar
volume of air is V,,=22.41-10> m>/mol. We confine
ourselves to a quasi-static adiabatic process in the local
zone around an electrically exploding metal of a
conductor with a HPC flowing along it, in which there
will be no heat exchange processes with the surrounding
volume of the conductor with air surrounding the
conductor [3, 4]. Taking into account the assumed
assumptions, it is necessary to obtain approximate
relations for the engineering estimation of the maximum
values of the temperature 7, the pressure P,, and the
velocity v,, of the propagation of the shock wave in the
plasma products of air EE of the metallic conductor
under the influence of HPC.

2. Calculated estimation of the maximum
temperature 7, in the «metallic plasma» at the air EE
of the conductor. Applying the Stefan-Boltzmann law to
the plasma under consideration [10], for its temperature
T,, we write the following calculated relation:

T, ~ (o 'g,)"?, (1)

where 6,=5.67-10® W-(m*K*)" is the Stefan-Boltzmann
constant which characterizes the equilibrium thermal
radiation of the «metallic plasma» in the EE region.

To find the value of the greatest heat flux density
gn in the «metallic plasma» formed from the EE of the
conductor, we use the following -electrophysical
relation [11]:

Em = mkUea (2)
where 0,,~I,/Sy is the amplitude of the critical current
density in a conductor at its EE; 7, is the amplitude of the
current flowing through the conductor at the time of its
EE; U, is the near-electrode voltage drop in the edge
zones of a sublimated conductor numerically not
exceeding 10 V [12] for its basic metals used in HVPT
and HPC technique.

In (2), the amplitude of the impulse current /,, in the
high-current discharge circuit of the high-voltage HPC
generator with the conductor under investigation can be
found from the following approximate expression [8]:

Lk z(z-]kS(%Imw)lB, 3)

where 7, is the amplitude of the discharge current in the
electrical circuit of the HPC generator, which varies with
time ¢ with a circular frequency w determined by the
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electrical parameters of the discharge circuit of the
generator.

Then, from (1) — (3), for the maximum temperature
Tm in the «metallic plasma» for air EE of a thin metal
conductor under the influence of the HPC flowing
through it in the final form, we obtain the following
approximate relation:

T, ~ o U, 27,851,034, (@)

It follows from (4) that in order to obtain the
«record» (largest) temperatures 7, in the «metallic
plasmay formed in the air EE of the conductor due to the
action of the HPC on it, the conductor material should be
chosen with the largest values of J; and U,, the cross-
section S, the conductor is required to be taken as the
smallest, while the amplitude 7, and the circular
frequency w (the rate of increase) of the pulsed current in
the discharge circuit of the HPC generator are the largest.
That is why, in order to achieve high T, temperatures, it is
advisable to use HPC generators with low-inductance and
low-resistance  discharge circuits and short thin
electrically exploding conductors through which a pulse
exponentially decaying sinusoidal current of nanosecond
time range occurs.

The calculated estimation from (4) of the numerical
value of the temperature 7,, of the «metallic plasmay for
the experimental case of air EE of a thin circular copper
conductor of radius 7¢=0.1 mm and length /=110 mm
under the influence of the HPC of the microsecond time
range described in [8] (J;(:1.95-1017 Arsm™*; Ux10 V;
S=3.14:10® m%; 1,190 kA; v~26.18-10° s™) shows that
in the considered approximation it will be approximately
equal to 92.67-10° K. To compare this calculated
temperature 7, of the «metallic plasma» with the world-
known data in the field of thermal physics of the EE of a
metal, we indicate , according to the results of theoretical
studies given in [13], the maximum explosion temperature
in a vacuum of a lithium conductor (2r¢=0.127 mm,
[p=10 mm) included in the discharge circuit of a high-
voltage HPC generator with the stored in its capacitors
electric energy in it 100 kJ, at the time of introduction of
thermal energy into the conductor of 200 ns, reached a
numerical value of about 113.54-10° K.

It should be pointed out that in [3] the experimental
numerical values of the critical current integral J, are
given, only for aluminum and copper conductors. In [14],
data were presented for calculating the value of J, for
other conductive materials used in HVPT and HPC
technique for EE of thin metals when the current density
J, in them is not less than 10" A/m>.

3. Calculated estimation of the maximum
pressure P, in the «metallic plasmay» at the air EE of
the conductor. Taking into account the assumed
assumptions and the equation of state of an ideal gas
corresponding to the Clapeyron-Mendeleyev equation
[10], for one mole of the air medium surrounding the
metal conductor under investigation before the HPC is

exposed to it and one mole of the «metallic plasmay in the
air after the air EE of the conductor under consideration,
write the following gas equation:

A /T =BVy2 /Ty =R, (%)

where R = 8.314 J/(K-mol) is the universal gas constant
[10]; Vap is the molar volume of plasma products in the
local zone of EE in the air of the conductor being studied,
caused by the action of the HPC on it.

To determine V,p in (5), we use the following
approximate relation [10]:

VM2 z(M1+M2)/d2, (6)

where M, M, are, respectively, the molar mass of the
initial air and the «metal plasmay» formed in it in the local
zone of the air EE of the metallic conductor; d, is the
density of plasma products formed in the air local area
after the EE of the conductor under the influence of HPC.

For the density d, of plasma products after the air
EE of the metallic conductor, in the first approximation,
we use a relationship of the form:

d2/dlz(M1+M2)/M17 (7)

where d~1.293 kg/m’ is the density of the received initial
air surrounding the conductor before its EE [10].
According to (7), at the air EE of copper conductor
(M, = dy*Vyy = 28.97-107 kg/mol; M, =~ 63.55:10” kg/mol
[10]) it follows that d, ~ 4.129 kg/ m’. It can be seen that
in this case the plasma products from the explosion of
copper are only about 3.2 times denser than the initial air.
From (6) and (7) for the molar volume V,p, of
plasma products after EE in the air of a metallic
conductor, in the approximation obtained we obtain:

Vg = My/dy = Vi = 22.41-10° m’/mol.  (8)

Taking into account (8), from (5) for the required
pressure P, in the «metallic plasma» we find:

B, =R, /T . ©)

After substituting (4) into (9) for the maximum
shock wave pressure P,, in the local EE zone in the air of
the metallic conductor caused by the action on its
conductive material of HPC, we have:

Py ~ BTy o, U, (20, Sy L) P V4. (10)

From (10) for the described above in Section 2 case
of EE in air (P1:1.013-105 Pa; T1=27315 K) of the thin
copper conductor with the microsecond HPC (ry~0.1 mm;
[=110 mm; Si=3.1410® m?*; 6=5.67-10° W-(m*K*";
J=1.9510"7 A%sm™; U~10 V; 1,190 kA; ©=26.18:10° s™)
it follows that in this case a shock gas-dynamic pressure
of up to P,~343.7-10° Pa (up to 339.3 atm) will appear in
the local zone of its explosion. According to (9) and (10),
in order to obtain the largest values of the shock pressure
P,, in the local air EE zone of the metallic conductor, it is
necessary to create «record» levels of the absolute
temperature T, of the «metallic plasmay in this zone (this
zone). For this purpose it is required to use the smallest
cross sections S, of short conductors, as well as «fast»
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HPC generators reproducing the largest amplitudes /,, and
the circular frequencies o of their discharge current.

4. Calculation estimation of the maximum
velocity v,, of a shock wave in the «metallic plasma» at
the air EV of the conductor. In the analyzed
electrophysical case, the expression for the maximum
velocity v, of propagation of the shock wave in the
plasma products of the air EE of the metallic conductor
can be represented in the form [10]:

1/2
Vin & (YaRTy) "

where y, is the dimensionless adiabatic index.

Taking into account (4), the approximate relation
(11) for the maximum velocity v, of the shock
longitudinal wave in the «metallic plasma» from the EE
in the air of the conductor takes the following final form:

Vi = (7R 2 |10 U 2080 ) P VB (12)

As for the numerical value in (11) and (12) of the
dimensionless adiabatic index y,, for the equilibrium heat-
radiating system «high-current plasma discharge channel-
air» it is approximately equal to y,~4/3 [10]. Then for the
case of the air EE of the thin copper conductor used in [8]
(re=0.1 mm; [=110 mm; Sy=3.14:10% m%* U~10 V;
J=1.95-10" A*sm™; 6=5.67-10° W-(m*K*") in the
discharge circuit of the high-voltage generator of
microsecond HPC (1,190 kA; o ~ 26.18:10° s™") from
(12) we find that the maximum velocity v,, of the shock
wave in the plasma explosion products reaches a
numerical value of about 4020 m/s. With the calculated
estimations by (11), (12) for the maximum values of v,,, it
should be remembered that by modulus 1 mol, for
example, for copper, according to the laws of molecular
physics, is numerically 63.55-107 kg [10] (remember that
the dimension of the mole enters the universal gas
constant R). Non-observance of the rules of the theory of
dimensions in the practical application of the calculated
relations (11) or (12) can lead to incorrect quantitative
results for the sought value of the velocity v,. The
estimated numerical value of the maximum velocity
v, =4020 m/s of the gas-dynamic shock wave in the
«metallic plasma» obtained according to (12) corresponds
to the velocity of the detonation wave in «slow» solid
explosives [9, 10]. In this connection, from the point of
view of the possible attainment of these high velocities v,
of the shock wave in plasma products of EE of metal, it
seems expedient to use the air EE of thin metal
conductors in high-efficiency electric detonators.

It follows from (12) that in order to obtain the
«recordy» values of the velocity v,, of a shock wave in the
«metallic plasma» at the EV in the air of the conductors
under consideration, it is necessary to use the minimum
possible cross-sections S, of short metal conductors, as
well as the maximum possible values for the high-voltage
HPC generator of the amplitude 7, and the circular
frequency w (the rate of increase) of its pulse discharge
current which varies in time ¢ according to the law of a
damped sinusoid.

(11

Conclusions.

1. New relations (4), (10) and (12) are obtained for the
engineering calculation, respectively, of the maximum
values of the absolute temperature 7,,, the shock pressure
P, and the velocity v,, of the propagation of the shock
wave in the «metallic plasmay, formed from the air EE of
the metallic conductor under the action of the flowing on
it HPC.

2.1t is shown that for the EE in the air of thin
metallic conductors connected in the discharge circuit
of the high-voltage generator of HPC of the
microsecond time range, the maximum calculated
values of the temperature 7, pressure P, and velocity
v, can reach numerical values of several tens of
thousands Kelvin, hundreds of technical atmospheres
and thousands of meters per second.

3.0n the basis of the calculated relationships (4),
(10) and (12), real technical proposals for obtaining
with the help of the EV in atmospheric air of thin metal
conductors «record» (largest) values of the temperature
T,, the pressure P, and the shock wave velocity v, in
the local zone of their explosion under the influence of
HPC.

4. The new theoretical results obtained for certain
assumptions for the required values of the temperature
T,, the pressure P,, and the velocity v, allow us to
deepen our physical representations in the field of
high-current electrophysics and high-temperature
thermal physics for the phenomenon of air EE of a thin
metal conductor under the influence of the HPC of
nano- and microsecond duration.

5. Taking into account the high calculated values of the
velocity v,, of the shock wave in the «metallic plasmay, it
can be concluded that the practical application of air EE
of thin short metal conductors in high-efficiency electric
detonators is advisable.
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THE STABILITY MONITORING OF THE MANUFACTURING PROCESS OF
ELECTRICAL INSULATING SYSTEMS OF TRACTION ELECTRIC MACHINES

Introduction. Electrical insulation systems make up about 0.03 % of the traction electric machines (TEM) mass, but they are
of exceptional importance and affect the design capabilities and manufacturing techniques of electric machines, ultimately -
on their specific weight and overall dimensions, on the reliability and durability of the TEM. Purpose. The monitoring of the
stability of the manufacturing process of electrical insulating systems of the TEM based on the insulation resistance
measurements. Methodology. The analysis of the manufacturing process is carried out for three versions of the case of
insulation of the magnetic system of the DC traction electric motor. Practical value. Construction and analysis of special
graphs (charts) of individual values and cumulative sums of insulation resistance, sliding range MR allow to find out whether
the technological process of manufacturing electric insulating systems of traction electric machines is in a statistically
controllable state. References 11, tables 1, figures 4.

Key words: traction electrical machines, electrical insulation systems, insulation resistance, cumulative sum control chart,
manufacturing process stability.

Iokaszano, umo conpomuenenue UONAUUL MOMCEM  CAYHCUMb UHDOPMAMUGHBIM NAPAMEMPOM  CHMAOUNLHOCHU
MeXHON02UYeCK020 NPOUECCa U320MO6IeHUA INEKMPOUIONAUUOHHBIX CUCHEM MALOGHIX INEKMPUYECKUX MAWUH. YCMAHO06/1eHO,
Ymo conpomuenenue U30AAUUU HAXOOUmMCcA 6 npedenax +36 OMHOCUMENbHO CPEOHE20 3HAYEHUA KAMCOOlU blOOpKU mpex
6apUAHMO8 UCNOIHEHUA ITIEKMPOUZONAYUOHHOU cucmembl. IIpedcmasnenvt KOHMPOIbHBIE KAPMBL UHOUGUOYAILHBIX 3HAUCHUI
U KyMYJIAMUGHBIX CYMM CORPOMUBIEHUA USOTAYUN MAZHUMHOU CUCHEMbL MAZ0BLIX INEKMPOOsuzameineil ROCMOAHHOZ0 MOKA.

bubn. 8, Tabmn. 1, puc. 4.
Kuouesvie crosa: TATOBbIE JIEKTPUYECKHE MAIIMHBIL,

JJICKTPOU3OJIAIIHOHHBIC CUCTEMBI,

CONIPOTHUBJICHUE HU30JIALIUH,

KOHTPOJIbHbIE KAPThl KYMYJISATHBHBIX CYMM, CTA0UJIBHOCTH TeXHOJIOTHY€eCKOr0 Npoiecca.

Introduction. Electrical insulation systems make up
about 0.03 % of the mass of traction electric machines
(TEM) but they have an exceptional importance and
influence the possibilities of design solutions and the
technology of manufacturing electric machines, as a result
— on their specific weight and overall dimensions, for
reliability and durability of TEM. Improvement of
electrical insulating composite systems of TEM is carried
out by creating new, more progressive materials and
technological processes [1].

Insulation resistance is an integral indicator of
manufacturing process stability. Monitoring of product
quality in the process of its production is always acute for
producers. In modern production conditions, methods and
procedures based on statistical analysis of product
characteristics are used [2-4]. Quantitatively, the accuracy
of manufacturing processes is estimated using the
coefficient

K T = 6—0- 5
T
where T = T,, — Tjower 18 the tolerance of the product to the
controlled parameter (the difference between the upper
and lower values), o is the standard quadratic deviation of
the controlled quantity.

The accuracy of the manufacturing process is
assessed based on the following criteria:

e at Ky < 0.75 — the manufacturing technological
process is accurate;

e at K7=(0.75—0.98) — it requires close observation;

e at K7> (.98 — unsatisfactory.

The criterion for assessing the state of electrical
insulating systems in production is the value of insulation
resistance R;,,. This value is indicated in the normative
and technical documentation [5]. Thus, for high-voltage

electrical insulation systems of TEM, the insulation
resistance R;,, relative to the housing (the lower threshold
value) must be at least 20 MQ in the cold state for
machines with rated voltage above 400 V. The upper
value of the insulation resistance is not regulated.
Resistance of insulation is an integral statistical
characteristic, which depends, first of all, on the
electrophysical properties of the composite system, and
the technological process of manufacturing assembly
units and the TEM itself. It should be noted that the
peculiarity of the technological process of manufacturing
TEM insulating systems is a high level of non-
mechanized (manual) production.

The goal of the paper is monitoring of the stability
of the technological process for the manufacture of
electrical insulating systems of TEM based on the
insulation resistance measurements in the production.

Monitoring the stability of the manufacturing
process by control charts of individual values. The
analysis of the manufacturing process is carried out for
three versions of the case insulation of the magnetic
system of the DC traction electric motor. In each of the
three versions of the housing insulation — by 12 samples
each differing in the number of layers and the type of
insulation tapes. Insulation resistance measurements were
made with a MI 2077 teraohmmeter at constant voltage of
2500 V.

Fig. 1,a presents the results of measurements, Fig.
1,b — statistical characteristics of the insulation resistance
of the three versions of the housing insulation. The
statistical spread of the measured insulation resistance
values (Fig. 1,b) within each version of the insulation
system is associated with at least two reasons [6]. The
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first one is due to unavoidable random measurement
errors and the impossibility of absolutely accurate
reproduction of test conditions. The second reason is
deeper and consists in the fact that the insulation
resistance reflects the existing structural and technological
defects in the insulation system, and is associated with

unhomogeneous insulation material, technological
equipment, personnel qualification.
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Fig. 1. Samples of insulation resistance of three versions
of the housing insulation system

For all three options, the insulation resistance is
within +3¢ of the nominal (mean) value for each
sample (Fig. 2), which corresponds to the concept of
«Six Sigmay [7].

In the production process, one of the main
monitoring tools is the control charts (or Shewhart control
charts) that visualize the statistical characteristics of the
manufacturing process under investigation [4, 8]. Control
charts of individual quantities (Fig. 3) allow to detect
deviations (X) or sliding range (MR) of insulation
resistance which are due to non-accidental reasons.

When using maps of individual values, the control
limits are calculated on the basis of a measure of variation
obtained from the sliding ranges of two observations. The
sliding range (MR) is the absolute value of the
measurement difference in consecutive pairs (the
difference between the first and second measurements, the
second and third ones, etc.).

On the basis of sliding ranges, the average sliding
range is calculated, which is used to build control charts.

The lower and upper boundaries on the chart (Fig. 3, dot-
dash lines) are at a distance of 3*¢ from the mean (central
line). Here, there are no systematic shifts (trends), nor any
other signs of the process exit from control: the points of
both charts fluctuate evenly (based on visual analysis)
relative to the corresponding midlines. The points on both
control charts are inside the control limits. The value of
the second measurement is close enough to the lower
control limit, but against the background of a general
positive picture this is not an alarming event.
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Fig. 2. On homogeneity of insulation resistance samples

To specify the criteria for finding a series of points,
the area of the individual control chart above the central
line and below it is divided into three «zones»: A, B and
C [4]. By default, zone A is defined as a region located at
distance from 2*o¢ to 3*o on either side of the center line.
Zone B is a region spaced from the central line at a
distance from 1*¢ to 2*g, and the zone C is the region
located between the central line on both sides of it and
bounded by a straight line drawn 1*¢ away from the
central line.

66 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.6



X Chart; variable: Vari

Histogram of Observations X: 7793E2 (7793E2); Sigma: 1130E2 (1130E2); n: 1,

1,2E6

LT e L R e R 1118E3

— TT93E2

4401E2

2 4 6 8 10 12

Moving Ranges MR: 1275E2 (1275E2);
Sigma: 96362, (96362,); m: 1,

5ES

4,565

M| Re e e ... ... ....-..-- - 4166E2
3,5E5

3E5 o

2,565 L

65 A s o = — 1275E2
50000 EZad b o St

Fig. 3. A control chart of individual values of insulation
resistance and sliding ranges for version 1 of the housing
insulation system

Depending on the number of points and their
location in one of the zones of the control chart, seven
criteria are established.

When a criterion is fulfilled in the table of testing
results, the row corresponding to this criterion is
highlighted in red, and instead of OK in the columns, the
numbers of points that fall into the risk zone are indicated
(Table 1).

The results of testing (Table 1) performed for the
MR- control chart (Fig. 3) and for the other two versions
of the housing insulation show that under all criteria of
testing the manufacturing process by insulation resistance,
the investigated indicators are in statistically controllable
state. There was no signal about the need to take
precautionary measures.

Table 1
Stability test results for the manufacturing process

Variable varl
MR-chart
Central line
Zones A/B/C: (3.0/2.0/1.0)*c 127545.45 MQ,
0=96361.95 MQ
from the to the
sample sample
9 points on one side of OK OK
the central line
6 points of growth / decrease OK OK
14 points alternate upwards OK OK
and down
2 ou.t of 3 points in zone A or OK OK
outside
4 out of 5 points in zone B or OK OK
outside
15 points in zone C OK OK
8 points outside zone C OK OK

The control charts of cumulative sums (CuSum) [4]
(Fig. 4) which represent the accumulated sums of
deviations of individual values of the observed variable
(insulation resistance) from the mean value have greater
sensitivity to process disturbances.

Fig. 4 shows the control charts of cumulative
(accumulated) sums for three versions of housing

insulation. For the twelfth CuSum observation (Fig. 4,c),
the pass from the lower boundary is noted and for the
eleventh — from the upper one for the MR which can serve
as a sign of the beginning of the manufacturing process
disruption. Here, for this variant, the trend of sample
values of CuSum also appears which requires clarification
of the reasons for its appearance.
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Fig. 4. Control charts of cumulative sums and sliding ranges of
insulation resistance of three options of the casing insulation
system
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Conclusions. Construction and analysis of special
graphs (charts) of individual values and cumulative sums
of insulation resistance, sliding range MR allow to find
out whether the technological process of manufacturing
electric insulating systems of traction electric machines is
in a statistically controllable state.

The presented monitoring procedure can be used to
analyze the stability of technological processes for
manufacturing electrical insulation systems of turbo and
hydro generators.
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MANAGING THE LOAD SCHEDULE OF THE ADMINISTRATIVE BUILDING TAKING
INTO ACCOUNT EMERGING RISKS WHEN CONNECTING THE KINETIC ENERGY
STORAGE TO THE POWER SUPPLY SYSTEM

Purpose. The purpose of the paper is to analyze load schedules of the administrative building and develop a structural
scheme for connecting the kinetic energy storage in the power supply system of this building, which will allow using it as a
consumer regulator, as well as a theoretical study of the risks that arise. Methodology. To conduct the research, the theory
of designing internal electrical networks of buildings, the theory of plotting electric load graphs, methods of the theory of
electromechanical systems and for analyzing the risk system, the T. Saati method of hierarchies were used. Results. The
structure of kinetic energy storage (KES) connection to the power supply system of the administrative building is developed
and the structural diagram of the KES proposed for installation is given, the average daily winter and summer load
schedules are presented, a set of groups and subgroups of risks and their influence on the work of the power supply system
of the building are connected with the connection of the KES. Originality. For the first time, the application of the kinetic
energy storage in the power supply system of the building with the analysis of emerging risks is considered, which makes it
possible to improve the reliability of the developed system and the efficiency of load regulation. Practical value. The
application of the proposed scheme will make it possible to use administrative buildings as load regulators of the external
power supply system, and also effectively manage the load in the internal power supply system of the building.
References 9, tables 2, figures 4.

Key words: power supply system, Kinetic energy storage (KES), electric load schedule, risk system, consumer regulator.

Llenv. Llenvio cmamou aenaemca papadomka CMPYKMYPHOU cXembl NOOKAIOYEHUA KUHEMUUECKO20 IHEPZOHAKOnumens 6
cucmemy INEKMPOCHAOHCEHUA AOMUHUCIMPAMUGCHO20 30AHUA, UMO NO360JUM UCHOIB306AMb IMO 30aHUE 6 Kauecmee
nompeoumensa - pezynamopa, a Makxice meopemuiecKoe Uccie008anue 603HUKAIOWUX npu 3mom puckos. Memoouka. /na
npoeedeHusn uccied08anuii UCROIL30AIUCH MEOPUA NPOEKMUPOSAHUA SHYMPEHHUX IIeKMPUYeCKUX cemeil 30anuil, meopus
nOCMPOEHUA 2PAPUKOE INEKMPUUECKOU HAZPY3KU, MEMOObl MEOPUN INEKMPOMEXAHUYECKUX CUCMEM U O AHANU3A CUCHEMbL
puckoe memod uepapxuii T. Caamu. Pesynomamul. Pazpabomana cmpykmypa nooKiouenus KuHemuuecKko2o
nepzonaxkonumensa (K3H) 6 cucmemy 31eKmpocrhadiiceHus AOMUHUCMPAMUGHO20 30AHUA U NPUBEOEHbl CYMOYHblEe ZPaAuKU
Hazpy30K, UCC1e008aH HAGOP ZPYNRN U NOOZPYRN PUCKOG U UX 6AUAHUE HA PAOOMY CUCHIEMbL ITIEKMPOCHADICEHUA 30AHUA NPU
nooxknwuenuu KIH. Hayunasa nosusna. Bnepevie paccmompeno npumenenue KUHemMu4ecko20 IHeP2OHAKONUmMeN 6 cucmeme
INEKMPOCHADIHCEHUA 30AHUA C QHATUZOM BOZHUKAIOWUX DPUCKOS8, YMO HNO036071A€M RNOGLICUMb HAOEHCHOCMb padomol
paspadomannoii  cucmemvl u Ipgexmusnocmy pecynuposanua Hazpy3ku. Ilpakmuueckoe 3unauenue. Ilpumenenue
NPeoodCeHHOIl CXeMbl NO360IUNL UCHONB306ANMb AOMUHUCMPAMUGHbIE 30AHUA 6 Kayecmee peyiimopos HAZPy3Ku GHeuiHell
cucmemyl INEKMPOCHAOHCEHUA, A MAKHCE IPPeKmueHo ynpaenamo Hazpy3Koil 60 6HYmMpPEHHel cucmeme I1eKmMpoCcHadIHceHUA
30anus. bubn. 9, Tabin. 2, puc. 4.

Kniouesvie crosa: cucreMa 3JeKTPOCHAOKeHUs, KHHeTHYeckuii sHeproHakonutens (KJOH), rpadpuk siexrpuueckoii
HArpy3KH, CHCTeMa PHCKOB, IIOTPeOHTeb-PeryasiTop.

Introduction. The problem of covering non-uniform
electric load schedules is currently being solved by three
main methods [1]:

e creation of an optimal structure of generating
capacities in the power system;

¢ use of overflows with neighboring power systems;

e attracting consumers to align the load schedule.

The Ukrainian power system is not an exception
among other energy systems of the world and there is an
imbalance in the generation and consumption of
electricity. Thus, consumption during peak hours
sometimes significantly exceeds generation capacity to
cope with loads. To solve the existing problem, the
implementation of various storage devices and
accumulators in the power supply systems of consumers
and the use of these consumers as load regulators in the
power system can help.

To date, electrochemical batteries for energy
storage which have a significant shortcoming —

fragility are widely used. Therefore, at present, as an
alternative, many researchers propose the use of kinetic
energy storage (KES) [2-6]. This device is intended for
the storage of mechanical energy and its further
transformation into electrical energy which can be used
to regulate the load of the power system as a whole or
its individual links.

At the moment, there are developments on the
application of KES in autonomous power supply systems
of buildings together with alternative energy sources
[5, 6] and for energy storage in power systems [2, 4, 5].

Modern KES can store energy up to 20 MJ and
produce power of 250-350 kW, while the size of the
storage is small, and the efficiency is 85-90 % [9]. Also
KES performs additional functions when operating in the
customer's network, such as: implementation of a full
galvanic isolation from the network, ensuring the quality
of power supply, filtering distortion of harmonics and
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voltage peaks, eliminating current micro breakdowns of
duration less than 50 ms.

The use of KES for energy storage and load
regulation is an important step in improving the energy
efficiency of power supply systems. The stored energy
can be used during peak hours for regulation purposes in
power supply systems for administrative buildings which
is attractive from an economic point of view, but this is
due to a number of risks. The analysis of the risk system
and their minimization is an important factor in improving
the reliability of power supply systems.

The goal of the work is development of a structural
scheme for connecting the kinetic energy storage to the
power supply system of the administrative building to
regulate the load of both the building itself and its use as a
consumer — the load regulator of the power system as a
whole.

Analysis of daily schedules of the administrative
building (the 1st educational building of the Donbass
National Academy of Construction and Architecture
(DonNACA)). Daily schedules are necessary to record
changes and obtain visual information about periods of
peak load. They contain the information obtained on a
certain day of the month and the season of the year. As
the investigated object, the DonNACA educational
building with a total area of 2,250 m? is considered, which
includes classrooms and laboratories, a rector's office, a
public catering enterprise equipped with electric cookers.

Daily fluctuations in consumption schedules and
seasonal fluctuations are largely determined by
meteorological factors: ambient air temperature,
illumination, humidity, wind speed [7].

Analysis of the dynamics of electricity consumption
shows (Fig. 1) that with increasing temperature and
increasing illumination in summer, energy consumption is
reduced [7]. As can be seen from the schedules, in the
winter and summer for the object under study, we have
the morning maximum load. The peak load falls on the
period from 7.00 am to 2.00 pm. The minimum load is
observed in the evening and at night between 6 pm and
7 am.

8 —P, kW

P winters kw

Psummer’ k

t, hours

0 5 10 15 20

Fig. 1. Average daily load schedules of summer (Ps,,cr)
and winter (P,,;,.,) days for the educational building

The connection of a KES to the power supply
system of the building will give an opportunity to regulate
(equalize) the load schedule of the building, namely,
during the hours of load decay the KES will operate as an
electric power consumer, and at peak hours as a generator
that will allow the building to be used as a consumer —
load regulator.

The scheme of connecting the KES to the
power supply system of the administrative building.
The developed structural scheme of connecting the
KES to the power supply system of the administrative
building, presented in Fig. 2, consists of a control unit
(CU), kinetic energy storage (KES), load sensor (S),
and inverter (I).

The operation is carried out as follows. At low
load of the building, the value of which is controlled by
the load sensor installed on the building supply line,
automatic charging of the KES takes place. With
increasing load in the building, the control unit (CU)
switches the inverter to the generation mode
synchronously with the network, feeding the building,
after the load is reduced, the inverter turns off and the
KES charging is performed.

Standard current transformers (CT) installed in the
input node of electricity metering can serve as a current
sensor. As a control unit (CU), you can use a
programmable logic controller (PLC) with several analog
inputs and outputs. If you need to connect to energy
storage systems in other buildings or regional power
system, you can use a controller with an Ethernet control
channel.

Power y

line 0.4 kV Input cU

switchgear

\ i

A
\ i

cT g_

Yy

Consumer |«

Fig. 2. The structural scheme of connecting the KES
to the power supply system of the building

The KES consists of a storage flywheel (Fig. 3), a
charging system motor M and a generator G, it is also
possible to use a charging motor as a generator, but with a
complicated switching system.

The power of the generator and the storage capacity
of the flywheel are selected based on the value of the
building's load. The charging system of the KES consists
of an electric motor and a frequency converter (FC)
operating in a closed system (with feedback). If it is
necessary to charge the KES, the CU supplies the
corresponding FC signal for start-up and the flywheel is
accelerated with the set acceleration time parameters.
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After the flywheel is completely accelerated, the FC
maintains its stable rotation through feedback.

]
from input Encoderf
switchgear

FC
from CU
rom

to inverter

| flywheel |

Fig. 3. The KES structural scheme

The charging motor of the KES and its FC is
advisable to use of significantly less power than the
generator, because charging takes a much longer time
than discharge. This will reduce the price of the structure
as a whole. The flywheel should be installed in a specially
equipped pit near the building.

With increasing load in the building, the CU issues a
command to the inverter (I) for the start, which, in turn,
instructs the FC to stop feeding the KES. When the speed
of the KES flywheel is reduced to a critical one, or the

Compensation of risks when using KES

power consumption in the building is reduced, the
inverter turns off automatically and, if possible, recharges
the KES.

In order to increase the reliability and efficiency of
the developed scheme of connecting the KES to the
power supply system of the building, an analysis was
made of the groups and subgroups of risks arising from
the functioning of this system.

Analysis of risks in the operation of the power
supply system of the building with KES. To determine
and investigate common risks in the operation of power
supply systems with the KES of administrative buildings,
the hierarchy analysis method (HAM) developed by
T. Saati was applied.

The hierarchy analysis method (HAM) is used to
derive relationship scales from both discrete and
continuous paired comparisons in multi-level hierarchical
structures.

HAM has specific aspects related to the deviation of
judgments from consistency and the measurement of this
deviation, as well as the dependence within groups and
between groups of elements of a hierarchical structure [8].

When using HAM for modeling, it is necessary to
construct a hierarchical or network structure for the
representation of the problem, then, pairwise comparing
the elements of this structure, to obtain dominance
matrices from which the scales of relations are derived.

In general, the hierarchical structure is composed
from three levels: the first level — the goal from the point
of view of management, the second level — the criteria on
which the following levels depend, the third or the lowest
level — the list of alternatives (Fig. 4).
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Fig. 4. A model of the hierarchical structure of risk analysis
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The following notation is used in the model:

1. Purpose, or the main criterion (compensation of
risks when using KES) — a.

2. Criteria for the first level (risk groups — operational,
technological and technical, regulatory, financial) — b, c,
d,e.

3. Criteria of the second level (subgroups of risks of
the first level) — bl, b2, b3, cl, ¢2, ¢3, c4, d1, d2, d3,
el, e2.

4. Alternatives to achieving the goal (transferring risk,
reducing risk, taking risk) — A, B, C.

The second stage of the HAM is the compilation of
an algorithm for achieving the goal, namely: it is
necessary to determine the impact of risk groups on the
system as a whole. We use the technique described in [8]
which consists in the following: firstly, matrices of
pairwise comparisons of intermediate criteria with respect
to higher-level criteria are written, for comparison, a scale
of relative importance developed by T. Saati [8] is used;
secondly, the transition from matched matrices to priority
vectors is performed; thirdly, the quality of matrices of
pairwise comparisons is checked, or the consistency index
is calculated.

Expert data were used to compile the matrix of
pairwise comparisons. The results of calculations of the
matrix of pairwise comparisons of criteria for the first
level of the hierarchy are presented in Table 1. In the
same way, comparisons are made for the second level of
the hierarchy.

Table 1
Determination of the most important risk group
with a view to their compensation

= § 5 > s é) §
E|®2| 5 = 8% 38
. S S E < 5 =, > o
Risk group ] = g g2 > g
2lsZ| 2| £ | 585 |7
Q B 5 .2
cles| “ZE
Operational 1 1/3 4 1 0.2164 2
Techr}ologlcal and 3 1 5 3 05216 1
technical
Regulatory 1/4 1/5 1 1/2 0.0801 4
Financial 1 1/3 2 1 0.1820 3
Total 525| 1.86 | 12.00 | 5.50
Consistency index CI = 0,024
Consistency relation CR =0.027 =2.7 %

According to the calculations, we have CR =0.027 <0.1
which allows us to conclude that the assessments of
experts in the matrix are consistent and do not need
revision.

The main result of pairwise comparisons is the
determination of the importance of alternatives which are
given in Table 2.

Based on the results of the calculations, we have the
highest estimation of 0.4427 for the alternative «reducing
risk» — this is an opportunity to reduce the consequences
of the occurrence of risks. Risks that can not be reduced
or transferred are in second place and have the estimation
of 0.3458. Risks that can partially be compensated by

transfer to the second responsible persons have the lowest
estimation — 0.2115.

Table 2
Determination of the importance of alternatives

Alternative | Assessment of the importance of |Rang
the alternative
ljransferrmg 02115 3
risk
Reducing risk 0.4427 1
Taking risk 0.3458 2

The performed analysis of the risk system shows
that in order to increase the reliability and efficiency of
the power supply system of a building with a connected
KES, it is necessary to perform a number of
administrative and technical measures to reduce
technological, technical and operational risks, financial
risks may be partially transferred to third parties
(investors and insurance companies), and regulatory risks
should be taken into account, as the impact on them is
completely absent.

Conclusions.

1. The schedules of the load of a real building are
given and analyzed. On the basis of the analysis, a method
for regulating the load of a building and its simultaneous
use as a consumer regulator is defined.

2. The structural scheme of connection of the kinetic
energy storage to the power supply system of the building
is developed which increases the efficiency of its
operation and allows to regulate the load.

3.The analysis of the risk system at the use of
kinetic energy storage in the building energy supply
systems is carried out which will allow to minimize
them and provide increased reliability of the power
supply system.
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