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MODELING OF SPECTROERERGETIC CHARACTERISTICS OF SPACE OBJECTS
IN THE OPTICAL RANGE
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In connection with the emergence of abnormal situations at the stage of launching space vehicles (SV) for various
purposes (AngoSat-1, Telkom-3, Phobos-Grunt, etc.), the problems of timely detection of such situations and remote
monitoring of the technical condition of SV are of vital importance. To assess the feasibility of solving this class of
problems with the use of optronic equipment (OE), it is necessary to have a priori information on the spectroenergetic
characteristics (SEC) of a SV and associated backgrounds for the projected angles and conditions of observation in the
operational spectral ranges of the OE taking into account the illumination by the Sun and the Earth. Due to the adapta-
bility of mathematical modeling to the high degree of variability of the above factors, this method can be considered
as a rational one for obtaining dynamic SEC (signatures) of SV for observation conditions that change during an or-
bital flight.

The technology of SEC modeling of space objects (SO) with the use of FemRad dedicated software (DS) is pre-
sented, which provides the production of SO SEC taking into account the indicatrices of the scattering of optical radia-
tion from materials and coatings of the external surface of the object, the dynamics of its thermal regime and the condi-
tions of illumination by the Sun and Earth during the orbital flight.

The advantage of the presented technology is the compatibility of the developer’s own software solutions with the
widespread application programs of finite element analysis. In particular, the known CAD and CAE tools — SolidWorks,
ANSYS, Gmsh — are used to develop grid geometric 3D models of SO.

The method for parametric approximation of the measured indicatrices of scattering of optical radiation from mate-
rials and coatings of SO on the basis of a given model of roughness is considered. The main provisions of the DS meth-
odology for calculating the heat flux of the ““Earth-atmosphere’ system, as well as the fluxes of reflected and scattered
solar radiation falling on the SO in the range 0.2-20 um, are presented. The results of modeling the dynamic SEC
of a typical SO in the infrared (IR) range are given as an illustration of the application of the DS.

Keywords: space vehicle, grid model, optronic equipment, scattering indicatrix, radiative heat transfer, signature,
spectroenergetic characteristic.
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B cés3u ¢ 603nUKHOBEHUEM HEWIMAMHBIX CUMYAYUUl HA Ymane evlgedeHus kocmuyeckux annapamos (KA) paziuuno-
20 nasnavenus (AngoSat-1, Telkom-3, «@oboc-I pynm» u Op.) akmyanvHblMu AGIAIOMCA 3A0AHU UX CEBOCEPEMEHHO20
BbISABNIEHUS. U OUCTHAHYUOHHO20 KOHMPOJsi mexHuecko2o cocmosinus KA. /[ns oyenuganus 803MONCHOCMU peuienus
0aHHO2O KIacca 3a0ay ¢ npUMeHeHuem onmuko-anekmponuvix cpeocms (OOC) mpebyemces anpuophas ungopmayus
o cnekmposmepeemuneckux xapaxkmepucmurax (COX) KA u conymemeyiowux (ponax 0ns RPOSHOZUPYeMbIX PAKYPCO8
yenosuti Habnodenus 8 pabouux cnekmpanvhulx ouanazonax OIC ¢ yuémom nooceemru Connyem u 3emnéi. B kaue-
cmee payuonanbHo2o memooda noayuenus ounamuyeckux CIOX (cuenamyp) KA ons usmensiowuxcs 6 npoyecce opou-
MAIbHO2O NONEMA YCIO08U HAOMIOOCHUSI MOJCEN PACCMAMPUBAMbC MAMEMAMUYECKOe MOOETUPOSaAnUe BCleOCmBUe
€20 A0anmueHOCMU K GbLCOKOU CIeneHU U3MEeHYUBOCU YKA3AHHbIX Gblule (haKMopoa.

Ipeocmasnena mexnonozus mooenuposanusi COX kocmuueckux oovexkmos (KO) ¢ ucnonvzosanuem cneyuanusupo-
6anH020 npoepammuozo obecnewenus (CIIO) FemRad, ob6ecneuusarowasn nonyuenue COX KO ¢ yuémom unouxampuc
paccesanus OnmuYecKo20 U3IyYeHus Mamepuaios u NOKpuImull BHeuHel NOGEPXHOCU 00beKmMa, OUHAMUKY USMEHEHUs]
€20 mennoso2o pexcuma u ycroguii nooceemxu Connyem u 3emnéi 6 npoyecce opoumansbho2o noiéma. Jocmouncmeom
npeoCcmasneHHOU MEeXHON02UL SAGTACMCS CONPSNCEHUE COOCMBEHHBIX NPOSPAMMHBIX pEeUeHUll pa3pabomuuKa ¢ pacnpo-
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CMPAHEHHBIMU NPUKTAOHBIMU NPOSPAMMAMU KOHEUHO-3NIeMEHMHO20 aHanu3d. B yacmnocmu, ons paspabomxu cemourbix
2eomempuyeckux 3D-mooeneit KO npumensiiomest uzsecmuvie CAD- u CAE-cpedcmea — SolidWorks, ANSYS, Gmsh.

Ilpeocmasnen cnocob napamempuieckoli aAnnpoKCUMAayuu UIMEPeHHbIX UHOUKAMPUC PACCEAHUS ONMUUECKO20
uznyuenus mamepuanos u nokpvimuii KO na ocmoge 3adanmou modenu wepoxosamocmu. Ilpusedenvi ochognvle
nonoxcenus peanuzogeannou ¢ CIIO memoouxu pacuéma nomoxa cOOCMBEHH020 MEeNI08020 U3NYYEHUs CUCeMbl
«Bemna—ammochepa», a maxdice NOMOKOE OMPANCEHHO2O U PACCESHHO20 IMOU CUCTNEMOU COTHEYHO20 U3YYeHUs,
naoarowux na KO 6 ouanasone 0,2-20 mxm. B xauecmse unntocmpayuu npumerenuss CIIO npusedenvt pesynrvmamaol
mooenuposanus ounamuqeckux COX munosozo KO ¢ ungpaxpacnom (UK) ouanasone.

Kniouesvie cnosa: kocmuueckuii annapam, cemovHas Moaejlb, ONMuKO-3J1eKmpOHHOe cpedcmeo, uHOuKampuca pac-
CesHUs, paduauuonﬁbzﬁ mel’lﬂ006M€H, cucHamypa, CneKmpoIHepeemudecKas xapakmepucmuka.

Doi: 10.31772/2587-6066-2018-19-2-200-211

Introduction. Over the last 4 years, the total number
of active space vehicles (SV) in the near-Earth space
(NES) increased by 60 % and exceeded 1900. During the
same period, the number of launch vehicles (LV)
launches increased by 15 % and tends to increase due to
created LV of light and ultra-light classes. Active use of
new LV classes increases the urgency of timely detection
and remote monitoring of the technical state of the orbited
SV in case of loss of communication with them (in par-
ticular, abnormal situations aboard the SV AngoSat-1,
Telkom-3, Phobos-Grunt, etc.).

Observations of objects in the NES are carried out,
first of all, by ground-based optronic equipment (OE) of
the visible range, which record their spectrophotometric
characteristics. For the visible range, a number of tech-
niques have been developed that make it possible to de-
termine the shape and orientation of space objects (SO)
from the results of photometric observations. The disad-
vantage of OE of the visible range is the difficulty of ob-
serving SO in the daytime and when they are in the
Earth's shadow. OE surveillance of the IR range allows
providing the possibility of round-the-clock receipt of
operational information about SO.

The development of consistent hypotheses on the
technical state of a SO based on the analysis of the re-
ceived non-coordinate (signature) information requires
the presence of a priori data on the spectroenergetic char-
acteristics (SEC) of a SO in the operating ranges of the
OE. Such information can be obtained by the mathemati-
cal modeling method, which ensures the production of the
SO SEC taking into account the dynamics of its thermal
regime change and the conditions of illumination by the
Sun and Earth during the orbital flight. It should be noted
that the SVs belong to the class of the most complex SOs
for the simulation of the SEC, since they are characterized
by significant variations in the heat fluxes discharged
through the radiation surfaces depending on the operation
modes, mutual shading (shielding) of the outer surface
portions from the falling (outgoing) radiation fluxes , the
surface presence of dissimilar materials and coatings with
optical characteristics that vary significantly over time in
the complex effect of the NES factors.

In the field of modeling of SV SEC in a wide optical
range, there are currently no complete software solutions,
which necessitates the joint use of the well-known foreign
software tools (STs) SolidWorks, ANSYS, MSC.Sinda /
Thermica, Systema V4, AGI STK, COMPASS-3D,
THERM and our own specialized modeling tools [1-3].
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In this case, the ability to transfer modeling results is pro-
vided, as a rule, only between the ST of one Developer or
between CAD and CAE tools oriented to finite element
analysis. Thus, the 3D geometric model of the SO created
in SolidWorks can be exported to ANSYS for using a
more advanced grid generation module. However, the
resulting geometric model can not be used to simulate
external heat transfer of a SV in the ST Systema V4 or
TERM. The process of transferring the ANSYS results of
modeling the external thermal loads obtained at the
TERM ST for a given scenario of a SV orbital motion to
thermal analysis environment is quite laborious.

In a number of organizations engaged in the devel-
opment of SVs and high-resolution information OE, the
study of the “Earth-atmosphere” system and space, as
well as the solution of other science-intensive problems,
there are specialized software solutions of their own
design, in which the results of their long-term activity
are realized. In particular, such dedicated software (DS)
may include unique databases that are not available
in the packages of the above-mentioned STs and pro-
grams.

The article describes the original technology that pro-
vides the interface between modern CAE software and
cross-platform open source FemRad DS, designed to de-
velop dynamic SEC (signatures) of a SV, taking into ac-
count the design and functional features of a SV and ex-
ternal factors mentioned above [3; 4].

The main stages of the calculation of the dynamic
SV SEC and the structure of the FemRad DS. The
structural scheme for calculating the dynamic SEC (signa-
tures) of a SV using FemRad DS is shown in fig. 1. The
basis of this DS includes a set of interrelated mathemati-
cal models, the necessary databases (DB), calculation
techniques and application programs implementing them
and developed in Fortran-2008 language, which can be
used both as a part of the DS developed by the authors
and autonomously.

Calculation of dynamic SEC (signatures) of a SV in-
cludes the following main stages:
construction of a grid geometric model (GGM) of
a SV, the setting of thermophysical properties of finite
elements (FE) and optical properties to elements of the
outer surface;

— setting the ballistic parameters of the SV flight and
the cyclogram of its operation;
determination of the relative position of the Sun,
Earth, a SV for each moment of time;
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— calculation of the matrix of angular coefficients
taking into account mutual shielding of the sites;

— determination of the flux density of radiation from
the Sun and the "Earth-atmosphere” system (in the inte-
gral and spectral ranges for which the SV SEC are calcu-
lated);

— calculation of the falling integral and spectral
fluxes from the Sun and the "Earth-atmosphere” system
to the outer surface of the SV GGM taking into account
shading and multiple reflections, as well as setting the
internal heat of a SV;

— calculation of the temperature of each node taking
into account radiant and conductive heat exchange, inter-
nal heat release and thermal inertia of a SV design using
the FE method;

— calculation of the radiation intensity in the given
directions and ranges of the spectrum, as well as the con-
struction of the indicatrices of the radiation intensity of a
SV for all set wavelength ranges.

Construction of a SV grid geometric model. The
construction of a SV GGM begins with a preparatory

Calculation taking into
account changes inthe
angular position:

= angular coefficients

* shading

= direct solar radiation

stage, which includes analysis of the constructive and
functional features of the modeling object and the devel-
opment of its three-dimensional geometric model (CAD
model) by means of automated design. Any ST intended
for 3D modeling can be used for this purpose. It is expe-
dient to select a ST that allows importing / exporting files
in various graphic formats, including the widely used
STEP format (AP 203 protocol), supported by interna-
tional and domestic standards (GOST R ISO 10303).

Physical volumes and surfaces of a SV CAD-model
are marked out in order to preserve information about the
thermal and optical properties of various elements of a
SV. Each physical volume (surface) combines adjacent
elements of a SV, which have the same thermophysical
(optical) properties.

Generation of the calculated SV GGM on the basis of
four-node tetrahedrons as the FE is carried out using the
cross-platform open ST Gmsh [5]. ST ANSYS can also
be used for this purpose. In this case, the obtained grid
model is reduced to the ST Gmsh format by means of a
special converter [6].

Impott of 30 geometric
models from CAD systems,
obtaining grd models

Calewlation of motual position
of a 30, the Earth and the Sun

ﬁ-

Calculation of the temperature
field of & 30 by the finite ;
element method

Calculation of spectral distributions of fluxes:

® thermal radiation of the Earth (3 .. 20 pmy

* solat radiation scattered by the atmosphere (0.3
3 )

= solat radiation reflected from the Earth's surface
(03 .3 pm)

ﬁ—

-

*—

DE for thenmal and optical
characteristics of 30 materials and
coatings

Calculation of the

DB for atmospheric
parameters

DE for the spectral
etnizsion coefficients
atd the albedo of typical
sutfaces of the Earth

dyhatic
spectroenergetic
characteristics of a 30

Fig. 1. Structural scheme for the calculation of dynamic SV SEC using FemRad DS

Puc. 1. CrpykrypHas cxema pacuéra auaamudeckux COX KA ¢ ucnonb3oanunem CITO FemRad
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Information about the attribution of each element of
the grid to any physical volume or surface is stored in the
output file. All areas, normals and coordinates of the cen-
ter of all surface triangular areas of GGM (facets of FE
tetrahedrons) are calculated in the coordinate system (CS)
associated with the SV.

Setting of thermophysical properties of FE and optical
properties of the external surface is carried out on the
basis of the analysis of their belonging to some physical
volume or surface. Material is set for each physical vol-
ume, and a set of integral and spectral optical characteris-
tics is set for each surface. Density, specific heat and co-
efficient of thermal conductivity are set for volumetric
elements; the absorption coefficient of solar radiation, the
degree of blackness, the approximation coefficients of the
indicatrix of the reflected radiation scattering in the spec-
tral ranges in which the SV SEC are calculated are set for
materials (coatings) of external surfaces. In the visible
range the indicatrix of the dimensionless brightness factor
B, and in the IR range the bidirectional reflection function
(BRF) p’ with a dimension of 1/ sr. are meant as the indi-
catrices of reflected radiation scattering.

Approximation of the indicatrices of the scattering
of optical radiation from materials and coatings on the
outer surface of a SV. A parametric dependence based
on a given model of surface roughness is used to ap-
proximate the experimentally obtained indicatrices § and
p’ [7]. It includes terms describing the specular and dif-
fuse components of the reflected radiation:

B = Bm(6:)-G-D/(cos6;-cos6;) + g,

p' = p'm(6:)-G-D/(cosb;-cosd;) + p'a,
where 0; is the angle between the direction of the incident
radiation and the normal to the surface; Bn(0;) is maxi-
mum value of the brightness coefficient at angle 6;; G
is a geometric factor, taking into account the influence
on the shape of the surface roughness indicatrix; D is the

B, sdegrees

- - 180
0 50 100 150 200 250

a

multiplier characterizing the probabilistic distribution of
roughness; 6, is the angle between the normal and the
direction of observation; By is the brightness coefficient of
the diffuse component of the reflected radiation; p'y, is the
maximum of the BRF at angle 6;; p'q is the BRF value of
the diffuse reflection component.

A detailed derivation of expressions for calculating the
values of G and D is given in [7].

As an example, fig. 2 shows the results of the ap-
proximation of the indicatrix of the brightness coefficient
of the enamel sample EP-255 for radiation with a wave-
length of 0.48 um, and fig. 3 shows the results of BRF
approximation of a mylar film for radiation with a wave-
length of 9.6 um. The solid lines in these figures show the
measured values, the dotted ones show the results of the
approximation.

The obtained parametric approximations of the scat-
tering indicatrices of the reflected radiation for a given
spectral range are included in the DB on the thermal
and optical characteristics of the materials and coatings of
the SO, used in the calculation of the SV SEC with the
use of the FemRad DS.

Modeling of the orbital motion, kinematics of a SV
and its moving parts. To simulate the motion of a SV in
orbit, the following parameters are set in SEC: the inclina-
tion of the orbit, the height of the apogee and perigee, the
longitude of the ascending node, the argument of the peri-
gee latitude, the true anomaly, as well as the calendar date
and the universal time (UTC) at the end of the calculation.
Determination of the relative position of the Sun, the
Earth and a SV at the present moment (step) includes cal-
culating the coordinates of the center of mass of a SV,
direction vectors from the center of mass (CM) to the Sun
and to the center of the Earth in an absolute geoequatorial
CS. At each time step it is checked whether a SV is illu-
minated by the Sun or is in the Earth’s shadow.

15 Wavelength (048 micron a 15

O, .deerces

T T { 90
0,0 0.2 0.4 086 08 1.0

ﬁ-‘llﬁm{ BI }
b

Fig. 2. The measured absolute (a) and normalized (b) values of the brightness coefficient
of the enamel EP-255 at the angle of radiation incidence on sample 6;, degrees:
1-15;2-30; 3-45;4-60

Puc. 2. U3mepennsie abcomrotHbIe (@) 1 HOpMHUpOBaHHbIE (6) 3Ha4eHMs KO3 PHIHeHTA

siprocTH oOpasua smanu DI1-255 npu yrie majgeHus u3nydeHus Ha obpasen 0, rpa.:
1-15;2-30;3-45;4-60
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Fig. 3. Measured absolute (a) and normalized (b) BRF values of a mylar film sample
at an angle of radiation incidence on sample 6;, degrees: 1 —14; 2 —30; 3 - 45

Puc. 3. 3mepennble abcontoTHbIe (@) U HopMupoBaHHbIe (6) 3HaueHus JJPO
obpasna miéHku [19T® npu yrie mageHus m3mydeHns Ha obpaser 0;, rpan.:
1-14;,2-30;3-45

If a SV makes rotational movements relative to the
CM and / or its moving parts (solar panels (SP), covers of
optical systems, etc.) make movements with respect to the
SV body during its functioning, then a kinematic model
and a cyclogram of the kinematics of the object are set.

A kinematic model is a two-level system of kinematic
bodies (KBs) and connections between them. A SV body
is a kinematic body of the upper level, or the main kine-
matic body, and SV moving parts or mobile kinematic
bodies (MKBSs) are the bodies of the lower level. A num-
ber of degrees of freedom and lists of the physical vol-
umes and surfaces included into it are set for each KB.
Parameters defining the position of a MKB in the con-
struction CS of a SV, such as, the coordinates of the ori-
gin of the mobile CS associated with the KB and the unit
vectors of its axes are additionally set for MKBs.

A kinematics cyclogram is set in the form of a se-
quence of kinematic phases. A kinematic phase (KF) is
the time interval during which the laws and parameters of
motion of all KBs remain unchanged. A KF is character-
ized by the time of its beginning, termination, and the
type of a SV orientation in this phase (to the Earth, to the
Sun, to the velocity vector). The laws and parameters of
KBs’ rotational motion relative to the axes corresponding
to the degrees of freedom defined for these bodies are set
on each KF for all KBs.

Calculation of angular coefficients. Calculation of
the angular coefficients (AC) between the platforms of the
SV GGM is carried out by the method of double integra-
tion over area, taking into account the shielding factor [8].
In view of the extremely high laboriousness of calculating
AC with shielding by direct scanning of screen areas, an
accelerating structure based on one of the varieties of an
uneven volume grid is used to solve this problem. The
same accelerating structure is used for tracing the path of
the rays, taking into account their multiple reflections, and
also in calculating the shielding of radiation leaving the
SV towards the observer.
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When the configuration of the object is changed in ac-
cordance with the kinematics cyclogram (for example,
when rotating the SPs, opening the covers, etc.), the AC
matrix and the accelerating structure are recalculated tak-
ing into account the changed characteristics of the mutual
shielding of the platforms, and their coordinates and nor-
mals are recalculated as well.

Simulation of the SEC of the “Earth—-atmosphere”
system radiation. The technique according to which the
Earth (as a source of illumination) is considered as a dif-
fusely radiating and reflecting spherical body [9] is tradi-
tionally used when calculating the thermal regimes of a
SV and the intensity of their own radiation. In this case,
the Earth's albedo is assumed to be constant over the
Earth’s entire surface, and its intrinsic radiation is deter-
mined either as the radiation of an absolutely black body
with a given temperature, or is directly set in the form of
radiation fluxes from a unit surface of the planet. The
optical characteristics of the materials and coatings of
SVs are given as weighted averages for the selected spec-
tral range. This technique is also implemented in FemRad
DS, where it is used in those cases when the calculation
problems are limited to determining the temperature field
of the outer surface and the integral radiation intensity of
a SV. However, it is of little use for calculating the SV
SEC in narrow spectral ranges due to the significant er-
rors that arise. The latter is due not only to the manifesta-
tion of the selective properties of the reflective-radiative
characteristics of materials and coatings on the outer sur-
face of a SV, but also to the pronounced selective nature
of the radiation of the “Earth-atmosphere” system as a
source of a SV illumination.

Therefore, another technique is also implemented in
the FemRad DS, which allows calculating the heat radia-
tion fluxes of the “Earth-atmosphere” system and the
reflected solar radiation taking into account their spectral
structure. According to this technique, the solid angle
of the Earth's surface visible from a SV orbit is divided
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radially into a plurality of equal illumination zones for
each of which conditions of lighting by the Sun are de-
termined at the time of calculation (not lit, lit completely,
lit partially). Zone centers are considered as point sources
of radiation, from which optical paths (OPs) are set in the
direction of a SV CM (fig. 4). Each zone is associated
with one of the types of underlying surfaces (US) of the
Earth, represented in the DB of optical characteristics of
typical landscapes. This DB includes systematic data on
the spectral emission and reflection coefficients as well as
spectral albedo of typical US (water, snow, cloud cover,
desert, forest, etc.) in the ultraviolet, visible, and IR
ranges (0.2-25.0 um). When a SV moves in the orbit the
system of illumination zones formed around the sub-
satellite point (fig. 4) moves together with it over the sur-
face of the Earth, so that the USs in each zone are con-
tinuously changed with regard to their actual geographic
location and seasonal variation.

The optical thickness and the transmission coefficient
along the OPs as functions of height are calculated for
each illumination zone. These data are used to solve the
equation of radiative transfer along the OPs for calculat-
ing the luminance field values at the upper atmosphere
boundary (UAB) in the direction from the center of the
zone to the SV CM. Traces of rays in the Earth's atmos-
phere are calculated taking into account refraction. The
spectral density of the energy brightness (SDEB) of the
radiation of the illumination B,, coming to the UAB from
each zone, is calculated as the sum of the contributions of
several components:

BX - B)\SR + BXIR + B}LAH,
where B, is the contribution of solar radiation reflected
from the US; B,'R is the contribution of the intrinsic ther-
mal radiation of the US; B,*" is the contribution of at-
mospheric haze radiation.

SDEB of radiation of atmospheric haze is calculated

as the sum of contributions of the following components:
B}LAH - B)LAA + BLAM + BXTR,

where B, is the contribution of solar radiation scattered

by atmospheric aerosols; B, is the contribution of solar

radiation scattered by air molecules (Rayleigh scattering);

B,'R is the contribution of the thermal radiation of the

atmosphere.

All the radiation components in the above formulas
are considered independent and are calculated taking into
account the attenuation of radiation as it propagates in the
Earth’s atmosphere. The received brightness field on the
UAB is used to calculate the radiation flux density com-
ing from the illumination zone in the direction of the SV
CM by integration over the solid angle of its visibility and
the given spectral subbands. These operations are per-
formed for each zone.

The verification of the developed methods and pro-
grams for the calculation of SEC of the “Earth-
atmosphere” system was carried out in three stages by
comparing the results obtained with their help with the
results of field experiments and simulation results using
specialized software.

At the first stage, private base techniques were tested
to perform calculations of the refractive indices of dry and
moist air, the scattering cross section and the optical depth
of molecular scattering, and other auxiliary parameters.

At the second stage, a set of test calculations of the
SDEB of the "Earth-atmosphere” system in a wide opti-
cal range for typical situations and observation conditions
was performed. As an example, fig. 5 presents calculated
and experimental data on the SDEB of a typical underly-
ing surface of the Earth.

At the third stage, the correctness of the calculation of
the integral radiation fluxes from the ”Earth—atmosphere”
system to the set point of the NES was verified.

Fig. 4. The scheme of irradiation of a SV platform by the surface of
the ”Earth—atmosphere” system, divided into 91 illumination zones:
1 —is a platform; 2 — is a boundary between the illuminated
and shadow parts of the Earth; 3 — is the trace of the intersection
of the platform plane with the Earth’s surface

Puc. 4. Cxema o6myvenust riomanku KA moBepXHOCTBIO CHCTEMBI
«3emmsi—aTMocdepa», pazouroii Ha 91 30HY moacBeTKH: 1 — TuTomIa-
Ka; 2 — rpaHHIla MKy OCBEIIEHHON U TCHEBOW YacTAMHU 3eMJIH;

3 — ciien nepeceveHusl INTIOCKOCTH TUTOMIAIKH ¢ IOBEPXHOCTHIO 3eMITH
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Fig. 5. SDEB of the underlying Earth's surface: 1 — is data recorded by the MSRF-IC equip-
ment when observed in a nadir from a height of 300 km (Libyan desert, summer, day [10]);
2 — is calculation for a height of 300 km (seasonal-regional model of the atmosphere —

standard, the temperature of the

Puc. 5. CII3S] noacTunaromei HoBEpXHOC

underlying surface (sand) + 50 °C)

i 3emian: 1 — maHHBIE, 3aPETHCTPUPOBAHHBIC

anmapatypoit MCP®-UK npu HabmroneHnu B Haaup ¢ Boicothl 300 kM (JInBHiicKast Ty CThIHS,
aero, gensb [10]); 2 — pacuér aust Beicotsl 300 KM (Ce30HHO-pEerHOHaANIbHAS MOJIENb aTMOChe-
PpBI — CTaHAapTHas1, TEMIIepaTypa noacTiatomeii mosepxHoctu (necok) +50 °C)

According to the published data, the average power
density of the intrinsic thermal radiation of the “Earth—
atmosphere” system on the UAB in a cloudless sky is 265
W/m? [11]. The calculated value of this value, obtained
with the use of the DS, was 264 W/m? for the standard
model of the Earth’s atmosphere.

Analysis of the results of DS testing showed that the
developed methods and programs ensure the calculation
of the incoming heat fluxes entering the given point of the
NES, as well as the flux of solar radiation reflected and
scattered by the "Earth—-atmosphere” system in the optical
range of 0.2—-20 um with the required accuracy.

Calculation of the heat fluxes arriving at a SV. Cal-
culation of the integral and spectral fluxes from the Sun
and the “Earth-atmosphere” system falling on the plat-
forms of the outer surface of the SV GGM is done taking
into account shading and multiple reflections. Z-buffer
method is used to calculate the shading [12]. In accor-
dance with this method, the SV GGM is projected onto
flat screens perpendicular to the corresponding directions
on the Sun and the illumination zones of the “Earth—
atmosphere” system (fig. 6). Surfaces of screens are bro-
ken into elementary fragments of the image — pixels by an
orthogonal grid. The midsection area relative to the radia-
tion flux of the source in question equal to the sum of the
areas of all the pixels occupied by it in the z-buffer is cal-
culated for each platform. The radiant flux incident on
this platform from the source of illumination is deter-
mined by the product of its flux density on the area of the
midsection of the platform. The total radiant fluxes to the
platforms of the SV GGM SC are determined by the sum
of the fluxes from all external sources.

An incident flux is traced in the platform system of a
grid model in the presence of materials and coatings on

the surface of a SV characterized by the presence of a
mirror component in the reflected radiation, taking into
account its multiple reflection (separately for each
source). The external surface platforms at which incident
radiation arrives directly are considered as sources whose
radiation is propagated further in the platform system
along the paths calculated using the accelerating structure
(fig. 7). Using the trace algorithm the trajectory of each
ray is traced until it is either completely absorbed or
leaves the platform system. It is taken into account that in
each reflection cycle, both diffuse and specular compo-
nents may be present in the reflected radiation depending
on the type of material (coating) of the surface. The trans-
fer of radiation reflected diffusely is calculated using the
AC matrix.

The internal heat dissipation of a SV is set in the form
of the mid-turn heat-release cyclograms for the corre-
sponding physical volumes.

Calculation of the non-stationary temperature field
of a SV. The calculation of temperatures in the nodes of
the SV GGM grid is carried out by the finite element
method. In accordance with this method, the initial non-
stationary heat equation is transformed by the Galerkin
method into a matrix system of four equations for each FE
in the form of a tetrahedral tetrahedron. In the resulting
system of equations, the unknowns are the temperatures at
the nodes of the FE.

Matrix systems of equations for individual FEs are as-
sembled into a global system of linear algebraic equations
for the entire grid model of a SV. The original algorithm
for compact storage of sparse matrices [13] is imple-
mented in the DS, which allows significant increasing the
speed of calculations and reducing the amount of required
RAM.
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Fig. 6. The scheme of calculation of radiant fluxes incident on a SV using z-buffer: 1 —is a SV GGM,;
2, 3 —are projections of the SV GGM in the plane perpendicular to the direction of radiation fluxes
of external sources: the Sun (2), the illumination zones of the ”Earth—atmosphere” system (3)

Puc. 6. Cxema pacuéra naparonmx Ha KA jyuncTsIX OTOKOB ¢ ncnonbs3oBanueM Z-0ydepa: 1 — CI'M KA;
2, 3 — mpoekuun CI'M KA Ha m10cKoCTH, epHeHANKYIPHbIC HAIPABICHUIO TOTOKOB U3y YCHHS
BHEIIHUX UCTOYHUKOB: CoMHIA (2), 30HBI MOJCBETKH CHCTEMBI «3emisi—aTmMocdepa» (3)

Fig. 7. An example of ray tracing for one of the platforms of the SV GGM. The arrow shows the
direction of radiation of the source, the points show the beginning of the traces of reflected rays

Puc. 7. Ilpumep TpaccupoBkH syueit 1t oquoi u3 miommanok CI'M KA crpekoii nokasano
HAIpaBJICHUE M3JTyYeHHUs HCTOUYHMKA, TOYKAMU — HA4aJIO TPAcC OTPaXKEHHBIX JIyuer

As a result of solving the obtained global system of
equations, temperatures are calculated at all nodes of the
grid, with the exception of the nodes belonging to the
outer layer of screen-vacuum thermal insulation (SVTI).
The temperature of the outer surface of the SVTI irradi-
ated by the Sun and the "Earth—atmosphere” system dy-
namically changes at each step in time due to the low
thermal inertia of the film layers. Therefore, the tempera-
ture at the nodes of the SV grid model belonging to the
surface layer of the SVTI is determined as a result of
solving the instantaneous equations of stationary heat
exchange taking into account the thermal bonds with the
inner layers of thermal insulation.

Simulation of a SV dynamic SEC (signatures). Cal-
culation of a SV radiation intensity (integral one and in
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given spectral ranges) is performed simultaneously for the
set of directions uniformly distributed in the solid angle
47 avg. For example, when setting the step between direc-
tions 3°, their number is 7082, at step 2° it is 16022. The
outgoing radiation for each direction is calculated taking
into account the mutual shielding of the platforms of a SV
GGM. All the components of the radiation leaving a SV,
such as, its own thermal radiation, reflected solar radia-
tion, the thermal radiation of the Earth and the solar al-
bedo-flow of the Earth are included. The set of values of
the flows leaving in all directions forms the indicatrix of
the radiation intensity of a SV. The set of such indica-
trices (integral ones and in given spectral ranges), calcu-
lated for each time step within one or several turns and
stored in files of a certain format, represent a digital
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dynamic model (DDM) of a SV SEC. The file containing
the temperature field of a SV for each step in time is re-
corded in parallel with the DDM SEC files. DDM SEC
and a SV temperature field files can be viewed and analyzed
both in a step-by-step and in a 3D animation mode with the
use of the post processing facilities of the Gmsh ST.

Indicatrices of a SV radiation intensity are visualized
in the form of projections onto the opaque spherical
screen surrounding it (fig. 8). The center of the screen is
placed in a SV CM. Each value of the radiation intensity
on the screen corresponds to a certain shade of the color
scale. To transfer the shape of the indicatrix, a spatially
non-uniform transformation of the spherical screen into a
3D surface can also be used, so that the length of the ra-
dius-vector of any point of the surface is proportional to
the radiation intensity in the direction given by this vector.

The results obtained in modeling the SEC of a typical
SV in the IR range of 3-20 um are given below to illus-
trate the application of the FemRad DS. A low-mass SV
with a characteristic design (fig. 9) in the main elements
of which analogues of widely used materials and coatings
of their external surfaces are used was selected as the ob-
ject of research. Solar cells based on gallium arsenide are
located on the front side of the SB panels, and their back-
side is covered with white enamel of AK-512 type. An
aluminized polyimide film of the NIIKAM-KPMA type is
used as the facing layer of SVTI. A thermoregulatory
coating of TR-SO FSr type is applied on the radiation
surfaces. A SV operates on a circular sun-synchronous
orbit with a height of 480 km and with inclination
of 97.4°,

step TOG 1128

Range 3 ... 20um Y

Radwation itensity, W osr

Fig. 9 shows the relative position of a SV, the Earth
and the Sun, and the numbers indicate the characteristic
points of the orbit: point 1 is 10 seconds before a SV
leaves the Earth’s shadow; points 2, 3 are located above
the north pole and the equator of the Earth, respectively;
point 4 corresponds to the maximum SB temperature
of a SV.

The simulation results are shown in fig. 10. As it can
be seen, the spatial indicatrix of a SV radiation is distin-
guished by a significant inhomogeneity in the directions
of observation, and also considerably depends on the po-
sition in the orbit.

It should be noted that since solar cell batteries are lo-
cated in a plane perpendicular to the longitudinal axis of a
SV, radiation from the panels of the SB goes in the —X
direction, and radiation from a SV body (SVTI and radia-
tors) goes mainly in the +Y direction. At the same time,
the temperature of the SVTI facing layer on the illumi-
nated side is, on average, close to the temperature of the
SB panels. The maximum values of the integrated radia-
tion intensity (IRI) in the range 3-20 um are achieved
in the £X directions, that is, perpendicular to the SB pan-
els. In this case, the indicatrix of a SV IRl acquires a
dumbbell shape. This is due to the fact that the area of the
body midsection is smaller than the area of the SB panels.
The close dimensions and shapes of the “dumbbell”
halves (in the +X and —X directions) are due to the small
temperature difference between the front and back sides
of the SB panels, as well as the close values of the solar
cell emission coefficient (¢ = 0.88) and white enamel
AK-512 (¢ = 0.85).

b

Fig. 8. Visualization of the indicatrix of the SV radiation intensity using the surround-

ing opaque 3D screen (shown in the section). The spatial unevenness of the radiation

intensity is transmitted by: the color gradient (a); the color gradient and the length of
the radius vectors of the grid nodes (b)

Puc. 8. Busyanusamuus HHAUKaTPHCHI CHIIBI H3mydeHns KA ¢ ucmonp3oBaHueM OKpy-
KAIOIIEro ero HernpospadHoro 3D-okpana (mokasau B paspese). [IpocrpaHcTBeHHast
HEPaBHOMEPHOCTh CHJIbI H3JTyYCHHs NepeaadTes: rpaJueHToM 1Bera (a); rpaueHToM
L[BETA M JUIHHOII paJiiyCcOB-BEKTOPOB y3110B ceTkH (h)
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Fig. 9. Grid finite element model (a) and the position of a SV at the characteristic points
of the orbit (b) in the calculation of its SEC
Puc. 9. Cerounast KOHEUHO-3JIEMEeHTHast Mozielib (a) 1 nosoxkeHne KA
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Fig. 10. Indicatrices of a SV radiation intensity in the range 3-20 um at the characteristic points
of the orbit (the numbering of points and a SV orientation in them correspond to fig. 9)

Puc. 10. Uunukarpucer cuibl u3nydenns KA B quanasone 3—20 MKM B XapaKTepHBIX TOYKAaX OPOUTHI
(mymepanust Touek u opreHTanus KA B HUX COOTBETCTBYIOT puc. 9)
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The main feature of a SV SEC in the IR range is the
presence of the object's own radiation at any time, irre-
spective of its illumination by the Sun. In addition, the
reflected radiation from the “Earth—atmosphere” system
contributes to the emission of low-orbit SVs. Thus, the
minimum value of the IRI at point 1 in the shadow por-
tion of the orbit is 23 W/sr.

Thus, ground-based OE of the IR range has the advan-
tage of the duration of SO observations compared to OE
operating in the visible range. At the same time, the
maximum values of IRI in the IR range are substantially
lower than the IRI in the visible range of the electromag-
netic spectrum

Conclusion. FemRad DS developed as a set of inter-
connected calculation methods, models, databases and
software modules implementing them can be used to solve
the following urgent scientific and applied problems:
calculation of dynamic SEC (signatures) of a SV,
taking into account multiple reflections of the incident
radiation fluxes from the Sun and Earth by the elements
of its surface, shadowing of some SV elements by others
in the direction of the observation OE and data on the
reflection, radiation and scattering indicatrices of the opti-
cal radiation of the samples of materials and a SV surface
coatings obtained experimentally;
calculation of the SEC (spectral, integral transmis-
sion and brightness ones) of atmospheric routes for real
conditions of a SO observation in the process of its ac-
companying by ground-based OE;
ssessing the capabilities of the ground-based OE to
detect SVs in the forecasted observation conditions using
the calculated values of SEC of the atmospheric routes.

The use of open documented formats for the presenta-
tion of data in the DS makes it possible to apply it to-
gether with other widely used STs [1; 2; 14; 15]. This
ensures the required level of reliability of results in the
modeling process, which is especially important when
performing R & D at the early stages of the life cycle of
rocket and space equipment.

The development of the presented technology is the
use of software environment that acts as a single platform
for the organizations of Russian space industry, contain-
ing standardized basic elements (including ballistic sup-
port, DS, databases on the solar SEC emission, the
“Earth—-atmosphere” system and space, etc.) It allows in-
tegrating various calculation methods and software.
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A finite group is considered to be real if all the values of its complex irreducible characters lie in the field of real
numbers. We note that the above reality condition is equivalent to the fact that each element of the group is conjugate to
its inverse. A finite group is called simply reducible or a SR-group if it is real and all the coefficients of the
decomposition of the tensor product of any two of its irreducible characters are zero or one.

The notion of a SR-group arose in the paper of R. Wiener in connection with the solution of eigenvalue problems in
quantum theory. At present, there is a sufficient amount of literature on the theory of SR-groups and their applications
in physics. The simplest examples of SR-groups are elementary Abelian 2-groups, dihedral groups, and generalized
quaternion groups.

From the point of view of a group theory questions of interest are connected first of all with the structure of simply
reducible groups. For example A. I. Kostrikin formulated the following question: how to express the belonging of a
finite group to the class of SR-groups in terms of the structural properties of the group itself. Also, for a long time it was
not known whether a simply reducible group is solvable (S. P. Stunkov’s question). A positive answer to the last
question was obtained in the works of L. S. Kazarin, V. V. Yanishevskiy, and E. I. Chankov. Questions concerning the
portability of the properties of a group to subgroups, factor groups, and also their preservation in the transition to
direct (Cartesian) and semidirect products or wreath products are always of interest.

The paper proves that the reality of H is the necessary condition of simply reducibility of the wreath product of the
finite group H with the finite group K and the group K must be an elementary Abelian 2-group. We also indicate
sufficient conditions for simply reducibility of a wreath product of a simply reducible group with a cyclic group of order 2.
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Koneunyto epynny nazoeem eeujecmeennoll, eciu 6ce 3HAUeHUs e€ KOMNAEKCHbIX HeNnpUsoOUMbIX XApaKmepos je-
Jrcam 6 noine eewjecmeennvlx yucen. Ommemum, 4mo chopmyIupo8antoe sviuie YCaosue euecmeeHHOCHY PaGHOCUTTb-
HO MOMY, YMO KAadCOblll d1eMeHm 2pynnvl COnpsxicer co ceoum obpamuvim. Koneunas epynna masvisaemcs npocmo
npugodumou, unu SR-epynnoii, eciu oHa eewjecmeeHHa u 8ce KOIPGUYUeHmsl pasnoNceHUs MeH30PHO20 NPOU3Ee0eHUs.
JII00BIX 08YX €€ HenpuUB8oOUMbIX XAPAKMEPO8 PAGHLL HYJII0 UIU eOuHUYe.

Tousmue SR-epynnvi 603nuxio 6 pabome P. Bunepa 6 céi3u ¢ pewenuem 3a0ay Ha cOOCMBEHHbIe 3HAYEHUsL 8 K8AH-
moeoil meopuu. B nacmosuee epems umeemcs docmamouHo aumepamypul no meopuu SR-epynn u ux npunosxcenuam &
Quzuxe. IIpocmetiwue npumepor SR-epynn daiom snemenmapnule abenesvl 2-2pynnvi, Oud0paIbHble 2PYRNbLL U 0000-
WeHHble SPYNNbL KBAMEPHUOHOS.

C mouxu 3penus meopuu epynn npexcoe 6ce2o npeocmasiaom unmepec 60nPochl, CEA3AHHbIE CO CINPOEHUEM NPO-
cmo npusooumvix epynn. Hanpumep, A. . Kocmpukun ommeuaem ciedylowutl 60npoc. Kax blpasums npuHaoiedc-
HOCMb KOHeyHoU epynnvl K kiaccy SR-epynn 6 mepmunax cmpykmypuvix ceolicms camoti epynnul. Takowce npooonxcu-
meibHoe 6peMsi He Dbll0 U3BeCHHO, AGTAEMCS AU NPOCcmo npugodumas epynna paspeutumoi (gonpoc C. I1. Cmpynxo-
6a). Tonoscumenvuviti omeem Ha NOCieOHUl 8onpoc oOwil nonyuern 6 pabomax JI. C. Kazapuna, B. B. Anuwescrozo
u E. . Yankosa. Bonpocwl, kacarowuecs nepeHocuMoCmu C8oUCma Spynnvl Ha NOOSpYnnbl, pakmop-epynnvl, a Makice
coxpanenus ux npu nepexooe K npsimvim (Oekapmosvim) u NOLYAPSMbIM RPOU3EEOCHUSM UNU CIICMEHUSIM, 8Ce20d Gbl-
3b18aIOM UHMEPEC.

212



HquopMamuKa, 8blHUCIUMENbHAS MEeXHUKa u ynpaejienue

Hoxazarno, umo HeoOX0OUMbIM YCIOSUEM HPOCHO NPUSOOUMOCHU CHAemeHus Koneurot epynnvl H ¢ xoueurnoil
epynnou K saensiemcs sewecmeennocmo H, a epynna K doncna dvimv snemenmapnoii abenesou 2-epynnou. Taxoice
VKazanvl 00CMAmouHble YCL08Us NPOCMO NPUBOOUMOCTIU CRILCIMEHUS. NPOCHO NPUBOOUMOU SPYANbL C YUKAUYECKOU

2pynnoti nopsoka 2.

Kniouesvie cnosa. npocmo npueodwwa}l epynna, eewiecmeernnas cpynna, cnjiemeHue.

Doi: 10.31772/2587-6066-2018-19-2-212-216

Introduction. Simply reducible groups introduced by
Wigner in [1] in connection with the questions of the
quantum theory have found applications in other branches
of physics as well (for example, [2-6]). The questions
formulated above were noted in [7-9]. A positive solution
of the problem of a finite simply reducible group
solvability was published in a series of papers [10-12].
Questions of the portability of various properties of
groups to wreath products were considered in [13-15].

In this paper we determine necessary and sufficient
conditions for the simply reducibility of the wreath
product of finite groups. In the first section we find
necessary and sufficient conditions for the reality of the
wreath product of two finite groups. In the second section
we give necessary and sufficient conditions for the simply
reducibility of the wreath product of a simply reducible
group and a cyclic group of order 2, and we present an
infinite series of simply reducible groups built using the
construction of a wreath product.

The standard group-theoretical notation is used in this
paper (for example, [16]). We also use the following
equivalent definition of a simply reducible group that is
more convenient for computations. A finite real group is
called simply reducible if

> 0%(9) =D IC(9)F,

geG geG

where  05(g) =|{heG|h* = g}|
centralizer of the element g .

and Cg(g) is a

Necessary conditions for simply reducibility
of the wreath product of finite groups

Theorem 1. Let H and K be finite groups, and their
wreath product HsK is a simply reducible group. Then H
is a real group, K is an elementary Abelian 2-group.

Proof. According to its definition, a simply reducible
group is real. We show that the reality G = HsK implies
that H is real, and the group K must be an elementary
Abelian 2-group.

So, let the group G = HsK be real, k, =1,k,,...,k, are
all the different elements of the group K. Let us take an
arbitrary element heHand consider the element

x = h' of the group G. According to the definition of the
reality, there will be found such an element

y=k-ht. . .h h, .. heH,
of the group G, that x¥ = x™*. We have
(h™) =xt=x = (WY (W) -k hk -h...h =
= (h'h) . (h ) (hyth) = (i)
whence it follows that k;=1 and h™=h"hh. Thus,

every element of the group H is conjugate in it with its
inverse and, hence, H is a real group.
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Let us prove that K is an elementary Abelian 2-group.
We assume the contrary, let |k;|=s>2for some j.

Without restricting the generality, we may assume that
k, =k, ks =k?,...,k, =k Let us consider the element
g= kz-hk1 of the group G, where 1=heH.Again

according to the definition of the reality there will be
found such an element

y=k-ht. . .h" h, ..
of the group G, that g¥ = g™*. We have

kn
n

h, eH,

n

szl(hfl)"lkz_l =gt=g’'=
=(hH .. (hY) kK, h'k, ht...h" =

ki

2 hlkl N

ek hfn

S

ki
= kst ()™ .

whence it follows that k, =k, (in particular, k; does not
lie in a cyclic subgroupk,) ) and, therefore,

(A" = (12 (h1) 92 h9 b o

n

@

Remembering, kk,' =k Kok, = ki,
kK" =K,,...,k.k," =k, we obtain (after comparing the

right-hand and left-hand sides of relation (1)) the system
of equations

1= hl’1h5,1= h;lhl,1= h;lhz,
from which

h=(hh,,)(hh, ). (hehy)(h"h)(hhy) =1,

contradiction with the choice of h. Hence, the group K is
an elementary Abelian 2-group. The theorem is proved.

We show that the conditions formulated in Theorem 1
are sufficient for the realness of the group G = Hsk. Let
G HsK, where the group His real, and Kis an
elementary Abelian 2-group. We choose an arbitrary
element g € G and establish its realness.

Situation 1. Let g=h?...h', where h,...,h eH.

n

From realness H it follows that there exist such elements
r,...rreH, that h' =h" i=1,..,n The element

that

s

1=hh , h=hh,,,

y=r..r obviously, inverts g.

Situation 2. Let g=k-h?..h!" where keK u
h,....h, € H. Without restricting the generality, we may
assume, that the elements of the group K are arranged in
such away that kk =Xk;,,, i=1,...,m=n/2. According

I+m?
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to this the element g (and any other element from K)
can be expressed by the following product

g=k 'ﬁhiki hi'jlr(n‘
i=1

We sort out for each product hh i=1,...,m, such

i+m?

anelement f e H, that (hh, )i =(hh

1+m

) and assume
y=k H( fihi)ki (h;1 fi)kik-
i=1

Then

m

9 = [T 675 (F7h) 5 -k kx

i=1

x [ThhG k-TTCRR) (h ) =
i=1 i=1

=k LT 67 ()RR (R)" (0 £)" =

i=1

=k T T b, ) (0 bt )5 =
i=1

=k T ()% =g

A sufficient condition of simply reducibility
of the wreath product of a simply reducible group
and a cyclic group of order 2

Theorem 2. In order that the wreath product G=HsZ,
of a simply reducible group H and a cyclic group of
order 2 be a simply reducible group it is necessary and
sufficient that the equality

Y (305,()IC, ()]+363 ) Cy W) +ICy W)P) =

(u,v)eHxH,uevH

=4H|Ylc mf+3 Y

(h, f)eHxH hefH

ICaMI*. (@

be satisfied.
In the following three lemmas, the structure of the
centralizers of the group G elements is determined.

Lemma 1. If g=(h,f), f,heH, and f'=h for
some veH , then

Ce(9) = {(t.u), o(uv,tv) [teC,, (h),ueCy (f)},
in particular,
ICs(9)|=2-|C ()"

Proof. Let zeC;(g). Let us cosider two situations.
Situation 1. Let z=(x,y), X,yeH. Then

z7gz=(x"y )(h F)(xy) = (h*, £7) = (h, T),
from which xeC, (h) and yeC,(f).

Situation 2. Let X,yeH. Then

z=0o(x,Y),
7t =o(ytx ™M),

zrgz=o(y ", x)(h, f)o(x,y) =
= (xLy )(Fh)xy) = (F,h) = (h, f),
from which f*=h and h’=1f . From the equalities
f*=h and f'=h it follows, that x=uv, ueC,(f).
Similarly, from the equalities hY = f and o= f it
follows, that teC,(h). Thus,

z=o(uv,tv'), where teC,, (h) and ueC,(f).
The second assertion of the lemma follows from the
isomorphism C, (h) =C,, (). The lemma is proved.
Lemma 2. If g=(h, f) and the elements h and f
are not conjugate in H , then

Ca(@) ={(x ) [xeCy(h),y Cy ()},

in particular,

y=tv', where

ICa (@) =[Cy (M][C,y (F))-

Proof. Let ze C5(g). If z=(x,y), then

g* =(xy )(h )(xy) = (0, )= (h, T).

From which xeC, (h)and yeC,(f). If we assume
that z =o(X,y), then

g* =o(y " x)(h, flo(x y) = (f*,h") = (h, ).

which contradicts the disconjugacy of h and f. The

lemma is proved.
Lemma 3. If g =co(h, f), then

Cs(9) =
={" NIy eCyh-HIUo(ftth )|t Cy (f-h)f,
in particular,
Cs(@)]=2:[Cyy (- )]

Proof. Let zeCg(g). Again we consider two

situations.

Situation 1. Let z=(X,y), X,yeH. We show that

zeC.(g) when and only when yeC,, (hf) and x=y".
We have
o(h, f)=z"gz=(x",y)a(h, f)(xy) =
= o(y ™, x7)(h, £)(x,y) = oy hx, x fy),
therefore
x 'y = f. 3)
Multiplying these equalities, we obtain y*hfy = hf ,
that is, yeC,(hf). The first equality (3) in this case

yhx =h,

gives x = y".
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Inversely, let yeC,(hf) and x=y". Then
y'hx=h and, consequently, x'fy=h"'y " hfy=
= h*hf = f , that is, equalities (3) are satisfied, hence,
z7'gz=g.

Situation 2. Let z=0o(X,Yy), X,yeH. Then
g=2z"gz=c(y ", xMo(h, f)o(x,y) =
= o(y L, x)(f, h)(x,y) = o(y ™ fx,x *hy)

and the equality z'gz = g is equivalent to the following
two equalities:

yifx=h, x‘thy=f. (4)

Multiplying the first equality by the second from the
right, we obtain
yhy = hf = (fh)",
from which y =h™t for some teC,, (fh) and
x=flyh=fthh=ft

Inversely, let x=f% and y=th? for some

teC, (fh). Then

yifx=ht'ff t=h
and
xhy =t fhth™* = thh* = f,
that is, equalities (4) are satisfied. The lemma is proved.

Using lemmas 1-3, we find the sum of the squares of
the centralizers of the elements of the group G. We have

> ICa(@) = X ICs(o(h, F)F + Y ICs((h, ) P=

geG h,feH h,feH
= Y |2, (h)F+ > (2IC () +
h,feH (h, f)eHxH hef"
+ Y (CuMIIC, (F)N? =4H| D [C, ()] +
heH

(h,f)eHxH h ¢fH

+ 2 ICh(FIC, () +3 ICh()I*. (5)

h,feH

2

(h, f)eHxH hefH

Lemma4. Let g G . Then

1) 65(9)=0,if g =o(u,v);

2) 05(9)=6,Wo,(v), if g=(u,v) and, u and v
are not conjugate in H;

3) 05(9) =6, o, (V)+[Cy()|, if u and v are
conjugate in H.

Proof. The assertion 1) is obvious, since the square of

any element from G liesin HxH .
Let g=(u,v) and zeG. If z=(x,y), then the

equality z°> =g is satisfied when and only when u = x?
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and v=y% If z=0o(x,y), then the equality z*=g is
satisfied when and only when
u=yx, (6)

We show that the conditions (6) are equivalent to the
fact that both uand v are conjugate in some element
heH and

x=h", y=ut™h, teC,(u).

V= Xy.

U]

Indeed, (yx)’ =xy, therefore, uand v are conjugate

inH. Let v=u". Then from (6) it follows that y =ux
and

u"=v=xy=xuxt=u" .
From which x=h"t, y=ut"h for some teC,, (h).

The lemma is proved.
Using Lemma 4, we find the sum of the cubes of the
values of the function 6. We have

D02(9)= D B (o(uv)+ Y B2 ((uv)=
geG u,veH u,veH
2

= > 6 (uVv)= 0%, ()07, (v) +
(uv)eHxH ugvH

> 0uB M) IC, D = X 6 W) ) +
j. (8)

(u,v)eHxH,usvH
+ [
(u,v)eHxH,uevH
Comparing (5) with (8) and taking into account that,
by virtue of the simply reducibility of the group H , the
following equality is true

> 0 oW =Y [c, M [C, (),

u,veH h,feH

+

30}, () [ Cyy (u) |+
+30Z ()| C,y W) +1C,y ()

we obtain that condition (2) is necessary and sufficient for
simply reducibility of the wreath product of a simply
reducible group with a cyclic group of order 2. The
theorem is proved.
The proof of Theorem 2 allows us to construct the
following infinite series of simply reducible 2-groups.
Corollary 1. Let G = HsZ,, where H is an elementary

Abelian 2-group of order 2". ThenG is simply reducible.

Proof. Let Z,={1,-1}, H=Z,x...xZ, and
h=(h,...,h). We find 6(h). if
h=(1,...,1), then 6(h) =|H|=2". If h =-1 for at least

Obviously,

one i, then 0(h)=0, as the equation x’=-1 is not
solvable in group Z,. As H is Abelian, then

Ce, (h)‘ =|H| forany he H . From which,

3 [36:: (W] Cy )]+ ]:
(u,v)eHxH,uevH + 36|2-| (U) I CH (U) |2 + | CH (U) |3
=2"(4+3-2") =
=4H[Ylc,m+3 > Ic (I
heH (h,f)eHxH hefH

The corollary is proved.
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Conclusion. It is proved that the reality of H is the
necessary condition of simply reducibility of the wreath
product of the finite group H with the finite group K, and
the group K must be an elementary Abelian 2-group. We
also indicate sufficient conditions for simply reducibility
of a wreath product of a simply reducible group with a
cyclic group of order 2.
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THE CAYLEY GRAPHS OF FINITE TWO-GENERATOR BURNSIDE
GROUPS OF EXPONENT 7
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For the first time the definition of the Cayley graph was given by the famous English mathematician Arthur Cayley
in the XIX century to represent algebraic group defined by a fixed set of generating elements. Now the Cayley graphs
are widely used both in mathematics and in applications. In particular, these graphs are used to represent computer
networks, including the modeling of topologies of multiprocessor computer systems (MCS) — supercomputers. This is
due to the fact that Cayley graphs possess many attractive properties such as regularity, vertex transitive, small diame-
ter and degree at a sufficiently large number of vertices in the graph. For example, such a basic network topology as
the ’ring”, ’hypercube” and ”’torus” are the Cayley graphs. One of the widely used topologies of MCS is a k-
dimensional hypercube. This graph is given by a k-generated Burnside group of exponent 2. This group has a simple
structure and is equal to the direct product of k copies of the cyclic group of order 2. Now the Cayley graphs of groups
of exponent 3, 4, and 5 have already been studied. In this paper we research the Cayley graphs of some finite two-
generated Burnside groups of exponent 7. The computation of the diameter of the Cayley graph of a large finite group
is a solvable but very difficult problem. In the general case the problem of determining the minimal word in a group is
NP-hard (nondeterministic polynomial). Thus, in the worst case, the number of elementary operations that must be per-
formed to solve this problem is an exponential function of the number of generating elements. Therefore, to effectively
solve problems on Cayley graphs having a large number of vertices, it is necessary to use MCS.

Keywords: the Cayley graph, a multiprocessor computing system.
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NCCIEJOBAHUE I'PA®OB K2JIM KOHEYHBIX IBYIIOPOXJIEHHBIX
BEPHCAWMJIOBBIX I'PYIII NEPUOJIA CEMb

A. A. Kysnenos, B. B. Kumkan

Cubupckuii rocy1apcTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccuiickas ®eneparms, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii padoumii», 31
E-mail: kuznetsov@sibsau.ru

Bnepevie onpedenenue epagpa Konu bvino oano uzeecmuvim anenuiickum mamemamuxom Apmypom Konu 6 XIX gexe
011 nPedCcmaesienust aneedpaudeckol spynnvl, 3a0aHHOU QUKCUPOBAHHBIM MHOICECBOM NOPOACOAIOUUX DTIEMEHMOE.
B nacmoswee epemsi epaghpr Konu nauiu wupokoe npumeHeHue KaxK 6 mMamemMamuke, maxk u 6 npuKkiaoHblx 3a0ayax.
B uacmnocmu, yxazaunvie epapvl ucnonwb3yiomest 0st npedCmasieHust KOMRbIOMEPHbIX cemell, 8 MOoM Yucie 0isk Mooe-
JUPOBAHUSL TMORONIO2UTE MHO20NPOYeccophblx eviuucaumensivix cucmem (MBC) — cynepkomnviomepos. Imo ces13aHo
¢ mem, umo epaghvl Konu umerom mMHo20 npugieKamenbHulX c8OUCMS, U3 KOMOPBIX BbLOCIUM UX PE2YIAPHOCTIND, 8EPULUH-
HYI0 MPAH3UMUBHOCTb, MAble OUAMEMpP U CMeneHb npu 00CMamoyHo 60IbUWOM Koauvecmee gepuun 6 epage. Ha-
npumep, maxue 6a308vle MONOLO2UU CEMU, KAK KOAbYO, 2Unepky6 u mop, sgisomces epagamu Konu. OOHOU u3 wupoko
npumensiemvlx mononozuit MBC sensemces K-mepnoiil eunepky6. Jlannwiii epagh 3a0aemes K-noposcoennoti bepucaiioo-
6ol epynnoii nepuooa 2. dma epynna umeem nPOCMYIO CMPYKmMypy U PA6HA NPAMOMY npoussedeHuio K axzemniapog
YuKIU4eckou epynnul nopsioxa 2. Panee agmopamu yoice 6vinu uzyuernwvl epagol Konu epynn nepuooa 3, 4 u 5. Ilpogede-
Hbl UCCTEO08AHUS NO ONPEOeNeHUI0 CMPYKMypbl 2pagos Kanu Hekomopvlx KOHEeYHbIX 08YNOPOICOEHHBIX OepHCAl008bIX
epynn nepuoda 1. Beruucaenue ouamempa epaga Konu 6016ui01i KOHEUHOU 2PYNnnbl SIGISemcs XOmst U pa3petuumo, Ho
8ECLMA CLOACHOU NPOOAEMOTL. DMO CEA3AHO ¢ MeM, YUMo & 00ueM Cryyae 3a0aua no OnpedeieHut0 MUHUMALIbHO20 ClO-
6a 6 epynne saensemcst NP-mpyonoi (nondeterministic polynomial). Taxum obpasom, 6 nauxyowem ciyuae konuwecmeo
9NeMEeHMAapHbIX Onepayull, Komopsie HeoOX00UMO BbLINOIHUMS OISl peuieHUs YKA3aHHoU 3a0ayu, npedcmagisem coool
9IKCHOHEHYUATILHYIO (QYHKYUIO OM KOAUYECmB8d Nopoxcoaiowux snemenmos. Ilosmomy ons sgpghexmuenozo peuienus
3a0ay Ha epagax Konu, umerowux 601buioe Koruuecmso gepuiut, eooxooumo npumersmo MBC.

Kniouesvie crosa. 2pa¢ KBJZM, MHO2ONPpOYeCCOPHAs 8bl4UCIUMENbHAA cucmemd.

Doi: 10.31772/2587-6066-2018-19-2-217-222
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Introduction. The definition of the Cayley graph
was given by the famous English mathematician Arthur
Cayley in the XIX century to represent algebraic group
defined by a fixed set of generating elements.

During the last decades the Cayley graph theory has
been developing as a separate big branch of the graph
theory. The Cayley graphs are used both in mathematics
and outside it. In particular, the Cayley graphs were used
in information technology after the pioneering work of
1986 by S. Akers and B. Krishnamurti [1] who first pro-
posed the use of these graphs to represent computer net-
works, including for topology modeling (i.e. methods
of connecting processors to each other) multiprocessor
computer systems (MCS) — supercomputersSince then,
this direction is actively developing [2-11]. This is due to
the fact that the Cayley graphs have many attractive prop-
erties, of which we distinguish their regularity, vertex
transitivity, small diameter and degree with a sufficiently
large number of vertices in the graph. Note that such basic
network topologies as ’ring”, ”hypercube” and torus” are
the Cayley graphs.

Let’s recall the definitions of the main terms used in
the work.

Let X be a generating set of the group G, i. e.

G=(X). The Cayley graph I'=Cay(G,X)=(V,E)

is a named orgraph with the following properties:

a) a set of vertices V(G) correspond to the elements
of G group,

b) a set of edges E(I') consist of all ordered pairs
(9, xg), wherege G u xe X .

Hence,
I'=Cay(G,X)=(V,E),

where V=G and E ={(g,xg)|g €G,x e X}.

A number of vertices |V |is equal to the order of G.

The Cayley graph is directed, and its degree s, i.e. the
number of edges, going out of each vertice, is equal to the
number of generating elements of the group: s=| X |.

We call the ball K of radius s of a group G the set of
all its elements, which can be presented as a group of
words with length s in the alphabet X. For each nonnega-
tive integer s, one can define the growth function of the
group F(s), which is equal to the number of elements of
the group G with respect to X, that can be represented as
an irreducible group words with the length s. Thus,

F(O) =Ko =1 F(8) = K |=| Ky |, seN.

As a rule, the growth function of a finite group is rep-
resented in the form of a table which contains non-zero
values of F(s).

Also, we note that, along with computing the growth
function of a group, we define some characteristics of the
corresponding Cayley graph, for instance, the diameter
and the average diameter [12]. Let F(s,)>0, but

F(s,+1) =0, then sy will be the diameter of the Cayley

graph of the group G in the generating alphabet X, which
we will denote Dy(G). Accordingly, the average diameter

D, (G) is equal to the average length of minimal (irre-
ducible) group words.

Unfortunately, although the computation of the
growth function of a large finite group is solvable, it is a
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rather complicated problem. This is due to the fact that,
in general, the task of the determination of the minimal
word of a group element, as shown by S. Iven and O. Gol-
dreich [13], is NP-hard (nondeterministic polynomial).
Thus, in the worst case, the number of elementary opera-
tions that must be performed to solve this problem is an
exponential function of |X|. Ih the case of large number of
vertices in the Cayley graphs we need use MCS.

One of the widely used topologies of MCS is the
k-dimensional hypercube. This graph is determined by the
k-generated Burnside group of exponent 2. This group has
a simple structure and is equal to the direct product of k
copies of a cyclic group of order 2. Generalization of a
hypercube is the n-dimensional torus which is generated
by direct product of n cyclic subgroups wich may have
different orders. In the articles [14-16] Cayley graphs of
Burnside group of exponent 3, 4 and 5 are studied.

In this paper will research the Cayley graphs of some
finite two-generated Burnside groups of exponent 7. We
will use the algorithm from [16] to study the graphs.
Since the orders of given groups are rather big we will
apply MCS.

Cayley graphs study algorithm.  Suppose
B, = {al, a2> is a finite two-generated Burnside groups of
exponent 7 where a; and a, — generating elements and
| B, |=7%. Using the computer algebra system GAP, it is

easy to obtain pc-presentation (power commutator presen-

tation) of this group [17]. In this case:
VgeB, = g=2a"a?...a, X €Z,.

Suppose a...a* and a)...a) are two random ele-

ments of B, written in commutator form. Then their

Xk

product is equal to a,*...a;* -a’...a* =a®...a}*.

The basis for finding coefficients is a collection proc-
ess (see [17, 18]) which is realized in computer algebra
systems of GAP and MAGMA. Besides, there is an alter-
native method for product computation of group elements
offered by F. Hall ([19]). Hall showed that z, represents
polynomial functions (in our case over the field Z,) de-
pending on variables x,...,X, ¥,...,Y; which are now
accepted to be called Hall's polynomials. According
to [19]:

Zi=X+Y P04 e Xigy Yooeees Yia)-

In the work [20] were calculated Hall’s polynomials
of By groups which allow to make product of group’s ele-
ments much quicker than via collection. On their basis we
shall calculate the important special cases of polynomials

necessary for further computation of Cayley graphs of By4
group and its factors.
1+1

1) a-atar..ay =)
2) a’-atar..a)=
3) a,-a"a)’...a’ =aj*a?...a", where:

Y2
ar...

y;+6

Y14+
4 1

Y2 Y14 -
a2 L dig,

=Y
Z,=Y,+1
;=Y tYs

2, =3y, +Y,+4Y;,
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Zs = Ys + Y1,
2, =5Y, + Y, +3y +6Y;,

Z, = Y, +3Y,Y, +4Y1 Y,

Zy = Vs +3Y1Y, +4Y,Y5,

Z,=5Y, + Yo +6Y; +5Y; +5Y;,

2y = 2Y, + Y10 51, +AY1Ys +3Yr Y, +3Y1 Y, +

+ BYY, +4y; +Y;,

2y =5Y, + Yoy +3Y1Ys + 4V Y, +3Y; +6Yy,

2, = Vi, +2Y1Y; +6Y,Y, +5Y:Y; + VY, +6Y1Y, s,
Z;3=Y13 +3y1y2 +4y12y2 +Y1YoYs

2,y = Yia +5Y,Y, +3Y,Y5 +6Y,Y5;

4) a,t-aralr..a =ata?...
2, =Y,

z,=Y,+6,

Z, =6y, +Y;,,

2, =4y, +Yy, +3y;,

Zs =Y, +Ys +6Y;Y,,
Zg=2Y,+ Y +4Y; + V7,

2, =3y, +Y, +4Y,Y, +3Y7Y, + 47,

Z, =6y, + Y3 +5Y,Y, +3y1y22!

Zy = 2Y,+ Yo + Vi +2Y; +2y),

2y =3Y, + Yio + 2V, Y, +3Y, Y5 + 4V Y, +

+ AV Yo Y Y, 43V Yy

Zyy =2, + Yoy +4Y,Y5 +3Y7 Y, +5Y;,

Zi = Yo+ Vi +5Y1 Ys +4Y,Y, +6Y, Y5+

+ 2Y,Y5 +2Y1 Y, + ViYs Vs

Zis =3Y 4+ Vg T AY1Y, + ViYs T4V Y, +3Y +6Y,Y, Vs,

2= Vot Vg H AN+ Y: WY

Further the basic algorithm for computation of the
Cayley graph of a finite group is provided [16].

Algorithm A-I

Input: a finite

X ={X, X,

Output: the diameter D, (G), the average diameter
D, (G) of the Cayley graphT =Cay(G,X), and also
F(s) of the

a’, where:

group  G=(X,o)  where

X, | is the generating set of G.

Ay

growth  function
0 <s<Dy(G):
1.5=0, K,={e}, F(0)=1, P=K,;
2.5=5+1;
3. K, =K.,
4. VxeXuvVpeP:
41. g=xop;
42.if geK,, K, =K, u{g};
5 P=K,-K,;;
6. F(s)=P[;

group G where
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7. if F(s)>0, transition to 2; otherwise s,=s-1,
transition to 8;

8. Dy (G) =5y, Ijx (G)

9. Exit.

In [16] is proved the correctness of algorithm A-I and
also shown that T(|G|)e®(G[) under |X|«|G]|,
where T(|G|) is computational complexity of the algo-

rithm A-l and © is simultaneously upper and lower
complexity asymptotical estimate.
To lower the complexity a method for enumeration of

elements is required. Suppose a"...a)* - random ele-

ment from By. We shall define bijective mapping ¢ as
follows:

(9) = (XX 1+ %),
0 ((KXea-- X)) =aray ...ak =g.
Here ¢(g) is an integer nonnegative number written

in the sevenfold form, which we shall take as an ordinal
number g. It is clear that ¢(g) runs over values from 0

to (7% -1).

We modify A-I algorithm as follows. We shall add a
Boolean vector of V of size 7 to step 1, all elements of
which originally are equal to 0. For convenience the in-
dexing of elements of V begins with 0. As K, ={e} and

¢(e) =0 therefore V, =1.

Let’s replace the step 4.2 of the algorithm A-I as fol-
lows:

4.2.1f Vg =0, Vi) =1 1 K, =K, U{g}.

As the complexity of the procedure of the group
element transfer to a number and back is equal to ®(1),

according to [16] complexity of the modified algorithm
A-1 will be equal to B(|G]).

Also, we shall note that in the step 4.1 all elements g
are calculated independently of each other, therefore this
section of the algorithm can be easily parallelized. In this
case at first all products g are calculated simultaneously,
then for every element do step 4.2 consequentially. Note
that in step 4.1 products of group elements are calculated
using Holl’s polynomials as suggested above.

The study of graphs By. The modified algorithm A-I
was implemented in C++. As a tool for parallelization, it
was used the library OpenMP. For the calculations, it was
used a computer with an 64-core processor and 512 Gb of
RAM, running the Linux operating system. The program
was compiled by the embedded compiler GCC. As the
result characteristics of the Cayley graph of B, were cal-

culated under k <14 for minimal (a,, a,) and symmetri-

cal <a1,a1’1, az,az’1> generating sets. In the first case com-

putation time under k =14 takes about18 hours, in the
second — 36 hours. Table presents diameters D and aver-
age diameters D for the Cayley graphs of By for the
specified generating sets. For illustration in fig. 1, 2
growth functions of the group B4 are presented.
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Cayley graphs of group By characteristics

B« By :<a11 az> By :<a1,a1‘1,a2,a;1>
k D D D D
2 12 6 6 3
3 14 8 8 5
4 18 11 11 7
5 23 15 12 8
6 28 17 15 10
7 28 20 17 12
8 35 23 21 14
9 36 26 22 16
10 39 28 24 18
11 42 31 26 20
12 43 34 27 21
13 49 37 31 23
14 56 41 34 25
g1 +100
BF 110
r+10
bE11U
£ s+
E
g;. AF+10
3E+10
FT+I0
IC+10
]
0 10 20 30 40 50 60
length
Fig. 1. The graph of the growth function of the group By, =(a,,a,)
Puc. 1. I'paduk dynkuuu pocra rpynnsl B, = <a1, a2>
7 5F+11
PRI
= 1Ar+11
5
2
i L2551
SE110
0
g 5 10 15 20 25 30 35 40
length

Fig. 2. The graph of the growth function of the group B, = <a1,a1’1, az,a2’1>

Puc. 2. Tpadux dynxuun pocra rpynmst By, = <a1,a1’ L az,a2’1>
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Conclusion. As mentioned above the Cayley graphs
represent an effective model for the topology of multi-
processor computing systems design. Therefore, for the
creation of supercomputers with exaFLOPS performance
(10" floating point operations per second) knowledge
of characteristics of super-large-scale Cayley graphs
might be required. The results of this research can be used
for perspective topologies design of MCS.
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The question of the possibility of restoring information on the group by its bottom layer is considered. The problem
is classical for mathematical modeling: restoration of missing information on the object employing part of the saved
data. This problem will be solved in the class of layer-finite groups. A group is said to be layer-finite if it has a finite
number of elements of every order. This concept was first introduced by S. N. Chernikov. It appeared in connection with
the study of infinite locally finite p-groups in the case when the center of the group has a finite index in it. The bottom
layer of the group G is the set of its prime order elements. By the bottom layer of the group, you can sometimes restore
the group or judge about the properties of such a group. Among these results one can name those that completely
describe the structure of the group by its bottom layer, for example: if the bottom layer of the group G consists
of elements of order 2 and there are no non-unit elements of other orders in the group, then G is the elementary
Abelian 2-group. V. P. Shunkov proved that if the bottom layer in an infinite layer-finite group consists of one element
of order 2, then the group G is either a quasicyclic or an infinite generalized quaternion group. We will restore the
information on the group by its bottom layer. This problem will be solved in the class of layer-finite groups. Group G
is said to be recognizable by the bottom layer if it is uniquely recovered by the bottom layer. Group G is said to be
almost recognizable over the bottom layer if there is a finite number of pairwise nonisomorphic groups with the same
bottom layer as in group G . Group G is said to be unrecognizable by the bottom layer if there is an infinite number of
pairwise nonisomorphic groups with the same bottom layer such as in group G . In this work conditions under which the
group is recognized align the bottom layer have been established.

Keywords: group, layer finiteness, bottom layer, complete group, order of the group.
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BOCCTAHOBJIEHUE HH®OPMAIINU O I'PYIIIIE IO HUKHEMY CJIOIO
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Paccmampusaemcs 6onpoc 0 803mModCHOCIU 60CCMAHOGIEHUSL UHGOpMAYUL O epYNNe NO ee HUdCHeMY cloio. Bo-
npoc AGISEMCA KIACCUHeCKUM O MAMeMAamu4ecko20 MOOeTUPOSAHUs. B0CCMAHOBNEHUe Hedocmaowel UH@op-
mMayuu 006 obvekme NO YACMU COXPAHUBUUXCS OAHHBIX. DMom 8onpoc Oyoem peuams 6 Kiacce CAOUHO KOHEeUHbIX
epynn. Ipynna Hazvieaemcs CIOWHO KOHEUHOU, €CU OHA UMeen KOHEUHOE YUCTO DNIEMEHMO8 KAXCO020 NopaoKa. Imo
nousmue enepgvie Ovino 66edeno C. H. Yepnuxosvim. OHO NOABUNOCH 6 C6:A3U C U3YYEHUEM DeCKOHEUHbIX TOKATbHO KO-
HeuHbIX P-2pynn 6 ciyuae, Ko20a YeHmp pynnvl umeem KoHeyHwill unoexc 6 nei. Huoicnum croem epynnot G nazviga-
emcst MHOICECBO €€ INeMEHMO8 NPOCMbIX Nopaokos. 11o nudcHemy clol0 epynnbl UHO20A MOJICHO 80CCMAHOBUMb
SPYNNY, UHO20A MOJCHO YMO-MO CKA3AMb 0 Cc8olicmeax makou epynnvl. Cpedu smux pe3yibmamos MONCHO HA38AMb
me, KOMopwvle ONUCHIBAIOM NOIHOCTbIO CIPOEHUe SPYNNbL N0 ee HUMNCHEMY CILOI0, HANPUMED, eCIU HUMCHUL CIIOU 2pYNnbl
G cocmoum u3 snemenmos nopaoka 2 u 6 epynne Hem HeeOUHUUHBIX INEMEHMO8 Opyaux nopaokos, mo G — anemen-
mapuas abenesa 2-epynna. B. I1. Ilynkoguvim 00KA3aHO, YMO eClU HUICHUL CAOU 8 OeCKOHeUHOU CIOUHO KOHEYHOU
2pynne cocmoum u3z 00H020 diemenma nopsaoka 2, mo epynna G aubo Keasuyukiuyeckas, mubo beckoneynas 0606-
WeHHas epynna KeamepHuonos. Mol 6ydem occmanagiusams UHGOpMayuio o epynne no ee HUdICHeMmy cioio. Imy 3a-
oayy 6ydem pewams 6 Kiacce clOUHO KoHeunwlx epynn. I pynny G Hazo0eem pacnosnasaemoti no HUMCHEMY ClOw, eci
OHA OOHO3HAYHO 6OCCMAHABIUBAEmCsi No HudicHemy croio. I pynny G Hazoeem noumu pacno3Hagaemou no HUNCHEMy
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CI1010, eclly Cyujecmsyen KOHeuHoe YUcao NONAPHO HeU3OMOP@HLIX 2pYNNI ¢ OOUHAKOBLIM HUICHUM CTIOEM MAKUM Jice, KaK Y
epynnor G . I'pynny G Hazogem Hepacno3Hagaemoli no HUNCHeMY C010, ecliu cyujecmayem OecKkOHeuHoe YUcaio HONApHoO
HEeU30MOPDHBIX 2PYIN ¢ OOUHAKOBLIM HUIICHUM CloeM Makum dice, kak y epynnot G . Yemanosnenwl ycnosus, npu ko-

mopbulx epynna pacno3naemcs no HUdNCHeMy CloIo.

Kniouegvie cnosa: epynna, ciounas KOHEYHOCMb, HUNCHULL CNIOU, NOHASL 2PYNNA, HOPSOOK PYNNb.

Doi: 10.31772/2587-6066-2018-19-2-223-226

Introduction. A group is said to be layer-finite if it
has a finite number of elements of every order. This
concept was first introduced by S. N. Chernikov in his
work [1] and appeared in connection with the study
of infinite locally finite p-groups in the case when
the center of the group has a finite index in it. In 1948
S. N. Chernikov [2] described construction of an arbitrary
group in which number of elements of every order is
infinite and the term layer-finite groups was used here for
the first time. The main result describing the structure of
layer-finite groups has been obtained by S. N. Chernikov:
group is only layer-finite when can be presented in the
form of product of two element-wise permutable
subgroups from which the first is layer-finite complete
Abelian group, and the second is a layer-finite group with
finite Sylow subgroups. The results of layer-finite groups
can be found in works [3-7].

The bottom layer of the group is a set of its elements
of simple order. By the bottom layer of the group it is
sometimes possible to restore the group, or to judge about
some properties of such a group. Among these results
can be named those which fully describe the structure
of a group by its bottom layer, for example: if the bottom
layer of a group consists of elements of order 2 and the
group lacks nonidentity elements of other orders, then
it is the elementary Abelian 2-group; if the bottom
layer consists of the elements of orders 2, 3, 5 and in the
group there are no nonidentity elements of other orders,
then A. S. Kondratyev and V. D. Mazurov have proved
that this is the group of even substitutions on five
elements [8].

V. P. Shunkov has proved that if the bottom in the
infinite layer-finite group consists of one element of
order 2, the group is either the quasicyclic or infinite
generalized group of quaternions [9]. Many results for
groups with given bottom layer describe only some
properties of groups. For example, V. D. Mazurov has
proved that a group with the bottom layer consisting of
elements 2, 3, 5 in which all other nonidentity elements
have order 4, is locally finite [10].

We shall restore information on the group by its
bottom layer. This problem will be solved in the class of
layer-finite groups.

Main result. In the article the term bottom layer in the
group is discussed and by means of obtained information
the group structure is restored. We shall refer to the group
G as to recognizable by the bottom layer if it can be
definitely restored align the bottom layer. We shall refer
to the group G as to almost recognizable by the bottom
layer if there is a finite number of pairwise nonisomorphic
groups with the identical to the group bottom layer. We
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shall refer to the group G as to unrecognizable by the
bottom layer if there is an infinite number of pairwise
nonisomorphic groups with the same bottom layer.

We shall consider finite non-Abelian simple groups
with the bottom layer consisting of elements of orders 2,
3, 5. In case we add information on the group order,
the group G will be recognizable by the bottom layer on

condition that its order is |G|=2°-3-5 (this isA)
and unrecognizable by the bottom layer on condition that
its order is |G]=2%-32.5 (one of these groups
becomes A, ) [11].

We shall consider the examples describing properties
of groups with given bottom layer. N. D. Gupta
and V. D. Mazurov have proved that for the group G,
which without identity element coincides with the bottom
layer consisting of elements of orders 3, 5, one of the
statements is true: 1) G=FT; whereFis normal
nilpotent with no more than two 5-subgroup of a class and
|T|=3; 2) Gcontains normal nilpotent with no more

than three 3 subgroup of a class and T is G/T — 5-group
[12]. In the same work it is shown that the group without
identity element coincides with the bottom layer
consisting of elements of orders 2, 5 either contains the
elementary Abelian 5-subgroup of the index 2, or the
elementary Abelian normal Sylow 2-subgroup.

Let us prove that if G is the layer-finite complete
group, on the bottom layer of which p"-1 element
of order p, than the group G is a direct product of
n -quasicyclic p-groups (i. e. it is definitely recognizable
by the bottom layer.)

Let the group G satisfies given conditions. As
according to the proposition 1 (the known theorems to
which we refer to as to propositions with the
corresponding numbers are listed at the end of article)
each complete subgroup of the layer-finite group G is in
the center of the group G, the group, being complete, is
the Abelian one. According to the proposition 2 the
complete Abelian group G is split into the direct sum of
subgroups, isomorphic to additive group of rational
numbers or quasicyclic groups, perhaps, on various
prime numbers. In this splitting of groups, presence of
rational numbers can’t be possible as it is the layer-finite
group G and, therefore no elements of infinite order are
present. Since on the bottom layer of the group G only

order p" -1 elements present, than quasicyclic groups
can be only on one number p. Since on the bottom layer
of the group G p" -1 element of order p, these are n
quasicyclic factors in G (direct product has n
guasicyclic p-group p" -1 element of order p). Thus,
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we have proved that random finite complete Abelian p-
group can be detected align the bottom layer.

Let us prove that if in the locally solvable group G
is subject to maximality and the bottom layer, consisting
of p-1 element of order p, and q-1 element of

order ¢, where there are elements of orders p™q",
for m=0,1, 2,..,n=0,1 2, .., and no elements of
other orders, the group G is detectable align the bottom
layer.

Obijectively, according to the proposition 3 the locally
solvable group G with minimality condition is extension
of direct product of finite number of quasicyclic groups
with help of a finite group. Due to its bottom layer
structure, group G contains at list one quasicyclic p-
group and one quasicyclic g-group. Since in the group G
p-1 element of order p, it has a single subgroup of
order p. Then, according to the proposition 4 any finite
p-subgroup of the group G is cyclic. According to the
proposition 5 it must be cyclic and quasicyclic [13]. Now,
on account that in the group G there are elements with all
degrees p, it can be concluded that Sylow p-subgroup of
the group G is quasicyclic. Similarly, Sylow g-subgroup
of the group G is also quasicyclic. Then, taking into
account the structure of the group G, we conclude that all
the Sylow subgroups of the group G are in direct product
of quasicyclic groups, the group G itself coincides with
direct product of its two Sylow p- and g-subgroups.

Similarly, it can be proved that if in the locally
solvable group G with minimality condition with the

bottom layer, consisting of p* —1 elements of order p,
and g' —1 elements of order q, where there are elements
of orders p"q", under m=0,1,2,.., n=0,1, 2, ..., with
no elements of other orders, then, the group G s

recognizable by the bottom layer (group G coincides
with the direct product of k quasicyclic p-subgroups
and | quasicyclic g-subgroups).

Hence, as additional restrictions to the tasks of the
bottom group layer group completeness and its layer-
finite structure can be used: if G is a complete layer-
finite group with the bottom layer consisting of its
elements orders p,, p,..... p, and the group G contains

p“ —1 elements of order p,, i=12,..,n, then, G is
the direct product of quasicyclic p, -groups, i=1,2,...,n,
taken under k; factors for each p, respectively. Thus G

is recognizable by the bottom layer.

When proving the results given in the article the
following theorems were employed, with reference to the
propositions and their correspondent number.

Proposition 1. (Lemma 3.1. [14]). Each complete
subgroup of locally normal (layer-finite in particular)
group G is hold in the centre of the group G.

Proposition 2. (Theorem 9.1.6. [15]). Non-zero
complete Abelian group G extends in direct sum of
subgroups, isomorphic to additive group of rational
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numbers or quasicyclic groups, perhaps, on various prime
numbers.

Proposition 3. (Theoreme 1.1 [14]). Infinite locally
solvable group G subject to minimality is the extension
of the direct product of finite number of quasicyclic
groups applying the finite group.

Proposition 4. (Theorem 12.5.2 [16]). Finite p -group,
containing only one subgroup of order p, is cyclic or
generalized quaternion group.

Proposition 5. (Theorem 4.2 [13]). Sylow p-

subgroups of the periodically local cyclic group G are
cyclic or quasicyclic.

Conclusion. The work has determined conditions,
under which the group is ditected align the bottom layer.
The provement of the group restoration from the layer-
finite group class has been considered. Restoration of the
group under given bottom layer consisting of the elements
of simple order p has been proved.
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USE OF CONSERVATION LAWS TO SOLVE THE PROBLEM OF LOAD WAVE
IN AN ELASTOPLASTIC ROD

*S. I. Senashov, I. L. Savostyanova, E. V. Filyushina
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31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
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The process of propagation of plastic deformations in a semi-infinite elastic plastic rod caused by dynamic loading
applied to the end of the rod, which is not decreasing in time, is considered. The equations are written in the
Lagrangian coordinate system. It is assumed that during deformation there is no lateral bulging of the rod and that the
influence of transverse deformations of the rod on the process of propagation of longitudinal waves is negligible. At the
initial moment, the rod is in a deformed and dormant state. Small deformations of the rod are considered. The density of
the rod during deformation does not change. The only non-zero component of the stress tensor will be the component
along the ox axis, non-zero components of the strain tensor will be the components along the Ox, Oy axes. As a result, a
system of two quasilinear first-order homogeneous equations is constructed. The equations are hyperbolic. They are
built for performance and ratio on them. Next, the equations are written in terms of Riemann invariants. For the
equations constructed, the conservation laws are found in the case when the current remaining depends only on the
functions sought. As a result, a system of linear equations with coefficients depending only on the required functions is
obtained.

The construction of conservation laws is reduced to the solution of the boundary value problem for the known
Euler—Poisson-Darboux equations. This problem is solved with the help of Riemann functions. The conservation laws
allowed us to find the coordinates of the points of intersection of characteristics, and thus to solve the problem. In
conclusion, the article considers the case when one of the characteristics crosses the line on which the initial conditions
are given. In this case, as is known, the Cauchy problem cannot be solved. This leads to a procedure which, with the
help of conservation laws, makes it possible to find out the solvability of the Cauchy problem. It is reduced to the
solution of a simple integral equation by the method of successive approximations.

Keywords: conservation laws, wave loading, elastic-plastic rod, Cauchy problem.
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HNCIIOJIb30BAHUE 3AKOHOB COXPAHEHUA J1JIA PEINEHUA 3AJAYA
O BOJIHE HAT'PY3KH B YIIPYT O-INTACTUYECKOM CTEPKHE

*C. U. Cenamos, H. JI. CaBoctbsinoBa, E. B. ®umromnmnna

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccuiickas ®eneparmst, 660037, r. KpacHospck, mpoci. uM. ra3. «KpacHospckuii pabounii», 31
*E-mail: sen@sibsau.ru

Paccmompen npoyecc pacnpocmpanenus niacmuieckux 0e@opmayuii 8 noayoecKoOHeuHoM Ynpy2o-niacmuieckom
cmepicHe, 8bI38AHHBIX NPUTOHCEHHOU K KOHYY CIEPHCHA OUHAMUYECKOT HAePY3KOll, He Yovisatlowell 60 epemenu. Ypas-
HeHUs 3aNUCAnbl 8 NASPandicesoll cucmeme koopounam. llpeononazaemes, yumo 8 npoyecce degpopmayuu He npoucxo-
Oum 60K08020 BbLINYUUBAHUSL CIEPIHCHS U YMO ENIUAHUE NONEPEYHBIX OeopMayuil CHMEPICHA HA npoyecc pachpocmpa-
HeHUs NPOOOTILHBIX GOIH NpeHeOpedcumMo mMano. B Hauanouvlii MOMeHm cmepiiceHb HAXOOUMCs 8 0eghpopMupo8anHom
COCMOAHUU U COCMOAHUU NoKosA. Paccmompenvr manvie degpopmayuu cmeposcns. [lnomnocms cmepoicHa 6 npoyecce
Oepopmuposanus He usmensemcs. EOuHcmeennoil omauuHol om Hyis cocmasnanujel meH30pa HanpsxceHuu oyoem
KOMNOHEHMA 80016 0cU OX, OMAUYHBIMU O HYJIsL COCMASIAIOWUMYU MeH30pa Oedpopmayuil 6Y0ym KOMNOHEHMbl 800.1b
oceti OX, Oy. B pesyrbmame nocmpoena cucmema 08yX KGA3UIUHEUHbIX OOHOPOOHBIX YPAGHEHUl Nepeoco NOPAOKd.
Vpasnenusa ssnaromca eunepbonuveckumu. [ HUX HOCMPOEHbl XAPAKMEPUCMUKY U COOMHOWleHua Ha Hux. [lanee
VPasHeHUsA 3anUcanbl 8 MepMUHax uneapuanmos Pumana. /lna nocmpoennvix ypasnenuil Haloensbl 3aKOHbL COXPAHEHUS.
8 cnyuae, K020a COXPAHAIOWUICA MOK 3A68UCUM MOJbKO OM UCKOMBIX yHKyuil. B pesynbmame noiyyena cucmema
JUHEUHBIX YPAGHEHUTl ¢ KOIDOuyueHmamu, 3a8UcCIumMy moabko om uckomvlx @yukyutl. Ilocmpoenue 3axonos coxpa-
HEHUsL C8E0eHO K PeUleHuro Kpaeeoll 3a0auu Osl uzeecmuvix ypasrnenutl dunepa—Ilyaccona—lapby. Sma 3adaua peutena
¢ nomowwlo @ynxyutli Pumana. 3axonsvi coxpanenus no36oaunu Hatumu KOOpOUHAmMsl moyeK nepeceyenus xapaxkme-
PUCIUK, a4 3HAYUM, U peums NOCIMAgIeHHyIo 3a0ayy. B 3axnouenue paccmompen cayyaii, ko20a 00HA U3 xapaxmepu-
CMUK nepecexkaem JUHUIO, HA KOMOPOU 3a0aHbl HAYANbHBlE YC08us. B smom cayuae, kak uzeecmmuo, 3adava Kowu
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Introduction. Conservation laws, in relation to the
differential equations, were published in Emma Neter's
article [1] more than 100 years ago. She established the
general principle connecting symmetry groups and con-
servation laws for the differential equations deduced from
the variation principle. For more than 70 years all results
in this field were based on this article. More general con-
cepts allowing to calculate conservation laws for any sys-
tems of the differential equations appeared in A.M. Vino-
gradov's works [2; 3]. For a rather long time conservation
laws occurred in literature as purely mathematical result,
far from applications. In the works [4-6] it was shown
how conservation laws can be used for the solution of
Cauchy and Riemann problems and also accurate solu-
tions of these tasks were made.

Later the method of conservation laws was applied to
solution of free-boundary problem: elastic plasticity tasks
[7-10]. For the first time, a special case of the task of the
wave distribution, which is solved by means of conserva-
tion laws, is constructed in work [11; 12]. In this work
more general case is considered and also condition under
which there is a solution of Cauchy problem is formu-
lated.

Derivations of the main equations

1. We will consider the process of plastic deformations
propagation in a semi-infinite elastic plastic rod caused by

dynamic loading time, p(t) applied to the end of the rod,
which is not decreasing in (i. e. dp/dt>0).

We shall find a solution in the Langrangian coordinate
system: we will take a rod axis for the axis x, we will
choose the origin of coordinates x=0 on the left end of
the rod. Suppose that during deformation there is no lat-
eral bulging of the rod and that the influence of transverse
deformations of the rod on the process of propagation of
longitudinal waves is negligible. Let us consider small
deformations of the rod and assume that the rod density in
the course of deformation does not change. The only
component of tension tensor, other than zero, will be
o, = 0o other than zero components of a tensor of defor-

mations will be ¢,, =¢ and ¢, =ve.
In this case, motion equation exclusive of massive ex-
ternal forces is as follows [13]:
ov  Oc
pP—=— @)
o ox
where ¢ =c,, — component of the stress tensor; v — par-
ticles velocity along the axis Ox, p — density.

Since density is constant, without generality loss we
further assume that p=1.
Accepting the defining relation of the deformation
plasticity theory (for the uniaxial stress) as follows
o =o(g).

()
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Supposing o(e) is a steadily increasing along € func-
tion (fig. 1) and for all ¢ derivative do/de¢ is a steadily
decreasing function (i. e. d’c/d%s<0).

Fig, 1. The process of propagation of plastic deformations
in a semi-infinite elastoplastic rod

Puc. 1. IIpouece pacnpocTpaHeHus IIaCTHYECKUX Aedopmanunii
B M0JTyOECKOHEYHOM YIIPYyTrO-IIIACTHYECKOM CTEpPIKHE

For tensions <o, (o, is tensile yield) dependence
o(e), according to Hook’s law, is linear:

c=Eeg,

@)
where E is elasticity modulus (Young’s modulus).
Wherein the values of Young’s modulus E have been
sorted out as to under c=oc, dependence (3) is continu-
ous.
From the equation of through flow in case of minor
deformations we obtain the following formula
de dv
dt dx
Taking into account the dependence o =o(g) under
load and introducing notation

(4)

oo

aZ(G) ZE,

®)

where do/de is the rate of change to the curve o(e);

a isaconstant, 0<a<1; a’(c)=c"" velocity of longi-
tudinal waves propagation in the rod, we have

de de do 1 oo

dt do ot a(o) ot

(6)

Placing the relation (4) in (6), we obtain the system of
two equations of partial derivatives of the first order [13]:
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ov 1 oo

dv _do ov_ 1 do
ox a’(o) ot

T (7)

For two functions v(x,t),c(x,t).
In this equation a(e) is the velocity of longitudinal

waves propagation in the rod.

Since the velocity of longitudinal waves propagation
generally is the tension function, then, equation system
(7) is the system of quasilinear equations with partial de-
rivatives of the first order of hyperbolic type. For it we
will determine characteristics and relations under charac-
teristics.

Characteristics of equation system (7) are determined
by integrating of differential equations’ characteristics:

dx = Fa(o)dt. 8)

These equations generally cannot be integrated in
plain (x,t) before the problem has been solved since a is
the tension function o(x,t) .

Along characteristics dx =Fa(c)dt the following re-
lations are made

1
dvyF——do=0. 9
Ta0) 9)
These relations are called differential equations of

characteristics in hodograph plane (c,v) . After integrat-
ing we obtain

o
v:rr.[
0

We will now consider the simplest case of load waves
propagation in homogeneous half-infinite rod, which at
the initial moment was in nonperturbed state.

We will consider the equation solution (7) under the
given initial conditions (Cauchy conditions):

v(x,0) =v(x),

d“l) +C,, mpn dx=Fa(c)dt.  (10)
1

a(o

(11)
and boundary condition
G(O!t) = p(t)!

where, to ensure the load process there must be p'(t)>0.

Conditions (11)—(12) mean that at the initial moment
the rod is in the deformed and dormant state. Meeting the
initial conditions correlates with Cauchy problem solution
in the domain (fig. 2), limited by axis x and positive char-
acteristics tsQ.

2. For simplicity we will consider the following asser-
tions for function (2)

(p(t)>0), dx=Fa(c)dt. (12

o =_Eeg, under 6 <o,,
(13)

o(e) =L, under 0< o <1 dx =Fa(o)dt.
o
General case is considered similarly.

For the continuity of function o(e) at point g, we

a-1
s -

suppose E = L
(04
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In this case the plane xOt splits into two domains:
elastic bounded by axes x and direct t,P and plastic do-
main, placed above the line t.P . It should be noted that
the equation of this line is as follows: x=a,(t-t,),
where t, time point, when o achieves the yield stress o,

(fig. 2). In the plastic domain we have a linear problem
which can be easily solved applying traditional methods.
Hence, we will seek for the Cauchy problem solution for
equations (7) only in the plastic domain.

ts

X
Fig. 2. Characteristics of equations (14)

Puc. 2. Xapakrepuctuku ypaBuenuii (14)

Problem definition. To find the value of function
v(x,t),o(xt) atthe point M(x,,t,) if the values of the
required function along t,P and t,Qare known. Here
points Q(0,t,), P(x,,t,) are considered as intersection

points of the correspondent characteristics with the axis
Ot and the line t,P, drawn from the point M . Accord-

ing to (13) the equations (7)—(10) will be as follows
dv_do do_ aV
d dx ot X

Characteristics of the present equation system accord-
ing to (8) are as follows

dx = FoPdt.

Relations on characteristics (9), after integration
will be

_a-1

p (14)

G—[Hl
—-B+1

where C,, C, are random constants.

We will introduce Riemann’s invariants under the
—p+1 —B+1

VE :Cl,Z'

formula E=v+ ,MN=V-— , then the system
—B+1 —$+1
(14) will be as follows
%—05%20, a—n+c5£’a—n=O. (15)
ot OX ot OX
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Employment of conservation laws for equations
describing the wave load in the elastic plastic rod.
Conservation laws for the equation system (15) is founded
as follows [5]

0,A+0,B=0,

0 0
aA(‘ian) +& B(évn) =

= Gﬁ%+§ %4_ —GB%-F@ a_n:()
o0& 0O& ) Ox on on)ox
From here we obtain the equation to determine A
and B
G OA B pOA B _
o0& O on on
Excluding from (16) function B we obtain the equa-
tion to determine function A:

8 azA_(%_%j 1 _,
B(-B+1)dom \o& om)E-n
We will introduce in this equation the notation
_ 8 __o
B(-B+1)
Poisson—-Darboux equation [14]:
’A o (aA aA]_O

0. (16)

As a result we obtain the Euler-

ogom &-nldE on
To determine function B we get a similar equation
B o [ B B ] 0

don g-nlag on

17

Applying (15) we will write the integral about closed
path t.QMP

¢ Adx— Bdt =0. (18)

We will split this integral into four integrals taken
about closed paths t,P, PM, MQ, Qt..
About closed paths t,P and Qt, integrals can be cal-

culated after determining A, B inclusive initial and
boundary conditions (11), (12).

We will determine A and B so that along the charac-
teristics PM and MQ integrals transform to zero. We

have
[ Adx-Bdt= [ (-o"A-B)adt.
PM PM
We will calculate the obtained integral in parts
[ (-o*A-B)dt=t(-c"A-B) - [ td(-o"A-B)
PM ° pwm
Similarly along MQ we obtain

[ Adx—Bdt:t(cﬁA—B)‘Q - [td(c*A-B).
MQ M MQ

Finally obtain

d(c"A+B) -0, d(o"A-B)| -0,

&=Eg=const n=ng=const
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From the first relation we have

Bcﬁl(%cﬁjm o’A +B, = —% Ac"+2A =0

along £=¢&,.
Since G[H:;, we obtain differential
(&-n)(-B+1)
equation for A along &=¢,
— B aip (g -n)=0.
—-B+1

By its integrating we obtain

B In(n-&,)=InA+InC,,

2(B-1)
or
B
A=C,n-¢ 260 , B=-c’A-1, along £=&;.  (19)
Similarly along n=n, we have
p1( 1 p p _
Bo EG A+c"A -B, =
= Bcﬁ’llAcﬁ +26"A. =0.
2
Therefore along 1=,
B
A=C,n,—¢z6-0 , B=c"A (20)

Matching conditions (19) and (20) at the point §=¢,,
n=n, gives C,=C,.

Thus, for the final problem solution we have to solve
the equation (17) with the restricted conditions (19) and
(20).

To solve this problem Riemann function is used. It
looks as follows:

W(Eg,mg;E M) =
:[éo—no] (éo—%J F(o.0iL1), (21

&-n E-ng

(6=)(& —"0)
(E)o _T])(E»_T]o)
polynomial of the second raw.

Suppose N is a random point from the t,PMQ do-

main (fig. 3). We will connect the point N with MP
characteristics NK -§&,, and with QM characteristics
NL —n,. As a result the value of function A at the point
N will equal

where 1-t= ; F is hypergeometric

A(N)= A(M)W(M)+K{AW[—ﬁ+ﬂz]d§+

- oA
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where function w is determined by the formula (21).
+ formula will define the function B values in point N
KM

[_
( Bo

Bw
(&-n)

n}dn.

+B£]d§+

=2 4B

(&-m)

—~m—
X

0

Fig. 3. The solution of the Cauchy problem

Puc. 3. Pemenue 3anaun Komm

Now from (18), taking into account the obtained rela-
tions we have

¢ Adx—Bdt =
t,PMQ
= ¢ Adx—Bdt+ § Adx—Bdt+t, —t, =0.
t;Q Ptg

Hence, we have
tn—t, = § Bdt —¢ Adx—Bdt .

t;Q Ptg

Similar calculations help to find coordinates of x,

Xp = Xq = <j> Bdt —<j‘> Adx —Bdt .
tQ Ptg
Later, according to values v,c at points Q and P
knowing the relations along characteristics PM
and QM , we will find values v(x,.t,) and o(x,.t,).

In conclusion, we will consider the question of
Cauchy problem solvability which always arise when
solving the systems of non-linear differential equations.
As it is known, Cauchy problem is solvable if each char-
acteristics crosses the lines Qts, t;P only once [15]. Ap-
parently, this question can as well be solved knowing the
conservation laws. Suppose that characteristics QM cross
the line t;P at the point M (fig. 4). Then we get the con-
servation law

gS Adx — Bdt =0. (22)
tMQ
Suppose as before
B
A=Csn-& 26D , B=—c"A-1 along £=§&,.  (23)
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Then, from (22) we obtain identical to the above
tn—t, = § Bdt — Adx—Bdt .

tsQ Ptg

(24)

If the equation is (24) solvable, we can find the inter-
section point of the characteristic and the initial curve. In
this case the Cauchy problem is unsolvable. Equation (24)
can be easily solved applying the method of successive
approximations.

)

n
Py

Iy
=

-
X

Fig. 4. Finding the intersection point of the characteristic
and the curve on which the initial conditions are given

Puc. 4. HaxoxxneHue TOUKH HepeceyeHust XapaKTepPUCTUKI
1 KpUBOM, HA KOTOPOH 3aJjaHbl HAYaJIbHBIE YCIOBUS

Conclusion. Knowledge of conservation laws allowed
to find coordinates of characteristics” points of intersec-
tion, and therefore to solve the problem discussed in the
article. The case when one of characteristics crosses the
line where initial conditions are set is considered. In this
case, as we know, Cauchy problem cannot be solved. It
leads to the procedure which, by means of conservation
laws, allows to settle the issue of Cauchy problem solv-
ability.

References

1. Neter E. [Invariant variational problems]. Variat-
sionnye printsipy mekhaniki. Moscow, Fizmatgiz Publ.,
1959, P. 611-630 (In Russ.).

2. Vinogradov A. M., Krasil’shchik I. S., Lychagin V. V.
Simmetrii i zakony sokhraneniya [Symmetries and conser-
vation laws]. Moscow, Faktorial Publ., 1997, 464 p.

3. Vinogradov A. M. Local symmetries and conser-
vation laws. Acta appl. Math. 1984, Vol. 2, No. 1,
P.21-78.

4. Senashov S. I. [On the laws of conservation of the
equations of plasticity]. Dokl. AN SSSR. 1991, Vol. 320,
No. 3, P. 606-608 (In Russ.).

5. Kiryakov P. P., Senashov S. I.,Yakhno A. N.
Prilozhenie simmetriy i zakonov sokhraneniya dlya
resheniya differentsial’nykh uravneniy [The application of
symmetries and conservation laws for the solution of dif-
ferential equations]. Novosibirsk, SO RAN Publ., 2001,
192 p.

6. Senashov S. I., Vinogradov A. M. Symmetries and
Conservation Laws of 2-Dimensional lIdeal Plasticity.
Proc. of Edinb. Math. Soc. 31, 1988, P. 415-439.



Cubupckuil scypHan Hayku u mexuoaoeui. Tom 19, Ne 2

7. Senashov C. I., Gomonova O. V., Yakhno A. N.
Matematicheskie ~ voprosy  dvumernykh  uravneniy
ideal’noy plastichnosti [Mathematical problems of two-
dimensional equations of ideal plasticity]. Krasnoyarsk,
Sib. gos. aerokosmich. un-t, 2012, 139 p.

8. Senashov S. I., Cherepanova O. N., Kondrin A. V.
[Ob uprugo plastchiskom kruchenii sterzhnya]. Vestnik
SibGAU. 2013, No. 3(49), P. 100-103 (In Russ.).

9. Senashov S. I., Cherepanova O. N., Kondrin A. V.
Elastoplastic Bending of Beam. J. Siberian Federal Univ.,
Math. & Physics. 2014, No. 7(2), P. 203-208.

10. Senashov S. I., Kondrin A. V., Cherepanova O. N.
On Elastoplastic Torsion of a Rod with Multiply Con-
nected Cross-Section. J. Siberian Federal Univ., Math. &
Physics. 2015, Vol. 7(1), P. 343-351.

11. Senashov S. I., Filyushina E. V. [Analiticheskoe
reshenie zadachi o volne nagruzki v uprugoplasticheskom
sterzhne]. Sh. nauchn. tr. “Dinamika sploshnoy sredy”.
Novosibirsk, 2012, Vol. 127, P. 94-97 (In Russ.).

12. Senashov S. I., Filyushina E. V. Uprugoplas-
ticheskie zadachi dlya ortotropnykh sred [Elastic-plastic
problems for orthotropic media]. Krasnoyarsk, SibGU
Publ., 2017, 116 p.

13. Novatskiy V. Volnovye zadachi teorii plastich-
nosti [Wave problems of the theory of plasticity]. Mos-
cow, Mir Publ., 1978, 307 p.

14. Stewart J. M. The Euler-Poisson—Darbous equa-
tions for relativists. Gen. Relativ Gravit. 2009, Vol. 2,
P. 2045-2071.

15. Kachanov L. M. Teoriya plastichnosti [Theory of
plasticity]. Moscow, Nauka Publ., 1969, 420 p.

Bbubauorpaguyeckue cCblIKH

1. Hetep D. lHBapuaHTHbBIC BapHallMOHHbIC 3a1a4n //
Bapuanuonssle npuHIMNBI MeXaHUKU. M. | ®uszmarrus,
1959. C. 611-630.

2. Bunorpamos A. M., Kpacwienmk W. C., Jlbrua-
rud B. B. Cummerpun u 3akoHbI coxpaHeHus. M. : Dak-
topuai, 1997. 464 c.

3. Vinogradov A. M. Local symmetries and conserva-
tion laws // Acta appl. Math. 1984. Vol. 2, Ne 1. P. 21-78.

4. CenamoB C. M. O 3akoHax COXpaHEHHs ypaBHE-
uuii mractnanoctd /| Jloxn. AH CCCP. 1991. T. 320,
Ne 3. C. 606-608.

5. Kupsikos II. I1., Cenamos C. U., SIxno A. H. Ilpu-
JIOKEHNE CHMMETPHIA M 3aKOHOB COXPAHECHHS [UIS pellre-
Hus quddepenHunansHpx ypaBHennil. Hoocubupek @ CO
PAH, 2001. 192 c.

6. Senashov S. I., Vinogradov A. M. Symmetries and
conservation Laws of 2-dimensional equations of ideal
plasticity // Proc. Edinburg Math. Soc. 1988. Vol. 31.
P. 415-439.

7. Cenamos C. U., T'omonosa O. B., Sxuo A. H. Ma-
TEMaTHYECKHE BOIIPOCHI IBYMEPHBIX ypaBHEHHH Heallb-
Ho#t mactuarocTr / Cub. roc. aspokocmud. yH-T. Kpac-
HOspck, 2012. 139 c.

8. Cemnamos C. U., Yepenanora O. H., Koumpun A. B.
OO0 ynpyro-ImiacTH4ecKoM KpydeHuH crepxHs // BecTHUK
Cubl'AY. 2013. Ne 3(49). C. 100-103.

9. Senashov S. I., Cherepanova O. N., Kondrin A. V.
Elastoplastic Bending of Beam // J. Siberian Federal
Univ., Math. & Physics. 2014. Ne 7(2). P. 203-208.

10. Senashov S. I., Kondrin A. V., Cherepanova O. N.
On Elastoplastic Torsion of a Rod with Multiply Con-
nected Cross-Section // J. Siberian Federal Univ., Math. &
Physics. 2015. Ne 7(1). P. 343-351.

11. Cenamos C. U., dumommua E. B. Ananuruye-
CKO€ pelIeHHE 33/la4d O BOJHE Harpy3Kd B YIIPYro-
TUTACTHYECKOM cTepykHe // JInHaMuKa CIUTOMIHON Cpeml
¢6. Hayu. Tp. / Uu-t rugponunamuku CO PAH. HoBocu-
6upck, 2012. Beim. 127. C. 94-97.

12. Cenamor C. U., ®wmommua E. B. Ympyro-
TUTACTHYECKHE 3a1a4qd Il OpTOTPOIHbIX cpexn /| Cubl'Y
uM. M. ®@. PemerneBa. KpacHosipck, 2017. 116 c.

13. Hosankuii B. BonHoBble 3amauu Teopud IuIa-
ctuyHocTd. M. : Mup, 1978. 307 c.

14. Stewart J. M. The Euler-Poisson-Darbous equa-
tions for relativists // Gen. Relativ Gravit. 2009. Vol. 2.
P. 2045-2071.

15. KavanoB JI. M. Teopus mnactuyHoctu. M. :
Hayxka, 1969. 420 c.

© Senashov S. 1., Savostyanova I. L.,
Filyushina E. V., 2018



HquopMamuKa, 8blHUCIUMENbHAS MEeXHUKa u ynpaejienue

YK 629.78
Cubwupcxkwuii xxypHan Hayku u TexHonormid. 2018. T. 19, Ne 2. C. 233-240

BBIYMCJUTEJBLHBIN YKCOHEPUMEHT IO MMOJYUYEHHUIO XAPAKTEPUCTHK MOJIEJUPYEMOM
CUCTEMBI TEPMOPEI'YJINPOBAHUA KOCMHUYECKOT' O AIIITAPATA

®. B. Tanacuenko, 0. H. llleBuenxko, A. B. Jlenko, A. A. Kumkun, M. I'. Menko3epoB

Cubupckuii rocyaapcTBEeHHBIN YHHBEPCUTET HAyKH M TEXHOJIOTHH MMEeHHM akagemMuka M. @. PemerHeBa
Poccwuiickas @enepauust, 660037, r. KpacHosipck, npocrt. M. ra3. «KpacHosipckuii padounii», 31
E-mail: spsp99@mail.ru

Paccmampusaemcs 3a0aua ucciedo8anus ¢ NOMOWbIO pacuemnozo anrzopumma pabomel CUCHEMbl MePMOpecy -
posanus ¢ s’cuokocmuvim konmypom (JKK), exmouaroweti ¢ cebs mpyovi ¢ mexkywum eHympu pabouum meiom, paoua-
YUOHHBIL TMENT00OMEHHUK, NAHENU C PAZMEUWEHHbIM HA HUX MENI08bIOeIIOUUM 000PYO0BAHUEM, HACOCHL OISl RPOKAY-
Ku pabouezo mena, CUCMeMy Pe2yIuposanusl pacxood.

s paspabomku aneopumma pacuema 0wl npou3eeder aHanu3 U 0OOCHOBAHUE NPUBTEKAEMBIX K PACYEm)y YPAGHEHU.
s modenupyemoti cucmemvl @blOeieHbl GLusioujue napamempul. B kauecmee ucxoouvlx ypaenenuii 0isi MOOEIUPOBa-
HUsL UCRONL3YIOMCS YPAGHEHUs, OKA3bLEAIOWUEe 3HAYUMOe GIUsAHUe Ha meniopusudeckue napamempol (memnepamypy,
pacxoo, kodppuyuenm menroomoauu): saxon Cmegana—Bonvymana 0isi Menio8020 ULyHeHust;, 3aKOH Meni0omoayu
Om CMEHKU IHCUOKOCMHO20 KOHMYPA 6 MENIOHOCUMEND; YPAGHEHUe MEeNI0eMKOCIU MeNnIOHOCUMENnsl; YpAaeHeHue
MEeNIONPOBOOHOCIU 6HYMPU NAHENU OM ULYUAIOUell NOBEPXHOCIU 00 NOBEPXHOCIU MENI000MeHa MeNCOY padouum
MENnIoM U MeNnIOHOCUmenem; YypagHenue pacxood; KpumepuaibHoe ypasHuenue 0 onpeoeienus Kodgouyuenma men-
J00MOayu.

s sepupurxayuu aneopumma pacuema Obliu CONOCMABLEHbL PACYEMHbIE U IKCNEPUMEHMATbHbIE OAHHbIE NO MeM-
nepamypam menaonocumenst KK 0ns ciyuaes 3ummneco u nemuezo connyecmosnusi. Pezyiomamul pacuema umerom
VOOBIEMBOPUMENLHYIO CXOOUMOCHIb C IKCNEPUMEHMATTbHBIMU OAHHLLMU.

C ucnonv3oganuem aiopumma pacuema 6 PamKax GblYUCIUMENIbHO20 IKCNEPUMEHMA ObLIO OYEHEHO GUSHUE HA
JKK uemvipex snusiowux napamempos:. menniogoe vloeneHue npubopos Mooy NOAe3HOU HAZPY3KU, pacxod pabouezo
meina, niowads U3IYHaAroOwWux naueetl, meniogoe gvioeneHue npudopos Mooy CLYHCEOHbIX CUCTHEM.

Jlns kanc0020 U3 YKA3aHHLIX NAPAMEmpOs YCMAHABIUBANUCL YPOsHU 6030eticmeusi. Tax, nanpumep, 0151 HA2PY3KU
npubopos, pasmeujeHHbIX 8 MOOYe CYHCeOHbIX cucmeMm, 8 Kayecmee yposHeu Haepysku paccmampuesanucs 0, 50, 100,
150 u 200 % om 6azosoil nacpysku 915 Bm u3 sxcnepumenmanibHo20 uccied08aHus..

Tlpusedenvl nocmanoska 3a0ayu UCCLe008aHUsl, ONUCAHIE AN2OPUMMA PACYEmMA, NOJLYHEHHbIE PACYEHbIM Nymem
OaHHble, AHATU3 Pe3VIbIMAMO8 BbIYUCTUMENIbHOZ0 IKCNEPUMEHMA U 6bI600bL OMHOCUMENbHO CIMENeHU GIUAHUSL Gbloe-
JIEHHbIX NAPAMEempo8 Ha padomy HUOKOCMHO20 KOHMYpd.

Kniouesvie cnosa. aneopumm 6bl’4uCJl€Hule, banamncosvie ypasHeHUus, menjioHocumelb, COCmosHUe menjioeoco pae-
Hoeecu:l, eepud)ukauuu, paccdumoleaemvle napamempbl.
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COMPUTATIONAL EXPERIMENT ON OBTAINING THE CHARACTERISTICS
OF A THERMAL CONTROL SYSTEM OF SPACECRAFT
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The presented article is covered a research task for a thermal control system with a fluid circuit (FC) including
tubes with a current of the working medium inside, a radiation heat exchanger, panels with heat-generating equipment
placed on them, pumps for pumping the working fluid, a flow control system.

Analysis and justification of the equations involved in the calculation algorithm are presented. For the modeled sys-
tem the influencing parameters are distinguished. As initial equations for modeling, equations that have a significant
effect on the thermophysical parameters (temperature, flow, heat transfer coefficient) are used: the Stefan-Boltzmann
law for thermal radiation; the law of heat transfer from the wall to the fluid; heat capacity equation; the equation of
thermal conductivity inside the panel from the radiating surface to the surface of heat exchange between the working
heat and the fluid; flow equation; criterial equation for determining the heat transfer coefficient.
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To verify the calculation algorithm, the calculated and experimental data on the temperatures of the fluid for the
winter and summer solstices were compared. The results of the calculation have a satisfactory convergence with the

experimental data.

Using the calculation algorithm in the framework of the computational experiment we evaluated the effect on the FC
of four influencing parameters: the heat release of the payload module, the flow rate of the working fluid, the area of
the radiating panels, and the heat release of the service module.

For each of these parameters exposure levels were established. For example, for heat release of the service module,
0, 50, 100, 150 and 200 % of the base load of 915 W from the pilot study were considered as load levels.

The article presents the formulation of the research problem, the description of the calculation algorithm, the data
obtained by calculation, the analysis of the results of the computational experiment, and conclusions on the degree of
influence of the selected parameters on the operation of the FC.

Keywords: algorithm of calculations, balance equations, heat transfer, heat equilibrium, verification, calculated

parameters.
Doi: 10.31772/2587-6066-2018-19-2-233-240

BBenenne. B Hacrosiiee BpeMs A pacuera CUCTEM
tepmoperymupoBanust (CTP) mHPOKO HCIONB3YIOT MPO-
rpaMMHBIe TIakeThl, Takwme kak ANSYS, Thermica,
ESATAN-TMS, SINDA, Radsol u T. a. [1-3]. Onnako
OOJIBIIMHCTBO JaHHBIX MPOTPaMM B Ka4e€CTBE OCHOBHOTO
HE/IOCTaTKa MMEIOT CBOK BBICOKYIO KOMMEPYECKYIO
crouMocTh. Kpome TOro, [uis HHX HE BCerja BO3MOXKHA
HWHTETPalUsl CO CTOPOHHHMH MPUIOKCHISIMHA. B TmaHe
BO3MOXKHOCTEH MPOBEACHHS ONTHMHU3AIMU U MOJICIUPO-
BaHMs paboThl MOMOOHBIE MPOrPAMMbI UMEIOT TAKHE Or-
paHuveHHs, KaK HEBO3MOXHOCTh y4eTa THAPABIMYCCKUX
ocobeHHOCTeH TpakTa, OONbIINE 3aTpaThl BPEMEHH Ha
MPOBEJICHAE PACUYCTOB JUIsl 3aJIaHHBIX TPAHUYHBIX M Ha-
YaJIbHBIX YCIIOBUH.

B cBsi3u ¢ 3TUM OOJNBIIYIO0 HAYYHYIO M MPAKTHYCCKYIO
3HAYMMOCTh HMMEET 3aJaya pa3pabOoTKH W CO3[aHusl Co0-
CTBEHHBIX 3(P()EKTHBHBIX AJITOPUTMOB pacyeTa XapakTe-
puctuk xuakoctHoro koutypa (JKK) cucremsr Tepmope-
ryaupoBaHus. Takoil moaxoj Hapsgy ¢ oOeclieYeHHuEeM
OTKPBITOCTH KOJ[a TIO3BOJIHT BBIJCITUTh U YYECTh 3HAYH-
MbI€ TEIUIO(PHU3MIECKUE MPOIECCHl U MapaMeTPbl, OKa3bl-
BalOIIMe BIUsHUE HA PaboTy cucteMbl. K Takum mapa-
MeTpaM, HampuMmep, OTHOCHTCS KOI(PPHUIUEHT TeriooT-
Jla4l OT XHUIKOCTH B CTEHKY, y4eT COBMECTHOTO IeiCT-
BUSI MIPOLIECCOB TEIUIOBOTO M3JIyYCHUS M TETUIONPOBOIHO-
CTH JJIS paiaTopa-u3nydareins u T. 1. [4; 5].

IHocranoBka 3agaum. OcobGennocteio XK CTP,
MPUMEHAEMBIX Ha KocMuueckux ammapatax (KA), ssis-
eTCS WX CIIOXKHAs THUAPABIMYCCKas CXEMa, HaJIHndue
GonpIIoro ymcna pa3poaok [6; 7]. Cxema, mpeacTaBieH-
Has Ha pucC. 1, UCTIONB3YEeTCS MPHU TEIIOBAKYYMHBIX HC-
neitanusax KK CTP gt Bepudukamum anropurma [8].
DyHKIMOHAILHO CXeMa COCTOUT U3 MSATH OCHOBHBIX 3JIe-
MEHTOB. [IBYX T[aHeNei MOJYJsl TMOJIe3HON HArpy3Ku
(MITH %Z), nByx u3mydarommx naneneit (+Z), BKIFOUYCH-
HBIX B CXeMy mapajuienbHo [9], Momayst ciry)eOHBIX cHC-
tem (MCC).

O0o3HaueHue naHesneld *Z o3HavyaeT pa3MeLICHUE HX
Ha F0KHOH (+) u ceBepHOit (—) yacTu KA cOOTBETCTBEHHO
[10]. IIpu TemIoBaKyyMHBIX HCIBITAHUSAX MOJIETHPYIOTCS
JBa ciayvasi Bo3aeiictBus Ha KA conmHewuHOM panuanuu —
sumuee cosHuecTossaue (3CC) U JeTHee CONHIECTOSHHE
(JICC). B cnyuae 3CC BenuuuHa COJHEYHOU pajdailiu
cocrasisier 137 BT/MZ, 0] BO3AEHCTBUE pagualliyl Mola-
nmarot manenn +Z uw MITH +Z. B ciaygae JICC BennumHa
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COJTHEYHOU pamuanuu cocrasiser 147 BT/MZ, 101 BO3IEH-
CTBHE paJnaliy monaaarot nauend —Z u MITH —Z [8].

IlocTaHoBKa 3amauu HCCIENOBAaHMS IPEAINOIAraeT
MPOBEJICHUE BBIYMCIUTEILHOTO SKCIIEPUMEHTA C MCIIOIb-
30BaHMEM pa3pabOTaHHOTO aBTOPAMHU PACUETHOIO aJIro-
purMma. [Ipu 3TOM B pe3ysbTaTe BBIYHCIECHHH ONpeens-
I0TCSI TEMIIEPATyphl B 0a30BBIX TOUKAX PACUCTHON CXEMBI
(puc. 1) T1-T7, mO3BOJSIOIINE CYIUTh O MPOTEKAOIINX
B CHCTEMeE TEIIOOOMEHHBIX IpoIieccax.

Aaroput™m pacuera. s pa3paboTKu anropuTMma
BeruuciieHnit mapamerpos KK CTP B pamkax HacTosmie
CTaThH MCIOIB30BAJICS MPUHLMUI AEKOMIIO3UIIH, COTJIAC-
HO KOTOPOMY CHCTeMa pa30HMBaeTCs Ha CBSI3aHHBIE diIe-
MEHTBI, KaX/[bIil U3 KOTOPBIX PACCMaTPUBAETCS OTAEIBHO
[11]. B aTom ciydae MOSIBISIETCS BO3MOKHOCTh paccMar-
PHBAaTh CIIOKHBIE CUCTEMBI C JII000 TOIOJIOTHEH.

bbu1 npousBesieH aHanu3 1 000CHOBaHHE NPUBIIEKae-
MBIX K pacyeTy ypaBHeHHH. B kauecTBe MCXOIHBIX ypaB-
HEHUH Ui MOJEJIMPOBAHUS HCIIOJB3YIOTCS ypaBHEHHUS,
OKa3bIBaMOIEe 3HAYNMOE BIHMSHHE Ha TEIIO(U3NUECKHE
napaMeTpsl (TeMreparypy, pacxol, Ko3GdHiureHT Temo-
ormaun): 3akoH Credana—BonpiMana [UIsi TEILUIOBOTO
W3ITyYeHHNS, 3aKOH TEIUIOOTAAYN OT CTEHKH >KUAKOCTHOTO
KOHTypa B TEIUIOHOCHTENb; YpPaBHEHHE TETIOEMKOCTH
TETJIOHOCHUTEJIS, YPaBHEHHE TEIUIONPOBOJHOCTH BHYTPHU
MaHeNINn OT HM3Jy4alouled IMOBEPXHOCTH IO MOBEPXHOCTH
TemI000MeHa MEXJIy pabdouuM TEIJIOM M TeIJIOHOCHTE-
JIEM; YPAaBHCHHUEC pacxoJa, KpUTCPHUAJIbHOC YPABHCHUEC IS
ompeneneHus kodpduiuenta Ternooraauu [12; 13].

Kaxnplii cocTaBHOW 3JIEMEHT CHCTEMBI pa30ouBaeTcst
Ha koHeuHble dnmemeHThl (KD), B mpeaenax kaxmoro KO
[apaMeTphl TEMIICPATYPHI CUUTAIOTCS MOCTOSHHBIMH [14].
Jnsa xaxgoro KO pemarorcst 1Ba OanmaHca: Ha TpPaHUIE
M3ITydalome IOBEpXHOCTH paJHaliOHHOTO TEII000-
mennnka (PTO) u Ha rpanume ¢ pabouei XHUAKOCTHIO.
JIBa GaymaHca TMO3BOJIAIOT HAWTH 3HAYECHUS TEMIEpPaTyphl
PTO u TemoBoro moToka, BOCHPHUHATOTO KUAKOCTHIO.

Bceneacreue Toro, 4to cuctema SBISICTCS 3aMKHYTOHM,
HEOOXOAMMBIM YCIOBUEM HAXOXKJICHHsSI PEIICHHS SIBIISCT-
Csl PaBEHCTBO IAapaMeTpOB paboueil KUIKOCTH Ha BXOJE
W Ha BBIXOJIE KOHTYpA.

B Hacrosiiee BpeMsi aJITOPUTM OIUCHIBAET OJJHOMEp-
Hble HM3MEHEHHUs] IapaMeTpoB. DTOT0 JOCTATOYHO JUIsi
yIpomieHHoro MojaenupoBanust [14]. JIByx- U Tpexmep-
HBIE CIIy4au LIeJIecO00pa3HO paccMaTpPHBATh C MOMOIIBIO
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CIELMAIN3UPOBAHHOIO  NPOTPAaMMHOIO  OOecIeueHuUs
(B wactHocTH, FreeFem, Code_Saturne u . 1.).

Jns MopmenupyeMol CHCTEMBI B CBSI3M C OOJBIIMM
00bEMOM BIUSIOIUX TAPAMETPOB MOXKHO OXKUAATH IOJTY-
YEHHUE CIIOKHBIX XapaKTEPUCTHUECKUX 3aBUCUMOCTEH mpu
MIPOBECHUH BBIYMCIUTEIBHOTO SKCHEpHMeHTa. | IaBHON
HEeNbI0 MX aHaJM3a B paMKax MCCIEHAOBAHUS SIBISETCS
IIOBBIIIICHUEC y}:[eJ'[BHOﬁ BCJIMYMHBI NPOU3BOAUTEIIBHOCTH
cucTeMbl (OTHONICHHE MNPOU3BOAUTENHFHOCTH K Macce
cuctembl) [15].

Jist pacueTa nmapamMeTpoB HCCIIEyEeMOH CHCTEMBI ObUI
paspaboraH ajropuT™ BbIUMCIeHUH. KioueBoil ocoben-
HOCTBIO JITOPUTMA SIBIAETCS COTJIACOBAHHE PACCUUTHI-
BaeMbIX MapaMEeTPOB HA IPAHUIAX YIACTKOB C MOMOUIBIO
GanaHcoBeIX ypaBHeHuid [12-14]. Jlns HaXoXIeHHUs pe-
LIEHUSI UCIIOIB3YETCS METO 0000IIEHHOTO MUHIMYMa, B
KOTOPOM DEIICHHE CHCTEMbl ypaBHEHHH HaXOOUTCS IIy-
TEM MUHAMHU3AINHT HeBs3KH [16].

PesynbraThl pacuera Mo alropuTMy HMMEIOT YyIIOBJIE-
TBOPHUTECIIbHYIO CXOAUMOCTDL K PE3YJIbTaTaM OKCIICPUMCH-
TanbHbIX uccnenoBanuil ans ciydaeB 3CC u JICC. Cpas-
HEHHE pacyYEeTHBIX M SKCHEPHMEHTAIBHBIX AaHHBIX HpH-
BezieHo B Tabm. 1.

Jlns mpoBeAeHNs YHMCIEHHBIX MCCIEIOBaHMUH HCIONb-
3yeTcsl TIaH BBIYUCIUTENFHOTO SKCiepuMenTa. [lnan o611
pa3paboTaH Ha OCHOBE aHANIM3a PE3YJIbTAaTOB PacdeTOB
st 3CC u JICC c BbIeneHneM CYIIECTBEHHO BIHSIOMINX

MapaMeTPOB, CPEIU KOTOPBIX HEOOXOIUMO OTMETUTH Pac-
X0J pabodvero Tella, BEIMYUHY TEIUIOBBIX HAIPY30K IPU-
0OpOB, TIOIAAb U3TYYAOIIUX MTOBepXHOCTEH. OCHOBHEIC
HCCIIEAyeMbIC B paMKaX BEIYUCIUTEIHHOTO SKCTIEPHMEHTA
mapaMeTphI IPEACTABICHEI B Ta0M. 2.

Pe3yabTaThl 4HMCcIeHHBIX HcciaeloBaHui. PaccMoT-
PUM pe3yIbTaThl U BBIBOJABI BBEIYHCIUTENBHBIX JKCIIEPHU-
MEHTOB 10 K&KAOMY M3 HCCIEAYEMBIX apaMeTpoB, IPH-
BCICHHBIX B Ta6.]'[. 2 OCHOBHI)IMI/I paC‘IeTHbIMI/I BCJINYU-
HaMH SIBJISIIOTCSL TEMIEpaTypbl padoduero Teiga B KOH-
TPONbHBIX Toukax T1-T7 coryiacHO pacdyeTHOH cxeme

(puc. 1).
Oxcnepumenm 1. Uzmenenue npubopHOlU Hazpy3Ku

MIIH -Z

B pamkax skcnepuMeHTa M3MEHSUIOCH TEIIOBBIAEIE-
HUE TpUOOPOB, pa3MemieHHBIX Ha manenn —Z MIIH. B
KauecTBe ypoBHeH Harpy3ku paccmarpuBamuck 0, 50,
100, 150 u 200 % ot 6a3oBoii Harpy3ku 3708 Bt u3 skc-
MEPUMEHTAIBHOTO HCClleoBaHusl. Pacder mpoBoamics
s cirydasi 3CC. PesynbraTel BEIYUCICHHH TPUBEICHBI B
Tab. 3 ¥ Ha puc. 2.

Ha puc. 2 npencrasiien npoduib Temieparyp mo 6a-
30BeIM TOukam T1, T2, T3, T6, T7 pacueTHOH CXEMBI.
(Ipwm noctpoenuun npoduis Touku T4 u TS He y4uuThIBa-
JIMCh, TaK KaK OHU HAaXO/SATCS Ha ITapajlyIeJIbHBIX BETBAX U
B cyMMe (TIpU TIEPEMEIINBAHUH [TOTOKOB TEIUIOHOCHTEIIS)
Jarot Touky T6.)

[ 1

P
T4
-Z MITH +Z MITH 7 MCC
I S — |
T1 | 72| T3 [ I
+Z
e T3
Puc. 1. Pacuernas cxema paccmarpusaemoro JKK CTP
Fig. 1. The design scheme of the FC of thermal control system
Tabnuya 1
CpaBHeHHe pe3yJbTaToOB pacuera u 3xkcnepumenta 1js JICC u 3CC
ITapamerp 3CC, skcnepument, °C 3CC, pacuer, °C Orknonenue, °C Ortkionenune, %
Temmepatypa Ha Beixoae +Z 28,45 27,93 0,52 1,83
Temmnepatypa Ha BeIxOj1€ —Z 31,80 30,21 1,59 5,00
TemnepaTypa Ha BXOZ€ B
MITH 32,05 31,68 0,37 1,15
TemnepaTypa Ha BBIXOJ€E B B _
MITH 34,80 34,82 0,02 0,057
[Tapametp JICC, skcnepument, °C JICC, pacuer, °C Ortkionenue, °C Otknonenue, %
Temnepatypa Ha Beixone +Z 31,05 30,84 0,21 0,67
Temmnepatypa Ha BeIxoae —Z 30,25 28,81 1,44 4,76
Temnepatypa Ha BXOJIe B
MITH 31,05 29,84 1,21 3,89
Temnepatypa Ha BBIXOJIE B
MITH 34,80 35,29 0,49 141
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Tabauya 2
OcHoBHBIe HccleyeMble TapaMeTphl
Ne ITapamerp Buusinue Ha cucremy [Ipumeuanue
/i
1 TerutoBoe Boie- | Ipu yBennueHnn MOIIHOCTH IPUOOPOB pacTeT TeMneparypa | HeoOXoanMmo yquTHIBaTh CIIOXKHOE
nenue npudopos | PTO B3aUMOJICHCTBHE TEIUIOBBIX IOTOKOB
MIIH ITpu yBenn4eHnu MOIIHOCTHU TpedyeTcs 0oJbIIas X0I010- ot npubopoB u ot KK
MPOU3BOJUTEIBHOCTh CUCTEMBI
2 Pacxon pabouero | Bompmioit pacxox BEIpaBHUBAET MEepeNaabl TEMIIEPATYP B YBenuueHue pacxo/ia BbIIIE pacyeT-
Tena pazmmaHbIX Toukax JKK HOTO SIBJISITCS ISl CHCTEMBI Hera-
OTCcyTCTBHE pacxo/ia 3aCTaBIIsIeT BCE IEMEHTHI paboTaTh TUBHBIM (pakTOpOM: TpedyeTcs
aBTOHOMHO JIpYT OT JIpyra OoupImii 3amac pabodero Tena u
GoJIbIIasi MOITHOCTH HACOCOB JUIS
HepeKadyKu
3 IInomane usmy- B 3aBHCHMOCTH OT COOTHOIICHUS COJHEYHOTO U U3IYy4eHHO- | Dd(HEKTHBHOCTH KOHCTPYKINH TaHE-
YaIOMIUX TaHe- IO TelIa MaHeIn MOXKET yBEIMINBATh UM YMEHBIIATh MPO- | JIM OLIEHUBAETCS IO BETHYMHE
nen M3BOJMUTEIBHOCTh CUCTEMBI U cpesiHIo0 Temneparypy KK YIeJIbHOW MPON3BOAUTENBHOCTH
4 TerutoBoe Boiie- | Borbroe TeruoBbIIeIeHIE BBI3BIBACT OOJIBIIHHI ITepera OnrumMansHOM Oy et cuctema, KoTo-
nenue npubopos | temmeparyp B JKK npu npoxoxaennn MCC past Ui IMUPOKOIo JUana3oHa TeILIo-
MCC Boubliiee TEIIOBbIICICHHE PUBOAUT K HEOOXOJUMOCTH BhIeneHuil mprbopos Ha MCC co-
6oubiero temocopoca ¢ PTO, a 3HaunT, BeeT K MOBBIIIE- | XpaHseT paboTOCIIOCOOHOCTD H 10-
HHIO cpefHel TeMnepaTtypsbl o KoHTypy KK ITyCTHUMBbIE TTAPaMETPbl TEMIIEPATYPbI
Tabauya 3
Pe3ysbTaThl BHIYMC/IEHUI IPU H3MeHeHHU NPUOopHoii Harpy3xku MIITH -Z
Ne n/nn Harpyska, Bt T1, °C T2,°C T3, °C T4, °C T5, °C T6, °C T7,°C
1 0 3,74 7,24 —-0,96 5,85 -3,58 -4,71 3,74
2 1854 23,93 17,49 20,27 14,4 16,53 15,47 23,93
3 3708 38,86 35,81 36,01 29,38 31,4 30,39 38,86
4 5562 49,90 49,37 47,68 40,45 42,42 41,44 49,90
5 7416 58,99 60,69 57,29 49,57 51,48 50,53 58,99
70
— : \\ /
* = V
D40 ;
- - —#—0BT
E: i —— 1854 Br
8, 20 . : — 370887
"‘"-..__’____....---"'_ v
q;:"|' ) —#— 5562 Bt
= 10
ﬁ  —m-74168r
! \W/‘I
-10
-20

Tl T2 T3

Toukn H3MeEpeHHH

T6

Puc. 2. IIpodunu usmeHenus temrepatypst no aiuHe KK

pu u3MeHeHnu Harpysku MITH —-Z

Fig. 2. Profiles of the temperature change along the length of the FC with a change

of heat load in payload module -Z
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W3 paccMoTpeHus pe3yIbTaToB HKCIIEPUMEHTa MOKHO
ClIeNaTh CJICYOIHE BHIBOIBI

1. BuzmHo, 4TO TpH yBENWYEHHUH HArpy3KH pacTeT
cpennsist Temrieparypa JXKK. O1o cBsf3aHO ¢ HarpeBOM >KHI-
KOCTH TOJ| JICHCTBHEM TEIIa, a TAKkKEe ¢ HEOOXOIUMOCTBIO
TETIO0TBO/IA U3JTyIEeHUEM OOJBIIHNX TEIUIOBBIX MOIIHOCTEH,
a 3HAYWT, ¥ NOBBIIeHHEeM Temiiepatypbl PTO.

2. Tlpu pocTe TEIIOBON HArpy3Kd MEHSETCsI Xapak-
Tep moaBona temna k KK Ha mepBoM ywacTke: mpu HU3-
KHX MOUIHOCTSIX )KHUAKOCTb OXJIXKAAETCsl, TPU OOJIBILINX —
HarpeBaercs. PaBHOBecue B TIpoliecce HAcTymaeT Hpu
MourHocTH Harpy3ku ~5600 Br. Ilpu sTom ycranaBnmBa-
eTcsl TEIUIOBOW OallaHC CHCTEMBI: BEIMYHMHA HW3ITyYCHUS
cocrasisier Takxke 5600 Bt. Temmneparypa PTO cpaBHu-
Baerca ¢ temmeparypoi XK, a xuakoctb He mosydaer
M3MEHEHHS TeMIepaTypsl IPH NPOTEKaHNH Yepe3 MaHeb.

3. Ha mauenmn —Z Bcerma HaOJrOmacTcs OXJIaXKIEHUE.
OTO CBA3aHO C TEM, YTO TaM HET TEIUIOBOM Harpy3Ku
OT MPHOOPOB U COJIHEUHOTO W3ITyYeHHMs, H BCE TEIUIO U3-
JyJaeTcs B KOCMOC.

4. CymMapHO Ha naHessix +Z B JaHHOM JKCIIEpUMEH-
Te Bcerza HaOJIONAeTCsl OXJAXKICHHE JKUAKOCTH. JTO
O3HAYaeT, YTO MHTEHCUBHOCTh M3JIyUSHHUS NIPU JOCTUTHY-
THIX TEMIIEpaTypax H3JIy4aloluX IOBEPXHOCTEH Ha Ia-
HelsiX +Z MpeBbIIIaeT 3HaYeHHE COJIHEYHOTO MOTOKa.

Oxcnepumenm 2. Mzmenenue pacxooa menionocumerns

B pamkax skcnepuMeHTa M3MEHSUICS Pacxo]] TEIUIo-
HOCHUTEINA, NMPOKauYMBaeMOro depe3 KOHTyp. B kauectBe
ypoBHei#t pacxoma paccmarpuBanuck 0, 50, 100, 200
u 400 % ot 6a3oBoro pacxona 100 emlc u3 9KCIICPUMECH-

TaJIBHOTO MCCIICIOBaHUs. PacueT mpoBOAMIICS ISl CITydast
3CC. Pe3ynprarsl npeacTaBieHsl B Ta0i. 4 1 Ha puc. 3.

Ha puc. 3 aHANOTHYHO MIpECTaBICH MPOQIITH TEMIIE-
patyp mo 6a3oBeM Toukam T1, T2, T3, T6, T7 pacuerHoi
CXEMBEI.

W3 paccMoTpeHHs pe3yIbTaToOB AKCIEPUMEHTA MOKHO
CHETATh CIEAYIOIINE BEIBOIBI

1. Yem MeHbIIIEe pacxo[ TEIIOHOCUTEIS, TeM OOJIbIIIe
nepenan Temnepartyp mno amusae JXKK.

2. Ilpu ype3MepHBIX pacxoiax KoJicOaHUs TeMIepa-
Typsl o uinHe JKK ManooniyTHMbl, cucTeMa MPUXOIUT
B COCTOSHHE TEIUIOBOTO PaBHOBECHs JUIA 3aJaHHOW Tel-
JIOBOH Harpys3KH.

3. CormocraBieHue NPeAbIAYIIAX JIBYX IMYHKTOB IIPH-
BOJIUT K 3aKITIOYCHUIO O TOM, YTO JJIS KaXKIOTO PacueTHO-
TO CIlydass MOXKHO OIPENEeIHUTh ONTHMATBHOE 3HAYCHUE
pacxofia, Ipu KOTOPOM OOECIIeYrBaeTCs 3aaHHAs MIPOMU3-
BOJUTENFHOCTh, W TEMIIEpaTypHBIE Tepernagsl M0 ITHHE
KK nonyctumsl.

Oxcnepumenm
ons MITH 7

B pamkax skcrnepuMeHTa H3MCHSUIUCH IUIOMIAaU pa-
JMUAIMOHHBIX TOBEpXHOCTeH Ha maHenmsx MIIH +Z
n MITH —Z. B xauectBe ypoBHEW [UIs IUTOMIAIM paccMat-
puBanucy 50, 100, 150 u 200 % ot Ga3o0BoOii MUTOMIANA
8,9 M u3 9KCIEPUMEHTAIBHOTO WCCICIOBAHUA. JTH
YPOBHH pacCMaTPUBAINCH B PAa3UYHBIX COYCTAHHAX
s maneneit MITH +Z u MITH —Z. Pacder npoBoamics
g crydas 3CC. PesynpraTel mpeicTaBieHsl B Tabd. 5
" Ha puc. 4.

3.  MHszmenenue naowaou PTO

Tabauya 4
Pe3ybTaThl BHIYHCIICHHIT IPH H3MEHEHHH Pacxo/a
Nen/n | Pacxox, em’fc T1, °C T2, °C T3, °C T4, °C T5, °C T6, °C T7,°C
1 0 71,96 29,51 34,72 -16,37 0,48 7,94 71,96
2 50 41,69 35,24 35,62 22,69 26,69 24,69 41,69
3 100 38,86 35,81 36,01 29,38 31,4 30,39 38,86
4 200 36,99 35,48 35,58 32,23 33,25 32,74 36,99
5 400 35,99 35,24 35,29 33,6 34,12 33,86 35,99
80 |
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2 /
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Puc. 3. IIpodunu usmenenus temrepatypst rno aiHe KK
NpH U3MEHEHUH pacxoja

Fig. 3. Profiles of temperature change along the length
of the FC when the flow rate is changed
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Tabauya 5
Pe3yabTaThl BHIYMCIEHH NPY M3MEHEHUH IJIOIIAAN NaHe el
New/n | -ZMIH,M* | +ZMIH, M* | TL1,°C | T2,°C | T3,°C | T4,°C T5,°C | T6,°C | T7,°C
1 4,45 4,45 81,95 80,87 81,61 72,59 74,38 73,48 81,95
2 4,45 8,9 58,97 60,67 57,27 49,55 51,46 50,51 58,97
3 8,9 8,9 38,86 35,81 36,01 29,38 31,4 30,39 38,86
4 13,35 8,9 26,95 21,17 23,45 17,43 19,53 18,48 26,95
5 13,35 13,35 16,89 12,64 12,95 7,43 9,6 8,58 16,89
6 17,8 17,8 1,96 -3,12 -2,83 —7,64 -5,35 —6,48 1,96
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Puc. 4. I3menenue Temneparypsl B pa3nuuHbix Toukax KK
IIpY U3MEHEHUH IIJI0Imaau nosepxuoctu PTO

Fig. 4. Change in temperature at various points of FC with a change
of surface area of the radiation heat exchanger

Ha puc. 4 aHanoru4Ho npesicTaBieH MpoQuib TeMIe-
patyp o 6a3oBeiM ToukaMm T1, T2, T3, T6, T7 pacuerHoi
CXEMBI.

W3 1abn. 5 n rpaduka Ha puc. 4 BUIHO, YTO NIPU yBe-
mmyeHnu wiomaau PTO TtemmepaTypa TeIIOHOCHTENS
KK manmaer.

Oxcnepumenm 4. Hzmenenue naepysku MCC

B pamkax oKcnepuMeHTa W3MEHsIaCh Harpyska
npuOOPOB, pa3MEIICHHBIX B MOAYJE CIIyKEOHBIX CHC-
tem MCC.

B kauecTtBe ypoOBHEH Harpy3ku paccMaTpuBalIUCh
0, 50, 100, 150 u 200 % ot 6a3oBoii Harpy3ku 915 BT u3
9KCIIEPUMEHTAIIBHOTO HCCleIoBaHusI. PacueT nmpoBoamics

s ciaydas 3CC. PesyibraTsl mpejcTaBiceHbl B Ta0a. 6
W Ha puc. 5.

Ha puc. 5 ananorn4yno npesicTasieH nmpoQuib TemIe-
partyp no 6a3oBeiM Toukam T1, T2, T3, T6, T7 pacuerHoi
CXEMBI.

Harpyzka MCC oka3blBaeT Ha CHUCTEMY BIHSHHE,
aHanmorudyHoe Harpy3ke mpubopoB MIIH. Heobxommmo
OTMETHUTH, YTO TPH BBICOKMX 3HaueHHAX Harpy3ku MCC
(>1370 BT) Ha Bcex HaHENAX HAOIIOJAETCH OXJIAXICHUE
teronocutens KK, 4ro CBsA3aHO C BBICOKOHM cpenHen
TeMIepaTypoil TEIUIOHOCUTENS U NpeoOIafaHueM Terio-
BOTO M3JIyY€HHs C MaHeJed HaJl BEeNWYMHOM IaJaroliero
COJIHEYHOT'O M3JTy4YEHHS.

Tabauya 6
Pe3yabTaThl BoIYHCIeHU IPU U3MeHeHnn Harpy3ku MCC
20| HarpysaMCC, |-y e T2, °C T3, °C T4, °C T5, °C T6, °C T7,°C
1 0 10,75 11,69 15,31 9,6 11,38 10,75 10,75
2 457 24,84 23,78 25,69 19,5 21,65 20,61 24,84
3 915 38,86 35,81 36,01 29,38 314 30,39 38,86
4 1372 52,7 47,81 46,25 39,11 41,08 40,09 52,7
5 1830 66,7 59,8 56,3 48,85 50,76 49,80 66,7
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Fig. 5. Profiles of the temperature change along the length of the FC with
a change in the heat load of the service system module

3axarouenue. Ha ocHOBaHMM aHamM3a MPUBEIEHHBIX
Pe3yibTaTOB BBIYUCIUTENBHOTO 3KcnepuMenTa st KK
CTP KA moxHO cnienath cienyroniie BbIBOjbI. M3MeHe-
HUE cpeaHedl Temmeparypbl TeruoHocurens KK o0y-
CJIOBJICHO M3MEHEHMEM OTBOJUMOM TEMJIOBOM HarpyskH,
YTO CBS3aHO C HarpeBOM JKHIKOCTH ITI0]] JICHCTBHEM TeI-
J1a, a TaKkKe ¢ He0OXOJUMOCTHIO TETIOOTBOAA M3ITyUCHH-
eM OOJBIINX TEIJIOBBIX MOIIHOCTEH, a 3HAYWT, U MOBBI-
menneM temmepatypst PTO.

Pacxon TemoHOCHTEINs ONpeneNsieT BEIUYHHY Iepe-
maga temmeparyp no mmHe JKK. Yem OGombine pacxof,
TeM MeHblle nepenan temmneparyp no jmHe JKK. IIpu
Ype3MEepHBIX pacxojax KojiebaHusl TeMIepaTypsl Mo JJu-
He XK ManoomryTumsl, cucteMa IMPUXOIUT B COCTOSHHE
TEIJIOBOTO PaBHOBECHS JUIS 331aHHOM TETIIOBOM HAarpy3KH.

[Ipy M3MeHeHnn MIIOMAAN W3TyYaroNUX IaHene +Z
n3MeHseTcs xapakrep TemtoorBoga ot JKK: mpu mamsix
IUTOIIA/AX JKUAKOCTh HAarpeBaeTcs, NpH OONBIINX — OX-
Jaxknaercs, yeM Oodbie mwiomans MITH —Z, tem Oomnbine
TeIJIa YXOJUT W3 CHCTEMBI C IIOMOINBIO H3ITyYCHUS
U TEM HIKE CTAaHOBUTCS CPEIHSAS TEMIIEpPaTypa TEIUIOHO-
curens KK.

Harpy3ska MCC oka3pIBaeT Ha CHCTEMY BIHSHIE,
aHajiorn4Hoe Harpyske npubopoB MITH. Heobxomumo
OTMETUTh, YTO MPHU BBICOKHUX 3HaueHUsX Harpy3ku MCC
Ha BCeX MaHeNsX HaOMoJaeTcs OXJIAKICHUE TEIJIOHOCH-
tenst JKK, 4To cBA3aHO ¢ BBICOKOH cpegHel TeMmepaTy-
pOH TEIUIOHOCHTENS M MpeoliIagaHueM TEIJIOBOTO H3ITy-
YEeHUsI C TaHesell HaJl BeIMYMHON MaJaromiero COJHEYHO-
TO M3ITy9CHHS.

Cepusi BBEIYHCIHUTENBHBIX KCIIEPHUMEHTOB, ITPOBEJICH-
Hasl C UCITIOJIb30BAHUEM Pa3pabOTaHHBIX aBTOPAMH MaTe-
MaTU4eCKOW MOJETN M AJIrOpUTMa pacdeTa, OTpa’kaeT
THOKOCTh MOJENH, aJieKBaTHYIO PEakIHI0 Ha N3MEHEHHE
BHEIIHUX (aKTOPOB M BO3MOXKHOCTH CpaBHEHHMsI Mapa-
MeTpoB CTP mo yuactkam KK ¢ nienbro BhISBICHUS 3HA-
YUMBIX.
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INCREASE OF DATA TRANSMISSON EFFICIENCY IN AIRCRAFT SATELLITE MONITORING

A. R. Akzigitov*, A. S. Andronov, R. A. Akzigitov, V. V. Peremishlennikov, D. V. Dmitriev

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
* E-mail: aakzigitov88@mail.ru

Satellite systems are one of the most common methods of tracking various objects around the world. There are vari-
ous types of satellite systems for different purposes, but their common feature is data transmission by radio signal. The
atmosphere of our planet is nonuniform and its every layer has some characteristics which impede data transmission.
In case of insufficient power supply the transmission is practically impossible. That is why there should be worked out
special methods and algorithms able to mitigate the atmospheric effect on the signals of the aircraft monitoring devices.
The ionosphere, in particular, is the main cause of errors in determining the object’s location. For “Iridium” satellites
that receive signals from “Iridium 9602 module at frequency of 1616-1625.5 MHz the ionosphere influence induces
the alteration of the signal power due to the inhomogeneity of charged particles. The article presents the calculation of
attitude data transmission loss in space as they are transmitted by “Iridium 9602 transceiver up to heights of 450, 500
and 600 km.

The proposed method is based on modeling the current map of the total electronic content of the ionosphere. On the
basis of this model, a correction of determining the monitored object’s location can be made. Today there are several
centers performing calculation of total electronic content of the ionosphere. The calculation results are in free access.
Thus, having the initial data obtained from the maps of the total electronic content of the ionosphere and the algorithm
for making corrections, it is possible to correct the data while solving navigation problems. In particular, the GEMTEC
model can be used, as its source of data is a map of total electronic content of the atmosphere.

Keywords: Iridium, monitoring, ionosphere, GEMTEC, error.
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MNOBBIINEHUE 2OPEKTUBHOCTHU NEPEJAYHN JAHHBIX
IMPU CIYTHUKOBOM MOHUMTOPHUHI'E BO3YIIHbIX CYJOB

A. P. Axzurutos*, A. C. Aunponos, P. A. Ak3urutos, B. B. [lepembinuienankos, J[. B. Imutpues

Cubupckuii rocy1apCTBEHHBIH YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccwuiickas @enepanust, 660037, r. KpacHosipck, mpocrt. uM. ra3. «KpacHosipckuit padounii», 31
*E-mail: aakzigitov88@mail.ru

CnymHuxogvie cucmemvl — 0OUH U3 HauboIee PacnpoCMpPaHEHHbIX MEMOO08 OMCICHCUBAHUS PATUYHBIX 00bEKMO8
no ecemy mupy. Cywecmeyiom pasiuunsle guobl CNYMHUKOBBIX CUCEM PA3TUYHO20 HA3HAYEHUs, HO UX o0weli yepmoil
s6715emcsl nepedaya OaHHbIX NOCPeOCcmeOM paduocueHanos. Ammocgepa naweil nianemvl HeOOHOPOOHA, U KAJCObIL ee
clloll umeem PO XapaKkmepucmux, Komopwlie 3ampyousaom nepedauy OAHHbIX, d 8 Cyyae HeOOoCMAMOYHOU MOWHOCMU
nepeoayu — nonpocmy oenaom Hego3modxcHviM. CrnedosamenbHo, HeOOX00UMO HAUYUe MemOo008 U AN20PUNMO8, KO-
mopule cmsazuanu bvl 6030elcmeue ammocdepvl Ha CUSHATBL YCMPOUCMEA MOHUMOPUH2A 8030YWHbIX cY008. B uacmuo-
cmu, 21a8HOU RPUYUHOU NOZPEWHOCIU NPU ONpedeNeHU’ MEeCIMONON0NCEHUs ABIAemcs ol uoHocgepul. [na cnymmu-
xoe lridium, ocywecmensiowux npuem cuenanoe om mooyns Iridium 9602 ¢ wacmomon 1616-1625,5 MI'y, erusnue
uoHocgepvl Oyoem 3aKMOYAMbCS 6 USMEHEHUU MOWHOCMU CUSHALA U3-3d HEOOHOPOOHOCMU 3APSNCEHHbIX Yacmuy.
Ilpedcmasnen pacuem nomepsb 8 c60600OHOM NPOCMpAHCMEe NPU nepeodaye OAHHBIX MECMONOIONCEHUS Yepe3 MPAHCU-
eep lridium 9602 na évicomsr 450, 500 u 600 xm.

Ipeonacaemvlii 015 nPUMeHeHUs MEMOO OCHOBAH HA MOOETUPOBAHUY MeKyujel Kapmbvl NOIHO20 JJIeKMPOHHO2O CO-
Oeparcanust uoHocepvl. Ha ocHose moodenu 6HOCUMCS KOppeKyus npu onpedeieHuu MecmonoioxiceHus 06vekma mo-
Humopunea. Ha cecoOnawnuii denv cywecmeyiom HeCKoIbKO YeHMpPOs, OCYeCMEIAIoOWUX pacyem NoaH020 7eKMpPOH-
HOo20 coldepoicanusi uoHocghepul. Pesynomamul pacuemos Haxooamcsa 8 c60600Hom Oocmyne. Takum obpasom, umes
UCXOOHble OaHHble, NOTYYEHHbIe HO KAPMAM NOIHO20 INEKMPOHHOLO COOEPHCAHUS UOHOCPHEPDL, U ANeOpUmM 015l KOp-
DEKYUU, MOHCHO OCYWeCmBIamb NONPABKY OAHHBIX Npu peuwlenuu 3a0a4u Hasueayuu. Koukpemno, npeonacaemcs uc-
noavzoeamv modeib GEMTEC, ucxoouvimu oannvimu 0Jisi KOMOPOU S61emcst Kapma NOIH020 2NeKMPOHHO20 CO0ep-
JHcanus ammocgepul.

Knrouesuie crosa: Iridium, monumopune, uonocgpepa, GEMTEC, nocpewnocme.

Doi: 10.31772/2587-6066-2018-19-2-242-245
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ABMGMMOHHG}Z U paKkemHo-KoCmu4eckasl mexnuka

Introduction. Satellite systems have found their
proper place among modern communication systems. In
these systems, the satellite is used as a relay station. These
systems are divided into several types depending on the
available equipment and the orbit altitude. Depending on
the constellation configuration and currently performing
hardware, the system can retransmit instantaneously
or with a certain delay, if a memory module is available
[1; 2]. However, the common feature of these systems is
data transmission in the form of information packages. At
present, there is a number of systems using low-orbit sat-
ellites. The most common of them are “Iridium”, “Global-
star” and “Gonets”. The difference between these systems
lies in the number of satellites used and the implementa-
tion of the constellation configuration. The “Iridium” sys-
tem is of the greatest interest, as its coverage is almost
100 %, which is most preferable for aviation monitoring
purposes [2; 3]. Monitoring of moving objects is essential
for search and rescue activities; quick location of aircraft
crash site allows not only to save human life, but also to
significantly reduce the cost of rescue operation. How-
ever, the use of any satellite system presents certain chal-
lenges, for instance, ensuring the reliability of data trans-
mission. The main factors affecting the reliability are
natural and technical. Natural factors are the influence of
the atmosphere and other natural effects. Technical fac-
tors are mainly the malfunction of equipment and incor-
rect decoding. There is a need to eliminate errors and mis-
takes and provide a balanced transmission line “Aircraft —
Iridium — Earth” with a sufficient supply of power poten-
tial for transmission.

Technical factors and ionospheric effects. Malfunc-
tion of the computer or of the installed program is the
major factor that influences the reliability of data trans-
mission. Modern systems, such as “Iridium”, use a variety
of protocols for data transfer; that requires the use of
high-volume programs for protocol decoding. Generally,
the solution of this problem is installation of advanced
software with incorporated security and control systems.
The effects are caused by the presence of charged parti-
cles, namely ions in the atmosphere. These particles cause
signal delay [3-5]. The extent of delay varies depending

on solar activity and location. The density of ions in the
atmosphere is non-uniform, which makes it impossible to
calculate the precise effect. In case of the “Iridium” sys-
tem the frequency range of which is within the L-band,
ionospheric effects considerably influence the search of
the satellite location [6].

Tropospheric effects. Troposphere is the layer of the
atmosphere at altitudes up to 10 km above sea level. It is
mainly this layer causes attenuation of the signal due to
the existence of the effect called “eye of troposphere”,
namely presence of water vapour, rain and clouds causing
the attenuation [6].

“Iridium” power calculation. “Iridium 9602” trans-
ceiver is used for data transmission to satellite. The trans-
ceiver is a part of the device being developed under
surveillance of the Ministry of Emergency Situations,
“Iridium” is a series device using GPS technology [7-9].
Further technical calculations and solutions of the above-
mentioned problems related to ensuring the reliability of
the transmission for devices of this type will also be cited.
Since the calculation of power characteristics involves
numerous variables caused by nonuniformity of the at-
mosphere, we will regard it as uniform, and the effect of
the Earth as negligible. Then the total feeder loss will not
exceed 2 dB. The following two basic equations describe
the power balance. Equivalent isotropically radiated
power [10; 11]:

P3 = Gn* +10|g(PHT]H) ' (1)

where P, is the power of the transmitter; n, is the power
transmission coefficient of the transmitting station feeder
path; G, is the gain of the transmitting antenna in dB.
The quality factor of the receiving station [11; 12]:

?zG*HP+10|gTE, (2)

where T, is the total equivalent noise temperature of the

receiving station reduced to the antenna input; Gy is the
receiving antenna gain in dB. These two expressions fully
characterise the communication line. Accordingly, the
frequency attenuation lines appear as in the following
figure.
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Frequency characteristics of attenuation in the atmosphere
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These expressions determine the main performance
characteristics of the equipment, specifying the potential
power reserve for data transmission [12]. For the monitor-
ing device developed under supervision of the Ministry of
Emergency Situations, the loss figures in different satel-
lite orbits are given in table, assuming that the transmis-
sion power of “Iridium 9602” transceiver equals
to 1 dB-Wi; that was calculated using the equation [12; 13]:

Pr=n, Py (3)

Space loss of “Iridium9602” transceiver Iridium 9602

r, km L, dB
450 -149.93
500 -150.85
600 -152.43

Error reduction methods. The use of the GEMTEC
model is one of the solutions. The method is based on
application of natural orthogonal functions, the source
data of which is in the distribution of electronic data loss
coefficient in the atmosphere [13]. This method involves
the consideration of variables and their complete account
for the navigation system. The variables’ values are
transmitted together with the message; further corrections
are made by the appropriate algorithm at least once every
6 days. Let us consider the main equations of this method.
Let N be a set of measurements for f (n, x) value, depend-
ing on a set of factors. In each set, the variable x takes
a certain value, and other factors are taken as constants.
The expansion for each set takes the form of the equation
[14]:

io
/() =2 b" (), (@)
i=1
where y; (x) are natural orthogonal functions identical for
all datasets, and b."are expansion coefficients that charac-
terise the dataset of n number and independent of x. The
coefficients b"supply the values of all factors except the

x factor. The system of orthogonal functions in general
can be found by means of matrixes, under condition
Ay, =A,y;, where y; are orthogonal functions and A is a

matrix size of ky*ko [14]:
N
A={A,} ={Z f"f, }:
n=1

N N N
Z f]_n fln Z f]_n f2n Z f]_n fkon
n=1 n=1 n=1
()

N N N

Z fkon fln Z ka” fZ” Z ka” ka”

n=1 n=1 n=1

The second method to be analyzed here is a graphic
method. This method implies using root mean-square
values of the carrier and the code. When we add the aver-
aging of the code range and carrier phase, the main equa-
tion takes the form [15]:
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(6)

where P, is the value of pseudo-range; @ is the phase
range of carrier frequency L;. In this equation the com-
bined measurement no longer depends on the ionospheric
delay and shows the noise level. However, there is a
drawback code measurement errors considerably affect
the final results. This method is preferable in real- time
mode or in the processing of already obtained data [15].

Conclusion. With allowance for the operation of
transmitting and receiving equipment in balanced radio
link, the average deviation of the object’s positioning data
will have an error of £50 m. With the use of error mitiga-
tion techniques, errors in the data on the Earth artificial
satellite’s actual position will be less in value. The reli-
ability of the data will be higher due to the minimum of
losses in information packages and shorter delay time on
the “Satellite-Aircraft” link. Together with the application
of GEMTEC method, deviations will be £5 m. It is possi-
ble to minimise losses and delays using the offered opera-
tional model, allowing for the use of additional differen-
tiation algorithms to make the model work in real- time
mode. The graphic method is more suitable for research
analysis of the data already available.
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DEVELOPMENT OF THREE-POINT AVIATION FUEL QUANTITY GAUGE
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In response to the well-developed digital technologies, modern methods can be worked out for the spheres where
radical changes seemed hardly possible. This paper describes the development of a new method of fuel quantity meas-
urement that has not been applied before. To measure the level of fuel in the fuel tank of an aircraft, it is proposed to
use three fuel level gauges and a special electronic calculation unit; they model the fuel level surface inside the given
volume, and then the actual amount of fuel can also be calculated. This can considerably reduce the evaluation errors
allowed with the application of the existing fuel quantity gauges. The main advantage of the system offered is the elimi-
nation of the errors arising with the aircraft evolutions and irregular motions.

The article gives the analysis of the fuel level assessment methods used in the aviation sphere at present, the types of
fuel quantity gauges used in aviation, and the specific conditions of measuring the fuel level in the aircraft fuel tanks.

The proposed method has a number of advantages, in comparison with the traditional ways of measuring the fuel
level; a basic mathematical model of the aircraft tank fuel level calculation has also been worked out.

Keywords: fuel quantity gauge, fuel tank, measurement, error, aircraft.
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PA3PABOTKA TPEXTOUYEYHOI'O ABUAIIMOHHOTI'O TOILJIMBOMEPA
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FBrazooaps xopowo pazeumolm na OanHbIL MOMEHIN YUPPOBHIM MEXHOLO2UAM CIMAHOBUMCS B03MONCHBIM CO30AHUE
HOBBIX, COBPEMEHHBIX MEMO008 8 mex cghepax, 20e, Kazaioch Obl, yiice Goabuie Hewe2o mMeHamo. [annas cmamos no-
ceseHa paspabomke H08020, HeCyueCmayloue20 Ha OAHHbLIL MOMEHM, Memooa usmepeHus monausa. Jlis usmepenus
MONAUBA NPeONA2Aemcst UCHOIb306AMb MPU MONIUGHBIX OAMYUKA U GbIMUCTUMENbHBII dNEMEHm Ol MOOCIUPOBAHUSL
NONONCEHUST YPOGHS MONAUBA 6 NPOCMPAHCMEE C OANbHETMUM PACUETOM 00bEMA MONIUSA, YMO NO380IUM YMEHb-
WUMb NOZPEUHOCIU, BO3HUKAIOWUE NPU IKCIILYAMAayuy moniueomepos. I nasHvim npeumyujecmeom 0aHHOU CUCMEMbl
Oyoem ycmpanenue noSpeuiHoCmi, 03HUKAIOWet NPu 360T0YUSX 8030YVUHO20 CYOHA, A MAKICe NPU €20 HEPABHOMED-
HOM OBUIICEHUU.

Paccmompensi cnocobul 3amepa yposHs moniuea, UCnoIb3yemble 8 AGUAYUOHHOU chepe 8 Hacmosiuee 6pemst, UObL Mo-
NAUBOMEPOB, NPUMEHSIEMBIX 8 ABUAYUL, A MAKICE OCODEHHOCHU USMEPEHUsL YPOBHS IMONIUEA.

Ipeonooicennviii cnocob obradaem psaoomM HpeuMywjecmes, 6 CPAGHEHUU ¢ MPAOUYUOHHBIMU CHOcobamu 3amepa
VPOGHSA MONAUBA, 8 CMAMbe NPEOCMABICHA MAMEMAMUYECKAs MOOelb, HA OCHO8e KOMOpol Oydem npou3e00umsCs
uzmepenue yposHs Monauéa 6 MOnIUSHOM baKe 6030yuH020 CYOHA.

Knrouesvie crosa. monaueomep, MONTUBHDBLLL 6aK, noecpewmnocntb, asuayusl.

Doi: 10.31772/2587-6066-2018-19-2-246-250

Introduction. Fuel quantity gauge is an instrument Among the features of measuring the fuel level, we can
that measures the volume or weight of fuel or oil in tanks.  note the following:

It is used to measure the level of fuel in land transport and — fuel tank volumes are limited — that imposes

aircraft, in contrast to level gauges measuring the level of  restrictions on the level sensors in use;

liquids or bulk materials in various tanks and storage — fuel tanks come in different shapes, sometimes

facilities. quite irregular — that is the reason for using profiled level
As a rule, direct measurement of the amount of fuel  sensors;

meets a lot of impediments, that is why indirect — external forces and accelerations  cause

measurements are widely used, such as measuring the redistribution of fuel inside the tank — that provokes
surface level or fuel pressure inside the tank [1-6]. measurement errors;
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— for aircraft with several fuel tanks, it is necessary
to relocate the center of fuel load by pumping fuel from
one tank into another; that is necessary to stabilize the
center of mass of the aircraft [7; 8].

Aviation fuel level gauges. At the present time there
are several types of fuel gauges in use, they are divided
according to the method of measurement and the field of
use. There are two main types of fuel gauges most widely
used in aviation:

— capacitive fuel gauges — the operational principle of
that gauge type is based on the significant difference in
the dielectric properties of air and fuel (fig. 1);

— float-type fuel gauges — the operational principle of
that gauge type is based on registering the position of the
slider on the variable resistance which is moved by a lever
with a float — a plastic or metal hollow unit floating on the
surface of the fuel.

Indirect measurements of the fuel level in the tank and
conversion of the obtained value into an analog signal
make it possible to measure the fuel level in the aircraft
tank [9; 10].

Modern fuel gauges have the errors induced by
irregular movement of the aircraft and its deviations from
the horizontal plane. These errors can be eliminated by
applying a different method of fuel measurements.

Three-point method of fuel measurement. The aim
of this method is elimination of the errors in situation
when the fuel surface deflects from its normal position
(the level when the fuel is not affected by external forces).

The three-point method of fuel measurement implies
the use of three fuel gauges and an electronic calculation
unit with pre-specified geometry characteristics of the
fuel tank. Thanks to modern digital technologies and
thoroughly worked-out mathematical methods, we can
make a mathematical and virtual model of the fuel tank
[11-14]. Using three fuel gauges we can measure the
height of the fuel level in three different locations inside
the tank; that allows to determine three points of the
surface level of the fuel (fig. 2).

According to the space coordinates of the three points
inside the fuel tank, a simulation of the fuel surface plane
can be produced by the digital unit. This model plane
will cut off the upper (empty) part of the fuel tank. With

¥
-t

the help of the specified mathematical methods, the form
of the modelled truncated figure (truncated fuel tank)
allows to calculate its volume. To make the calculation, it
is necessary to divide the fuel tank into identical segments
and state the fuel level value in each segment. According
to the obtained parameters of the area of the segment and
the fuel level in it, the volume of the fuel content in this
segment can be determined (fig. 3).

Mathematical model of a three-point fuel level
gauge. To determine the fuel level height in each
segment, we use equation of plane for three points [15]:

+ +X) X, —X
(X—XO) yl yO y2 (y yo) Xl 0 2 0
z,+1, z—z0 ,+7, 7,-17,
Xy X=X
+(Z_ZO)X1 R B
YitYoe Y2=Yo

XA-yB+2C+D=0;

XA—-yB+D=-2C,;
_—XA+yB-D
C i)

where A, B and C are the values of the determinants of
equation of plane, and D is determined as follows:

D=-xA+Yy,B-2,C,

-XA+y,B-D
|k :—C .
When the fuel level in each segment is stated, it

becomes possible to determine the total volume occupied
by the fuel in the fuel tank:

Vv :5xzn:izik :s><zn:i XA+ka D

k=1 i=1 k=1 i=1

s is the area of a separate segment, n, m are the maximum
number of segments formed along the X and Y axes.

However, the calculation of the real model will not
coincide with the actual summing up, as the tank is of a
confined volume at the top and at the bottom.

Fig. 1. Capacitive fuel gauges

Puc. 1. EMKOCTHBIE TOTITHBOMEPHI
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Fig. 2. Three-point fuel-content indication method scheme

Puc. 2. (DyHKIII/IOHaIILHaﬂ CXEMa TPEXTOUCYHOI'O TOILIMBOMEpPaA

Fig. 3. Section of the fuel tank volume by the fuel level plane

Puc. 3. CeueHue TOIUTMBHOTO 6aKa IIOCKOCTBIO YPOBHS TOILTHBA

The resulting fuel level plane may go across the top

and bottom surfaces of the tank, which will cause an error

in the calculations.
When calculating each segment,

Fig. 4 shows the fuel tank horizontal cross-section.

The color of the segments corresponds to the fuel level in

each segment:

its  maximum

and minimum values on the Z axis will be taken into

account.
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Fig. 4. Fuel tank horizontal cross-section

Puc. 4. TonnuBHEIA 0aK B TOPH30HTAILHOM CEUEHUN

When the fuel level surface deflects from the
horizontal plane, some of the tank segments may become
empty (black color); then, according to equation of the
plane, the value of the z coordinate will be negative, and
the value of the volume will also become negative in this
case. To avoid this, in case when Z takes a negative value,
the given segment will be equated to zero. When the fuel
level in the segments comes to its maximum (white
color), and according to equation of plane, the z
coordinate takes a value greater than maximum, Z will be
equated to the maximum value for the given segment.

Conclusion. With the given corrections, it becomes
possible to make calculations of the greatest accuracy. It
is obvious that the virtual truncated model will correspond
to the actual level of the fuel in the tank, and the error in
case of the external forces effect will not arise, as the
virtual model will show the slope of the cross-section
plane with no change in the volume.
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THE METHOD OF AUTOMATED DEVELOPMENT OF AN ASSEMBLY DRAWING
OF A CABLE NETWORK
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The final stage of designing a cable network of spacecraft (as well as any other product) is the release of design and
operational documentation. The automation of this process allows to improve the quality of documentation and de-
crease the manufacturing time of spacecraft.

The JSC “Information Satellite Systems” (ISS) uses its own integrated sofiware complex "ALCAB” for releasing
design documentation package for a cable network. For the assembly drawing development, the company uses CAD
without integration with "ALCAB”. In this regard, adding or removing items in the specification leads to the further
refinement of the drawing.

We propose the technique of solving a problem connected to the automation of the assembly drawing development
for a cable network produced on a plane. The main task is to create associative link between the specification items and
the cable network drawing. In this article we present the results of the analysis of the structure of the cable network 3D
model designed in "CATIA V5~ CAD. There are schematic examples of harness topologies. The analysis identified the
list of data to be extracted from the 3D model.

We described the most interesting tools of "CATIA V5~ CAD that allow you to automate many processes including
the development of your own software solutions. The analysis identified the tools for automated uploading of all re-
quired data from the model. The examples of these tools are "Knowledge Expert” and external programming environ-
ment "CAA RADE”. The analysis of their performance showed that the extraction of data using an algorithm developed
with "CAA RADE” was faster than using "Knowledge Expert”.

We described the potential of drawing tools in "CATIA V5~ CAD such as “Electrical Harness Flattening” and
"Drafting” that allow you to automate the assembly drawing development.

The paper proposes the method of automating he assembly drawing development of a cable network developed with
the use of three-dimensional technology using the tools of "CATIA V5~ CAD and sofiware designed at the JSC "ISS”.

Keywords: spacecraft, cable network, automation, design documentation, assembly drawing.
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METOIUKA ABTOMATHU3UPOBAHHOT'O ®OPMUPOBAHMUSI
CBOPOYHOI'O YEPTEXA KABEJIBHOU CETHU

A. M. byrun*, E. }O. [Iy6posckwuii, E. B. [lo6smmes, C. B. E¢pemos, C. b. Cynmnos

AO «MHpopMaIMOHHBIE CITyTHUKOBBIE CUCTEMbI» MMeHH akanemuka M. @. PemerneBa»
Poccuiickas ®enepamms, 662972, . XKenesnoropek Kpacnosipckoro kpas, yi. Jlenunna, 52
* E-mail: butinandr@gmail.com

3asepwarowum smanom npoyecca npoeKmupo8anUs KabeibHol cemu KOCMUYeCcKo2o annapama, Kax u aiobozo opy-
2020 U30enus, AGNAENCs 8biNYCK KOHCIMPYKMOPCKOU U 9KCHILYAmMAayUOHHOU 00OKyMeHmayuu. Aemomamuszayus npoyecca
BbINYCKA KOMNIEKMA OOKYMEHMAYUU HA KADEIbHYI0 Cemlb NO360J51ei NOBbICUMb KAYECMB0 OOKYMEHMAayuu U COKpa-
MUMb CPOKU U320MOBNEHUS KOCMUHECKO20 ANnapama.

Buvinyck komnnexma koncmpykmopckou dokymenmayuu Ha Kabeavryro cemsv 8 AO « ACCy npoussooumcs 8 unmee-
puposanrom npozpammuom xomniekce ALCAB cobcmeennou paspabomku. Paspabomka cbopounoco uepmedica
0CYUWeCMBIIACMCsL GPYUHYIO C NPUMEHeHueM 08yMepHblX yepmedcHo-opuenmuposannvix CAIIP, ne umerowux unmezpa-
yuu ¢ ALCAB. B c6s3u ¢ smum Hecenue unu yoaneHue no3uyuil 6 cneyugukayuu gedem k 0opabomke wepmedica.

IIpeonooicena memoouka peuieHus npobnemul, CEA3AHHOU ¢ asmomamusayuetl npoyecca Gopmuposanus, coopouHo-
20 uepmedica Ha KabeubHylo cemy, U320MoGaeHue KOmopoul npouseooumcs Ha niockocmu. 1nagnoi 3aoaueti, Komopyio
HeobX00UMO pewums npu maKom nooxooe K 8bINYCKY YepmeNCHO-ePAPUIUEeCKol OOKYMEHMAayuU, A61semcs Opeanu3a-
Yust accoOyUAmMuUEHOL C653U MeAHCOY NOUYUAMU creyudurayuu u coopounozo yepmedica. Ilpuseden pesyromam anaiuza
cmpyxkmypol 3D-mooenu kabenvhot cemu, cnpoexmuposannou 6 CAIIP CATIA V5. Ilpedcmasnenvl cxemamuuhvie
npumepsbl MONONO2ULL HC2YMO8. AHANU3 NO360UN BbIABUMb NepeueHb OaHHbIX, KOMOopble Mpebyemcs ussnedsb U3 mpex-
MepHOU MOOeU.

251



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 19, Ne 2

Ipusedeno onucanue naubonee uHmMepeCHvIX UHCMPYMeHmos, npedocmasisiemuvlx nonvzosamenio CAIIP CATIA V5
U OaIoUWUX 803MOICHOCb ABMOMAMUZUPOBAMb MHO2UE 300adl, GKIIOYAS pa3pabOmKy COOCMBEHHbIX NPOSPAMMHBIX
pewenul. Ananu3 no3eoaul bl0eIUMb UHCMPYMEHNbl, KOMOpble a8MOMAMUIUPYION NPOYecc 8blepy3KU 8cex mpedye-
MbIX OanHblX u3 modeau. K maxum uncmpymenmam omnocames Knowledge Expert u enewinss cpeda npozpammuposa-
Huss CAA RADE. Ananus ux 6blcmpoOoeiicmaus NOKa3aj, Ymo blepy3Ka OAHHbIX ¢ HOMOUbIO AI2OPUMMA, pa3padoman-
Hoeo 8 CAA RADE, npoucxooum ovicmpee, uem ¢ nomougvio Knowledge Expert.

IHepeuucnenvr 8o3moocnocmu wepmedsicHo-epagpuueckux uncmpymenumos CAIIP CATIA VS5, makux kax Electrical
Harness Flattening u Drafting. Onu npedocmasisirom 603MONCHOCIb A8MOMAMUZUPOBANb NPOYeCC (POPpMUpOBAHUs
cbopouHo20 uepmedrca.

Ipeonosicena memoouxa asmomamuieckozo Gopmuposanusi cOOPOUHO20 wepmexca KabenbHoU cemu, papadbamul-
6aemMoll N0 MpexmMepHOU MexHOIo2UU, C NpumMeHeHuem uncmpymenmos, npeoocmaeniemoix CAIIP CATIA V5, u npo-
2DAMMHBIX peteHutl cCO6CMBEenHol paspabomku.

Kniouegvie cnosa: xocmuyeckuii annapam, kabenvHas cemv, a8MOMAmMu3ayusi, KOHCMPYKMOPCKAs OOKYMEHMAayusl,
cOopounblll uepmedic.

Doi: 10.31772/2587-6066-2018-19-2-251-258

Introduction. Introduction of software and hardware = ”CATIA” CAD to organize the automatic development of
automation tools reduces manual work; it allows to sig-  the assembly drawing of CN.

nificantly increase the quality of science-intensive prod- 3. Develop a method of development of drawing and

ucts, reduce time and financial costs as well as provide associative connections with the items of specification.

the company competitiveness in the high tech segment. The drawing being developed must meet the requirements
While developing a cable network, engineers of the  specified in [7].

JSC ”ISS” use two designing methods: The structure of 3D model of a cable network in

1. The first method uses a 3D modeling technology ~ ”CATIA” CAD. SC CN has dozens of cable assemblies.
with the use of "CATIA V57 CAD. A designer develops a  Depending on the requirements, each cable assembly may
cable network with a 3D model of spacecraft (SC): he  contain several harnesses combining sets of wires and
lays the cables, counts lengths and diameters of Segments. cables Separated in SC. Apart from electromagnetic com-
A designer uses inputs in the form of connection spread-  patibility, the reason of detachment may be materials with
sheets describing connectors and connections between |gw flexibility (elasticity) which a cable is made of; this
them (names of connectors, electrical circuits, etc.). Then  akes it difficult to set this cable on the product in one
by using the integrated software complex "ALCAB” he  parness with other wires and cables.
releases a package of design documentation for cables We developed a topology of CN by using a 3D model
based on a 3D model of a cable network. The detailed ¢ gC in "CATIA” CAD in the modules “Electrical Part
fiescription qf the integ_rate_d software complex "ALCAB” Design” and "Electrical Assembly Design” of the work-
is presented in the publications [1-4]. ing environment “Equipment and Systems Engineering”.

Cable networks are made in full size model of SC ac- 1" ATIA” CAD 3D-CN structure is treelike. The har-
cording to a 3D-model of a cable network (3D-CN) [5]. ness (Multi-branchable object) consists of branches

Thf techngiiogy reduces c%nszmptlondgf \.zj[mest.an.d matt;— (Branchable object). Branches, in their turn, consist of
rials, provides necessary bending radii, it optimizes the segments (Bundle Segment object).

length of electrical circuits, and thus it reduces the cables . . . . . .
cioht. The model with broduced cable network allows Wires (Wire object) after wiring in module ”Electrical
weight. With produc VS Wire Routing” are in the “Electrical Bundle”

transporting it to the assembly workshop without any de- . . .
formation. This method is suitable for developing a cable object. They have a hldden connection 1o, the bundle
segments, through which they were laid. Fig. 1 shows

network based on a single electrical circuit [6]. . o >
2. The second method is standard. The design is car- i(l))lz)(r:slj containing three bundles (highlighted in different

ried out using two-dimensional drawing-oriented CADs . .

(nanoCAD, AutoCAD, MS Visio), and production is car- When a designer lays a cgble in a 3D-model of SC, he

ried out using an assembly drawing of a cable network on MY develop several topologies for the same cable assem-
bly to determine the most optimal version of the harness

a plane[6]. . . .
laying on a product. Changes in the devices arrangement

At present assembly drawings are made manually us- .
ing two-dimensional CADs without integration with the ~©f ISIC can be the reason for developing a new topology as
well.

integrated software complex "ALCAB”. In this regard, ) o
adding or removing of items in the specification leads to For example, the fig. 2 and 3 show possible situations
the further refinement of the assembly drawing. This when topology of the harnesses changes. In the first case

causes the need for a tool for automatic assembly drawing ~ (fig. 2) S2 segment moves to the branching position of

development which is pegged to specification items. segment S1, consequently, S2 becomes longer (as a result
To achieve the goal we need to perform the following ~ ©of the movement); S3 becomes longer as well (combined
tasks [6]: with S5 segment). The total length of wires of the seg-
1. Analyze the 3D-CN structure. ments may not change. In the second case (fig. 3) we de-

2. Analyze abilities of automation tools for data ex-  scribed unlikely situation when two harnesses H1 and H2
traction of 3D-CN and two-dimensional graphic design in ~ were combined into one H3.
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Fig. 1. 3D-model of SC CN

Puc. 1. 3D-mozens KC KA

S3
y 52 S3
S5

Cl m—« Cl Sl

Fig. 2. Schematic representation of CN bundle: a — topology of CN harness before conversion;
b — topology of CN harness after conversion, where C1-Cn — connectors, S1-Sxn — segments of bundle

Puc. 2. Cxemarnunoe npezcrasienue xxryra KC: a — rononorus xxryra KC no npeobpazoBanust;
6 — romoorust xkryta KC mocie npeodpasosanuid, riae C1-Cn — pasbembl, S1—Sn — cerMeHTHI KryTa

@/@ sz

a b

Fig. 3. Schematic representation of CN harness: a — topology of CN harness before combining;
b — topology of CN harness after combining H1 and H2 bundles, where H1-Hn — harnesses,
C1-Cn — connectors, S1-Sn — segments of harnesses

Puc. 3. Cxematnunoe npexacrabnenue xryToB KC: a — rononorus xrytoB KC 10 o0benuHeHus;

6 — tononorus xryta KC nocne oobeannenus xrytos H1 u H2, rne H1-Hn — xryTsl,
C1-Cn — pa3bemsl, S1—Sn — CeTMEHTHI XI'yTa
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To organize the association between assembly draw-
ing and specification of CN we are developing, we need
to unload the data from the received model of CN,
namely:
diameters and length of segments and wires;

— lists of wires that pass through each individual
segment;

— list of segments included in the bundle;
coordinates of points of segment connection with
neighboring elements (segments, connectors).

Analysis of automation tools of CATIA” CAD.
”CATIA” CAD has rich functionality, it provides a user
with not only standard tools, but the opportunity to ex-
pand the functionality by developing their own software
solutions as well.

All tools can be grouped according to ease of imple-
mentation and application efficiency. The following list
contains the most interesting tools, grouped in increasing
order of complexity of implementation and effectiveness
of their application [8—11]:

1. Native tools:

— parameters — characteristic that determines the
property of an object or a document;

— table of design parameters — the tool that allows
you to manage document parameters by associating the
developed document with a text file or "MS Excel” table
containing parameter values;
formulas — the function used to calculate or limit
document properties;

— templates — the document that stores some context
and is used to generate new documents by changing pa-
rameters or replacing the geometry specification;

— reports — the tool that allows you to export data
about a document (for example, the lengths and diameters
of segments from the CN model) in accordance with the
specified layout of the final document.

2. Knowledge-based applications (Knowledgeware):

— Knowledge Advisor, KWA — the tool that allows

you to embed knowledge into a project to automate re-
petitive design tasks and assist with technical decisions.
"KWA?” is a list of instructions necessary for the analysis
of specific design conditions;
Knowledge Expert, KWE — similarly, "KWA”
allows you to embed knowledge into a project. The tool
defines the way of setting and verifying the design rules
that must be implemented throughout the project structure
in order to comply with technical specifications and stan-
dards;

— Product Knowledge Template — allows you to cre-
ate templates of individual objects, including geometry
and elements of knowledge (rules, checks, etc.), for the
purpose of further standard design.

3. ”Automation API” is a set of objects (OLE, COM,
ActiveX) providing a high-level interface with the
”CATIA” CAD through built-in ”VBScript” and ”Visual
Basic” languages or any language that supports "OLE”
or ”.NET” technologies [12].

4. External programming environment "CAA (Com-
ponent Application Architecture) RADE” (Rapid Appli-
cation Development Environment). This programming
environment provides a low-level access to the component

254

architecture of all Dassault Systemes products. It allows
you to develop programs of any complexity from exten-
sions (AddIn) directly built in "CATIA”, ’ENOVIA” or
"DELMIA” to standalone console or interactive programs
including "CATIA”-like environment [12].

Reports, "KWE”, ”Automation API” and “CAA
RADE” are the most suitable for extracting geometric
parameters (length, diameters) and configuration of CN
model.

The use of reports and the ”Automation API” in prac-
tice showed that their combined and separate use does not
allow us to extract meaningful data about the configura-
tion of a CN model [12].

But ’KWE” and "CAA RADE” allow to solve this
problem. Comparison of these tools on small models
showed that the algorithm developed on "CAA RADE”
unlike ”"KWE” allows reducing the data export time ap-
proximately by 48 % (fig. 4). This is due to the fact that
KWE”, in contrast to "CAA RADE”, does not have
flexible sampling of data.

Unlike small models, in larger models the increase in
the sampling rate of data is more significant (fig. 5). For
example, for the model shown in fig. 1, consisting of
more than 900 elements, sample selection using "KWE”
took approximately about an hour, while the algorithm
developed in "CAA RADE” took approximately 26 min-
utes.

Based on the results of the analysis, we concluded that
the application of the external programming environment
”CAA RADE” will achieve the required result in the
frame of the task being solved.

Drawing-graphic tools of "CATIA” CAD. Along
with 3D design tools, "CATIA” CAD provides the ability
to develop drawing and graphic documentation.
The “Electrical Harness Flattening” module allows to set
out the 3D model of the bundle (fig. 6, a) into the plane
(fig. 6, b) and to be shared with such products as Electri-
cal Library”, “Electrical Harness Installation” and “Elec-
trical Wire Routing”. This module provides the following
basic functions [8; 13; 14]:
flattening of bundle segments;

— rotation or bending of the segments of the bundle
at a certain point;
scaling of the segments of the bundle (setting the
dummy length);
synchronization of the drawing with the model;
selecting the type of drawing view;
automatic annotation of the drawing.

Using the functions provided by the “Drafting”
module, the user can make a drawing by generating a
projection of the bundle put on the plane (fig. 7) and
then indicate the dimensions and other textual informa-
tion [15].

Due to the fact that the existing technology of 3D de-
sign does not imply full description of the 3D model of
CN, and it does not contain information about some of the
materials in the composition of CN (for example, tags,
threads, braids, tubes, printed circuit boards, nuts, etc.),
information about them will not be depicted on the draw-
ing. This problem can also be solved using the ”Automa-
tion API” or "CAA RADE” tools.
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Fig. 4. The graph comparing the speed of algorithms
on small models [6]
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Fig. 5. The graph comparing the speed of algorithms on large models

Puc. 5. I'paduk conocTaBnenus ObICTPOASHCTBIS aITOPUTMOB Ha OOJIBIION MOJETH

Fig. 6. 3D-model of SC CN: a —in 3D; b — on a plane surface

Puc. 6. 3D-moznens KC KA: a — B TpeXxMepHOM KOHTEKCTE; 6 — Ha INIOCKOCTH
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The method of forming an assembly drawing. Tak-
ing into account the results of the analysis, we can organ-
ize the development of assembly drawing of CN in the
following way (fig. 8).

After completing the development of CN topology, a
designer exports the data containing configuration and
geometric parameters from the "CATIA” CAD to the
integrated software complex "ALCAB”. The specification
is generated automatically according to the received data
from "CATIA” CAD. In the module “Electrical Harness
Flattening” a designer puts the volumetric bundle in the
plane. Then, in the ”Drafting” module, he generates the
projection of the bundle and activates the process of
automated arrangement of positions obtained from the
specification.

Conclusion. Currently, we are working on the integra-
tion of the functional of the Electrical Harness Flatten-
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ing” module into the design process of the CN and auto-
mating the associative linking of the specification items to
the drawing and a graphic document and bringing the
final result to the requirements of Unified system for de-
sign documentation.

We developed a tool for unloading geometric parame-
ters and configurations from the CN model, the control
principle and the structure of the centralized storage of the
received data. Thus, we optimized the selection of materi-
als for the segments and expanded the capabilities of the
integrated software complex "ALCAB” in the develop-
ment of new tools that automate such complex tasks as
the selection of shipping containers for terrestrial CN ac-
cording to mass-dimensional characteristics.

Thus, the developed method will allow to:
automate the process of issuing drawings and
graphic documents for CN;
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— provide the process of automated release of design
documentation in the integrated software complex
”ALCAB” with all necessary data;

— reduce the labor costs for manual development
of design documentation;

— reduce the impact of the human factor and, as
a consequence, improve the quality of the design docu-
mentation;

— automate the annotation of the 3D model of CN.
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Cubupcxkwuii xypHan Hayku u TexHonoruid. 2018. T. 19, Ne 2. C. 259-270
MUWHUATIOPHBIE AHTEHHBI U151 MAJIBIX KOCMUYECKHUX AIIITAPATOB CUBESAT
A.T.Tenepanos, 3. B. 'amxuen

AO «Hay4HO-HcCne10BaTENbCKUN HHCTUTYT AIEKTPOMEXaHUKI»
Poccwuiickas @enepannst, 143502, MockoBckast obnacts, r. Mcrpa, yin. [Tanduosa, 11
E-mail: otd24@niiem.ru

B nacmoswee epems nabniooaemcss axmugnvlil npoyecc MUHUAMIOPUZAYUY 8Cell KOCMUYECKOU MeXHUKU, BKII0Yas
bopmosvle cucmemvl U KOMNIEKCyl. bopmosvie aHmeHHoO-uoepnvle YCmpoUCmea maxice 3ampoHys npoyecc MUHUa-
mropusayuu. Yuumveieas cneyuguxy 6opmosvix aHmeHH, NOAGIAEMcsa aKMyalbHAsl, COBPeMeHHAs 3a0ayd no paspadbom-
Ke Manoeabapummuoll, HesblCmynaujell, HA0EXCHOU, NPOCMOU U 8bICOKOMEXHOIOSUYHOU AHMEHHOU CUCTeMbl MATbIX
KOCMU4ecKux annapamos.

Llenv Oannoti cmambvu 3aKAI0YAEMCA 8 B03MONCHOCHU NOKA3AMb NPEeUMYUecmed npuUMeHeHus MUKPONOL0CKOBbIX
(neuammnvix) anment, u320MOBICHHBIX C NOMOUWLIO NEUAMHBIX MEXHOLO2UU, OISl PEUleHUsl 3a0auu No NPOEKMUPOSAHUIO
Manoeabapummuoil, negvicmynaroujell GOpmogoU AHMEHHOU CUCEMbL MALbLIX KOCMUYECKUX annapamos. J{anuvlii mun
anmeHn 00aadaem Manol Maccou U 00bEMOM, HUZKOU CIMOUMOCMbIO, RPOCMOUL U HAOENCHOU KOHCMPYKYUell u m. O.

Paccmompen sapuanm nocmpoenust 60pmosoti aHmenHol cucmemul 0Jisk RPUMEHEHUs. HA C8EPXMATLOM KOCMUYECKOM
annapame CubeSat. IIpedcmagnenvl 0cHOGHbIE Munbl KOHCMPYKYUU OAHHBIX KOCMUYECKUX Annapamos.

IIpeonooicenvl u nOOpobHO Npedcmasienvl KOHCMPYKYUs paspabomaHHol aHmeHHbl U NPUMEHAEeMbIU Mamepua
6 Kauecmee OusieKmpuka noonodxcku. I10006HbII ROOX00 NO360UL YMeHbUWUMb 2abapumsl O0PMOBOL AHMEHHb
6 2-2.,5 paza no cpagnenuio ¢ CyuwecmeyowuMy aHaL02aMuU.

C nomowbto cucmemuvl A8BMOMAMUIUPOBAHHO20 NPOEKMUPOBAHUS OBLIO OCYUWECBILEHO INeKMPOOUHAMUYECKOe MO-
Oenuposanue. Tlokasanwl pezyrbmamol pazpabomxu Mooeau MUKpORoioCKo6ol (neuamnoit) anHmenvl 0eyumemposo2o
OUanasona ¢ NOMOWbI0 Memooa KOHeuHvix dnemeHmos. Ilonyuenst u oyeHeHvl OCHOBHbIE NApamempsl MOOeIU, maxue
Kax Kodgh@uyuenm cmosiueli 60Hbl, Ouazpamma HanpasieHnocmu u ycuierue. Taxoice nokazamo @uusnue Kopnyca
ceepxmanozo kocmuueckoeo annapama CubeSat na yxazannvie napamempeoi.

3amem ocywecmeneno makemuposanue 60pmosgol MUKpononockosoi (newammnoil) anmentol. Mzmepenus npogoou-
JUCH ¢ NOMOWBIO Memooda dsmanonnou anmennvl 6 AO «<HUUDM». Pesyibmamul uzmepenus kodpguyuenma cmosye
B0JIHbl, OUASPAMMYL HANPAGIEHHOCMU U YCUNeHUs npusedensbl 6 cmamove. Ilokazano xopowee coenadenue pe3yivma-
MO8, NOIYHUEHHBIX 8 X00€ MOOETUPOBAHUSL U MAKEMUPOBAHUSL.

Takum ob6pazom, npeonodcena u paspabomana MarocadapumHas, HesblCmynaouas 6opmoeas aHmenHa oeyument-
POB020 QUANA30HA OIS CBEPXMAN20 Kocmuueckozo annapama CubeSat.

Knrouesvle crosa: kocmuueckuil annapam, 60pmoeas aHmeHHA, MUKPONOJIOCKO8As AHMENHA, KO3 duyuenm cmosi-
yell 80IHbL, OUASPAMMA HANPABIEHHOCMU, KO PUyUeHm yculeHus.

Siberian Journal of Science and Technology. 2018, Vol. 19, No. 2, P. 259-270
MINIATURE ANTENNAS FOR CUBERSAT
A. G. Generalov, E. V. Gadzhiev

JSC “Research Institute for Electromechanics”
11, Panfilova Str., Istra, 143502, Russian Federation
E-mail: otd24@niiem.ru

At present, there is an active process of miniaturization of whole space technology, including on-board equipment.
On-board antenna-feeder devices also considered the process of miniaturization. Considering number of features of on-
board antennas, there is an actual, modern task of developing a small-sized, low-profile, reliable, simple and high-tech
antenna system of small spacecrafts.

The purpose of this paper is to show the advantage of using microstrip antennas designed by printing technology
in solving the problem of design small-sized, low-profile on-board antenna systems for small spacecrafts. These types
of antenna have a low mass, volume, cost of the production, simplicity of construction etc.

The variant of design on-board antenna system of CubeSat is considered. The main types of the construction of these
spacecraft are presented.
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The design of the antenna and the material used as dielectric substrate is proposed and presented. Such an ap-
proach allowed reducing the size of the onboard antenna in 2-2.5 times in comparison with existing analogues.

With the using of computer aided design electrodynamics simulation was held. The results of design of model of an
UHF-band on-board microstrip antenna using finite element method are shows. The basic model parameters such as
voltage standing-wave ratio, radiation pattern, and gain during the simulation were obtained and evaluated. Also the

influence of case of CubeSat to these parameters is shows.

Then designed the layout of the antenna is presented. The measurements were carried out using the method of the
reference antenna in the JSC “NIIEM™. The results of measurement of voltage standing-wave ratio, radiation pattern
and gain are given in this paper. The good agreement between the results obtained during simulation and prototyping

are presented.

Thus, in this article a small-sized, low-profile UHF-band on-board antenna for CubeSat is proposed and developed.

Keywords: spacecraft, on-board antenna, microstrip antenna, voltage standing-wave ratio, radiation pattern, gain.

Doi: 10.31772/2587-6066-2018-19-2-259-270

Beenenune. B Hacrosimee BpeMsi HabIr01aeTCsl AaKTHB-
Has TeHACHLU 110 pa3paboTKe U BBEICHUIO B OKCILTyaTa-
M0 MAalBIX KocMuuecknx ammaparoB (KA) Bmecro
6ompmmx KA.

Manbie KA 06mamaroT psgoM NpPEeHMYIIECTB Tepesn
npyrumu knaccamu KA:

CPaBHHUTEIIFHO MaJblii CpoK paspabotku (0T Tpéx
JIO MSATH JIET BMECTO MATH-ECATH JIET);

yICIICBIICHHE BBIBOJIAa Ha OpOMTY 3a CYET Kia-
CTEPHBIX MU MOIYTHBIX 3aITyCKOB;

BO3MOXKHOCTB OTIEPATHBHOTO M CKPBITHOTO 3aIlyc-
Ka M3 JE000I TOYKM 3€MHOTO HIapa C MOMOIIBI0 PaKeTo-
HOCHTENSL MOJ3EMHOr0, BO3YIIHOTO Oa3sHUpOBaHUS IIPH
BBICOKOH OTIEPAaTHBHOCTH TIOATOTOBKH K 3amycky [1];
TEXHOJIOTUYHOCTh CO3aHMsl, OTBEYAIOIas CTpaTe-
THH COKpAIIIEHHUSI PacXo0B U pucka [2; 3];

BO3MOXKHOCTh OBICTPON MOTU(HKAIMU JUIsS pellie-
HHS IIUPOKOTO Kpyra 33/1a4 C Pa3jIM4HbIM LEJeBBIM Ha-
3HaYCHHEM,;

CHIDKEHHE CTENCHU BIIMSHUS CITyTHHUKOBOW ILIat-
(dopMbI Ha paboTy NOJNE3HOW HArpy3KH H3-3a MEHBIIETO
COOCTBEHHOTO I'PaBHUTALIMOHHOTO, JIEKTPOMArHUTHOTO U
ra3oBoro (BHemIHsst cobcTBeHHas arMoc(epa) GoHa;
9KOHOMHUYECKas 3(Q(PEKTUBHOCTH LIETIEBOTO HCIIONb-
30BaHMsl Ha BbIcOTax (yHKupoHMpoBanus no0 1000 km
u ocobenno Ha BbicoTax 200-500 kM, Ha KOTOPBIX CPOK
aKTUBHOTO CYIIECTBOBaHMA Apyrux kiaccoB KA, Hampu-
Mep Tsokéneix KA, 0e3 mpuMeHEHHs COOTBETCTBYIOIIMX
CPE/ICTB KOPPEKLUH OPOUTHI JOCTATOYHO Mal;
BO3MOXKHOCTh YTHJIM3allMM B Cllydae BBIXO/A W3
CTpOsI 3a CUET MOJHOTO WIIM YacTH4HOro cropanus KA B
BEPXHHUX CJIOSIX aTMOC(EpHI, T. €. MPOCTON CII0co0 yTHITH-
3aIMi 00BEKTA, YTO, B CBOKO OUYepellb, BEAET K YMEHBIIE-
HHUIO KOCMHYECKOT0 Mycopa Ha OpOHTE M OKOJIO3EMHOI'O
npocTpancTia [4];

[ICHOBAast IPHMBJIEKATEIbHOCTb.

Hanpumep, npu 3amycke pakeroHocutessi «Coro3-2.1a»
14 wmrons 2017 r. ¢ kocmompoma baitkonyp Obutn
BBIBE/ICHBI OJIHOBPEMEHHO /3 MaJbIX OTCUECTBEHHBIX
u 3apybexnsix KA: KA «Kanomyc-B-UK», KA «Hc-
kpa-MAW-85» u mp. [5], a Ha puc. 1 mpencraBieHo uUX
pa3MelieHe Ha PakeTOHOCHTEIIE.

Takum oOpa3omM, nosiBUIICS HOBEIN Kiacc KA — manbie
KA, xnaccudukariys KOTOpPBIX IpUBeACHA B Ta0I. 1.

MuHHATIOpH3alUs KOCMHUYSCKOW TEXHUKH IpUBEJa
U K MUHHATIOpU3alii 00PTOBOM aHTEHHOU crcTeMsI [6].

Tabauya 1
Knaccudukanus kiaacca maasix KA mo craprosoii macce
Ne /i1 Knacec KA Macca KA, kr
1 demto- Jo0,1
2 ITuko- Or0,1001
3 Hano- Ot 1 mo 10
4 Muxkpo- Ort 10 mo 100
5 Munn- Ot 100 mo 500
6 Mausiit Ot 500 1o 1000

B HacTosImMii MOMEHT, yYUTBIBasi BCE BBIILIECKA3aHHOE,
CYIIIECTBYET OCTpasi MOTPEOHOCTb B MAaJOTa0apUTHBIX, He-
BBICTYTIAONIMX aHTEHHAX [y Kiacca Matsix KA [7; 8].

Lenvto dannoii cmamovu SIBISETCS pa3paboTKa Majo-
rabapuTHON, HEBBICTYNAIONMICH AHTEHHOH CHCTEMBI IS
Kiracca ceepxmaibix KA CubeSat.

OcHoBHbIe mpodaembl. CubeSat — hopmar cepxma-
aeix KA mia uccnenosanus kocmoca. KA CubeSat 06b14-
HO UMEIOT 00BéM 10 1 nuTpa M Maccy, He HpPEBBIIIAK0-
myro 1,33 kr. OTHOCHUTENbHAS NETKOCTh CO3MaHUS U He-
OoJibIiIas CTOMMOCTh CJIeNiaia TaKhe CIYTHHKU JOCTYII-
HBIMH JUISI MACCOBOTO MIPOU3BOJICTBA. B Tabi. 2 npusese-
HBI XapaKTePUCTHUKH JIAHHOTO KJacca cBepxmaibix KA.

Tabauya 2
Pa3meps! u Bec cBepxmaiibix KA CubeSat

O0o03HaueHue Pa3mepsl Bec

1U 100x100%113,5 mm Jo 1,33 kr

2U 100x100%226,5 mm Jo 2,67 kr

3U 100x100x340,5 mm Jlo 4 xr

4U 100x100%533,5 Mm Jo 5,33 kr

5U 100x100%665,5 mm Jo 6,67 kr

6U 100x200%340,5 mm Jo 8 kr

260

Ha puc. 2 u 3 npencrasieHsl npuMepbl KOHCTPYKIMH
KA CubeSat [9; 10].

TpagunuonHo B kadectBe OopToBEIX ADY KA wuc-
MOJI3YIOTCS PA3IMYHBIC TUIIBI AHTEHH: CIIUPAJIbHBIC, BHO-
paTOpHEIC, PYTIOPHBIC, MICNICBhIC, 3¢PKAIbHBIC, OTKPBITHIN
KOHeIl BOJIHOBOa 1 jp. [11].

Tak xak miomans moBepxHocTH KA, mpenHa3sHaueH-
Hasg [y ycraHoBku AV, nanpumep, mius KA tuna
CubeSat, cocraimser He Gonee 10x10 cm (tabm. 2), To
HEOOXOIMMO HCIOJIB30BaTh TAKOH THUII aHTEHHBI, KOTO-
pBI yoadHO pa3memiaicst Obl Ha MOBEPXHOCTH. B cBoro
ouepe/ib, HEOOXOIUMO TaKXKe OOCCIICYHTH MPHEMIICMBIC
JIEKTPUUYCCKUE XAPAKTEPUCTHKH aHTCHHON CHCTEMBI Ma-
noro KA [12].
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Puc. 1. Pakeronocurens «Coro3-2.1a» ¢ manbivu KA (nara 3amycka — 14.07.2017 r.)

Fig. 1. The rocket carrier “Soyuz-2.1 a” with small spacecrafts (launch date 14.07.2017)
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Puc. 2. Kapkachas xoucrpykuust KA CubeSat:
a — pasmepom 1U; 6 — pasmepom 2U; 6 — pasmepom 3U

Fig. 2. The frame construction of CubeSat 1U, 2U, 3U

Puc. 3. Koncrpykuust KA CubeSat ¢ npumeneHneM CIUTOMIHBIX CTEHOK:
a — pazmepoMm 1U; 6 — pazmepom 2U; 6 — pazmepom 3 U

Fig. 3. The construction of CubeSat 1U, 2U, 3U with using of solid walls
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BapuanT mnocTpoeHMsi MUHHUATIOPHOW OOpPTOBOW
anteHHoii cucrembl KA CubeSat. IlpoBenen anamus
HAYYHO-TEXHUYCCKOU JINTEPATYPHI IO U3BICKAHUIO ITyTEH
MTOCTPOCHHSI MaJOTa0apUTHOM, HEBBICTYIIAIOMICH aHTEH-
HOM CHCTEMBI TS Kiacca Mansix KA [13-16].

B xone 0630pa Obu1 caenaH BEIOOP B MOJIB3Y MHKPO-
OJIOCKOBBIX (1eyaTHbix) anteHn (MITA) [17].

MIIA, kxax mpaBmiIO, MPEICTABISAIOT COOOW MHOTO-
CIIOMHBIE KOHCTPYKIMHU, COCTOSIIIIUE U3 TTPOBOASILIEH TO-
JIOKKH, OJJHOTO WJIM HECKOJIbKUX CJIOEB JMAJIEKTPUKA W
HOMeIIJ,éHH]:lX Ha HHUX IIJIOCKUX IMPOBOAAIIHNX H3ITydaro-

LIMX 3JEMEHTOB, KaK MoKasaHo Ha puc. 4 [18; 19].
Monz Wany4eHdAa Y_\" /
i '_\‘ : = [h

IRIEMNZHME

H3MYHSTEND

noaNokES
TOHER ZENATRM

Puc. 4. Ctpykrypa MITA

Fig. 4. Structure of microstrip antenna

MITA cnocoOGHBI W3Iy4aTh SHEPTHI0 C JIMHEHHOW,
KPYroBOH M 3JUIMITHUYECKON MOJIspU3aLMEl, JOIyCKalOT
yIOOHBIE KOHCTPYKTHUBHBIE PELICHUS JUII OOECICUCHHMs
OJIHO-, ABYX- U MHOTOYACTOTHBIX PEXKHUMOB, MO3BOJISIOT
JETKO OOBEIMHUTH HECKOJIBKO M3ITydaTeiel B aHTCHHYIO
pEmETKY M pa3MECTUTh MX HAa IOBEPXHOCTH CJIOXHOU
¢dopmer. Taxke MITA 0051a7al0T BBICOKMMH a3pOJIUHA-
MHYECKHMH, MEXaHHYECKUMH 1 TEMIIEPATYPHBIMU XapaK-
TEPUCTUKAMH.

JlaHHBII THD aHTeHH O0JIafaeT PsIOM HEOCTIOPUMBIX
MIPEUMYILECTB ISl TOCTPOCHUSI YKa3aHHOW aHTEHHOW
cucreMbl Manbix KA, a UMeHHO:

— MayIorabapuTHOM, HEBBICTYIAIOMIEH KOHCTPYKIUEH;

— obecneunBaloT 3a/laHHbIE TPEOOBAaHMUS K OOPTOBBIM
aHTEHHAM, COCTAaBJIIOIINM AHTEHHYIO CHCTEMY MaJbIX
KA [12];

— BBICOKOM TEXHOJIOTHYHOCTBIO Onarojapsi mpuMeHe-
HUIO TIEYATHBIX TEXHOJIOTHH 1pu u3rotosienun [20];

— NPOCTOM KOHCTPYKLMEH HM3-32 MMUHMMAJIBHOIO KO-
JIMYECTBA DJIEMEHTOB, BXOJSIIIMX B KOHCTPYKILHMIO CaMOM
AQHTEHHBI, YTO B CBOIO OYepe/lb MOBHIIIAET HAAEKHOCTD;

— BO3MOJKHOCTBIO OBICTPOTO HM3TOTOBJICHHUSI TIPH Ce-
pHUIHOM TIPOM3BOACTBE OJyarofapst MPOCTOH KOHCTPYK-
LI1H, TIOBTOPSICMOCTH XapaKTEPUCTHK U T. I1.;

— HU3KOM CTOMMOCTH OJyiarojapsi Majioi MeTamioéM-
KOCTH M BO3MOKHOCTH OBICTPOTO M3TOTOBJICHHS.

Pe3yabTaTsl Mogeanposanus. [Ipu monennpoBannu
6opToBbIX aHTeHH cBepxmaioro KA CubeSat 6sur mpu-
MEHEH METO KOHEUHBIX dJIeMeHTOB [21].

Kak mpaBwmiio, U1 OCYIIECTBICHUS CBA3M C OOpPTOM
npumensitoress yactoTbl 435-438 Ml mro6uTeNnbeKoro
YKB-auanazona cnyTHHKOBOW cBsi3u. boproBast aHTeH-
Hasl CHCTeMa BKIIIOYaeT B ce0sl M HABUI'ALMOHHYIO aHTCH-
ny ([JIOHACC, GPS).
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B pabotax [22; 23] npeanoxeHbl U NOAPOOHO Mpe-
CTaBJICHbI KOHCTPYKIHS pa3pabOTaHHOW aHTEHHBI U TPH-
MEHSIEMbIE MaTEpHAIbl B KAYECTBE TUIICKTPHUKA MO0~
ku. TTom0OHBIN MOAXO0/A MO3BOJIMIT YMEHBIIUTL Ta0apUTHI
OOpTOBOW aHTEHHHI B 2—2,5 pa3a 1Mo CpaBHEHUIO C CYIIe-
CTBYIOIIMMHU aHAJIOTAMH.

Ha puc. 5 mpencraBieHbl MccieayeMble SIIEKTPOIH-
HAMHYECKHE MOJICNH CBSI3HOW OOpPTOBOI aHTEHHBI CBEpPX-
Mmajsoro KA.

Kak BuaHO Ha puC. 5, MOAETMPOBAHUE OCYIIECTBIIS-
nock Ha moBepxHocT KA Tpéx dhopmaros (1U, 2U u 3U),
TaK Kak 3TO HauOoJiee HCIOJIb3yeMble B HACTOSIINN MO-
MmeHT (opmatel cBepxmaioro KA CubeSat. INabaputsi
MoJenu coctaBmm 59%59 MM, Tonmuaa — 8 MM, MaTepu-
an auanekrtpuka — O®JIAH-10 (¢ = 10; tg 6 = 1,5-10"3).
[Tpu mocTpoeHUH JaHHOW MOJENU TaKXKe ObLI HCIOJB30-
BaH MPEJIOKEHHBI paHee CII0CO0 MHHHUATIOPU3AIMU
VKB MIIA [23].

Ha puc. 6 npencrasiensl 3aBUCHMOCTH KO3 dHLIHEH-
ta crosiueii BosHsl (KCB) Mozenu aHTEHHBI OT YaCTOTHI.

Kaxk Bunno, Bnussaue rabapuroB kopmnyca KA na KCB
O6opTOoBOW aHTeHHBI He3HauuTedbHOe. C yBEeIHUEHHEM
ra0apuToB HaOIOMACTCs CMEUICHUE YacTOTHI BIIPABO IO
yacToTHOM ocu. OzpHako Onarojapsi XOpouieMy Corjiaco-
BaHMIO 32 CYET 110100pa MECTa PACIIOJIOKCHUS 3aIUThI-
BAroMIero mrsips (Touku Bo3OyxaeHus) [24], Ha pabounx
gactorax 435-438 MI't KCB munumanen (puc. 6), uro
COOTBETCTBYET MPEIbIBISIEMBbIM TPEOOBAHHSAM MO COTJa-
COBaHMIO K OOPTOBBIM aHTeHHaM Maibsix KA [12].

Ha puc. 7 npencraBieHbl JuarpaMMbl HalpaBJICHHO-
cru (JIH) Mozenn aHTEHHBI, /€ BHIHO, YTO B Mpeaeiax
pabouux yrioB £60°, coriacHo mpeabsBIsieMOMY Tpebo-
Banuto K JIH antenn manbix KA [12], usmenenue raba-
putoB camoro KA He3HauuTeNpHO BJIMAET HA IIHPHUHY
u ¢popmy IH Goprosoit MITA u cocrapnser menee 1 nb
(puc. 7).

Ha puc. 8 mokazan koaddumuent ycunenus (KY) mo-
JICITH aHTCHHBI.

Bunno, uro B mpenenax pabounx yriaoB +60°, cormac-
HO TpeabsiBisieMoMy TpeboBanuio kK KY aHTEHH MajbIX
KA [12], uamenenne rabGapuroB camoro KA He3Hauu-
tenbHO BimseT Ha KY 6oprosoit MIIA u cocraBmser me-
uee 0,5 1b (puc. 8).

PesynbTratel MonenMpoBanus OOpPTOBOM cBsi3HONM MITA
ceepxmanoro KA CubeSat csenens B Tabr. 3.

Paspaborannas MIIA wu3nywaeTr JIMHEHHYIO MOJISIPH-
3anuro. JlaHHBIH BBIOOpP ClieNlaH M3 CIEAYIOUIMX cooOpa-
xeHuit. [1pu npuéme Ha KpyroByIo MOJSPH3ALMUIO B CIIY-
Yyae HEOPUCHTHPOBAHHOTO IMOJETA MPHEM C MPOTHBOIO-
JIO)KHOHM MoJIsIpu3aluell HEBO3MOXKEH. A aHTEHHA C JIM-
HEWHOU moJsipu3anuel 1aét ociaablieHue CUrHaia TOJIbKO
3 nb. Takxke npeanokeHHas aHTEHHa MOXET OBbITh HC-
MOJIb30BaHa HE TOJBKO KaK CBsI3HAs, HO M B KaYeCTBE Te-
JIEMETPUYECKOMN U TENEKOMAaHIHOM.

Takum 00pa3oM, pa3paboTana majgorabapuTHas, He-
BBICTyHammias, cBs3Has OoproBas MIIA cBepxmaiioro
KA CubeSat ¢ npuemmeMbiMu XapakTepHCTHKAMH Ha-
npaeneHHocTH [25].

JKcHepuMeEHTAJbHOEe HccjeaoBanne. V3MepeHue
XapaKTepPUCTUK HampaeleHHOCTH OopToBbix MIIA mpo-
BOJIUIIOCH HA TEPPUTOPHU AaHTEHHOro moiuroHa AQO
«HUNDM>» B moiryGe3axoBoii kamepe [26].
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B xozme m3mepeHunii Mcnonb30BaHO cieaytomiee 000-
pyJOBaHUeE!

— W3MepuTenbHas anTeHHa 116-23A (aramonHas);

— mmepurenb KCB wu 3atyxanust «O63op 304/1»
¢upmer «IIJTAHAP», r. YenssOuHCK;

— KOOPAWHATHO-TIOBOPOTHOE YCTPOWCTBO;

— TEXHOJIOTHYECKHE KaOeH,

— TIporpaMMHOe 0OecTiedeHHE T aHTEHHBIX H3MEPSHUH.

M3MepeHnss xapakTepUCTUK HANpPaBICHHOCTH IPOBO-
JUIACHh B COOTBETCTBUHU C MPOTPaMMON U METOIUKOMN AJIs
KOCMHYECKOM MPOAYKIMN JBOHHOTO Ha3HAUEHHUS.

Ha puc. 9 npencrapieHa u3MepuTenbHas YCTaHOBKA
JUIsL TIPOBEACHHS HM3MEPEHUH C NPUMEHEHHEM METo[a
STaJIOHHOM aHTeHHHI [27].

H3meHnenue nonoxenus moaenu KA meHsercs ¢ mo-
MOIIBI0 KOOPIMHATHO-IOBOPOTHOTO YCTPOIiCTBa B Tpe-
Je71ax HOJIHOTO TEJIECHOTO yIiia.

MITA 435 MTI'u B MacmTabe 1X1 Obuia pa3merieHa Ha
kopnyce KA, kak nokaszano na puc. 10.

Ha puc. 11 npencrasnena 3aBucumocts KCB wuccie-
JlyeMo# aHTeHHbI oT 4acToThl. Ha puc. 12 npusenenst JIH

AHTCHHBI.

a

0

8

Puc. 5. Monenu 6oproBoii cesizaoit MITA ceepxmanoro KA CubeSat:
a — ¢opmara 1U; 6 — popmarta 2U; ¢ — popmara 3U

Fig. 5. Models of on-board connected microstrip antenna of CubeSat 1 U, 2U, 3U
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Puc. 6. KCB mozenu 60ptoBoii cesizHoit MITA cBepxmainoro KA CubeSat

Fig. 6. VSWR of model of on-board connected microstrip antenna of CubeSat
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Puc. 7. TIH moznenu Goprosoii cesaszHoit MITA ceepxmanoro KA CubeSat:
a—npu ¢ =0° 6 —npu ¢ =90°

Fig. 7. Radiation pattern of model of on-board connected microstrip antenna of CubeSat:
a —under ¢ = 0°; b —under ¢ = 90°
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Puc. 8. KY monenu 6oprooii cesiznoit MITA ceepxmanioro KA CubeSat:
a—upu ¢ =0°% 6 —npu ¢ = 90°

Fig. 8. Gain of model of on-board connected microstrip antenna of CubeSat :
a—under ¢ =0° b —under ¢ =90°
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Tabauya 3
PesyabTarsl Mmogeaupoanus MITA ceepxmainoro KA CubeSat
ITapamerpst [IpenbsaBisemble [Tomyuennsiit pe3ynbTat
OLICHKU TpeboBaHMs

Dopmar w | 2u | 3u 1U | 2U | 3U
I"abaputsl, cM He Gomnee 10x10x1 He 6oiee 5,9x5,9x0,8
YactoTHBIN quana3zoH, MI'ig 435-437 MI'n 435-437 MI'y
KCB He Gounee 2 He 6onee 1,1
Pabouas momoca gacror, He menee 3 18 17 25
MI'g
JIH TTonycdepa +180° mo yposHio —11 nb
KY, nb B paGouem cexrope yrios +3,3 1b B HampaBieHUU MaKCUMyMa H3JTyYeHHUS

u +0,5 1b B cexTope yrinos +60°

Puc. 9. ®oto u3MepuTeNbHON yCTaHOBKU

Fig. 9. The photo of the measuring system

Puc. 10. ®oto anTeHHOr0 Makera ceepxmanoro KA CubeSat
¢dopmara 1U ¢ MITA 435 MI'ig

Fig. 10. The photo of the antenna layout
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Puc. 11. 3aBucumocts KCB MITA 435 MI'it ceepxmanoro KA CubeSat ¢popmara 1U ot yacToTst

Fig. 11. VSWR of 435 MHz microstrip antenna of CubeSat 1U
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Puc. 12. Henopmuposaunast JTH Goprosoit MITA ceepxmainoro KA CubeSat popmara 1U:
a-9=0°%6-¢=90°

Fig.12. The non-normalized radiation pattern of 435 MHz microstrip antenna of CubeSat 1U:
a-9=0%b-¢=90°
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U3 mpexacraBieHHbIX pe3ynbraToB (puc. 12) BUIHO,
uro u3MepenHsie JIH aHTEHHBI UMEIOT MCKAKEHHBINA (K3-
PE3aHHbI) BUJ, YTO B CBOIO OYEPEIb BBI3BAHO BIIHSHHUEM
kopmyca ceepxmanoro KA CubeSat dopmara 1U, pazme-
HIEHHBIX BOKPYT OOPTOBO¥ aHTCHHBI 3JICMCHTOB KOHCT-
pykrimu manoro KA (cm. puc. 10), a Takke KOHCTPYKTHB-
HBIMH 0coOeHHOCTsIMU camoit MITA.

B Xxozme sKcneprMMEHTaNbHOTO HCCIIE0BaHUS ObUIN
moNy4yeHsl ciepytomue 3HadeHuss KY OoproBoir MITA
435 MTI'11 ceepxmanoro KA CubeSat:

— KV = 3,2 1b B HanpaBieHn MakCUMyMa H3ITyYeHus;

—KVY =0,5 1b B pabouem cextope yrios +60°.

3akaouenune. PaspaGorannas antenna (cm. puc. 10)
MpeaHa3HaueHa Juisl MPUMEHEHHsS B KaueCTBE BCIIOMOTa-
TEJIbHOW CBA3HOW AHTEHHBI, KOTOPAsl pa3MELIaeTcsl BMe-
CT€ C HaBHUTallMOHHON AaHTEHHOM Ha OJHOH CTOpOHE
ceepxmanoro KA CubeSat 6xaromapst MansiM rabapuram.
OcHoBHasi CBsI3Hasi aHTEHHA PACIIOJIaraeTcsi Ha MPOTHUBO-
MTOJIO’KHOW CTOPOHE ammapara, HalpaBIeHHOW Ha 3eMITIO.
Takoe pacrnonoxkeHne OOPTOBBIX AHTEHH II03BOJISIET
obecrieunBath cBsA3b Mexay KA U Ha3eMHBIMH ITyHKTaMH
npuéma B cilydyae HEOPUEHTUPOBAHHOIO MOJIETA.

Takum oOpa3oMm, B paboTe HpeiokeH BapHaHT II0-
CTpoeHus: OOPTOBOM aHTEHHOU cucTeMbI cBepxMaioro KA
tuna CubeSat ¢ momorsro MITA. TIpencraBieHs! pe3yiib-
TaThl 3JEKTPOJMHAMHYECKOTO MOJEIMPOBAHUS W HATYp-
HOro JKcnepuMeHTa. [lokazaHo Xopoliee COBIaJICHHE
PE3yaBTaTOB MOJICITHPOBAHUS U KCIIeprMenTa [28].
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Hmumamop conneuno2o uziyyenus sigasemcst OOHUM U3 CAMbBIX CLOJCHBIX DNEMEHMO08 UCNbIMAMENbHO20 060pY0o-
BAHUSL, NPUMEHSIEMO20 8 X00€ HA3EMHOU OMPAOOMKU KOCMUYECKUX annapamos. bonbuuncmeo cogpementbix Kpynto-
2a0apUMHBIX UMUMAMOPO8 NOCPOEHO HA OCHOBE MACCUBA 2A30PA3PAOHBIX KCEHOHOBBIX IAMN B030YULHO20 OXIadicOe-
HUSL NO NPUHYUNY KCOBMEUEeHHbIX QoKYco8». OCHOBHbIMU HEOOCAMKAMU NOOOOHBIX UMUMAMOPO8 AGNIOMCA HUSKAS
apexmusHocmy U MAbLll pecypc KCEHOHOBbIX 2A30PA3PAOHbIX IAMN, GbICOKUE NOMepPU 6 CHLOJCHOU ONMUYecKou
cucmeme, CLOACHOCMb U Heydobcmeo sxcniayamayuu. TIpeodnosicena cxema c60600H020 OM YKA3AHHBIX HEOOCMAMKOS
KOMOUHUPOBAHHO20 UMUMAMOPA HA OCHOBE 8bICOKOIPDEKMUBHBIX C8emMOo0U0008 8 8UOUMOU obracmu cnekmpa u 00-
NOTHUMENTbHBIX MPAOUYUOHHBIX UCTNOYHUKOG, KOMOPLIMU MO2YM OblMb K8APYeBO-2aN02eHHble NAMNbL HAKAIUGAHUS
6 UHpPaKpacHoll u eazopaspsoHble pmymHble 1AMnbl CPeoHe2o 0agneHus 8 yibmpaguonemogou ooaiacmsx. Ceemoou-
OOHBIIL UCMOYHUK KOHCIPYKMUBHO GbINOIHEH 6 8Ude MAMpPUY ¢ PACnpeOeieHHbIMU NApaAMempamu, PACOL0NCEHHbIX
8 8UOe 0OHO20 UNU HECKONIbKUX MOOYell 6HYMPU MepMOBaAKYYMHOU Kamepbl, HeNOCPeOCMBEHHO 8037le 00beKma UChbl-
manuti. Mooynu cHabicenbl ONMUYECKoU CUCMeMOll, opmupyoweli Kea3unapaiieibHblil C6emosol NOMOK, MepMo-
uzonAYUel U CUCMeMOU OXIANCOeHUs, 6bl800AUell U30bIMOUHOe menio 3a npedenvt Kamepwvi. lIposeden Kpamkuii
CPABHUMENbHBIIL AHANU3, 8 XOO€ KOMOPO2O NOKA3AHbI NPEUMYWECTNBA C8eMOOUOOHO20 UMUMAMOPA NoO dHep2o3PdeK-
MUBHOCMU, OOHOPOOHOCTUL U 8DEMEHHOU CIMAOUILHOCIU C8EMOB020 NOMOKA, HAOEHCHOCMU, 00A208eYHOCMU U De30-
nacrhocmu. [Ipednaeaemvlii umumamop obaadaem AYHUWUMU MACCO2ADAPUMHBIMU XAPAKMEPUCMUKAMU, He mpebyem
HACMPOUKY U I0CMUPOBKYU U umeem psod OONOIHUMENbHBIX 803MOdCHOCHed. OCHOBHBIM HEOOCMAMKOM CE8eMOOUOOHbIX
UCMOYHUKOS SGNISEMC sl HECOOMBENCMEUE CNEeKMpPa U3IYyueHuss conneunomy. Heobxooumas cnekmpanbhas mouyHoCmb
Modicem Oblmb QOCMUSHYMA NPU NPUMEHEHUU 8 MAMPUYAx 60161020 KOTUHeCmEd PA30ebHO Pe2yiupyemblx Ho MOouy-
HOCmuU 2pynn 6envix U MOHOXPOMHBIX C8eMOOUO008 C PA3HbIMU ONUHAMU GOTIH U ONMUYECKOU CUCMEMbL, CYMMUPYIoujei
NOMOKU 2PYNN C8emoOU0008 no CReKmpy, yeiy u niowaou. Ha npumepax ceputino 6binyckaemvix 3apybedicHblx c6emo-
OUOOHBIX UMUMAMOPOS8 COIHEYHO20 U3IYYenusi Hazemnoz2o cnekmpa AML1,5 npocaescusaemes mendenyust nepexooa Ha
ceemoouooduvie ucmounuku. COeian 6bl600 0 803MONCHOCHU CO30AHUSL KOMOUHUPOBAHHO20 UMUMAMOPA COTHEYHO20
UBNYHeHUsl HA OCHOBE 8bICOKOIPDEKMUBHBIX C8eMOOU0O08 OISl HAZEMHOU OMPAOOMKU KOCMUYECKUX annapamos, 001a-
oaruezo YIyuuenHbIMU MeXHUYECKUMU U IKCNIYAMAYUOHHBIMU XAPAKMEPUCIUKAMU.

Knrouesvie cnosa: kocmuueckutl annapant, HazemHas 0mpa60ml<a, mepmoeaxKyymMHbvle UCNbIMARUSA, UMUmMamop coJi-
HEYHO20 U3NIY4erusl, ceemoeoe nAmmno, UCMOYHUK U3TYHEHUS, ceemousﬂyltaiou;uﬁ 0uoo.
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A solar simulator is one of the most difficult elements of the test equipment used during ground testing of space-
crafts. The majority of modern large-size simulators are designed on the basis of the block of gas-discharge xenon
lamps with air cooling using the principle of the “combined focuses". The main shortcomings of similar simulators are
a low efficiency and a small resource of xenon gas-discharge lamps, high losses in the difficult optical system, complex-
ity, and inconvenience of operation. The scheme of the combined simulator free from the specified shortcomings based
on the high-effective light-emitting diodes in visible area of a range and additional traditional sources which can be
quartz-halogen filament lamps in infrared and gas-discharge medium-pressure mercury-vapour arc lamps ultra-violet
areas is offered. The LED source is structurally executed in the form of matrixes with the distributed parameters, lo-
cated in the form of one or several modules in the thermal vacuum camera directly near the object of testing. Modules
are supplied with the optical system forming a quasiparallel light stream, the heat insulation and the cooling system
removing excess heat out of camera borders. The short comparative analysis showed advantages of the LED simulator
on energy efficiency, uniformity and temporary stability of a light stream, reliability, durability and safety. The offered
simulator possesses the best mass-dimensional characteristics, doesn't demand tuning and adjustment and has a num-
ber of additional opportunities. The main disadvantage of LED sources is the discrepancy of the solar radiation spec-
trum. Essential spectral accuracy can be reached at application in matrixes of a large number of separately power-
controlled groups of white and monochrome light-emitting diodes with different length of waves and the optical system
summarizing flows of groups of light-emitting diodes on a range, a corner and the area. On examples of serially pro-
duced foreign LED solar simulators of a ground-level AM1,5 range the tendency of transition to LED sources is traced.
It is concluded that the creation of the combined solar simulator on the basis of highly effective light-emitting diodes for
ground testing of spacecrafts possessing the improved technical and operational characteristics is possible.

Keywords: spacecraft, ground testing, thermal vacuum testing, solar simulator, luminous spot, emission source,
light emitting diode.

Doi: 10.31772/2587-6066-2018-19-2-271-280

Beenenue. KoMIuieKcHbIe TEPMOBaKYyMHBIC HCIIBITA- — CIEKTpalbHBIA AWana3oH, ONM3KHA K JHATa30HY
HUS SIBISIFOTCSL OJTHAM W3 TJIABHBIX 3TANOB HA3eMHOM OT-  COJHEYHOro u3nydenus B obmaactu 200-2000 um [2].
pabotku kocmudeckux ammapatoB (KA) u a31eMeHTOB nx Crextp m3nydenuss CoyiHia 3a mpejaeinaMu atMocde-

KOHCTPYKIMH B YCIOBUAX, UMUTUPYHOIINX (akTopsl Bo3-  psl AMO (anrsn. Air Mass Zero, MexayHapoaHbIH CTaH-
JeHCTBHUS KOCMUYecKoro mpocTtpaHcta. [loatomy takue  maptr ASTM International E-490-00), monmydeHHBIH Ha
WCIIBITAaHUSI MPOBOJSATCS B TEPMOBAaKYyMHBIX KaMepaXx B~ OCHOBAaHMHM MHOTOYHMCIICHHBIX JAQHHBIX Ha3eMHBIX M KOC-
YCIIOBHAX, NPHOIIDKCHHBIX K YCIOBHAM pPEAbHOW 9KC-  MHYECKHX HCCICHOBAHHH, ONU30K K CHEKTPY HM3ITyYCHUS
ryataiud KA ¢ puMeHeHneM CIIeNHaIbHBIX CTEHI0B,  a0COJIOTHO YepHOTo Tena TeMneparypoit 5773 K (puc. 1).
CHCTEM M HCIBITATEIBHOrO 00OPYIOBaHMS, B COCTaB KO-  3HAYCHHE CBETOBOW COJHEYHOI MOCTOSIHHOW HaXOIUTCS B

TOPOTo 00513aTEIHLHO BXOJSAT: nuanaszone 1321-1412 Br/m®.
— CHCTEMa BaKyyMHPOBaHNS, HoBble nukmorpaMmsl B IpoOrpaMmax Ha3eMHOH 3KC-
— IMHUTATOP YEPHOTO XOJIOIHOTO KOCMOCA; MEPUMEHTAIBHON OTPAaOOTKH MpeayCMaTpUBAIOT MU3MEHE-
— IMUTATOP COJIHEYHOTO M3JTy4CHHUS; HHE COJIHEYHOI MOCTOSIHHOW M YIjla MEXIy HallpaBJICHH-
— UCTOYHUKH WHPPAKPACHOTO U3ITyUYECHUS; em Ha Connue u ocsimu KA ¢ obecriedeHueM B TeueHHE
— cucreMa O0ecCIieueHHs] OPUEHTAllMU OTpadaThiBae-  BPEMEHM Pa3IMYHBIX YPOBHEH IUIOTHOCTH CBETOBOTO I0-

Mmoro KA; Toka — or 400 1o 1450 Br/m2. Ilo 5Toii mpuumHE aKTy-
— CHCTEMa PEriCTpaLi TEMIIEPaTypPHBIX TapaMeTPOB; anpHO HoBoe TpeboBanue k ICH — obecnieuenne u noa-
— CcHCTeMa YIMpPaBJICHUS TEIUIOBBIMH HMHUTATOpAMH, JACpXKaHHE MEPEMEHHON BO BPEMEHH OCBEIICHHOCTH [2].

anekTpooborpeBarensiMu 1 06opyaoBaruem KA [1]. OpHUM 13 TEePCTEKTHBHBIX HANpPaBICHUH Ul KpyIl-

OnnuM n3 0a30BBIX M HamOosee CIOKHBIX M3 mepe-  HorabapuTHeix VMCH cumraercst co3maHne MOIYIBHBIX
YHCIIEHHBIX 3JEMEHTOB SIBISETCS MMUTATOP COJHEYHOTO  CHCTEM Ha OCHOBE CyMMHPOBAaHHS HECKOJIBKHX HCTOYHH-
manydenns (MCHU), AMATHPYIOIINI COMTHEYHOE BO3EHCT-  KOB TOUCYHOTO M3IYUCHHS — MACCHBA OXJIAKIAEMbIX BO3-
BHE Ha KOCMHYCCKHI ammapar mpu opOuTasbHOM (QYHK-  IyXOM ra30pa3psaHbIX KCEHOHOBBIX jamm [3] mo mpuH-
uonnpoBanuy. COTHEYHBIE HMHUTATOPHI CO3MAIOT MIOTOK LIy «COBMEHICHHBIX (hokycoB» [4]. Ha ocHOBe Takoro
HETPEPHIBHOTO ONTHYECKOTO W3IY4YEeHHs, OCHOBHBIE Xa- INPHUHLIMIA CO3[aHbl, HAIpUMEp, IBa OTEUECTBEHHBIX
PaKTEPUCTUKU KOTOPOT'O JOJIKHBI C BHICOKOW TOYHOCTBIO  KpynHoradaputHbix MCHU B cocrae ThK-120 u 'BY-600
COOTBETCTBOBATh AHATOTHMYHBIM XapaKTEepUCTHKaM u3ny-  (puc. 2), neiictBytomux B AO «HpOpMAalMOHHbIE CITyT-
yenusa Connua. B wactHocTy, k UCH 11 0K0I03€MHOM  HMKOBBIE CUCTEMBD» UMEHHU akaaemuka M. @. PemerneBa».

OpOUTEI IPEABSBISIOTCS CIEAYIONINE TPEOOBAHUS Ananu3 HenocratkoB MUCHU Ha ocHoBe rasopas-
— yZAeNlbHas MOUIHOCTh CBETOBOIO MOTOKA DaBHA  PSAHBIX KCeHOHOBBIX Jammn. O6iamas HECOMHEHHBIMU
1340-1440 Br/v?,; MPEeUMYIIECTBAMH, TaKHMH KaK BBICOKas MOIIHOCTb
— HEOJHOPOJHOCTh 00IyueHHs 10 +15 %; U CIIeKTpajbHas TOYHOCTh, 1og00Hbie NCH uMeroT psi

— HEMapauIeIbHOCTB JIy4eH 10 4 yITIOBBIX IPAXyCcoB;  0OIIUX XapaKTEPHBIX HEAOCTATKOB, TJIaBHBIM U3 KOTOPBIX
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spisgercss Huskuil KIIJ. M3 anextpuyeckoit sHepruu,
MOJJBOAMMON K MCTOYHUKAM CBETOBOT'O M3JIyUCHHS, JIUIIb
okono 10 % mpeoOpasyeTcs B MOIE3HYO TyYUCTYIO HEP-
THI0, Tajarouryo Ha obxydaemyro moBepxHocTs KA [2].
C onHOM CTOPOHBI, 3TO 00YCIOBICHO HU3KOW d(PPEKTHB-
HOCTBIO T'a30pa3psAJHbIX KCEHOHOBBIX JaMI, C JIPyrou —
BBICOKHMH TIOTEPSMH B CJIOXKHOH (OPMHPYIOIICH ONTH-
YECKOH CHCTEME, COCTOSIIEA M3 OOJBIIOrO YHCiIa dJie-
MEHTOB.

Tak, mia onruueckoi cucrembl MCU TBK-120, co-
CTOsAIIEH U3 CBETOBOTO IUTA U3 CEMH JIaMII C JUIUITHYE-
CKUMH pedieKTopaMu, OTPHLATEIbHON JIMH3bI, CMECHTE-
751 ¥ 11apaboJIONTHOTO 3epKajia, MOTEPH MOITHOCTH CBETO-
BOr0 MOTOKA TOJBKO B ONTHUYECKOH CHCTEME COCTaBIIIOT
3HA4YEHUs, IPEACTABICHHBIC B TAOIHIIE.

HOTepl/I MOUIHOCTH CBE€TOBOI'O IMIOTOKA

DJIeMEHTHI CBETOONTHYECKOI MoniHocTh
CXEMBbI Ha ferekrope, Bt
CBeToBOH MUT 1
Ilepen oTpunaTeIpHOM TUH30U 0,538
Tlocne cmecurenst 0,422
Ha nmapa6ostoniHoM 3epkaiie 0,289
Ha nnanmere 0,233

JlanHbIe TaOIMIBI TOKA3BIBAIOT, YTO OCHOBHBIE IOTE-
PH NIPOUCXOIAT MEXKAY CBETOBBIM IUTOM M OTPHLIATEIb-
HOW JIMH30H, a TAKKE MEXKIy CMECUTEIEM U mapaboIon/I-
HbIM 3epkasioM. [IpuunHON NEepBBIX NOTEPH SBISIETCS KO-
HeuHast 2((EeKTHBHOCTh AIUIMNTHYECKOrO pediexropa,
pasHas npudimsurensHo 60 %.

JHepruA poToHoE, 3B

YoennHan MoWHoCTL, Briw®

|

Vi
IR

800

1200

OnvHa BONHEL, HeA

Puc. 1. CekTpaibHbli COCTaB U3ITyYESHUS:
1 — AMO 3a npenenamu arMochepsl; 2 — AM1,5 y 3eMHOI OBEPXHOCTH;
3 —gepHoe Teno, 5773 K

Fig. 1. Spectral structure of radiation:
1 - AMO outside the atmosphere; 2 — AM1.5, ground-level;
3 — black body, 5773 K

Puc. 2. UICU I'BY-600:

1 — mMecTo 00BEKTa HCIIBITAHMIT; 2 — CHCTEMA 3epKall; 3 — ONITHYECKHe BBOJBI U cMecHTenH (4 wr);
4 — rasopa3psiIHble KCEHOHOBBIE JTaMItb ¢ pediekropamu (40 wr); 5 — cBeToBbIe muThI (4 mIT)

Fig. 2. GVU-600 solar simulator:
1 —the place of a subject to tests; 2 — the system of mirrors; 3 — optical inputs and mixers (4 pc.);
4 — gas-discharge xenon lamps with reflectors (40 pc.); 5 — light boards (4 pc.)
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Puc. 3. Komnonoska ICH BHYTpH TepMOBAaKyyMHON KaMephl:
1 — TepmoBaKyyMHasi Kamepa; 2 — O0bEKT UCTBITAHUH; 3 — HCTOUYHHK CBETa
Ha OCHOBE CBETOJIMOJIHOIT MaTPHIIBI; 4 — TEPMOM30IHMPYOIINH KOPITYC;
5 — KOMIIOHEHTHI CHCTEMBI OXJIAXKICHNUS; 6 — BTOPHYHBIE HCTOYHUKY ITUTAHUS
CBETOJHOTHOH MaTPHIIBI

Fig. 3. Configuration of the solar simulator in the thermal vacuum camera:
1 - the thermal vacuum camera; 2 — subject of testing; 3 — a light source
based on a LED matrix; 4 — the heat-insulating case; 5 — cooling system

components; 6 — secondary power supplies of a LED matrix

[IpruuHa BTOPBIX — CIEICTBHE TOTO, YTO PEabHBIH
HCTOYHUK, JyTa ra3opaspsaHoi Jammbl juiuHod 15-30 M,
HE SBIACTCS TOYCYHBIM, PACXOAMMOCTH 3a JIMH30M He-
CKOJIBKO TIPEBHIIIACT YHCIOBYIO allepTypy CMECUTEIs,
4acTh Jy4el TepseTcs B CMECHUTEINe, IpeTepIieBas OIHOE
BHYTpPEHHEE OTPaXCHHE OT OOKOBHIX TpaHEl >JIEMEHTOB
cmecurens [5].

K HemocTaTkaM TakMX CHCTEM TaK)Xe MOYKHO OTHECTH:

— CJIOKHOCTB, TPYIOEMKOCTh HACTPOWKH M FOCTHPOB-
KM BCEX JJICMEHTOB ONTHYECKOH CHCTEMBI, KOTOpas IMpo-
BOJIMTCS 3aHOBO TEpel KaxIbM ucroib3oBanuem MCU
C TPUMCHEHUCM CICIMATHHOTO H3MEPUTEIHHOTO ILIAH-
mieTa JUis OICHKH Pe3yJIbTaTOB HACTPOUKH;

— 3HAYMTENbHBIE Macca, TabapuTel W HEYAO0OCTBO
MOHTaa OCHOBHBIX KomroHeHTOB CU m m3mepuTens-
HOTO TUIAHIIIETA,

— HHU3Kas HAJIKHOCTh CAMBIX HATPY)KEHHBIX 3BCHHEB
ONTHYECKOH CHUCTEMBI — ONTHYECKOTO BBOJA B TEPMOBa-
KYYMHYIO KaMepy W CMECHTeNsd, B KOTOPBIX c(HOKycupo-
BaHbI CBETOBBIC MOTOKHM OT Heckobkux (must [BY-600 —
JI0 JECATH) MOIIHBIX CBETOBBIX HCTOYHHMKOB, BBICOKas
IUIOTHOCTh CBETOBOT'O IMOTOKA BBI3BIBACT UX YCUJICHHBIN
HATPEB; HU BO3IYIIHAS], HU KHUIKOCTHAS CHCTEMBI OXJIaXkK-
JICHHS HE BBHIMOJHSIOT IO KOHIIA CBOCH 3a/1a4yd, TIOCKOJIb-
Ky HarpeB MPOUCXOJUT IO BCEH TOJIIMHE CTEKIA, a OX-
JaKJCHHUE — 10 €r0 TIOBEPXHOCTH; PE3NHOBBIC BAKyYMHBIE
VIUTOTHUTENN ONTHYCCKOTO BBOJA UIS OXJIAXKICHHUS TEM
0oJiee HeIOCTYIIHBI;

— MAaJIbI CPOK CIyKOBI M BBICOKasi CTOMMOCTBH Ta30-
Pa3psIIHBIX KCEHOHOBBIX JIAMII, CIJIOXKHOCTh M BBICOKAs
CTOMMOCTh HMMITYJIbCHBIX BBICOKOBOJIBTHBIX HCTOYHHKOB
MUTAHUS.

Ipenaaraemas cxemMa aJbTEPHATHBHOIO CBETOIH-
oqnoro UCH. OueBumHO, 4TO CBOOOMHBIA OT IEPEUUC-
neHHbIX HemoctaTtkoB MCU Oyner oOnmamate Ooiblieit
3G QEeKTUBHOCTEI0O M yn00CTBOM IpuMeHeHHs. Kpome
ATOTr0, IKOHOMHYECKHE COOOpakKeHHUsI TPEOYIOT MOBEHIIIIE-
HUS HAJIGKHOCTH U CHIDKeHUs croumocTtu MCH mpu co-
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XpaHEHUH IPUBEACHHBIX BBIIIE TEXHUYECKUX XapaKTepu-
CTHK.

Hanbonee panykaabHBIM pEIICHHEM ITPEACTaBISETCS
noctpoerne MICHU 6e3 razopa3psaHbIX KCEHOHOBBIX JIaMIT
U HEOOXOIUMOM Ui IIONydEHHWS KBa3HWIIApaJIEIbHOTO
CBETOBOr'0 IOTOKA IPOMO3IKON M CIOKHOM ONTHYECKOH
CHCTEMBL. DTO BO3MOXKHO, €CIHM H3HAYalIbHO (HopMUpO-
BaTh KBa3UIIapaJUICNIbHbIM CBETOBOW NOTOK B IIPUHLIMIIU-
albHO JPYrOM HCTOYHMKE CBETa C pacHpeeSICHHBIMU
nmapaMeTpamy, pa3Mepbl M3Jydarolieil MOBEpXHOCTH KO-
Toporo OynyT OJIM3KH K TpeOyeMbIM pa3MepaM CBETOBOT'O
MATHA.

B cBsi3u ¢ 3TUM cTOHMT 0OpaTHTh BHUMAaHUE HA CaMble
NEPCHEKTUBHBIE W AWHAMUYHO pPa3BUBAIOILUECS B IIO-
clIeiHee BpeMsI HCTOUYHHUKH CBETa — BBICOKOA(dexTHBHBIE
(cBepxsipkue) cBeromuoabl. CBETOIHOINHBIA HCTOYHHK
CBETa C paclpelelIEHHbIMU MTapaMeTPaMH MOKHO BBIIIOJI-
HHUTb B 3TOM CIIy4ae B BUAE MATPHILbI U3 OOJIBIIOTO KOJIH-
4eCTBAa TOYEYHBIX HAINPABIIEHHBIX MCTOYHHKOB — CBETO-
JIUOJIOB U BTOPUYHON ONTHUYECKON CHUCTEMBbI, CYMMHPYIO-
Iiel UX U3Iy4eHHe B eMHOE CBETOBOE IATHO.

Hctounuk ceera UCU mpu 3TOM JIOTHYHEE U BBITOA-
HEe BCEro pa3sMECTHTh B HEIOCPEICTBEHHOW OJM30CTH
K OOBEKTY MCHBITaHHH, T. €. BHYTPU TEPMOBaKyyMHOU
KaMepbl, B BUJAE OJHOIO WJIM HECKOJbKUX KOMIAKTHBIX
MoJyJieil ¢ HeOONBIION Maccoi 1 MPUEMIIEMBIMH Tabapu-
tamu (puc. 3).

[lenecoobpa3HOCTh TAKOTO TOAXO/a JABHO HM3BECTHA
[6], omHako mcHONB30BaHKME B KAUECTBE HCTOYHMKOB CBE-
Ta Ta30pa3psAAHBIX KCEHOHOBBIX JAMII JEIacT €ro peayu-
3alMI0 TPYAHOBBIIOIHUMOM: TpaJULIMOHHAS ONTHYECKas
cucTeMa 3aiiMeT 3HaYUTEeNbHbIH 00beM BHYTPUKaMEPHOTO
MIPOCTPAHCTBA; OTBOJ TEIUIA OT JAMIT BO3AYIIHOTO OXJIa-
JKACHUS 3a TpeAensl TEPMOBAKyyMHOM KaMepbl Mpen-
CTaBJIACT CJIOKHYKO KOHCTPYKTHUBHYIO 3a/ady; B XOe
JUINTEBHBIX HCIIBITAHUIT HEBO3MOXKHA 3aMeHa 0Tpado-
TaBIIUX PECYPC JAMI; BHICOKOBOJIBTHAS IPOBOJKA OOJIb-
IIOM JUTMHBI IPUBEIET K CHIDKEHHUIO HAIEKHOCTH.
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Kpartkuii cpaBHMTeJILHBII aHATU3 IAa30pa3psiAHbIX
KCEHOHOBBIX M CBETOJMOJHBIX HCTOYHHKOB CBeTa
B cayyae npumeHeHusi ux B MCH. TIposenem cpaBHU-
TENBHBIM aHaAJIM3 Ta30pa3psAIHbIX KCEHOHOBBIX W CBETO-
JIMO/THBIX UICTOYHHUKOB CBETA!

1. VnaenbHas MOIIHOCTH CBETOBOTO MOTOKA U YHEPIO-
3¢ GeKTUBHOCTD. DPPEKTUBHOCTD TOCICAHUX TTOKOJICHUH
CBEpPXSPKHX CBETOJMOJOB B BUIMMOM JHANa3oHE, Kak
MHUHHAMYM, He ycTymnaeT 3((GEeKTUBHOCTH ra30pa3psgHbIX
KCEHOHOBBIX JlaMIl. Tak, CBETOBOM MMOTOK MPUMEHSIEMOU B
HCH T'BY-600 u TBK-120 razopa3psiiHOii KCEHOHOBOU
namnel OSRAM XBO 10000W/HS OFR cocrasnser
500000 M, a motpebnsemas momrocts — 10000 Br [7],
4yro cootBeTcTBYET 3ddexktusroctu 50 am/Br. B 0 *xe
BpeMsl Ul CEPUHHO BBIIMYCKAEMBIX CBEPXSPKHX CBETO-
IMojoB, Hampumep, cemerictea XLamp XB-D 6Gemoro
cnekrpa ¢ uBeroBoit remneparypoit 5000-8300 K oxnoro
n3 Bemymmx mpomsBomuteneit CREE, sddexTuBHOCTD
3asiBiieHa B npeenax 114-139 nm/Br [8]. Ceetoanoanbii
HUCTOYHHMK TOTO K€ MPOU3BOAMTENS, MPEJHA3HAUYCHHBIN
JUIA pacTeHHEBOJCTBA, Ha OCHOBE cBeroauozoB XLamp
MHB-B ¢ useroBoii temneparypoii 4000 K umeer a¢-
¢dexruBrocTh 136 mM/BT, a co3maBaemblii UM CBETOBOM
notok gocruraer 24451 am [9].

[Tonarasi, 4To MakCHMMaibHas MOIIHOCTbH CBETOBOT'O
notoka MICU ¢ ydeTtoM moTepb B NMPOCTOH ONTHYECKOH
cucteMe 10KHA coctaBisite 2000 Br/iv?, a UHTETpUpO-
BaHHOE 3HAYCHHE CBETOBOI MOIIHOCTH JUIs OEJIOro Crek-
Tpa OJHOKPHCTAJIBHOTO OJHOBATTHOTO CBETOJHO/AA CO
cBeToBEIM ToTokOM 100 1M B TedeHHWE CpoKa CIyXKOBI
nocruraet 0,3-0,4 Bt [10], MOkHO ompeaenuTs mpumep-
HOE KOJHMYECTBO CBETOJHO/OB B MATPHIE MPOCTEHIIIETo
OJTHOTIONIOCHOTO HM3/Iy4aTeNs miomanpio 1 M B mpegenax
5000-6700 mit. Takast MJIOTHOCTH JIETKO BBIMOJIHUMA MPU
MOHTa)Ke CBETOIUOAOB B 00bI4HBIX SMD-Kkoprycax u Tem
OoJiee NPU KCIOJIb30BAHUM MHOTOKPHCTAILHOM TEXHOJIO-
ruu (aurn. COB — Chip On Board).

[ToTpebsieMast MOIITHOCTh TAaKO¥ CBETOIUOJHON Mat-
pHLBI CO CBETOBBIM IIOTOKOM B BHIMMOM JHala3oHe
500000 mm cocraBut 5000-6700 Bt, TOorma kak motpeo-
JsieMasi MOIIHOCTh Ta30pa3psiIHON KCEHOHOBOM JIaMIThI
OSRAM XBO 10000W/HS OFR ¢ Tem e cBeTOBbIM
motokoMm — 10000 Bt. C yyeToMm mpuMepHO OIMHAKOBBIX
KIIZI uMIIy/lbCHBIX HMCTOYHUKOB IUTaHUS AJIs ra3opas-
PSITHBIX KCEHOHOBBIX JIaMII M JIPaiBEPOB JIJIsl CBETO/IHO-
JIOB MOXKHO CJIeNIaTh BbIBOJ O 0OJIbliel d3HeproddeKTHB-
HOCTH CBETOJIMOJHBIX HMCTOYHUKOB. BbICOKHME moTepu B
cnoxHoi ontuueckoit cucreme MCH Ha ocHOBe razopas-
PSITHBIX KCEHOHOBBIX JIAMIT YCHJIMBAIOT 3TO MPEUMYIIECTBO.

Brinenenne 60ybIIOro KOJMYECTBA TEIUIA OT CBETO-
JIMOTHBIX MaTpuIl OyJeT BIHMATh Ha TeMIepaTypHBIH pe-
KMM BHYTPH TEPMOBAKYYMHOH Kamepbl. JTO Ipeiroa-
raeT KOHCTPYKTUBHOE HCIIOJHEHHE MATPHIl B TEPMOU30-
JIUPOBAHHBIX KOPIyCaX C CHCTEMOHN OXJIaXICHUS, Mepe-
HOCSIIEH BBIICISIEMOE TEIUIO 3a MPE/eIbl KAMEPHL.

2. OmHOPOAHOCTH CBETOBOTO TMOTOKa. KBasumapain-
JenbHbIA cBeTOBOM MOoTOK B MICH Ha 0CHOBE KCEHOHOBBIX
mamn (OPMHPYETCS € MOMOIIBIO CIIOKHOW ONTHYECKON
CHCTEMBI U3 OOJIBIIOTO KOJMYECTBA Pa3HECEHHBIX B NPO-
CTPaHCTBE KOMIIOHEHTOB OT HEOOJIBIIOrO 4YMClia TOYeY-
HBIX MCTOYHUKOB (Hampumep, 40 aMi mpu moay4yaeMom
pa3Mepe cBeTOBOTO MsATHA 16 M® B UICH I'BY-600). He-
PaBHOMEPHOCTH MOJIY4aeMOro TaKUM CIHOCOOOM CBETOBO-
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IO IIOTOKA 3aBHCUT OT MHOTHX ()aKTOpPOB, B TOM YHCIIE OT
TOYHOCTH pacueTa M M3TOTOBJIEHHS ONTHYECKOW CHUCTe-
MBI, COCTOSIHUSI M KayecTBa FOCTUPOBKH BCEX KOMIIOHCH-
TOB, KBaJIM(HKAIIMN 00CITY KUBAIOIIETO IIEPCOHAA.

B cBsI3M ¢ 3THM MOXHO TPENNONIOXHUTD, YTO CBETOH-
OJHAs MaTpulla C paclpeAe’CHHBIMHA IIapaMeTpaMu, co-
cTosIIast U3 OOJBLIET0 Ha HECKOIBKO TOPSAKOB KOJHYE-
CTBA TOUYEYHBIX HCTOUYHUKOB M CYMMHUPYIOIIEH BTOPUIHON
OIITHYECKOI CHCTEMBI, JOIKHA (OPMHUPOBATh Ooliee paB-
HOMEPHBIN KBa3UIIapaJlJIeNIbHbII CBETOBOM MOTOK.

Haubosee nmpocToii 1 pannoHANBHON MPECTaBIACTCS
KOHCTPYKLIUS BTOPUYHOM ONTHYECKOW CUCTEMBI, IIPU KO-
TOPOM KaxAbld CBETOAWOJA WM TpyIIa CBETOAUOIOB
CHA0XCHBI CBOUM OITHYCCKUM 3JICMEHTOM, (OKYCHPYIO-
IIAM CBETOBOM IIOTOK B Y3KOYTOJbHYIO 00yacTh. Kax
npaBwiio, Uil (OPMUPOBAHUS TAaKUX paclpeie’eHUui u3
TOYEYHBIX HCTOYHHUKOB IpHUMEHAOT TIR-amemenTHl —
ONTHYECKHE BIIEMEHTHI, COJEp KaIlNe MOBEPXHOCTH, pa-
GoTaromye 1Mo MPHUHIMITY TOJHOTO BHYTPEHHETO OTpaXKe-
aus (amrm. TIR — Total Internal Reflection) [11; 12].
B oTnmune ot pednekTopoB, TaKKE MEMEHTHI OTINYA0T-
cs1 60IIBIIel KOMITAKTHOCTHIO, 3(h(peKTHBHOCTHIO, TTIOTHBIM
OTCYTCTBHEM OOKOBOM 3aCBETKH.

Hcnonp3yss METOll KOMITBIOTEPHOTO MOJAEIHPOBAHUS
BHYTPEHHEH ITOBEPXHOCTH TAakKOTO DJIEMEHTa, MOXKHO
paccuuTaTh KOMIAKTHBIA ONTHYECKUIl dJIeMEHT, (opMu-
pyIOIInii HENpEepbIBHOE Y3KOYTOJIbHOE CBETOBOE pacipe-
JienieHne Jt000i (OopMBI, B TOM 4YHCIIE MPSIMOYTOJIbHON
[13; 14]. Tak, 3pdeKTHBHOCT ONTHYECKOTO 3IJICMEHTA,
paccuWTaHHOTO TpemIokeHHEIM B [13]  cmocoGom
(puc. 4, 5), cocraBuster 91,8 %, a OTKJIOHEHWE MOTYYCH-
HOTO CBETOBOTO pACIpENENeHUsI OT PaBHOMEPHOTO
He npesbiniaeT 5,2 %.

Puc. 4. Ontuueckuii TIR-3memenT,
(dbopMHUpYIOIIHi pABHOMEPHO OCBEICHHBIH
KBajpar

Fig. 4. The optical TIR element
forming evenly lit square

Torma cBETOBEIC ITIOTOKK BCEX ONTHYECKUX DIIEMEHTOB
CBETOJMOIHOM MaTPUIIBI, CYMMHUPYSICh Ha 3aJJaHHOM JIHa-
Ma30He PACCTOSHUIA, 00pa3yloT eAMHOE CBETOBOE IISITHO C
BBICOKOIT PABHOMEPHOCTHIO.

Crnenyer 0co00 OTMETHTH, YTO OINTHYECKAs CHUCTEMA,
BBINTOJTHEHHAS B BHUAE €OMHOTO MaccuBa | IR-diemMeHTOB,
JKECTKO CBSI3aHHBIX C M3Iy4aTellsiMH, HACTPOMKH B XOje
IKCIUTyaTal[K He TIOTpeOyeT.

3. Bpemennas crabunbHocTh. OmHOW M3 0COOEHHO-
CTel ra3opa3psgHbIX KCEHOHOBBIX JIaMII SIBIISIETCS HEOO-
XOJMMOCTh MPOTpPEeBa, a IMOCIe MPOrpeBa — CKIOHHOCTH
K KOJICOAHWSM TUIA3MBbI, KOTOPBIC MPOSBIISIOTCS B IIEPHO-
JIIMYECKUX U3MEHEHHUSIX CBETOBOIO IIOTOKA. M3BeCTHO, UTO
CBETOHObI TIOJTHOCTEIO JIHMIICHBI IIOAOOHBIX HEIOCTATKOB.
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4. HanmeXHOCTh M JIOJTOBEYHOCTh. [ apaHTHpOBaH-
HBIA CPOK CIIY)KOBI KCEHOHOBBIX TI'a30pa3psAHBIX JIAMIT
JI0O M3MCHCHHUS WX CBOWCTB, KakK IIPABUIIO, COCTaBIISCT
500-1000 yacoB mHpOTHB 3asBISACMBIX, KaK MHHHMYM,
5000-10000 gacoB st BBHICOKOA((PEKTUBHBIX MOIIHBIX
cBeToanonoB. CpoK CITy>KOBI CBETOAMOMIOB MOXKET OBITH
3HAYUTEIBHO MPOJIICH MPH CHU)KEHUU pabodeil TeMriepa-
Typbl KPUCTAJJIOB HIXKE IOMYCTUMOMN MPOH3BOAUTEICM
(xax mpasmio, +85 °C).

MasnoMmolHble BTOPHYHBIE UCTOYHUKU MMUTAHUSI, TIPH-
MEHSIEMbIE JUISI CBETOIUOIOB, MO MPOCTOTE U HAJIEKHOCTH
MPEBOCXO/ISAT MOIIHBIC UMITYJILCHBIC UCTOYHUKU THTAHHS
ra3opaspsIHbIX KCCHOHOBBIX JIAMII.

5. BesomacHocTh. B oTiHuUMEe OT HHU3KOIO Hampsike-
HUS MUTAHUS CBETOIUOJIOB, HANPSHKCHUE HA JIIEKTPOIAX
KCEHOHOBBIX JIaMI JocTHraer mnpu 3amycke 35-60 kB,
MPEJICTABISAS TMOBBINICHHYIO OMACHOCTH IS OOCITYXH-
Batorero nepcoraia. O30H, oOpasyrouuiics mpu padoTe,
[0 TOKCMYHOCTH OTHOCHUTCSI K MEPBOMY KJIACCY OMACHO-
cti. BeICOKOE maBieHue ra3za B Koji0e oT 35 aTM. U BBIIIE

Loogg 2

0,75 /

TpeOyeT 0coObIX Mep O€30MacHOCTH MpH OOpaIIeHUU
C JIaMIIaMH.

6. CrnektpanbHas TOYHOCTB. [ TaBHBIM MPEUMYILIECTBOM
ra3opa3psiiHbIX KCCHOHOBBIX JIAMIT CYMTAaeTCs OJIM30CTh
CIIEKTpa MX U3ITy4YCHHUSI K COJTHEUHOMY CIIeKTpy (puc. 6).

Crektp OeNbIX CBETOOMOIOB PAa3INYHBIX IBETOBBIX
Temmeparyp (puc. 6, 7), H2060pOT, HEe 0OECTIEUNBAET Tpe-
OyeMoil CHeKTpaibHOW TOYHOCTH M TpedyeT IOIOJHH-
TEJILHON KOPPEKIMH KaK MUHUMYM B YJIbTpa(uOIeTOBON
(menee 400 um), romy6oii (450-470 uM) u KpacHOUH
(620-780 um) obmacTsx.

JIyist TIOBBINICHUS! CIIEKTPANbHON TOYHOCTH KOMOWHH-
PYIOT CBETOBOM MOTOK HECKOJIBKUX TPYIIT KaK OEIbIX, TaK
U KOPPEKTHPYIOIIUX MOHOXPOMHBIX CBETOJIHOMAOB. Tou-
HOCTh JIOTIOJTHATENBHO MOBBIIACTCS IIPH  pa3aeiIbHOM
PEryJIHPOBAaHUH MOLIHOCTH KaXIOH TIPYINIBI, a TaKke
C yBENIMYEHHEM OOLIero 4YWcia TPy, YTO BUAHO M3
CPaBHUTENBHBIX Pe3yNbTaTOB UMHTAINH criekTpa AM1,5
(puc. 8) B pabore [15].
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Puc. 5. Pacnpeznenenue ocBeieHHOCTH, (JOPMHUPYEMOE ONTHYECKUM 3JIEMEHTOM, IIPEACTABICHHBIM Ha pHC. 4
@ — Oy TOHOBOE PacIpeJieieHHe OCBEIEHHOCTH; 6 — IPOGUIM pacpe/ieleHHs] OCBEIEHHOCTH

Fig. 5. The distribution of illumination formed by the optical element presented in fig. 4:
a — gray-scale distribution of illumination; b — profiles of distribution of illumination
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Puc. 6. 3aBUCHMOCTB SHEPTUU U3TYYCHUSI OT JTHHBI BOJHEIL:
1 — cBeroauon Genoro cnekrpa, 3500-5000 K; 2 — AMO; 3 — KOpOoTKOAyroBasi KCEHOHOBas JIaMIia

Fig. 6. Dependence of energy of radiation from wavelength:
1 - a light-emitting diode of a white range, 3500-5000 K; 2 — AMO; 3 — a short-arc xenon lamp
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Fig. 7. Dependence of energy of radiation from the wavelength of white light-emitting diodes:
1-5000-8300 K; 2 — 3500-5000 K; 3 — 2600-3500 K
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Puc. 8. CnektpanbHoe pacnpeielieHie yIeIbHONH MOITHOCTH M COOTBETCTBUE CyMMapHOIo m3nydeHnss AM1,5:
a, 6 — JUIs TSITU TPYTIN CBETOTUOMOB; 6, & — VIS IICCTHAALIATH TPYIIIT

Fig. 8. Spectral distribution of specific power and compliance of total radiation of AM1.5:
a, b — for five groups of light-emitting diodes; c, d — for sixteen groups

['maBHBIM TpENsATCTBHEM B peasM3aldd YKa3aHHOTO
criocoba i ycinoBuid AMO MOXKeET CTaTh BBICOKAsi CTOM-
MOCTb, HU3Kas 3(p(PEeKTHBHOCTh M y3Kas IoJjloca M3ITyde-
HUS CBETOAMONOB  YyJbTPa(HOIETOBOrO  AMara3oHa.
B cBs3M ¢ 3THM ONpaBIaHHO NMPHUMEHEHHE BMECTO HHUX
TPaJAULMOHHEIX YIBTPaHOJIETOBEIX HCTOYHUKOB, Ha-
IpUMEp, PTYTHBIX JaMII CPEAHETO IaBJIEHUS C BBICOKHM
KILI.
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HecootsercrBue crektpa ICU B nH(pakpacHO#i u
YaCTHYHO KpacHoi obmactu (Gonee 680 HM) mpu TepMmo-
BaKyyMHBIX HCIIBITAHUSAX, Kak MpaBuio, 3(pQexTHBHO
KOMIICHCHPYeTCS HMMHTaTOpaMH TEIUIOBBIX IOTOKOB
(UTII), pacronoXeHHBIMH B HEMOCPEACTBEHHON OJIH30-
CTH K 00BeKTy ucmbITaHuil. Tak, 4acTo HCIOIB3yeMbIe
B UTII kBapueBo-ranorennsie yamnbel KI'T 220-1000
¢ uBeroBoii Temmepatypoii 1800-2800 K u Mmakcumymom
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nznydenus B obnactu 1100 HM mpeoOpasyror B nHpa-
KpacHoe u3iydenue 10 85 % norpebisieMoil MOIITHOCTH.

BosmoxxHocTs KoMOuHHpOoBaHus B ICU cBetomuon-
HBIX HCTOYHHUKOB M TAJIOTCHHBIX JIAMIT HAKaJHBaHUS TaK-
e TIPeJIoKEHa B psjie paboT, Hanpumep, B [16].

7. JIOTOJHUTEIBHBIC BO3MOXXKHOCTH. B oTimume OT
KCCHOHOBBIX JIaMII, BBIXOAHAS MOIIHOCTH CBETOIHOJOB
IPY TOMOIIH LIMPOTHO-UMITYJIbCHOH MOIYJISILIUU MOXKET
IUTaBHO M3MeHAThCs B mpenenax ot 0 go 100 %. Takum
00pa3oM, MOXHO B MaKCHMaJbHO IIMPOKUX IIpejeiax
YIPaBISATh MOUIHOCTBIO CBETOBOI'O IOTOKA, a PErylupys
pa3zienbHO MOIIMHOCTh Ka)KJOH TpyNmbl  HM3IydaTrener
MHOTOIIOJIOCHOTO MCTOYHMKA, HacTpanBaTh crektp MCH.
Hcnonb3ys HECKOJNBKO KOMITAKTHBIX CBETOBBIX MOAYJICH,
pacHOJIOKEHHBIX B Pa3HBIX IUIOCKOCTSAX OTHOCHTEIBHO
00BEKTa HCIBITAHUH, IUIABHBIM H3MEHEHHEM CBETOBOTO
MOTOKa OTHENBHBIX TPYII H3Tydyareleld MO HPHHIHITY
«Oerymeil BOIHBI» MOXXHO HMHUTHPOBATH MTOBOPOT OOBEK-
Ta oTHOCUTENHEHO COJIHILA.

Takum 00pa3oM, KpaTKUil CPaBHUTEIBHBIA aHAIN3 HC-
TOYHHMKOB CBETa Ha OCHOBE I'a30pa3psiIHBIX KCEHOHOBBIX

J _.'.'_';Il

Puc. 9. UCH criektpa AM1,5 Oriel VeraSol

JaMn M BBICOKOA((EKTHUBHBIX CBETOAMOJOB B cCllydae
npuMeHeHus ux B MCU mpeamomaraeT mpeuMyIIecTBO
CBETOIMOAHBIX MCTOYHUKOB IO OOJNBIIMHCTBY OCHOBHBIX
MOKa3aTeyei.

IIpuMmepsl cepuiino BbhIyckaeMbix oopa3uos MCHU
Ha3eMHOro crekTpa. CTOUT OTMETUTH, UTO YK€ CYIIECT-
BYIOT CEpUITHO BBHIITyCKaeMble 00pa3Ibl 3apyOeKHBIX CBE-
toauoansix MICH, npenHasHaueHHBIX 11 UMHUTAUU U3-
nyuyenns CoyHIA Y 3€MHOH HMOBEPXHOCTH IO YCIOBHSM
AM1,5. B wactHoctu, UCH Oriel VeraSol [17] npowusso-
murenst Newport Corporation (puc. 9) Ha 0CHOBE MHOTO-
MIOJIOCHOTO H3JTy4arelisi 00ecIeunBaeT yAeIbHYI0 CBETO-
ByI0 MomHOCTs 0 1000 Br/M* mpu pazmepe CBETOBOro
naTHa 51 X 51 MM ¢ BO3MOXHOCTBIO HACTPOMKH CIIEKTpa
1o mecTr mojiocam (puc. 10).

JNpyroii ceeroquoausiii UCHU Ecosun Plus [18] mpo-
n3BoauTens Ecoprogetti (puc. 11) mnpemnasHadeH s
UCTIBITAHMSI COJTHEYHBIX Oarapeil B MMITyJIbCHOM PEKUME
u o0ecreynBaeT BBIXOIHYIO MoIIHOCTH 10 1200 Br/M?,
HEOIHOPOAHOCTh CBETOBOTO 1OTOKa He Oonee 1 % u pas-
Mep CBETOBOTO MsATHA 2 X 1,2 M.

Fig. 9. Oriel VeraSol AM1.5 solar simulator

HHTEHCHBHOETE HANYSaHARA

Onuna gonHel, Hm

OnwHa BonHe, Hm

Puc. 10. CriekTpasibHOE pacrpe/ieiieHue:
1, 5 — cBeroauoausiii ucrounuk Oriel VeraSol; 2 — MUHUMaIIBHBINM YPOBEHD;
3 — MakcUMaJIbHBIN ypoBeHb, 4 — AM1,5

Fig. 10. Spectral distribution:
1, 5—a LED source of Oriel VeraSol; 2 — the minimum level; 3 — the maximum level;
4 - AM15
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Puc. 11. ICH cniektpa AM1,5 Ecosun Plus

Fig. 11. Ecosun Plus AM1.5 solar simulator

3axarouenue. IIpy KCHONAB30BaHUM TOCIEIHUX paz-
paboTok B 00s1acTi BBICOKO3()(hEKTHUBHBIX CBETOMOIHBIX
HCTOYHHMKOB TIPEJICTABISIETCS BO3MOXKHBIM  CO3/1aHHE
KOMOMHHPOBAaHHOTO MMHTATOpa COJHEYHOTO H3ITyYeHHMs
cuektpa AMO 1 Ha3zeMHOH OTPaOOTKM KOCMHYECKHX
annapaToB ¢ yIyYIIEHHBIMH 3KCIUTyaTallHOHHBIMH U TEX-
HUYECKHMH XapaKTePUCTHKAMH Ha OCHOBE CBETOANOJHBIX
MaTpHILl B BUIUMOM 00JacTH M TPaIUIMOHHBIX M3Iydare-
neil B mH(pakpacHOH u ynbTpaduoneToBoil obiactu
C pacroyoXEeHNEM KOMOMHHUPOBAHHOTO MCTOYHHKA CBETa
B HEIMOCPEACTBEHHOW OJM30CTH K OOBEKTY HCIIBITAaHUN
BHYTpPHY TEPMOBaKyyMHOH KaMephbl.

HawuGonee cioxHOM 3ajadyeil NpU CO3JAHUU TaKOTO
HMMHTATOpa MOXKET CTaTh pa3pabOTKa ONTHYECKOH cHcTe-
MBI, CYMMHPYIOIIEH IOTOKH OTAENBHBIX CBETOAMOJIOB
MaTpHLBI 110 CIIEKTPY, YIIIy U IUIOMIAAN, a TaKXKe BBICO-
KOTIPOM3BOJUTEIEHON CHUCTEMBl OXJIQXKICHUS, BBIBOJIS-
mel M30BITOYHOE TeIIo TEPMOW30JMPOBAHHOTO CBETO-
JVOHOTO UCTOYHHUKA W3ITyUSHHUS 3a MIPEAEIbl KaMEpHI.
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CONTROL PROCESS ABSOLUTE STABILITY ANALYSIS OF CHARGE-DISCHARGE
DEVICE WITH LOAD CONVERTER IN CONSTANT POWER MODE

E. A. Kopylov*, D. K. Lobanov, E. A. Mizrakh

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: evgesh72@mail.ru

To reduce life time testing period of lithium-ion accumulator (LIA) special dynamic stress test (DST) is widely used.
Lithium-ion accumulator dynamic stress test requires automatic charge-discharge devices (CDD) which provides nec-
essary DST technological parameters with required precision. Authors developed charge-discharge devices with load
converters (CDD-LC), which allow to reproduce required charge-discharge modes of high-power LIA automatically.

LIA cyclic charge-discharge with constant power pulses is the most difficult mode of DST. In this case, control sys-
tem became nonlinear and time variant due to computation of signal power as multiply of LIA voltage and current.

Authors studied mathematical model of electromagnetic processes of CDD-LC in LIA power stabilization mode,
formulated requirements to power stabilization control loop quality parameters, synthesized correction devices provid-
ing necessary control quality, studied CDD-LC control process absolute stability with Naumov-Tsypkin in LIA power
stabilization and regulation modes.

Keywords: lithium-ion accumulator, capacity, power, charge-discharge, control system, load converter, correction
device, absolute stability.
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AHAJIA3 ABCOJIIOTHOM XCTOF[‘II/IBOCTI/I MNPOLNECCOB YIIPABJIEHUS
3APANHO-PAZPAIHBIM YCTPOUCTBOM C HAT'PY3OUYHBIM ITPEOBPA30OBATEJIEM
B PEXXUME CTABUIN3AIIU MOIMHOCTHU

E. A. Komsuios*, . K. JlobaHoB, E. A. Muspax

Cubupckuii rocy1apCTBEHHBIN YHHBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccuiickas ®enepamms, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii pabounii», 31
*E-mail: evgesh72@mail.ru

s cokpawieHusi CpoKo8 pecypCHulX UCHbIMAHUL JUMULL UOHHBIX aKKymyasmopos (JIMA) npumensrom memoouxu
Ounamuueckoeo cmpeccogoeo mecmupoganus (LCT). [na nposedenus JICT JIHA neobxooumbl agmomamuyeckue 3apsioHo-
paspsaouvle yempoticmsa (3PY), obecneuusarowgue ¢ 3a0aHHON MOYHOCHbIO mMpedyemble Napamempvl MexHOI0SUYECKUX
peocumog [CT JIHA. Paspabomansi 3apsaoHO-pa3psaoHble YCMPOUCMEad ¢ Hazpy304nbiM npeobpazosamenimu (HII),
NO360ISOUUMU ABMOMAMULECKU BOCNPOU3B0OUNb mpedyemble pedicumbl 3apsda-pazpsaoa JIMA 6onbuoil emkocmu.

Haubonee cnoscuvim pexcumom agnaemcs yuxkauveckul 3apao-pa3psao JIMA umnyiscamu nocmoanHol MowHocmu
PA3HoLL genuuunbl U OnumenvHocmu. B smom ciyuae cucmema ynpagienus 3PY cmanosumces necmayuonaproi Henu-
HelHO 6Cle0Cmaue mo2o, Ymo MOUWHOCHb CUSHALA GbIMUCTIIENICSL KAK NPoUu3eedeHe moxka Ha Hanpsicernue JIMA.

Paccmompena mamemamuueckas mooens anexkmpomazHumusix npoyeccos 3PY—-HII 6 peoicume cmabunusayuu
MowHocmu 3apsada-paspada JIMA, copmynruposanvt mpebosanus K NOKA3AMeNIM KA4ecmea YNpagneHus KOHmypa
Ccmadbunu3ayUU MOWHOCMU, NPOBEOEH CUHME3 KOPPEKMUPYIOWUX YCMPOUCme, 06ecneuusaiowux mpedyemoe Kaiecmso
ynpasnenus, ucciedosana no memoody Haymoea—Llvinkuna abconomuas ycmouuugocms npoyeccos YRpaeieHus
3PY—-HII 6 pescumax pe2yiuposanus u cmabuiuzayuu MowHocmu 3apaoa-paspsaoa JIMA.

Kniouesvie crosa: numuii-uoHHbI AKKYMYAAmMop, EMKOCMb, MOWHOCMb, 3APA0-pa3pao, cucmema ynpasneHus, Ha-
2PY30UHbLIL Npeobpazosameins, KOppeKmupyrujee ycmpoucmeo, abCoNOmMHAs YCMOouyu8oCms.

Doi: 10.31772/2587-6066-2018-19-2-281-292

Nomenclature KVS Second voltage sensor transfer ratio
i KVSa Accumulator voltage sensor transfer ratio
la* Boost converter input current in point of lin- Transformer ratio
ear decomposition Ua* Accumulator voltage in point of linear de-
IL2%* Reactor L2 current in point of linear decom- composition
position Uin*FB Full-bridge converter input voltage in point of
KCS Current sensor transfer ratio linear decomposition
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Wfb_PS (s) Feedback loop transfer function of power
source

WOL V(s)  Open voltage loop transfer function

WOL P(s)  Open power loop transfer function

WPS (s) Open power source loop transfer function

WP(s) Power regulator transfer function

WPWMI(s) Power controller PWM transfer function

WPWM2(s) Voltage controller PWM transfer function

WU(s) Voltage regulator transfer function

Za(s) Accumulator impedance

Zload (s) Load impedance

ZPS (s) Power source impedance

Ala Increment of accumulator current

Alin_FB Increment of full-bridge converter input cur-
rent

AIL2 Increment of reactor L2 current

Alload(s) Increment of load current

AUa(s) Increment of accumulator voltage

AUa_lIdl Increment of accumulator idling voltage

AUin Increment of boost converter input voltage

AUin_FB Increment of full-bridge converter input voltage

AUref FB(s) Increment of full-bridge converter reference
voltage

AUload(s)  Increment of load voltage

AUPS(s) Increment of power source voltage

AUref PS(s) Increment of power source reference voltage

AP(s) Increment of accumulator power

APref(s) Increment of power controller reference
power

Ayl(s) Increment of boost converter duty cycle

Ay2(s) Increment of full-bridge converter duty cycle

y1* Boost converter duty cycle in point of linear
decomposition

y2* Full-bridge converter duty cycle in point of

linear decomposition

Introduction. Reducing life time testing period
of LIA can significantly accelerate and reduce the cost
of design and development of lithium-ion accumulator
battery (LIAB) and electrical power system (EPS)
of spacecraft. To reduce life time testing period of LIA,
standards are developed: GOST R IEC 62660-1-2014,
GOST R IEC 61427-1-2014 [1; 2], in which the LIA life
time tests are based on the dynamic stress testing (DST)
method. Reduction of the terms for life time tests with
DST is achieved by increasing the values of the attributes
(constant current, voltage and capacity) of the charge /
discharge up to the maximum values set by the manufac-
turer.

To automate the electrical tests of LIA, including life
time tests with DST, the authors developed a charge-
discharge device with a load converter (CDD-LC) [3-7]
with a pulse-width method of regulation, which due to the
original topology of the LC [3-7], has the following ad-
vantages in comparison with the known ones [8—12]:

— the possibility of providing the required values of
the attributes of the DST LIA of a large capacity;

— extended range of testing currents
(0.1 A-160 A);

— the possibility of LC power surplus recuperation in
a direct current network of an uninterruptible power supply.

CDD-LC [3-7] in the regime of charge / discharge
LIA power stabilization can be represented as two inter-
connected control loops: the power stabilization loop and

of LIA

the input voltage stabilization loop of the bridge trans-
former converter (BTC).

The questions of static and dynamic analysis and syn-
thesis of CDD-LC with stabilization of charge/discharge
LIA current are considered in [13; 14]. In this case, pulsed
electromagnetic processes in CDD-LC are described by
continuous differential equations, which is possible on the
basis of Kotelnikov-Shannon sampling theorem [15; 16].

The most complicated mode of DST is the cyclic
charge-discharge of LIA by pulses of constant power of
different magnitude and duration. In this case, the power
management system of the CDD becomes time variant
nonlinear, because the charge / discharge power is calcu-
lated as the product of the current by the voltage of LIA.
The charge / discharge power of LIA at DST varies over a
wide range and, accordingly, the nonlinear characteristic
of the CDD-LC is regulated, which requires an investiga-
tion of the control system absolute stability.

Let us consider the stability of each stabilization loop.

Power stabilization loop. According to the structural
scheme [7; 13; 14], the block diagram (fig. 1) and the
equivalent scheme [13], the electromagnetic processes in
the mode of CDD-LC charge power stabilization can be
described by the following systems of differential equa-
tions:

AU ps(s)= (AU, ps(s) =AU, ()W, ps(s))x
XWps(8) = Zps(s)- AL (),

AU, (5) =AU ps(s) =AU, (5) = Z,(5) - AL, (5),

Ay (s)=AF,(5)- Keg - Kyg, - Wp(8)- Wy (5),

Ay, (8) = AU (8) - Ky - Wy (8) - Wopny» (5),

AUij(S) =AU, (s)-Al,(s) (R, +L,,-s)+

+ AU, p(8) 1y + AU, Ay (5),

AL (s) =1, Ay () + AL ()Y, + AL, py(s)+

+AU,, p-5-C, (1)

AU (5) = (AUiniFB(S)"Y; +U;7FB Ay, (s))-n—
— AL, (8) (R, + L, - ),

MinﬁFB(S) = (AILz(S)'V; +1;2 Ay, (s))-n,

Al ()= Ay (8) + AU, (5) -5 C,

AU (s)=AU, 1;()+Z,(s) AL (),

AP,(5) =AU, (s)- I, + AL (5)-U.,

AL,y ()= AU 10y ()] Z1y0 (5)-

Considering the power stabilization loop closing equa-
tions

AP, = AP, (s)~ AP, (s). @)
and the stabilization loop of the input voltage of the BTC
AU, =AU, 1(s)=AU,; 5(s), 3)

we will compose the functional diagram of the CDD-LC
with closed stabilization loop in the charging mode of the
battery (fig. 1).

In the discharge mode of the battery with constant
power, it is necessary to change the plus sign to the minus
sign in the functional diagram (fig. 1) before the AU, ;4
increment of the open circuit voltage.
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Fig. 1. Functional scheme of CDD-LC linearized model in dynamical mode
for LIA constant power stabilization

Puc. 1. ®ynkuuoHansHas cxema JuHeapu3oBanHoi monenu 3PY-HII-PH
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Table 1
Resistance of resistors of CDD-LC mathematical model
Rpg, Ohm R,, Ohm R, ., Ohm R;>, Ohm Rjy0q, Ohm R;;, Ohm
9310 2:10°° 3107 0.33 3 53107
Table 2
Values of reactive elements of CDD-LC mathematical model
LPSs “HY CPS> “F Lw “’HY Lw as “HY L27 “’HY C21 HF Cl, “F Lloads “HY Ll’ ”HY

11 25 1.5 2 60 220 1050 23 31.3

Table 3
TF expressions of CDD-LC mathematical model
Wes(s) Wi ps () Wewpi(s) Wemn(s)

99 6 »
. 1 . -3 331075 . —4 1251075
35159107 3.7-107¢ 28107

Table 4
Expressions of the impedances of CDD-LC mathematical model
ZPS(S) Za(s) Zw a (S) Zload(s)
Res 5 Lyg R+ sL R, 5L Rigt 5L
1+s 'RPS . CPS +S2 'LPS . CPS aT 8Ly w AT S Ly q lod™ S "Lioad

To analyze the stability of the power stabilization
loop, we find the transfer function (TF) of the open
loop (OL)

WOLJD(S) = APa(S)/APref(S).

For this reason, in the system of equations (1) we take
the zero values of the control input:

AU,er ps= 0, AU,ep pp = 0, AU, i1 = 0,
open closed loop by power:
AR = AP, (5),

and solve the system of equations (1), (3), (4) concerning
AP (5).

To calculate the TF Wy, p(s) parameters, it is neces-
sary to set the initial values of the parameters and coeffi-
cients in the equations of the system (1). For a specific
implementation of the CDD-LC, the values of the coeffi-
cients and parameters for calculating the parameters
of the transfer functions of the CDD are summarized
in tables 1 to 4.

According to the calculated logarithmic amplitude
Loy p(@) = 20lg'mod Wy, p(s) and phase characteristics
(fig. 2), the uncorrected power stabilization loop does not
have stability margin, i. e. the loop is unstable.

Current and voltage transients regulated in accordance
with the LIA test program should not exceed the limits of
the maximum values controlled by the protection system.
Therefore, these processes should have the form as close
as possible to aperiodic ones with the required rise time zy
(the time of the transient change from 10 to 90 %). For an
aperiodic transient, the rise time #y is related to the cutoff
frequency o, by an approximate expression [17]:

t=(03-0.6).
()

cl

In accordance with the method of V. V. Solodovnikov
[17], for an aperiodic transient process, it is necessary to
provide a phase margin.

The analysis shows that in order to provide the re-
quired stability margin, it is appropriate to include in the
functional circuit of the loop a feedforward compensator
with a TF of the following form:

T -s+1
T,-s+1

W, (s)= 4)

where 7,=0.0318s and 7, = 133s.
In this case corrected OL TF of power stabilization
takes the form:

WCOL_P(S) = WOL_P(S)‘WCI(S)'

This corresponds to the frequency characteristics of
Leor, p(f), Apcor, p(f), shown in fig. 2.

It can be seen from fig. 2 that when the power is regu-
lated in a wide range, the required stability margins are
provided in the loop.

The voltage stabilization loop at the input of the
BTC. The voltage of stabilization Uyt at the input of the
BTC is related to the allowed value of the drain-source
voltage Uy, using transistor switches:

Uin 75 = 0,5 Uy, =12 V.

Therefore, in transient modes, the voltage
overshoot o, is limited, and should not exceed the
value 6, =45 %.

For the normal operation of the power stabilization
and BTC voltage loops, the condition f5, < #;; must be
fulfilled, i. e. the transient time 75, should not be greater
than in the power stabilization loop (¢, = (3—4) ty). On the
basis of the foregoing, we find the frequency f, of the cut
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in the voltage stabilization loop (VSL) of BTC from con-
dition

2
fia S—r=A4nf,.

o2

Fig. 2 shows that the frequency f¢ is approximately
200 Hz.

Therefore, the cutoff frequency in the VSL of BTC
should be f, = 2500 Hz.

To analyze the stability of the BTC voltage stabiliza-
tion loop, we find the TF of the open loop:

Wor u(s) = AU,y pp(S)/ AU,er r5(5).

For this, in the system of equations (1) we take the
zero values of the control input: AU, ps= 0, AU, 5= 0,
AU, ja= 0, cut off the voltage feedback:

AUS = _AUrefiFB (S) s

and solve the system of equations (1), (3), (4) with respect
to Al]z’niRB(S )

Analysis of the stabilization loop shows that in order
to ensure the required margins of stability and speed, it is
appropriate to include in the functional circuit of the loop
a feedforward compensator calculated by the method
of V. V. Solodovnikov [17], with the TF of the following
form:

(Tys+1)-(T,-s +1)
(Ty-s+1)-(T,-s+1)°

We,(s)= )

where T3 = 3.18:10%, and 7, = 3.18:10%, 75 = 3.18-10°s
and 75 =3.1810°5s.

In this case, the corrected OL TF stabilizing the volt-
age takes the form:

WAOL_U (s)= WOL_U (8)-We, (9)-

This expression of the TF corresponds to the fre-
quency  characteristics  of  Lcor o(f),  A@cor u(f),
Apcor (), given in fig. 3.

It is evident from fig. 3: power control in a wide range
in a loop provides necessary margins of stability; when
medium and high power are stabilized, the requirements
for the cut-off frequency fr, of the VSL of BTC are ful-
filled with a margin, and when the low-power
charge/discharge LIA is stabilized, the decrease in the
frequency f, does not lead to an increase in the voltage
overshoot 6, due to the relatively small charge currents of
the capacitor at the input of the BTC.

The change in the dynamic properties of the VSL of
BTC can lead to a change in the dynamic properties of the
PSL of LIA associated with it. To verify compliance with
previously established requirements for the stability and
speed of the PSL, Lcor p(f), Apcor p(f) were recalculated
taking into account the correction of both loops and the
results are shown in fig. 4.
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Fig. 2. Open loop Bode plot of CDD while charging LIA with constant power

Puc. 2. YacToTHBIE XapaKTEePHCTHKU Pa3oMKHYTOro konTypa 3PY-HII
ripu 3apsiae JINA noctossHHONH MOUTHOCTBIO
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Fig. 4. Corrected open loop Bode plot of CDD model for Wcoy, p(s)
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The FC of LAOLfP(f) nu ¢AOL7P(f) (fig 4) corrected PSL
charge/discharge of the LIA when controlling the powers
in a wide range have the phase margins A¢g, > 100° and
the cutoff frequency f., in the frequency range of 200 Hz,
which meets the requirements.

Absolute stability. In the regime of charge/discharge
power stabilization, the current-voltage characteristic
(I-V characteristic) of a CDD-LC is non-linear, due to
the presence of nonlinear (functional) feedback on the

power of the LIA
Py(1) = Ug(0) 1(0).

Since the parameters of the functional feedback vary
with time, the CDD-LC in the power stabilization mode
is a non-linear non-stationary automatic control system
(ACS).

For the stability analysis of such systems, it is appro-
priate to apply the method developed by B. N. Naumov
and Ya. Z. Tsypkin [18-20]. This method requires bring-
ing the ACS to a single-circuit view (fig. 5), containing a
stable dynamic linear part (LP) and one static nonlinear
element (NE). The criterion allows one to judge the stabil-
ity of the ACS by the frequency characteristics of the LP

system and the differential coefficient k,; .. of the NE
transmission.
AP ref AP Al,
: LP
AP,
NE
Tav,

Fig. 5. Single-circuit view of the ACS: LP — linear part,
NE — non-linear element

Puc. 5. OnmnokontypHsrit Bug CAY: JIU — nuHeitHas 9acTsb,
HD — HenuHEHHbIH YIeMEeHT

In the case of a nonstationary system, B. N. Naumov
and Ya. Z. Tsypkin showed [18-20] that the processes in
the system will be asymptotically stable in general if the
criterion of absolute stability is satisfied at the highest
value of the differential coefficient k. of NE trans-

mission.

The main output variable of the CDD is the current
1,(?) of the LIA, which when the power is stabilized varies
depending on the voltage of the LIA U,, which according
to (1) has the form:

U )=U, () +Z,(5)1,(5)-

The equation of a nonlinear element:

Pa(la):(UaJd/+Ra'[a)'[a'KCS'KVCA'KP’ (6)

where K}, — coefficient of proportionality.
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The linear part of the power stabilization open loop is
described by a system of equations:

AUps(s)= (AU, ps(5) =AU, (8) W, ps(s))x

X Wps(8) = Zps(5)- AL, (5),

AU, (s) =AU ps(s) =AU, (s)=Z,(s)-Al (5),

Ay, (5) = AP (8) K - Kygy - Wp(8) - Wy (5),

Ay, (8) = (AU, () =AU,y (8)) Kysg - Wiy (8) Wy (),
AU,’LFB(S) =AU, (s)-Al () (R, + L, -s)+

+ AU, p(8) 1 + AU, gy -7, (5),

AL (s)=1, Ay, () + AL (s) 1, + AL, py(s)+
+AUin7FB -s-C,

AU oy ()= (AU, 15 (8) 13 + Uy gDy (5)) - =
—AlLL(s) (R, +L,-s),

AL, y(s)=(Al,5(5) v, +115 - Ay, (s))-n,
AlLL(s)=Al,,,(s)+AU,,(s)-s-C,,

oad oad

AUa(S) = AU Idl(s)+Za(S) 'Ala(S),

AP,(s)=AU,(s)-1, + Al (s)-U,,
N/{)ud (S) = AUI()ud (S)/Zl(md (S)
To analyze the absolute stability of the power stabili-

zation loop, we find the TF of the linear part of the open
loop

WOL_LP(S) = Ma(s)/APref(S)9

and LPC Loy 1p(s,) Qor rp(s) (fig. 6).

According to Naumov—Tsypkin criterion [18-20], for
absolute stability of processes in a control system with
nonstationary NE it is sufficient that the LP should be
stable and the frequency response of the LP should satisfy
all frequencies 0 < w <o the condition:

Re(Wy, ,p (jo))+ >0

NE max

or:

Re(kNEmaxWOLiLP (/m)) >—1.
Denoting the TF by modified LP (MLP),

Whtip (]0)) =kyg mszoup (](’3) s

we obtain the condition of absolute stability processes in
the form:

Re(Wyyp (o)) > -1, (7)

where the maximum differential transmission coefficient

of NE:
kNEmax = [ j .
MAX

In accordance with (6), the coefficient kg is a func-
tion of three independent variables: the input current /,,
the open circuit voltage U, ;4, the internal resistance Ra of
the battery.

Let us study the ranges of &y coefficient variation de-
pending on these parameters.

oP,
o,
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It follows from fig. 7 that the coefficient kyz reaches Since the frequency characteristics (FC) LP of the
its maximum value at the maximum current /,, voltage =~ CDD-LC (fig. 8) depends on the value of the stabilized
Us it = 42 V and resistance R, = 20 mOhm, with  power, the analysis of the absolute stability of the proc-
keng Max < 12. esses must be performed for the entire range of power

Graphical interpretation of condition (7) means that regulation P,. As a result of APC MLP analysis
the amplitude-phase characteristic (APC) of the MLD it was stated that it is sufficient to check the absolute sta-
(fig. 8) should lie to the right of the vertical line passing  bility with minimum and maximum LIA test power val-

through the point with the coordinates (-1; 0). ues (fig. 8).
L, dB
(8 k. dexre
Lj-_ m.’-.)-“’ -?‘-" R S
e -] T He
1 T 1 o1 ] 1o b TTTHg? 10*
o I i ,rp(). i i L
L~
— —-—— 1T L
| o (SO P e

Fig. 6. Bode plot of open-loop linear part (OL _LP)

Puc. 6. YacToTHBIE XapaKTEPHCTHKU Pa30MKHYTOr0 KOHTYpa JuHelHo# yactu (JIT)
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Fig. 7. Dependence of the coefficient kyz(1,) on: a — different voltages U, 4
and resistance R, = 20 mOhm,; b — different resistance R, and voltage U, ;4 =4,2V
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Fig. 8. Amplitude phase characteristic Wy p(jo) for kygz = 12: a — for the frequency range 0 < w < 10°,
b —in the field of high frequencies (in the vicinity of the point (-1; j-0))

Puc. 8. AMIMTY 1HO-(pasoBas XapakTepuctika Wyyy(jo) npu kys = 12: a — ana nuanasona yactot 0 < o < 10%;
6 — B 00J1aCTH BBICOKUX YacTOT (B OKpeCTHOCTH TOUKH (—1; j0))

It follows from APC (fig. 8):

1. For the calculated and selected parameters of the
MLD W,;p(jo) linear part, the condition of absolute
processes stability (7) is fulfilled irrespective of the power
value P, of the LIA charge/discharge.

2. The hodographs APC MLD W,;p(jo) at the
maximum and minimum input powers differ in the inter-
val of low and medium frequencies and practically coin-
cide in the high-frequency interval, determining the abso-
lute stability of the CDD-LC control system, which
indicates the correctness of the synthesis of correcting
devices (4) and (5 ).

To prove the adequacy of the developed mathematical
models, the experimental sample of the CDD-LC module
was investigated.

To obtain transient control processes with power sta-
bilization, the experiment scheme shown in fig. 9 was
used. In the tests, instead of the LIA, a test load was used
that allowed to estimate the operation in large ranges of
currents and voltages of the CDD.

When testing, direction of current when charging
the battery is taken for a positive current direction.
Fig. 10 shows the process of changing the voltage Uj, rs
at the input of the BTC (upper graph of the oscillogram)
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and the current of the battery /, (lower graph of the oscil-
logram) with a linear discharge power surge of the battery
from P; =3 Wto P; = 640 W. At the same time, the rate
of battery power surge is V; = 350 A/s. Sweep trace of
the voltage channel U ;, s corresponds to 5V/div (fig. 10)
and 80 A/div for channel measurement of current /,. Time
sweep trace — 100 ms/div.

It can be seen from fig. 10 that the current deviation
from the linear character differs slightly, and the exces-
sive correction of o, voltage Uprc does not exceed 42 %,
which meets the requirements for the value of o,.

Conclusion. The developed mathematical model of
electromagnetic processes of the CDD-LC in the
charge/discharge LIA power stabilization mode allows to
analyze and synthesize CDD-LC with the required con-
trol power stabilization loop quality indicators.

Control system of the CDD-LC is presented in the
form of two interrelated control loops: power stabiliza-
tion loop, and the input voltage stabilization loop of the
bridging transformer converter. It is shown that it is ap-
propriate to adjust the power stabilization loop first, and
then, taking into account the data obtained, select the
parameters of the BTC voltage stabilization loop cor-
recting device.
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Fig. 9. Transient response experiment test structure
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The proposed type of correcting devices allows to en-
sure absolute stability of processes in the CDD-LC when
stabilizing the charge/discharge power of LIA with the
required speed and quality of transients.

The experimentally obtained transients meet the nec-
essary requirements, which confirms the adequacy
of the CDD-LC mathematical model with the stabiliza-
tion of the LIA power.
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MATHEMATICAL MODEL FOR GEOSTATIONARY SPACECRAFT DISTURBING
TORQUES DETERMINATION
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Modern requirements to increase spacecraft active existence lead to the efficiency of all its resources use improve-
ment. And one of the main spacecraft resources, which determines the period of active existence, is the orientation en-
gines fuel. The fuel consumption of the orientation engines depends on the external disturbance torques affecting the
spacecraft. The work is devoted to the development of a mathematical model that allows to determine external distur-
bance torques continuously affecting the spacecraft. The mathematical model is based on the assumption that the ki-
netic moment of the spacecraft remains unchanged in the inertial coordinate system. The use of an active flywheel ori-
entation system makes it possible to measure a spacecraft kinetic and disturbance moments. A special feature of this
measurement is the rigid connection of flywheels with the spacecraft body that rotates at an orbital speed. This feature
makes it necessary to take into account the kinematic relationship of the flywheel kinetic moment with the kinetic and
disturbance moments in the inertial space. Thus, according to the kinetic moment variation law, it was possible to ob-
tain a mathematical model for the interrelation between the flywheel kinetic moment and external disturbance torques.
To test the model, two of the most common methods of mean-square filter readings were examined.: the Gaussian filter
and the Kalman filter. Modeling systems of equations and coefficients of error matrices were determined for modeling.
The model was tested in the GNU Octave mathematical computing environment using telemetry information received in
2017, from medium-sized spacecraft (based on the Express-1000H platform) and heavy (Express-2000) class. To com-
pare the results, the graphs for calculating the kinetic moment from the model and the measured kinetic moment from
the flywheels are given. The mean-square deviation of the compared values did not exceed 0.1 Nm for the Gaussian
filter and 0.03 Nms for the Kalman filter. The graphs of disturbing torques estimation by a mathematical model are
given. The mean-square deviation of the estimate of the disturbing torquess for the Gaussian filter did not exceed 0.9 %
and for the Kalman filter it was 2 %. The convergence of the disturbing torques estimates shows the adequacy of the
developed mathematical model.

Keywords: attitude determination and control system, spacecraft, disturbing torque.
Cubupckuii xypHan Hayku 1 TexHosoruit. 2018. T. 19, Ne 2. C. 293-302

MATEMATHUYECKASA MOJEJIb OIIPEAEJEHUSA BOSMYIHAKOIIIUX MOMEHTOB
TFEOCTAIHMOHAPHOI'O KOCMHUYECKOI'O AIIITAPATA

C. B. Jlatsirmes' ", A. B. Mypeirus®

' AO «MHbopManmoHHbIE CIIyTHUKOBBIE CUCTEMbD» UMEHU akagemuka M. @. PemeTHéBay
Poccuiickas @enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpasi, yi. Jleauna, 52
2 Cubupckuii rocyapcTBEHHBIH YHUBEPCUTET HAYKU M TEXHOJIOTHH MMeHH akanemuka M. @. Pemernéa
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, mpocrt. M. ra3. «KpacHosipckuii padounii», 31
* E-mail: lat.sv@mail.ru

Cogpementvle mpebo8anus No YEeIUYeHUI0 CPOKA AKMUBHO20 CYUIeCMBOBAHUS KOCMUYECKO20 annapama npugoosm
K No8bluleHUur0 3)PeKxmusHoCmuy UCNOIb308aHUS 8CeX e20 pecypco8. M 0OHUM U3 2la8HbIX pecypco8 KOCMUYecKo2o
annapama, Komopbiti onpeoensem CpoK AKMUSBHO20 CYUWeCmB08aAHUs, ABIAEMCA MONIUBO Osucamenell OpueHmayuu.
Pacxoo monnusa osucamenamu opuenmayuu 3a8uUcum om HeUHUX 803MYUAIOUUX MOMEHMO8, 0eliCmM8YIOUUX Ha KOC-
Mmuyeckuu annapam. IIpedcmasnena paspabomxa Mamemamuyeckoll Mooenu, Komopds no3eoasaem onpeoeniams eHell-
HUe 8osmMywjarouue Momenmol, Oelicmseylouue HenpepuleHo HA Kocmuyeckuil annapam. Mamemamuueckas mooensb
CMpoOUmcsi Ha NPeonoNONCEHUU, YMO KUHEMUYECKUll MOMEHM KOCMUYEeCKo20 annapama OCMAemcs HeusMeHHbIM
6 UHEPYUATbHOU cucmeme Koopounam. Hcnonv3osanue axmugHol Maxo8UYHOU CUCTEMbL OPUEHMAYUU 0den 803MOJiC-
HOCMb UBMEPAMb KUHEMUYeCKUl U 603MYWaiowjue MoMeHmul Kocmudeckozo annapama. OcobenHocmvio makoeo usme-
PeHUs AGNAEMCS JHCECMKAS C6513b MAXOBUKOB C KOPNYCOM KOCMUYECKO20 annapamd, KOMopuli epawjaemcs ¢ opou-
MAIbHOU CKOPOCHbIO. DmMa 0COOEHHOCMb 3ACMAsNAem Y4umoléams KUHEMAMUYECKYIO 63AUMOCEA3b KUHEMUYECKO20
MOMEHmMA MAX08UKO8 C KUHEMUYEeCKUM U B03MYUAIOWUMU MOMEHMAMU 8 UHepyuaibHoM npocmpancmee. Taxkum obpa-
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30M, U3 3AKOHA U3BMEHEHUsI KUHeMUYecKo20 MOMEHMA YOaloCh NOIYYUMb MAMeMamudecKylo MoOelb 83auMOCesi3U
KUHEMUYECKO20 MOMEHMA MAXOBUKOG U HEULHUX 803MYUAIOWUX MOMEHMO8. [IIsi npogepKu moodeiu ObLiu paccmompe-
Hbl 08a Hauboiee pacnpoCmMpaHeHHbIX Memodd CpeOHeKeaopamudnou guibmpayuu nokazanuii — guremp laycca
u Qunomp Kammana. [nss modenuposanust 6viiu onpedeneHbl MoOeiupyemvle CUCMEMbl YPAGHEeHUI U Kodpduyuenmuol
mampuy owubox. Ilpogepra modenu nposoounacs 6 cpede mamemamuyeckux gpiuucienuti GNU Octave no menemem-
puueckou ungopmayuu, noayuenHou 6 2017 200y ¢ KOcMuueckux annapamog cpeonezo (Ha Oasze niame@opmovi
«Oxrenpecc-1000H») u mscenozo («xenpecc-2000») knacca. /[na cpasnerus pe3yibmamos npusedeHsvl epapuru pac-
yema KUHeMU4eckoz0 MOMEHMA no MoOenu U U3MePeHHO20 KUHeMmuyecko2o Momenma ¢ maxosukos. Cpeonexsadpa-
MuYHOEe OMKIIOHEeHUe CPAGHUBaeMblXx 3HaueHuil He npesvicuno 0,1 H-m/c ona punempa I'aycca u 0,03 H-m/c ons punvm-
pa Kanmana. Ilpusedenvl epauku oyeHKU 803MyWaAouux MOMeHmos no mamemamudeckoti mooenu. Cpeonexeaopa-
MUYHOE OMKILOHEHUe OYEHKU 803MYWarowux momenmog o gurempa Iaycca ne npegvicuno 0,9 % u ons ¢purempa
Kanmana — 2 %. Cxooumocms oyeHoK 803MYUWArOUWUX MOMEHMO8 NOKA3bIBAem A0eK8aAmMHOCHb pa3pabomanHol mame-
MaAmMu4ecKol Mooeu.

Kniouesvie crnosa: cucmema opuenmayuu u cma6uﬂu3auuu, KocMu4eckutl annapam, eo3mywaromue MOMeHmaol.

Doi: 10.31772/2587-6066-2018-19-2-293-302

Introduction. Since 2011 in Russia on the basis of
modern platforms of medium (”Express 1000H”) and
heavy (”Express-2000”) classes several geostationary
spacecrafts (SC) of communication have been launched:
”Luch 5A”, ”Luch 5B”, ”Luch 5B”, “Express AMS5”,
“Express AM6”, “Express ATI1”, “Express AT2”,
”Yamal-300K”, ”Yamal-401”, etc. In the course of a SC
normal operation it experiences different disturbance
torques which are compensated by orientation and stabili-
zation active control system with flywheels application.
Such system is very widespread among relay satellites
[1-8]. The main advantage of flywheels systems is an
opportunity to create the operating moments in external
force fields absence or when this field is the disturbing
factor. Also, flywheels do not expend a working body as
jet engines do. But at disturbance torques long influence,
flywheels rotation speed increases. Flywheels rotation
maximal speed restriction leads to unloading due to jet
engines inclusion [2]. Therefore it is necessary to have a
fuel reserve for flywheels unloading during the whole
term of active existence on modern SCs. The authors of
works [9-13] presented the methods of geostationary SC
flywheels unloading by solar pressure force use that
allows to save the fuel. At the same time one of the speci-
fied methods first problems is the definition of a system
kinetic moment which consists of a SC kinetic moment
and a flywheels kinetic moment. The SC kinetic moment
is calculated by multiplication of a SC angular velocity of
rotation by SC inertia moments, the flywheels kinetic

Z

moment is calculated by multiplication of flywheels rota-
tion speed by a flywheel inertia moment. Using this
method of SC kinetic moment determination an internal
kinetic moment (for example, from the thermal regulation
system [14]) and an error of SC inertia moments knowl-
edge are not considered. As shown in [15], one more error
source is the influence of unknown external disturbing
torques. All these errors, at accurate pointing and stabili-
zation of a SC, are compensated by a flywheel control
system. And then it turns out that a flywheel kinetic moment
consists of the cumulated kinetic moment from external
disturbing forces and errors of SC total kinetic moment
knowledge. In a control system which does not consider
these errors unloading is performed less effectively.

The purpose of this work is to improve unloading ef-
fectiveness by solving the following tasks:

1) the development of a mathematical model which
will allow to define authentically a cumulated kinetic
moment from the external disturbing forces on flywheels;

2) to confirm mathematical model adequacy accord-
ing to telemetric data from the SCs in flight.

A system model. Let us introduce the following right
orthogonal systems of coordinates:

1) inertial coordinate systems (ICS), which corre-
sponds to the international celestial coordinate system
[16] and is indicated by OX Y17 (fig. 1);

2) coupled coordinate system (CCS) of OXYZ, its
origin is in the spacecraft cog, the axes are its principal
central axes of inertia (fig. 1).

7y

-

\ SC orbit

Fig. 1. Inertial and coupled coordinate systems

Puc. 1. UnepuuansHas v cBA3aHHAsl CUCTEMBI KOOPAMHAT
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External forces

e
T
—

Fig. 2. The vector of the kinetic and disturbing torques in the inertial and coupled coordinate systems

Puc. 2. BekTOpbl KHHETHYECKOTO U BO3MYIIAIONINX MOMEHTOB B HHEPIIHATBHON
U CBSI3aHHOH CHCTEMaX KOOPAHHAT

For a SC in the coupled coordinate system the law of a
kinetic moment change is valid [1; 15]:

H+oxH=M" +M"" (1)

where H = J-o — SC total kinetic moment; a derivative is
indicated by a point above H, N-m/s; J — matrix of SC
inertia tensor, kg - m% o — SC angular velocity in an iner-
tial coordinate system, rad; M?" and M’ — external
forces moment and operating moment respectively, Nm.

Let us consider the geostationary SC of communica-
tion operating in a normal mode. Such SC characteristics
are:

1) SC uniform circular orbiting with a day period;

2) SC stabilization and orientation to the given point
of the Earth surface;

3) total absence of the atmosphere impact and con-
siderably reduced values of gravitational and magnet
moments in comparison with low-flying SCs [17].

The angular velocity of SC rotation around an OZ
axis presence follows from the first and second
characteristics, which is calculated as — ) = 2n/86164
¢ = 7,27-10° rad/s. It allows to rewrite the equation (1)
as a set of equations:

y _ dist ctrl

Hy+o,H, =M\ +M,",

y dist ctrl

H,-o,H, =M +M,", 2)
T dist ctrl

H,=M;"+M;",

where ®, — angular velocity of SC rotation, which is
7,27-107, rad/s.

The third SC characteristic allows to draw a conclu-
sion that the external disturbing torque will mainly occur
due to the solar pressure. The solar pressure impact on a
SC design is well described in [17; 18].
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From the listed characteristics and system (2) it fairly
follows:

1) angular velocity @y on an OZ axis presence leads
to the fact that the vector of a SC kinetic moment of H,
remaining invariable in an inertial coordinate system,
makes a circle in the coupled coordinate system (fig. 2);

2) SC rotation in relation to the external disturbing
forces in the coupled coordinate system leads to the divi-
sion of the external disturbing torque in the coupled coor-
dinate system into a variable and a constant component
(fig. 2).

In fig. 2 two points of a SC orbit are presented.
For each orbit point the mutual positioning of inertial
(0X1Y1Z) and coupled (OXYZ) systems of coordinates
is given. Projection of a vector of a SC kinetic moment
H on an inertial coordinate system axis in which it re-
mains invariable is done. Also this vector is projected on
the coupled coordinate system axis from which the
change of a vector H projection due to the angular SC
turn, and respectively the coupled coordinate system, in
an inertial coordinate system is visible. The similar
situation is with the variable external disturbing torque,
and is indicated as M. The constant external disturb-
ing torque, on the contrary, rotates together with the SC
coupled system, and is indicated as M®", For the con-
venience the constant external disturbing torque is lo-
cated on the OX axis.

The graphs of the projection of the kinetic moments H
vector on the axis OX and OY are presented in fig. 3.

The graphs of the projection of the kinetic moment
vector on the axis OX and OY are well combined with
formula (2). If we draw the graph with Hy on the abscissa
axis and Hy on the ordinates axis, the graph will resemble
the spinning spiral that is well shown in work [9].
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Fig. 3. Graphs of the projection of the kinetic moment H vector on the axis OX and OY

Puc. 3. I'paduku mpoexkuuu Bekropa kuHeTndeckoro momenta H na ocu OX u OY

Considering that flywheels form the operating mo-
ment in the coupled frame [19-22], using (1) and the fact
that the SC kinetic moment without flywheels remains
constant (H + oxH = const), the flywheels kinetic mo-

ment is determined as:
G}

H(t)=H(t,)+ [ (H+oxH-M" )i =
=H(z,)-M*" Az, 3)

where H(?) — flywheel kinetic moment, N-m/s; f, ¢, — initial
and terminal time instant, s; At =t; — t,.

To receive a set of equations of flywheels kinetic mo-
ment in axes of the coupled frame we will do the same
[23] taking into consideration unperturbed motion:

HX(t)zHX (1) cos(wyt; )+

to)sm(m0 )-My" AL
H, (1,)sin(o,f )+

1, )cos (gt ) =M™ - At,
( ) Mdmt AL,

( 4)

H,y (
)=~
H,y (
()

As it was shown above the external disturbing torque
involves a variable and a constant component, and then
proceeding from fig. 2 the external disturbing torque is
calculated:

const

M (1) =My -cos (o, )+ @, A’

const

My (1) ==MYy -sin (o, )+

)

o, - At ’
Mg'i.vt (t) =M;W +M§onst'
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Then from formulas (4) and (5) taking into considera-
tion replacement ¢, = £y + At follows:

H oy (£)=(H gy (1) + M5 - At)x

const

X cos(m0 (t,+A1))+—~

®

Hy (£)=(=H  (1,)+ M}y - Ar) (6)
const

><sm((o0(t0+At))+ 0;(0 ,

H, (t)=H,(ty) - (M} +M5™)-At,

where Hyy(ty) — kinetic moment vector projection in the
XOY plane, N-m/s.

As it was already emphasized in practice the external
disturbing torques knowledge is unknown, but flywheels
kinetic moments are known. Therefore the inverse task —
determination of the external disturbing torques on fly-
wheels kinetic moments on mathematical model (6) is
considered further.

External disturbing torques determination. The
flywheels kinetic moment on an OZ axis does not depend
on a kinetic moment of two other axes that allows to di-
vide a problem of external disturbing torques determina-
tion into two. At the same time external disturbing torques
determination on an OZ axis comes down to the problem
of approximation which solution can be found in [24; 25]
and does not represent complexity and interest.

The detailed consideration of the mathematical model

(6) allows to reveal the known kinetic moment depend-
ence on unknown parameters: M ™, M, My,

Hyy and t,.
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Let us write down unknown parameters in the matrix:

o =M™ MEN MY Hy 4] ()

There is no analytical solution of parameters (7) de-
termination from the mathematical model (6), therefore
the solution of a task comes down to numerical methods
application and the problem of parameters (7) identifica-
tion is considered with the use of mean-square indications
processing by a filtration method. The Gaussian and the
Kalman filters are widespread methods of filtration. The
Gaussian filter is a recursive (iterative) filter for the linear
estimation of system constant parameters. For the prob-
lem with variable defined parameters solving the most
known method is the Kalman filter.

It is necessary for filters operation:

1. To define interrelation of a required parameters vec-
tor and parameters measured on k iteration. In a general
view this interrelation is defined from the ratio:

v, =h(o,,t)+R,, (®)

where (o, f) — function defining the model of measure-
ments.
Then from formula (6) formula (8) is written as:

(Hyy (1) + M3 - Ar)

const
Y

X cos(o)0 (tO + At))+

[HX(I)} - R Y SO
Hy () ], (—HXY(tO)+M;’Y’~At)>< ‘
const
xsin(mo(t0+At))+ L
o, |,

The matrix of the previous estimation transfer to a
new point will be single: @ = E,s.
2. To linearize a set of equations (6). After lineariza-
tion the system is as follows:
oh(o,t)
oo
o, 0 t-cos(u) cos(u) _(ny +M ~At)~u)0-sin(u)

k

0 1w, t-sin(u) —sin(u) (—HXY+M§;§‘S‘~At)~mO-c0s(u)

where u = g (fy + A?).

3. To set errors matrixes. The Kalman filter accuracy
depends on the chosen values of the inverse coefficients
matrix, initial values of an error matrix, a motion model
error matrix and a measurements noise matrix in a com-
plex way. Analytically such dependence can not be ob-
tained, therefore such matrixes are manually selected and

presented by diagonal matrixes, with the main diagonal
values according to tab.1.

Numerical modeling results. Filters model operation
was performed in mathematical computing environment
GNU Octave (ver. 4.2.1, John W.Eaton research, etc.).
The modeling method includes:

1) initial parameters setting;

2) SC telemetric information from the database proc-
essing;

3) averaging of kinetic moments from flywheels at
the period of 1 minute;

4) calculation of filter parameters according to sense
telemetric information;

5) filter operation results conclusion.

Modeling was performed according to the data of
telemetric information from the flying SC of average
("Express-1000H” platform) and heavy (“Express 2000”
platform) classes. For the middle class SC modeling
was performed for the interval from 2 o’clock 23.04.2017
till 10 o’clock 28.04.2017, for the heavy SC — from
0 o'clock 9.10.2017 for 6 o’clock 11.10.2017.

In fig. 4 the graphs of calculation of the difference be-
tween the kinetic moment from flywheels and estimation
of the kinetic moment for the middle class spacecraft
on mathematical model are given. In fig. 5 similar graphs
for heavy class SC are given. Mean-square deviation
(MSD) — o designation is introduced in all drawings.

The graphs analysis showed that with the increase in
measurements the difference between flywheels kinetic
moments and its estimation decreases and does not exceed
0.2 N'm/s for the Gaussian filter (fig. 4, a and 5, a) and
0.06 N-m/s for the Kalman filter (fig. 4, b) and 5, b).

In fig. 6 and 7 the graphs of calculation of the external
disturbing torques respectively by the Gaussian and the
Kalman filters for the middle class SC are presented. In
fig. 8 and 9 similar graphs for the heavy class SC are pre-
sented.

The errors convergence confirms the accepted mathe-
matical model adequacy (6). Convergence time equal to
one turn should be noted, that corresponds to one day of a
SC on the GSO.

Disturbing torques computing results are presented in
tab. 2.

The disturbing torques error by the Gaussian filter is
less (not more than 0,9 %) than by the Kalman filter (not
more than 2 %) in some cases, however, the difference
between the measured values of the kinetic moment and
filters estimation is more. It is explained by smaller sensi-
tivity of the Gaussian filter to the deviation of parameters
measured from the predicted value unlike the Kalman
filter.

Table 1

Values of error matrixes main diagonals

Error matrix name

Value

Measurements (K,)

0.0001%; 0.00012

Required values (K,)

0.01% 0.01% 0.01% (10°%)%; 12

System models (Qy,)*

(10710)2; (10710)2; (10710)2; (10-10)2; 12

* Only for the Kalman filter.

297



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 19, Ne 2

T 7 0,06 — T ; -
— A, —AH | opal — —AHy —AH,

g AT fom -

Ead L 4 f Al AN

ﬁmzuﬂwf N2 WAV e
\J

i

~ 0 »
. 2000 3000
Tme, min
—al, —al, |

Time, mit Time, min
a b
Fig. 4. The Graphs of the calculation of the difference between the kinetic moment from the flywheels
and the estimation of the kinetic moment for the spacecraft of the middle class:

a — the Gaussian filter; b — the Kalman filter
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Fig. 5. The Graphs of the calculation of the difference between the kinetic moment from the flywheels
and the estimate of the kinetic moment for the spacecraft of the heavy class:
a — Gaussian filter; b — the Kalman filter
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Table 2

Disturbing torques computing results, Nm

Disturbing torque name Gaussian filter Kalman filter
Value [ MSD Value | MSD
Middle class SC
— 1S 1.610° s 12:10°
Constant disturbing torque M —1.5-10 (0.1 %) -1.8-10 0.1 %)
. : const . 7 6610_9 . _7 24 10_9
Constant disturbing torque M 7.0-10 (0.9 %) -1.2-10 (2.0 %)
09 108
Variable disturbing torque M 21107 1.3:10 2.1-107° 1310
v (0.1 %) (0.6 %)
. 0 . 0
Heavy class SC
. . const _ 103 131077 . . 6 34 1078
Constant disturbing torque M § 1.4-10 (0.9 %) 6.8-10 (0.5 %)
. : const . —5 551078 ) _5 39 1078
Constant disturbing torque M 5.6:10 (0.1%) 5.4-10 (0.1%)
, — s 5510° 105 6.7-10°°
Variable disturbing torque M \y 1.4-10 (0.4 %) 1.3-10 0.5 %)
Conclusion. As a result of the work done the mathe- References

matical model considering the spacecraft kinetic moment
change, disclosing the interrelation of the flywheel control
system kinetic moment and the external disturbing torque
was developed. The model differs from the known models
for the fact that the constant and variable component of
the external disturbing torque is considered separately . A
model adequacy check was performed according to tele-
metric information of middle and heavy class SC by
mean-square indications processing methods — by the
Gaussian and the Kallman filters.

Mean-square deviation of the disturbing torques as-
sessment is less than 0,9 % for the Gaussian filter and less
than 2 % for the Kalman filter.

The obtained mathematical model of the spacecraft
external disturbing torques determination allows to pre-
dict the change of a flywheels kinetic moment control
system that can be used for flywheels unloading effec-
tiveness improvement and respectively to fuel consump-
tion decrease.
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SIDE GROUNDED CONDUCTORS DIPPED IN A SUBSTRATE OF A MICROSTRIP LINE,
AS A TOOL OF LINE CHARACTERISTICS CONTROL
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Electrical design of on-board radio-electronic equipment is an important stage in spacecraft design. High charac-
teristics of printed circuit boards (PCBs) are essential for miniature units that have reliability, speed, stability of elec-
trophysical parameters, electromagnetic compatibility. In order to do that, new design and technological solutions are
necessary, in particular transmission lines with stable characteristics of per-unit-length delay (z) and wave impedance
(2). One of the main lines, realized on a PCB is a microstrip line (MSL). In multi-layer PCBs it is often used with poly-
gons. However, their influence on the stability of characteristics is investigated insufficiently.

The purpose of the work is to investigate the dependence of r and Z of MSL on the distance between the side
grounded conductors as they are dipped in a substrate.

In the TALGAT software we built a geometric model of the line cross-section and calculated (using the method of
moments) the matrices (3*3) of per-unit-length coefficients of electrostatic induction taking into account the dielectric
as well as ignoring it. We calculated the values for the change of distance between side conductors (s), dipped in a sub-
strate, for different values of the height of the side conductors (h1). We revealed that for large values of s (unlike small
ones), approaching of the side conductors to the air-substrate boundary does not increase but it decreases the value
of 7. When s = 0.38 mm, the change of the value of hl in the whole range almost doesn’t change the values of 7 and,
therefore zero sensitivity of = to changes of hl is possible. Thus we can obtain the required Z value in the range from
48 to 59 Ohms by changing the value of h1.

These results are obtained for particular values of the parameters of the line. However it is easy to obtain similar
dependencies for other values of parameters. The results can be used to design transmission lines with stable delay un-
der control of the impedance value.

Keywords: printed circuit board, microstrip line, per-unit-length delay, impedance, polygons, zero sensitivity.
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BOKOBBIE 3A3EMJIEHHBIE ITPOBOJAHUKH, YIJIYBJEHHBIE B IOJJIOXKKY
MHUKPOIIOJIOCKOBOM JIMHUH, KAK CPEACTBO KOHTPOJISI EE XAPAKTEPUCTHK

H. E. Caruesa*, T. P. 'azuzoB

Tomckuil rocyJapCTBEHHBIN YHUBEPCUTET CUCTEM YIPABIEHUS U PAAHOIIEKTPOHUKU
Poccuiickas @enepanus, 634050, r. Tomck, npocr. Jlenuna, 40
*E-mail: indira_sagieva@mail.ru

Dnexmpuueckoe npoekmupoganue OOpMOBOU paoUOIIeKMPOHHOL ANNAPATYPb ABTILEMCI BAICHLIM IMANOM CO30a-
HUsL KOCMUYeckux annapamos. Bvicokue xapaxmepucmuxu neuamuvix naam (I1I1) éadicnvr 0151 MUHUAMIOPHBIX V37108,
061a0aI0WUX HAOEAHCHOCMBIO, DbICMPOOdelicmeuem, CMadUIbHOCMbIO JIEKMPOPUIUYECKUX NAPAMEMPO8, INeKMPOoMaz-
HUMHOUL cogmecmumocmuio. /s 9moz2o Heobdxo0uMbl HO8ble KOHCIMPYKIMOPCKO-MEXHON02UHeCKUe peuenus, 6 4acmHo-
cmu, TUHUYU nepedayu co CmabUIbHLLMU XAPAKMEPUCTIUKAMU NO2OHHOU 3a0epaicku (T) u 801H06020 conpomuenerus (Z).
O0notl u3 ocnosuwix aunHull, peanusyemolx Ha 11, seisemces muxpononockoeas aunust (MILI). B muozocnotinwix I
OHA Yyacmo ucnoivsyemcsi ¢ noauzonamu. OOHAKO ux elusiHUe HA CMAOUILHOCHIL XAPAKMEPUCIUK MATIO UCCLE008AHO.

Lenv cmamvu — uccredosams 3asucumocmu T u Z MIIJT om paccmosnus medncoy GOKOBbIMU 3A3eMIEHHLIMU NPO-
B8OOHUKAMU NPU UX VeTIYOIeHUU 8 NOOLONCKY .

B cucmeme TALGAT nocmpoena ceomempuneckas Mooeib NONEPeUHO20 CeYeHUst TUHUU U MEMOOOM MOMEHMOS Gbl-
yucnenvt mampuyst (nopsioxa 3*3) no2oHHBIX KOIDPUYUEHMO8 INEKMPOCMAMULECKOU UHOYKYUU C YHeOM OUdieK-
mpuka u 6e3 He2o. Boinoanenvl SbivUCIEHUS NPU USMEHEHUU PACCMOAHUS MENCOY BOKOSbIMU NPo8odHuKamu (S), yernyo-
JICHHBIMU 8 NOOLOJNCKY, OISl PA3HBIX 3HAYEHULl blcombl 60K06bIx npoeoonuros (N1). Beisgreno, umo npu 6onbuux 3Ha-
YeHUsAX S, 8 OMAUYUE OM MATBIX, NPUOIUdNICEHUE DOKOBLIX NPOBOOHUKOE K PAHUYE K8030YX—NOONONCKA» He YBeaudusa-
em, a ymenvwaem 3navenus t. Ipu S = 0,38 ymm usmenenue snauenus hl 6o 6cem ouanazone noumu ne mensiem 3Have-
HUsL T, @ 3HAYUM, 8O3MOJICHA HYNeeas uyscmeumenvHocmy T K usmenenuro hl. Ilpu smom usmenenuem sumauenus hl
MOIACHO noyuume mpedyemoe 3Hauenue Z 6 ouanasone om 48 0o 59 Om.
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ﬂaHHble pesyibmamyvl nNoj)y4eHbl ons KOHKPDEMHbIX 3HAYeHUll napamempoe JTuHUU. Oonaxo ne2ko noay4ums anaio-
cUYHblE 3aeucumocmu npu 0py2ux SHAYCHUAX napamempos. P€3yﬂbmambl pa60mbz mozym bbimb UCONL306aHbL OISl
npoOeKmupoearus JUHULL nepeéatm CO CMAabUNbHLIM 3HAYEHUEM 3(1()6]79!6‘](‘14 npu KOHmMpOoJie 60J1H06020 CONPOMUBIEHUAL.

Kniouesvie cnosa: neuamnas niama, MUKponojlocKkoeas Jurusl, NOCOHHAA 3a0epofc1<a, B0JIHOB0O€ conpomusierue, no-

JAUCOHBL, H)IE6Asl U)Y6CMEUMeEl1bHOCMb.

Doi: 10.31772/2587-6066-2018-19-2-303-307

Introduction. Electrical design of on-board radio-
electronic equipment is an important stage in the space-
craft design [1]. High characteristics of printed circuit
boards (PCBs) are important for miniature units [2; 3] that
have reliability [4], speed, stability of electrophysical pa-
rameters [5], electromagnetic compatibility [6]. In order
to do that, new design and technological solutions are
necessary, in particular transmission lines with stable
characteristics of per-unit-length delay (tr) and wave im-
pedance (Z). Thus the research of these characteristics is
relevant [7-10].

One of the main lines, realized on PCB is MSL. Vari-
ous modifications of MSL are the most interesting, for
example, suspended and inverted strip lines which make it
possible to obtain zero sensitivity of the per-unit-length
delay and wave impedance to the change in the thickness
of dielectric layers [11]. A similar pattern was found
in MSL coated with a grounded conductor, shielded
MSL [12] and MSL with side grounded conductors placed
above [13]. There is a detailed analysis of modifications
and variances in such a line and its varieties. Multilayer
PCBs use a variety of MSL, for example, MSL with
polygons on different layers that allows to obtain a stable
value of the per-unit-length delay [14]. Meanwhile, it is
useful to study the characteristics of MSL with side con-
ductors grounded only on one layer located near the
boundary of two environments.

The purpose of the work is to investigate the depend-
ence of t and Z of MSL on the distance between the side
grounded conductors as they are dipped in a substrate.

To achieve the objective, we investigated the structure
of MSL with side conductors dipped in the substrate
(fig. 1). We chose the following cross-sectional parame-
ters (they are close to typical): the width of the signal
conductor is w = 0.3 mm, the thickness of the signal and
side grounded conductors is t = 18 um, the width of the
side conductors is wl = 1 mm, the thickness of the dielec-
tric substrate is h = 1 mm, the relative permittivity of the
substrate is g = 4.5.

wl

er

Line modeling. In the TALGAT [15] software we
built the geometric model of the line cross-section and
calculated (using the method of moments) the matrices
(3*3) of per-unit-length coefficients of electrostatic induction
taking into account the dielectric as well as ignoring it.

From the matrices we took the values (hereinafter C
and Cy) of the diagonal element corresponding to the sig-
nal conductor and calculated the values of t and Z (vy is
the speed of light in vacuum):

7= (CICo)** vy, Z = 1/(vo(CCp)®%).

We calculated the values for change of distance be-
tween the side conductors s, dipped in a substrate, for the
height of the side conductors hl = 0.1-0.9 mm (fig. 2).
Fig. 2 shows that when s increases, the value of t de-
creases smoothly, and Z increases. At small values of hl,
the changes of T and Z are small, but the growth of hl
leads to an increase in the value of t and a decrease in the
value of Z, and at small values of s the changes of T and Z
are more significant.

Approaching of the side conductors to the air-
substrate boundary has a special effect on the characteris-
tics being studied. Therefore, we performed simulation
with a smaller step at the air-substrate boundary: at
hl = 0.8; 0.82; 0.84; 0.86; 0.88; 0.9 mm (fig. 3). The
analysis of fig. 3 shows a similar behavior of dependen-
cies, but it reveals its specificity as well. It is expressed in
the amplification of the influence of the side conductors
when they approach the air-substrate boundary for small
values of s. When s = 0.1 mm, the value of t increases
from 5.56 to 5.82 ns/m. We noticed that for large values
of s, approaching of the side conductors to the air-
substrate boundary does not increase but it decreases the
values of t. When s = 0.6 mm this decrease is maximal
and is from 5.33 ns/m to 5.29 ns/m. When s = 0.38 mm,
the change of the value of hl in the whole range almost
doesn’t change the values of 1 and, therefore zero sensi-
tivity of t to changes of hl is possible. Thus we can ob-
tain the required Z value in the range from 48 to 59 Ohms
by changing the value of h1l.

t
wl

h1 h

Fig. 1. Cross-section of MSL with side grounded conductors, dipped in a substrate

Puc. 1. ITonepeunoe ceuenue MITJI ¢ G0KOBBIMHU 3a3¢MIICHHBIMH MTPOBOIHUKAMH,
YIIyOJIeHHBIMU B HOIJIOKKY
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5,9 110 5 Z, Ohm
_ T, ns'm

Fig. 2. Dependences of t (a) and Z (b) on s
athl=0.1(0); 0.2 (1); 0.3 (A); 0.4 (x); 0.5 (11); 0.6 (0); 0.7 (+); 0.8 (-); 0.9(=) mm

Puc. 2. 3aBucumoctu 1 (a) u Z (6) ot S
npu h1 =0,1 (0); 0,2 (1)); 0,3 (A); 0,4 (x); 0,5 (1); 0,6 (0); 0,7 (+); 0,8 (-); 0,9(-) mm

5, 1111

W —_—

0,1 0,5 0,9

Fig. 3. Dependences of (a) and Z (b) on s
athl=10.8 (0); 0.82 (A); 0.84 (1); 0.86 (+); 0.88 (-); 0.9 (L) mm

Puc. 3. 3aBucumoctu 1 (@) u Z (6) ot S
npu hl = 0,8 (0); 0,82 (A); 0,84 (1); 0,86 (+); 0,88 (-); 0,9 (L) Mmm

Conclusion. We modeled MSL with side grounded  while obtaining the required wave impedance. These re-
conductors dipped in a substrate. We calculated the de-  sults are obtained for the particular values of line parame-
pendence of the per-unit-length delay and the wave im-  ters.
pedance on the distance between the grounded conductors However it is easy to obtain similar dependencies for
when the depth changes. We found out that zero sensitiv-  other values of parameters. The results can be used to
ity of per-unit-length delay to depth changes is possible  design transmission lines with stable characteristics.

305



Cubupckuil scypHan Hayku u mexuoaoeui. Tom 19, Ne 2

Acknowledgments. This research was carried
out with the financial support of the Ministry of Educa-
tion and Science of the Russian Federation
RFMEFI57417X0172.

Baaronapuocru. PaGora BeimonHeHna npu ¢uHaH-
COBOI moanepkke MuHucTepcTBa 00pa30BaHUS U HAY-
KU Poccuiickoii denepanuu o HIPOEKTY
RFMEFI57417X0172.

References

1. Kochura S. G., Maksimov I. A., Maslov E. P.,
Pervuhin A. V. [Studying the impact of electromagnetic
radiation on spacecraft with permeable instrument unit].
Tekhnologii  elektromagnitnoy  sovmestimosti. 2017,
No. 3(62), P. 3-10 (In Russ.).

2. Gazizov T. R., Zabolockij A. M., Orlov P. E. [The
influence of the length and the number of coils on the
delay of a microstrip line]. Infokommunikacionnye
tehnologii. 2014, Vol. 13, No. 4, P. 93-96 (In Russ.).

3. Surovcev R. S. [Impulse signal propagation in a
meander line with heterogeneous dielectric filling without
deformation by cross coupling]. Doklady TUSURa. 2014,
No. 4(34), P. 34-38 (In Russ.).

4. Orlov P., Gazizov T., Zabolotsky A. Comparative
electromagnetic and quasi-—static simulations of a short-
pulse propagation along microstrip meander delay lines
with design constraints. Journal of ELECTRICAL ENGI-
NEERING. 2016, Vol. 67, No. 5, P. 387-389. DOI:
10.1515/jee-2016-0056.

5. Gazizov R. R., Zabolockij A. M., Gazizov T. T.
[Studying volts peak of ultra short signal impulse in a
meander line in the case of the change of its geometric
parametres]. Tekhnologii elektromagnitnoy sovmestimosti.
2016, No. 3(58), P. 11-17 (In Russ.).

6. Surovcev R. S., Gazizov T. R. [Evaluating signal
integrity in printed circuit boards of autonomous naviga-
tion systems of spacecraft]. Trudy MAI. 2015, No. 83 (In
Russ.). Awvailable at: https://www.mai.ru/science/trudy/
published.php?1D=62204.

7. Hamood M. K. Line thickness for various charac-
teristic impedance of microstrip line. Tikrit Journal of
Pure Science. 2013, Vol. 18, No. 3, P. 140-144.

8. Akhunov R. R., Kuksenko S. P., Gazizov T. R.
Acceleration of Multiple Iterative Solution of Linear
Algebraic Systems in Computing the Capacitance of a
Microstrip Line in Wide Ranges of Its Sizes. Journal of
mathematical sciences. 2015, Vol. 207, No. 5, P. 686-692.

9. Surovtsev R. S., Kuksenko S. P., Gazizov T. R.
Analytic Evaluation of the Computational Costs for Solv-
ing Systems of Linear Algebraic Equations in Multiple
Computing of the Capacitance Matrix in a Range of the
Dielectric Permittivity of Dielectrics. Journal of mathe-
matical sciences. 2015, Vol. 207, No. 5, P. 795-802.

10. Gazizov T. R., Kuksenko S. P., Akhunov R. R.
Acceleration of Multiple Solution of Linear Systems for
Analyses of Microstrip Structures. International journal
of mathematical models and methods in applied sciences.
2015, Vol. 9, P. 721-726.

11. Gazizov T. R. [Characteristics of suspended strip
line and reversed strip line]. lzvestiya vuzov. Fizika. 1996,
Vol. 39, No. 2, P. 126-128 (In Russ.).

306

12. Sagiyeva l. [Studying characteristics of shielded
microsrtip line]. lzvestiya vuzov. Fizika. 2017, Vol. 60,
No. 12/2, P. 103-107 (In Russ.).

13. Sagiyeva I. Ye. [Modeling characteristics of a
microstrip line with side grounded conductors]. Materialy
X1 mezhdunarodnoy nauchno-prakticheskoy konferentsii
“Elektronnye sredstva i sistemy upravleniya”, posvya-
shchennaya 55-letiyu TUSURa [Materials of the XIlI
International ~ Scientific and Practical Conference
“Electronic Tools and Control Systems”, dedicated to the
55th anniversary of TUSUR,]. Tomsk, November 29 —
December 1, 2017, Part 2, P. 19-20 (In Russ.).

14. Gazizov T. R., Salov V. K., Kuksenko S. P. Sta-
ble delay of microstrip line with side grounded conduc-
tors. Wireless Communications and Mobile Computing.
2017, Vol. 2017, 5 p. DOI:10.1155/2017/1965739.

15. Kuksenko S. P., Zabolotskiy A. M., Melko-
zerov A. O., Gazizov T. R. [New capacities of the system
of modeling electromagnetic compatibility]. Doklady
TUSURa. 2015, No. 2 (36), P. 45-50 (In Russ.).

Bub6aunorpadguyeckue ccblIKM

1. UccnenoBaHue BO3JACHCTBUS DIICKTPOMATHHUTHOTO
H3JIyY€HHA Ha KOCMHYECKHUI arrmapar ¢ HErepMETUIHBIM
npubopusM otcekoMm / C. I'. Kouypa [u ap.] // Texuomo-
TUH DIICKTpOMarHuTHou coBmectiumoctr. 2017. Ne 3(62).
C. 3-10.

2. TazmzoB T. P., 3abonomnkuit A. M., Opmos II. E.
Bausune JUIMHBI W KOJWYECTBA BUTKOB Ha 3aJCPKKY
MHKPOTIONOCKOBON nuauK // NH(DOKOMMYHHKAIIHOHHBIE
texnosnorun. 2014. T. 13, Ne 4. C. 93-96.

3. PacnpoctpaneHne UMITynbca B MEaHAPOBOW JIMHUU
C HCEOAHOPOAHBIM JUIJICKTPUUCCKUM 3allOJIHCHUEM oe3
HCKaKEeHUH ero (OpMBI TEPEKPECTHBIMH HaBOIKaMu /
P. C. Cypoues [u mp.] // Hoknager TYCVYPa. 2014.
Ne 4(34). C. 34-38.

4. Orlov P., Gazizov T., Zabolotsky A. Comparative
electromagnetic and quasi-static simulations of a short-
pulse propagation along microstrip meander delay lines
with design constraints // Journal of ELECTRICAL
ENGINEERING. 2016. Vol. 67, no. 5. P. 387-389.
DOI: 10.1515/jee-2016-0056.

5. TasmzoB P. P., 3a6omonxuiit A. M., I'azuzos T. T.
HCCJ’IGI[OBaHI/IG MaKCUMyMa HAPS)KCHUSL CBEPXKOPOTKOT'O
nummnyJjibca B MHKpOHOHOCKOBOﬁ MeaHL[pOBOﬁ JIMHUU TIpU
M3MEHEHHNH ee TeOMeTpruIeckux mapamerpos // TexHoo-
TMH DIIEKTPOMArHuTHOM coBMmectumocTr. 2016. Ne 3(58).
C.11-17.

6. Cyposies P. C., I'azuzoB T. P. OueHka 1emoctHo-
CTH CHTHAJIOB B IICYATHBIX IIATAX CHCTEMBI aBTOHOMHOI
HaBuragum KOCMHYCCKOIO  alrapara [3J‘I€KTp0HHLII>i
pecypc] // Tpymst MAW. 2015, Ne 83. URL:
https://www.mai.ru/science/trudy/published.php?1D=62204
(mata obpamienust: 5.10.2015).

7. Hamood M. K. Line thickness for various charac-
teristic impedance of microstrip line // Tikrit Journal of
Pure Science. 2013. Vol. 18, No. 3. P. 140-144.

8. Akhunov R. R., Kuksenko S. P., Gazizov T. R.
Acceleration of Multiple Iterative Solution of Linear
Algebraic Systems in Computing the Capacitance of
a Microstrip Line in Wide Ranges of Its Sizes // Journal



ABMGMMOHHQ}Z U paKkemHo-KoCmu4eckasl mexnuka

of mathematical sciences. 2015. Vol.
P. 686—692.

9. Surovtsev R. S., Kuksenko S. P., Gazizov T. R.
Analytic Evaluation of the Computational Costs for Solv-
ing Systems of Linear Algebraic Equations in Multiple
Computing of the Capacitance Matrix in a Range of the
Dielectric Permittivity of Dielectrics // Journal of mathe-
matical sciences, 2015. VVol. 207, Ne 5. P. 795-802.

10. Gazizov T. R., Kuksenko S. P., Akhunov R. R.
Acceleration of Multiple Solution of Linear Systems for
Analyses of Microstrip Structures // International journal
of mathematical models and methods in applied sciences.
2015. Vol. 9. P. 721-726.

11. Ta3mzoB T. P. XapakrepucTuKy NOABELICHHON 1
o0paIeHHOH TTOIOCKOBBIX JInHuI // I3BecTust By30B. Ou-
suka. 1996. T. 39, Ne 2. C. 126-128.

12. CarmeBa M. UccienoBanne XapaKTEPUCTHK IK-
PaHUPOBAHHONM MHKPOIOIOCKOBOM suauu /| W3BecTus
By30B. ®msuka. 2017. T. 60, Ne 12/2. C. 103-107.

207, Ne 5.

13. Carumesa U. E. MogenupoBaHue XapaKTepUCTHK
MHUKPOIIOJIOCKOBOW JIMHUU C OOKOBBIMH 3a3¢MJICHHBIMU
[IPOBOJHUKAMU CBEPXY // DIEKTPOHHEIE CPENCTBA U CUC-
TeMbl ynpasieHus . marepuaibl XII MexayHap. Hayd.-
MpakT. KOH(}., TmocBsAmeHHol 55-metmio TYCYPa
(29 HO0.—~1 mex. 2017, r. Tomck). Tomck, 2017. Y. 2.
C. 19-20.

14. Gazizov T. R., Salov V. K., Kuksenko S. P.
Stable delay of microstrip line with side grounded
conductors // Wireless Communications and Mobile
Computing. 2017. Vol. 2017, Article ID 1965739. 5 p.
DOI: 10.1155/2017/1965739.

15. HoBble BO3MOXHOCTH CHCTEMBI MOJCIHPOBA-
HUSI DJIEKTPOMAarHuTHo# coBmectumoctu TALGAT /
C. II. Kykcenko [u ap.] // Jokn. Tom. roc. yH-Ta cuctemMm
yhnpaBieHuss W paguodnnexTporukd. 2015, Ne 2(36).
C. 45-50.

© Sagiyeva l. Ye., Gazizov T. R., 2018



Cubupckuil scypHan Hayku u mexuoaoeui. Tom 19, Ne 2

YK 621.383
Cubupckuii xypHan Hayku 1 texHonoruit. 2018. T. 19, Ne 2. C. 308-324

OB30P COBPEMEHHBIX ®OTOJJIEKTPHYECKHUX HPEOBPA30§ATEHEﬁ
KOCMHMYECKOI'O HASBHAYEHUS HA OCHOBE COEJIVNHEHHNU AllIBV

E. B. CJ‘ILIH.ICHKOl' 2*, A.A. HaYMOBal, A.A. HG6CH6B1’ 2, M. A. FeHaJml, H.T. BaraHOBal, B. B. Kanuun'

No) «HayuHo-tipon3BOACTBeHHOE TpeanpusTre «KBanT»
Poccuiickas ®eneparms, 129626, r. Mocksa, yi1. 3-s1 Meituiiunckas, 16
2 HammonaneHBIiH BiccaenoBaTeNbCKuil TeXHONOTHIeckuid yauBepeuteT «MUCuC»
Poccuiickas deaeparms, 119049, r. Mockga, Jlennnckwuii npocr., 4
*E-mail: otdel_17@nppkvant.ru

Tlpueedennvl kpamxue cgedeHus o UCmMopuu passumus pomosnekmpuueckux npeoopasosameneil (PIII) (kpemmnue-
6blx U Ha ocHose coedunenuti ANNIBV) u conneunvix 6amapeii na ux ocnoee 0is1 Kocmudeckux annapamos. Ilepevucnenul
OCHOBHbIE (PAKMOPbI KOCMUYECKO20 NPOCMPAHCMEA U NOKA3AHA 360MI0YUL CIMPYKMypul U Koncmpykyuti. TIpugedena
NPUHYUNUATLHASL cmpyKmypa coepemennblx mpexkackaonvix INGaP [/ InGaAs / Ge conneunvix anemenmos ¢ ykasanuem
DYHKYUOHATLHO20 HA3HAYEHUSL CILOEG, UX OCHOBHbIX Xapakmepucmuk. OObsCHEeH MeXxanusm decpadayuu S1eKmpULecKux
napamempog makux gomonpeobpazosameneii 100 OeUcCmeuemM KOCMUHECKOU paouayuu U HOKA3aHA B03MOICHOCHb
MUHUMU3AYUU OAHHO20 He2amueHo2o d@hgexma. Onucanvbl 0CHO8HBIE MEMOObL U OCODEHHOCHU TMEXHOT02UU U320MO06-
nenust mpexkackaonvix @OII. IIpuseden 0630p DIII kocmuueckozo naznauenus na ocHoge coedunenuti AIIBV ocros-
Hblx Mupogwuix npouzeooumeneii uz CLIA, I'epmanuu, Hmanuu, Poccuu ¢ unmiocmpayueti ux ueuHe2o 8uod, onucanuem
ocobenHocmel KOHCMpYKYutl u 0CHO8HbIX ceoticms. Tloxkasano, umo naubonee pacnpoCmpaHeHHbIM AGIAEMCS pasmep
@I ¢ naowadsio ~ 30 cx. Ilpedcmasnensi ceedenusn o cozdannvix mpexkackaonwix InGaP [ InGaAs | Ge @311
Gonvuoi naowadu (0o ~ 60-65 cum?). Iokaszan muposoii yposens d(pexmusHocmu npeobpazoeanus CoIHeuHOl
onepeuu (KIIN]), docmuenymolii 6 npomviunennom npoussoocmee, cocmasisiowuii 26-30 %. Ipusedenvi ceedenus
o @OII ons npeobpazosanusi KOHYEHMPUPOBAHHO2O COTHEUHO20 uziyyenus. [lokazanvl 0CHOGHbIE HANPABIEHUS NOGbI-
wenus xapaxmepucmux @III na ocroge coedunenuii AINIBV.

Knrouesvie cnosa: conneynulil d1emenm, COTHeUHAs bamapest, KOCMUYECKUll annapam, pomosieKmpuieckutl npeoo-
pazosamens, AllIBV, nonynposoonuxoeas cmpyxmypa.
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The article gives the short information about the history of the development of photoelectric generators (silicon and
based on AllIBV compounds) and solar arrays based on them for spacecrafts. The main factors of outer space are listed
and the evolution of structure is demonstrated. The principal structure of modern triple junction InGaP / InGaAs / Ge
solar cells with indication of the functional purpose of the layers is given and their main characteristics are presented.
The mechanism of degradation of electrical parameters of such solar cells under the action of cosmic radiation
is explained and the possibility of minimizing this negative effect is described. The main methods and technological
peculiarities of triple junction solar cells production are discussed. The review of solar cell for space application based
on AllIBV compounds produced by the world's leading manufacturers from the USA, Germany, Italy and the Russian
Federation with its external appearance and the description of the features of the constructions and main properties are
presented. It is shown that the most common is the solar cells size with an area of ~ 30 cm?. Information on established
triple junction InGaP / InGaAs / Ge solar cells large area is presented (up to ~ 60—65 cm?). The world level of effi-
ciency of solar energy conversion is achieved in industrial production, amounting to 26-30 %. The information about
solar cells for conversion of concentrated solar radiation is provided. The basic directions for improving the character-
istics of solar cells based on compounds 4I1IBV are shown.
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ABMGMMOHHQ}Z U paKkemHo-KoCmu4eckasl mexnuka

Beenenune. Hanbonee 3¢ (eKTHBHBIM 1 IPOBEPEHHBIM
B YCJIOBHSIX [UIUTEIBHOW JKCIUTyaTallid CIOCOOOM II0JTy-
YeHHsl 3JICKTPHYECTBA M3 CONHEYHOW SHEPrHU CEeroJHs
SIBIISIETCST (POTODIIEKTPHUYECKUIT METOA MPSIMOTO Tpeodpa-
30Banusi. OH peayi30BaH B TOJIyNIPOBOJHUKOBBIX (oTO-
SIIEKTpHUUECKHX Tpeobpasosarensix (POII), momyuuBIInx
B aHIMIOA3BIYHON nuTepatype HazBanue Solar cell (SC),
T. €. conHeunslii smement (CD). U3 ODBII popmupyercs
¢dororenepupyromas gacts (PI'Y) conmeunsix GaTtapeit
(CB). Ve mo4T LIeCTh NeCATHICTHH, HAUMHAs C IIEPBBIX
CIyTHUKOB 3eMJIH (TPETHIl COBETCKHH HCKYCCTBEHHBI
CIyTHUK, 3anyieHHblid 15 mas 1958 r., u amepukaHckuit
CIyTHUK «ABaHrapm», 3amymenusii 17 mapra 1958 r.),
Cb sBISIOTCS OCHOBHBIM ITEPBUYHBIM HCTOYHUKOM 3JIEK-
TPOSHEPruu Ul OOJIBIIMHCTBA OTEYECTBEHHBIX U 3apy-
6exHbIx kKocMuueckux ammaparos (KA) [1; 2].

Wnes ucrionb3oBaHus (haKTHIECKH HEUCUEpHaeMOro
HCTOYHHMKA SHEPTrUM — COJIHEYHOTO H3JIy4eHHs, BCer/aa
Oputa 3amMaHYMBOW. OTHAKO TONBKO K cepenuHe XX cTo-
JIeTUsl pa3BUTHE HAyKH M TEXHOJIOTWH, obecrieueHHoe
B Hamled crpaHe pabdoTaMU KOJUIEKTUBOB I10JI PYKOBO-
acteom A. @. Hodpde (JI®TH, r. Jlenunrpan), H. C. Jlu-
jnopeHko  (BcecorosHblil  HayYHO-HCCIIEI0BATEIBLCKHIMA
HHCTUTYT uCcTOYHHKOB Toka (BHUMUT), r. Mocksa),
C. 1. Basunosa (®PUAH, r. MockBa), IpuBeno K BO3-
MOXKHOCTH €€ 3(P(PEKTHBHOI NMPaKTHYSCKON peaTn3alui.
Wutencudukanys paboT B 3TOM HanpaBieHUH ObLIa CBSI-
3aHa C MOMCKOM ONTHUMAJIBHOTO MCTOYHHMKA NMUTAHMSA UL
KA. NmenHo B KOCMOCE, TA€, C OHON CTOPOHBI, HET JK-
PaHUPYIOLIETO COJHEUHBIH CBeT ciost atMocdepsl, a ¢
JOPYTOi — UCIIONB30BaHKE IPOYNX MIPUBBIYHBIX I'€HEPATO-
POB DIIEKTpUYECTBA KpalHE 3aTPYIHEHO HJIA HEBO3MOXK-
Ho, mpumeHeHne Cb B KomIiekce ¢ XUMUYECKUMH HaKO-
MUTENSIMHE 0Ka3aJI0Ch ONTUMAIBHBIM PELICHUEM.

OmbIT pa3paboTku M dKkciuTyataunn KA BeIABHI 1e-
JIBIA P OTIACHBIX (PaKTOPOB KOCMHYECKOTO IPOCTPAHCT-
Ba. [Tockonbky ®III B cocrae ®I'Y Cb — oguu u3 He-
MHOTHX TpHUOOpPOB Ha OOPTY KOCMHYECKHX AalllapaTros,
MIPAaKTHYECKH HANpPSIMyI0 KOHTAKTHPYIOMINX C OTKPHITHIM
KOCMOCOM M HENOCPEICTBEHHO IO/IBEPKEHHBIX BO3JIEH-
CTBHIO BceX (HaKTOPOB KOCMUYECKOTO MPOCTPAHCTBA,
TO TOMHMO YBEIIMYCHUS SHEPreTHYCCKHX H yICIBbHBIX
xapakrepuctuk DIl crtanma kpaifHe akTyaqpHOH 3agaua
10 MOIU(UIMPOBAHHIO UX CTPYKTYPHI, CO3JaHHIO 3alllH-
THI U pa3paboTke Oonee croiikux OOII. OOmmpHBIE HC-
cnenoBaHus no ynayumenuto csoiicts ®OI1 u Cb npuse-
JIH, BO-TIEPBBIX, K HOSIBJICHUIO 3aIUTHBIX HOKPHITHI (CTe-
KOJI) Ha IOBEPXHOCTH KpeMHUEBBIX DDOII M, BO-BTOPHIX,
K TIPIMEHEHHUIO HOBBIX MAaTEpHaJIOB MOJYIPOBOIHHUKOBOH
crpykrypbl @I — marepuanos AllIBV (apcennn rammms
(GaAs) u TBepable pacTBOPHL Ha €r0 OCHOBE: apCeHH-
amomunns—rauus (AlGaAs), apceHnn UHIUS — TaUIHS
(InGaAs) u ap.). Tak, mOYTH MOBCEMECTHBII MEPEXO. OT
ncnons3oBanus B Cb mist xocmoca kpemuaneBsix OOI1 k
coBpeMeHHBIM KackagHbiM DII1 Ha ocHOBe MaTepHaiIoB
AllIBV mpuBen k 3HAYUTENBHOMY YBEIHYEHHIO CPOKa
cyx6b1 Cb (¢ 10 1o 15 et u Gonee) Ha opOUTAxX C BBI-
COKMM paJHalmoHHOM BosneiicTereM [3]. B perpocrmexk-
tuBe u3MeHeHus addekruBHoctn OIII kocmuyeckoro
Ha3HAUCHUs, CBS3aHHbIE C W3MEHEHMSIMH TEXHOJIOTUH,
KOHCTPYKIIMH U MaTepHaIOB, MPEACTABICHEI Ha puc. 1.
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[eperie B Mupe GaAs Cb miomaaso okoio 1 m? Gbi-
i paspaboranbl ¥ u3rotorieHsl B0 BHUUT (oxno u3
npexxanx HanMmenoBauuii AO «HIIIT «KBanTt») u3 ozHo-
kackaaHbix OOI1 U Hcnonb30BaIMCh HA aBTOMATUYECKON
MEXIUIaHEeTHOW cTaHmuu «BeHepa-4», 3amylieHHON
12 urons 1967 r. Onnoxackanusie GaAs @DI1, u3roros-
JICHHBIC 10 MU GY3HOHHON TEXHOIOTHUH, OBLTH COBMECT-
HOW paspabotkoit ®TU um. A. ®. Uodpde m BHUUT.
IMpumenenne nmenno GaAs ®JII B Cb cranuu «Bene-
pa-4» 6b110 00yCIOBICHO HEOOXOAMMOCTHIO PaOOTHI TIPU
Bhicokux Temneparypax (~ 120 °C) mna 3apsma 670ka
XUMHYECKUX OaTapeil CIlyCKaeMmoro ammapara Hermocpen-
CTBCHHO TIepei HAYaJIOM €ro CIycka Ha IOBEPXHOCTH
TUTAaHETHI, Torjaa Kak kpemHueBbie ®OII mpu Takux Tem-
nepaTypax paboTaTh He MOTYT. JTa ke MPUIHHA 00y IH-
na ucronb3oBath GaAs ®POII B cocraBe Cb mepBbix
ABTOMATHYCCKUX TIEPEIBIDKHBIX Jabopatopuii «JIlyHOXOMA-1»
n «JIynoxon-2» (3amyck — 10 HosOpst 1970 r. u 8 stuBaps
1973 r.). Inomane CB Ha kphlke ammapara — 3,5 M2,
a CpelHss BbIpabaThiBacMasi MOIIHOCTH, COCTABIIABIIAS
180 Brt, nuia Ha moa3apsiKy cepeOpsHO-KaIMHUEBBIX aK-
KyMYJISTOpHBIX Garapeii émxocTbio 200 A-u [2; 4].

Haneneitmee pazsutue @11 ObUIO CBSI3aHO ¢ COBEp-
IIICHCTBOBAHUEM TEXHOJIOTUH TOYYCHUS TOIYIPOBO/I-
HUKOBBIX MaTEPHAaJIOB, CHHTE3a IIMPOKOTO KJIacca HOBBIX
MaTepHAJIOB BBICOKOW CTEIIEHW YHCTOTHI, MTONYyYCHHS Ka-
YECTBEHHBIX TI'ETEPOIEPEX0/I0B Ha OCHOBE COCIMHEHHI
AllIBV, rinybokoro m3ydeHHs (U3NIECKHX IPOIECCOB
B IIONYNPOBOJHUKAX. DTH pPabOTHI IMO3BOJIIN CO3JATh
METOJZIOM KHJIKO(PAa3HON 3MUTAKCHH T'eTePOCTPYKTYPHEIC
onunokackagaeie AlGaAs (mmpokosonnoe okHo) / GaAs
(poroakTueHas obmacts) ®II1. B takux OOII ymamoch
chopMupoBath 0e3ePEKTHYIO TETEPOrPaHHIly U oOecIie-
YUTh HWJCAJbHBIC YCIOBHS s (HOTOTCHEpAIMH 3JICK-
TPOHHO-IBIPOYHBIX TTAp M UX COOMpAHUS P-N-TIEPEXO0a0M.
Oru OB obnamaroT Oonee BBHICOKOH paaUalMOHHON
CTOMKOCTBIO, OJarofapst Y4eMy OHM YCHENIHO 3KCILTyaTH-
poBach B coctaBe Cb Ha opOuTanpHO# cTaHy «Mup»
[2; 5], tne CB Obuta mOABEp)KEHA MOMHMO OCHOBHBIX
(haKTOpOB KOCMHUYECKOTO MPOCTPAHCTBA €lIe M JUTUTENb-
HOMY BO3JEHCTBHIO COOCTBEHHOH aTMoc(hephl CTAaHIINU H
BO3ICHCTBUIO JIBUTATENEHd CTBHIKYIOIIUXCS KOpaOIei.
CymMapHast CpefHssi naerpaganus xapaxkrepuctuk Al-
GaAs / GaAs Cb cocrasuia e 6onee 3,5 % B rox [2; 4].

JanbHelimee pa3BUTHE TEXHOJOTUH MPUBENO K MOSB-
neHuro rerepocTpykTypHbix OOII. Takue OIII coxpanu-
JIU BBICOKHE XapaKTEPUCTHUKH OJHOKACKAJHBIX CTPYKTYpP
Ha OCHOBE apCeHHIa TauThs (TeMIEePaTYPHBIH PEKUM
paboThl, pagraloHHas CTOHKOCTh). CHavana 310 ObLIH
apCeHU-TaJNIMeBbIe DJIEMEHThl HAa MHOPOIHOW, HO Oojee
TOHKOH ¥ IPOYHOM repMaHuEBOM Mo0kKKe. TeXHOIOTus
MX HM3TOTOBJICHUS CYIICCTBEHHO OTIMYAIACH OT KHJIKO-
(ha3HOM 3MUTAKCHHM, a HUMEHHO, SIUTAKCHATIBHBIH POCT
mpoBoIwiIcsA B Tra3odaszHoM peaktope. I'azodas3Hpie Tex-
HOJIOTHH JTAJIM HOBBIM MIMITYJIEC K Pa3BUTHIO TOHKOCIOM-
HBIX MPCIM3UOHHO JISTUPOBAHHBIX MHOTOCIONHBIX TeTe-
pocTpyKTyp. Pe3ympTaTom peanusamuy TaKOTro TEXHOJO-
THYECKOTO PEIICHHsSI CTANO CO3JaHWe IBYX W BITOCIICACT-
BUU Tpexkackaaubix DI, Hambosmee monaHO U 3Pdek-
TUBHO TpeoOpa3yIomMX CONHEeUHBIH crekTp. Kak BumHO
n3 puc. 1, apdexruBHOCTh Tpexkackaausix OII1 Bo3poc-
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JIa B JIBa pa3a 0 CPaBHEHUIO ¢ ojHOKackagHbiMu OOI1 u
HMeeT MEePCIEeKTHUBHI 110 JalbHEHIIeMy POCTY.

B macrosmee Bpems TpexkackamHeie OOI1 mmeror
CIIOKMBIIYIOCS TPUHIMITHAIBHYI0 KOHCTPYKIHIO, H30-
OpakeHne KOTOpO#l mpuBezieHO Ha puc. 2. KoHcTpykuus
coBpemeHHoro @OII BKIIOYaeT MOIYNPOBOIHUKOBYIO
crpykrypy InGaP / InGaAs / Ge [6], cruomHyo ThLib-
HYI0 W TpeOCHYATYI0 JIHIIEBYI0 KOHTAaKTHYIO CTPYKTYDY,
pocBeTIsioNiee (aHTHOTPAXKAOIIEE) 3aIlIUTHOE MOKPHI-
THE.

IMoaynpoBOAHMKOBAs CTPYKTYpa COBpPeMeHHBIX
®@III na ocaoe coequnenuii AllIBV. [IpurnummansHO
cTpykTypa coBpeMeHHBIX PIOIl Ha OCHOBE CoeAMHEHHIA
ANIBYV cocrout u3 Tpex kackanos InGaP / InGaAs / Ge,
CKOMMYTHPOBAHHBIX MEXAYy CO000il TyHHEIbHBIMH IHO-

45,0

namu. [TomympoBopnukoBas crpykrypa InGaP n InGaAs
KacKaJloB  CO3/[ae€TCs  DIUTAKCHAIBHBIM  CIIOCOOOM
Ha Ge-momnoxkke, B G€ B mporecce SMUTAKCHATBHOTO
pocta muddy3umoHHO QOpMHpYeTCS HIDKHUN KacKa.
B mporecce pocra OydepHOTro ciios MPOUCXOANUT BHIBOX
MapaMeTpoB Ha KOHTPOJIUPYEMBIIl POCT.

baza 1 sMuTTEp B KaXKJIOM U3 KaCKaJOB SIBJISIOTCS aK-
TUBHBIMHU CJIOSIMH CTPYKTYpPBI M 00pa3yroT P-N-TIEpexof.
Haspanusi renepupytommx cimoes OO — 6asza (crmoit
p-THIa TPOBOAMMOCTH) WU SMHUTTEp (N-THI) — MPHUIILTH
Y 3aKpENUINCh U3 WHOCTPAHHOM JIMTEPaTyphl 110 aHAIOTUH
CO CJIOSIMH B TIOJTyTIPOBOJIHUKOBBIX TPAH3UCTOPAX, OJTHAKO
OHHU HE B IOJIHOM Mepe OTPaXaloT CYTh IPOUCXOJSIINX
B crosix OOII ¢usuyecknx npoueccoB. B aTux crosx
MIPOMCXOJIUT TeHepanus U COONpaHe HOCUTENeH 3apsaa.
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Puc. 1. Pa3Burue snementHol 6a3p1 Cb kocMuueckoit (OoTOIHEPreTHKU
(mo nanaeiM AO «HIIIT «KBanT»)

Fig. 1. Development of the elemental base of solar cells for space photovoltaics
(according to the data of JSC “RPE “Kvant”)
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Puc. 2. Cxemarnyeckoe n300pakeHne TPEXKACKATHOTO TeTePOCTPYKTYPHOTO
InGaP / InGaAs / Ge ®3II [7]

Fig. 2. Schematic representation of the triple InGaP / InGaAs / Ge solar cell [7]
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[ITupoko30HHOE OKHO B BEPXHEM M CPEIHEM KacKaje
MPEMATCTBYET TMOBSPXHOCTHON PEKOMOMHAIIMM HOCHTE-
TIeH 3apsaa 3a CUeT CO3MaHus MOTCHIMAIEHOTO Oaphepa.

3amIUTHBIA BEICOKOJICTUPOBAHHEIH CIOH HCITONB3yeTCS
JUTS CO3JJaHHUS OMUYECKOTO KOHTAKTa, a TAKKe 3alUIIacT
CJIOH ITMPOKO30HHOTO OKHA OT IMPOHUKHOBEHUSI KHCIOPOA.

[Iprmensemsbie TUTs KOMMYTAaIHA KacKaJoB
(p-Nn-Tiepexo0I0B) TYHHENBHBIE MHOIBI MPEICTABISIOT CO-
00i1 00paTHO BKIIIOUEHHBIE K OCHOBHOIl reHepupyouien
CTPYKType P-N-miepexoibl, CHOPMHUPOBAHHBIC CIIOSIMH
C BBICOKMM YPOBHEM JICTHPOBAHUS, COOTBETCTBYIOIIMM
COCTOSIHUIO BBIPOXKIICHUS IONYNPOBONHUKA. BydepHbie
CJIOM TOJIIUHON OKOJO 2 MKM — 3TO MEPEXOJHBIC CIIOH,
3aJICPXKUBAFOIIUC TPHIMECH.

[MomympoBogHMKOBas CTPYKTypa, HECMOTPS HAa MHO-
roo0Opa3ue MaTepuajoB, MPUCYTCTBYIOMINX B HEH, Tpen-
CTaBIsAET CO0OH emuHBI ¢ GE-TIOANOKKOW MOHOKPH-
craiut. Takoit 3¢ ekt mocTuraeTcst 3a CUeT MPEeIH3HOH-
HOTO COOTBETCTBHUS IapaMETPOB PEIIETKH MaTepHalIOB
Tpexkackagaoro @311, 3amaBaeMBIX M KOHTPOIHPYEMBIX
B TPOIIECCE SMUTAKCHAIBHOTO POCTa C UCIOJIb30BAHHEM
MCTA/UIOPIraHUYEeCKUX U TUAPUAHBIX  COCAUHCHHU
(MOC I'®D). [Ipyrumu cinoBaMH, Ajis MOTYyYCHHUs TAKOTO
CJIOXKHOTO TTOYTPOBOAHUKOBOTO 3IMUTAKCHAIBHOTO MOHO-
KpPHCTAUTA COOTHOIICHHE KOMIIOHCHTOB B TPEXKOMIIO-
HEHTHBIX COEIMHEHHSX JODKHO OBITH TakoBO: INg49GagsiP,
INg 01Gag 9oAS. TIpu sTOoM ¢ TourocThIO 10 0,01 % [7] moc-
TUTAETCS COBMA/ICHIE MMapaMETPOB PEIIETKA OCAXKTAEMBIX
CIIOEB C TapaMeTpPOM pEIIeTKH MOHOKPHCTALTHYECKOH
Ge-noutoxku (age = 5,658 A [8]), kak mokasano Ha prc. 3.
B ToO xe Bpems, 3a cueT pazauYHbIX 3HAYEHWH IIWPUHBI
sampemenHoil  30Hbl  (AEg) MaTepuanoB  KackaJos:
y In0‘49Ga0‘51P AEg 19 »B [9], y |noyo1GaQ99A5
AEg = 1,41 5B [8; 9], y Ge AEy = 0,66 3B [8; 9] (cm.
puc. 3), tpexkackaausie OOII crocoOHBI MPeoOPa30BbI-
BaTh U3JIYYCHUC B JIOCTATOYHO OONBIIOM WHTEPBAJIC IITUH
BonH [3]. Tak Ing49Gags:P mormiomaer ¢hoToHsl B nuamna-
3oHe anuH BoiH oT 0 10 670 HM, INg01Gag 9oAS — B nuarma-
30He JuH BoH OoT 670 mo 900 um u Ge — Bce GOTOHBEI
ot 900 10 1900 um [9]. DddekTuBHOCTD IPEOOPA3OBAHUSL
COJTHEYHOTO M3JIY4EHHUS! IPOMBINUIEHHO BBITYCKAaeMbIX
obpasmoB Takmx DOII ceifuac HaxomuTCs B Mpenenax
26-30 %.

Co3naHue TakoM CIOXHOM  IOJYNPOBOJAHUKOBOMN
CTPYKTYpPBI B IIPOMBIIIZICHHOM MPOU3BOJICTBE peali30Ba-
Ho merogoM MOCI'®D. B ocHOBe HaHHOTO METOAa Je-
JKAaT TPOIECCH TIePeHOCa OCAKIACMBIX MaTepHaiOB
B BHJIC JICTYYUX COCIUHCHUN K TTOBEPXHOCTH ITOJJIOKKH,
Ha KOTOPOU TIPOUCXOIUT PA3JIOKEHUE ITUX COCIHMHCHUI
¢ BBIIENeHHEM HeoOxonuMmo mpoaykra. MOCI' @3-meron
MTO3BOJISICT IMONy4YaTh TOHKHE TOMO- M TE€TEPOCIIOH C 3a-
JTAHHBIM CTEXHOMETPHUYECKAM COCTaBOM M YPOBHEM Jie-
THpPOBaHUA. B CpaBHEHHM C JPYTMMH METOJAMH SITHUTAK-
CHU — XHAKO(A3HOH W MOJIEKYISIPHO-Ty4eBOH, METOX
MOCI'®3D ornuyaeTcss BBICOKOW HMPOU3BOIUTEIBHOCTHIO
(ckopocts pocta g0 2000 A/muH) B coBokymHOCTH
C JOCTaTOYHOM TOYHOCTHIO (IT0 COCTaBYy OCHOBHBIX MaTe-
pHAJIOB, TOJIMHAM, PACIPEICICHUIO JICTUPYIOMIHUX TPH-
Meceil B ciosix). CoBpeMeHHas peaiu3anus MeToja
MOCT®D ¢ npuMeHEHHUEM METAUIOPTaHUYECKUX U TH]I-
PUIHBIX WCTOYHUKOB 3ieMeHTOB Tperheit (Ga, Al, In)
u nsroit (AS, P) rpymnn nmepuoguueckoil CUCTEMbl XHMHU-
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YECKHX 3JIEMEHTOB MO3BOJIIET UCIONB30BATH PEUMYIIIE-
CTBA 3TON0 METOJa B COBOKYITHOCTH C BO3MOXKHOCTBIO
MPOBEJICHUS POCTA BCEH MONYIIPOBOAHUKOBON CTPYKTYpPBI
3@ OJIMH HEMPEPHIBHBIA MPOLECC NPH CPABHUTENBHO HU3-
Koii Temmeparype (650 °C).

L AlP

InSh

WKpKHa 3anpesHHON 30HE, 3B

.2

iR .00 6.4 .6

MapameTp peweTHH, A

Puc. 3. llupuHa 3anperieHHoN 30HbI B 3aBUCHMOCTH
ot mapamertpa pemretku Si, Ge, coequnennit AllIBV
1 MX TBEPIBIX pacTBOpOB [4]

Fig. 3. Width of band gap, depending on the lattice parameter
of Si, Ge, compounds of AIIIBV and their solid solutions [4]

Crnemyer OTMETHTB, 4TO ()aKTHUECKH BCE OCHOBHBIC
CBOICTBa MpHOOpa 3aKIAABIBAIOTCS HA, MOXKAIYH, caMou
CJIOKHOM, MHOTO()AKTOPHOW CTaJIMK €ro CO3JaHusi — CTa-
JIMH POCTa MOJIYIPOBOAHUKOBOM cTpykTypsI [10]. TTocie-
JyIolye onepanuu (Co3aHne KOHTAKTHOW CTPYKTYPHI,
MPOCBETIISIONIETO MOKPBITHS, CO3/laHne rabapUTHBIX pas-
MEPOB, MapKHpPOBKa, M3MEPCHUEC BLIXOJHLIX JJICKTPUYC-
CKHX XapaKTePHCTHK U T. N.) HE JOJDKHBI CHH3UTH 3TH
3aJI0)KEHHbIE CTPYKTYPOIl CBOWCTBA, YTO B IIEJIOM TpeOyeT
JIOCTaTOYHO CJI0)KHON TEXHOJIOTHH M HECKOJIBKO 3aMeJIs-
€T MPOMBIIIICHHYIO PEUTN3AINIO U MOCIEAYIONIEe pa3BH-
THE HOBBIX KOHCTPYKIHNH.

BiausiHMe KOCMH4YeCcKOH paguanuyM Ha CBOMCTBA
kackagueix ®JI1 Ha ocHoBe coemunenuii AllIBV.
Kackamusie InGaP / InGaAs / Ge ®3II B cuny ¢dusude-
CKHX CBOWCTB SIBJIAIOTCS 00Jiee CTOWKMMH K JIeTrpaialliu
rapaMeTpoB MOJ BO3AEHCTBUEM KOCMHYECKOHN paguanuu
mo cpaBHeHnio ¢ Si ®JI. OaHAKO KOHCTPYKIIMS
InGaP / InGaAs / Ge ®3JII He siBASETCS ONTUMATIBHON
C TOYKH 3PEHHMSI CIIEKTPAILHOTO pacipe/ieneHus (JOTOHOB.
JlaHHOE HECOOTBETCTBHE OOYCIIOBIICHO TpeOOBaHUEM
CTPOTOTO COTJIACOBAHUS MO MapaMeTpy PEIIETKH OCaxk-
JTaCMBIX TIOJYIPOBOJHUKOBBIX MAaTEpPHAOB B IPOIECCE
SMUTAKCHAIBHOrO pocTa (cM. puc. 3). [ledcTBUTENBHO,
KaK MOJKHO YBHZETh Ha puc. 4, Ha cpeauuii InGaAs-kackan
MPUXOIUTCS MHHHMANbHBI pabouynii nuamna3oH IJIHH
BOITH, 9TO TIPUBOAUT K ToMy, uTo INGaAS-kacka reHepu-
PyeT HaMMEHBIIYIO [IOTHOCTH ToKa — 16,58 MA/cM? [9]
B cmektpe AMO o cpasmenmo ¢ 22,43 mAlem °
u 37,08 mA/cM? [9], renepupyembivu InGaP- u Ge-niepe-
XOZaMH. JTO OOCTOSITEILCTBO SIBISIETCS. KPUTHYHBIM
B CWIYy IIOCIIE/IOBATEILHOTO COEAMHEHUSI KacKaJoB
B CTpyKType TpexkackagHoro ®OIII (cm. puc. 2), usz-3a
yero Tok Bcero @OII orpaHnyYeH MHHUMAIBHBIM TOKOM,
reHepupyeMbiM cpeqauM INGaAs-kackamoM.
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Puc. 4. Ilosicuenne MmexaHn3Ma oOpa3oBaHUs
XapaKTEePUCTUK CIUIOTHOCTh TOKA — HANPSDKEHHE»
B InGaP / InGaAs / Ge ®3II

Fig. 4. Interpretation of mechanism of formation
of characteristics of current density—voltage
in InGaP / InGaAs / Ge solar cell

IIpu skcruryararmn Cb B kocmoce ®OJII, ycraHoB-
JICHHBIC B €€ TCHEPUPYIOIIEH YacTH, MOJBEPTaroTCs BO3-
JICUCTBHIO TPAKTHYECKH BceX (DAaKTOPOB KOCMHYECKOTO
HpOCTpaHCTBa: paauanuu, MOTOKOB 3apsKCHHBIX YaCTHI]
BBICOKOM OHCPIruH, TBEPABIX YaCTUIl C€CTCCTBCHHOT'O
U HMCKYCCTBEHHOT'O IIPOMCXOXJICHUS, IUIa3MBl, 3JIEKTPO-
MarHutHoro usnydeHus: CojHIa, pe3Kux TeMIepaTypHbBIX
MepenajoB, a TaKkKe IMPOAYKTOB pPabOTHl PEaKTUBHBIX
JIBUTATeNIeil pasHbIX THIIOB. Bce 3TO MOXET NMpHBOIUTH
B pe3yibTaTe pPa3IHYHBIX IETPaJAllMOHHBIX IIPOIECCOB
K CYIIECTBEHHOMY YyXyIIICHHIO XxapakTtepuctuk OOl
u Cb B nenom.

Hambonee 3HaYMMBIM W3 TIEPEUYNCICHHBIX (PaKTOPOB,
OTIpeeIIoNUX JIuTensHOCTh paboTel Cb B Kocmoce,
ABJsieTCs paguanys. BosaeiicTBue paanaioHHOTO 00Iy-
YEeHUs] OKa3bIBaeT BIMAHUE Ha (HU3MYECKHE NapaMeTphl
OOII, onpenensromue 3HHEKTUBHOCTL MPEOOPA3OBAHUS
COJIHEYHOH PHEPTHU B dJIeKTpHuecKkyto. Tak, Bo3aeiicTBre
pazuanuy NPUBOJUT K OOpa3oBaHMIO B 3aIlpellEHHOM
30HE TMOTYNPOBOAHNKOBOTO Matepuana DI mokambHBIX
YPOBHEH, O0OYyCIOBICHHBIX BBEICHHBIMH B peE3yibTaTe
o0uryueHns neeKTaMu, 4To MPUBOAUT K CHIDKEHHUIO Bpe-
MEHHU XHU3HU Hocutened 3apsga. Kak npaBuiio, JaHHBIN
rapamMeTp U3MEHSIETCS B HECKOJIBKO pa3 MPH TaKHUX J03aX
o0uryueHus, Uil KOTOPBIX U3MEHEHNE APYTUX XapaKTepH-
CTHK OKa3bIBaeTCs MpeHeOpexnmMo Mabim [11].

Jns xackamapix OOI1 Bo3HWKaeT AONOIHUTENbHAS
npoOiieMa — pa3iMyHasi CKOPOCTh PaJMAlMOHHON Jerpa-
Janmu (OTOTOKA B KacKaxax, 4To eme Ooyiee yXy.mraeT
COIJIACOBaHUE TOKOB KAaCKa/IOB M OTPHUILIATENIHLHO CKa3bIBa-
eTcs Ha BBIXOAHBIX XapaKTEPUCTHKAX TPEXKaCKaTHbBIX
InGaP / InGaAs / Ge ®OII (puc. 5).

B pabote [12] mpoBeaeHO MOIETHPOBAHHE PaaUalH-
OHHOTO TOBpeXIeHHus Tpexkackagaoro ®OII mpu Bo3-
JIEHCTBUM Ha HETO 3JICKTpOHaMU ¢ dHeprueit 1 M»aB, Tak
KaK 3JIEKTPOHBI BBICOKHX JHEPIUH SABISIFOTCS OCHOBHBIM
MOBPEXIAIOIINM (PaKTOPOM Ha I€OCHHXPOHHBIX OpOHUTaX.
ABTOpamu pabOTHI IMOKa3aHO, YTO BCIIEACTBHE TaKOTO
BO3/ICHCTBUS MPOMCXOANUT YMEHBIICHHE AU(PPY3NOHHBIX
JUIMH HEOCHOBHBIX HOCHTENEH 3apsia M CHIDKCHHE
(hoToTOKA M HAIIPSHKEHUSI X0J0CTOr0 Xo/a. [IpoBeieHHbIH
pacder JuUId [WanazoHa 03 OONydyeHHs OT HyJs
mo 310" cm? (tabn. 1) mokasam, uTO HaMbOIbIIEit
nerpagaiuu noxasepxeH INGaAs-kackan, 0COOEHHO ero
p-obnacTb: cHwkeHne AUQQy3nOHHOHN JJIMHBI HEOCHOBHBIX
HOCHUTEJIEH 3apsiia OKa3aJoch HauOoJee CYIIECTBEHHBIM —
¢ 7 MKM 110 00my4enus 1o 1,31 mxm mociie o0rydeHust.

baza p-InGaAs tpexkackagnoro ®OII siBnsiercst ca-
MBIM TOJICTBIM T'€HEPUPYIOLUIMM SHHTAKCHAIGHBIM CIIOEM
Bcero mpubopa, 370 00yCIOBICHO 0COOEHHOCTSIMH COOH-
paHus CreHepHpOBaHHBIX HOCHUTENeH 3apsina B cioe. Tak,
o oburydeHust npu tommuHe P-INGaAs 6a3sl B 4 MKM
nocturaercs omuskoe k 100 % coOupanue HocuTenen
3apsija, OJHAKO B JalbHEHIIeM m3-3a o0mydeHus auddy-
3MOHHAs JUIMHA HEOCHOBHBIX HOCHUTENEH 3apsiia CHIKa-
eTcs BCJEACTBHE MX PEKOMOWHAIMU Ha paJrdaliOHHBIX
nedekrax, COOTBETCTBEHHO, CHIDKAeTCI H  (OTOTOK
(puc. 5). [Ipu 3TOM 0OHAPYKEHO, YTO MAKCUMYM (HOTOTO-
Ka JOCTHraeTcs TIpH MEHbIIeH ToymuHe 0a3bl
InGaAs-kackazna, HO cHIKeHHe Toamuubsl INGaAs 6a3o-
BOW 00JIaCTH yBEJIMYHMBAET KOJIMYECTBO HETOTJIONIEHHBIX
JUTHHHOBOJIHOBBIX (poTOHOB [12].

VYBenuueHue J0JIM TOTJIOMIEHHBIX JUTMHHOBOJIHOBBIX
(hoTOHOB B TOHKOH 0a3e MOXET OBITh JOCTUTHYTO IyTEM
npumeHenusi B ctpykrype ®OI1 pacmpenenenHoro Opar-
roBckoro orpaxarens (PBO) [12-14], npexacTasisomero
co00il CTPYKTYpY C TIEPHOIUYECKH H3MEHSIOIIMCS
B TPOCTPAHCTBE IIOKa3aTeJeM IPEIOMIICHHS M I03BO-
JSIFOLLIETO 32 CYET 3TOr0 CO37aBaTh pa3pelleHHbIE U 3a-
NpeleHHbIe dHepreTudeckue 30HbI s ¢otoHoB [15].
OcHoBHOe  mpegHasHaueHne PBO B cTpykType
InGaP / InGaAs / Ge ®3II — Bo3BpaT 4acTH JNIHHHOBOJ-
HOBOT'O M3JTy4eHHsI B (DOTOAKTHBHBIC CIIOH, B YAaCTHOCTH,
B p-InGaAs croii.

Tabnuya 1

PacuerHble 3HaYeHus 1u(y3HOHHBIX JJIHH HEOCHOBHBIX HOCHTe 1€l 3apaaa B pOTOAKTUBHBIX cj1osX DIIT
Ha ocHoBe INGaP / InGaAs / Ge [12]

Jnddy3noHHas 1yiHA HEOCHOBHBIX HOCUTEINEH 3apsiia, MKM
Croit To oByuenms TTocne oGnyueHus
Y Jlo3a oGmyuennst 107, cm™ Jloza o6nyuenns 3-10°, cm™
n-InGaP - 0,05 -
p-InGaP 2,0 1,76 1,46
n-InGaAs 0,3 0,28 0,25
p-InGaAs 7,0 2,21 1,31
n-Ge - 0,50 -
p-Ge 50,0 49,10 47,40
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Puc. 5. OTHOCHTENBHAS 107 POTOTOKA, TEHEPUPYEMOTO
B InGaAs-kackae Tpexkackaguoro INGaP / InGaAs / Ge ®3I1T
6e3 PBO 10 o6myuenus (1) u mocie 00rydeHust SIEKTPOHAMHE
¢ sueprueii 1 MaB nosoit 10%° em (2) 1 mosoit 3-10%° em~? (3) [15]

Fig. 5. Relative fraction of the photocurrent generated in the InGaAs
junction of a triple junction InGaP / InGaAs / Ge solar cell without
Bragg reflector before irradiation (1) and after irradiation with
electrons of 1 MeV in a dose of 10™° cm™ (2) and a dose
of 3-10% em?(3) [15]

Ha ceropssmnuil JeHb BeLylie€ MHUPOBBIE IPOU3BO-
murenn OOl kocMuyeckoro HasHaYCHHS pa3paboTanu 1
BBIITYCKAIOT MOIU(UKaMKu Tpexkackagueix InGaP / In-
GaAs / Ge ®DII ¢ MOBBIIICHHON PaJHAIIOHHOI CTOHKO-
ctbto. EcTh OCHOBaHUS moONaraTh, YTO IMOBBIIICHUE pa-
JIMAIIOHHOW CTOWKOCTH JAOCTUTHYTO Oiarosapsi BCTpau-
BaHuto PBO B nonynpoBoaHUKOBYIO CTpyKTYpy DOII.

KonrtakTHasa crpykrypa ®JII. KonTakTHas CTpyk-
Typa ®3I1 cCOCTONT U3 TOKOCHEMHBIX MOJIOCOK KOHTAaKT-
HOW CEeTKH, IJITaBHOTO KOHTAKTa M TOKOCHEMHBIX ILIOINA-
JOK. Marepnanamu I KOHTAKTHOW CETKH MOTYT OBITh
JUIIb  MeTajulbl, oOJajgaromue XOopomed —aaresmeit
U UMEIOLIME HHU3KOE COIMPOTUBICHHE IIPU IPOTEKAaHUU
TOKa (BBICOKYIO 3JICKTPONPOBOIHOCTH), Takhe Kak Ag,
Au, Ni, Ti, Pd, ognako HeBO3MOXHO HalTH MeTaml, 00-
JaJaomKid OJHOBPEMEHHO 3THMH JBYMs CBOWCTBaMH,
MI03TOMY TPUMEHSETCSI MHOTOCJIOWHAs CHCTeMa KOHTaK-
ToB. KOHTaKTHBIE IUIOMAIKH NPH 3TOM JOJDKHBI OBITH
npucrocoOeHs! K nocuenytonei kommyrtanun OOI1 nmpu
coopke Cb. ['eomerpuueckue pa3sMepsl KOHTAKTHON CETKH
PacCUHTHIBAIOTCS MPUMEHHUTEIBHO K KOHKPETHOH KOHCT-
pykimn OII1 (mupuHa MOIOCKH cOOUparomieii rpeGeHKH
3-10 MKM), OHH JOJDKHBI OOECIIeUYMBATh MHUHHMAJIBHO
BO3MOJKHOE 3aTeHeHHE (OTOAKTHBHOW rutomamy (s
npeobpa3oBaHus CIa0OKOHIIEHTPUPOBAHHOTO H3ITyYCHHS
MOTEpH Ha 3aTEHEHHE JIOJDKHBI COCTABIATH He Oosee 5 %,
a JUIs CHJIBHOKOHIIEHTPHUPOBAaHHOTO — oT 5 10 15 % [16])
1 MHUHUMAaJIbHO BO3MOXKHOE CONPOTHBIICHHE IIPU IPOXO-
XKJICHWU T10 3TUM KOHTAaKTHBIM IOJOCKaM TOKa, coOpaH-
HOTO C TEHEpPHUPYIOIIEH IOJIyITPOBOAHUKOBONH CTPYKTYPHI
@3II [17]. BaxHBIM SBIISCTCSI HAJIUYUE BBICOKOJIETHPO-
BaHHOTO N+-crost B KoHcTpykuuu POI1 ans nmomydenus
MHHHAMAJIBHOTO TEPEXOJHOTO COMPOTHBICHUS «MeETal—
MOTYHPOBOIHHUK». TONIIMHA KOHTaKTOB OIPENENseTCs
MIPOBOAMMOCTBIO  KOHTaKTa  METaJUI-TIONYIIPOBOIHUK
1 IUIOIA/IBI0 CONPUKOCHOBEHHA. [l CO3/1aHnsT KOHTaKT-
HOW CTPYKTYPHl C PHUCYHKOM TIpeOeHYaToOll KOHTAKTHOM
CeTKM Ha (POTOAKTHBHOW CTOPOHE M C TOJIIMHHBIM IPO-
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dunem 4-8 MKM NPUMEHSETCS <B3PBIBHAS» (POTOIMTO-
rpadus C HOCIEAYIOUIMM HAaHECEHHEM METaJUTMYeCKOr0
MOKPBITHS METOJIOM TEPMOBAKYYMHOI'O PACIBUICHHS Me-
TaJlIoB.

IMpocBetasiomee (aHTHOTPAKAIONIEE) MOKPHITHE
®3II. Ilpoceernsroniee (aHTHOTpaXKarolee) MOKPBHITHE
(AOIT) ®OII cayKUT Aasi MUHHUMH3AIHA OTPAKCHUS OT
MOBEPXHOCTH, YTO TO3BOJIAET O0CCICUUTH OO0Jiee BHICO-
Kuii (DOTOTOK, a CIEIOBATEIbHO, IMOBBICUTH S((HEeKTHB-
HOCTh TpubOOpa. BooOmie, mepBoe MpOCBETISIONIEE I10-
KpeiTHEe OBLTO paspaboraHo ®Ppayrrodepom B 1817 1.
OpHaKo J0JITME ToAbl JaHHAs TEXHOJOTHS OCTaBajach
B TeHu [18]. TlepBriit COMHEUHBIH DIIEMEHT, MPEACTABICH-
Helli B 1954 1., 6611 O0e3 AOII. Hauunasg ¢ 1964 r., nis
kpemHueBbIX ODIII oTedecTBEHHOTO MPOU3BOACTBA Haya-
mu npumensTb AOIT Ha ocHoBe ZnS.

B nactosmee Bpems st @I npuMeHsIOTCST OJHO-,
JIByX- ¥ TPEXCIIOMHBIC MMOKPBITHS: YeM OOJIbIIIe KOJIHIECT-
BO CJIOCB, TeM Ha 0oyiee MIMPOKOM JHAara3oHe CIEKTpa
MOYKHO MHHHMHU3UPOBaTh oTpakeHHe. OJHAKO yBemmde-
HHE KOJMYECTBA CIIOCB BJICYET 3a COOOM 3HAYMUTEILHOC
ycnoxkHeHne TexHoiorud. Matepuansr g AOIT monou-
paroT ¢ y4eToM uX (H3NUECKUX CBOMCTB, TAKHX KaK TOKa-
3aTeib MPEeJIOMIICHHUS, aAre3usi ¥ XUMUYeCKas CTOIKOCTb.
Takum 00pa3oM, B 3aBUCUMOCTH OT CIIEKTPaJIbHOTO IHa-
na3zoHa, B kotopoM POl mMeeT MakCUMaIbHYIO yBCT-
BUTEJIBHOCTh, MOJOUPAIOT HEOOXOANMOE KOJIMYECTBO
cnoeB AOII u ero marepuansl.

OcHoBHbIMU MaTepuanamu it AOII sBisrorcs ZnS,
TiO, u CeO, — B KaueCTBe MAaTEPHAIOB C BHICOKUM TOKa-
3atenem npenomienus u Mgk, Al,Oz u SiO; — ¢ Hu3KEM
nokazateneMm [19]. CoriacHo MmOCHEIHUM HaHHBIM, UL
Tpéxkackagabix OOl Ha OCHOBE apceHHIA TajUIUs HC-
mone3ytoTes aByxcioitHele AOIl W3 OKCHIOB THTaHa
TiO, / TiOy u amomunus Al,O3 [20], a Takke okcuI0B
tanTtana 18,05 u kpemuust SiO, / SiO, [21], dopmupye-
MBI€ METOJOM 3JIEKTPOHHO-IYYEBOTO HCIAPEHUS B Ba-
KyyMe. TOJIIHHBI clloeB cocTaBisitoT ipumepHo 4070 HM.
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O030p NPOMBILLICHHO BBIMYCKAeMBbIX TpeXKac-
KagHbIX  (oTolIeKTpHUeCKHX  Npeodpa3oBareJeii
KOCMHMYECKOT0 Ha3HAYeHMs] HA OCHOBe COeIMHEeHMit
AllIBV. Ilpomsmmiennoe (cepuifHOE) MPOU3BOJICTBO
Tpexkackanubix ®OI Ha ocHoBe coemmuennit InGaP /
InGaAs / Ge, nmpuMeHsIeMbIX B (HOTOTCHEPUYIOIICH YacTH
Cb GompmmacTBa coBpeMeHHBIX KA, Ha Texymmuii Mo-
MEHT BPEMEHH OCYILIECTBIAETCS CIECAYIOIINMH 3apyOex-
ueiMu kKommanusmu: SOlAero Technologies Corp (CIIA),
Spectrolab Inc (CIIA), AZUR SPACE Solar Power
GmbH (I'epmanwust), CESI SpA (Uramus).

B Poccun npounsBoactso tpexkackanHbix ®II1 Obi10
OCBOCHO CPaBHUTEIBHO HENAAaBHO B JIByX KOMIIAHUSX:
AO «HIII «KBant», r. MockBa, u I[TAO «Catypn»,
r. KpacHomap, ucropus co3maHus KOTOPBHIX CBs3aHa
¢ BHUNUT u Haydro-Tipon3BOICTBEHHBIM O0BEANHCHIEM
«KBaHT».

IIponykuust Kakaoro U3 ykKa3aHHBIX IPOU3BOAUTENEH
oOamaeT psAAOM XapaKTepHBIX OCOOEHHOCTEW TEeXHHYe-
CKOTO XapakTepa, 4To, OJHAKO, HE HECET CYIIECTBEHHOTO
pas3nuuus B KOHCTPYKIMHU IOJYHPOBOIHUKOBOW (hoTore-
HepUpYIOUIEH YacTH.

OCHOBHBIE AJIEKTPUYECKHE XapaKTEPUCTHKU UIS pa3-
ngHbIX THITOB POIT KaXk10ro n3 BhIIIE MPEACTaBICHHBIX
MIPOU3BOUTENCH CBENCHHI B Ta0I. 2, 310! |, — TOK KOpOT-
KOTO 3aMbIKaHUs, MA/cM?; I(P,)o — TOK B TOYKE MaKCH-
MaJbHOM MOIHOCTH, MA/CM; larp — TOK B TOUKE ONTH-
MaJIbHOW Harpys3kH, MA/eM?; Uy — HaIpsLKEHUE X0JI0CTO-
ro xona, B; U(P,)o — HampsbkeHHe B TOYKE MaKCHMallb-
HO#i MomHOCTH, B; Uy, — HanpsKeHHE B TOYKE ONTH-
ManpHOM Harpysku, B; FF — ¢axrop 3anonnenus, %;
KIIJ — koaddunmeHT nonezHoro aeicteus, Wi dpdek-
TUBHOCTh TPEOOpPa30oBaHHs KOCMHYECKOTO COJHEYHOTO
cnektpa AMO; KII o, — K030 dunueHT monesnoro aei-
crBus ip AMO B TOUKe ONTHMAaNBHOM Harpy3KH.

Paccmorpum @11 Hanbosee pacrpocTpaHEeHHOTO TH-
nopasmepa miomansio ~ 30 cm? (puc. 6). MyIbTHKacKaz-
veie OOIl, mpom3BOAMMEBIC aMEPUKAHCKOW KOMITAHUEH
Spectrolab Inc., Bxoasmieli B aMepHKaHCKHI KOHIIEPH
Boeing, siBstroImiicss OAHUM M3 KPYIIHCHIIMX MHPOBBIX
TIPOU3BOAUTENEH aBUALIMOHHOM, KOCMUUYECKON U BOCHHOU
TEeXHUKH,  TPEACTABICHB  CICAYIOIIUMH  THUIAMH!
Improved Triple Junction Solar Cells (ITJ) — mromans
no 31 cM?, KIIJI - 26,8 %, co BCTPOEHHBIM Si-IH0I0M,
BHEIIHUHN BHJ n300pakeH Ha puc. 6, a [22]; Ultra Triple
Junction Solar Cells (UTJ) u NeXt Triple Junction Solar
Cells (XTJ), mnomansio 26,62 cM?,  aHANOrHuHbIE
MO BHELIHEMY BHAY, MOKa3aHbl Ha puc. 6, 6 [22], oTmu-
Yaromuecs: TONbKO 3HaueHneM 3¢dexruBHOCTH: UTJ) —
28,3 %, XTJ -29,5 %.

Awmepukanckas kommanus  SolAero  Technologies
Corp Beimyckaer tpexkackaaubie ®OI1 pa3nuuHbIX MO-
Juukanmi, ONTUMHU3UPOBAHHBIX IJISI PA3IMUHBIX YCIIO-
BUH 3KCIUTyaTallud WM B PA3IMYHBIX KOMMYTAallHOHHBIX
cxemax Cb. B uwactHocTH, paspaboranst OII1 mis Huz-
kux op6ur (ZTJ-Q) ¢ KI1J] 30,2 %, ®DIII ¢ moBbIIeHHON
paaManMoHHOM cToikocThio (ZTJ+) ¢ KIIJ 29,4 % u mp.
Bee tuner ®OI1 KOHCTPYKTHBHO NPENCTaBISAIOT coOOH
InGaP / InGaAs / Ge mnomynpoBOIHHUKOBYK KOHCTPYK-
LuIo Iomanso 26-30 cM? ¥ BHEIIHE HE UMEKOT 3aMeT-
HBIX pasinuymii, mMpuBoAATCcs Ha puc. 6, ¢ [23]. Takxke
xkommanus SolAero Technologies Corp mpemnaraer ®OT1
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co BcTpoeHHbIM nuoaoM (ZTJIM), KITJ 29,0 %, BrewHui
BUJI KOTOPOT0 U300paxkeH Ha puc. 6, e [23].

V Hemenkoit xommanum Azur Space Solar Power
GmbH, Takxe 3aHMMaromIeiics CEpUHBIM H3TOTOBJICHHU-
eM TpexkackagHeix @OJII, accopTUMEHT NpPOAYKLUU
mpeacTaBieH Heckonpkumu TumamMu DOOI1 mromansio
30,18 cm?. Bremnmii Bug ®IIT ¢ KIIJ[ 28 % (3G28C) co
BCTPOCHHBIM JMOJIOM MPHUBEZCH Ha puc. 6, 0 [24]; ¢ KI1]]
30 % (3G30C) co BCTPOEHHBIM JIHOJOM — Ha pHC. 6, e
[24]. ©OI1 3G30C 6e3 mwoma ¢ tommuHamu 150
n 80 MKM HUMCIOT TOXOXHI BHEIIHUI BHI, M300pakeH-
HBIi Ha puc. 6, orc [24].

Jpyroii eBponeickuii Mpou3BOIUTENb — UTABSIHCKAS
kommanuss CESI SpA — mpomsoant OII1 thma CTJ30
wiomaneo 26-30 oM ¢ KIIO4 29,5 %. Buemnwuii Buj
®OII npusenen Ha puc. 6, 3 [25].

OpmanM u3 poccuiickux mpousBoxuteneit ®II1 saBis-
ercst [TAO «CarypH», TpeIOCTaBISIONIEEe Pa3INIHBIC
KOHCTPYKTHBHO TexHonorndeckne moandpukammu DOOI1
CO BCTPOEHHBIM JUOJIOM €O cpenHuM 3HadeHuem KIIJ]
28 %. Buemmnwmii Bun ®II1 mpoumsBoacrBa [TAO «Ca-
TYpH» H300pakeH Ha puc. 6, u [26].

JpyruM pOCCHHCKHAM TPOM3BOIUTEICM TPEXKACKA-
ueix INGaP / InGaAs / Ge @311 6e3 BCTPOSHHOTO JUOI-
Horo monyins siBusercst AO «HIIIT «KBanTt». BHeurnuit
Bug OOI1, npomsseneHubx B AO «HIIIT «KBanT», mpen-
craBieH Ha puc. 6, k. KII/I cepuitHO BBITyCKaeMBIX 00-
pasmoB TpexkackamgHbix OOI1 mo garaeM 2017 1. B cpen-
Hem cocraBiser 28,4 %. Kpome toro, B AO «HIIII
«KBaHT» mpoBeneHsl paboTHI MO pa3paldOTKE OMBITHOM
TEXHOJIOTUH M3TOTOBJICHUS TpexkackamaHeix OOl ¢
YIIYYIICHHBIMA 3HEPrOMAacCOBBIMH  XapaKTCPUCTUKAMHU.
[TonmyyeHbl 3KCIIEPUMEHTAIBHBIC 00pa3lbl CO CICIYIO-
IMMHA  XapaktepucTukamu: macca ®II1 ~ 1,65-1,7 r,
rommuaa ~ 100 MM, J ~ 17,5 MA/CMZ, U, ~ 2,6 B,
KITJ ~ 27,5 % [6]. [Ipumenenune takux OOII naet Bbiur-
PBHII B YACTHHBIX SHEPrOMACCOBBIX XapaKTCPUCTHKAX,
UMCIOIUX OCOOCHHOE 3HAYCHHE [UIS SHEPreTHYCCKUX
cucteM KA. Onmnako mua oOecriedeHHsT HEOOXOIMMBIX
MEXaHUYECKUX XapaKTEePUCTHK TP HCIIONB30BAaHUU yTO-
HeHHBIX ODII B coctaBe BC Tpebyerca mpumeHeHne 00-
JIETYCHHBIX JKECTKIX KapKacoB THUIIA COTOBBIX MTaHENeH.

B HacTositiiee BpeMs MPOU3BOIUTCS MPOpabOTKa HO-
BOTO KOHCTPYKIIMOHHOTO PEUICHHS B YaCTH YBEIMUYCHHS
none3Hor miomaau PI'Y, a uMEeHHO, B YacTH CO3JaHUs
®OII ¢ yBeIMYCHHBIMU Ta0ApUTHBIME MTApAMETPAMH TS
ucnons3oBanus takux ®OII B Cb nepcnektuBHbix KA.
UcnonbzoBanue OIII ¢ yBennyeHHo miomaasio OI'Y
(o6mast mromrage OOIT > 50 CMZ) B cpaBHeHnH ¢ DOII
cranmaptHoro pasmepa (~ 30 CM2) ITO3BOJIUT YBEIHMYUTH
Jouto Tione3Hoi (paboueit, renepupyroineit) mwiomam Ch
(puc. 7). llpumenenne momxobupx OIIT Gymer crocobet-
BOBaTh yMmeHbIIeHHI0 Maccel CBb 3a cuer cHmkeHHA
YAEJIBbHOM Macchl KOMMYTAaLlMOHHOM 4acTH, a TaKXe yBe-
JIUYCHHUIO CKOPOCTU M CHUKCHUIO CTOMMOCTH COOpPKH 3a
CYET COKpAIICHUSA KOJMYECTBA COOPOYHBIX OICPAIHii.
OpnHako 1pu Bapualuu radaputHsix pazmepoB OOII cie-
nyet yuutbiBath Gakrop 3arnonnenust @I'Y Cb. Buemnmii
Bug OOI1 momudukammu XTJ ¢ KIIJ] 29,5 % u BHenHe
aganmormuneid UTJ ¢ KIIA 28,3 %, oba momansto
59,65 cM?, H3rOTOBJICHHBIE B Spectrolab Inc., moka3aunsl
Ha puc. 7, a [22]. Taxxke xommanus SolAero Technolo-
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gies Corp mpeaiaraetr notpeburensim OIII ¢ yBenuueH-
HOW momanpto Moupukaumu ZTJ, n300pakeHHBINH
Ha puc. 7, 6 [23]. JIoNOTHATENBEHO 3TUM TIPOU3BOIUTEIEM
npemraratrorcs OII1 mnomansio ~ 60-65 cm? trnos ZTJ+
u ZTJ-Q. Komnanus Azur Space Solar Power GmbH
npousBoaut OOI1 mnomanso 60,36 em? Tuma 3G30C,
BHEIITHHUIA BHJ] KOTOPOTO TIPUBEICH Ha pHC. 7, 6 [24].

B nacrosimee Bpemst B AO «HIII «KBant» BemyTces pado-
ThI B HATpaB/IeHH paspaboTku POI] ¢ miomasio > 50 v,

3 u

W&o w

2 0

Takke WHOCTpaHHBIC MPOU3BOIUTEIN MPEIATAIOT
OIII ¢ yBennuenHoi miomaasio OI'Y, U3roToBIeHHbBIE
Ha MOJIOKKAX OoJbliero jauaMerpa (CTaHmapTHBIN
quamerp Ge-noanokek, MPUMEHSEMbIX HpPU JIUTAKCH-
anpHOM pocte TpexkackaHbpix OOI1 Ha ocHOBE coenHe-
auii AIIIBV, pasen 100 mm) (puc. 8). Buemmuit Bug
obpaszma XTJ Prime xommanuu Spectrolab Inc. momra-
nbio ~ 70-80 cM?, TommuHoi 80—225 MKM, ¢ KIT1J1 30,7 %
npencraBieH Ha puc. 8, a [22].

L X o

e HC

g

Pric. 6. ®DII pasnmuaHbIX MPOH3BOANTENEH THITOpasMepa ~ 30 cm™:
a, 6 — Spectrolab Inc.; 6, 2— SolAero Technologies Corp; 0—o«c — Azur Space Solar Power GmbH;
3 —Cesi SpA; u — TTAO «Carypu»; k — AO «HIIIT «KBauT»

Fig. 6. Solar cell different manufacturers area ~ 30 cm?
a, b — Spectrolab Inc.; ¢, d — SolAero Technologies Corp; e-g — Azur Space Solar Power GmbH;
h — Cesi SpA; i — PJSC "Saturn”; j — JSC “RPE “Kvant”

a

Puc. 7. ®OII paznudnbix Ipou3BoAnTeNei ¢ yBeanueHHou miomanpio OI'Y ~ 50 cm”:

o

2

a — Spectrolab Inc.; 6 — SolAero Technologies Corp; ¢ — Azur Space Solar Power GmbH

Fig. 7. Solar cell different manufacturers with increased area ~ 50 cm?:
a — Spectrolab Inc.; b — SolAero Technologies Corp; ¢ — Azur Space Solar Power GmbH
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OCHOBHbIE XapaKTEePUCTHKH PA3IMYHbIX THIIOB TpexkackagHbix ®II1 Ha ocHoBe coenqunenuii INGaP / InGaAs / Ge

Tabauya 2

OcHOBHEBIE DJICKTPUYCCKHUE IMMapaMETPhbL PaZ[I/IaHI/IOHHaH JAcrpaganus ﬂOH.
" b [ 1Py | huarys [ U [UPWo, [Usary, | FF KT Loy KILJL 1.10™ 5.10™ 1107 MHpopMaLs
AUMCHOBAHHC 0 0
uafou” | MAJew” | mafew® B\ B B Y YT T UPHT P |1 | U P [ 1P | U P
I(PM)O U(PM)O PMO I(PM)O U(PM)O PMO I(PM)O U(PM)O PMO
Spectrolab Inc, (CIIIA) [22]
ITJ Solar Cells * 16,90 | 16,00 | 16,10 | 257 | 2,27 | 2,23 | 0,84 | 26,5 26,8 1,00 094 | 094 | 0,98 0,90 | 0,88 | 0,96 0,88 0,84 AMO
UTJ Solar Cells 17,05 | 16,30 | 16,40 | 266 | 2,35 | 2,31 | 0,85 | 28,0 28,3 0,99 094 | 093 | 0,98 091 | 0,89 | 0,96 0,89 0,86 |(135,3 mW/cm?)
(<32cm?) ? 28 °C, Fluence
UTJ Solar Cells 17,05 | 16,30 | 16,40 | 2,66 | 2,30 | 2,27 | 0,83 | 275 | 27,6 | 0,99 0,94 | 0,93 | 0,98 091 | 0,89 | 0,96 0,89 0,86 1MeV Elec-
(>50 cm?) 2 trons/cm?
XTJ Solar Cells 2 17,76 | 17,02 | 17,14 | 263 | 2,35 | 2,31 | 0,85 | 29,3 29,5 1,00 094 | 095 | 0,99 091 | 0,90 | 0,95 0,89 0,85
XTJ Prime® 18,10 | 17,40 - 2,72 | 2,39 — — — 30,7 - - — 0,99 0,89 — 0,97 0,87 -
SolAero Technologies, Corp,(CIIIA) [23]
ATIM (ATJ) Space | 17,10 | 16,20 - 2,60 | 2,30 - - - 275 | 1,00 0,96 | 0,96 | 0,96 092 | 0,89 | 0,94 0,90 0,85 AMO
Solar Cell* (135,3 mW/cm?)
BTJ Space Solar 17,10 | 16,30 - 2,70 | 2,37 - - - 28,5 | 1,00 0,97 | 0,97 | 0,96 0,92 | 0,89 | 0,94 0,90 0,85 28°C
Cell* Radiation
ZTJ+Space Solar 17,11 | 16,65 - 2,69 | 2,39 - - - 29,4 - - - 0,99 092 | 091 | 097 0,90 0,87 Performance
Cell 123 at 1 MeV
ZTJ Space Solar 17,40 | 16,50 - 2,73 | 241 - - - 29,5 | 0,99 0,97 | 0,96 | 0,96 0,93 | 0,90 | 0,94 0,91 0,85 Electron Irra-
Cell 123 diation
ZTJI\l/I Space Solar 17,10 | 16,50 - 2,72 | 2,38 - - - 29,0 | 0,99 0,97 | 0,96 | 0,96 0,93 | 0,90 | 0,94 0,91 0,85
Cell
ZTJ-Q Space Solar 17,41 | 16,80 - 2,73 | 243 - - - 30,2 - - - - - - - - -
Cell #23
Azur Space Solar Power Gmbh (Tepmanus) [24]
TJ Solar Cell 17,24 | 16,71 | 16,73 | 2,70 | 2,41 | 2,35 | - - 29,5 - - - 0,99 0,95 | 0,94 | 0,96 0,93 0,90 AMO
3G30C — Advanced (1367 W/m?)
Grid system with 2 28 °C
contact pads* Fluence 1MeV
TJ Solar Cell 17,25 | 16,68 | 16,75 | 2,70 | 2,41 | 2,35 - - 29,4 - - - 0,99 095 | 094 | 097 0,93 0,90 Electrons/cm?
3G30C - Advanced
(large area 120 mm x
60 mm)*
TJ Solar Cell 17,25 | 16,68 | 16,73 | 2,70 | 2,41 | 2,35 | - - 29,4 - - - 0,99 0,95 | 0,94 | 0,97 0,93 0,90

3G30C - Advanced
(large area 80 mm x
80 mm)?




Okonuanue mabin. 2

OcHOBHEBIE DJICKTPUYCCKHUE IMMapaMETPhI Pa}lI/IaLII/IOHHaﬂ Jcrpaganus I[Ol'[.
. Ler | 1Py | larp | Usor [UPWo, |Uiarps | FF - [KIT ] KT, 110" 510" 1.10° undopmars
ANUMCHOBAHUC 0 0
mAfen” | mAfew™| mAfew™) B ] B | B LR e T UPYT P 1P | U P | 1 | U P
I(PM)O U(PM)O PMO I(PM)O U(PM)O PMO I(PM)O U(PM)O PMO
TJ Solar Cell 17,24 | 16,71 | 16,73 | 2,70 | 2,41 | 2,35 - - 29,8 - - - 0,99 093 | 0,94 | 0,96 0,93 0,90
3G30C — Advanced
Grid system with 3
contact pads*
TJ Solar Cell 16,77 | 16,14 | 16,07 | 2,67 | 2,37 | 2,30 - - 28,0 - - - 0,97 094 | 091 | 094 0,93 0,87
3G28C’
Cesi SpA (Wrtanus) [25]
CTJ30 17,85 | 17,17 - 2,60 | 2,32 - - - 29,5 0,99 0,98 | 0,97 | 0,96 095 | 091 | 091 0,93 0,84 AMO 30 °C
(area 26,5 cm?) *
CTJ30 17,84 | 17,15 - 2,61 | 2,33 - - - 29,5 0,99 0,98 | 0,97 | 0,96 095 | 091 | 091 0,93 0,84 AMO 30 °C
(area 30,15 cm?) !
ITAO «Carypu» (Poccuiickast ®enepanust) [26]
@I ! 16,80 | 16,10 - 2,67 | 2,37 - - - 28,0 - - - 0,95 094 | 092 | 094 0,93 0,88 AMO
(1360 Bt/m?)
28 °C
AO «HIII «KBaut» (Poccuiickas Deneparis)
ODII (10 JaHHBIM 17,36 | 16,45 | 17,03 | 2,70 | 2,35 | 1,90 | 0,83 - 28,4 - - - - - - - - - AMO
2017 )t (1366 Br/m?)
25 °C
Tlpumeuanus:

! _ ®DII nauboree pacmpoCTPaHEHHOr0 THIOPa3Mepa mIomabio ~ 30 cv?;
2 _ ®DII ¢ yBenMIeHHBIMH TabaPUTHBIMA TTAPAMETPAMH TUIOMABI0 ~ 50-60 cm?;
¥ _ ®DII ¢ yBenuIeHHBIMH TabapPUTHBIMA TTAPAMETPAMH Ha MOUTOXKKAX G0JIbIIero auamerpa ~ 7080 cm?.
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SolAero Corp Technologies npennaraer ®JI1 Tuna
ZTJ, noka3anHblii Ha puc. 8, 6 [23]. Takxe SolAero Corp
Technologies mpemmaraer @311 yBennUeHHON MIIOMIAINA
(~ 70-80 CMZ), HM3TOTOBJICHHBIE HA TMOUIOKKAX JUAMET-
pom Goee 100 MM ¢ TTONYTIPOBOAHUKOBBIMHU SITUTAKCH-
AIBHBIMU CTPYKTypamu TunoB ZTJ+ u ZTJ-Q.

Kommanust Azur Space Solar Power GmbH Beimycka-
er O miomansio 68,76 cm® Tommuuol 230 MKM U3
snuTakcHanbHbIX cTpyktyp THna 3G30C. BHeunuit Bun
takoro ®JI1 nokasau Ha puc. 8, 6 [24].

DoTolIeKTpUYecKHe Npeodpa3oBaTe/ii HA OCHOBE
coequHenuii AllIIBV pas mpeoOpa3oBaHusl KOHIIEH-
TPUPOBAHHOT0 W3Jy4YeHus. HecMoTps Ha CBOIO BBICO-
KyI0 CTOMMOCTb, Kackanubie @OI] HalUTK IpHUMEHEHHE B
Ha3eMHBIX YCIOBHSAX B YCTAHOBKAaX MpeoOpa3oBaHUs KOH-
LEHTPUPOBAHHOTO COJHEYHOTO W3IY4eHHs Onaromaps
3¢ deKTy KpaTHOrO yBENHUYCHHUS TOKa T€HEepalHu ¢ pPoc-
TOM IUIOTHOCTH M3JTy4YEHUs, YTO ITO3BOJIAET HCIIOJIB30BATh
@31 3HaUNTENHHO MEHBIIIEro pa3mepa [16].

IIprmmenenane @1 ans KOHIEHTPUPOBAHHOTO H3ITY-
yeruss (KOIII) mpeacTaBisiercsi BOSMOXKHBIM JUTS SHEp-
ronutadusg KA B JajbHEeM KOCMOCe, TI€ OCIa0aeHO COl-
HEYHOC HM3IyYCHHE, a TaKKe s MOIIHBIX dHEepreTHde-
CKHX YCTQHOBOK IUIAHETAPHBIX CTAHLHUH, NPH pEUICHHU
LEJIOT0 Psifa MHKEHEPHBIX 3a[a4, TAKUX Kak pa3paboTka
U CO3JaHUe KOHCTPYKLMH JUIi TOYHOTO OPUEHTUPOBAHMS

o

ONTHYECKON CHUCTEMBI, a TaK)Ke KOHCTPYKIMH IUISt OINTH-
YEeCKOM CHCTEMBI U CUCTEMBI TEIIIO0OMEHa.

CepwiiapiM BoityckoM K®DIT 3anumarorcs SolAero
Technologies Corp (CIIIA), Spectrolab Inc (CIIA),
AZUR SPACE Solar Power GmbH (I'epmanms), CESI SpA
(Utanus). OCHOBHBIC DIICKTPUYECKHE MapaMeTphl pas-
mraaeix THOB INGaP / InGaAs / Ge K®DII, sbimyckae-
MBIX YKa3aHHBIMU H3TOTOBHUTEIISIMH, TIPUBENICHEI B Ta0I. 3.

Ha puc. 9 mpowuttocTpupoBaH BHEIIHHH BUA TPEX-
kackagubix INGaP / InGaAs / Ge KODII, nepeuncieHHbIX
B TaOII. 3.

B AO «HIIIT «KBaHT» HampaBli€HHE H3rOTOBIECHUS
K®D3II na ocuose coequnennii AllIBV naxomurcs B cra-
g pazpabotku. Co3naHa ONMBITHAas TEXHOJIOTHS H3ro-
toBneHus: KOOI u momydeHs! SKCIepUMEHTaNBHBIE 00-
pasmsl ¢ rabaputHeiMu mapamerpamu 0,65 x 0,57 cMm u
0,99 x 1,07 cMm. D¢ dekTnBHOCTh NMpeoOpa3oBaHUs CON-
HEYHOT'0 M3JIyYeHHUs NpH KOHIEeHTpauusx 50 coiHI co-
crapmsier 33-37 % (0 °C, AMO), a B TemmeparypHOM
nuanaszone oT —190 °C no —50 °C nocturaer 38 %.

Heckonbko OCOOHSIKOM HaxXOIMTCs HallpaBieHHE I10
pa3paboTke IpuOOPOB Il MPEOOPa30BaHUS MOHOXPOMa-
THYeckoro (JlazepHoro) usnyueHusi. B pabotax [27; 28]
paccMaTpuBarOTCsl TNEPCIEKTUBBI MCIIOIB30BAaHHS TaKUX
npeoOpa3oBarenieil s OSCIpPOBOIHON TMepenavu dHeEp-
THH, B TOM YHCJIE U B KOCMHYECKOM MPOCTPAHCTBE.

6

Puc 8. ®OI1 Ppa3iInvHbIX HpOI/I3BO):[I/ITeJ'IeI71 C YBCJIMYCHHBIMU Fa6apI/ITHLIMI/I pasMe€paMu Ha NOAJIOXKKaX 0OJILLIETO zmaMeTpa:
a — Spectrolab Inc.; 6 — SolAero Technologies Corp; ¢ — Azur Space Solar Power GmbH

Fig. 8. Solar cell different manufacturers with increased area fabricated on substrates of larger diameter:
a — Spectrolab Inc.; b — SolAero Technologies Corp; ¢ — Azur Space Solar Power GmbH

Tabauya 3
OcHOBHbIE XapaKTepuCTHKH pa3andHbIX THOB K®JII na ocHose coenqunennii InGaP / InGaAs / Ge
HaumenoBanwue Jia Uw B | J(Po [U(P.)o Bl KITO(P,)o, | KIIA, FF, | Pasmepsl, MM | MomHoCTb
Alem? Alcm? % % % M3ITYYCHHUS,
(lesy A) (I(Py)o, A) Br/cm?
(cmextp)
Spectrolab Inc, (CIIA) [22]
CPV Dense Array 6,950 3,170 6,760 2,940 38,8 87,1 14,19%9,90 50 (ASTM
Solar Cells G173-03
CPV Small Aperture 6,950 3,170 6,760 2,940 38,8 87,1 31,5x31,5 spectrum)
Point Focus Solar (@ =30);
Cell 14,4x14,4
(@ =13)
CPV Point Focus 7,190 3,210 6,830 2,870 39,2 10%9,9; 50 (ASTM
Solar Cells 9,299x9,299; G173-03
8,854x8,640; slow AOD
5,547x5,542 spectrum)
C3P5 Improved CPV 39,5 5,977x5,591
Technology
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Okonuanue mabn. 3

HaumenoBanwue Jia Uw B | J(Po [U(P.wo Bl KITIA(P,)o, | KIIA, FF, | Pasmepsl, MM | MomHoCTb
Alcm? Alcm? % % % U3JTy4YeHus],
(lesy A) (I(Py)o, A) Br/em?
(criexTp)
CPV Point Focus 7,533 3,125 7,249 2,762 40,0 85,1 10,0%9,9; 50 (ASTM
Solar Cells 9,299x9,299; G173- Di-
8,854x%8,640; rect Low-
5,547x5,542 AOD Spec-
trum)
SolAero Technologies, Corp. (CIIA) [23]
CTJ Photovoltaic Cell [ 6,480 [ 3,190 | 634 [ 2760 [ 396 | [ 10,680x10,075 50
Azur Space Solar Power Gmbh (Tepmanus) [24]
Concentrator Triple (0,36) 3,020 (0,35) 2,800 42,8 90,1 3x3 (ASTM
Junction Solar Cell (1,16) 3,070 (1,14) 2,820 42,0 | 90,1 5,56%5,5 G173-03)
3C42 (MC/Airx250) | (3,79) | 3,070 | (3,71) | 2,800 41,4 | 894 10x10
Concentrator Triple (0,37) 3,050 (0,36) 2,800 44.0 89,4 3x3 (ASTM
Junction Solar Cell (1,19) | 3080 | (1,17) | 2,800 429 | 895 5,5%5,5 G173-03)
3C44 (MC/Airx250) | (3,85) | 3,060 | (3,77) | 2,800 42,1 | 899 10x10
Cesi SpA (Mranus) [25]
Triple-Junction Solar 7,400 3,100 39,1 86,0 | 10,92x10,06 (AM1,5D,
Cell for Terrestrial LOW AOD,
Applications T=25°C)
(CCTJ40)
a 6 6 e
0 e aHc 3

Puc. 9. BHewHuit Buj pasnunynsix tunos INGaP / InGaAs / Ge KODII [22-25]:
a — CPV Dense Array Solar Cells (Spectrolab Inc. (CIIIA)); 6 — CPV Small Aperture Point Focus Solar Cell (Spectrolab Inc. (CILIA));
6 — CPV Point Focus Solar Cells, C3P5 Improved CPV Technology, CPV Point Focus Solar Cells (Spectrolab Inc. (CIIA));

2 — CTJ Photovoltaic (SolAero Technologies, Corp. (CILIA)); o — Concentrator Triple Junction Solar Cell 3C42 u Concentrator Triple
Junction Solar Cell 3C44 ¢ pasmepamu 3 x 3 mm (AZUR SPACE Solar Power GmbH ('epmanus)); e — Concentrator Triple Junction
Solar Cell 3C42 u Concentrator Triple Junction Solar Cell 3C44 ¢ pa3mepamu 5,5 x 5,5 mm (AZUR SPACE Solar Power GmbH
(Tepmanns)); oc — Concentrator Triple Junction Solar Cell 3C42 u Concentrator Triple Junction Solar Cell 3C44
¢ pasmepamu 10 x 10 mm (AZUR SPACE Solar Power GmbH (I'epmanust)); 3 — Triple-Junction Solar Cell
for Terrestrial Applications (CCTJ40) (Cesi SpA (Mranus))

Fig. 9. Appearance of different types of InGaP / InGaAs / Ge solar cell for concentrated radiation [22—25]:
a— CPV Dense Array Solar Cells (Spectrolab Inc. (USA)); b — CPV Small Aperture Point Focus Solar Cell (Spectrolab Inc. (USA));
¢ — CPV Point Focus Solar Cells, C3P5 Improved CPV Technology, CPV Point Focus Solar Cells (Spectrolab Inc. (USA));

d — CTJ Photovoltaic (SolAero Technologies, Corp.(USA)); e — Concentrator Triple Junction Solar Cell 3C42 and Concentrator Triple
Junction Solar Cell 3C44 with dimensions 3 x 3 mm (AZUR SPACE Solar Power GmbH (Germany)); f — Concentrator Triple Junction
Solar Cell 3C42 and Concentrator Triple Junction Solar Cell 3C44 with dimensions 5,5 x 5,5 mm (AZUR SPACE Solar Power GmbH

(Germany)); g — Concentrator Triple Junction Solar Cell 3C42 and Concentrator Triple Junction Solar Cell 3C44

with dimensions 10 x 10 mm (AZUR SPACE Solar Power GmbH (Germany)); h — Triple-Junction Solar Cell
for Terrestrial Applications (CCTJ40) (Cesi SpA (Italy))
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Puc. 10. HanpasieHust yiydiieHus JHEPreTUIECKUX U dHEpromMaccoBbix xapakrepuctuk INGaP / InGaAs / Ge ©OIT [29-31]:
@ — TpaIULMOHHAs CTPYKTypa TpexkackaaHoro @O Ha ocHoBe coenunennii matepuaios InGaP / InGaAs / Ge; 6 — ynanenne qactu
Ge-momioxku; ¢ — BectpauBanue B cTpykrypy OOl HaHOpa3MepHBIX 00BEKTOB; 2 — BcTpauBaHue B CTPYKTypy POIT HOBBIX TeHEpUPYIOLIHX
KacKajioB; 0 — ronHas 3aMena Ge-kackazna (yJIbTpaToHKHe HHBEPTHPOBaHHbIEe MeTaMopdHble Tpexkackanubie OII); e — co3nanue
MeTaMOpQHBIX geThipexkackaaHbix DOIT; o — cosnanne MeramopdHbIX Kackagubx OOI1 Ha OCHOBE HUTPHIOB M AHTHMOHUJIOB
(4 u Gonee kackamoB); 3 — yIBTPATOHKUE HHBEPTUPOBAHHBIE MeTaMop(HbIe KackaaHbie OIIT (Oosee 4-X KackaIoB)

Fig. 10. Directions for improving the energy and energy-mass features of the InGaP / InGaAs / Ge solar cells [29-31]:

a — traditional structure of a triple junction solar cell based on InGaP / InGaAs / Ge materials; b — removal of a part of the Ge substrate;
¢ — integration of nanoscale objects into the solar cell structure; d — integration of new generating junctions into the solar cell structure;
e — complete replacement of Ge junction (ultrathin inverted metamorphic triple junction solar cell); f — creation of metamorphic four
junction solar cell; g — creation of metamorphic multijunctions solar cells based on nitrides and antimonides (four or more junctions);
h — ultrathin inverted metamorphic multijunctions solar cells (four or more junctions)

Takue 3meMeHTHl NpeaHa3HaueHbl Al PaboTHI C I10-
TOKAaMU M3Iy9IEHHsI BEICOKOHM IMJIOTHOCTH U B CBSI3H C 3THM
HMEIOT CX0XKHE KOHCTPYKTHBHBIE ocobeHHocTH ¢ KDDII.
OcuoBuble oTianunst >Tux OII1 cBA3aHEI ¢ ONTUMH3ALNENR
AOII u renepupyromeii crpykrypsl @311 s pabotsl B
Y3KOM CIIEKTPaJIbHOM JIHaMa30He.

HanpapieHusi yjay4lleHHs] XapaKTePUCTHK MOJY-
NPOBOAHUKOBOH cTpPYKTYpbl ®@JII Ha ocHoBe coenu-
Henmii AlIIBV. [lo HekoToporo BpeMEHH CUYHTAIOCH,
YTO CYLIECTBYET [Ba HAlpaBJICHUsS YIy4LICHHUs XapakTe-
puctuk @11 na ocHoBe coemmuenuit AllIBV. Ilepsrim
HalpaBJIeHUEM SBJISIETCS ONTHUMHM3AIMS HaXOJAIeHcs
B CTaJuM TIPAKTUYECKOW OKCIUTyaTallid CTPYKTYpHI
InGaP / InGaAs / Ge ®JII 3a cyeT mocTHXEHUs OoJee
BBICOKOH PaBHOMEPHOCTH IIO COCTaBY, YPOBHIO JIETHUPO-
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BaHUS W TOJIIMHAM, a TAKXKE COTJIACOBAHHUS CIIOEB IIPH-
MEHHTEIbHO KO Bcei Iwromaan mnpubdopa. K stomy
HAaIPaBJICHUIO OTHOCATCS M pabOTHI IO YIyUIIESHHUIO SHEP-
TOMACCOBBIX XapaKTepUCTUK [6] 3a cueT cHKeHWs TOJ-
IIMUHbBI HEC yqaCTBonmef/i B FeHepaHI/II/I qacTu FepMaHI/Ie-
BOM TONNOXKKK. BTOpoe HampaBiieHHE 3aKIHOYaeTcs
B MOAM(UKAINU CTPYKTYphl C MOMOIIBIO BCTPauBaHHMs
pa3IMYHBIX HAHOPa3MEPHBIX H HAHOCTPYKTYPHIX JICMCH-
T0B — PBO, KBaHTOBBIX TOYEK, KBAHTOBBLIX 5IM, C ITOCTE-
MIEHHBIM TIEPEXOIOM K CTPYKTYpaM ¢ OOJIBIIMM KOJIHYe-
CTBOM KaCKaJIOB, ONTHMH3HPOBAHHBIM TI0 CHEKTPATBHOM
gyBcTBUTENBbHOCTH. OIHAKO TIIEpBOE HAaNpaBICHHE Ha
HACTOSIINH MOMEHT B OOJBIICH CTETICHHN pealn30BaHo, H,
HaOrofas 3a oOlIell aKTUBHOCTBIO B JAHHOW 00JacTH,
CJIeZlyeT TOBOPHUTH O CMEIICHUH NPHOPHUTETOB B CTOPOHY
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peanuzauun Mogudukanuu cTpykTypsl InGaP / InGaAs /
Ge OOII.

B o6miem Bue Haeonorus BO3IMOXKHBIX MOTU(DUKAIIHNA
MTOITyTIPOBOTHUKOBON CTPYKTYPHI COBPEMECHHBIX KacKal-
HeIXx OOI1 A7 NOBHIMICHUS WX YHEPTETHYSCKUX U dHEp-
rOMacCOBBIX XapaKTepUCTUK NpuBeneHa Ha puc. 10, rue
CXEMaTHYHO MPOWJLTIOCTPUPOBAHBI OCHOBHBIE W3MEHECHUS
KOHCTPYKIIMHA W TEXHOJOTHUH H3TOTOBICHHUA MOAM(UIIN-
poBanubix OOII, npemIoKeHHbIE Pa3IUYHBIME Hay4YHbI-
MU TpymmaMu B pabotax [29-32].

Jlonroe BpeMs ycriexu U TOCTHXKEHUSI B 00JIaCTH TOTO
WM WHOTO YpOBHS MoJubHKalmil (M3 MpeICTaBICHHBIX
Ha puc. 10) HOCHIM XapaKTep eAMHUYHBIX JTa0OPATOPHBIX
00pa3IoB, ¥ HE HMMEJIOCh KaKUX-JHOO IOJTBEPKIACHUN
MIPOMBIIIICHHOTO Tpon3BoacTBa ®OIl naHHBIX THIOB.
Tem He MeHee, MpeIOKEHHAsT HEJABHO HOBAs TEXHOIIO-
TSI SIMUTAKCHATBHOTO POCTa CIOEB CO 3HAYUTEIHHO OT-
JTUYAIONIAMUCS TTapaMeTpPaMU PEHIETKH C TOMOIIBIO IIe-
PEXOIHBIX CIIOEB, HA3BIBAEMBIX METaMOPQHBIMH, MO3BO-
JWIa PAaCIIMPUTh HAOOp MOIYMPOBOIHUKOBBIX COCIMHE-
HHH, KOTOPBIE MOTYT OBITh MCIOJIb30BaHbl B MOJU(UIH-
poBannbix @OII. Texuomormm pocra MeTaMOP(HBIX
CTPYKTYpP ¥ WHBEPTHPOBAHHBIX METaMOP(HBIX CTPYKTYp
MO3BOJISIT CO3/1aBaTh TpexKackaaHble cBepxToHkue DPOIII,
a Taxke ®OII ¢ yethippMs u Oonee kackamamu. Oxxuja-
€TCs, UTO peali3alus dTHX HAlPaBICHUN MO3BOJHT JIOC-
THYh KaYeCTBEHHOTO CKaYKa B IMOBBIIICHUN 3((EKTHBHO-
CTH TIpeoOpa30BaHUS CONHEYHON SHEPTHH, CPABHUMOTO
C TAaKOBBIM IPH MEpPexoJe K KACKaJHBIM CTPYKTypam
(cm. puc. 1).

3akniouyenue. IlpuBeneHHBIC MaHHBIE ITOKA3BIBAIOT,
YTO 3a CPAaBHHUTEIHLHO HEOOJIBIION MPOMEKYTOK BPEMEHU
(c magama 50-x r. XX B.) pa3BUTHEC HAYYHBIX 3HAHHU O
(U3MKE MOIYIIPOBOAHUKOB M IMOJYHPOBOJIHUKOBBIX TPH-
00pOB, PHU3HKE KOCMOCA, MATCPUAIOBEICHUH U 3BOJFOIIHS
TEXHOJIOTHUH TO3BOJIMIIM C/IeNaTh 3HAYUTENbHBIN IIar Mo
coBepuieHcTBOBaHUIO PIII KoCMUUECKOr0 Ha3HAUEHUS U
JOOUTHCS BBICOKMX 3HAYCHUA OCHOBHBIX KPHUTHYECKHUX
CBOWCTB 3THX MPUOOPOB, TAKUX KaK I3PPEKTHBHOCTH Ipe-
o0pa3oBaHUs, qUAMa30H pabovYnx TEMIIEPaTyp, paJHaIi-
OHHAsl CTOMKOCTb U CPOK aKTMBHOTO CyllecTBOBaHUA. Bo
MHOTOM 3TO OBUIO CBSI3aHO C IEPEXOJOM OT KPEMHUS B
Ka4yecTBE OCHOBHOIO Marepualia T'eHepUpYHoLed MNoiy-
MIPOBOJHUKOBOW CTPYKTYPBI K apCEHHy Tajulusl M T10Cie-
JYIOUIEMY Pa3BHTHIO B HalpaBICHUU NPUMEHEHHsl Kac-
KaJIHBIX TeTEPOCTPYKTYp Ha ocHOBe coeanHenuit AllIBV.

Tak, DOCTUTHYTBHIH B MaccCOBOM IPOMU3BOJICTBE YpO-
BeHb napameTrpoB @Ol Ha ocHOBe cTaBIlEd TpaaUIUOH-
HOM TetepocTpykTypsl INGaP / InGaAs / Ge GonbInHCT-
Ba MHPOBBIX MTPOU3BOIUTEICH COCTABISACT IS COTHEUHO-
ro cuektpa AMO KIIJI ot 26 no 30 %, TOK KOpPOTKOTO
3aMBIKaHus B cpexHeM — 17 MA/eM? s @I omanso ~
30 e, a uia DI ¢ YBEJIMUSHHBIMH Ta0apUTHBIMU pa3-
Mepamu — 10 18 MA/cM?, TIpH 9TOM 3HAUYEHHE HAIpsDKe-
Hus He npeBbimaet 2,7 B. Cpok akTUBHOTO CyIIECTBOBa-
Hug st Takux OOI1 Ha OONBIIMHCTBE HMCIOJIB3YEMbIX
opour — 15 rnert.

Bwmecte ¢ Tem pabOTBI IO JTOCTHIKEHHIO BBICOKHX Xa-
PaKTEpUCTHK W COBEPIICHCTBOBAHUIO CTPYKTyphl DIII
(MperMyIIeCTBEHHO — MOJYNPOBOAHMKOBOH)  MpUBENH
K 3HAYUATEIFHOMY YCJIOXXHEHHUIO TEXHOJIOTHH UX H3TOTOB-
JICHHS, YTO B HACTOSIIIIUI MOMEHT HECKOJIBKO CIICPKUBACT
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JanpHEHINil KkauecTBeHHBIM pocT napamerpoB OOII.
Benytcst paboThl 10 ApyruM HarpaBieHUsIM, HaIpHMED,
[0 YBEIWYCHUIO (OTOAKTHBHOW IUIOUIAIM, 4YTO CTaJo
BO3MOXKHBIM OJ1arofiapst TOCTIKEHUIO BBICOKOI OZHOPO-
HOCTH Ha BCEH IIIOIIAAN CIIOEB SMHUTAKCHAIBHONW CTPYK-
Typbl. DTO COKpamaeT KOJIMYECTBO HEOOXOTMMBIX KOM-
MyTanuii ¥ cOOPOYHBIX MPOLECCOB NPH H3TOTOBICHHU
Cb. Taxxe mepcrneKTUBHBI PabOTHI IO COKPALICHHIO
TOJIIIIMHBI HE UCTIOIb3yEeMON B TeHEepalluy YacTH MOJUI0N-
Ku. Pe3ynpraThl 3TUX paboT JAar0T BBIMIPHILI B yIEJIBHBIX
SHEProMacCOBBIX XapaKTEePUCTHKAX, MMEIOLUIUX O0COOeH-
HOe 3HadyeHue Ans 3Hepretuueckux cucreM KA. Onpnako
HauOONBIINH BBIMIPHIII B BECOBBIX XapaKTepHCTHKAaX
COJIHEYHOW KOCMUYecKol Oarapew, a Takxke oOecrieueHune
HEOOXOANMBIX MEXaHHYECKUX CBOWCTB IPH HCIOIB30Ba-
HuH yToHeHHBIX @I MoXeT OBITh HOCTUTHYTO TOJBKO
IIPY IPIMEHEHNH COTOBBIX KapKacoB.

Hpyrum cnenududeckuM HampaBJeHHEM, TpebOyro-
MM TPOBEICHUS 3HAYUTENIBHBIX PabOT MO ONTUMHU3ANN
Beeit koHeTpykin @I (AOIL, rabapUTHBIX pa3MepoB U
KOHTAKTHOH CTPYKTYpBI), @ TAKXKe MPOPabOTKH COOTBET-
ctByromeit yactu Cb sBnsercs cosmanme OOI1 mns mpe-
00pa3zoBaHusi KOHIIEHTPUPOBAHHOTO M3My4yeHus. Ux npu-
MEHEHHE B KOCMOCE BO MHOTOM OTPaHHYMBACTCS HEO0XO-
JVIMOCTBIO CO3/IaHMSI CHCTEMBI KOHIIEHTPUPOBAHUS U 3(-
(beKTHBHOW CHCTEMBI TEIUIOOTBO/IA, YTO B YCIOBHSX KOC-
MHUYECKOI'0 IPOCTPAHCTBA MPOOJIEMATHYHO U BEIET K
3HAYUTEIBHOMY TIPHPOCTY Macchl 3HeprocucteMsl KA.
Tem He MeHee, 3TH CHCTEMBI CTOMT paccMaTpuBaTh Kak
MEPCIICKTUBY TSl MOIIHBIX SHEPrOYCTaHOBOK (Hampumep,
IUIAHETAPHBIX CTAHIHMI) U alapaToB JalbHEro KOCMOoca.
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INVESTIGATION OF CHARGE-DISCHARGE PROCESSES IN THE SPACECRAFT
DETACHABLE CONNECTOR
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Modern spacecraft consists of structural materials with different electro-physical characteristics, and it causes the
occurrence of charge-discharge processes on the spacecraft during interaction with the magnetospheric plasma. The
study of this phenomena arising during the natural spacecraft charging and its influence on the onboard systems func-
tioning is of great interest in the field of ensuring the stability of spacecraft under the space factors influence.

The paper presents the experimental results of charge-discharge processes occurring in detachable connectors dur-
ing in-space exploitation after undocking the separating device and placing the spacecraft onto the orbital slot. For the
determination of impact factors characteristics of electrostatic discharge and its potential effect on spacecraft board
equipment the charge-discharge processes research methods with account of spacecraft equipment interfaces were de-
signed. For modeling of electrostatic discharge in detachable connectors and its effects in technological circuits of
spacecraft equipment the imitation loads were applied. These loads include input interface elements of spacecraft
power convectors and onboard control complex.

The results show that the dielectric material of connector contact field can accumulate a charge to the value limited
by the discharge on it. Discharge processes on the dielectric material induce interfering pulses in onboard cable har-
ness and can have a significant impact on the work of onboard equipment. The obtained results are useful in spacecraft
equipment designing in the sphere of interference immunity.

Keywords: electrostatic discharge, spacecraft charging, plasma, spacecraft detachable connector.
Cubwupckwuit xxypHan Hayku u TexHonorumid. 2018. T. 19, Ne 2. C. 325-331

HNCCJIEJOBAHME 3APAJHO-PA3PSIIHBIX TIPOLIHECCOB
HA OTPBIBHOM PA3BEME KOCMHUYECKOI'O AIIITAPATA

P. E. Tuxomupos*, 1. A. Makcumos, /1. A. Tpopumuyk, B. B. Banos, C. B. banamos

AO «MHbOopMaIMOHHBIE CITYTHUKOBEIE CHCTEMBD» HMeHH akanemuka M. @. Pemernéray
Poccuiickas @enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpasi, yi. Jlenuna, 52
*E-mail: tikhroman@gmail.com

B cuny moeo, umo cospemennulii kocmuueckuti annapam coCmoum u3 KOHCMPYKYUOHHBIX MAMepuanios ¢ pasiu-
HbLMU S7IeKMPOPUIUYECKUMU XAPAKMEPUCUKAMU, MO NPUBOOUN K GOZHUKHOBEHUIO 3aPAOHO-PA3PAOHBIX NPOYECCO8
Ha KOCMUYECKOM annapame npu 83aumMoOoeticmeuu ¢ MacHumoc@epHoi niasmotl. V3yuenue AeieHull, 803HUKAIOUWUX
6 X00e HaMmypHOU dIeKMPU3AYUYU KOCMULECKUX Annapamos, U ux enusHus Ha pabomy OOpmMosbIx cucmem npeocmasis-
em WupoKull unmepec 8 obracmu obecneyenus CMouKoCmy KOCMUYECKUX annapamog npu 6030eticmsuu Gpaxmopos
KOCMUYeCK020 NPOCMpPAHCMEd.

IIpedcmaenensvt pe3yibmamol UCCIEO08AHUSL 3APAOHO-DAPAOHBIX NPOYECCO8, BOHUKAIOWUX 8 X0O0€ HAMYPHOU IKC-
NAYAmayuy KOCMU4eCcKo20 annapama Ha OMpbl6HbIX COCOUHUMENSX NOCLe PACCMbIKOGKU C YCMPOUCMEOM OMOeNeHUs U
6616004 HA OPOUMATLIYIO RO3UYUIO. [[1Is1 ONpedeneHUs. 6eIUYUHbBL 8030€UCMEYIOUUX (PAKMOPOE8 INEKMPOCMAMULECKO20
paspa0a u ux NOMeHYUaIbHO20 BIUAHUSA HA OOPMOSYI0 annapamypy Oblia paspabomana mMemoouKa ucciedo8anull 3a-
PAOHO-PA3PAOHBIX NPOYECCO8 HA OMPLIBHBIX COCOUHUMENSX C YYEmOM PealbHblx uHmepgelicos 60pmoeoli annapamy-
Pbl KOCMUYecKo20 annapama. Aemopamu ucnonb308ansbl UMUMAYUOHHbIE HASPY3KU Ol MOOEIUPOSAHUs 8030eUCmEUs
INEKMPOCNAMULECKO20 pa3psa0a HA MeXHOLo2uYecKue yenu OmpvleHO20 COeOUHUmens, sedywue K 60pmosol annapa-
mype. Hcnonv306ansi s1emenmol 6X00H020 unmep@etica d1epeonpeodpazoeameisi KOCMU4eCKo20 annapama u 6opmo-
6020 KOMNEKCA Ynpasienus. YCmanosieHo, ymo KOHmaKkmHoe noje OUdIeKmpuiecko2o Mamepuana npu 8030ecmseu
MazHumocgepHoil niazmvl cnocoOHO dPHEKMUBHO HAKANIUBAMb INEKMPUUECKULl NOMEHYUAT, 0SPAHUYEHHbIN Npome-
Kauuem paspsaouvix npoyeccos. Paspsaounvie npoyeccoi, npomexaiowjue Ha OUINEKMPUKe OMpbl6HO20 COCOUHUMENS, UH-
OYYUpYIOm HOMEX08ble UMNYIbCbL 8 DOPMOBYIO KAOETbHYIO cemb U CHOCOOHbBI OKA3AMb CYUECMEEHHOe GIUHUE HA Pa-

325



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 19, Ne 2

bomy 60pmoeoll annapamypsl u Cmams NPUYUHOU aHomanuil 6 ee pabome. Onpedenensl napamempuvl HOMeX08biX UM-
NYAbCOB U UX GUAHUE HA UMUMAYUOHHbLE HAZPY3KU, COOMBEMCmEYlowie OOpmogoll annapamype.

Ionyuennvie pesynomamol npedcmagisAom 3HAYUMeNbHbIIL uHmepec u 6y0ym Ucnoab308aHbl NPU NPOEKMUPOBAHUU
O0pmoBoU annapamypsl KOCMUYECK020 annapama 8 4acmu obecneyerus ee NoMexo3aujuyeHHOCMU.

Kniouesvie cnosa: JIEKmMpu3ayusl KoCMUdYecKux annapamaoe, niasma, 3ﬂ€Kmp0€mamu‘t€CKulZ pa3pﬂ(), OmpblGHOﬁ

paszvem.

Doi: 10.31772/2587-6066-2018-19-2-325-331

Introduction. During the interaction of a spacecraft
with the magnetosperic plasma operating on the final orbit
many physical phenomena occur which particular charac-
teristics depend on both plasma parameters and the space-
craft performance. First of all they depend on electro-
physical properties of materials on the spacecraft surface
as well as on its configuration. The discharge [1-4] on the
spacecraft surface is able to exert the most significant
influence on its operation. This process is due to the
spacecraft charging [5; 6].

During the final orbit insertion after undocking the
separating device contact surfaces of the detachable
connectors (OCMPC503, OCM PC50A3 plugs) remain
non-shielded and are exposed to the magnetosperic
plasma with the following characteristics (in the worst
case) [7]:

— electron density is 1.12 cm™;

— electron energy is 1.2x10* eV;

— ion concentration is 0.236 cm °;

—ion energy is 2.95x10* V.

By the impact of the magnetosperic plasma on detach-
able connectors the outer non-shielded dielectric material
(a dielectric contacting substance) can accumulate a
charge and it causes discharging processes and interfer-
ence current pulses injection in the circuits of the docked
cable harness.

In the modern research and technical literature the
problem of contacting surface charging in the detachable
connectors as well as the impact of inducted interference
pulses in circuits of the spacecraft board equipment
plugged to these connectors is not investigated. Neverthe-
less, the problem of the board equipment and spacecraft
charging effects immunity is one of the most important
one. The interfering pulses in board cable harness in-
ducted by discharging processes on the spacecraft dielec-
tric materials may cause the essential abnormality of the
equipment operation [8—11] and this is the reason how
important the investigation in this field is.

Experimental method. The aim of testing the detach-
able connectors for charging factors impact is:

— to determine the charge-discharge process
characteristics appearing on the connectors contact surface;

— to determine the interfering pulses characteristics
in circuits of cable harness plugged to the connectors on
one side and to the elements of a board equipment front-
end module on the other side.

There were the following testing samples:

1. Cable harness “Ne 1” with the length of 500 mm
including relays RPS45 (modification $1J10.452.081TV)
as a load (imitation of technological circuits linking the
detachable connector and the spacecraft control unit).

2. Cable assembly “Ne 2” with the length of
500 mm including relays REKS81 (modification
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NASY.647611.002TY) as a load (imitation of technologi-
cal circuits linking the detachable connector and the
spacecraft control unit).

3. Cable assembly “Ne 3” with the length of 500 mm
including elements of a power board equipment front-end
module of spacecraft power system as a load;

The test was carried out at the engineered workstation
(fig. 1) including a vacuum unit, an E-beam emitter, a
discharge parameter measuring system and a discharge
process video registration system.

A 70 keV monoenergetic beam with current density
1 nA/cm® was used for the imitation of magnetospheric
plasma electron effect [9]. The impact was conducted in
vacuum (chamber pressure is < 10°® torr). For the “worst-
case” charging effect [3; 12—15] the sample was cooled
off to —60 °C which corresponds the natural operating
conditions. The further chilldown of the sample to lower
temperatures makes no physical sense because of small
changes of connector dielectric resistance and, as a con-
sequence, their minimal influence on the charging process
[3;4].

The following parameters of charge-discharge proc-
esses on the sample were controlled in operation:

a) maximum integral potential of the insulating con-
tact surface of the detachable connector;

b) peak amplitude, duration, building-up time, inter-
fering pulse frequency in circuits of cable harness;

¢) peak amplitude, duration, building-up time, volt-
age interfering pulse frequency in circuits cable harness;

d) peak amplitude, duration, building-up time, inter-
fering current pulse frequency in circuits of the harness
external shield.

Measurements of parameters ”b”, ”c” and ”d” were
taken simultaneously. The testing scheme is displayed
on fig. 2 and 3.

During the test performance for the samples Ne 1 and
2 detachable connector contact leads were linked to the
relay winding leads. For the samples 1 and 2 the test was
carried out for two modes of switched relay circuit con-
tacts — normally closed and normally opened ones. During
the circuit adjustment for the samples 1 and 2 operational
changes of switched relay circuit contacts were conducted
by means of the pulse voltage injection whose value met
the stated requirements for a relay.

During the test performance for the samples Ne 1
and 2 the relay contacts switching and the contact bounce
potential were controlled. At the moment of electron
beam impact on the detachable connector the constant
voltage was applied at the switched relay circuit input
and the measurement of the voltage magnitude at relay
output dependence on time was taken by means of oscil-
lograph. The contact bounce or switching mode changes
were estimated in real time with help of oscillograph
readings.
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Test based results. The attained results of the detach-  tial attained during the test procedure was 1.6 kV and was
able connector charging test show that the insulating ma-  limited by discharging processes which were the source
terial of the connector contact field can effectively accu-  of interfering current pulses in circuits linked to the de-
mulate a charge due to electrojet current impact. The tachable connector. Such discharging processes are shown
maximum value of insulating material electrostatic poten-  on fig. 4.
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Discharge pulses characteristics in circuits linked to
the connector depend on the loads (board equipment ele-
ments and devices).

By imitation of technological circuits linking the de-
tachable connector and the spacecraft power conditioning
unit (fig. 3) the voltage values of interfering current
pulses varied from 10 to 80 V and current value varied
from 160 mA to 6.5 A. Pulse duration time was within
the range from 300 ns to 1.1 ps. Based on the obtained
characteristics interfering pulse energy values vary from
0.5 uJ to 0.57 mJ.

The obtained voltage values of interfered pulses in
circuits of RPS45 relay winding were from 120 to 138 V
and the current values were from 1.2 to 3 A. Cable har-
ness pulses duration time was less than 1 ps. Pulse energy
was no more than 0.4 mJ. Pulse voltage characteristics for
REKS8I1 relay were from 30 to 138 V and current ones
were from 4.6 to 9 A. Pulse duration time was no more
than 500 ns. Pulse energy was no more than 0.62 mJ. Dis-
tinctive pulse forms are shown on fig. 5.

During the relay commutation control mode (for both
RPS45 and REKS1) it was estimated that interfering
pulses in circuits can induce interference in the normally
opened relay contact. The shape and duration time of this
interference correlate to the pulses detected in winding
contacts. In this case directed pulse amplitude in normally
opened contacts is not higher than 10 % of inducted pulse
amplitude in the circuit of relay winding. During the test
operation the impact of interfering pulses on the recorded
values in normally closed contacts was not found.

It is necessary to point out that the shapes of inducted
pulses in electrical circuits of two examined relay types
are various. For RPS45 the pulses are splashes of positive
polarity following by attenuation. For REK81 the directed
impulse in winding circuits is a damped sinusoid. This
characteristic may be caused by various relay physical
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parameters having an effect on the discharge current flow
process. Nevertheless, the amplitude and the energy of the
interfering pulse is virtually the same for both types.

It is arguable that the detected interference in normally
opened contacts of two relay types is an electromagnetic
pickup and the change arrangement of relay contacts
(closing and opening) by the interfering pulses impact in
circuits of the winding is not available.

During the test performance the impact of electron
flux density on charge-discharge processes in cable har-
ness was estimated. For this purpose an impact was con-
ducted by electron beam density 0.1 nA/cm” (by electron
energy 70 keV). It is found that the change of this beam
characteristic has an impact only on charge-discharge
processes intensity. With increase of beam density the
charge-discharge processes intensity grows. An impact on
the maximum potential of connector surface isolation and
interfering pulse characteristics in circuits of cable har-
ness by various types of loads is not available.

The obtained results correspond to the “worst case” of
the charging factors impact in the circuit of onboard
equipment linked to the detachable connector. For the test
a cable of length 500 mm (standard cable length varies
from 2 to 5 m) was used. The increase of cable length can
cause interference reduction.

Conclusion. The connector contact field isolation ac-
cumulates an electrostatic charge effectively by the im-
pact of an electrojet current and its value is limited by
charge processes on the isolation surface.

Charging processes on the connector contact field iso-
lation induce interfering pulses in circuits of cable harness
linked to the various types of loads which are appropriate
to spacecraft onboard equipment. The maximum interfer-
ing pulse for the spacecraft power conditioning unit ele-
ments was 80 V (voltage value) and 6.5 A (current value).
The pulse energy is 0.6 mJ by the duration time 1.1 ps.
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By imitation of technological circuits of the spacecraft
control unit two relay types (RPS45 and REKS81) were
used as loads. The maximum levels of interfering pulses
in circuits of relay winding were 138 V (voltage value)
and 3 A (current value) for RPS45 and 138 V (voltage
value) and 9 A (current value) for REK81. By the pulse
duration time 1 ps and 500 ns the energy was 0.4 mJ for
RPS45 and 0.62 mJ for REKS81.

The relay commutation control showed that interfering
pulses in the circuit of the relay winding can induce pick-
ups with the voltage amplitude from 7 to 25 V and with
the duration time less than 1 ps on normally opened relay
contacts. In this case changes of the contacts switching
state of both types are not available.

The obtained results are of significant interest and can
be used in spacecraft equipment designing in the sphere
of interference immunity and proper functioning.
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HOBBIIIEHUE CTOMKOCTHA K MEXAHUYECKUM BO3JIEMCTBUAM MOJIEPHU3UPOBAHHOI'O
MAJIOTABAPUTHOI'O THPOCKOITMYECKOI'O U3MEPUTEJIA YIJIOBBIX CKOPOCTEM

C. B. Tormmnsckas™*, /. C. Bopoxymun, A. B. Kopaioxun

Gunnan OI'VII «lleHTp SKCIUTyaTaly Ha3eMHOM KOCMUYECKON HHPPACTPYKTYPhI» —
Hayunsrii ucciienoBaTenbCKUil HHCTUTYT NMPUKIIAIHON MeXaHUKU UMeHH akajgemuka B. . Ky3nerosa
Poccwuiickas ®enepanus, 111024, r. Mocksa, yi. [Ipyn kmodnku, 12a
*E-mail: s.v.topilskaya@mail.ru

Ipedcmasaenvl munvi 2UpOCKONUYECKUX UMEPUMENel 8eKMOopa Y2io6oll CKOPOCMU pa3pabOmMKU U U320MoGIeHUs.
HHUU [IM um. akademuxa B. U. Kysneyosa na 6aze ounamuyecku nacmpaugaemozo supockona ([JHI') ¢ eazoounamu-
yeckou onopotl. Dmo 06a 6apuanma KOHCMPYKYUU MAR02AOAPUMHO20 2UPOCKONUYECKO20 USMEPUMENsL GEeKMOopd
yenosot ckopocmu (MBHUC), npeonaznauenno2o 015 cucmemuvl opuenmayuu kocmudeckux annapamos (KA), paspaba-
moteaemuix u uzeomagiueaemvix 6 AO «UCC» um. axademuxa M. @. Pewemnesay. Takowce npedcmasnen mpemui
sapuanm xoncmpyxyuu MBUC, paspabameisaemviii ona KA unocmpannozo 3axazduxa, 6 pamxax paspabomxu KOmopozo
Peuanace 3a0a4a no NOGbIUEHUIO CHIOUKOCIU K BHEUHUM MEXAHUYECKUM 8030eUicmausim MooepHusuposanto2o MBUC.

Hanvl obwgue mexnuueckue xapakmepucmuxu cupockonuieckux npubopos muna MBUC (cabapumno-maccogvie na-
pamempul, MOYHOCHb USMEPEHUSl, KOAUYECIB0 USMEPUMETbHLIX 0Cell, pecypc pabombl, sHepeonompebieHue u m. o.).

Ipedcmaenenvl npeumywecmea u Hedocmamku evblopannozo eupockona ([[HI) 6 kauecmge uy8cmeumenbHO20
anemenma. Ilpeumywecmeamu sGAIOMCSA CPEOHsIsl MOYHOCHb USMEPEHUs NPU HeDOMbUUX 2a0aAPUMHO-MACCOBbIX
Xapakxmepucmukax u npu OaumenvHoMm pecypce pabomwei. Hedocmamok — HeobX00UMOCMb NpUMEHEHUss CUCMEeMbl
amopmuzayuu 6 cocmaee 2upockonuveckux npubopos (muna MBUC), cneyuanvholi cucmemvl, npeoHA3ZHAYEHHOU
07151 3aUUmMbl 4YECTNEUMETbHBIX DNIEMEHNO8 O GHEUHUX MEXAHUYECKUX HA2PY30K, OeUCmEYIOuWuUX npu 6blee0eHul pa-
kemoti-Hocumenem KA.

Opu2unanbHOCmb U HOBU3HA NPEOCMABIEHHbIX UCCIe008AHUL 3AKTIOYAEMC s 8 UX NPUKIAOHOM HazHavenuu. Hccre-
dyemcsi KOHCMPYKYust KOHKpemno2o npubopa. Pewaemcs 3a0aua no mooenuposanuio npoucxooswux 6 npudope gusu-
YeCKUX NPOYeccos, CEA3AHHBIX ¢ GHEWHUMU osmywjarowumu Gaxmopam. Tlonyuennvie pe3yabmamsl UCHOIb3068ANbL OIS
obecneuenusi cmotikocmu npubopos muna MBUC k @HeWHUM MEXAHUUECKUM HAZPY3KAM, OeliCmB8YIOWUM 8 npoyecce
svigedenusi KA na opbumanshuiii yuacmox noiema.

H3znooicenvl ochosHbie npunyunsvl obecneyenus CmouKkocmu K 0anHviM gosoeicmeusm. llpusedena ynpyeas pacuem-
Hasi MOOENb CUCTNEMbL AMOPMU3AYUY NPUOOPA, NO360A0WASL NOOOUPaAmMs ee UOPOOUHAMUYECKUE napamempsl (pe3o-
HaHcHas yacmoma u kodgguyuenm nepedauu). [Ipedcmasnenvt meopemuyeckue pe3yibmantvl MOOEIUPOBAHUS. U KOH-
KpemHvle npaxmuyeckue pezyavmamol ompabomxu MBUC npu nposedenuu uOpoOUHAMUHECKUX UCNLIMAHUL.

Teopemuyeckuii u npakxmuueckuti pe3yabmam pabomei onpeoensemcs 000CHOBAHHLIMU pe3yabmamamu padbomoi
cucmemvl amopmuzayuu 6 cocmaese npubopos muna MBUC, 603M0XHCHOCMbIO UCHONBL308AHUSL ONBIMA OAHHOU PabOmbl
npu pazpabomxe HOGbIX NPUOOPOE CUCHEM OPUESHMAYUU U HABULAYUU C NOBBIUEHHBIMU NOKA3AMENAMU OMKA30YCMOl-
YUBOCMU, HAOEHCHOCTNU U CMOUKOCIU K HEUWHUM MEXAHUYECKUM 8030CUCTBUSM.

Kniouesvie cnosa: yanoeas opuenmayus, ZMPOCKO}'ZMVECKMIZ usmepumeio, 6u6paz4u0HHa}1 CmoﬁKOCWlb, cucmema
amnopmuzayuu.
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PROTECTING MODERN COMPACT GYROSCOPIC ANGULAR RATE MEASUREMENT
FROM MECHANICAL INFLUENCE

S. V. Topilskaya*, D. S. Borodulin, A. V. Kornuhin

Kuznetsov Research Institute of Applied Mechanics
12a, Prud Kliuchiki Str., Moscow, 111024, Russian Federation
*E-mail: s.v.topilskaya@mail.ru

The article considers the types of a compact gyroscopic angular rate measurement, which were designed and
developed in Kuznetsov Research Institute for Applied Mechanics. The devices are based on the dynamically adjusted
gyroscope with a rotor gas-lubricated spin-axis bearing system. Two types of the compact gyroscopic angular rate
measurement are intended to Russian space crafts. Third of them are intended to the foreign space crafts. Three gyros
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are sensing elements for the compact gyroscopic angular rate measurement. Disposition of gyro into gyroscopic is the
main difference of these types of the compact gyroscopic angular rate measurement.

The main goal of this article is to make a research of mechanical influences on the compact gyroscopic angular rate
measurement and to create the protecting systems of gyro from the mechanical influence on a new gyroscopic device.

The article considers the main technical characteristics of gyroscopic device: dimensions, weight, accuracy
of measurements, and number of measuring axes, resource of work device, energy consumption and so on.

The paper describes advantages and disadvantages of the dynamically adjusted gyroscope with a rotor gas-
lubricated spin-axis bearing system. There are the following advantages: dimensions, weight, accuracy of measure-
ments, and number of measuring axes, resource of work device. The disadvantage is a necessity to protect systems from
the mechanical influence on launching rockets.

The article considers the main principles of protecting systems. It’s about a theoretical model system of protection
of the gyroscopic device from mechanical resistance and theoretical information. Due to a theoretical model it’s
possible to choose constructional characteristics of the protecting system from mechanicals influences during a design
stage. It’s about dimensions spring and damper. Criterion for the choice is acceptable for the dynamical characteristics

of gyro.
The article has also saved the results of the mechanical test of the gyroscopic device.

Keywords: angular orientation, gyroscopic device, protection systems from mechanical influence.
Doi: 10.31772/2587-6066-2018-19-2-332-343

BBenenne. HayuHo-nccnenoBaTenbCKUM WHCTUTYT B nensx ymeHbpmieHns rabapuTHO-MacCOBBIX XapaKTe-
NPUKIaJHOW MEXaHWKH MMeHH akanemuka B. M. Kysnwe- puctuk MBUC B HUU IIM Obin pazpaboran MBUC
osa (HUU TIM) paspabaTeiBaeT ruponpuOOpsl Uit CUC- ¢ TEXHMYECKUMM XapaKTEPUCTHUKAMU, IPEICTaBICHHBIMU
TEM OPHUEHTALMU U CTaOMIIM3AlMKM KOCMHYECKUX anmapa- B Taba. 1, HO ¢ NPUMEHEHHMEM MOJHOCTHIO MMIIOPTHOH
toB (KA) Ha 0a3e OMHAMUYECKH HACTPAUBAEMBIX TMpO-  JJIEMEHTHOH 6asbl (puc. 2). Jlanubiil npubop noaTBepaui
ckomnos (JIHT'), IpoBOAUT MX Ha3eMHYIO OTpaboTKy [1;2].  CBOM XapaKTEPUCTUKU NPU NPOBEIEHMHM KBanudukauy-

ITpenmymecTBoM mpuMenenns JHI B cocTaBe KoH-  OHHBIX — HCIBITaHHH B 00beMe, MPETYCMOTPEHHOM
CTPYKIIMH THPONPHOOPOB sBisiOTCS ero HeGompmme ra- A1l MBUC, usrorasmusaemoro no 3akasy AO «MCC».
GApUTBI, CPEIHSsS TOYHOCTH M3MEepeHHs, Hammume ayx  Macca mpuGopa — 4.5 Kr U rabapuTHBIC pasMepbl —
OCell YYBCTBHTEIBHOCTH M Ta30AMHAMHYECKOil ormopsy, 258 X 204 X 142 mm.

MO3BOJISIIOIIEH OOecreunBary JJIUTENBHBIH Pecypc 3Kc- Jlis MOBBIMICHHS OTKA30yCTOWYMBOCTH MPHOOPOB TH-
nuryararuu pu6opos (mopsiaka 140000 uacos) [3; 4]. na MBUC 8 HAW TIM Gbin paspabotan tpetnii Moaep-

OJHUM W3 Takux paspaGaTbiBaeMbIX M W3roTapiupac-  HU3MPOBaHHbIH BapuantT MBUC — mexanuueckuii MOzy:b
Mbix B HAW TIM npu6opoB sIBIAETCA MalorabapuTHbL MaJIorabapuTHOTO THPOCKOIIMYECKOTO H3MEPUTENs BEK-

IMPOCKOMIYECKHil H3MEpUTENb BEKTOpA YIVIOBOH cko-  TOPa YIMIOBOH cropocty (puc. 3). Jlanmbtii npuop paspa-
pocTu GoTaH I MHOCTPAHHOTO 3aKa3unka. MoJepHU3MPOBaH-

PaspaGarbiaempie HAM [IM manoraGapuTHbIe ublit MBUC npencrasnser co0oil TOIBKO MEXaHUYECKYIO
ruponpuGopsl Ha 6aze JHT. ManoraGaputspiii rupo-  1ACTE: KOPIYC C YCTAHOBICHHEIM Ha HEro 0JIOKOM YyBCT-
CKOTMUECKHH H3MEpHTETh BEKTOPA YIIOBOM CKOPOCTH BHUTEJIHHBIX DJIEMEHTOB (15‘13)i 3aKpBITEIA KOXyXxoM. Cep-
(pHc. 1) GbuT pa3paboTaH B BUJIE MOHOGIOKA M MOJYYHIT BHCHBIE JJIEKTpOHHBIE ycTpoicTBa JIHI' pa3pabarwiBaet

3aKa34HK.
Ha3BaHHWE MaJora0apuUTHOTO OJIOKa M3MEPEHHS YTIIOBBIX

N Moaepauzaiuss MBUC 3akirodaercss B TOBBIIICHHH
ckopocreit (MBUC), oH npenHa3HadeH A U3MEPEHUS U

€r0 OTKa30yCTOWYHMBOCTH 3a CUYET NMPHUMEHEHHS HEOpPTO-
BBIIaYd WH(POpPMAIMK O TPUPANICHHH HHTETPAJIOB IIPO- N o
N N TOHAJIFHOW KMHEMAaTHIECKOW CXEMBI PACIIOJIOKCHUS TPEX
€KUM BeKTopa yriaoBoi ckopoctu KA Ha mects usmepu-

9 . . JHI' oTHOCHTENbHO OPTOrOHAIBHON CUCTEMBI KOOPIU-
TEJILHBIX OCEH, CBA3aHHBIX C OPTOTOHAIBHOW NMPHOOPHON
. Hat. B panee paspabatsiBaembix MBUC Oblia nprMeHeHa
cucTeMoil KoopAuHAT. UyBCTBUTEIbHOCTh W3MEPEHUS

. B3aMMOOPTOrOHaJbHAsA cXeMma pacrnonoxeHus tpex JHI
MBUC (0,3 yrnoBoii cexyHnbl) OblIa peanu3oBaHa NpU P P o pex

N M OTHOCHTEJIFHO OPTOTOHAJIBHOW MPHUOOPHON CHUCTEMBI KO-
Ha3eMHOH 0TpaboTKe, HATYPHOM HKCIITyaTalliy B COCTAaBE

opauHar [6].
miaTgopmer  «Jkenepee-1000», KA «JIOHACC-K» Bribop B kauecTBe wyBcTBUTENBbHOTO emenTa JJHT
romoBHoro 3akazunmka AO «MCC» wuMm. axameMHKa

MMo3BOJIIET O0ECIeunTh TpedyeMblii pecypc paboThI
M. @. Pemernesa» (puc. 1) [S]. MBUC 15 ner [2], Tounocth m3mepenus 0,1 yrmosoii
MEI/ICV6HH pa3pa6oTaH C YACTHYHBIM MPHUMEHEHUEM  coyviny (aBTOHOMHast TouHOCTH m3mepenms JIHI co-
VMIIOPTHOH DJIEMEHTHOW 6a3bl B COCTABE CEPBHCHBIX  (raproar 0,01 yryosoii cexynpr). JIHT, mpumenseMslii B
anekTpoHHBIX yerpoiicts JIHI, oGecieunBaronux oOMeH npubopax tuna MBUC, paspaGoran 8 HUU IIM [6]. TTo-
uH(popMmaImeii ¢ cucTemoii ynpasienns KA. KaszaTenp Oe3oTkasHocTH paborsl MBHC onpenensercs
B pamkax rocy1apcTBeHHO# IPOrPaMMBbI 10 NIEPEXONY  prIGpaHHOM KHHEMATHUECKON CXEMOH  DAaCIONOKEHUS
C UMIIOPTHOI 91eMeHTHOH Gasbl Ha oreuectsennyro HUIM  THT ormocurensho MPUOOPHON CHCTEMBI KOOPJMHAT.
M mozneprusnposan koHCTpykuuio MBUC u mpoBen  JlomonHuTensHO HAAEKHOCTH paboTel mpubopa ompene-
KBaHI/I(l)I/IKaI_[I/IOHHI)IC HCIIBITaHUA 1O MOATBEPIKACHUIO €TI0 JIsieTcs CTOﬁKOCTLK) K BHEIIHUM q)aKTopaM: paauanuoH-
TEXHUYECKUX XapakTepucTyk (tabir. 1). Macca npubopa —  ppiM (pakTopaM KOCMHYECKOTO MPOCTPAHCTBA), TEIUIO-
6,1 kr, rabaputHbie pa3Mepbl — 258 x 204 x 170 mm. BbIM, MEXaHMYECKUM [7]  T. 1.

333



Cubupckuii scypHan Hayku u mexnorozuu. Tom 19, Ne 2

# [4“

Puc. 1. ®oro MBUC

Fig. 1. Photo of the compact gyroscopic angular rate measurement

Tabauya 1
OCHOBHbIE TEXHHYECKHE XapaKTePHCTHKH NpHéopa
XapaxTepHCTHKH HpHGOpa Enunnust Pesxxum rpyboro Pexwum TounoTO
H3MepeHHs (YHKIIMOHUPOBAHUS (YHKIIMOHHPOBAHUSI
Jnana3oH paboToCIOCOOHOCTH rpaj/c He menee £30 He menee £15
Jluana3oH U3MepeHusl YIIIOBbIX CKOPOCTEH rpay/c He menee £8 He menee +4
HowmunanbsHOE 3HaYeHHe MacTabHOTO KOdhduIm- o B npenenax £10 B npenenax £1
eHTa
CiydaiiHasi cOCTaBIIsIOIAs HYJIEBOTO CUTHANA, HE rpan/ (s) B 0.02
3aBUCSILETO OT Neperpy3Ky, B 3amycke 10 24 4
KosraecTBo n3MepuTeIbHBIX OCer 6
Wudopmarnmonnslii uHTEpdEiic T'OCT P 52070-2003
Hanpsoxenue nuranys NOCTOSHHBIM TOKOM, B B 23-28
IloTpebiisiemas MOIIHOCTh Bt He Gonee 47
TeMneparypa TEIJI00TBOAALIECH TOBEPXHOCTH °C -20-40
Pecypc paboTsr 4 138000
CpOK dKCIUTyaTaIiu JIET 19
Macca npubopa KT 6
T"abaputHble pazmepsl MM 258 x204 x 170
Crazus pa3paboTKu Jletnas sxcnmyatanus

Puc. 2. MBHUC Ha nMnopTHOH 311eMeHTHOH 6a3e

Fig. 2. Photo of the compact gyroscopic angular rate measurement based on the foreign electronics
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Puc. 3. Monepuusuposanusiii MBUC

Fig. 3. Mechanical part of the compact gyroscopic angular rate measurement
designed for the foreign specifier

IMMocranoBka 3amaum. L{enpro maHHONW pabOTHI SIBJIS-
eTcs 3a/1a4a 1Mo 00ECIeYCHUI0 CTOHKOCTH MOJIEPHHU3HPO-
BagHoro MBUC k BHEIIHMM MEXaHHYECKHM BO3AEHUCT-
BHSIM.

3anmava ObLIa pelieHa HA OCHOBE OIbITA Pa3padOTKU U
n3roroinenus MBUC nns poccuiickoro ronoBHOro 3a-
Ka3uuKa.

YyBCTBUTEJIBHBIA J1eMEHT Kak 00beKT 3allUThI
0T MeXaHH4YeCKHUX Bo3JeilicTBuil. B xauectBe 4yBCTBHU-
TEeJILHOTO AneMenTa npudopos Tura MBUC BeiGpan ITHT .
Konctpyktusao JIHIT mpencraBisier co0Ol MaxoOBHK,
YCTaHOBIICHHBIII Ha BaJly C TOMOIIBI0 BHYTPEHHETO
yHOpyroro KapIaHHOTO IojaBeca. Bain BpamaeTcs Ha ra3o-
nuHamudeckoi omope (I'JIO) ¢ moMomIsio 3IeKTPOIBUTA-
tens [8; 9].

CorylacHO TPOBEACHHOMY MPOYHOCTHOMY pacueTy
koHcTpykuuu JTHT neiictByromee Ha JIHI' yckopenue He
JnoipkHO mpesbimats 100 g [4; 10; 11].

Teopernueckass OIlCHKa BHOPOIMHAMHUYCCKUX Xapak-
tepuctuk JIHI' mokaszana, 4To pe3oHaHCHasi 4yacTOTa Ha-
XOINUTCA B BbICOKOUAacTOTHOM nuamaszoHe 1500-1800 I'r
¢ koadpurmenToM nepenauan Q = 100 [12].

Ilpu oueHke ypoBHS BO3HHKAIOMIMX YCKOPEHHH Ha
mecte ycranoBku JIHI' B koHCTpyKTIMEM nipubopa MBHC
IIpU MEXaHWYECKHX BO3JeHcTBUAX BhBeaeHUs KA Ha
OpOHTY BBISBIEHO, YTO 0€3 NPUMEHEHHS CIICIHAIIbHBIX
mep 3amuthl JJHI" Ha BUD BO3HUKHET yCKOpEHHUE MOPSII-
ka 600 g, B 1IecTh pa3 MpeBbIILAONIEE AOMYCTUMOE
3nauenue 100 g [7].

MopeaupoBanue padoTbl CHCTEMBbI, o0ecne4u-
Baoleil CTOHKOCTh K MeXaHUYeCKHM BO3eiCTBHAM
THPOCKOMUYecKoro nmpudopa. /s Toro, 4toObl obecne-
YUTh TPeOOBAaHUE MO CTOMKOCTH K MEXAaHHMYCCKHM BO3-
nercTBusAM, B KoHCTpykuun MBUC mpuMmeHeH onuH U3
croco0O0B 3aIUTHI, 3aKITIOYAIOTIITHCS:

B pa3sHECEHHH COOCTBEHHOW YacTOTHI YCTaHOBKH
0JI0Ka YYBCTBUTENBHBIX JJIEMEHTOB (TAE PaCIIOIOKEHBI
tpu JIHI") ¢ cobctBennoi yactortoit JIHI 3a cuer mpume-
HEHUS MPYKUH-aMOpTU3aTopoB [13; 14];

B MPHMCHCHWH YAApHBIX BUOpOracureneid Koiie-
6annii (YBI') s yMeHbIICHHSI aMIUIMTYbI KoJjeOaHui
OJIOKa YYBCTBUTCIBHBIX JJCMEHTOB HAa PE30HAHCE
[14; 15].
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[Ipu HEmOCpeACTBEHHON YCTaHOBKE OJIOKa YyBCTBHU-
TEILHBIX AJIEMEHTOB Ha KopIyc mpubopa (6e3 mpuMene-
HUS  aMOPTH3aTOPOB) €ro pPE30HAHCHAs  YacToTa
OyZeT HaXOAWTHCS B BBICOKOYACTOTHOM JHANa30HE
1000-2000 Tm, T. e. B oOMacTd pEe30HAHCHOW YacTOTHI
JHTI. OT0T (hakT npuBeneT K COBNAJCHUIO PE30HAHCHBIX
yactoT AHI" ¢ wacroroii ycTaHOBKM 0JIOKa 4yBCTBUTEIb-
HBIX DJIEMEHTOB Ha KOpIIyc npubopa M, KaK CIEACTBHE,
K YBEJIMUCHHIO aMIUTUTYIbl €ro KoyieOaHui, NpUBOASLICH
K BO3MOXKHOMY pa3pyueHuto koHcTpykuuu JHI .

Bricokas aqurammaHocTh KOoHCTpykmid JIHIT u 6ioka
qyBCTBHUTEIBHBIX 3JIeMEHTOB (m00poTHOCTE O = 50-100
Yy KaX/I0T0) HE IO3BOJISIOT OTPAHUYUTHCS MPUMEHEHHEM
tonbko YBI' B cocraBe cucrembl amopTu3anuu bUD.
Cucrema amoptm3anmuun MBUC TpeGyer npuMeHeHUs
CHelMaNbHbIX KOHCTPYKTUBHBIX 3JEMEHTOB, MO3BOJISIO-
IIUX pa3HeCTH pe3oHaHCcHble wyacToTel BUD u JJHI, —
aMOPTHU3aTOPOB.

[Tpu pazpadoTke nepBeix npubdopos Tvna MBUC npo-
BOJAUJIACH TEOpPETHUECKasl OLIEHKA MapaMeTPOB CUCTEMBI
aMOpTHU3aLUU UCXOAS M3 TPeOOBaHUSI IO YMEHBIICHHUIO
3HaYCHNH OTKJIMKOB JJIEMEHTOB KOHCTPYKIMH HpudOpa
Ha BHEIIHME MEXaHUUeCKHUe Bo3eicTBuUs. TeopeTndyeckas
OIIGHKa MPOBOIWIACH 0€3 HCIIONB30BAHUS YHHBEPCAIb-
HOHM pacueTHOW Moxenu. B pesymbrare, mpu oTpaboTKe
MIEPBEIX OMBITHBIX 00pa3oB NPOBOAWINCE TOPabOTKH
KOHCTPYKIIMU Ha 3Tale MPOBEICHHS MEPBBIX HCITBITAHHH
OIBITHOTO O0Opa3ua JJisl pelieHus 3aadu 1o odecneye-
HUIO €r0 CTOMKOCTH K BHELIHMM MEXaHHUECKUM BO3JEii-
CTBHSIM.

Ha ocHoBe ombiTa pa3paOoTKH M M3TOTOBJICHUS IPH-
6opoB tuna MBUC nmns 0TeYeCTBEHHOTO TOJIOBHOTO 3a-
Ka3yuKa Ipd HPOEKTUPOBAHUHM MOJICPHU3HPOBAHHOTO
MBUC pns nHOCTpaHHOTO 3aKa3unka Oblia pa3paboTaHa
YHHUBEpcajlbHasi pacdeTHass MOJAETbh CHUCTEMBI aMOpPTH3a-
UM, TTO3BOJIIONIAS OCYIIECTBIATH MOI00p e KOHCTPYK-
THUBHBIX MapaMeTpoB (TMapaMeTphsl MPYKUHBI, Macca IPy-
30B YBI, Benmmunna 3a30poB B YBI).

CxeMa yHUBEpPCalbHOM pacyeTHOW MOAENIH MpeacTaB-
JieHa Ha puc. 4. VlcXoaHbIMI JaHHBIMU 1711 HEE SIBIISIOTCS:
macca BUD, onpexnensemas pacnonoxenuem JHI
Ha OCHOBaHUH;
cobcTBenHas yacrota JJTHT .
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[TpumeHsist TaHHBIA CTOCO0 KOMIBIOTEPHOTO MOJICIIH-
pOBaHUs, IPU U3BECTHBIX HAYAIBHBIX YCIOBHUSIX BBIOUpA-
such napameTpsl CA:

— TEOMETPHYECKHE pa3Mephbl MPYXKHHBI (aMOpTH3a-
Topa);

— BEJIMYMHA 3a30pa B KOHCTpykiuu YBI';

Macca rpy30B B KOHCTpyKiuu YBI'.

[Toxbop maHHEIX mapaMeTpPOB MPOBOIMIICS Ha OCHOBE
obecrieyeHns JTOIyCTHMOTO YPOBHS 3HAYCHHH IEperpy-
30k gt JJHI (me 6omee 100 g).

VBI' obecnieunBaroT aeMrdupoBaHue KoJeOaHWA Ha
pe3onaHcHO# dactoTe BUD 3a cuer coBepiieHus: ynapoB
MEXIy Tpy3aMd B KOHCTPYKTHBHO IIPEIYyCMOTPEHHBIX
3a30pax. BenmumHa Macchl TPY30B M 3a30pOB BBIOpaHa
UCXOIs U3 peanm3anuu Kodpdunuenta nepenayu 10 Ha
PE30HAHCHOH YacTOTE YCTAHOBKHU OJIOKA YyBCTBUTEIBHBIX
anemenToB 150 I'm. CoOcTBeHHast yacToTa 0JIOKA YYyBCT-
BUTEJILHBIX 371eMeHTOB 150 'l HaxoIUTCsl BHE PEe30HAHC-
Hou 30HBI JIHI' 1 BHE 30HBI HEHCTBHS HH3KOYACTOTHOM
cuHyconnansHoi BuOpammu 5-100 I'm, He coBmamaet

C 4aCTOTOH BO3AEHCTBUS yAAPHBIX HArPY30K (IIUTEIBHO-
cteio T = 2-3 Mc qia MBUC poccuiickoro roaoBHOro
3aKa3uMka U T 10+1 Mc mist MOAEpHU3UPOBAHHOTO
MBUC uHOCTpaHHOIO 3aKa34yMKa). 3HAYE€HHE COOCTBEH-
HOM 4acTOTHI BEIOPAHO UCXOSl U3 YMEHBILICHUS 3HAUCHHUS
BO3HHUKAIOILETO YCKOPEHUS NpU ACUCTBUH LIUPOKOIIO-
JIOCHOH city4aiiHOW BHOparuy.

OCHOBHOW CJIOKHOCTBIO MPU CO3IAHHHM CHCTEMBbI
aMOpPTHU3AINU SBIIsIETCST BBIOOp mapamerpoB YBIT (Macchr
Ipy30B, [TapaMETPOB PE3MHOBOM MPOKIAJKN M BEIHYHHBI
3a30pa).

B pesymbrare NpOBEJEHHOTO MOJEIMPOBAHUS, HC-
MOJIb3ysl YHUBEPCAJIBHYIO PACUETHYI0 MOJENb CUCTEMBI
amopruzauuu (puc. 4), ObUTH ONpeeeHbl OCHOBHBIE Ia-
pametpsl YBI' u amopTusaropa.

Ha puc. 5 npencrasiena pacueTHass BHOporpamma
pacnpenieneHusl BO3HHMKAIOUIUNX YCKOPEHUIl BO BpeMEHU
Ha pe30HaHCHOW wyactoTe Kojebanmit BUD mpu mono6-
paHHBIX reomMeTpruieckux napamerpax CA, MpuBeIEHHbBIX
Jranee 1o TeKCTY CTaTbu.

1 KS

Puc. 4. Ynpyro-mexanuueckast MOJieJIb CUCTEMbl aMOPTH3ALUHU:
M1 —wmacca rpy3a YBI'; M2 — macca BUD; M3 — macca JIHT;

M4 — macca crepxxns YBI'; M5 —

Macca pe3MHOBOI NPOKIIaIKH;

C1/K1 — xecTKoCTh/ieMI(pupoBaHie Pe3NHOBOM MPOKIAIKH;
C2/K2 — xecTKOCTh/ieMI(pUpoBaHIe aMOPTH3aTOPA;
C3/K3 — xectrocTs/nemndupoanue JJHI'; C4 —xectkocts YBI;
C5/KS5 — xectkocts/nemndupopanue crepxkus YBI'; G — 3a30p

Fig. 4. Elasto-mechanical model

of shock absorption system:

M1 - lading weight UVG; M2 — weight BCHE; M3 — weight DNG;
M4 — core weight (UVG); M5 — rubber pad weight; C1/K1 — rigidity/ rubber
pad damping; C2/K2 — rigidity/shock reducer damping; C3/K3 — rigidity/ damping
DNG; C4 —rigidity UVG; C5/KS5 —rigidity/ core damping UVG; G — looseness
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Puc. 5. Bubporpamma BUD mpu G = 0,7-0,8 mm B nemmdepe

Fig. 5. Theoretical vibration record of base frame for gyroscopes.
Gap in damper is 0,7-0,8 mm

MUMGHODEG CMEPXEHD |

a8

QP.?HHJ?J?HS? ngnmmr a

a7.as

pesunotas mpydxa

as

e

203 Q{E?UEHUEU ZUCURERH _a"l

Puc. 6. DneMeHTHI cCTEMbl aMOPTU3ALIUHI

Fig. 6. Main elements of protecting systems from mechanical influence

Paspaborannast pacuyernas moxens CA mo3Boiumia
moo0path BUOpoauHamuyeckue napamerpsl CA, oleHu-
Bas meperpy3ky Ha mecte ycraHoBku JIHT'.

KoHcTpykuus cucteMbl aMOPTU3aLUM 1A o0ecne-
YeHHUsl CTOMKOCTH K MeXaHHMYeCKHM BO3JeiicTBHIM
THUPOCKONMYeCKUX mnpudopoB. BriOpannas cucrema
amoptuzammi bUD MBUC KOHCTPYKTHBHO COCTOUT W3
YEeTBHIPEX aMOpPTU3aTOPOB U ueThipex YBI (puc. 6).

ITonoOpaHHast KECTKOCTh aMOPTHU3AaTOPOB 25 Krc/Mm
No3BoJisieT obecneynTh coOCTBeHHYl0 uwacrtory bUD
B oOacTH 3HaYeHUH HU3KUX acToT 150 I'm.

B kadecTBe amopTH3aTOpa MPEAJIOKECHA BHUTAS IMPY-
JKMHA KBaJPaTHOTO CeucHHs. BenuuunHa KBaJpaTHOTO
ceueHus — 3 X 3 MM, 4HCJIO BUTKOB — 4, IJIUHA NPYKU-
HBI — 18 MM.

B xaugectBe YBI' BhIOpaHa KOHCTPYKIHS, MPEACTAB-
Jsomas co00d METaTUIEeCKH CTepkKeHb, Ha KOTOPOM
YCTaHOBJIEHa pe3nHOoBas TpyOka, rpy3nl (Macca YeThIpex
rpy30B kaxzaoro YBI' coctaBiser 48 r mpu HapyXKHOM
JIMaMeTpe KaKIoro rpy3a 16 MM, BHYTpeHHEM — 8,6 MM,
BBICOTE — 5 MM) U MEXIy HUMHU — PE3UHOBBIC MPOKIAIKH
TonuuHoH 1 MM. I'py3sl MOryT cBOOOJHO IepeMeraThbest
B OCCBOM M PaJMaIIbHOM HAINPABICHUSX B IpCABapH-
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TEJIbHO yCTaHOBJIEHHBIX 3azopax 0,7-0,9 mm. B wmemsax
yYMEHBLICHUSI TabapUTHO-MAacCOBBIX XapakrepucTuk CA
MaTepualoM  rpysa  sBiasercas  cmiaB  BHMS-3
TV 48-19-85-83, obmamaroniuii miaoTHOCThIO p = 17 r/em’.

Jlnst Toro, uroObr pabora YBI' He cmocobcTBOBama
JIOTIONTHUTENBHBIM YIIIOBBIM Konebanusim BUD, mentp
Macc TPYXHH aMOPTH3aTOPOB pACHOJOXEH B OJHOM
IIJIOCKOCTH C IIEHTPOM Macc uetbipex YBI'.

IpakTHyeckue pe3yabTaThbl OTPAGOTKH CHCTEMBI,
o0ecreynBapNIeii CTOMKOCTh K MEXaHHYeCKHM BO3-
aeiicrBusiM. BriOpannas monens CA Obuta oTpaborana
IIPY NPOBEJCHUM BHOPOIMHAMHYECKUX HCIBITAHUH NpH-
6opoB Tuna MBUIC (Ha3eMHBIX HCHBITAHWI), TOATBEPAN-
Jla CBOIO paboTOCIIOCOOHOCTH IPU HATYpHOM JKCILTyaTa-
nun MBUC B coctaBe KA HaBUTAalIMOHHON IpyNIHPOBKU
I'JIOHACC.

Ha puc. 7 npeacraBneHa aMIuinTyAHO-4aCTOTHAs Xa-
pakrepuctuka bBUYD MBUC, nonreepknaronias BEpHOCTh
npoBenieHHoro pacuera. Ha puc. 8 — Bubporpammer BUD
npu aeiictBun LLICB (s;,, = 16 g), Ha puc. 9 — BHOpoO-
rpamma BUD mpu neiicTBUM HM3KOUYACTOTHOM CHHYCOM-
JAIbHOW BHOpanuu B Auamna3oHe 4dactoT f = 5-100 I'g
ammutynoit 4 = 15 g, va puc. 10 — Bubporpamma BUD
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IIPU yIapHOM BO3ACHCTBUH IJIUTENBHOCTBIO T = 2 MC,
amrutygon A =60 gu 4 =—-60 g.

Pe3yabTaTsl NpoBeJeHHBIX PA0OT MO MOBBHIIICHHIO
CTOMKOCTH K BHEITHUM MEXaHHYEeCKHM BO3/1eHCTBHAM
MoaepHusupoBanHoro MBUC. MonepHusupoBaHHbIH
MBUC unmeer psa KOHCTPYKTUBHBIX OTJIMYMN OT CBOUX
npeamectseHHUKOB (MBUC s poceniickux KA). Kpu-
TUYHBIMH AJIs1 BEIOOpA MapaMeTpoB CHCTEMBI aMOpPTH3a-

IIMA THPOCKOIOB SIBIISIFOTCS Ta0apUTHO-MAacCOBBIE U JKe-
CTKOCTHBIE Xapakrepuctuku BUD. B MonepHusupoBan-
HOoM MBUC 4yBCTBUTEIBHBIE 3JIEMEHTHI PACIOI0XKEHBI
HEOPTOrOHAJIBLHO AN MOBBINIEHUS OTKA30yCTOMYMBOCTH
pabotsl mpubopa. [laHHOE KOHCTPYKTHBHOE PacHOIOXKe-
HHUE IpuUBeNo K yBennueHUo Maccsl BUYD Ha 200 r u ero
radapuTHBIX pa3sMepoB, HO C COXPAHEHHEM >KECTKOCTH
U CUMMETPUYHOCTH KOHCTPYKIIUH.

Transmissibility (reference = Control)

Frequency: 155.1 Hz
Chd/Control: 22.28
Chs/Control: 1.019

\ Frequency: 1183 Hz
§ ChaiControl: 0.105
ChsiControl: 4.231

Ratio (G/G)

chs/Control
ol

1000 2000

Frequency (Hz)

Puc. 7. AmmnutyaHo-yacrtotHas xapakrepuctuka B42 MBUC

Fig. 7. Amplitude-frequency characteristics of the compact gyroscopic angular rate measurement
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Puc. 8. Pacnipenenenue cnekTpaibpHbIX III0THOCTEH pu aeiicteuu I1ICB

Fig. 8. Vibration record of the compact gyroscopic angular rate measurement during random vibrations
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100 Accsleration Profile
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Puc. 9. Bubporpamma BUD npu aeiicTBUM HU3KOYaCTOTHOW CHHYCOHIAIbHOM BUOpauu
B auarnazoHe yactoT 5—100 I'u ammmurynoin 4 =15 g
Fig. 9. Vibration record of the compact gyroscopic angular rate measurement during 1
ow frequency 5-100HzA=15¢g
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Puc. 10. Bubporpamma BUD npu ypapHOM BO3IEUCTBUH AIUTEIBHOCTHIO T = 2 MC aMIUTHTYHoi A = 60 g

Fig. 10. Vibration record of the compact gyroscopic angular rate measurement
during shock action 4 =60 g T=2 ms

TpeOoBaHUs MO CTOMKOCTH K BHEIIHMM MEXaHHYCCKUM
BO3JICUCTBUSIM, @ IMCHHO, K YIapHBIM Harpy3kam, y mpuoo-
POB OTJIMYAIOTCs (Ta0I. 2), K BHOPAIIMOHHBIM — TIOXOKH.

ITo paspaboTaHHOW pacyeTHOH MOJETH CHUCTEMBI
amopTm3anuu (cM. puc. 4) ObUIO MOIyYeHO, YTO TIPH CO-
XpaHCHNHU MTapaMEeTPOB CHCTEMBI aMOPTH3ALNH TIPH yAap-
HOM Bo3zelictBun Ha BYD monepauzupoBanHoro MBMC
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OyneT moiydeHa Ieperpyska, MpPEeBBIIAIOMAs JOIyCTH-
Mmyto. Ha BUD Bo3nukHer neperpyska, pasHast 107 g, mpu
nmorryctumoit 100 g (puc. 11, 12). IlpoBeneHHbIN anamm3
ITOKa3all, 9To JOTOIHUTENBHYIO reperpy3ky Ha bUD 00y-
cioBnuBaeT padora aemidepa. [lepBrlii MUK XapakTepH-
cTHKH BuOporpammbl BUD BEI3BaH OTKIMKOM KOHCTPYK-
mun BUD (pe3oHaHCHas YacToTa KOTOPOTO COCTABIISET
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140 T'm) Ha ymapHOE BO3ICWCTBHE, BTOPOW — OTKIMKOM
YeThIpeX JEeMI(EpPOB B CHIY COBIAJCHUS PE30HAHCHOM

4acTOTHI Kaxkaoro (mopsiaka 50 I'm) ¢ wacToToi 3amanHO-

ro yaapHoro Bo3zeictaus 10 mc.

Yaapnsble Bo3aeiicteus npudopos Tuna MBUC

TpeboBanus VY napusle Bo3aeicTBus MogepHU3upoBaHHOro MBUC VY aapusle Bo3aeiicreus MBUC
(mexanuueckoro moaynsi MBUC)
Hamnpasnenne +X, Y, +7 +X, 1Y, +7
AMInuTyzaa yaapHOTo BO3- 50g 60 g
JIeNCTBUS
JlnurenbHOCTh 10+1 mc 2-3 mMc
KommaectBo Io Tpu y#apa B KaXKJIOM HalpaBlICHAU
f, MEPerpysKa
i B4Y3
20
o0 CTCHA,
40
20
0
. I. |- 4
Puc. 11. Pacuernas Bubporpamma BUD moxpepuuzupoannoro MBUC
Fig. 11. Theoretical vibration records of the modern compact gyroscopic
angular rate measurements during shock action
gn
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Puc. 12. Bubporpamma BUD, momydennas B pe3yibTaTe IPOBEAESHHOTO KCIEPUMEHTa

Fig. 12. Vibration records of the modern compact gyroscopic angular rate

measurements during shock action
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TexHH4ecKoe pelIeHNe 3aa4y M0 CHIKCHHUIO 3Hade-
HUSI TIEPerpy3Kd TPH yAAapHOM BO3JICHCTBHM 3aKIIOda-
JIOCh B CJIEIYIOIIEM: COXPaHHWB radapUTHO-MAcCOBBIE Xa-
PaKTEpPUCTHKH CHCTEMBI aMOPTH3alMd M  CTOMKOCTb
MBUC x BHOpOAMHAMHYECKUM BO3JECHCTBHSM, IIEIECO-
00pa3HO M3MEHHUTh KOHTaKTHYIO JKECTKOCTh COYAapeHH
IPY30B B KOHCTPYKUMH AemIidepa, 4To ObLIO JOCTUTHYTO
3a CYET yBEJIMYCHUS TOJIMHBI PE3MHOBOW NPOKIAIKH B
KOHCTpyKIuu femndepa ¢ 1 10 2 mMm. PacdetHas u skc-

Neperpy3Ka
100

nepuMeHTanbHas Budporpamma BUD npu nmpuHATOM TEX-
HUYECKOM PENICHNH NPeICTaBICHbI Ha puc. 13, 14.
[MpoBenenHas ouenka orkinkoB BUD npu BuOpoau-
HAaMUYECKUX BO3JCHCTBHUAX (LIMPOKOIIOJIOCHOM Ciryuaii-
HOHW BHOpaIMy, HU3KOYAaCTOTHON CHHYCOWAAIbHOMN) MOKa-
3aya, 4To Ha BUD BO3HUKHYT JOMYyCTHMBIE YCKOPEHHUSI.
[Tpu ncnons3zoBanuu nemndepoB HEMOIEPHU3UPOBAHHON
KoHCTpykuuu Ha BUD Bo3HHKHET MakcumanbHO 60 g.
[Ipu ncrionp3oBaHMN MOAEpPHI3HPOBaHHEIX — 40 g (puc. 15).

80 B4

CTEHA

ME

Puc. 13. Pacuernas Bubporpamma BUD moznepumuposannoro MBUC
IIpY U3MEHEHHUHU 1apaMETPOB CUCTEMBI aMOPTU3ALUH

Fig. 13. Theoretical vibration records of the modern compact gyroscopic
angular rate measurements during shock action after changing dimensions
characteristics of protecting systems

Acceleration

Time: 5.49) ms
Control: 49.32 G
Cha: §9.8 G

Aceeleration (G)

) 0 30 kY 0

Time (ms)

Puc. 14. Bubporpamma BUD monepausuposannoro MBUC npu u3MeHeHHH apaMeTpoB
CHCTEMbl aMOPTH3ALHN

Fig. 14. Vibration records of the modern compact gyroscopic angular rate measurements
during shock action after changing dimensions characteristics of protecting systems
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neperpyIka
na b3, ¢
/]

KECTKOCTD
C*= 300 Kr/sm

60
40
20

]
20

ACpPerpyiha

na Y39, g

C'=30 kr/Mm

50

Puc. 15. Pacuernas Bubporpamma BUD moxepuusupoannoro MBUC nipu ucnonb3oBanuu geMidepon
pa3HbIX KOHCTpYKUHit (ciaeBa — nemidepoB panee nroraBnuBaeMbix MBUC, cripaBa — HOBBIX)

Fig. 15. Theoretical vibration records of the modern compact gyroscopic angular rate measurements
during random vibration after changing dimensions characteristics of protecting systems

BriOpanHbIe KOHCTPYKTHBHBIE I BUOPOIMHAMUIECKHE
napameTpbl CUCTEMbl aMOPTH3alUH MO3BOJISIIOT CHU3UTH
JieiicTByroIue MexaHudeckue Harpysku Ha BUD monep-
HU3MpoBaHHOTO Nprdbopa MBUC no nomycTuMoro ypoBHs.

3akaiouenne. OpHUrMHAJIBHOCTh M HOBU3HA Mpea-
CTaBJIEHHBIX MCCJIEJOBAaHMU 3aKJIIOYACTCS B UX MPUKIAM-
HOM Ha3HaueHuH. B pabore OblIa McciienoBaHa KOHCT-
pYKOHs KOHKPETHOTO, paHee pa3paboTaHHOTO mpubOopa
(MBHUC, pa3paboTtaH aJisi pOCCHICKOTO TOJOBHOTO 3aKa3-
guka). Ha ocCHOBEe MPOBENEHHOTO HCCIEMOBaHUS Oblia
pemreHa 3agada MO MOJEIHPOBAHUIO MPOMCXOISAIINX B
npubope (HU3MIECKHX TMPOIECCOB, CBA3AHHBIX C BHEIIHH-
MU Bo3Mymaromumu Qakropamu. IlosydeHHbIE pe3yib-
TaThl MCIIOJb30BaHbl U CO3/aHKs YHHBEPCAJIBHOM pac-
YEeTHOM MOJENH CHCTEeMbl aMOPTH3alMU MPUOOPOB THIIA
MBUC. Cucrema amopTu3aluu MNpeAHAa3HaueHa st
obecrieuenust croiikoctu npudopos Tuna MBUC k BHer-
HUM MEXaHHUYECKMM Harpy3kam, AEHCTBYIOLIMM B HpO-
riecce BeiBeaeHNI KA Ha opOUTaNbHBINA y4acTOK TOJIETa.

B paboTe n3710KE€HBI OCHOBHBIC IPHHIIUIIBI TIOCTPOE-
HHUS CHCTEMBl amopTm3anuu. llpuBeneHa ee pacueTHas
Mozenb. [IpencraBieHsl TeopeTHIecKrne pe3yabTaThl MO-
JIEIAPOBAHMSI W KOHKPETHBIE IPAKTHUECKUE PEe3yIbTaThI
orpaboTku npudopos Truna MBUC npu nposeaeHnn Buo-
POIUHAMUYECKUX UCIIBITAHHH.

TeopeTH4ecKuii M NMPaKTUUECKUH PE3yJIbTaT pabOTHI
ompenesnsiercss 000OCHOBaHHBIMH pe3yJibTaTaMu paboThI
CHCTEMbI aMOPTH3aLUH B cocTaBe npudopos tuna MBUC,
BO3MOXXHOCTBIO HCIIOJIb30BaHMS OINbITA JAHHOW paboThI
IIpH pa3paboTKe HOBBIX MPUOOPOB CHCTEM OPHUEHTAIVH U
HaBUTAIIMM C TOBHIIEHHBIMH IIOKA3aTeNsIMH OTKa30-
YCTOWYMBOCTH, HAIEKHOCTU M CTOMKOCTH K BHEIIHUM
MEXaHHYECKUM BO3ACHCTBHSM, KaK 3TO OBLIO CIEIaHO
IIpH TIPOEKTUPOBAHUU MOJepHU3upoBaHHOr0o MBUC mist
HMHOCTPAHHOTO 3aKa34HKa.
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ANALYSIS OF MICROSTRUCTURE OF LAMINATED POLYMER COMPOSITE MATERIAL
OF METAL COMPOSITE OVERWRAPPED PRESSURE VESSEL

N. V. Eremin'?

'Institute of Computational Technologies SB RAS
53, Mira Av., Krasnoyarsk, 660049, Russian Federation
*Institute of Computational Modeling SB RAS
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The microstructure of a layered polymeric composite material used in the construction of a metal composite over-
wrapped pressure vessel is investigated. The purpose of this work was to evaluate the parameters characterizing the
structure of a laminate polymer composite material. Due to their technological and structural features, laminated
polymer composite materials have a number of operational disadvantages that lead to a reduction in the overall level of
strength characteristics. From the different zones of the nine-layer composite shell of the metal composite overwrapped
pressure vessel, four vertical flat samples of the composite material for the manufacture of thin sections were cut out.
The method of electron-scanning microscopy was used. The analysis of the percentage confinement of fibers in the ma-
trix was carried out. The structure of the layered polymeric composite material is uniform with the presence of a dis-
persion of distances between the fibers. The analysis of porosity in a composite material was carried out. The analysis
of the structure of composite materials with different porosity has shown that with increasing pore area and their num-
ber, the strength characteristics of composite tapes and reinforcing fibers decrease. Using the “mixture rule” and
“polydispersity model”, the values of the effective modulus of elasticity of the composite material are estimated. It is
determined that the modulus of elasticity of the composite material in the zone of the flange of the composite shell is less
than at the equator. A complex evaluation of the quality of a laminate polymer composite material used in the structure
of a metal composite overwrapped pressure vessel was carried out. The obtained results of inhomogeneity of the me-
chanical properties of the composite shell are necessary for design calculation of the stress-stain state of metal over-
wrapped pressure vessels.

Keywords: microstructure, carbon fibers, pores, modulus of elasticity, composite material, metal composite vessel.
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AHAJIN3 MUKPOCTPYKTYPbI CJIOUCTOI'O TIOJIUMEPHOI'O KOMIIO3UIIMUOHHOT'O
MATEPHAJIA METAJVIOKOMIIO3UTHOI'O BAKA BBICOKOI'O JIABJIEHUSA

H. B. Epemun'?

'MuctuTyT BRIuncIHTENbHBIX TexHOMOrHi CO PAH
Poccuiickas @enepanus, 660049, r. KpacHospck, npocn. Mupa, 53
’MucTUTyT BBIYACAUTENBHOTO MonenupoBanus CO PAH
Poccuiickas ®eneparms, 660036, r. KpacHospck, Akagemropoaok, 50/44
E-mail: kaizoku813@gmail.com

Hccnedosana Mukpocmpykmypa cioucmozo nHoaUMepHO20 KOMROZUYUOHHO20 Mamepuad, NPUMEHIeMo20 8 KOHCH-
PYKYUU MEManioKoMno3umno2o o6axka 8ulcokoz2o dasnenus. L{envio ucciedoganus a6isA1ACy OYEHKA NAPAMempos, Xd-
PAKMepu3yIowux CmpyKmypy cloucmozo noauMepHo20 KOMROZUYUOHHO20 Mamepuana. B ceasu ¢ mexnonosuueckumu u
KOHCMPYKMUBHBIMU OCOOEHHOCMAMYU CIOUCHblEe NOTUMEPHbIE KOMROZUYUOHHbIE MAMEPUAIbl UMelom pad Hedocmam-
KO8 NpU IKCHIYamayuu, Komopbvie NpUoOsm K CHUNCEHUIO 001je20 YPOBHSA NPOYHOCMHbIX Xapakmepucmuk. M3 pasHbix
30H 9-COUHOU KOMRO3UMHOU 0007I0YKU MEeMALLIOKOMNO3UMHO20 6aKa 8bICOK020 0aeieHuUs OblL1o vipe3aro 4 eepmu-
KAIbHbIX HIOCKUX 00pasya KOMHOZUYUOHHO20 Mamepuana 0as uzeomosieHus waugos. Hcciedosanus npogoouucy ¢
UCNONB308AHUEM INEKMPOHHO-CKAHUPYIOWel MUKpockonuu. B xode ucciedosanuti Obiiu noayuensl U300paxceHuss MuK-
POCMPYKMYpPbl KOMHOZUYUOHHO20 MAMEPUANA C XAPAKMEPHLIM BbICOKUM YPOBHEM KOHMPACMA MeHCOY BO0JOKHOM U
mampuyeti. [Ipogeden ananuz npoyeHMHo20 COOePHCAHUS Y2NepPOOHbIX 80I0KOH 8 mampuye. OnpedeneHo, Yymo cmpyK-
Mypa cIoUCmo2o NOAUMEPHO20 KOMNOZUYUOHHO20 MAMEPUANa 00HOPOOHA C HATUYUEM PA36pOCa pACCMOSHULL MeNCOY
sonoxkHamu. CpasHumenbHulll AHATU3 CAYYAUHBIX 30H MUKPOCMPYKMYPbl KOMIO3UYUOHHO20 MAMepuana ykasan Ha mo,
YUMo pA3HUYA 8 NPOYEHMHOM COOEPICAHUL Y2lePOOHbIX BOJOKOH 6 Mampuye Mexncoy obpazyamu, 6bipe3aHHbIMU ¢ IK-
samopa, HebonbLULASL, OOHAKO UMEEMCs CYWeCHEEHHAS. PASHUYA MeNCOY 00PAZYOM, BbIPE3AHHBIM C IK6AMOPA, U 00pa3-
yom, bipe3aHHbiM 6 30He nanya. IIposeden ananus NOPUCMOCMU 8 KOMIOSUYUOHHOM Mamepuane. Ananuz cmpykmy-
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Texnonozuueckue npoyeccost u mamepuaiiol

Pbl KOMROZUYUOHHBIX MAMEPUATOE C PA3TUYHOL NOPUCTIOCTBIO NOKA3A]L, YO € POCTOM NIOWAOU NOP U UX KOIUYEeCH-
84 XAPAKMEPUCMUKU NPOYHOCMU KOMNO3UMHbIX IEHM U apMUPYIOWUX 80T0KOH YMeHbvularomes. Paccuumanvr 3nauenus
apexmusrno2o MoOya YRpY20Cmu KOMHOSUYUOHHO20 MAMEPUANa C UCHONb308AHUEM (NIPABULA CMECU» U «NOAUOUC-
nepcuou mooenuy. OnpedeneHo, 4mo Mooyib ynpy2ocmu KOMNO3UYUOHHO20 MAMEPUANd 8 30He (aaHya KOMNO3UMHOU
06010uKU MeHbue, YeM Ha dxkeamope. [Ipoeedena KOMNIEKCHAA OYEeHKA KA4eCmed COUCTO20 NOAUMEPHO20 KOMNO3U-
YUOHHO20 Mamepuand, NPUMEHAEeMO20 8 KOHCIPYKYUU MeMAaLIloKOMNO3UMHO20 baKa evicoko2o dasnenus. Ilonyuennvie
pe3yibmamsi HeOOHOPOOHOCMU MEeXAHUYECKUX CE0UCIE KOMNOSUMHOU 00010YKU MO2YM ObIMb UCNONb308AHbl NPU NPO-
EeKMHBIX pacuemax HAnpsA#CeHHO-0eqhOPMUPOBAHHO20 COCMOAHUAL MEMANLIOKOMNOIUMHBIX OAKO8 8bICOK020 0a8/1eHUs.

Kniouegvie crosa: muxpocmpyxkmypa, yenepooHvie 6010KHA, HOPbl, MOOYIb YAPY2OCHU, KOMNOZUYUOHHBLIL Mamepu-

an, MemanioKOMnOUmnblil Oax.
Doi: 10.31772/2587-6066-2018-19-2-346-354

Introduction. Layered polymeric composite materials
are one of the most popular and promising materials in the
space and aviation industries. Composite materials have
high strength, increased stiffness and low specific gravity,
which increase the service life of products [1]. The main
feature of composite materials is the structure of the mate-
rial, which can be formed for a specific task and provide
the necessary characteristics of mechanical properties.
However, due to technological and structural features,
composite materials have a number of shortcomings that
appear during operation: the fibers break, there is a loss of
stability of the fibers in the matrix, pores and voids are
formed, the matrix is peeled off and microcracks are dis-
tributed [2]. All this leads to the emergence of stress con-
centrators and reduction in the overall level of strength
characteristics.

Fibers in the composite material have higher physical
and mechanical properties than components. When the
matrix in the composite material is destroyed, the stresses
are redistributed to adjacent fibers [3]. The higher the
fiber content in the matrix and the packing density is, the
higher the modulus of elasticity and strength of the mate-
rial are. Thus, the volume content of the filler (fibers)
plays an important role in the composition of polymer
composite materials. In this regard, there is a need for
detailed consideration of the volume content of carbon
fibers in the epoxy matrix, which have a significant effect
on the characteristics of mechanical properties.

Another important parameter that determines the
strength properties of a composite material is the porosity
of the material structure. The reasons for the appearance
of pores in composite materials are explained differently
by researchers: some believe that pores are formed from
residues of air and volatile products captured during the
manufacture of prepregs; others account it for the pres-
ence of moisture in the structure of the composite, while
others suggest that pores are formed as a result of both
manifestations [4]. The pores in the composite material
primarily influence the strength properties of the material,
the fiber packing density in the matrix is disturbed (large
distances between the fibers occur), there is a loss of fiber
stability in the matrix and the formation of cracks at the
pore boundaries. All this leads to additional stresses,
which directly affects the strength characteristics of the
material.

Due to these features of the structure of laminate
polymeric composite materials, it is necessary to examine
in detail their structural parameters.
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Existing domestic and foreign methods for studying
the microstructure of layered polymeric composite mate-
rials do not allow cconducting full research and providing
a comprehensive assessment of the quality of the material.
The standard method for determining the volume content
of the reinforcing filler is based on the chemical decom-
position of the ASTMD 3171 polymer matrix [5]. The
main problem in determining the volume content of rein-
forcing filler according to this method is the assumption
of complete destruction of the polymer matrix in the ab-
sence of a destructive effect on the reinforcing filler [6].
Standard methods for determining the structure of com-
posite materials for the presence of porosity are based on
determining the density of the composite and its constitu-
ent components according to ASTM D 2734 [7] or GOST
15139-69 [8]. This method determines the values of the
analyzed parameter averaged over the sample volume and
does not allow obtaining complete information on the
geometric characteristics of the pores and their distribu-
tion over the sample surface.

The optimal solution for studying the microstructure
of laminated polymeric composite materials is the use of
electron-scanning microscopy [9—11]. The purpose of this
work was to evaluate the parameters characterizing the
structure of a polymeric laminated composite material
used in the construction of a metal-composite high-
pressure tank (MCHPT) using electron scanning micros-
copy to determine: the volume content of fibers in a com-
posite tape, the porosity, the volume content of fibers and
the effective modulus of elasticity of composite material.

Samples, methods, equipment, sample preparation.
The object of the study was the microstructure of the
composite shell, formed during the production of a metal-
composite high-pressure tank. This tank is used in electric
reactive propulsion systems of space vehicles and is in-
tended for storage of xenon (working fuel). The MCHPT
consists of a titanium liner that provides tightness, and a
9-layer power composite shell providing structural
strength (fig. 1).

The composite shell is made by the method of con-
tinuous multilayer winding on the liner of a composite
tape impregnated with an epoxy binder ED-I. The com-
posite material consists of a set of differently oriented
composite tapes based on T1000 carbon fibers, which,
during the winding process, are laid on the underlying
layers at different reinforcement angles. The structural
diagram of the layered polymer composite used in the
MCHPT is shown in fig. 2.
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Fig. 1. Metal composite overwrapped pressure vessel with designated zones
for cutting samples

Puc. 1. MeTanmoKoMIO3UTHBIN OaK BEICOKOTO JABJICHHS C 0003HAY€HHBIMU
30HAMH JIJIs BEIPE3KH 00pa3ioB

fan

Heon gomuypelionus

R OMTOEUTRES ST

Sesepodkee SonowHa

NHWC LG CMET

Fig. 2. The scheme of unidirectional 9-layer composite material

Puc. 2. Cxema onHOHANpaBIeHHOTO 9-CIIOWHOT0 KOMIIO3UIIMOHHOTO MaTepuana

In the design of the MCHPT, the most suitable zone
for cutting unidirectional specimens is the equatorial
zone, in which the angle of laying the belt is minimal and
is 10 degrees [12]. In addition, unidirectional samples
were cut near the MCHPT flange. Due to the technologi-
cal feature of winding of the composite tape on the liner,
the shell has a variable thickness. As we approach the
pole hole, the composite tape more and more overlaps the
underlying layers, forming a composite shell of variable
thickness, which leads to heterogeneity of mechanical
properties, as well as the appearance of additional flexural
forces [13]. This necessitates a detailed consideration of
the microstructure of the composite material in the flange
region.

Experimental studies were carried out in the labora-
tory of electron-structural studies of the “Center for Col-
lective Use” of the Siberian Federal University (CCU of
SFU).
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From the different areas of the MCHPT 4 vertical flat
samples of composite material were cut out to make pol-
ished sections. Flat unidirectional samples were cut with a
linear precision saw IsoMet 5000 BUEHLER. Grinding
was carried out using silicon carbide paper (grain size up
to P2400), after which the polished sections were polished
using diamond pastes with a gradual reduction in the
grain size to 0.25 um. The final polishing was carried out
on the Beta Grinder-Polisher (BUEHLER). The samples
were then cleaned in an ultrasonic bath in high purity al-
cohol, and dried. The samples were weighed on a Mettler
ToledoXS 205 DR analytical balance (0.1 pug accuracy).
The samples were pressed into a phenolic epoxy resin on
a Simplimet 3000 automatic press (BUEHLER), then
their cross sections were polished with diamond paste up
to 0.25 pum in size.

The primary visual control of the surface of the sam-
ples was carried out with an optical microscope Nikon
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LV100D. The microscope is equipped with a CCD cam-
era (5 megapixel) for transferring images to a computer.
Subsequent studies of the microstructure and morphology
of the surface of the transverse sections of the samples
were carried out with an electron scanning microscope
(ESM) JEOL JSM 6490LV.

In the course of the studies, images of the microstruc-
ture of the composite material of the MCHPT were ob-
tained using an ESM with a distinctive high level of con-
trast between the fiber and the matrix. To estimate the
average value of the volume content of fibers in the ma-
trix, measurements were made for randomly selected
zones. According to the recommendations, in the study
[12] we applied zoom with 30 to 100 fibers appearing in
the field of view, in the case of ESM usage the optimum
zoom was x2000.

Results and their discussion Determination of the
volume content of fibers in a composite tape. Fig. 3
shows the microstructure of the composite material cut
from the equator of the MCHPT. The image at 2000 times
magnification was processed using Imagel. (fig. 3, b).

From the analysis of the obtained images it follows
that the structure of the composite material is uniform
with the presence of a large spread of distances between
the fibers. The average diameter of carbon fibers T1000
was 5.42 microns.

A comparative analysis of the thin sections of the ran-
dom zones of the microstructure of the composite material

(fig. 4) indicates that the difference in the percentage of
carbon fibers in the matrix between the samples cut from
the equator is small (fig. 4, a—c), in all cases the micro-
structure is homogeneous. However, there is a significant
difference between the sample cut from the equator
(fig. 4, b) and the sample cut out in the flange zone (fig. 4, d).
In the latter case, the microstructure of the sample cut out
in the flange region (fig. 4, d) has a lower density of car-
bon fibers than on samples from the equator.

In the course of the study, the average values
of the volume content of fibers in the composite tape
were obtained for each sample, the results are shown
in tab. 1.

The percentage of carbon fibers in the composite tape
at the equator is 75.31 %, which corresponds to the opti-
mal values according to the data of [3], which are in the
range 65-83 %. However, in the case of MCHPT, where
the thickness of the composite shell is variable, the per-
centage of carbon fibers varies with the transition from
the equator to the flange region. Near the flange, the car-
bon fiber content was 61.33 %. The change in the per-
centage of fibers leads to a change in the characteristics of
the mechanical properties of both the material and the
shell as a whole.

Determination of porosity in the composite mate-
rial of the MCHPT. To determine the porosity in the
composite material, we used ESM at a 100-fold magnifi-
cation of the image (fig. 5).

a

Fig. 3. The microstructure of the composite material at 2000 times magnification before (a)
and after (b) computer processing

Puc. 3. MukpocTpykTypa KOMIIO3UIMOHHOTO MaTepuaina npu 2000-kpaTHOM yBenuueHuu 10 (a)
u nociie (6) KOMIIbIOTEPHOH 00paboTKK

Table 1

The values of the volume content of fiber in the matrix for the composite tape

Sample Average value of fiber content, %
Sample cut from the equator Ne 1 77.8
Sample cut from the equator Ne 2 75.39
Sample cut from the equator Ne 3 72.75
Sample cut from the flange Ne 4 61.33
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¢ d

Fig. 4. Comparative analysis of the microstructure of the composite material at 2000 times magnification:
a — first sample; b — second sample; ¢ — third sample; d — fourth sample

Puc. 4. CpaBHUTEIBHBIN aHAIN3 MUKPOCTPYKTYPbl KOMIIO3ULIMOHHOr0 Marepuana npu 2000-kpaTHOM yBEIUUCHUU:
a — TepBBIii 00pasell; 6 — BTopoii 00paselr; 6 — TpETHii 00pasell; ¢ — YeTBEPThIH 00paseln
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Fig. 5. The microstructure of the composite material at 100 times magnification before (a)
and after (b) computer processing

Puc. 5. MuKpOCTpYKTypa KOMIIO3UIIMOHHOTO MaTepuana mpu 100-kpaTHOM yBeTHYESHUH 10 (@)
1 ociie (6) KOMIBIOTEpHOU 00paboTKH
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Fig. 6. Comparative analysis of the microstructure of the composite material at 100 times magnification:
a — first sample; b — second sample; ¢ — third sample; d — fourth sample
Puc. 6. CpaBHUTEIBHBIN aHATN3 MUKPOCTPYKTYPBHI KOMIIO3HLIIMOHHOTO MaTepuana mpu 100-KkpaTHOM yBEITHYECHUH:
a — TIepBHIid 00paselr; 6 — BTOpoit 00pasel; 8 — TpeTHid 00paselr; ¢ —4eTBEPTHIi 00pasen
Table 2

Characteristics of the porosity of the composite material of the MCHPT

Cut sample area

Pore occurrence, %

Average pore area, pm

Equator

2.32

726.58

11.678

49038.63

Flange area

A comparative analysis (fig. 6) showed that the micro-
structure of the laminate polymer composite material has
a chaotic pore distribution. The pores on the equator
(fig. 6, a—c) have small dimensions, and also frequent
distribution over the surface. On the sample cut in the
flange zone (fig. 6, d) there are critically large pores that
create a stress concentration in the material. This is ex-
plained by the fact that during the winding of the compos-
ite tape in the flange area, the composite tape does not
adhere well that leads to an excess of resin and the ap-
pearance of pores. This feature of the technological proc-
ess is determined by the complexity of the elliptical shape
of the liner.
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During the research, the porosity characteristics of the
composite material (percentage of porosity and average
pore area) were determined. The results are shown in tab. 2.

Analysis of the structure of composite materials
with different porosity shows that with the growth
of the number of pores and their area, the strength character-
istics of composite tapes and reinforcing fibers are reduced.

The most dangerous are elongated pores, the length of
which exceeds the critical length of the fiber in the com-
posite material. Such pores are stress concentrators and
under external influences on the design or the occurrence
of internal residual stresses in the material, they are the
sources of the occurrence of microcracks.
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Determination of the volume content of fibers in
the composite material of the MCHPT. To determine
the actual volume content of fibers in the matrix for a
laminate polymer composite material, it is necessary to
take into account the porosity of the material and the ex-
cess of epoxy resin according to the formula:

V(b:I/Kn.(HK-FI/Iac) (1)

where ¥, is the volume content of fibers in the compos-
ite tape, %; II
U, is epoxy resin excess.

aC

is porosity of the composite material, %;

3

Excess of epoxy occurs during the process of impreg-
nating the composite tape with a binder between the
layers. At the equator (sample No. 1-3), no epoxy resin
excess is observed, however, an excess of epoxy resin
between the layers is present in the flange zone (sample
No. 4) (fig. 7). Due to the imperfection of the technologi-
cal process of winding the composite tape onto the form-
ing liner, this factor must be taken into account when cal-
culating the actual volume content of fibers in the matrix.

Based on the photographs of the microstructures of the
composite material cut out in the flange zone, the percent-
age of excess resin was determined as 7.44 %

The actual values of the volume content of the fibers
for each sample were calculated using all the processed
data obtained (tab. 1, 2) and are presented in tab. 3.

Calculation of the effective modulus of elasticity of
the composite material of the MCHPT. The effective

modulus of elasticity of a composite material is calculated
using the “mixture rule” formula [3]:

E =EV,+EJV )

M M2

where E ,E_  is the modulus of elasticity of the filler
and matrix; ¥,V is volumetric content of filler and ma-
trix, %.

According to the formula (2), the strength of the com-
posite material must increase proportionally to the volume
content of the fiber in the matrix.

In addition to the “rules of mixtures”, one can use the
“polydisperse model of a medium with cylindrical inclu-
sions” (CCA) to calculate the effective modulus of elas-
ticity under uniaxial loading in the direction of the axis of
a single compound cylinder [14]:

Av, —v,)* 1, (1-7)

(EANAN
B
K, K, G,

H

E, =V, E,+1=V)E, + E))

where, v, , v, is Poisson’s ratio of filler and matrix;

M

K, , K, is bulk modulus of elasticity of filler and matrix;

G. is matrix shear modulus.

Formula (3) is the basic model in micromechanics,
which was proposed by Hashin [15]. The peculiarity of
this model is that additional characteristics of the me-
chanical properties of both the filler material and the ma-
trix are taken into account.

Fig. 7. The microstructure of the composite material near the flange at 100 times magnification before (@)
and after (b) computer processing

Puc. 7. MukpocTpyKTypa KOMIIO3HIMOHHOTO MaTepuaia BOmu3M ¢ianna mpu 100-kpaTHOM yBETHIEHUH
1o (a) u mocne (6) KOMIBIOTEPHOU 00paboTKH

Table 3
The values of the volume content of fibers in the matrix for the composite material of the MCHPT
Sample The actual volume content of fibers in the matrix, %
Sample cut from the equator Ne 1 76
Sample cut from the equator No 2 73.64
Sample cut from the equator Ne 3 71.06
Sample cut from the flange Ne 4 49.6
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Table 4
Characteristics of the mechanical properties of carbon fiber T1000 and epoxy resin ED-I
Characteristic E, E, G, K, K, v, v,
Value 290 hPa 3 hPa 1.13 hPa 219.69 hPa 2.7hPa 0.28 0.32
Table 5

The values of the effective modulus of elasticity of the composite material of the MCHPT

Sample Effective modulus of elasticity, hPa
Sample cut from the equator Ne 1 221.12
Sample cut from the equator Ne 2 214.34
Sample cut from the equator Ne 3 206.94
Sample cut from the flange Ne 4 144.63

The mechanical characteristics of the composite mate-
rial MCHPT were taken from the technical documentation
of the product and are presented in tab. 4.

According to formulas (2) and (3), elastic moduli of
the composite material for each sample were determined.
The elastic moduli determined by the “polydisperse
model” are consistent with the modules determined by the
“rule of mixtures”. Taking into account additional pa-
rameters of the model gives insignificant differences. In
this regard, the results presented only for “polydisperse”
model are reflected in table 5.

The modulus of elasticity of the composite material
MCHPT near the flange is 32 % less than the modulus of
elasticity of the composite material from the equator.
However, the “mixture rule” and “polydisperse model”
for composites with unidirectional fibers are based on the
assumption that the strength of the composite depends
only on the strength and the ratio of the components, and
also that the bond at the interfaces is ideal. However,
these equations are not capable of giving a reliable esti-
mate of the strength of a laminated composite material.
The stiffness and strength of a laminated polymeric com-
posite are mainly determined by the outer layers and the
contribution of each layer [16]. For this reason, the ob-
tained effective modulus of elasticity may not correspond
to the experimental data presented in the study [17].

Conclusion. The results of the study made it possible
to give a comprehensive evaluation of the quality of the
layered polymeric composite material of MCHPT using
parameters characterizing the structure of the material.

Based on the results obtained, the volume content of
carbon fibers (taking into account porosity) in the com-
posite material of the MCHPT at the equator is 73.56 %,
which corresponds to the optimal values. However, near
the flange, the volume content of carbon fibers is 49.6 that
is significantly lower than the optimal values.

Despite the overestimation of the effective modulus of
elasticity of the composite material of the MCHPT, the
“mixture rule” and the “polydisperse model” are useful
for approximate calculations. From tab. 5, it can be con-
cluded that the effective modulus of elasticity in the equa-
torial zone and near the flange has a large difference in
values. In this regard, in the design calculations of the
stress-strain state of the MCHPT, it is necessary to take

into account the heterogeneity of the mechanical proper-
ties of the composite shell.
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THE POSSIBILITIES OF USING OF GROUP TECHNOLOGIES FOR MANUFACTURING
THE PARTS OF UNIVERSAL-ASSEMBLED DEVICES
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The manufacture of parts and assembly units of the aerospace industry is characterized by a small product range,
but a significant changeability of their shape and size. In these circumstances, the use of the elements of universal as-
sembly devices (UAD) allows to reduce the number of special devices significantly. Based on the results of a complex
research on the analysis of design and manufacturing technology of elements of UAD, and on the known principles of
construction of group technologies the algorithm for the formation of technological groups of UAD details of the
prism support” type was developed. The 3D-model of the complex details, the classification of surfaces proposed for it
and the database on all 16 details of the group are the basis for the development of an algorithm for a route group
technological process (GTP). In the new GTP and control program it is proposed to combine in one operation practi-
cally all draft types of processing: milling, drilling, thread cutting on the multi-task machine with the palletization of
complex details on a technological plate. The effectiveness of the constructive-technological decisions is confirmed by
the reduction in the number of operations and equipment (from 7 to 4 machines) thus reducing the labor content and
cost. The use of the developed techniques of development the GTP allows significant expansion of the possibilities for
automation of technological preparation of production, simplifies the development of control programs, reduces the
labor content of the preparation of technological documents and its translation into digital form.

Keywords: group technology process, universal assembly device, complex detail, labor content, production cost.
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A0 «KpacHOospCcKHUi MalIMHOCTPOUTENBHBIA 3aBOI»
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Jlna uzeomosnenus demanei u cOOPKU Y3108 AIPOKOCMUYECKOU OMPACHU XAPAKMEPHA HeOOIbAas HOMEHKIAMYPa
u30enuil, Ho 3HAYUMENbHASL CMEHAEMOCMb UX N0 QopMe u munopasmepam. B amux ycnosusx ucnonvsosanue snemen-
mog yHugepcanbho-coophwix npucnocobienuti (VCII) nozeonsem cyuecmeenno cokpamums KOIUYECME0 CReyuaibHblx
npUCnocobnenutl 3a cyem UCHOIb306AHUS CMAHOAPMHLIX AEMEHMO08 6 PAMKAX ONpeOeleHHbIX epynn odemaiell.
Ilo pesynvmamam komniekca pabom no aHaiu3y KOHCMPYKYuili u mexuonozuu uzeomoenerus snemenmos YCII u na
OCHOBAHUU U3BECTNHBIX NPUHYUNOE NOCMPOCHUS 2DYHNOBBIX MEXHOA02Ull pa3paboman aneopumm GopmMuposanus mex-
Honozuweckux epynn demanei YCII muna «npusma onopnas». Cghopmuposannas 3D-mooenv xomnnexcnoil demanu,
nPeoNodNCcenHas OISl Heé Kaaccuurayust nogepxrocmeil u 6aza oannvlx no écem 16-mu demansim epynnot (6xmouennvim
8 COCMA8 KOMNIEKCHOU O 0OUHOCIU KOHCIPYKIMUBHBIX U MEXHOI0SUYECKUX NPUSHAKOB) AGIAIOMCS OCHOBOU O Pa3-
pabomxu areopumma HOCMpPOoeHUs MApUPpymHo20 epYNnogoco mexHoaI02uiecko2o npoyecca. B nosom epynnogom mex-
HONO2UYECKOM npoyecce npeonaeaemcs COBMeCmums 6 0OHY Onepayuio NPAKMu4ecKil 6ce YepHosuvle 8Udbl 00PaAdbOMKU:
@peszeposanue, ceeprenue, Hapesanue pe3vovl Ha MHo2oYyenesom cmarnke ¢ Y11V ¢ ycmanoskoi KOMnAeKCHOU Oeman
HA MeXHONo2UYecKylo naumy. Ynpasiaowas npospamma Oid MeXaHuueckoli obpabomxu pe3anuem KOMHAEKCHO
demanu 1e2Kko adanmupyemcs K u320mosienuro 1ooou oemanu epynnvl. Iphekmuenocms nPUHIMbIX KOHCMPYKMUBHO-
MEXHOIOSULECKUX PEUEeHUTl NOOMBEPHCOAeMCs COKpawjeHuem Koauwecmaa onepayuil, obopyoosanus (¢ 7 0o 4 cman-
KOB) U MENCONEPAYUOHHBIX NePexo008 & CMPYKIMype Npoyecca MeXaHuuyeckou o0pabomKu pe3anueMm, d 3Hauum,
CHUdICEHUeM mpyooemKkocmu u cebecmoumocmu. Taxkum obpasom, npeonodicensvl i 060CHOBAHbI KOHCMPYKMOPCKO-
MEXHON02UYECKUe NPUEeMbl NOBbIUUEHUSL IDPEKMUBHOCU MeXAHUYeCKOl 0bpabomKu 0emaiell YHUBEPCAIbHO-COOPHbIX
npUCnocoonenull 3a cuem NPUMeHeHUs 2pYNNo8blX MEeXHOA0UHeCKUX npoyeccos. Hcnonvsosanue paspabomanuvix me-
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MOOUK HOCMPOEHUS. 2DYNNOBLIX MEXHON0SULECKUX NPOYECCO8 NO3BOLEN SHAYUMENbHO PACUWUPUNTD BO3MONCHOCTU OIS
agmMoMamu3ayuUu  MexHoI02U4eCcKol No020moeKU Yupposozo npoussoocmea, ynpowaem npoyeoypy paspabomxu
VAPABTAIOWUX NPOSPAMM OJIsl MHO2OYENEeBbIX CIAHKOE C YUCTIOBbIM NPOSPAMMHBIM YHPAGIEHUEM.

Knoueswvie cnosa. 2pynn060ﬁ MexXHoI02U4ecKull npoyecc, yHuBepca]leO'C60prl€ npucnoco@zenuﬂ, KOMNJIEKCHAA

demanb, mpyooemMKoCmb, cebecmoumocms.
Doi: 10.31772/2587-6066-2018-19-2-355-364

Introduction. In the conditions of small- and me-
dium-scale production in the manufacture of parts in
small batches (which is typical for enterprises of the aero-
space industry), with a large change in form and size,
there are significant losses of time caused by adjustment
of machine tools in the transition from manufacturing one
part to another. In these conditions it is expedient to use
the group method of processing [1; 2]. It is known that
this method takes into account not only the similarity of
structural features of details, but also precision, techno-
logical, instrumental, organizational and planned charac-
teristics [3—7]. A key position in the construction of group
technology is the stage of designing an integrated part.
The solution of the problem of creating a complex part is
accompanied by the fact that in the classification of parts
the possible methods and sequence of machining of tech-
nological surfaces (installation, guiding, supporting) are
already taken into account, as well as the necessity of
observing the well-known principles of engineering tech-
nology — the agreement of the basic design, technological,
measuring bases [8; 9]. Route technological process
should provide the possibility of processing any part of
the group without significant deviations from the general
technological scheme. Since the research is aimed at in-
creasing the efficiency of manufacturing components of
specialized universal assembly devices, it is necessary to
note a number of significant features of such specialized
equipment. Its application is justified if the range of prod-
ucts produced using UAD is small [4]. It is this type of
production that is typical for manufacturing parts and
assembling products of the aerospace industry in a small
amount, but with a high turnover in shape and size. A
similar approach is used in the manufacture and use of
equipment at the factory of Airbus (UK) [5], where the
range of products produced in the enterprise is ten. At the
same time, the use of UAD can significantly reduce the
number of devices needed in the presence of a wide range
of manufactured products, by using standard elements
within certain groups of parts (fig. 1).

A distinctive feature of the technological preparation
of the manufacture of UAD parts is the need for simulta-
neous creation of routing, operational technological proc-
esses and a control program for multi-purpose machines
that are part of the production structure of the enterprise.
Therefore, the efficiency of the use of group technologies
for the manufacture of the entire range of parts included
in the UAD requires the creation of a database of their
three-dimensional models in conjunction with the
corresponding technological processes and control pro-
grams for the manufacture of products manufactured us-
ing UAD [6].

The main drawback of the existing traditional ap-
proaches of such design and technological preparation of

356

production is the high laboriousness in the development
of individual 3-D models and technological processes for
each part of the UAD and complicates the procedure for
technological changeover when replacing one part for
another [7-9]. For these reasons, the use of group tech-
nologies for manufacturing the range of UAD parts is
topical and practically significant, especially in the spe-
cific production conditions of small-scale production of
aerospace enterprises.

Analysis of the nomenclature of UAD details and
the creation of a 3-D model of an integrated part. As
initial data for determining the prospects for the use of
group technologies in the conditions of modern digital
production, drawings of the main parts of universally as-
sembled devices (UAD) used at JSC “ISS” Reshetnev
Company”. For the development of group technological
processes, the most representative (by structural and tech-
nological features and applicability) details of the hull
group of the prism type are selected. Fig. 1 shows an ex-
ample of the integrated use of such elements of UAD for
gluing the skeleton of the satellite.

As a result of a complex of works on the analysis of
structures and technology of manufacturing elements of
UAD ”Prism support” carried out jointly with the special-
ists of 1SS-Reshetnev Company, the main technical re-
quirements for the accuracy of the executive dimensions
of the parts (tolerance fields for the dimensions of the
mounting surfaces, U-shaped grooves, prismatic surfaces,
connecting surfaces, the accuracy of the relative position
of the surfaces in terms of flatness, parallelism and per-
pendicularity, surface roughness from Ra 0.32 to Ra 0.63)
were determined. The need for additional chemical-
thermal treatment of these details — cementing to a depth
of 0.6-1.2 mm and quenching (hardness of HRC 57-63) —
was also taken into account. It imposes correspondingly
stringent requirements on the technology of their machin-
ing after quenching. In a generalized form, the results of
the analysis of the accuracy characteristics are presented
in table.

The existing technology of surface machining at the
five-axis machining center HERMLE C-40 with the use
of imported cutters @10-EC-D6 10-22C10H72 (ISCAR)
provides the actual roughness Ra0.32-0.63 (according
to the requirements of the design documentation (DD)
Ra 0.32 is necessary); the actual value of the asymmetry
tolerance of the grooves (12H7) with respect to the sides
0.01-0.025 (according to the requirements of the DD 0.01
is necessary). Therefore, in order to achieve the required
parameters of the accuracy of the dimensions and surface
roughness, it is also necessary to grind to the H7 grade
with a surface grinding machine — FS 420 SD of increased
accuracy. For the manufacture of all elements of UAD in
accordance with the requirements of the DD, it is neces-
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sary to equip the machine tool with a precision flat grind-
ing machine type BLOHM PLANOMAT HP 408 with
Easy Profile CNC with micron feeding on all axes (cost ~
500,000 EURO).

Therefore, one of the main research tasks is to study
the possibilities of increasing the accuracy of machining
due to the use of group technological processes and prom-
ising precision forming methods with basing on a techno-
logical plate.

Based on the known principles of group technologies
formation, an algorithm for creation of technological
groups of parts of UAD of Prism type was developed (fig. 2).

When combining the UAD parts into groups, we pro-
ceeded from the condition of similarity of the surfaces to
be machined or their combinations, while the group often
includes parts of various shapes and sizes, but any of
them by the range of linear and angular dimensions and
arrangement of the surfaces, the methods for obtaining
them during machining by cutting corresponds (has
analogies) and can be built into the structure of the com-
plex part. The analysis of structural and technological

features and surfaces, the features of the existing techno-
logical processes of machining at the enterprise, made it
possible to form a complex part from a number of similar
parts. Fig. 3 presents a model of a complex detail of
”prism” type, consisting of a number of elementary sur-
faces (1-45).

Proceeding from the existing at the enterprise routing
technological process of machining, the main surfaces of
the complex part can be defined as: execution surfaces —
7, 8; basic design bases — 1-6; auxiliary (connecting) de-
sign surfaces — 10-45; free (technological) surface — 9.

Fig. 4 shows the data on the main geometric parame-
ters that were necessary and used in the development of
the group process and control programs for processing the
main surfaces of the complex part.

The resulting 3D-model of the complex part, the pro-
posed classification of surfaces and the database created
for all 16 parts of the group selected according to the
similarity of design and technological features, were taken
as a basis for the development of an algorithm for con-
structing a route (group) process.

Fig. 1. Elements of UAD: a — a set of parts and assemblies of the UAD;
b — a reflector on the tooling of UAD elements

Puc. 1. Dnements YCII: a — Habop peraneit u coopounsix equnun Y CII;
6 — pedaexrop Ha ocHacTke u3 meMeHToB Y CII

Precision requirements to parts of “prism” type

Accuracy degree/
limit deviation Roughness, Ra Shape accuracy
Main execution surfaces
(dimensions)
js6 0.32
U-shaped grooves 7H 063
*
Holes 7H
Angular surfaces of the prism 90° + 5 032

*Alignment in relation to the reference surface of the central hole @13 (base A).
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Justification and development of a group techno-
logical process of machining parts of UAD of Prism
type. The service purpose of parts of the group, their de-
sign, the material of workpieces, the classification of sur-
faces and the accuracy requirements were taken into ac-
count when selecting and justifying the routing techno-
logical processes of group processing.

The analysis of the existing technological processes
for the production of a group of UAD of the Prism type

made it possible to establish that, in spite of the common
shape and size, there is a considerable loss of time during
their manufacture due to the readjustment of the machines
during the transition from the manufacture of one part to
another. The routing technology adopted at the enterprise
assumes a considerable number of re-installations, inter-
operational transitions, sometimes even in one techno-
logical operation of shaping, for example, milling planes,
grooves, drilling holes.

Analysis of UAD details

: Route of CD processing se- Classification of sur- Analysis
Type of treatment Tooling 8 quence faces of existing
- equipment
Formation of a group of details
of ”Prism” type
[
Formation and analysis of possible options
for CD processing
Fig. 2. The design algorithm for the group technological process
Puc. 2 Anroput™ npoeKTHpPOBaHUS IS TPYIIIOBOTO TEXHOJIOTHYECKOTO Mporecca
b e
f
c
d g

Fig. 3. Model of complex part and typical parts of the group: a — complex part with designated surfaces;
b—g — details of the group

Puc. 3. Moeinb KOMIUIEKCHON JeTalu U THIOBbIE JISTaIM IPYIIIbL: @ — KOMIUIEKCHAs CTallb
¢ 0003HauUCHHEM MTOBEPXHOCTEH; 6—otc— IETATH TPYIIIbI
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Fig. 4. Parametrized model and table for the dimensions of the complex part

Puc. 4. [Tapamerpu3upoBaHHas MOJIEJIb U TaOJINIA THIIOPA3MEPOB KOMIUIEKCHOH JieTallu

Taken together, this leads to an increase in labor in-
tensity, a violation of the principle of constancy of the
bases, and hence to a possible decrease in the accuracy
of processing, and therefore to inclusion of additional
finishing operations in the route technological process.
In addition, the output cycle is disrupted, the inter-
operational costs of auxiliary time increase and the utili-
zation factor of the equipment decreases (according to the
enterprise data from 0.28 to 0.42). Together, the effect
of these factors leads to an increase in the cost of parts
included in the UAD. The cost of one complex part of the
UAD 107-7099-0100-04 Prostavka” can reach 43-48
thousand rubles, the estimated cost of a typical part of the
UAD of the "Prism” type ranges from 4-12 thousand ru-
bles (a similar level of selling prices is given in the mate-
rials of some firms of manufacturers of equipment, such
as Shunk, Iscar and the Tool "Favorite” [10-12].

In the developed new group technological process, it
is proposed to combine almost all roughing operations of
milling, drilling, threading on a multipurpose CNC ma-
chine with the installation of a complex part (and there-
fore any other part of the group) into a single operation on
the technological plate (fig. 5) on surfaces of the planes
of the base 1 and fixing using a nut 4 and a pin-bolt 3
through the calibrated hole (surface 21).

A reliable orientation of the workpiece relative to the
axis of symmetry is provided by making a fit along the
surfaces of the hole 13H7 and the pin bolt 13h6. Addi-
tional fixation from the rotation (in addition to the clamp-
ing force of the nut) under the action of cutting forces is
realized on the mating surfaces of the grooves on the
workpiece and counter-protrusions on the technological
plate. Since the sizes of the base holes 13 (surface 21 on
the complex part) and the guiding grooves (surface 12 on
the complex part) on the base plane for all the parts of the
group included in the structure of the complex part coin-
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cide, the technological plate is unified, and the principle
of complete interchangeability is in action. The process
of machining all free surfaces by cutting (2-9, 14-17,
24-45) is performed without re-setting on one milling-
drilling-boring operation with basing on the surface 1 on
the technological plate, which in turn is clamped in the
vice of the machine table, but does not interfere with all
the shaping movements of the tools.

Fig. 5. The scheme of basing of a complex part on
a technological plate: 1 — part; 2 — technological plate;
3 — pin bolt; 4 — nut

Puc. 5. Cxema 6a3mpoBaHus KOMIDICKCHOW JIETal
Ha TEXHOJIOIMYECKOM uTe. 1 — reras,
2 — TEXHOJIOTHYCCKAs IUHTA; 3 — ITU(T-00NT; 4 — raiika

In addition, it is proposed to use new designs (devel-
oped in SFU jointly with JSC "ISS") for high-speed turn-
ing and milling tools equipped with interchangeable geo-
metrically-complex elements [13-15] on the basis of
nanostructured hard alloy composites [16-18] at finishing
machining of prism planes. The application of the new
cutting geometry and kinematics of rotary cutting, com-
bined with the use of dispersed hard alloy carbide com-
posites with ultra fine carbide grain, allows the grinding
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operations to be replaced with fine milling without com-
promising the quality of the surface treatment. The struc-
ture of the routing group technological process in com-
parison with the basic one applied at the enterprise is
shown in fig. 6.

Efficiency of the adopted design and technological so-
lutions (in accordance with the block diagrams of the
routing technological processes of processing parts
7033-4734 "prism support”: a) basic — according to the
technology of the enterprise; b) the new one, based on
group technology) is clearly supported by a reduction in
the number of transactions in the structure of the process,
which means a reduction in labor intensity and cost of
production.

Formation of the structure of transitions in the manu-
facture of individual parts of the group within the group
process is illustrated graphically by the data shown in fig. 7.

Based on the results of the complex design and tech-
nological work conducted jointly 1SS-Reshetnev Com-
pany a variant of the group technological process for a
complex part of the UAD of ”prism support” type and a
control program for the machining of its main surfaces
with installation on a technological plate were developed.

Fig. 8 shows the setups and trajectories of the tool
moving on the preparation operations of the base surfaces
a) milling the base plane, grooves and drilling holes; b)
rough milling of the technological groove and surfaces of
prisms; c) trajectories of the tool moving with installation
of the workpiece on the technological plate. As an illus-
tration of the use of group technologies in digital form, a
fragment of the control program for one of the transitions
(rough milling of the base 1) of machining of the complex
part on a five-axis machining center HERMLE C-40
is given.

(1 Rough milling of grooves. ) 1 Milling U-shaped grooves.
Surfaces 15, 16 Surfaces: 9, 10, 11
J
4 N\
2 Rough milling of grooves. - N
L Surfaces 13, 14 2 Drilling holes and tapping
p the base. Surface: 25
3 Rough milling of grooves.
Surfaces 9, 10, 11 \ J
\ J N
s — - N |3 Flat profile grinding.
4 Milling with CNC. Surfaces: 1, 9, 10, 11
Surfaces: 7, 8, 17
N - J/
[5 Cementation 4 Milling-drilling and thread
cutting. Surfaces: 7, 8, 17, 3,
6 Milling with CNC (drilling). 13, 14, 4,15, 16, 5, 6, 21,
Surfaces: 25 22,23, 24, 26, 27
7 Milling with CNC.
Surfaces: 21, 23 [5 Cementation ]
8 Metalwork. [6 Thermal (hardening) ]
Surfaces: 22, 24
7 Profile grinding (semi-finished).

Thermal (hardening)

Profile grinding.
Surfaces: 3, 4, 5, 6

Profile grinding.
Surfaces: 1, 7, 8

— ——J J U IS — S\

Thermal (aging)

—

Surfaces: 2, 3,4,5,6

Thermal (aging)

9

Profile grinding (finishing).
Surfaces: 2, 3, 4,5, 6

Finishing grinding.
Surfaces: 3, 4, 5, 6

—

Finishing grinding.
Surfaces: 1, 7, 8

a

b

Fig. 6. Routing technological processes: a — basic; b — novel

Puc. 6. MapuipyTHbIe TEXHOJIOIHYECKHE MPOLECCHI: a — 06a30Bblii; 6 — HOBBIN
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Fig.7. The structure of operations of group technological processes

Puc. 7. CtpykTypa omneparnuii rpyHIroBoro TeXHOJIOTHYECKOTO Iporecca

Virtually all rough milling, drilling, tapping operations
are proposed to be combined in one operation on a CNC
multi-purpose machine with the installation of the part on
the technological plate. This will allow processing of all
free surfaces without re-setting in one operation, thus re-

alizing the principle of constancy and unity of bases
known in engineering technology.

It eliminates the need for reinstallations and improves
the accuracy of processing and the relative location of
surfaces.
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Fig. 8. Schemes of adjustment: a — milling and drilling of basic surfaces;
b — rough milling of technological surfaces; ¢ — milling of main surfaces

Puc. 8. CxeMmsbl Hanmanok: a — hpe3epoBaHUe U CBEpIICHHE 0a30BBIX OBEPXHOCTEH; 6 — YepHOBOE (pe3epoBaHUe
TEXHOJIOTHYCCKUX MTOBEPXHOCTEH; 6 — Ppe3epOBaHUE OCHOBHBIX MMOBEPXHOCTEH

Conclusion. The preliminary consolidated technical
and economic analysis shows that the developed new
group technological process of machining typical UAD
parts used at JSC ”ISS” provides the opportunity to re-
duce labor input, the number of machine tools used (from
7 to 4 machines) and interoperational transitions.
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The total laboriousness of manufacturing the USP ele-
ment (according to the enterprise’s data) is 130 hours,
according to the proposed new technological process,
labor intensity is reduced by 63 %. The technical and eco-
nomic effect is determined by preferential differences in
terms of manufacturability — GOST 14.201-83.
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The use of methods for constructing group techno-
logical processes makes it possible to expand the possi-
bilities for automating the technological preparation of
production, simplifies the procedure for developing con-
trol programs for machining blanks on multipurpose ma-
chines with numerical program control, and reduces the
complexity of preparing technological documentation by
digitizing it.
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IJIABSMOTPOH JIJISI HAHECEHUS NOKPBITUI U3 TYTOILJTABKUX
JUCHEPCHBIX MATEPHUAJIOB

A. E. Muxees, A. B. I'upg, /1. B. PaBoauna, 1. O. SAxybouu
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OoHum u3 Haubonee nPou3600UMENbHLIX, MEXHOLOSUUHBIX U IPPEKMUBHBIX CHOCOO08 NOJYYEHUS 3AUUMHBIX NO-
KpbIMUil HA dIeMEHMax aspOKOCMUYECKOU MEXHUKU OM 6030€UCMEUsl 3HAYUMENbHBIX OUHAMUYECKUX HAZPY30K, azpec-
CUBHBIX CPeOd, GbICOKUX MEMNepamyp, HEUmpOHHbIX HOMOKO8 U M. N. SGIsemcst niasmentoe nanvlienue. OCHOGHbIM
NEMEHMOM, 0DeCneyusaroum HeodXo0ouMble XapaKmepucmuky HANbLUISEMbIM YACMUYam, SGISemcs Nia3MOmpOH.
B mupe pazpabomano b6onvuioe Koauuecmeo niazMOmpoHO8 PA3IUYHBIX KOHCIMPYKYUL, Kaxcods U3 KOMOpbiX umeem
KaK c80U npeumyulecmed, maxk u Hedocmamku. B ocnosHom Hanvlisiemblil Mamepual nodaemcsi 6 NIA3MEeHHYI0 CIMpYIo
PAaoUanbHO Yepe3 Kaual, Haxo0sWulicss Ha cpese conid, Ymo OMmpuyamenbHO CKA3bleAemcsl Ha Kauecmee NOKpblmust u
KO uyuenme ucnonb308anUs Mamepuailda, maxk Kaxk npoucxooum HepasHOMepPHbLIL NPOZPEed HANBLISIEMbIX NMY2ONia6-
KUx oucnepchvix mamepuanos (0kcuoos, kapouoos, HUMpUo08 u m. d.). Ansa obecneuenus Hazpeea HANbLIAEMO20 Ma-
mepuana nosvlaion MOWHOCMb NIA3MOMPOHA, YMo YMeHbluaem pecypc e2o pabomsli. Cywecmeyem cxema nooayu
MPAHCROPMUPYIOWe20 2a3d ¢ NOPOUKOM CHYMHO NIAA3MEHHOMY NOMOKY, NO3601s10uas obecneyums 6oaee P pexmus-
HbLIL U PABHOMEPHBIIL NPO2PE8 HANBLIAEMO20 MAMEPUANA, A MAKICce NPeOyCMAMpPUBAIowds OONOIHUMENbHYI0 CmaduIu-
3ayuto 0y208020 pazpsaod, HO 8 NPOMBIULIEHHOM MAcuimabe maxue nia3momponbl He 6bINYCKAIOMCsl, MAK KAK MEXHOJL0-
2UYECKU COJICHBL 8 U32omosiienuu. bvli paspaboman u u320moeien niazmMompon no maxou cxeme. Ilposedenvi cpas-
HUmMebHble IKCHEPUMEHMATIbHbLE UCCIe008AHUsL NO HANBLICHUIO MY2ONLAGKUX MAMEPUATIO8 UMHOPMHBIM NIA3MOMPO-
nom F4 (Switzerland) u paspabomannvim IIM-1. Jlna cpagnumensbo2o anamusa niasmompoHo8 8 Kauecmee Mamepuaid
o6pasyos evibparu cmane 45, mamepuan ona nanviienus — oxcuo AlOs, xomopuii ucnonvzyemes 6 0CHOBHOM
6 Kkauecmee mennosawumno2o noxkpvimus. Hanvinenue Al,O3 na cmane npouzeéoounu uepes noocnoii kepmema
(40 % Al,03 +60 % NiCr no 06vémy) onsn cenasxcusanus kodgppuyuenmos mepmurecko2o pacuiupenus. Boiasuiu, umo
NOKPbIMUsL, HAHECEHHbLE MOOEPHUSUPOBAHHbIM naazmomporom IIM-1, umeiom bonee 6bicOKYI0 NPOUHOCHb CYenieHus u
bonvuyro monyuny (npumepno na 20 %), a nopucmocmo nudice na 13 %, uem y nokpoimuil, HOJIY4eHHbIX NIAZMOMPO-
rom F4 (Switzerland).

Knroueswvie cnosa: niazmenunoe HanvlileHue, niasmompoH, my2oniadéKue mamepuaibl, NPOYHOCmMb CYEenieHust, mo-
wuHa noKpvlmus, nOpucmocnis.
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PLASMOTRON FOR COATINGS APPLICATION FROM
FUEL-DISPERSED MATERIALS

A. E. Mikheev, A. V. Girn, D. V. Ravodina, I. O. Yakubovich

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: michla@mail.ru

One of the most productive, technological and effective methods of obtaining protective coatings on aerospace de-
vices from the impact of significant dynamic loads, corrosive media, high temperatures, neutron fluxes, and the like is
plasma spraying. The main element that provides the necessary characteristics for the particles to be sprayed is a
plasma torch. The world has developed a large number of plasma torches of various designs, each of them has its own
advantages and disadvantages. In general, the sputtered material is fed into the plasma jet radially through the channel
located on the nozzle cut, which adversely affects the quality of the coating and the utilization of the material, since
uneven heating of the sputtered refractory dispersed materials (oxides, carbides, nitrides, etc.) occurs. To ensure heat-
ing of the sprayed material, the power of the plasma torch is increased, which reduces the service life of the plasma
torch. There is a scheme for supplying a transport gas with a powder in a plasma flow, allowing more efficient and uni-
form heating of the deposited material, and also providing for additional stabilization of the arc discharge, but on an
industrial scale such plasmatrons are not produced, since they are technologically difficult to produce. A plasma torch
was developed and manufactured in this way. Comparative experimental studies on the deposition of refractory materi-
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als by the imported plasma torch F4 (Switzerland) and the developed PM-1 have been carried out. For the comparative
analysis of plasmatrons, the material of the samples was chosen as steel 45, a material for deposition of the oxide
Al,O3, which is used mainly as a heat-shielding coating. Sputtering Al,O3 on steel was produced through a cermet
sublayer (40 % Al,O; + 60 % NiCr by volume) to smooth the coefficients of thermal expansion. It was found that
the coatings applied by the modernized plasmatron PM-1 have a higher bond strength and a greater thickness
(about 20 %), and porosity is lower by 13 % than that of plasmatron-coated coatings F4 (Switzerland).

Keywords: plasma spraying, plasma torch, refractory materials, adhesion strength, coating thickness, porosity.

Doi: 10.31772/2587-6066-2018-19-2-365-372

BBenenne. C MHTEHCHBHBIM Pa3BUTHEM adpPOKOCMH-
YEeCKOM TEXHUKH M y>KECTOUCHHEM YCJIOBHH ee DKCILTya-
TallM¥ TIOBBIIAIOTCS TPEOOBAaHUS II0 €€ HaJIeKHOCTH,
JIOJITOBEYHOCTH M 0€30MacHOCTH KCIUTyaTaluy. DieMeH-
THl KOHCTPYKIU JIeTaTeIbHBIX alllaparoB, padOTaOMNX
B OKCTPEMAITbHBIX YCIOBHSX (BO3JCHCTBHE 3HAYUTEITBHBIX
JMHAMUYECKUX Harpy30K, arpecCHBHBIX Cpell, BBICOKHX
TeMIepaTyp W T. I.), HEBO3MOXHO HCIOJIb30BaTh 0e3
NPUMEHEHHs]  CHECUMANBHBIX  3alIUTHBIX  ITOKPBITHH.
OnuuM 13 HanboJsee MPOM3BOAUTENBHBIX, TEXHOIOTHYHBIX
U 3Q(PEKTUBHBIX CHOCOOOB MOIYUCHUS TAKMX MOKPBITHH
SBJIAETCS IUIa3MeHHoe HambuieHue [1-11]. Tlpumenenue
IUTa3MEHHBIX ~ TEXHOJIOTHH, aKTUBHO BHEJAPSIOLIMXCS
B TIOCJIE/THEE BPEMS B MPOMBIIUICHHOCTD, TAaET BO3MOXK-
HOCTh PCINUTh MHOTHE MPOOJIEMBI HPOU3BOJACTBA C MHU-
HUMalbHBIMH 3aTpaTaMu. OOBEM HCIOJIB30BaHUS ILIa3-
MEHHBIX HOKpPBITHH B MHpPE MOCTOSHHO Bo3pacrtaet. s
MOJTyYEeHHUsS CTaOWIBHBIX HMOKPHITHH BBICOKOTO KadecTBa
OonblIOe BHUMaHUE yIeJsieTcsl CPeICTBAM MeXaHH3alluu
mporecca, KOTOPBIX HENOCTaTOYHO, TaK KaK B IIEPBYIO
ouepelb HEOOXOMUMO NOOUTHCS BBICOKHX 3HAYCHUN U
CTa0MJIM3alMK TEPMUYECKUX M JTUHAMHYECKUX MOKazaTe-
niei HampUsieMblX yacti. OCHOBHBIM 3JIEMEHTOM, obec-
MICYMBAIONINM HEOOXOAMMBIC XapaKTEPUCTUKH HaIbLIse-
MBIM YacTHIaM, SBISETCS IUIa3MOTPoH. B Mupe paspabo-
TaHO OOJNBIIOE KOJIMYECTBO IUIA3MOTPOHOB Pa3IHMYHBIX
KOHCTPYKIHMH, KaXxIasi U3 KOTOPBIX UMEET KaK CBOM Ipe-
HUMYILIECTBA, TaK U HEJOCTATKU. Y OOJBIIMHCTBA IUIA3MO-
TPOHOB, B TOM YHCJIC ¥ IMIIOPTHBIX, HAIIPUMEP Y ILIA3MO-
tpona F4 (Switzerland), nampuisieMsIii MaTepuan mojaaeT-
sl B IDTa3MEHHYIO CTPYIO PaJHajbHO Yepe3 KaHal, Haxo-
JUIIMHCST HA Cpe3e COILIa, YTO OTPUIATENILHO CKa3bIBaET-
cs1 Ha KadecTBe MOKpeiTHs [12]. YacTh MaTepuaia oTOpa-
CBIBAETCS IUIA3MEHHOM CTpyeH, YTO NPUBOJUT K yMEHb-
IeHUI0  Kod(p¢HIMEeHTa UCIOJIb30BAaHMUS  MaTepHaia
(KHM), HepaBHOMEPHOMY HPOTPEBY HAMBLISEMBIX TYro-
IUIABKHUX JUCIICPCHBIX MaTepuaioB (OKCHAOB, KapOHIOB,
HUTPHIOB U T. [.), YTO OTPAKAETCS HA KAYECTBE IIOJY-
YaeMbIX TIOKpBITH. st oOecrieueHns: HarpeBa Hambuisie-
MOTO MaTepHalia IOBBILAIOT MOIIHOCTH IUIa3MOTPOHA,
YTO YMEHBIIAET PECypC ero paboTHI.

Cy1miecTByeT cxema MoJadd TPAHCIIOPTUPYIOLIETO ra-
3a C MOPOLIKOM CITyTHO IUIa3MEHHOMY ITOTOKY, ITO3BO-
Jstonias obecrnednth Oosice dPGEKTHUBHBIN U paBHOMEP-
HBIM TIPOTPEB HANBUIIEMOI0 MaTepHaia, a TaKkkKe Mpeay-
CMaTpHBaIOIas JOMOJIHUTEIBHYIO CTaOMIN3aLUI0 JTyro-
Boro paspsza [12-15]. Ho B mpoMsliuieHHOM MacmTade
TaKUe IIa3MOTPOHBI HE BBIITYCKAIOTCS, TaK KaK TEXHOJIO-
TMYECKH CIIOKHBI B HM3rOTOBJICHUH. B maHHO# pabote
NPENCTABICHBl PE3yJbTAaThl CPAaBHEHHS XapaKTCPHCTUK
MOKPBITHH, HaHECeHHBIX mTazmorporom F4 (Switzerland)
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M pa3paboTaHHBIM W U3TOTOBJIEHHBIM TI0 CITyTHOH CXeMe
NoJlayyl HambuIIeMoro marepuana. [lo aToil cxeme raso-
MIOPOIIKOBAsl CMECh IOJIBOJUTCS K BEpPXHEH YacTH IUIa3-
MOTpPOHA ¥ 3aKpy4YHBAeTCsl MOCPEACTBOM CHELHATbHBIX
BBINIOJIHGHHBIX [1a30B, Jajiee, MpOXOoAs II0 KaHajaM
TIa3MOTPOHA, ra30I0POIIKOBAs CMECh IONANAET B BHICO-
KOTEMIIEpaTypHYIO HPUKATOIHYIO O0JIACTh, YTO CHOCO0-
CTBYET €€ PaBHOMEPHOMY HarpeBy 10 BBICOKHX TeMIIe-
paryp.

JKCNepUMEHTAIbHASI  4YacTh.  DIEKTPOJYTrOBOM
TUIA3MOTPOH COJEPIKUT COOCHO U TOCIIEIOBATENBHO yCTa-
HOBJIGHHBIE OXJIaXJIaeMbIe KaTOAHBIA Y3€J C KaTO/IOM,
M30JISITOp, AHOJMHBIM y3€] C COIUIOM-aHOJOM, CHUCTEMY
BBOJIa TIa3MOO0OPa3yIOIEro ra3a U CUCTEMY BBOJA 00pa-
OaTpIBacMOro Marepuaia, oOecrneyuBaromme (HoKycupo-
BaHHUE MOCIECJHUX B PUKAaTOAHON obnactu. [Ipukaroqnas
00J1acTh MEPEXOIUT B LMIHHAPUISCKYIO MOJIOCTh COILIA-
aHoma. B mma3smMoTpoHe KOHYyCOOOpa3HBIi OO0TeKaTenb
CHa0XeH LIECThIO CHELHAaNTbHBIMU KaHaJaMH, BBIITOJIHCH-
HBIMH 11071 yr7iom 60° K HANPaBJIEHUIO IBIKEHHS Ta301T0-
pOHJKOBOﬁ CMECH, BBIpABHUBAIOIIHUMHU IIJIOTHOCTH Ia30-
MOPOILKOBOI CMECH M CO3JalOLIMMHU BUXPEBOIl MOTOK MO
CEUCHHUIO KaHauna.

Konnueckuii koxyXx, 00pa3yronuii KaHajlbl ¢ KOHHYE-
CKMMH BBIXOJHBIMH yYaCTKaMH IS TIOJA4YH M1a3Moo0pa-
3YIOILETo ra3a ¥ TPAaHCIIOPTUPYIOLIETO Ta3a ¢ HOPOIIKOM
B COIUIO IUIA3MOTPOHA, BBHITOJHEH KEPAMUYECKHM H yCTa-
HOBJICH Ha KOPITyCce KaTOJHOTO y3ia. [11a3MoTpoH 1mo3Bo-
JSI€T TIOBBICHTH KAQUeCTBO HAHOCHUMBIX MOKPBITHH, yBEIH-
4UTh KO3(D(DUIMEHT KCIOIb30BaHUsI MaTepHaia U pecype
paboTHl MIA3MOTPOHA 32 CYET PAaBHOMEPHOTO INpOrpeBa
HaObIAEMOI'0 MaT€puajla A0 TEMIICPATYpPhl ILJIaBJICHUS,
YMCHBIICHUA Ta30AMHAMHUYCCKOTO COIPOTUBJICHUA TIpU
JIBIDKCHUU Ta30IMOPOIIKOBOM CMECH MO KaHajaM W TaH-
TCHIMANTBHONW TOAaYM TIa3MO00pa3yoIIero rasa, craou-
JM3UPYIOIIEH TOpeHHe IyTH.

Ha puc. 1 npencrasieH npemiaraeMplii 1a3MOTPOH B
paspese. Ha puc. 2 mpencraBieH KOHYcOOOpa3HBIA 00Te-
KaTelb.

[11a3MOTPOH COCTOMT M3 CHCTEMBI BBOJa 00padaThl-
BacMOro MaTepHajia ¥ TPAaHCIOPTUPYIOIIETO rasa, BKIIO-
Yaromas BXOJHOH maTpyOok 1, mumHApHIecKas moJ0CTh
2 KOTOPOT'O TMEPEXOAUT B KOHHYECKYIO MOJIOCTh 3, 00pa-
3oBaHHyl0 auddyszopom 4 u obTekarenrem 5, ycTaHOB-
JICHHBIM Ha KopIyce karoxHoro y3na 6. Ha oOrexarene
PaBHOMEPHO PACHOJIOKEHBI LIECTh KaHAJIOB, BBIOJIHEH-
HEIX 1107 yrioM 60° K HANpPABIEHHIO JBMKCHHS TA30II0-
POIIKOBOM CMECH, BBIPaBHHBAIOUIME IUNIOTHOCTH Ia30Ilo0-
POIIKOBOM CMECH IO CEUCHHIO KaHaja / M CO3Jarollye
BUXPEBOIl MOTOK. B KopIyce KaToXHOro y3ia MoCpencT-
BOM BcTaBKHM 8 3akperuieH katox 9. B HikHe# 9acTu xop-
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Imyca KaToJHOTO y351a 6 mocpecTBOM pe3bObl 3aKperieH
kepamuuecknii koxxyx 10 xoHwmdeckoit gopmsl. [ToBepx-
HOCTH Kepamudeckoro koxxyxa 10 u m3omstopa 11 obpa-
3YIOT KOHHYECKYI0 TPaHCIOPTHPYIOIIYIO MONocTh 12,
KoTopasi GOoKycHpyeTcs B MPUKATOJHOW mojoctd 13, me-
pexomsield B IMIMHAPUYECKYIO IIOJIOCTH COIIa-aHOAa
14. Takum obpazom, nonoctu 3, 7 u 12 obpasyroT Hempe-
PBIBHBIH TPaHCHOPTHPYIOLIMH KaHaJd ¢ MUHHMAJIbHBIM
ra3oJIMHAMUYECKHM COIPOTHBICHUEM, CBS3BIBAIOLIHI
NUJIMHAPHYECKYIO T0JIOoCTh narpyOka 1 ¢ mpukaToaHoH
o6uacteto 13. Comno-anon 15 ¢ Bonb(pamMoBoii BcTaBKOH
32 dukcupyercs B KOpIyce aHOAHOTO y3ia 16 mprKuM-
HOWH raiikoit 17.

Kopnyc anognoro y3na 16 nmeer cucteMy oxJaxzie-
HUS, COeAMHEHHYIO ¢ marpyOkom 18 BBoma oxmaxkmaro-
meii xuakoct. [latpyOox 18 omHOBpeMEHHO SBIIIETCS
KJIEMMOW COEIMHEHHUs COIUIa-aHoJa C IUTIOCOM «+» HC-
TOYHHKA ITUTaHUS IUIa3MOTpoHa. B cucreMy oxnakaeHus
aHOJIHOTO y37a BXoJsT mojiocth 19 u orBepcrue 20, co-
enuHsoniee ee ¢ narpyokom 18 BBojma oxnaxiarouiein
KHUJKOCTH. 3aTeM OXJIaXJIaromiast )KUIKOCTh Yepe3 OTBep-
ctue 21, natpyOku 22 U COeqUHUTENBHBIN MUIaHT 23 110-
CTyHaeT B KOPIYC KaToxHOro y3mna. CucreMa OXJIaxIeHHs
KaTOJHOTO y3J1a COCTOMT W3 OTBepcTHi 24, 26, monoctu
25 u marpyOka 27 ayist BRIBOAA OXJIKIAFOIICH KUIAKOCTH.

Modaun rooowwe

Iarpy6ok 27 0JJHOBPEMEHHO SBJISETCS KIEMMO# MOABOIA
MHHYCa «—» HCTOYHHKA MUTAHUS [UIA3MOTPOHA K KaTOy.
CucremMa BBOJA IIa3MOOOPA3YIOIIEro ra3a COCTOUT W3
narpyOxa 28, 3aKperIeHHOr0 Ha IIOBEPXHOCTH KaTOHOTO
y3la U coeAnHeHHOro KaHaioM 30 ¢ KOHHYECKOH MOJIo-
cThio 31, 00pa30BaHHOM MOBEPXHOCTHIO KaToaa 9 U BHYT-
peHHel MOoBepXHOCTH Kepamuueckoro koxyxa 10. Kon-
CTPYKLHMS KaHaja BBOAA O00ECIEUMBACT TAHTCHLHAIBHYIO
MoJia4y IUIa3MOOOpa3yroIero rasa, 4ro CIOCOOCTBYET
CTaOMIIM3alUU TOPCHHUS AYTH B PUKATOTHON 00JIACTH.

DJIEKTPOILyroBOl IMJIa3MOTPOH PaboTaeT CIeIyIOIINM
o0Opazom.

B marpybox 18 nms oxmaxneHus TopgaeTcs BoOZA.
B narpy0ok 28 monmaercs mazMoo0pa3yromuii ra3 u Me-
*Kay katogoM 9 m comioM 15 B030yXImaroT 3ieKTpHUe-
ckyto nyry. [ImasmooOpasyrommii Ta3 3aKpyduBaeTCs Mo
YacoOBOM CTpelike, 9YTo 00ecreunBaeTCsl TaHTCHIMAIbHOM
nojaueil raza yepes kaHan BBoja. Ilocne BbIxona mias-
MOTpOHA Ha Pa0OYMil PeXKHMM B CIEUHAIBHBIA MaTPyOOK
MIOIAeTCsl Ta30IIOPOIIKOBAsT CMECh, Y KOTOPOH MHOCie co-
MPUKOCHOBEHHSI C MOBEPXHOCTHI0 KOHYCOOOpa3HOro 00-
TeKatenst 5, UMEIOIIero KaHalbl, TPOUCXOIUT BBIPABHU-
BaHME €€ IUIOTHOCTH U 3aKPYUYHMBAaHHE CMECH IO CEUCHHIO
KOJIBLICBOTO KaHaJa B Ty e CTOPOHY, 4TO U I1a3Moo0pa-
3YIOIIUHN ras3.
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Puc. 1. ITnazmotpon IIM-1

Fig. 1. Plasmotron PM-1
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Puc. 2. O6rekarenb

Fig. 2. Low-drag fairing

Tabauya 1
JlaHHbIe, MOJTy4eHHbIe P pa3pbiBe 00pa3uos (miazmorpon IMIM-1)

Ne O6pasna I, A Py, kH Oy MIa Oewcpy MIla
1-28.11.17 150 5,544 11,294

2-28.11.17 150 5,758 11,731 11,568
3-28.11.17 150 5,733 11,68

4-28.11.17 200 6,169 12,567

5-28.11.17 200 6,239 12,71 12,862
6-28.11.17 200 6,534 13,31

7-28.11.17 250 6,449 13,137

8-28.11.17 250 6,848 13,95 13,463
9-28.11.18 250 6,529 13,301

10-28.11.18 300 7,29 14,851

11-28.11.18 300 6,6 13,445 14,045
12-28.11.18 300 6,794 13,84

HpuMeanue: Pm‘p — CuJia, Ipu KOTOpOﬁ HpOI/I30HIé.H OTPLIB ITOKPBITUA OT 06pa3ua; Oy — AATC3MOHHAS MPOYHOCTDH ITOKPBITHS,
Oci.cp — CPCAHEC 3HAYCHUEC MCXKY TPCMSI TTOJTYYCHHBIMH 3HAYCHUAMU Oy, ITPH OJIHOM CHJIC TOKa Ha OJIHOM IJIa3MOTPOHE.

CMech mocTynaer 4yepe3 KOHHYECKYIO MOJOCTh 12,
00pa30BaHHYI0 KEPAMUYECCKUM KOXyXoM 13 u wm3osTo-
pom 11, a mmasmooOpasyronmii ra3 — yepe3 kanan 30,
00pa3oBaHHbBI MEXAy KaroJoM 9 M MOBEPXHOCTBIO OT-
BEpCTHS B KOpPITyce KaTOMHOTO y3na 6, U KOHHYECKHH
kaHan 31 Mexy BHYTpeHHEH MOBEpXHOCThIO Koxyxa 10
n karonoMm 9 B mpukartonnyio obiacte 13. Ilpu stom
obecrieynBaeTCs PaBHOMEPHBIA MPOTPEB HAMBLIIIEMOTO
MaTepuaia A0 TeMIEepaTyphl IUIaBICHUS, YTO MPHUBOIUT
K TIOBHIIICHWIO KadecTBa MOKPHITHS, YMEHBIICHHIO
SHEpro3aTpaT W K yBEIMUYEHHUIO pecypca paboTsl Iuias-
MOTpOHA.

st mpoBeneHusT UCIBITAHUI Ha IMPOYHOCTh CLETIe-
HUSI TIOKPBITHS HAHOCWIIMCH Ha CTalbHble 00pas3lsl,
BBHIIIOJIHEHHBIE B BUJE TpUOKOB. BenumuuHy npouHoCTH
CHETUIEHHS TTOKPBITHS C TMOJIOKKON ONpEeNsId METO-
oM oTphiBa (KiaeeBas Mmertoauka, ke BK-9) cormacho
I'OCT 209-75 mpu momMouM YHHBEPCAIFHOH HCIIBITa-
tenpHOM MammHBl Eurotest TS50 . IlomydeHHBIC TaHHEBIE
mpeacTaBieHsl B Tabn. 1 u 2. Pacxon HampuiseMoro mo-
poIIKa B muTaTeNe ObUT OAMHAKOBBIM I O0OMX IIIa3MO-
TpoHOB. I[IpOYHOCTH CHEIUICHHS TOKPBITHS OMpEeAesUIN
0 ciexyromei hopmyie:

G _POTp_ﬂ_4P0Tp
“ F  gr? qpd?’
roe d = 0,025 m.

[To manuBM Tabn. 1, 2 mOCTPOCHBI TpauKH 3aBUCH-
MOCTHU aJr€3MOHHOM NPOYHOCTU MOKPBITUI, HAHECEHHBIX
Pa3HBIMH IUIa3MOTPOHAMH, OT BEJIMYMHBI CHJIBI TOKa
(puc. 3). IIpoyHOCTH CIIETICHHS TTOKPBITHI, HAHECEHHBIX
SKCIEpUMEHTANbHBIM I1a3MoTpoHoM [IM-1, mpumepHo
Ha 20 % BeIlIe, YeM npu HaHeceHuH uMNopTHbIM F4. Tlo-
Jy4eHHbIE pe3yJIbTaThl MOATBEPXKIAIOT, UYTO ILIa3MOTPOH
[IM-1 oGecrieunBaeT paBHOMEPHBIH HPOIPEB HambUIsIE-
MOT'O TIOPOIIKA JI0 TEMITEPaTyphl IUIABJICHHS, YTO TIPHBO-
JUT K TIOBBIIICHWIO IPOYHOCTH CHEIUICHHUS MOKPBITHS
C TIOJUTOXKKOH MPH OJIMHAKOBBIX PACXOAaX Ia30B U IOJBO-
JTUMOM MOIIIHOCTH.

ToumuHa TOKPBITHS OKa3bIBaeT HEMAJIOBAXKHOE BIIUSI-
HUE HAa U3HOCO- U KOPPO3UOHHYIO CTOMKOCTb. TOJLIMHY
HOKPBITHA, CHOPMUPOBAHHOTO IIJIA3MEHHBIM HAallblICHH-
€M, OIpeNeNsUI C MOMOIIBI0 MHKpPOMETpa. 3amephl Ha
Ka)XXJI0W TUIACTUHKE MPOHM3BOAWIN B 5 MPOM3BOJIBHO B3si-
TBIX TOYKax. Pe3ynprarsl 3aHeceHs! B Ta0II. 3, 4.

ITo naunubM Tabm. 3. u 4 mocTpoeH rpaduk 3aBUCUMO-
CTH TOJILIMHBI MOKPBITHS OT CHJIBI TOKA (puc. 4).

TonmuHa MOKPBHITHH TakXke OKasanach OOJbIIe IpH-
MepHO Ha 15-18 %. D10 3HaumT, uyTO KO3PUINEHT UC-
NIOJIb30BAHMSI MaTepHaia BbIIIE 338 CYET PaBHOMEPHOTO
NpOrpeBa HAMBUIIEMOr0 IMOPOIIKa. [3ydeHHe MHUKpO-
CTPYKTYPHI U MOPUCTOCTH 0OpaboTaHHBIX 00pa3IOB MPO-
BOJWIM C TIOMOLIBIO0 METAIOrPAHIECKOr0 MHUKPOCKOIIA
Neophot 32. Yeenudaenune MHKpOCKoIa coctasiser oT 10
nmo 2000 pas. IlomydeHHble JaHHBIC MO MOPHUCTOCTU IIO-
KPBITHH MpeCcTaBiIeHbI B Ta0J. 5 1 6.
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Tabauya 2
JlaHHbIe, MOJIy4YeHHbIe PH pa3pbiBe 00pa3uoB (mia3mMoTpoH F4)
Ne O6paszna I, A Py, kxH Gy, MIa Gencpr MIa
25-8.12.17 250 5,323 10,843
26-8.12.17 250 5,073 10,334 10,586
27-8.12.17 250 5,193 10,58
28-8.12.17 300 5,317 10,832
29-8.12.17 300 5,824 11,865 11,302
30-8.12.17 300 5,503 11,21
31-8.12.17 350 5,559 11,324
32-8.12.17 350 5,846 11,91 11,651
33-8.12.17 350 5,753 11,72
16
& 13 +
~ 14 +
E 4 +
g 13
12
g f X
= 11 2
% 10
< 9
2
150 200 250 200 3 400
173 TORa, A
+11' Mpasmotpor NM - 1 < MAsnen pod 1 a”
Puc. 3. 3aBHCHMOCTb a/iIr€3MOHHOMN MIPOYHOCTH TTOKPBITHS OT CUJIBI TOKA
Fig. 3. Dependence of coating adhesion strength from current rate
Tabauya 3
TomuuHa nokpbiTus (miia3morpon IMM-1)

. hi, MKkM Cpennee
Ne o6pasua I, A 1 > 3 7 5 Nepr MKM heg, MK
13-28.11.17 150 110 131 112 130 112 119
14-28.11.17 150 125 131 130 146 139 134,2 125,9
15-28.11.17 150 110 139 111 131 131 1244
16-28.11.17 200 121 126 112 132 129 124
17-28.11.17 200 148 131 132 140 151 1404 1325
18-28.11.17 200 127 120 144 136 138 133
19-28.11.17 250 124 118 143 151 129 133
20-28.11.17 250 159 131 128 152 135 141 137,1
21-28.11.18 250 131 120 152 136 147 137,2
22-28.11.18 300 144 126 127 141 122 132
23-28.11.18 300 135 143 161 150 141 146 139,7
24-28.11.18 300 153 131 130 149 142 141
Ipumeuanue: | — 3HaueHHEe CHIBI TOKa (A), IPH KOTOPOM MPOBOAMIIOCH HAmbUICHHE; Nj — TONIIMHA TOKPBITHS B TOYKE 3aMepa;

he, — cpennee apudmeTnIECKOE BCEX 3HAUCHUH TONIIMHEI B TOUKAX 3aMepa.
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Tabauya 4
ToamuHa NoKpbITUA (MIa3M0TpOH F4)

. h; , MM Cpenee
Ne o6pasiia I, A 1 5 3 7 5 Nep, MKM hep, MM
34-8.12.17 250 112 83 91 121 108 103
35-8.12.17 250 93 109 124 94 105 105 107,7
36-8.12.17 250 101 141 99 104 130 115
37-8.12.17 300 133 136 91 102 93 111
38-8.12.17 300 104 139 98 129 125 119 118,3
39-8.12.17 300 141 103 100 152 129 125
40-8.12.17 350 109 121 130 96 124 116
41-8.12.17 350 132 101 106 142 129 122 122,0
42-8.12.17 350 103 145 141 112 139 128

18
140
g
= 1) %
g
= 120
z X
= 110 X
= 100
90
Hil
100 150 200 250 200 350 400
CIma Toka. A
- MnasmoTpoH MM -1 ' < Hlasmo pon A"
Puc. 4. 3aBHCHUMOCTb TOJIILIHBI HOKPBITUS OT CHIIBI TOKA
Fig. 4. Dependence of coating thickness from current rate
Tabauya 5
3HaveHUs1 MOPUCTOCTH NMOKPHITHI (1azmorpon ITM-1)
Ne obpasua I, A I1, % I, %
13-28.11.17 150 20
14-28.11.17 150 23 23
15-28.11.17 150 26
16-28.11.17 200 19
17-28.11.17 200 20 21,3
18-28.11.17 200 25
19-28.11.17 250 17
20-28.11.17 250 19 18,8
21-28.11.18 250 20,5
22-28.11.18 300 13
23-28.11.18 300 15 14,7
24-28.11.18 300 16
Ipumeuanue: | — BenmMYMHA CUIIBI TOKA, MPH KOTOPOM mpoBoamiochk HambuieHue (A); I1 — mopucrocts mokpbitust (%);

I, — cpenHee 3HaUYEHHE IOPUCTOCTH I 0OPA3IOB C HATIBUIEHHEM Ha OJTHOM PEXHIME.

370



Texnonozuueckue npoyeccost u mamepuaiiol

Tabauya 6
3HauyeHHs1 MOPUCTOCTH MOKPBITHII (M1a3M0TpOH F4)
Ne obpasua I, A I1, % I, %
34-8.12.17 250 32
35-8.12.17 250 31 30
36-8.12.17 250 27
37-8.12.17 300 27
38-8.12.17 300 28 28
39-8.12.17 300 30
40-8.12.17 350 25,5
41-8.12.17 350 24 26
42-8.12.17 350 28,2
35
30 § > >
=L +
é o -+
E 20 t =
E 1y
z +
= 10
5
]
TN} 140) AN A0 K} 450 ALK}
Coatd rokn, A
+ IMmasmoTtporn "TLA-34M « TImasmoTtpon "F4"

Puc. 5. 3aBucuMocTh NOPUCTOCTH HOKpBITI/Iﬁ OT CUJIbI TOKa

Fig. 5. Dependence of coating porosity from current rate

[To manneM Tabn. 5, 6 mocTpoeH rpaduk 3aBUCHMO-
CTH TIOPUCTOCTH HMOKPBITHSI OT BEJIMYMHBI CHUIIBI TOKA IS
IByX MmiasMoTpoHoB (puc. 5). TlonmydeHHbIE pe3yJbTaThl
MOKA3bIBAIOT, YTO MOPUCTOCTH MOKPBITHI, MOTYYSHHBIX
Ha ia3mMotpore [IM-1, menbie npumepso Ha 13 %, aro
TaKOKe MPOUCXOAUT 32 CYET PaBHOMEPHOI'O MpOrpeBa Ha-
MBUIEMOTO MOPOILIKA.

3akirouenue. Pe3ynbTaThl AaHHOI pabOTBHl MOKa3bI-
BAlOT, YTO XapaKTEPUCTHKU IIOKPBITHH, HAIBUICHHBIX
mw1a3mMoTporoM [IM-1, BeImie MOJy4eHHBIX Ha MPOMBIII-
nenHoMm miasmotpore F4 (Switzerland). TTosicumnuch
npouHocTh cuerienust Ha 20 %, ToMNIIMHA MOKPBITHH
1 K03 (DHUIIUCHT UCTIONB30BaHUs MaTepraia — MPUMEPHO
Ha 15-18 %, a mopucTocTh cHU3MIach Ha 13 %.
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