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VERIFICATION OF FINITE-ELEMENT MODEL SPACECRAFT VIA TEST RESULTS
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The question of ensuring strength, durability and survivability of a spacecraft construction with mathematical mod-
eling complexes is a modern trend in satellites design. This approach is based on the shortening of the prelaunch
preparation stage. In particular, this is due to the reduction in the number of vibration tests of a spacecraft (SC). In the
present work, using the example of vibration tests of “Express-1000K " service system module, we consider the verifica-
tion technique for the mathematical model of communication satellites, output by a pair of payloads. The choice of this
research object was caused by the conceptual scheme for modern space vehicles constructing, based on the modular
principle. The service system module is the basic supporting structure of the spacecraft, able to integrate with any pay-
load (information support, scientific research, geodesy and remote sensing, navigation) and is a universal tool in a sat-
ellite construction. In tests with harmonic vibration, the first longitudinal and transverse tone of the spacecraft oscilla-
tions are well identified, which can be fairly easily predicted applying the finite-element model. Proceeding from this,
the accuracy of forecasts depends, to a greater extent, on the complexity of the modeled construction and the modeling
procedure being used. The study provides a finite-element modeling technique for spacecraft output by a pair of pay-
loads; the dynamic characteristics of the object of investigation by calculation and experimental methods are obtained.
The identification procedure was carried out using the ‘modal consent’ method. The verification technique considered
in the study makes it possible to carry out effective adjustment of the finite-element model. The finite-element model
obtained by verification results allows to effectively evaluate the behavior of a spacecraft already at the design stage,
which enables to shorten the time of vibration tests. The main results of this research were applied in verification
of mathematical models of modern spacecraft developed by JSC “ISS”. The importance of applying verification
methods of the mathematical model of the product at the preliminary (design) stage of spacecraft creation was noted.

Keywords: verification, spacecraft, finite element model, test, identification, dynamics characteristics.
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BEPU®UKAIAA KOHEYHO-3JIEMEHTHOM MOJIEJIN KOCMHMYECKOI'O AIIITAPATA
PE3YJBTATAMM UCIITBITAHUU

. ©. bansikos

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccwuiickas @enepauns, 660037, r. KpacHosipck, mpocrt. uM. ra3. «KpacHosipckuii padounii», 31
E-mail: d-bolyakov(@iss-reshetnev.ru

Bonpoc obecneuenus npounocmu, pecypca u dcugyuecmiu KOHCMPYKYUU KOCMUYECKO20 annapamd ¢ nomouybio
KOMNJIEKCO8 MAMeMAMU4ecko20 MoOeIUuPoBaHUs — COBPEMEHHA MEeHOCHYUs NPOEeKMUPOBANHUS CNYMHUKOS. JlaHnblil
NOO0X00 OCHO8AH HA COKPAWEHUU CPOKO8 NOO20MOSKU U30enus K 3anycky. B wacmumocmu, amo npoucxooum 3a cuem
VMeHbUleHUs 00beMa NposedeHUs UOPAYUOHHBIX UCHBIMAHUL Kocmuyeckoeo annapama (KA). Ha npumepe subpayu-
OHHBIX UCIBIMAHUL NAAMPOPMbL MOOYIA CAYAHceOHbIX cucmem «Ixcnpecc-1000Ky» paccmampusaemces memoouka npo-
6e0eHUs gepuduKayuy Mamemamuieckol Mooeu CnymHUKO8 C6:3U, bl600UMbIX NAPHOU NOJe3HOU Haspy3Koil. Bvibop
0aHHO20 00beKMa UCCIe08aHUA 00YCI08IEH NPUHYUNUATLHOU CXEMOU NOCMPOEHUS. CO8PEMEHHbIX KOCMUYECKUX anna-
pamos, 0OCHOBAHHBIX HA MOOYIbHOM npuhyune. Mooynb crysceOHbIX cucmem AGIAEMCA OCHOBHOU Hecyujell KOHCMPYK-
yuel KOCMUYeCK020 annapama, cnoCoOHOU UHMe2pUpo8amuvcs ¢ at0001 noae3HOU Haspy3Kol (uHgopmayuonHoe obec-
neuenue, HayuHvle UCCIE008aHUA, 2e00e3Us U OUCMAHYUOHHOE 30HOUPOBAHIe, HABU2AYUSA), U AGTAEMCA YHUBEPCATLHBIM
UHCIMPYMEHMOM NpU NOCMPOeHUU CHYMHUKA. 1Ipu UCnbIManuaxX eapMoHUecKol eubpayueli Xopouo uoeHmuguyupy-
10mcs nepevie NPoOObHLIe U NONepeuHvle MOHA KONeOAHU KOCMUYeCKo20 annapama, Komopvie 00CmamoyHo 1e2Ko
NPOZHO3UPYIOMCSA C UCNONIL308AHUEM KOHEUHO-2eMeHMHOU Mooenu. HMcxo0s u3z amozo, mouHOCMb pe3ynbmamos npo-
2HO0308 3a8ucum 6 6onvuiel cimeneny om CILOACHOCTU MOOeNUPYeMOl KOHCHPYKYUU U UCHONb3YeMOl nPoyedypbl MoOe-
auposanua. Ilpueooumes memoouxka KOHEUHO-371EMEHMHO20 MOOENUPOSAHUS KOCMUYECKUX annapamos, 6ble0OUMbIX
NApHOU NONE3HOU HASPY3KOU, NOIYYeHbl OUHAMUYECKUe XaApaKmepucmuku 00beKma ucciedo8aHus pacuemuvlm
u axcnepumenmanvHolm memooamu. Ilposedena npoyedypa udenmuurayuu no memooy «MOOAIbHO20 COAACULY.



Mamemamuxka, mexanuxa, ungopmamuxa

Paccmompennas memoouxa eepuuxayuu no36onsem npousgoO0Ums ONEPAMUBHYIO KOPPEKMUPOBKY KOHEUHO-
INEMEHMHOU MOOeNU KOCMUYEeCKUX annapamos. Koneuno-snemenmuas mooens, NOIYYEHHAs. NO pe3yibmamam eepugdu-
Kayuu, no3eossem phexmueno npoeodums oyenky nogeoenusi KA yoce na smane npoexmuposanus, 4mo odem 603-
MOICHOCTb COKPAMUMb 8PeMsL NPOBEOCHUsL BUOPAYUOHHBIX UCRLIMAHUL KOCMudeckux annapamos. OcHosHble pe3yib-
mamvl OAHHO20 UCCIEO0BAHUSL NPUMEHEHbL NPU 6EPUDUKAYUL MAMEMAMUYECKUX MOOeell COBPEMEHHBIX KOCMUYECKUX
annapamos, pazpadamoviéaemvix 6 AO « UCCy. Ommeuena 8axcHoOCmb NPUMEHEHUs. MEMo008 eepuGuKayuy mamema-
muueckou Mooenu uzoenuss Ha npedsapumenbHoM (MPoeKmuom) smane co30aHUSE KOCMULECKO20 annapamad.

Kniouesvie cnosa: eepuqbukauuﬂ, KocMuueckutl annapam, KOHEYHO-IJ1eMeHmHAas MOO@JZb, UucnvlmaHu:l, 61/!6[761141/!}1,

udenmuurayust, OuHamuiecKue napamempoi.

Introduction. Recently, the interest of scientists and
engineers is focused on research in the field of identifica-
tion and verification design of mathematical models.
For example, in [1] verification of the finite-element
model of the spacecraft developed by space-rocket enter-
prise “Energy” is done based on the results of modal tests;
in the study [2] verification of mathematical models de-
signed for the analysis of acoustic impact on the antenna
system of the spacecraft are carried out.

A distinctive feature of the proposed in the present
work method of verification is to conduct a preliminary
modal analysis (analysis of frequencies and forms) in
order to clarify the installation positions of measuring
Sensors.

To ensure the most accurate and detailed descriptions
of elastic characteristics of a satellite design and to obtain
predictions of loading a computational model, built using
the finite element method, is mainly used. The spacecraft
design is split into different elements, interconnected in a
finite number of grid points. When designing a spacecraft,
special attention is paid to the development of its mathe-
matical model, adequately describing its mechanical
properties, which is possible in combination with the ex-
periment and methods of identification of the spacecraft
design parameters. In this article the verification method
of finite element models of spacecraft output by a pair of
payloads manufactured by the JSC “ISS” are discussed.

Basic data on FEM
development

FEM |

4>|
!
| Modal analysis |

)

Sinusoidal influence
analysis.

Comparing

Descriptions of the calculation method and the calculation
mathematical model are suggested. The main results of
the numerical simulation test design done with combined
payloads harmonic vibration on the basis of the design
platform “Express-1000K”, as well as the data of natural
experiments are given.

Aims and objectives. The aim of this study is to test
the verification method of the finite element model (here-
after FEM) of the platform “Express-1000K” under
results of harmonic vibration tests.

Choice of suitable methods, levels and stages of veri-
fication shall depend on the product characteristics and
relevant categories under claim. Two of the most common
verification methods are tests and analysis.

Tests are considered a preferable method of verification
due to their efficiency. Application of analysis is required
in the absence of possibility to simulate flight conditions
on the Ground or in case of economic inexpediency of full
range of flight conditions. The scheme of studies and
steps to verify the FEM of the spacecraft, providing
a better insight into dynamic behavior are presented
in fig. 1.

Using FEM spacecraft, based on the results of modal
analysis it is possible to determine optimum locations of
accelerometers when performing vibration tests on an
external mechanical impact, caused by launch vehicles
capacities.

End of verification

y

Acceptable error range |

of test results
and calculation results

Vibration acceleration [~
responses forecast

Adjustment

procedure

Fig. 1. FEM verification steps

Puc. 1. ITocnenoBarensHOCTh ATanioB Bepudukammn KOM KA
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Based on the results of SC modal analysis, the instal-
lation locations of accelerometers in the most critical
points have been selected:

— “accurate” equipment installation areas;

— the attachment of antennas, opening and closing
mechanisms;

— equipment installation areas, with natural frequency
below 100-150 Hz (solar panels);

— on the basic structure of the spacecraft to control the
design capacities in terms of construction strength
(adapter, power pipe, release device);

— in places with the maximum displacement (antennas
edges, the solar batteries edges).

Numerical simulation. When testing harmonic vibra-
tion first longitudinal and transverse tone oscillations
of the satellite are identified well, which is fairly easily
predicted using FEM SC [3]. Accordingly, the accuracy
of the predictions depends more on the complexity of the
simulated construction design and applied simulation pro-
cedures [4; 5].

In the calculation scheme a real object is replaced by a
discrete model that represents a set of nodes and relevant
finite elements with appropriate properties. FEM SC has
been created in the format of the software module
FEMAP [5] and consists of 212517 nodes and 221445
elements.

Proceeding to the simulating procedure, it is necessary
to stipulate the following assumptions and limitations:

1. As a global coordinate system to create FEM SC
selected is the reference coordinate system PPV
(in accordance with the original data), origin of which is
located on the junction of the release device and adapter
(plane 1c), where:

— the X-axis is directed along the longitudinal axis of
the spacecraft toward the booster stage;

— the Y-axis is directed along the first plane (I) stabili-
zation of the spacecraft;

— the Z-axis is directed along the fourth surface (IV)
of spacecraft stabilization (fig. 2).

2. Thermostated cell panels and panels of the design
(SC) are simulated by multilayer elements with the corre-
sponding thicknesses of supporting layers and honeycomb
core. Basic structure of the body (BSB), cone-shaped
spacecraft adapter are simulated by beam elements. Rods
and frames of the solar battery pannels (SB) are simulated

w2
- ), -——-\\ .
,//’/ \\ \
/// \\\\\
4 \ A
1 ¥ ‘ '\ VT
- (Y J I
\ HIIH /
\ \ /)
\ /
N s
~ \\,_{/' -
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with truss elements. For modeling equipment shells, SC
antenna reflector elements of plate type are used. Honey-
combs are simulated by three-layer plates [6; 7]. Devices,
antenna, flanges, bases, supports, fittings are simulated
flat elements. Mechanical antennas are simulated by beam
elements. The mass of the design is set using the density
of materials [8]. Mass of cables, connecting elements,
balancing weights is considered as a uniformly distributed
mass of the SC design.

3. The equation of the system under consideration
motion can be represented as:

[M]{q""} + [K]{q"} + [Cl{q} = {F}, (1
where {u} — vector of nodal relocation for all system;
{q""}, {q'} — vectors of accelerations and speeds of points
of system; [With], [To], [M] — “global” stiffness matrixes,
damping and masses for all system; {F} — a vector of
nodal forces for all system. The matrix of damping [K]
can be received formally, similarly to stiffness matrixes
and masses, having entered some constant for internal
friction and adding appropriate matrixes of elements,
however generally it is not the same. Damping matrix task
is approximation of dispersion energy. In practice the
matrix [K] is set by a constant, built by setting of damp-
ing values on different own modes or approximated
through matrixes [M] and [C]; or the damping model,
which most accurately describes real behavior of con-
struction, is applied.

The General Assembly of the FEM SC is shown
in fig. 3.

The research of a model quality begins with finding
the Modal Assurance Criterion, MAC. MAC-values are
defined as a difference between test results and results of
the finite-element analysis in case of harmonic vibration
load simulation. Experimental and finite-element modes
cannot (even theoretically) be absolutely orthogonal be-
tween themselves for that simple reason that it is impossi-
ble to do measurement in all points of a subject to tests.

C. — ({(Pia}{(pjp}) )

MAC; ({(Pia}{(pja})({cp[p}{‘l?/p}),

where {(pis}{(p jp} — analyzed couple of matrix vectors —

experimental and estimated respectively.

7 M

NN

%

AN

=]

i

Fig. 2. Coordinate system and stabilization axis location

Puc. 2. Cucrema KOOpIUHAT M PACIIONIOKEHHE OCEH CTAOMIH3auI
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Instead of this MAC-values show the extent of simi-
larity between an experiment and finite — element calcula-
tion. Usually the first step in case of dynamic analysis is
determination of natural frequencies and forms of oscilla-
tions of the design regardless of damping [9].

Frequencies and forms of oscillations characterize the
main dynamic properties of the design and show what
will be response of the considered construction to dy-
namic excitation. One of the reasons for natural frequen-
cies and forms of oscillations calculations is the need to
assess the dynamic influence between the researched con-

FEM SC1

FEM SC2

—

struction and support. Further dynamic tests are usually
based on the analysis of natural frequencies. Results
of the modal analysis of FEM SC are provided in tab. 1.

FEM SC calculation of acceleration responses under
sinusoidal vibration influence is carried out. Levels of
sinusoidal vibration in SC adapter joint with booster stage
were accepted according to tab. 2.

The amplitude-frequency characteristic (AFC) of accel-
eration responses of monitor sensors installation on basic
construction of the body in X, Y, Z directions respectively
under sinusoidal influence is given in fig. 4.

Adapter interface

Booster stage
interface

. — Installation areas of control nodes for acceleration recovery

Fig. 3. Final finite element SC model

Puc. 3. O6was coopka KOM KA

Table 1
FEM SC modal analysis results
Effective mass, % Description of satellite oscillation
Tone no. Frequency, Hz
q Y Mx My Mz Ix Iy Iz form
I 5.08 - 27 | 590 | - | 920 | 43 15t SC oscillation tone
Z direction
2 5.13 - 507 | 2.83 - 43 | 924 Ist SC oscillation tone
Y direction
5 936 B B B 573 B B SC rotation aroupd longitudinal
axis
7 12.15 - - - 14.2 - - SC rotation around X axis
11 14.07 - - 7.7 - 1.2 - SC roll oscillation
1st SC oscillation tone
61 29.98 24.1 - - - - - Y direction

11
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End of table 1
Effective mass, % Description of satellite oscillation
Tone no. Frequency, Hz

q Y Mx My Mz Ix Iy Iz form

74 33.68 3 3 3 123 3 3 SC rotation aroupd longitudinal
axis
81 34.66 8.5 - - - - - SB panels
82 43.68 16.9 - - - - - SC longitudinal oscillations
121 100.00 1.8 - - - - - -
Total effective masses, % 94.9 95.6 94.9 97.2 99.8 99.8

Table 2
Levels of sinusoidal vibration
Vibration level, g
Frequency range, Hz Evaluating
Longitudinal direction (Xsc) Transversal direction (Ysc, Zsc)
5-10 1.82 0.39
10-20 1.82 0.52
20-100 0.78 0.78
= 20,00 ,
£ response in Y fleijle);?sz hZsc
direction
response in Xg¢
T~ direction
2,00
1
0,20 "»_-
0,02 - f, Ty,
1 10 100

Fig. 4. AFC of acceleration responses on basic construction of the body in X, Y, Z directions respectively

Puc. 4. AUX oTKIMKOB BUOPOYCKOPEHNUIT CHIIOBOIT KOHCTPYKIMHU KOpITyca 110 ocsiM X, Y, Z COOTBETCTBEHHO

Tests on the impact of harmonic vibration. Test
programs are essential part of the general verification
process which purpose is to ensure the product compli-
ance with all requirements to design, characteristics and
quality.

For verification process quality improvement tests,
which conform to certain requirements, are delivered:

12

— qualification tests are carried out at the qualification
levels, with maximum duration;

—the proto-flight model shall pass the test program
with qualification levels, but with the reduced duration.

In case of release section capacity influence (vibration
and acoustic) the proto-flight SC model is delivered in
a start status, with:
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— pyromeans disconnected from means of blasting;

—removable equipment from antennas dismantled,
except mirror cubes with protective covers and seats for
instrumental full-spheres installation on irradiators, reflec-
tors and opening mechanisms;

Before tests the mass and position of center of masses
of SC shall be defined.

Test objective is to confirm storageability of output
characteristics of SC after mechanical loadings impacts
with qualification levels.

Test tasks are:
— application to SC of vibration loads (sinusoidal vi-

bration in three directions) with qualification levels;
— responses of SC elements measurement in installa-
tion areas of accelerometers, in the course of mechanical

vibration loads applications;

— determination of transmission ratios of vibration
acceleration to fastening assemblies of components.

Vibration tests are carried out in the range from 20 Hz
to 100 Hz inclusively.

Test results are shown in fig. 5.

Verification of finite element model. It is considered
that in case of MAC-values of 0.8-0.9 experiment and
calculation describe one situation. MAC-values above 0.9
are reached in case of well correlated modes. The graphic
result of MAC calculation for the considered FEM is pro-
vided in fig. 6.

In the estimated MAC model values do not exceed
0.69. These results testify the mismatch of the experiment
and calculation. Adjustment of estimated FEM is required.
Comparing of calculated and experimental data is

provided in tab. 3.

od0 7
e .
. response in Xc
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Fig. 5. AFC of acceleration responses on SC basic construction based on vibration test

Puc. 5. AUX oTKIMKOB BUOPOYCKOpEHHIT O pe3yJibTaTaM rapMOHUYECKNX BUOPAMOHHBIX UCITBITAHUH KOHCTPYKLHMHK Kopiryca KA

Theoretical
frequency Hz

29,98

5,13 0,10

5,08 J,U3
34,12

Experimental frequency Hz

0,28 @ 0,27

0,43
0,31

5,53 5,0

Fig. 6. MAC-identification of FEM and results of harmonic vibration tests of SC

Puc. 6. MAC-unentudukanus coOOCTBEHHBIX 4acToT Kojebanuit KOM
1 pe3yJIbTaTOB FAPMOHUYECKIX BHOPAIMOHHBIX HCIBITAHUN KOHCTpyKImn KA
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If test results considerably (more than by 10 %) differ
from FEM analysis results, then change of some model
parameters (damping, distribution of masses, etc.), i. e.
FEM adjustment is carried out. Adjustment is understood
as specification of a number of FEM parameters (geo-
metrical sections of beam elements, thickness of plates,
elastic modules, rigidness and damping in local connec-
tions, etc.) by results of comparing with the experimental
data.

Adjustments can be done in two ways:

— “manual” adjustment of some model parameters;

— change of model parameters on the basis of optimi-
zation task solution under selected criteria (level of oscil-
lation forms mismatch, frequency responses, etc.).

The first way is simpler, however, results of adjust-
ment process are generally defined by the engineer intui-
tively. The second approach allows to receive the formal-
ized procedure of simultaneous change of selected model
parameters in compliance with criteria. In case of all con-
struction it is convenient to carry out adjustment of FEM
based on test results of sinusoidal influences of engineer-
ing model. The finite-element model specified at this
stage is further used for a flight product model.

The main stages of FEM adjustment procedure are as
follows: at the end of processing procedures of engineer-

ing model test results and analysis, the experimental and
analytical modal characteristics of FEM and those of the
real product [10-15] are received. Modal characteristics
are understood as frequencies and oscillation forms. It is
necessary to note that adjustment is, as a rule, done based
on sinusoidal influence test results. At the same time,
forms of oscillations correspond to the accelerometers
forms in installation areas. Comparing stage implies the
assessment of differences between the experiment and the
analysis in the form of specifically developed criteria.
Further the step by step problem of minimization is
solved: in case of failure to achieve the minimum, the step
of model parameters adjustment is defined; and the pro-
cedure of calculation with the specified parameters is re-
peated. After that the calculation findings are compared
with the experiment again. Iterations continue until the
minimum with the specified error is achieved. Comparing
test results and the modified FEM are provided in tab. 4.

Under the results MAC for the FEM is calculated. The
graphic result of calculation is provided in fig. 7.

As can be seen from fig. 4 and according to calcula-
tion with formula (2), the MAC value is 0.95. This result
says that estimated and experimental modes correlate well
between themselves, and therefore, describe one situation.

Table 3
Comparing of calculated and experimental data
Test results
Title Calculation results A, %
Frequency values With error
35.83
/v Hz 34.12 29.98 12.13
32.49
5.25
f»Hz 5.00 176 5.08 1.5
5.08
/., Hz 5.53 573 5.13 7.23
Table 4
Comparing test results of “Express 100K” platform and modified FEM
Test results
Title Calculation results A, %
Frequency value With error
35.83
fo T 34.12 32.09 5.92
32.49
5.25
ST 5.00 176 5.02 0.40
5.08
[T 5.53 53 5.41 2.16

14
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Theoretical
frequency Hz

32,09

5,41

5,02

34,12

Experimental frequency Hz

5,53 5,0

Fig. 7. MAC-identification of adjusted FEM and test results

Puc. 7. MAC-unentudukanus COOCTBEHHBIX YaCTOT KOIeOaHUH
oTKOppekTrpoBanHoi KOM

Conclusion. Thus, the given verification technique
allows to make effective adjustment of spacecrafts FEM.
The model received under verification results enables
effective assessment of SC behaviour already at the
design stage. It allows to halve the time on vibration tests
and to accelerate preparation of a product for launch, con-
firming durability and resourcefulness with mathematical
calculations.
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CALCULATION OF CHARACTERISTICS OF THERMOELECTRIC
COOLING SYSTEM OF HEAT-LOADED ELEMENTS OF RADIO ELECTRONIC EQUIPMENT
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50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
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Modern technologies make it possible to construct electronic devices that combine small sizes and high energy con-
sumption, which requires the optimization of thermal modes. A promising direction to improve cooling intensity of the
heat-loaded element (HLE) and precision of temperature control is applying thermoelectric modules (TEMs), which
endow the heat release system with a cooling function, i. e., allow to reach temperatures of the HLE below ambient
temperature. In the present paper, the processes of heat transfer in thermoelectric system of cooling and temperature
control (TESCTC) are comprehensively considered. The temperature field in the capacity of heat-distributing plate
(HDP), and influence of the heat flux inhomogeneity on the HLE temperature increase have been defined. The results
of operating modes calculations, taking into account the heat-power release of HLE, performance of TEM, parameters
of HDP and cooler, and magnitude of thermal resistance of thermal contacts have been presented. The calculation
method allows to determine the temperature of HLE and to optimize TESCTC modes to achieve maximum cooling effi-
ciency and lower energy consumption. It has been found that the optimal power supply current of TEM, corresponding
to the modes with the maximum efficiency of cooling, depends on the thermal resistance of the heat sink system and the
power of the heat load.

Keywords: thermoelectric module, heat mode, heat-loaded element, cooling system, thermal resistance.
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PACYET XAPAKTEPUCTHUK TEPMODJIEKTPHYECKOM CUCTEMBI OXJIAXKJIEHAA
TEIUIOHATPYKEHHBIX 2JIEMEHTOB PATMO3JIEKTPOHHOM ATIITAPATYPBI

E. H. Bacunnes

Kpacuospckuit Hayansiit ieatp CO PAH, UuctuTtyT Berancnurensaoro moaenuposanus CO PAH
Poccuiickas ®enepanms, 660036, T. KpacHospck, Akagemroponok, 50/44
E-mail: ven@jicm.krasn.ru

Cospementbie MexHOL02UU NO3BOTISLIOM NPOU3BOOUNb PAOUOILEKMPOHHbIE YCMPOUCMEd, cOYemaiowjue Mauvie pas-
Mepbl U 8bICOKOE dHepeonompebienue, Ymo obocmpsiem npooremy obecneyeHus OnmuMaibHbIX MEenL08bIX PEeICUMOS.
Ilepcnexmusnvim HanpasieHuem Osi NOBbIUEHUS UHMEHCUBHOCTNU OXAANCOEHUS. MENIOHASPYICEHHO20 IeMeHmA
(THD) u mounocmu mepmope2yiuposanust s61semcs. npuMenerue mepmoajiekmpudeckux mooynei (TOM), komopole
Haodensom menioomeooauyio cucmemy QyHKyuel oxXaaicoenus, m. e. 0arm 03MONCHOCHb 00CMU2AMb memMnepamy-
put THD nuoice 3nauenus enewnell cpedbl. KomMniekcHo paccmompensl npoyeccvl menjioooMena 6 mepmodieKmpuye-
ckoll cucmeme oxaavicoenusi u mepmopezynupogarust (TOCOT). Onpedeneno memnepamyproe noie 8 0oveme menio-
pacnpedensioweti naacmunst (TPII) u ¢iusnue HeOOHOPOOHOCHU MENI08020 NOMOKA HA YEeIUdeHUue meMnepanypol
THO. IIpedcmasnensvl pe3yismamsl pacyema pexcumos pabomol ¢ yiemom mowHocmu meniogvioenenus THO, pabo-
yux xapaxmepucmuk TOM, napamempos TPII u kynepa, genuuunvl mepMuieckux CoOnpomuIeHutl meniogblx KOHMaK-
mos. Pacuemnas memoouxa noseonsiem onpedensimo memnepamypy THD u npogooums onmumuzayuto pesxcumog TO-
COT c yenvto 0ocmudiceHusi MaAKCUMATbHOU 3(PHeKMUSHOCMU OXANCOCHUsL U CHUNCEHUsL JHepeo3ampam. Ycmanosne-
HO, umo onmumanvhas cuna moxa numarnusi TOM, coomeemcmayiowas pescumam ¢ MakCUManbHOU @ exmusHocmvio
OXNANCOEHUS, 3A6UCUN O MEPMUYECKO20 CONPOTMUGLEHUS CUCTNEMbL TNENTO0MBOOA U MOWHOCIU MENT0B0U HACPY3KU.

Kniouegvie cnosa: mepmosnekmpuueckuti MoOyib, MenioGoU pedtCUM, MeNnIOHASPYICEHHbIN IeMeHm, cucmemda
OXNANCOeHUS, MEPMULECKOe CONPOmusieHue.

Introduction. The resource, operational stability and  temperature condition, so in case of increase in working

operating characteristics of the heat-loaded elements (HLE) temperatures from 20 to 60 °C equipment failure rates
of radio-electronic equipment significantly depend on their  increase more than twice [1]. The perspective direction
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for cooling and temperature control of HLE is the use of
thermoelectric modules (TEMs). Thermoelectric system
of cooling and temperature control (TESCTC) possess
a list of advantages in comparison with other cooling sys-
tems, namely: possibility of smooth temperature control
in rather broad range by changing of value and direction
of supply current TEM; minor thermal inertness; high
reliability; absence of moving parts; compactness and
small weight; quietness of operation. TESCTC are effec-
tively used for cooling of both miniature objects and large
volume refrigerators [2—6].

Construction and characteristics of the cooling sys-
tem. HLE / is considered to be a TESCTC widespread
type applied to cooling, construction with heat distribut-
ing plate (HDP) 2, TEM 3 and a cooler 4 (fig. 1). HDP
is necessary for alignment of thermal power distribution
arriving from HLE on TEM surface. At the same time
TEM performs the function of a thermal pump transfer-
ring heat from the cold side to the hot. The cooler re-
moves the total thermal power produced by both HLE and
TEM to the external environment. These elements of the
system have thermal contacts on the boundaries. On the
areas of contact surface A the cooler removes heat to the
external environment having temperature 7,. The bound-
ary of B corresponds to the contact surface of the cooler
with the hot side of HLE which temperature is described
by average value of 7,. The cold side of HLE (B surface)
has average temperature of 7;. HLE seat (D surface) is
characterized by average value of temperature 7,. In case
of HLE suspension from the considered construction, the
normal heat-eliminating system, which is widely applied
to HLE cooling, for example, in the computer equipment,
is widely used.

Typical options of temperature distributions which can
be implemented in TESCTC are given in fig. 2. Ambient
temperature 7, is the original value directly influencing
HLE seat temperature. For the normal heat-eliminating
system temperature value 7, of HLE seat certainly ex-
ceeds Ty value, increase in temperature is assured due to
the temperature fluctuations caused by thermal resistance
of HLE and cooler (line 4). The negative temperature
drop made by HLE allows to reduce temperature 7,
which in this case can either exceed value of T (line 2),
or be lower than this value (line /). Under certain condi-

Fig. 1. Thermoelectric cooling system

Puc. 1. CxeMa TepMOAJIEKTPUIECKON CHCTEMBI OXJIAXKICHUS

tions influence of own heat release of HLE can on the
contrary lead to its additional heating (line 3), not cooling.
When analyzing efficiency of HLE cooling, basic operat-
ing characteristics of HLE are used; they can be calcu-
lated [7] or received from the vendor. In the present re-
search the influence of HDP thermal resistance, cooler
and thermal contacts on characteristics of thermoelectric
cooling and HLE temperature are studied. HLE tempera-
ture is determined by the ambient temperature and the
sum of temperature drops of all construction elements.
During calculations temperature drops were calculated
gradually at first in configuration “TEM-cooler”, then
in HDP in terms of thermal influence of HLE and TEM.
The analysis of TESCTC characteristics is carried out on
the example of serial TEM of NPO “Kristall”.

Temperature calculation of the heat-loaded element.
Values and temperature drop ratio depend on operating
characteristics and parameters of all TESCTC construc-
tion elements and their cross impact [8—11]. In TESCTC
in case of heat exchange of TEM with an external envi-
ronment from its hot side, it is necessary to remove the
total thermal power developed by HLE and TEM, which
is, as a rule, considerably higher than HLE power due to
rather low refrigerating coefficient of TEM. It causes the
corresponding growth of temperature drop on thermal
contacts and the cooler, which, as a result, leads to lower-
ing of cooling efficiency. The difference of temperatures
AT, between the cold side of TEM and the environment
is determined from expression [11]

ATy =T, —Ty =R (Q+W) - ATy =
=RO+RUU,O) - ATl (1,0),

here T, Ty — temperature values of the hot side TEM and
environment; R, — total thermal resistance of the cooler
and its thermal contact with TEM; Q, W — heat release
capacities of HLE and natural energy consumption of
TEM; ATrgm =T, — T, — temperature drop between the
cold and hot sides of TEM; U, I — power and current in-
tensity of power supply of TEM. Operating characteristics
of TEM from the manufacturer Q(ATrgy) and U(ATrem)
are basic data for dependences determination U(Z, Q)
and ATrem(Z, Q) and further calculation AT. The method
of dependences calculation is presented in [10; 11].

3
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Lt !

Cooler HDP

A D

Fig. 2 Temperature distribution in the cooling system

Puc. 2. PactipeneneHne TeMrepaTypsl B CHCTEME OXJIAXKICHUS
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Dependences of the cold side temperature drops of
TEM and the environment on the power consumption
under Q =40 W and R, = 0.1, 0.3 and 0.5 K/W are pre-
sented in fig. 3 for TEM “S—127-14-11" (solid lines) and
“S—199-14-11" (broken lines), having maximum refrig-
erating values 79.3 and 124.2 W. Negative values AT,
correspond to the modes, in which cold side temperatures
of TEM are lower than ambient temperature. Temperature
drop values AT, considerably depend on R,, variation
interval of values AT for the fixed W within the range of
R,=0-0.5 K/W averages at about 55-60 °C. For the given
dependencies presence of least values is typical. This least
values correlate with the best values of energy consump-
tion W, under which the maximum cooling of HLE can be
achieved. When increasing R; from 0.1 to 0.5 K/W these
values W fall from 103 W to 38 W for TEM “S-127-14-11"
and from 120 W to 37 W for TEM “S—-199-14-11"".

For temperature drop losses in HDP measurement
mathematical model based on numerical solution of the
three-dimensional equation of heat conduction is used
with regard to the load characteristic of TEM:

or . (o’T o'T o'T

AM—+—+—|,

[8x2 o' o J
where ¢, p, A—specific heat capacity, density and heat
conduction coefficient of material; 7 — temperature;
t — time; x, y, z — spatial coordinates. Values ¢, p and A
in all estimated area had constant values corresponding
to copper. HDP sizes were equal in cross x and y direc-
tions were equal to TEM 40x40 mm” overall dimensions,
in z direction its thickness o varied. The HLE seat was set
in the center of HDP’s upper surface in the form of a
square with side a. On the upper and lower boundaries of
HDP inhomogenuity of heat fluxes, caused by influence
of HLE and TEM was considered. To solve this equation

40

the method of total approximation with splitting of the
task into spatial coordinates [12] was applied.

Based on calculations distributions of temperature
HDP with different values of its thickness & and HLE size
a were obtained. The integral parameter characterizing
heat-transmitting ability of HDP is the thermal resistance
of R. Quantitative thermal resistance is calculated as the
relation of average temperatures of HLE seat difference
and the bottom surface of HDP to the transferred thermal
power, where time value R depends both on heat conduc-
tion of HDP material and HLE and HLE sizes. Depend-
ences R on thickness of copper HDP are shown in fig. 4
for different values a, curves /, 2, 3, 4 and 5 correspond
to values 22.5, 17.5, 12.5, 7.5 and 2.5 of mm. Based on
values of thermal resistance R and power of heat release
of HLE, Q value of temperature drop on HDP is defined
by the expression ATypp = RQ. The figure shows that the
range of best values & makes approximately from 3 mm
where a = 22.5 mm up to 5 mm where a = 2.5 mm. Opti-
mization of HDP parameters allows to minimize tempera-
ture drop and as a result to reduce HLE temperature.
Besides, calculations proved that inhomogenuity of the
temperature field of TEM cold side leads to essential
increase in thermal resistance of HDP compared to the
case of isothermal heat-eliminating surface [13; 14]. This
increase R is explained by the increase in average length
of heat transmission in HDP capacity, caused by lower
values of temperature on TEM edges. Lowering thermal
resistance value and losses of HDP temperature drop can
be assured by applying materials with higher coefficient
of heat conduction or hyper heat-conducting plates (plane
thermal pipes) in which high effective heat conduction
is reached due to phase transformations of the heat carrier
in case of movement in the porous environment [15; 16].

30+

AT, °C

120 140 160 180

Fig. 3. Dependences of the TEM cold side temperature drops and the environment
on the power consumption under Q =40 W and various values of R

Puc. 3. 3aBucUMOCTH Pa3HOCTH TEMIIEPATYpP XOIO0AHOH cTopoHsl TOM 1 okpyxaromiei
cpensl oT norpedisiemoit MoutHocTy pu O = 40 W 1 pa3iIM4HbIX 3HAYCHUAX R
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Fig. 4. Dependencies R(8) for the cooper HDP, curves 1, 2, 3, 4 and 5
correspond to @ =22.5, 17.5, 12.5, 7.5 and 2.5 mm

Puc. 4. 3aBucumoctu R(8) mns menHoit TPIL, kpuseie 7, 2, 3,4u 5
COOTBETCTBYIOT a = 22.5,17.5,12.5, 7.5 u 2.5 mm

Thus, the considered two-step algorithm allows to
calculate HLE temperature. At the first stage temperature
of the TEM cold side is determined by calculation of total
temperature drop in the “cooler — TEM” system with
regard to the HLE thermal power, operating
characteristics of TEM, cooler thermal resistance and
thermal contacts, ambient temperature. Then temperature
drop in HDP is calculated and based on HDP temperature
distribution on the upper boundary of HDP with regard to
the thermal resistance of heat contact on its seat,
foundation temperature is determined. Final expression
for average temperature of HLE seat calculation has the
following appearance

T, =T, + AT, + RO.

Under the known internal thermal resistance of HLE
(information of the vendor) its influence is considered the
same way, herewith the temperature of the semiconductor
crystal, located in the HLE case, will be defined.

Conclusion. In the present paper heat exchanging
processes in TESCTC are considered; the algorithm
allowing to carry out calculation of HLE temperature and
TESCTC modes optimization to increase cooling
efficiency of HLE and lowering of TEM energy
consumption are provided. It is stated that the value
of effective power consumption of TEM corresponding
to the modes with maximum cooling efficiency depends
on the thermal resistance of the cooler and power of HLE
heat release.
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CAMERA-TO-TOUCHSCREEN DESIGN
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The present paper describes an FPGA design of a camera-to-touchscreen demonstrator that has been prepared
using Xilinx Vivado 2015.2 and SDK 2015.2 tools. The demonstrator consists of MicroZed 7020 Carrier Board, Avnet
7-inch Zed Touch Display and Avnet Toshiba Industrial 1080P60 Camera Module. The camera transmits a full HD
video signal at 60 frames per seconds to MicroZed 7020 board, which processes it and sends to the LCD display with
active area of 800x480 pixels. As the display has smaller resolution, only a fragment of the whole video frame can be
seen at once on the display, whereas the full image is stored in the memory. By touching the screen one can travel along
the stored video frame and look through the whole image. The design can be used, for example, as a car rear view
mirror monitor benefiting from touchscreen technologies.

Keywords: Zynq, FPGA, touchscreen display, camera, full HD, SDSoC.
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INPOEKTHOE PELIEHUE ITEPEJAYN BULJEOCUT'HAJIA
C FULL HD KAMEPbBI HA WVGA CEHCOPHbBIM JUCIIVIEU

P. H. Jluxonuna , JI. Koroyr, 1. Kamen

Axanemus Hayk Yemickoit PecryOmmkn, MHCTHTYT Teopuu nHGOpMAINN ¥ aBTOMATH3AIHH
UYemckas Pecrryonuka, CZ-182 08, IIpara 8, Pod Vodarenskou vézi, 4
E-mail: likhonina@utia.cas.cz

Onucvlgaemcs npoekmuoe peuieHue nepedai CUHANA ¢ Kamepbl Ha CeHCOPHbIN Oucniel. JlanHoe peweHue paspa-
bomano Ha ocnoge IIIIBM-mexnonocuu ¢ ucnonvszosanuem npoepammuoco obecneuenus Xilinx Vivado 2015.2 u SDK
2015.2. [emoncmpamop, npedcmaenennulii ¢ pabome, sxmowaem niamy-nocumens MicroZed 7020, 7-0wiimogublil cen-
copHulil ducnield om komnanuu Avnet u npomviutienuyio kamepy Toshiba 1080P60 om komnanuu Avnet. Kamepa nepe-
odaem full HD eudeocuenan co ckopocmowio 60 kadpos 6 cexyndy Ha naamy MicroZed 7020, komopas obpabamveisaem
sudeocueHan u nocviiaem e2o Ha JKK-Oucnieu ¢ akmuenou niowaovio 800x480 nuxceneu. Ilockonvky paspeuerue
oucnies MeHvlle, YeM paspeuleHue Kamepwvl, HA OUChiee Omobpadxcaemcs moabKo hpasmeHm yere2o udeoxkaopd,
mo2oa Kak noiHoe u300paxcerue cCoXpansaemcs 6 namamu Ha niame. Ilpocmompems yenoe uzoopasdceHue 803MON*CHO,
nepemewasco N0 CEeHCOPHOMY IKPAHY NPU NOMOWU KACAHUS, NPOCMAMPUBAs omoenbHvle (hpazmeHmsl U300padx’CceHus.
Jlannoe npoexmuoe peuienue mModxcem ObIMb UCHONILIOBAHO, HANPUMED, 8 Kauecnee MOHUMopa 3a0He20 8udd 8 aemo-
MobUe, memM cambiM U381eKAemcs NOb3d U3 CEHCOPHBIX MEXHOIO02ULL.

Kmiouesvie cnosa: Zyng, INIIBM, cencopnulii oucnaei, kamepa, full HD, SDSoC.

Introduction. Touchscreen technology has steadily logy, where buttons rise up due to the fluid pressure
come into our life. It is hard to imagine that only a few on the covered layer when the keypad is in use [2].
decades ago it was something unattainable. From the first The present paper aims at describing a field-
finger-driven touchscreens invented by E. A. Johnson in  programmable gate array (FPGA) design, which demon-
1965 and development of resistive and capacitive touch-  strates one of the applications the touchscreen technology
screens to the latest optical touchscreen technology based  can be used for.
on detection of an object’s shadow, it did not passed The design is based on two demonstrators available at
much time [1; 2]. However, the rapid development of  Avnet’s webpages. The first one, Toshiba TCM3232PB
touchscreen technologies due to a large interest in this  Frame Buffer Design Tutorial, shows the reference design
area is obvious. There is a growing number of devices  for using Toshiba camera and getting the HDMI output. It
that benefit from it: smartphones, tablets, computer moni-  Jescribes step-by-step process how to setup the Toshiba
tors, eBook readers, game devices, GPS navigators etc.  camera module and run a simple design that initializes the
The touchscreens are foreseen to be used also in home image sensor and HDMI output interface and implements

appliances. The regearchers continue .worki.ng on the . frame buffer in the programmable logic (PL) I/Os [3].
touchscreens that will use so called “microfluid” techno-
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The second design is ALI3 Display Reference Design
demonstrating the capabilities of touchscreen display
and presenting simple interactive GUIs, which can serve
as a start point for more complex applications [4].

However, there is no design available at Avnet, which
would send a video stream from camera to a display with
touchscreen capabilities, so that an end-user could provide
some actions with an image he/she sees on the display.

This work is aimed at combining two example designs
from Avnet mentioned above in a way that it would be
possible to receive a cropped image from Full HD camera
on a WVGA display and observe the whole scene by
moving the image, thus, benefiting from touchscreen
technology.

Briefly speaking the present design illustrates how
to get a video signal from a full HD camera (1920x1080
pixels) to WVGA LCD display with an active area of
800x480 pixels. A video frame is transmitted by the cam-
era at 60 fps with pixel clock 148.5 MHz to MicroZed
7020 board. The board processes the signal and sends
it to the LCD display working at pixel clock 33.33 MHz.
The output signal is in RGB format. The smaller display
resolution results in video cropping. Thus, only a frag-
ment of the whole frame is seen on the display, whereas
the full image is stored in the memory. By touching the
screen one can move the image and look through the
whole picture.

The scene of interest can be then zoomed if extending
the presented design with two finger interaction and zoom
capabilities. The design can be used as a car rearview
mirror or for home door entry applications.

Moreover, it is worth to note that the camera-to-
touchscreen design benefits from FPGA technology.
FPGA is an integrated circuit enabling a designer to con-
figure it after its manufacturing. It is widely used
in common embedded applications. To create an FPGA
design, Xilinx tools — Vivado 2015.2 for a hardware part
and SDK 2015.2 for the software — are required.

Methodology. The camera-to-touchscreen design
described in the paper is created using the following HW
components:

1. MicroZed Embedded Vision Carrier Card and
MicroZed 7020 board with a processing system with
two Cortex A9 cores and a 28 nm programmable logic.
It includes two DDR3 memory components totaling 1GB
of random access memory [3; 4].

2. Avnet Toshiba TCM3232PB full HD color image
sensor capable of delivering a video signal at 60 fps. Two
technologies are implemented there: High Dynamic
Range (HDR) technology and Color Noise Reduction
(CNR) technology [3].

3. Avnet 7-inch WVGA TFT-LCD display with an
industrial projective capacitive touch sensor. The display
has an active area of 800x480 pixels, frame rate of 60 Hz,
pixel rate of 33.33 MHz and pixel format 24 bits RGB [4].

The hardware design is prepared in Xilinx Vivado
2015.2. This software is purposed for synthesis and
analysis of HDL designs and suitable for system on a chip
(SoC) development as well as for high-level synthesis,
which enables C, C++ and SystemC programs to be
directly targeted into Xilinx devices without manually
creating RTL.
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Using IP Integrator and a list of available IP cores the
hardware design has been created. The IP cores used
in the design are shown in fig. 1.

The camera sends frames coded in Bayer matrix,
received by TCM receiver at 24 MHz. These frames pass
through Color Filter Array Interpolation (CFA) and Color
Correction Matrix (CCM) blocks.

CFA aims at reconstructing the missing color compo-
nents of an image obtained from an RGB or CMY Bayer
filtered sensor by means of interpolations using informa-
tion from neighboring pixels. This process is called CFA
demosaicing [5]. In the present design it also converts
a video signal to RGB color space.

CCM is used for adjusting white balance, color,
brightness or contrast in an image. It multiplies the pixel
values with some coefficients, which strengthen or
weaken them. Mathematically it is expressed as a 3x3
matrix multiplication. The weights in equation define a
color-correction matrix. The example of color-correction
matrix for RGB data can be seen below. For more infor-
mation refer to [6].

Rc K, K, Kj|R 0
Ge |=| Ky Ky Ky ||G+]0 |,
B Ky K; Ky || B 0

where R¢, G¢, Bc are corrected colors for RGB input data;
K, are weights; O, are offsets used for achieving black
levels [6].

Video Direct Memory Access (VDMA) writes to and
results from DDR3 24-bit RGB frames. This core
provides handling three frame buffers with internal lock
between them to avoid image tearing. VDMA output is
sent to Video Out block to map video data on output tim-
ing coming from Video Timing Controller (VTC). ALI3
Controller passes the video signal through physical inter-
face to display with 33 MHz pixel clock. Communication
between the blocks runs at clock rate of 150 MHz, while
peripheral configurations use 100 MHz clock speed. The
Zynq processing system performs the whole video chain
initialization. The image processing operations are ful-
filled outside the processor. It contributes to fast function-
ing of the system. To detect touches on display the system
uses interrupts. The interrupt routine analyzes it and per-
forms appropriate actions (a video frame shift in certain
direction on the display).

The next step after finishing the design is to validate
it. The validation process helps to find the errors in the
design that could prevent the hardware from working
properly. The most frequent errors can appear in connec-
tions between blocks or in parameter settings for individ-
ual blocks.

If validation is successful, then so called HDL (Hard-
ware Description Language) wrapper can be generated.
It is basically a top-level description of the system. The
synthesis process in its turn will generate all source files
for the IP blocks as well as any relevant constraints files.

After design implementation, i. e. placing and routing
the netlist onto the FPGA device resources, and genera-
tion of a bitstream file with configuration data for imple-
mentation in the PL, the building of the hardware image
is complete and the hardware platform can be exported
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to SDK (Software Development Kit) environment, where
different software applications can be created.

As a basis for software development of camera-to-
touchscreen application the previously mentioned designs
from Avnet are used [3; 4].

Results. The complete camera-to-touchscreen demo
kit can be seen in fig. 2 [7]. Its components are the same
as it was described in previous chapters.

The resultant software is programmed in such a way,
that it enables to transfer a full HD image from TCM
receiver to touchscreen LCD display with resolution
800x480 pixels at frame rate 60 fps. By touching the
screen we can see the whole picture part by part. After
interrupt occurs, the processor knows that a touch event
has taken place and evaluates the concurrent touch events

in a way, that it saves X and Y coordinates of two concur-
rent events, and makes subtraction: X = X2 — X1, resp.
Y= Y2 - Y1. If there is 0 for some axis, then there will be
no movement in this direction. If X is a non-zero
variable, the image will move for 40 pixels left or right
depending on a variable sign. The same is valid for Y, but
the shift is down/up. The directions of movement are
similar one has in his touchscreen mobile phone [7]. The
number of pixels for moving in each direction has been
taken optionally after testing image incremental move-
ment. The chosen number is optimal for demonstrating
the capabilities of the design, but it can be changed if nec-
essary. The example of the camera-to-touchscreen demo
functioning is shown in fig. 3.

=>

E AXl4-Stream ALI3 Display
i h CEA h ccM h AXLVIMA h To Video Out h Controller
VTC

Fig. 1. Hardware block diagram

Puc. 1. JluarpamMma anmapatHoro 6ioka

Fig. 2. Complete camera-to-touchscreen demo kit

Puc. 2. lemoncrpaunonssiii Bapuant Full HD xamepst

Fig. 3. Example of SW application

Puc. 3. [Ipumep nmpuMeHEHUsI TPOTPAMMHOTO 00CCIIEYCHUS
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Discussion. The present design demonstrates a cam-
era-to-touchscreen technology, which can be used for
different applications.

It can be complemented with more sophisticated de-
signs such as face detection, vehicle recognition, edge
detection, optical flow designs and many others. For these
purposes the SDSoC (Software-Defined System On Chip)
environment is a good tool to use.

The SDSoC is a system compiler, which targets a base
platform and is capable to compile C/C++ functions into
programmable logic. The system compiler works one
level above the Vivado HLS compiler. After analyzing
a program and determining the data flow between soft-
ware and hardware functions, it generates an application
specific SoC including a complete boot image with firm-
ware, operating system, and application executable. Com-
pilation itself is performed by the Xilinx HLS compiler.
HLS compiles the transformed C/C++ to the HDL code.
The HDL code and the corresponding cores are automati-
cally packed into the IP-XACT format and serve as input
for Vivado IP integrator. The Xilinx SDSoC environment
also automatically generates compatible data-mover
IP-cores and the interface IP-cores for the programmable
logic part of the ZYNQ device. This can result in auto-
mated generation of new SoC system with new HW
accelerators, which replace the original SW based system.
It can reduce the energy per pixel in case of video proc-
essing algorithms [8].

It is also worth to note that the SDSoC system
includes OpenCV libraries, which comprise different
mathematical functions such as Gaussian, Median, Bilat-
eral, Canny edge detection, SVM, LK Optical Flow and
etc. [9]

Moreover, there is still a space for improvements and
optimization for the presented design. One of the direc-
tions for improvement is to solve the problem of a false
touch event registration, which was not fully managed in
the present demonstrator. Though the design functions
satisfactory for demonstration purposes, in future it would
be desirable to get rid of these errors by making more
precise calibration and, perhaps, by implementing some
additional filtering.

Besides, the display supports two finger touches and
gesture recognition. It means that there is a possibility to
use the image scaling in a way we are used to making it in
our mobile phones. This function could be a useful exten-
sion of the presented demonstrator bringing further bene-
fits for some applications including, e. g., home entry
systems or car in-cabin systems.

There are also other possibilities, which can be profit-
able for some applications. For example, it is possible to
connect one more block, on Screen Display block, in the
hardware design, that enables alpha blending and compo-
sition of external video inputs. It supports several layers,
so the user can configure multiple input video sources.
Each video source layer can be displayed at different
cropped sizes, positions, and transparency [10].

Conclusion. The present paper describes camera-to-
touchscreen-display design, which allows getting a full
HD image from camera module and sends it to 800x480
display, so that on display there is only a part of the whole
image, but the full image is stored in memory. We can see
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the whole image part by part by touching display and so
moving the image right/left or/and up/down. The mathe-
matical models are a part of system generation process
and are hidden in the separate blocks of the design. The
design can be also complemented with complex mathe-
matical functions for edge detection, optical flow or image
recognition applications using the SDSoC environment,
which compiles C/C++ functions for the target platform.

The present design is based on two original designs
for the camera and for the display from Avnet, Inc. How-
ever, the Avnet’s designs do not allow getting the image
from camera to display and move along it as it was
described in the present article.

In this paper the principle of design was presented in
more details. Besides, this paper summarizes the strengths
and drawbacks of the design, and names some other pos-
sibilities and space for improvements as, for example,
to get rid out of false detection of touch events, to add an
image scaling or even to use On Screen Display and bene-
fit from several layers for multiple input video sources,
to use complex algorithms for edge detection and image
recognition capabilities and etc.

Such kind of displays can be used as a car rear viewer
with more functionality or, for example, in home entry
systems. The application field of such displays can be
quite broad and is not limited by above mentioned exam-
ples. There is a space for engineers’ imagination.
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MULTIGRID FINITE ELEMENTS IN THE CALCULATIONS
OF MULTILAYER CYLINDRICAL SHELLS
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An effective numerical method for calculating linearly elastic multilayer cylindrical shells under static loading
implemented on the basis of Finite Element Method (FEM) procedures using the multilayer curved Lagrangian multi-
grid finite elements (MFE) of the shell type was proposed. Such shells are widely used in rocket-space and aircraft
engineering. MFE are developed in local Cartesian coordinate systems based on small (basic) shell partitions that take
into account their heterogeneous structure, irregular shape, combined loading and fixing. The stress strained state
(SSS) in the MFE was described by the equations of the three-dimensional elasticity problem without using the addi-
tional kinematical and static hypotheses, which allow one to use MFE for the shells of various thicknesses to be calcu-
lated. The procedure of constructing the Langrage polynomials in local curvilinear coordinate systems used to develop
the shell MFE is presented. The displacements in the MFE were approximated by the power and Lagrange polynomials
of different orders. When constructing a n -grid finite element (FE), n > 2, n-nested grids were used. The fine grid was
generated by the basic partition of the MFE; the other (coarse) grids were used to reduce its dimension. According
to the method, the nodes of the coarse MFE grids are located on the common boundaries of the different modular layers
of the shell. The proposed law of the expansion in the number of discrete models using MFE with a constant thickness,
multiple of the shell thickness, provides a uniform and rapid convergence of approximate solutions, allowing one
to frame solutions with a small error. Multigrid discrete models have 10°...10° times less unknown MFE than the basic
ones. The implementation of the MFE for multigrid models requires 10°...10" times less computer storage space than
for the reference models, which allows one using the proposed method to calculate some large shells. An example of
calculating a multilayer cylindrical local loading shell of irregular shape was given. In the calculation, three-grid shell —
type FE, developed on the basis of the reference models having from 2 million to 3.7 billion of the nodal MFE unknowns
were used. To study the approximate solution convergence and error, a well-known numerical method was used.

Keywords: elasticity, cylindrical shells, composites, multigrid finite elements of shell type, Lagrange polynomials,
small error.
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MHOT'OCETOYHBIE KOHEYHBIE 3JIEMEHTBI B PACYETAX
MHOT'OCJIOUHBIX IUJIMHAPUYECKHUX OBOJIOYEK

A. JI. Marsees'’, A. H. I'pumanos’

'MuctuTyT BeluncuTensHOro Mogenuposanus CO PAH
Poccuiickas ®eneparms, 660036, r. KpacHospck, Akagemropoaok, 50/44
*HoBOCHOMPCKHiT FOCY 1aPCTBEHHBIN TEXHHYCCKHi YHUBEPCHTET
Poccuiickas ®eaepanus, 630073, r. HoBocubupck, npocn. K. Mapkca, 20
"E-mail: mtv241@mail.ru

Ipeonooicen 3¢phexmuerbvill YUCTEHHBIL MEMOO paciema JUHEUHO-YAPYeUX MHO20CIOUHBIX YUTUHOPUYECKUX 00010~
Yex npu CMAmu4ecKkom HAZPYICeHUU ¢ NPUMEHEHUEM MHO2OCIOUHBIX KPUBOIUHEUHBIX 1A2PAHINCEGHIX MHO2OCEMOYHBIX
KoneuHwlx anemenmos (MuKD) oboroueunozo muna. Taxue 060104Ku WUPOKO UCHOTLIVIOMCS 8 PAKEMHO-KOCMUYECKOU
u asuayuonHol mexunuxe. MuKO npoexmupyromca 6 10KAIbHBIX 0eKAPMOBbIX CUCHEMAX KOOPOUHAN HA OCHO8e MEIKUX
(6azoevix) pasdoueHuti 0060104YeK, KOMopble YUUMBIBAIOM UX HEOOHOPOOHYIO CHPYKMYDY, CAONCHYIO (DOPMY, CILOAHCHOE
Haepyscenue u 3axpennenue. Hanpascennoe oepopmuposannoe cocmosinue 6 MHKD onucvisaemcs ypagHeHusMu
mpexmepHoll 3a0auu meopuu ynpyeocmu 6e3 UCnoab308aHUs OONOTHUMETbHBIX KUHEMATNUYECKUX U CHAMUYecKux
eunomes, 4umo no3eonsiem npumensmo MuKDO ons pacuema muoeocnotinvix 060n04ex pasnuunou moawunsl. Tloxazana
npoyedypa nOCMpoenus 8 I0KATbHbIX KPUBOIUHEUHBIX CUCIEMAX KOOPOUHAm NOAUHOMO8 Jlazpanica, komopule npume-
Hslomcs npu npoexmuposanuu obonoveunvix MuKD. Ilepemewenus 6 MuKD annpokcumupylomes cmeneHHbiMu
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U NASPAHIHCEBLIMU NOTUHOMAMYU PA3TUYHBIX NOpAOKos. IIpu nocmpoenuu n-cemournozo KoHmeyHozo dnemenma (K3),
n > 2, ucnone3yrom n 61odxceHHvix cemok. Menxas cemrxa nopoocoena 6azosvim pazouenuem MuKD, ocmanvhvie n — 1
(KpynHovle) cemru NPUMEHAIOMCA Ol NOHUdCEeHUs e20 pasmepHocmu. B npednazaemom memoode y3ivl KpYynHbIX cemok
MuKD3 pacnonosicenvt Ha 06Wux epaHuyax pasHOMOOYIbHbIX Cl0e8 00010UKU. 3aKOH UsMenbyeHUs OUCKPEMHbIX MoOe-
Jell, 8 komopwsix ucnoav3ytomes MuKO ¢ nocmoanHol moawuHou, Kpamuot moauure o00a04KU, NOPOA*COAen PABHO-
MepHYIO U OLICMPYIO CXOOUMOCMb NPUOTUNCEHHBIX peuleHUll, Ymo Odaem B03MONCHOCMb CIMPOUMb peuleHUss ¢ MAou
noepewmnocmoio. Mruozocemounvie duckpemnuvie modenu umeiom & 10°—10° pas menviue y3106v1x Heussecmmuuvix, vem
6azoevie. Peanuzayus memoda koneunvix snemenmos (MKD) ons mrozocemounvix modeneii mpebyem ¢ 10°—10" pas
Menbue ob6vema namamu IBM, uem 0ns 6a306b1X, 4mo n0360715em UCNOLb308AMb NPEOLOINCEHHBIN MEMOO Ol paciema
0bon0uex 6onvuux pazmepos. B npusedennom pacueme MHOZOCIOUHOU YUTUHOPULECKOU 0O0N0UKU CILONCHOU (OpMbi,
umeroujell T0KAIbHOe HA2pyACceHue, UCTONb3YIOmcs 000104eyHble mpexcemoynbie KO, nocmpoennvie na 6a306ix mooe-
JI5X, Komopvle umerom om 2 MUIIuoHo8 0o 3,7 munnuapoa neuzeecmuwvix MKD. [[na ananuza cxooumocmu npubaudiCceH-
HbIX peueHUl UCNOIb3YemCst U3ECMHbLLL YUCTEHHBI MEMOO.

Kniouesvie cnosa: ynpyzsocmbo, uuﬂuHOpuquKue 060]10’”(‘1/{, KOMno3umasl, MHO20CEMOYHblE KOHEUHble IJIeMEHNIbl
000104e4H020 muna, NOJAUHOMbL ﬂaepamfca, Majas noepeunocns.

Introduction. Finite Element Method (FEM) [1; 2] Lagrange polynomials of different orders in local curvilinear
is widely used in the study of stress strained state (SSS) of  coordinates is proposed. In constructing approximate
elastic shells [3—6]. In the calculation of shells, construct-  solutions a multi-layer Lagrangian, MFE shell with a con-
ing the curvilinear finite elements (FE) causes various  stant thickness, a multiple of the thickness of the shell is
difficulties [3], in particular, related to the fulfillment wused. The order of the Lagrange polynomial in thickness
of conformality conditions, which is necessary for the is taken by a multiple to the number of shell layers. Cal-
convergence of finite element solutions [7]. These dif- culations show that the arrangement of nodes of large
ficulties are largely due to the fact that to reduce the order =~ MFE grids on the common boundaries of different-
of equations in the theory of shells, hypotheses are intro- modular shell layers provides homogenous and fast con-
duced, that impose certain restrictions on the fields of  vergence of sequences of finite-element solutions, which
displacement, strain and stress [8—14], which generates allows to construct approximate solutions with low error.
irreducible errors in solutions and limits the applications  The proposed MFE are effective in calculating the SSS
of these theories. For example, in the work [15; 16] three-  of multilayer cylindrical shells of different thicknesses,
dimensional finite elements are considered with a given especially in the calculation of thin shells having a com-
distribution of displacements through the thickness, given  plex shape, the complex nature of the fixations and loads.
the compression of the shell. In the work [17] the review  Multilayer shells are widely used in rocket-space and
of the basic options of use of FEM for calculation of aviation technology.

composite plates and covers in two-dimensional statement The advantages are as follows. Multilayer Lagrangian
is presented. The attempts to calculate composite cylin-  shell MFE:

drical shells with application of FE in the formulation of — take into account the heterogeneous structure of the
the three-dimensional problem of elasticity theory with  shells;

account of their structure leads to systems of linear alge- — describe the three-dimensional stress state in multi-
braic equations (SLAE) of the finite element method of layer shells;

high order (more 10°). Application for such discrete shell — form multigrid discrete shell models, the dimension

models of calculation of ANSYS, NASTRAN etc. [3] is  of which is much smaller than the dimensions of the base
difficult. In addition, the solution obtained for the systems  models;

of high-order FEM equations contains a computational — generate the numerical solution with fast conver-

error, which is difficult to determine the exact value. gence to accurate, which allows us to construct solutions
In this regard, there is a need to develop such variants ~ with a small error.

of FEM, in which the composite cylindrical shell is con- Calculations show that application of the FEM for

sidered in a three-dimensional formulation, but which multigrid discrete models requires 10°-10" time less
lead to SLAE of a low order in compliance with the per- computer memory than the base models need. The im-
missible level of SSS error values. In the works [18-20]  plementation of the proposed method on single-processor
calculations of composite cylindrical panels and shells computers requires a small amount of time. To analyze
with the help of multigrid finite element (MFE) are car-  the convergence of approximate solutions constructed for
ried out, that was constructed using power polynomials. the initial problem, we use the well-known numerical

In this paper, we propose an efficient numerical method [2]. The implementation of this method is per-
method of calculating linearly elastic multilayer cylindrical ~ formed by constructing a sequence of approximate solu-
shells using a multilayer curvilinear Lagrangian MFE. tions for a similar test problem using MFE, which are
Constructing 7 net finite element (FE), n>2, n of enclosed used in solving the original problem. An example of cal-
grid is used. Small grids are made by basic splitting of MFE,  culating a 4-layer shell of complex shape using 4-layer
the other n—1 (larger) grids are used to reduce its dimension. Lagrangian shell three-grid FE is given. The results of the
The aim of this work is to develop Lagrangian curved calculations show the hlgh efﬁciency of the application
multilayer shell-type MFE. A procedure for constructing ~ of the proposed three-grid FE.
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1. Homogeneous curvilinear single-grid FE. The
procedure for constructing curvilinear homogeneous sin-
gle-grid FE, which form a basic discrete model of the
shell, is briefly considered as the example of FE V, of the

1st order, located in the local Cartesian coordinate system
O, x,y,z; (fig. 1). For FE V, designations are given:

hy xh; xh{ — characteristic sizes, z,0;y, — a symmetry
plane, c¢d — an axis of a shell, R ( R;)—radius of curva-
ture of the bottom (top) surface, A — thickness, /) —
length, 2] =o,R, o, — an opening angle. The shape of
the FE V, is a straight prism with height h§ Deformation

of the three-

dimensional problem of the theory of elasticity [1], shown
in coordinate system O,x,),z;. Using a first order poly-

of FE V, is described by the equations

nomial (in the coordinate system O,x,y,z,), for FE V,

we define the stiffness matrix [K IJ and the nodal force

e

vector Pe1 with formulas [1; 2]

[K!1= [[B,Y DB, 14V,
. (1)
! = [INJFav+[[N,] q.ds,

A Se

where [B,], [D,] are the matrix of differentiation and

e e

modules of elasticity of the FE V,; F

e

and surface forces vectors FE V, ; [N, ] is the matrix of shape
functions; V,, S, are the area and the surface of the FE V, .

, q, are the volume

Fig. 1. Single-grid FE V,

Puc. 1. OnHocetounsiit KO V,

Note that the continuity of displacements is violated
on the curvilinear boundaries of the FE V, (fig. 1). How-

ever, as it’s known [21], the implementation of continu-
ous displacements at the boundaries of curvilinear FE is
not a necessary condition for convergence of numerical
solutions to the exact one. Calculations show that when

29

the characteristic sizes of curved homogeneous FE V,

decrease, the numerical solutions converge to the exact
ones. Procedures for the construction of homogeneous
curvilinear single-grid FE of 2nd and 3rd order, which are
geometrically similar to the form of FE V, (fig. 1), are
analogous to the procedure in § 1.

2. Multilayer curvilinear Lagrangian two-grid FE

The procedure of constructing multilayer curvilinear
two-grid FE (TGFE) with the use of Lagrange polynomi-
als is considered with the example of a three-layer TGFE
V, of the 3rd order with its thickness equal to 4 that is
used in the calculation of 3-layer shells with the thickness
h. In the calculation of m-layer shell m-layer Lagrangian
TGFE of m-order in thickness are used. TGFE is located

in a local Cartesian coordinate system O,x,y,z, (fig. 2),
its dimensions are A; x h;l x h, h — thickness, h;l — length.

Suppose that the bonds between the components of the
inhomogeneous structure of TGFE are ideal. Basic parti-
tioning of R, TGFE, which consists of a homogeneous
curvilinear FE V, of the Ist order (fig. 1), takes into

account in TGFE inhomogeneous structure, a complex type
of loading and fastening, and generates a small curvilinear
grid h,, e=1, ..M, M is the total number of FE V.

On the grid #, we define the large curvilinear grid
H, c h,, TGFE, the nodes of this grid are marked with

dots, 64 nodes in fig. 2. Note that the nodes of the large
grid H, lie on the common boundaries of different-

modular layers TGFE (fig. 2), in general they have differ-
ent thickness. Suppose the axis O,y, (fig. 1) is parallel to

the axis O,y, (fig. 2). Thus we can use a formula of relation

FE V,,

which correspond to the local Cartesian coordinate sys-
tems Oyx,y,z, and O,x,y,z,

between the nodal displacement vectors &) &

e’

8. =[T.

e e

10

e’

where [7,] is a square matrix of rotations [2], e

Fig. 2. Three-Layer TGFE V,

Puc. 2. Tpexcnoiinsrit IBKD V,
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We consider the construction of Lagrange polynomi-
als in the local curvilinear coordinate system O,Eng on
a large grid H, (fig. 2). Suppose that the node P(i, j, k)
of grid H, (dimensions n, xn, xn; ) has coordinates &,
n,, &, infig.2 i=j=3, k=4.Note that y, =n for
small opening angles a,, TGFE we can see that x, =&,
~( . We have

n=& n=n 5=C (3)
The base function Ny, for a node P(i,j,k) in the
Cartesian coordinate system O,x,y,z, using Lagrange
polynomials L;(x,), L;(»,), L;(z;) [2] is written in the
form of

N (%2, 2,27) = Li(x3)L; (v2) L4 (2,),

m ")

X _x2,n b2 _yZ,n
Li(xZ): H > L,(J’z): H > (4)
n=1,n#i x2,i ~Xon n=1,n#j y2,j ~Von
B z,—z
2 T2y,
Li(z,) = H —_—,
n=lnzk 22,k ~ Z2,n

where x,;, y,;,z,; are the coordinates of the node
P(i, j,k) in the coordinate system O,x,,z, .

For a point with a coordinate & lying on the cylindri-
cal surface of the radius R, we have E=aR, o is the
angle for the coordinate &, fig. 3. Considering (3) the
ratio of the form &=oaR, & =o,R in (4), we obtain
Ny (0,0 = Li(@)L; (L, (C), where Li(a), L;(n),
L, (€) are the Lagrange polynomials, having the form

n

Ll-(OL) = H

n=l,n#i

ny

n’L()_Hnnn

n n= lnatjn/ My

a—-a

®)

n3

L(©)= H

n=lnzk Sk — n

It is convenient to use Lagrange polynomials (5) in
calculations. Displacement functions u,, w, TGFE,

constructed on the grid H, using Lagrange polynomlals (%),

are presented in the form of
] o 0]
ty =2 Nyt va =2 Nydg s W =2 Nyag' s (6)
p=1 p=1 p=1
where qg, g5, gy, Ny are displacements and shape
function of the f node of grid H,,
present case n, = 64 (fig. 2).

Using (1), (2), the stiffness matrix [K,] and the nodal
forces vector P, of FE V, in the coordinate system O,x,y,z, ,
we present [K,]= [T] [K 17,1, P, =[T,] P1 [1]. The
functional of the full potential energy II, of the basic
partition of the R, TGFE V/, can be written in the form of

o5l 40

ny =mn,ny, in the

(N
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Using small partitions R,, the functional (7) has

a high dimension and generates a multinodal FE with a
large number of nodal unknowns, which is not effective
for practice. To reduce the dimension of the functional (7),
we use the following procedure. Using (6), the vector
of nodal displacements 8, FE V, is shown through the

vector of nodal displacements 6, of large grid H#, TGFE V,

o, =[4;19,, ®)

where [A4; ] is a rectangular matrix e =1,...,M
Substituting (8) in (7) and following the principle of

the minimum of total potential energy for TGFE V,

oll,(®,)/0d, =0 we obtain a ratio [K, 16, =F, corre-

sponding to the equilibrium state of TGFE V,, where

M M
(K= 1A K4, F,=>[41P,.

e=1 e=1

)

The matrix [K,] is called the stiffness matrix, F, is
nodal forces vector of TGFE V. Note that the functions
w, are used only to reduce the dimension of the

u v

a?’ a?’

functional (7), the large grid H, determines the dimen-
sion of the TGFE V,, which is less than the dimension of
the base partition R, .

Note 1. By virtue of (8) the dimension of the vector 8,
(i. e. the dimension of the TGFE V) does not depend on
the M which is the total number of FE V, constituting
the TGFE V. Consequently, it is possible to use arbitrar-
R, , which allows to take into

a

ily small base partitions
account the heterogeneous and micro-homogeneous struc-
ture of the TGFE V.

Note 2. In formula (9), matrices [K,], P,, [4]] are
constructed taking into account the curvilinear form of the
base FE V, (see formula (1)), which represent the region
TGFE V, geometrically accurately. Consequently, the
[K,], F

a a

matrices are also determined taking into
account the curvilinear form of the TGFE V.

Note 3. The determination of the stresses in TGFE V,
can be shown as follows. Let the vector 8, be found.

With the help of the formulas (8), (2) we find vectors 6,

8. nodal displacements of FE V, (e=1, .., M) respec-

tively, in coordinate systems O,x,y,z, and Oxy,z .

Using vector 8, we count the tension in the FE ¥, with

algorithms of the finite element method [1; 2].

Note 4. Lagrange polynomials are used in Lagrangian
TGFE polynomials, determined by formulas (5), which
have the order of the polynomial multiple of the number
of layers in the thickness of the shell on the coordinate z
(i. e. £). The calculations show that the location of the

nodes of the large grid H, TGFE at the boundaries of

heterogeneous layers provides a homogenous and rapid
convergence of sequences of approximate solutions.
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The procedures of constructing composite Lagrangian
TGFE of n-order, geometrically similar to TGFE V, (fig. 2),
with the application of Lagrange polynomials of # -order,
are similar to the procedure of § 2.

Calculations show that by increasing the dimensions
of the basic partitions of TGFE (i. e., by increasing the
number M), the time spent on the construction of matrices
[K,] u F, and formulas (9) significantly increase.

In this case, it is advisable to apply 3-grid finite elements,
for the construction of which less time is required and
which generate the discrete shell model of lower dimen-
sion than TGFE.

3. Multilayer curvilinear Lagrangian three-grid FE.

The procedure of constructing curvilinear three-grid
FE (ThGFE) with the use of Lagrange polynomials is
considered by the example of a six-layer ThGFE V) of

the 6-th order with its thickness 4", that is used in the
calculation of 6-layer shells with thickness /4, where

h= hf . In the calculation of m-layer shell m-layer
Lagrangian ThGFE of m-order thickness are used. ThGFE
V, with the size i’ xh;’ x h? is located in the local Carte-

sian coordinate system O,;x;y;z; (fig. 3).

- 2
:"3:]?:‘.!I

Fig. 3. Six-Layer, ThGFE V¥,

Puc. 3. ectucnonnsni TpKO V),

The area of ThGFE consists of N curved 6-ply TGFE
V" with thickness h, n=1, ...,N that geometrically accu-

rately represent the area of ThGFE. TGFE ¥, make the
partition R,. The large grids H, TGFE form a small
grid #, ThGFE. On the grid 4, we define large grid of
H, c h, ThGFE. The nodes of the large grid H, marked
with points (112 nodes) lie on the common boundaries of
different-modular layers of ThGFE (fig. 3).

Suppose that the axis O,y, of ThGFE (fig. 2) is paral-

a
n

lel to the axis O,y, (fig. 3). Suppose that &/, qi are the

vectors of nodal displacements, [K]], [M,

. ] are the

stiffness matrices and F?,P“ are the vectors of nodal

n>=n

forces TGFE V' responsible for the coordinate systems
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0,x%,y,z, and Os;x3)32;, n=1, ..,N respectively.
According to the FEM [1] we define the following for-
mula: 8, =[7,']q; , where [7,'] is the rotations matrix [2],
M= T KT ], Pe =TT Fy. Taking into
account these relations, the total potential energy of the
I1, ThGFE V,, i. e. the partition of R,, is presented
in the form of

ul 1 a r a a a T a
Hb=;(5(qn) [ ]a ~(a5) Pnj- (10)
Functions of the displacements u o Voo W, ThGFE

V, on the large grid H, , using Lagrange polynomials are
presented in the form of

L)
u
u, =D Nody » v, =

no no
2 Nody » Wy =2 Nygg (1)
p=l1 p=1 p=1

where gy, gy, gy, N, are displacements and shape
function of the B node of grid H,, ny =nn,ny, in this
case ny, =112 (fig. 3).

To reduce the dimension of the functional (10) we use
functions (11). Let’s denote: 8, is the vector of nodal
displacements of a large grid H, . Expressing the nodal
displacements of vector q, TGFE V' through the nodal
displacement of vector 9, of the grid A, ThGFE V,, we
can see the equality

a; =] 47 ]3,, (12)

where [Afl’] is a rectangular matrix, n=1, ..., N .
Using (12) in (10) and minimizing functional II, in
displacement of 9,, we obtain the ratio for the ThGFE

V, [K,18, =F, that corresponds to its equilibrium state,
where

N N
(K, 1= D (AT [MENADY, By =D (AT P . (13)

n=1

n=

The matrix [K,] will be called the stiffness matrix,
F, is the vector of nodal forces ThGFE V,. Note that the
large grid H, determines the dimension of the ThGFE V,
which is less than the partition dimension R, consisting
of the TGFE V.

Note 5. By virtue of (12) the dimension of the vector
6, (i. e. the dimension of the ThGFE V,) does not
depend on the total number of TGFE ¥, components of
ThGFE. This means that the splitting of a ThGFE V), into
a TGFE V,' and, consequently, into single-grid FE V,

(see § 2) can be arbitrarily small, which allows to describe
with arbitrarily small error the three-dimensional stress
state in the ThGFE taking into account its inhomogeneous
structure.
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Note 6. Note that the number of layers of TGFE may
be less than the number of layers of the shell. For exam-
ple, constructing six-layered ThGFE you can use a three-
layered TGFE (fig. 2) or two-layered TGFE. As calcula-
tions show, this leads to a decrease in time costs with
a minor change in the error of the solution.

In the formula (13), matrices [M?], P?, [4°] are
constructed taking into account the curvilinear form of
TGFE V! (see § 2), which geometrically represent the
area accurately, ThGFE V. Consequently, the matrices
[K,], F, are also determined taking into account the cur-
vilinear form of the ThGFE V.

The procedure of determining stresses in the ThGFE
V, is similar to the procedure for determining stresses
in the TGFE.

Using ThGFE, according to the procedure similar
to § 3, we construct four-grid FE, and the £ grid of FE,
k >4. Note that the & grid generate a discrete FE shell
model of lower dimension than the k—1 FE grid. The
described method can be used to calculate multilayer
shells with layers of different thicknesses.

Small enough partitions of composite shells are
presented as homogeneous MFE, which are designed
according to the procedures similar to § 1-3.

4. The results of numerical experiments. Consider
the problem of deformation of a four-layered elastic cy-
lindrical shell ¥, of a complex shape with length 2L .
The shell, clamped from two ends, is located in the Carte-
sian coordinate system Oxyz. When y=0; 2L, dis-
placement u =v=w=0. The radius of the shell on the
median surface R=2.0 m, the thickness of the shell
h=0.03 m, length 2L =12.0 m, i. e V|, is a thin shell
with large geometric dimensions. The left symmetrical
part of the shell is shown in fig. 4. Point 4 lies at the in-
tersection of the planes Oyz and y =L on the top surface
of the shell. Shell layers are isotropic homogeneous bod-
ies. The upper and lower layers have #4/12 thickness,
the inner 2 layers have 54/12. The Young’s modules of
4 layers (starting from the bottom) are equal to: 10, 3, 5,
20 GPA, respectively. Poisson’s ratio is 0.3. There is
a uniformly distributed tensile radial load ¢ =0.05 MPa
(fig. 4) on the outer surface of the shell 3L/4<y<L

with the opening angle o = /2, which is symmetrical to
the planes Oyz and y =L . In the area of the shell clamps
there are cutouts symmetrical to the plane Oyz, the
opening angle of each cut is equal to the n/2 length
is L/4 (fig. 4). As the shape, loading and fastening of
the shell are symmetrical to the planes Oyz and y=1L,
we use 1/4 of the shell in the calculations.

The basic discrete model R’ of the shell consists of a

curved homogeneous single grid FE of the 1st order V",

geometrically similar to FE V, (fig. 1). The model grid
2

n

R? has a dimension of m xm_ xm’ , where

32

mb =324n+1, m> =324n+1,

3 (14)
m, =12n+1, n=1, ..,10,

1

m) is the dimension of the circular coordinate; m’ — the
axis Oy, m,, —axis Oz . Characteristic sizes kg, , S, , kS,
FE V" are defined by the following formulas

he, =hgy /n, ki, =hy /n, 15)

he, =hi/n, n=1, ..,10,

where A, hy;, h are characteristic dimensions of FE
Ve1 of the Ist order corresponding to the discrete model
R, Wy =oR,, h{=L/324, hS{=h/12,
o, =n/324, R, is the radius of the lower cylindrical

surface FE V.

where

A

r

F

L/4

Fig. 4. Left symmetric part of the shell 7},

Puc. 4. JleBasg cuMMeTpHUYHAas 4acTh 000JI04KH V)

On base models R,? , n=1, ...,10 we construct multi-

grid discrete models R, of shell ¥}, consisting of La-

grangian shell ThGFE with sizes 81k;, x814;, x h where

yn

h=12nh;,. For all basic discrete models, ThGFE have
a fixed size coordinate z which is equal to the thickness
of the shell 4. ThGFE are constructed on the procedure

shown in § 3 and consist of Lagrangian TGFE with

. . e
dimensions 9/, x9h,,

xh, according to the procedure

shown in § 2.

The ThGFE uses Lagrange polynomials defined by
the formulas (5), which have the third order of the poly-
nomial by coordinates x, y, and the forth order by coordi-
nate z , which corresponds to the number of layers in the
thickness of the shell. As shown by numerical calcula-
tions, if the nodes of large grids /, and H, of two-grid

and three-grid FE lie on the common boundaries of multi-

modulus layers, discrete models R, provide even and fast

convergence of a sequence of finite element solutions.
The results of the calculations for discrete models R,

are given in tab. 1, where we see: w,, G, are maximum
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radial displacement and equivalent stress for the model
R,, n=6, ..,10. We can find the stress ¢, with the 4th

n
strength theory. As you know, using the maximum
equivalent stress the factors of safety of structures are
determined. We find the values §_, (%), 3,,,(%) with the

w,n(
formulas
6(5,n(%) =100 % - | Op =0y | /Gn’

8, (%) =100 % -|w, —w, ; |/w,, n=2,..,10.
(%) (tab. 1)

shows rapid convergence of the equivalent stresses o,

The nature of changes in values §_ (%), &

w,n( o,n

and displacements w, . Since the values for the model
Ry, are small, §,,,=0.00116179, &, =0.00719947 it can
be considered from the point of view of engineering prac-
tice that the displacement of w;, =30.289362 mm and
6,0 =31.371908 MPa are made with low error, i. ., Wy,

o), are little different from the exact (see § 5).

The dimension of the underlying discrete model Rloo
is 3722110998 (more than 3.7 billion), the width of the
tape of the system equations (SE) FEM is 1176610 (over
1.1 million). Multigrid model R, has 203090 nodal
unknowns, the width of the tape SE FEM is equal
to 5445. Application of the FEM for the multigrid model
R, requires 3960366 (approximately 3.96 million) less
times than the amount of computer memory of the base
model R, .

5. The study of the convergence of approximate
solutions. To study the convergence of approximate solu-

(test) problem with known exact solution #, is solved.

Suppose that ||uy;—u, || —0 when & — 0, where u,

is the solution of the test problem, constructed with the
help of a family of new MFE, 7 is the characteristic size
of MFE. Then we consider that the solutions constructed
with the help of a family of new MFE and for the initial
problem converge in the limit (2 — 0) to the exact one.
We consider the deformation of a 4-layer cylindrical
shell V] as a test problem, which is located in the Carte-

sian coordinate system Oxyz , to have the same geometric
dimensions, fastening conditions and elastic modules
as the shell ¥, in § 4. However, the shell /] has no cut-
outs. When 3L/4<y<5L/4 the radial tensile uniform
load of p=0.1 MPa acts on the outer surface of the
shell 7}, i. e. axisymmetric three-dimensional stress state
is realized in the shell V] [1].

As you know [1], the sequence of approximate solu-
tions of the axisymmetric problem, constructed by MFE
with the use of standard FE, which are homogeneous
rings with a rectangular cross-section, in the limit (when
h, — 0 &, is the characteristic size of the standard FE)

converge to the exact solution. Calculations are carried
out for discrete models Q,, n=1, ...,14, shell V;. The

results of calculations are given in tab. 2 for models Q,
0

n

where, n=7, ...,14, w,?, o, are the deflection and

equivalent voltage at the point A (fig. 4), dimensions
of models O, are given in the plane Oyz. The parameters

of 83,»,, (%), Sg,n (%) are determined by the formulas

tions constructed using the new MFE, we use the follow- 0 0_ .0 0
. . . ’ o 3., (%) =100 % - - /
ing numerical method, the brief essence of which is W’”( 0) o[ Wy =Wy [/ (16)
shown below. With the kind of new MFE that are used in 8 (%)=100 % -|c" —c" /), n=2, ..,14.
the solution of the original problem (see § 4), the similar ’
Table 1
Displacements w, and equivalent stresses o, for models R,
R, Rs R, Ry Ry Ry
w, 30.032632 30.136577 30.205840 30.254172 30.289362
5W,n (%) 0.550568 0.344913 0.229303 0.159753 0.116179
c, 30.074687 30.544130 30.881125 31.146047 31.371908
1) ,n (%) 2.374768 1.536934 1.091265 0.850580 0.719947
Table 2
Displacements w,? and equivalent stresses 02 for models O,
N Dimensions of models WS 10°, 53,),, (%) Gg , MPa 82,n (%)
7 2269 %43 2.24419205 0.0001359 21.9642981 0.0006719
8 2593x49 2.24419400 0.0000868 21.9641839 0.0005199
9 2917 %55 2.24419529 0.0000574 21.9640928 0.0004147
10 3241x61 2.24419632 0.0000458 21.9640199 0.0003319
11 3565 %67 2.24419706 0.0000329 21,.9639594 0.0002754
12 3889x73 2.24419754 0.0000213 21.9639074 0.0002367
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End of table 2
N Dimensions of models wl10°, M 85, (%) o), MPa 89 (%)
13 4213x79 2.24419797 0.0000147 21.9638637 0.0001989
14 4537 %85 2.24419832 0.0000155 21.9638261 0.0001711

Table 3
Displacements w” and stresses c” for models R,

n wl10°, m &% (%) c?, MPa 87 (%)
7 2.24416383 0.0001038 21.9641016 0.0060703
8 2.24416590 0.0000922 21.9649716 0.0039608
9 2.24416869 0.0001243 21.9655875 0.0028039
10 2.24417150 0.0002810 21.9660517 0.0021132
11 2.24417898 0.0003333 21.9664194 0.0016739
12 2.24418121 0.0000993 21.9667143 0.0013424
13 2.24418263 0.0000632 21.9669569 0.0011043
14 2.24418427 0.0000730 21.9671598 0.0009236

0

w,n

The nature of the values change of & (%), 62,,, (%)

shows the rapid convergence of stresses 02 and displace-
ments w to the exact solution w,, o, of the axisymmet-
ric problem [1]. As the sizes, 8&14 =0.000000155
Sg’, 4+ =0.000001711 are sufficiently small, the displace-
ment of w, =2.24419832-10° m and the equivalent

stress o\, = =21.9638261 MPa can be considered as the

. . . .0 0
exact solution, i. e. we believe wy, =wy, , 6, =GC},.

We consider the solution of this axisymmetric MFE
problem with the use of FE, which were used in solving
the problem in § 4. We construct approximate solutions of
the axisymmetric problem using the laws of grinding (14),
(15) of basic partitions. The results of calculations are

given in the tab. 3, where, w?”

n o

o’ is the deflection and
equivalent stress at the point A for a multigrid discrete
R 2 85’,n %) >

model R,

n=7,..,14. The parameters
87 ,(%) are determined by formulas similar to formulas
(16). The nature of the change in values 3, (%),

87 ,(%) demonstrates the rapid convergence of stresses

o and displacements w” to the limit values w/,
ol . The errors for displacement wf, and stress
P

ol 8, (%) =100 % | wiy —wh | /wy, 8,(%) =100 % x

x| 0?4 -oly |/ 0?4 , respectively, are equal to 0.00062828 %
0.0151749 %. In tab. 2, 3 values w),, o',, wh, c’,, are

marked in bold. From the point of view of engineering
practice, because of the smallness of the values &,,(%),

8,(%) , we can assume that w)' =w,, o} =o,. Then we
can conclude that the proposed ThGFE generate solutions

o?

no

w? that in the limit (at #n — o ) tend (from the point
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of view of engineering practice) to the exact solution of
the axisymmetric problem.
The shell ¥V, considered in § 4 differs from the shell

V, considered in § 5 by the presence of cutouts and the

method of applying the load, with full coincidence of the
dimensions, boundary conditions and physical character-
istics of the shells. In addition, when constructing
sequences of approximate solutions for the initial and test
problems, the same family of proposed ThGFE is used.
Therefore, it can be assumed that the proposed shell
ThGFE, which provide uniform convergence of approxi-
mate solutions for the test problem (for the shell V), gen-

erate solutions w,, o, that in the limit (at n — o0 ) will

converge (from the point of view of engineering practice)
to the exact values of displacement and equivalent stress
for the original problem (for the shell V), see § 4.

Conclusion. In this work we propose a numerical
method of calculation of multilayered linear elastic cylin-
drical thin and medium-thickness shells with the use of
curvilinear Lagrangian shell type MFE. Application of the
MFE for multigrid discrete shell models requires much
less computer memory than the base models, which
allows to construct solutions with a small error and
can explore SSS of shells of large geometric dimensions.
The above calculations show the high efficiency of the
proposed curvilinear Lagrangian shell MFE in the analy-
sis of three-dimensional SSS multilayer shells.
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ABOUT NON-PARAMETRIC IDENTIFICATION OF 7-PROCESSES
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This paper is devoted to the construction of a new class of models under incomplete information. We are talking
about multidimensional inertia-free objects for the case when the components of the output vector are stochastically
dependent, and the character of this dependence is unknown a priori. The study of a multidimensional object inevitably
leads to a system of implicit dependencies of the output variables of the object from the input variables, but in this case
this dependence extends to some components of the output vector. The key issue in this situation is the definition of the
nature of this dependence for which the presence of a priori information is necessary to some extent. Taking into
account that the main purpose of the model of such objects is the prediction of output variables with known input, it is
necessary to solve a system of nonlinear implicit equations whose form is unknown at the initial stage of the identifica-
tion problem, but only that one or another output component depends on other variables which determine the state
of the object.

Thus, a rather nontrivial situation arises for the solution of a system of implicit nonlinear equations under condi-
tions when there are no usual equations. Consequently, the model of the object (and this is a main identification task)
cannot be constructed in the same way as is accepted in the existing theory of identification as a result of a lack of
a priori information. If it was possible to parametrize the system of nonlinear equations, then at a known input it would
be necessary to solve this system, since in this case it is known, once the parameterization step is overcome. The main
content of this article is the solution of the identification problem, in the presence of T-processes, and while the pa-
rametrization stage can not be overcome without additional a priori information about the process under investigation.

In this connection, the scheme for solving a system of non-linear equations (which are unknown) can be represented
in the form of some successive algorithmic chain. First, a vector of discrepancies is formed on the basis of the available
training sample including observations of all components of the input and output variables. And after that, the evalua-
tion of the output of the object with known values of the input variables is based on the Nadaraya-Watson estimates.
Thus, for given values of the input variables of the T-process, we can carry out a procedure of estimating the forecast
of the output variables.

Numerous computational experiments on the study of the proposed T-models have shown their rather high effi-
ciency. The article presents the results of computational experiments illustrating the effectiveness of the proposed tech-
nology of forecasting the values of output variables on the known input.

Keywords: discrete-continuous process, identification, T-models, T-processes.
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Paccmompeno nocmpoenue nogozo kiacca mooenell 8 YCiosusix HenoaHou ungopmayuu. Peus uoem o mHozomepnvix
Oe3bIHePYUOHHBIX 00bEKMax Osl CyYds, Ko2e0ad KOMHOHEHMbL GeKIMOpa GbIX0008 CHOXACTNUYECKU 3A6UCUMbL, NpUUeM
Xapaxmep 9mou 3a8UcCUMOCmU anpuopu HeuzeecmeH. Hcciedosanue MHOZOMEPHO20 00bEKMA HEU30EHCHO NPUBOOUM
K cucmeme HesIBHbIX 306UCUMOCTNEU GbIXOOHBIX NEPEMEHHbIX 00beKma Om BXOOHbIX, HO 8 OAHHOM Ciydae NnooobHas
3a6UCUMOCTb PACNPOCMPAHACMCS U HA HEKOMOpble KOMHOHEHMbL 8eKMOpa 6blx0008. Kniouesvim 6onpocom 6 0anHOU
cumyayuu sA61s1emcs onpeoeneHue Xapakmepa 3mou 3a6UCUMOCmU, OIS 4e2o U HeobX00uMo Harudue ¢ mou uiu UHou
cmeneHu anpuopHou uxgopmayuu. Yuumeigas, umo OCHOBHbIM HA3HAYEHUeM Mooenu No00OHO20 podd 0ObeKmos
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ABNAEMCA NPOSHO3 BLIXOOHLIX NEPEMEHHbIX NPU UBECHIHBIX BXOOHbLIX, HeOOX00UMO peuams CUCMEeMY HeNUHElHbIX
HEABHbIX YPAGHEHUl, 6UO0 KOMOPLIX HA HAYANLHOU CMaouu NOCMAHOBKU 3a0a4u UOEHMUDUKAYUU Heu38ecmeH,
a U3BeCMHO UL, YMO MA ULU UHASL KOMNOHEHMA 8bIX00A 3A8UCUN O OPY2UX NEPEMEHHbIX, ONPedensIOuUX COCosi-
Hue 0bveKkma.

Taxum 0bpazom, 803HUKAEM O0B0TbHO HEMPUBUATLHAS CUMYAYUS. PEUEHUs CUCIEMbl HEABHbIX HETUHEUHbIX YPas-
HeHUll 6 YCNIoBUAX, K020 COOCIMEEHHO camux ypasHeHul 6 0OviuHOM cmuiciie Hem. CredosamensHo, MoOenb 00veKma
(a sma ocnosnasa 3adava uoenmugurayuu) He moxcem ObimMb NOCMPOEHA MAK, KAK MO NPUHAMO 8 CYuecmeyloujel
meopuu uOeHMuPUKayuu 8 pe3yavmame HedOCMAmKa anpuopHoll ungopmayuu. Eciu 6vi modxcrno bvino napamempuso-
8amuv cucmemy HeIUHEHbIX YPASHEHUl, MO NPU U36eCMHOM 6X00e C1e008an0 Dbl pewums My CUCMeMy, NOCKOIbKY
OHa 8 OAHHOM CIyuae U3gecmua, pas sman napamempusayuu npeoooner. OCHOBHbLIM COOepICaHUueM Hacmosuell cma-
mbU AGNAEMCA peuleHue 3a0a4u uoeHmugurayuyu npu Haauduy T-npoyeccos u npu mom, ymo 3mMan napamempusayuu
He Modicem Obimb npeodoier be3 0ONOIHUMENbHOU ANPUOPHOU UHGOpMAayUU 00 ucciedyeMom npoyecce.

B smoii cea3u cxema peuwtenus cucmemvl HeIUHEUHbIX YPASHEHUL (KOMopbie Heu3secmubvl) mModxcem Ovimb npeo-
cmaenena 6 8ude HeKOmopoll Nocied08amenvHoll aneopummudeckol yenouky. CHauana HA OCHOBAHUU UMeOWelcs
obyuaroueli 8b100pKU, BKIOUAIOWEN HAOTIO0EHUs 8CeX KOMNOHEHM 8XOOHbIX U B8bIXOOHLIX NepeMeHHbIX, hopmupyemcs
6eKMOp HeBA30K. A yoce nocie dmoz20 OYeHka 6biX00d 00bLEKMAa NpU U36ECTNHLIX 3HAYEHUAX BXOOHbIX NEPEeMEHHbIX
cmpoumca Ha ocHosanuu oyenok Haoapas—Bamcona. Taxum o6pazom, npu 3a0aHHbIX 3HAYEHUAX 8XOOHLIX NepeMeH-
Huix T-npoyecca mbl MOdHCEM OCYUWECMEUms POYeoypy OYEHUBAHUS NPOSHO3A BbIXOOHBIX NEPEMEHHBIX.

Muozouucnennvie goruuciIumenvHyle IKCNEPUMEHMbL NO UCCIE008aHUI0 npednazaemuix T-wodeneii nokazanu 0oc-
MAmoyHoO 8bICOKYIO Ux dp@exmusrnocms. IIpueoodames pe3yrbmamol GLINUCIUMENLHBIX IKCHEPUMEHINOS, ULNI0CHPU-
pyIowux 3QpexmusHocnms npeonazaemMoll mexHoI02UY NPOSHO3A 3HAYEHUT BLIXOOHBIX NEPEMEHHbIX N0 U36ECHHbIM
6XOOHbIM.

Kniouegvie cnosa: ouckpemmno-nenpepulénwiii npoyecc, uoenmugpuxayus, T-modenu, T-npoyeccoi.

Introduction. In' numerous rpultidimensional real =1 . The main feature of this task of modeling is that
processes output variables are available to measure not

only at different time periods but also after a long time.
This leads to the fact that dynamic processes have to be  vector functions F,; (u,x,0), j= Ln , where a is a vector
considered as non-inertial with delay. For example, while
grinding the products time constant is 5-10 minutes, and
control of output variable, for example fineness of grind-
ing, is measured once in two hours. In this case investi-
gated process can be presented as non-inertial with delay.
If output variables of the object are somehow stochasti-
cally dependent, then we call such processes 7-processes.
Similar processes require special view on the problem of F. (u x) =0, j= in (1)
identification different from existing ones. The main thing I ’ ’
is that identification of such processes should be carried
out differently from the existing theory of identification.
We should pay special attention to the fact that the term
“process” is considered below not as processes of prob-
abilistic nature, such as stationary, Gaussian, Markov,
martingales, etc. [1]. Below we will focus on T-processes
actually occurring or developing over time. In particular
technological process, industrial, economic, the process of
person’s recovery (disease) and many others.
Identification of multidimensional stochastical proc-
esses is a topical issue for many technological industrial
processes of discrete-continuous nature [2]. The main
feature of these processes is that vector of output vari-

ables x=(x,,x,, ..,x,), cons'lstmg of n compone?nt is Fj(u(t—r), x(1), a(t)):()’ j=Tn, ?)
such that the components of this vector are stochastically

dependant unknown in advance way. We denote vector  yhere F, () is unknown, 7 is delay in different channels
of input component — u = (u,u,, ...,u,, ). This formula-

class of dependency F(-) is unknown. Parametric class of

of parameters, does not allow to use methods of paramet-
ric identification [3; 4] because class of functions accurate
to parameters cannot be defined in advance and well
known methods of identifications are not suitable in this
case [3; 4]. In this way the task of identification can be
seen as solving of non-linear equations:

relatively component vector x =(x,x,, ...,x, ) at known

values of u. In this case it is expediently to use methods
of nonparametric statistics [5; 6].

T-processes. Nowadays the role of identification of
non-inertial systems with delay is increasing [7; 8]. This
is explained by the fact that measurement of some of the
most important output variables of dynamic objects
is carried out through long periods of time, that exceeds
a constant of time of the object [9; 10].

The main feature of identification of multidimensional
object is that investigating process is defined with the
help of the system of implicit stochastic equations:

of multidimensional system. Further t is omitted for sim-
tion of the problem leads to the fact that the mathematical  plicity.

description of the object is represented as some analogue In general investigated multidimensional system
of the implicit functions of the form F; (u,x) =0, implementing 7-processes can be presented in fig. 1.
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Fig. 1. Multidimensional objects

Puc. 1. MHOTOMEpHBIIT 00BEKT

In fig. 1 the following designations are accepted: u =
= (u. .

x=(x, ...

,um) — m-dimensional vector of input variables,

.X,)
Through various channels of investigated process depend-
ence of j component of vector u can be presented as de-

— n-dimensional vector of output variables.

pendence on components of vector u: x*/” = f; (u</ >),

j=Ln.

Every j channel depends on several components of

vector u, for example u=>~ = (u,u3,uq ), where u™ isa

compound vector. When building models of real techno-
logical and industrial processes (complexes) often vectors
x and u are used as compound vectors. Compound vector
is a vector composed from several components of the
<j>

vector, for example u*/> =(x,,Xs,%;,%) or another set

of components. In this case, the system of equations will
be F, ( <> <’>) 0, j=Ln.

T-models. The processes, which have output variables
that have unknown stochastic relationships, were called
T-processes, and their models were called 7-models. Ana-
lyzing the above information it is easy to see, that descrip-
tion of the process in fig. 1 can be accepted as a system of
implicit functions:

Fj<u<j>, <j>) 0, ]—ll’l

(€)

where u~/”,x*/> are compound vectors. The main fea-

ture of modeling of such a process under nonparametric

uncertainty is  the fact that functions (3)
F; (u<-i>,x<'j>)=0, j=1n are unknown. Obviously the

system of models can be presented as following:
Fy (w77 5,8, ) =0, j=1n, )
are temporary vectors (data received
X)) =
X ) >

j= I,_n are unknown. In the

where X, i,
by s time moment), in particular X =(x, ...
= (X1, X125 weos

but even in this case F ()

Xigs s X015 X005 ey Xogy voes X5 Xp2s oo

theory of identification such problems are not solved and
are not set. Usually parametric structure is chosen (3),
unfortunately it is difficult to fulfill because of lack
of apriori information. Long time is required to define
parametric structure, that is the model is represented as:

Fj (u<./>’x<./>’a) =0, j :1,_”,

)
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where o is a vector of parameters. Then follows the
evaluation of parameters according to the elements of

training sample u,,x;, i = 1,s and solution of the system

P2V
of nonlinear interrelated relations (5). Success in building
a model will depend on qualitative parametrization of the
system (5).

Further we will consider the problem of building
T-models under nonparametric uncertainty, when the sys-
tem (5) is unknown up to the parameters.

Let the input of the object receive the input variables
values, which, of course, are measured. Availability of

X, U;

training sample x,,u,, i=1,s is necessary. In this case
evaluation of vector components of output variables x
at known values of u, as noted above, leads to the need to
solve the system of equations (4). If dependence of output
component from vector components of input variables
is unknown, then it is natural to use the methods of non-
parametric evaluation [5; 11].

At a given value of the vector of input variables
u=u', it is necessary to solve the system (4) with respect
to the vector of output variables x. General scheme of
solution of such a system:

1. First a discrepancy is calculated by the formula:

), j=Ln

=F, , X,

& J

(u<j>’x<j> (l)

(6)

where we take F (u<] 7 x (i),)?s,zis) as nonparametric

evaluation of regression of Nadaraya—Watson [10]:

(“<j>’x./ (’)) =

CSlt
<n> : ’ (7)
S u, —u,[i
S|
i=1 k=1 suk

where j=1,n, ,<m> is dimension of a compound vec-

<

tor u,, <m> m , further this designation is also used

w, —uy [d]

csuk

for other variables. Bell-shaped functions @

and parameter of fuzziness c, satisfy several conditions

of convergence and have the following features:
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D(+) < oo; c;! J‘ qD(C;I (u—u; ))du =1

Q(u)

(c;l (u—u,-)) =8(u—u;), lim_,, c

lim

. 1 _
lim, c © =0,

§—>0 SCS =0.
2. Next step is conditional expected value:
xj=M{x|u<f>,s=o}, j=ln. (8)

We take nonparametric evaluation of regression

<m>

(0]
Il
8k2 [l]

‘D(C

S€

S

2,1l
i=1

of Nadaraya—Watson as an estimate (8) [10]:
Hq{ukl —uy, [i]J &y, [7]
k=1 Cou se

X.
Uy — Uy [Z]
CSI/I

J
where bell-shaped functions CD() are taken as triangular

, j=Ln, (9)

s <n>

2]

i=1 k=1

<m>

[1

ky=1

core:

d

b b
J_ CSM CSM
|u —u [i]|
kU
[ R |

5 = 1.

|uk] —uy, [i]| |uk] —uy, [i]| o
uy, —uy [1]

csu

|

Carrying out this procedure we obtain the value of
output variables x under input influences on the object
u=u', this is the main purpose of a required model,
which further can be used in different management sys-
tems [8], including organizational one [12].

Computational experiment. For computational
experiment a simple object with five input variables

u = (uy,uy,u5,u,,us ) taking random values in the interval

CS u

0,|8“[ﬂ|21.

&, []

CSS

CSS

u [0, 3] and with three output variables x = (x;,x,,x;)

where x; €[-2; 11], x, €[-1; 8], x ;e[-1; 8] was cho-
sen. We will develop a sample of input and output vari-
ables based on a system of equations:

X, —2u; +1.5\Ju, —u52 —0.3x; =0;
Xy —1.5u, — 0.3 Jus —0.6-0.3x, = 0;
Xy =21y +0.9\Juy —4us —6.6+0.5x, —0.6x, =0

(10)

As a result we get a sample of measurements i, X,

where i ,X; are temporary vectors. It should be noted

that the process described by the system (10) is only nec-
essary to obtain training samples, there is no other infor-
mation about the process under investigation. Dealing
with a real object, a training sample is formed as a result
of measurements which are carried out with available
control measures. In the case of stochastic dependence
between output variables, the process is naturally
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described, for example, by the following system of
equations:

A

F, (xl,x3,u1,u2,u5)=0;

(11)

Foo (%2, uy,u5) = 0;
F, (xl,xz,x3,u2,u3,u5)=0.

The system of equations (11) is a dependence, unlike
the system (10), known from the available a priori
information.

Having got a sample of observation, we can proceed
to a studied problem, which is finding the forecast values
of output variables x at known input u. First, discrepan-
cies are calculated (7) using the technique described ear-
lier. We introduce discrepancies as a system:

(1) = A (x] xduf g );
N (l) = ﬁ} (xf,xé,xé,ué,ué,ué

(12)

N_ Ao
82(1)—F2(x1,x2,u4,u5

where €;,J= 1,3 are discrepancies, whose corresponding

components of an output vector cannot can’t be derived
from the parametric equations.

The forecast for the system (11) is carried out
according to the formula (9) for each output component of
the object.

First, we present the results of a computational ex-
periment without interference. In this case, values of input
variables of the newly generated input variables (not
included in the training sample) go to the input of the
object. A configurable parameter will be a parameter
of fuzziness c,, which in this case, we take equal 0.4 (the

value was determined as a result of numerous experiments
to reduce the quadratic error between model and object
output [13; 14]) the parameter of fuzziness will be taken
the same when calculating in the formulas (7) and (9),
sample size is s =500. Let’s give graphs for object out-
puts by components x;, x, and x;.

In fig. 2, 3 and 4 the output values of the variables are
marked with a “point”, and the output value of the model
are marked with a “cross”. The figures demonstrate the
comparison of the true values of the test sample of the
output vector components and their forecasted values ob-
tained by using the algorithm (6)—(9).

We will conduct the results of another computational
experiment, in this case, interference & is imposed on

values of the vector x components of the object output.
The conditions of the experiment: sample size is s =500,
interference acting on the output vector components of an
object is £=5 % , parameter of fuzziness is ¢, =0.4
(fig. 5-7).

The conducted computational experiments confirmed
the effectiveness of the proposed 7-models, which are
presented not as generally accepted in the theory of model
identification, but as some method of forecasting the
output variables of the object at the known input u =u".
It should be noted that in this case we do not have
a model in the sense generally accepted in the theory of
identification [15].
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Puc. 2. [Iporuo3 BEIX0IHOH epeMeHHO#T x| TIpu OTCYTCTBHH oMmeX. Ommobka 6= 0,71
Output value . Model Object
. He—————— ————
bt » X * );C
- - - -
. . X X X ¥ X
* * ?f 4
N 4 * F 1 - i * i
" —
“o 10 w -
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Fig. 5. Forecast of the output variable x; with interference 5 %. Error & =0.77

Puc. 5. [Iporuo3 BEIXOIHOM IIEpeMEHHOH x| ¢ omexoi 5 %. Ommobka 6 =10,77
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Fig. 7. Forecast of the output variable x5 with interference 5 %. Error & =0.77
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Conclusion. The problem of identification of non-
inertial multidimensional objects with delay in unknown
stochastic relations of the output vector components is
considered. Here a number of features arise, which mean
that the identification problem is considered under condi-
tions of nonparametric uncertainty and, as a consequence,
cannot be represented up to a set of parameters. On the
basis of available a priori hypotheses the system of equa-
tions describing the process with the help of compound
vectors x and u is formulated. Nevertheless functions

F(-) remain unknown. The article describes the method

of calculating the output variables of the object at the
known input, which allows them to be used in computer
systems for various purposes. Above some particular re-
sults of computational studies are given.

The conducted computational experiments showed
a sufficiently high efficiency of 7-modeling. At the same
time, not only the issues related to the introduction of
interference of different levels, different sizes of training
samples, but also objects of different dimensions were
studied.
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MODAL FILTER SIMULATION WITH LOSSES
R. R. Khazhibekov', A. M. Zabolotsky, T. R. Gazizov
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Protection of spacecraft on-board equipment against electromagnetic interferences is an actual problem. Much
attention is paid to the susceptibility to the excitation of powerful ultra short impulses (nanosecond and subnanosecond
impulses). The use of known protection devices to solve this problem is hampered by a number of conflicting require-
ments. For example, low mass, high reliability, long life. In addition, ultrashort pulses are able to penetrate into various
radio-electronic equipment by passing the instrument shields. Protection potential using the devices based on modal
filtering is well known. To simulate these devices, rigorous electro-dynamic approach is applied, which requires high
computational costs. Approximate quasi-static approach allows to significantly reduce computational costs. The quasi-
static simulation was used in this paper, loss record in conductors was realized by means of exact calculation of the
matrix of per-unit-length resistances through a change in the matrix of the per-unit-length coefficients of electromag-
netic induction when scaling the cross section of conductors. The effect of losses on the shape and amplitude of the
pulses at the output of the modal filter is shown. A comparison of simulation results with electrodynamic and quasi-
static approaches taking into account losses is presented. Good consistency is obtained. Quasi-static simulation with
losses took much less time than the electrodynamic simulation. Analysis of the results suggests that software-based
approaches can be used for modal filter simulation.

Keywords: microstrip line, linear delay, wave impedance, modal filtering, quasi-static simulation, protection device.
Cubnpckuii xxypHan Hayku u TexHomormid. 2018. T. 19, Ne 1. C. 4448
MOJAEJUPOBAHUE MOJAJIBHOI'O ®UJIBTPA C YYETOM IIOTEPH
P. P. Xaxu6exos , A. M. 3a6omnouxuii, T. P. ['a3u3oB

ToMcKkuii TOCYyIapCTBEHHBI YHUBEPCUTET CHCTEM YIIPABICHUS U PaIHOIICKTPOHUKH
Poccutickas ®enepamnms, 634050, r. Tomck, mpocm. Jlennna, 40
"E-mail: r300994@mail.ru

3awuma 60pmosoil annapamypsl KOCMUYECK020 annapama om 1eKmMpOMASHUIMHBIX ROMeX S6/ISLeMCsl AKIYAbHOL
npobaemoil. Borvuoe eHumanue yoensemesi 0CHPUUMUUBOCU K 8030CUCMBUIO MOWHBIX CEEPXKOPOMKUX UMNYIBCO8
(UMRYIbCOB HAHOCEKYHOHO20 U CYOHAHOCEKYHOHO20 OUana3onog). Mcnonb306amue uzeecmuvix YCmpoucms 3auumaol 0Jisi
peutenus OaHHOU 3a0auu 3ampyOHEeHO PIO0OM NPOMUGOPEHUBLIX MPeDOSAHUL, HAnpuMep, MALOU MACChl, GblCOKOI
HAOENHCHOCMU, ONUMENbHO20 CPOKA AKMUBHO20 Cyuecmeosanus. Kpome moeo, ceepxkopomkue UMnYibCbl CHOCOOHb
NPOHUKAMb 6 PA3IUNHYIO PAOUOINEKMPOHHYIO Annapamypy, MUHysi 3Kpamvel npubopos. Hzeecmua 803MOICHOCHb
3auumsl ¢ NOMOWbIO YCMPOUCME, OCHOBAHHBIX HA UCNONIb308AHUU MOOATLHOU uasbmpayui. Jlis MOOeTUposanust Makux
VCMPOUCME NPUMEHSION CMPO2ULl IeKMPOOUHAMUYECKULL ROOX00, KOMOpbvlil mpebyem 6GONbUUX GblUUCTUMETbHBIX
sampam. Tpubnudicennvlil K6AzUCMAMu4eckul N00X00 NO380IAEM SHAYUMEbHO YMEHbUWUMb SbIYUCTUMENbHbIE 3AmpPa-
mol. Ucnonvzosan yuem nomeps 8 npogooHUKAX NPU K8A3UCMAMUHECKOM MOOCIUPOBAHUL, PEATUSO8ANNBLIL C NOMOUbLIO
MOUHO20 BLIMUCACHUS MAMPUYBL RO2OHHBIX CONPOTNUBTICHULL Yepe3 USMEHeHUe MAmpuybl NO2OHHBIX KOIDDuUYyLeHmos
INLEKMPOMASHUMHOU UHOYKYUU NPU MACUMAOUPOSAHUU NONEPEUHO20 CeyueHus. npoeoonuxkos. ITlokazano enusnue no-
mepb HA POpMY U AMRAUMYOY UMNYILCO8 HA 8bIX00E MOOAIbHO20 purebmpa. TIpedcmaesneno cpasnenue pe3yipmamos
MOOCTUPOBAHUS INEKMPOOUHAMUYECKUM U KEAZUCIAMUYECKUM No0X00amu ¢ yuemom nomeps. [lonyuena xopowas
coenacogannocmo. Keasucmamuueckoe mooenupoganue 3aHsL0 3HAYUMETbHO MEHbUE 6PEMEHU, YeM INEKMPOOUHAMU-
yeckoe. AHanu3 pe3ynbmamos noKasal, Ymo npoSpamMmHO-peaiu308anHble NOOX00bl MOICHO UCNOLb308AMb OISl MOOe-
AUPOBAHUSL MOOATLHO20 PUILMPA.

Knrouesvie cnosa: MUKPONOJIOCKOBAA IURUA, NOCOHHAA 361()6[79!6‘}((1, 60JIHOB0€ conpomuejierHue, MOOanvbHas qbwzbmpa—
yus, Kkeasucmamudeckoe MO@B]ZMPO(%ZHMQ, ycmpoﬁcmeo 3aujumeol.
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Introduction. As long-term practice of start and
maintenance of the spacecrafts (SC) showed, reliability of
the elements, devices of airborne computers and control
modules functioning is one of the key factors defining
success of the mission in general. Reliability assurance in
special conditions of harmful space factors impact is con-
nected with specific difficulties. One of such factors
is interfering super short impulse (ISI). Its dangers are
extensively researched [1-5]. However, the increase
in SC effective performance period (up to 15 years) leads
to considerable degradation of the used materials’ proper-
ties and also makes it problematic to predict the new ma-
terials’ properties mutation in the future SCs. This will
inevitably create conditions for harmful effects of ISI,
causing improvements of protection against it. The use of
the known protection devices is complicated by a number
of contradictory requirements, for example, protection of
a bigger number of circuits, law mass of the safety device,
ability to function effectively for 15 years in space. There-
fore creation of new elements and protection devices of
airborne computers and control modules from SIS proves
to be relevant. Protection against short impulses based on
modal filtering [6—11] is suggested. The physical princi-
ple of such protection is based on the effect of splitting of
interfering impulse in the segment of line into modes,
each of which extends with the time delay. In case of un-
homogeneous dielectric filling in the cross-section of the
connected line segment, the difference of these time
delays can exceed duration of interfering impulse, so that
one impulse given between the active and reference con-
ductors at the beginning of the segment will split into two
impulses at the end of the segment.

Often for the analysis of strip structures quasi static
simulation is used. For exact simulation of such structures
it is necessary to consider losses both in conductors, and
in dielectrics. Meanwhile, accurate loss record is espe-
cially important in certain cases. Thus, in modal filters
(MF) output amplitude depends on losses.

The purpose of this paper is to compare results of
quasi static and electro-dynamic simulations of MF taking
into account loss record.

Calculation of resistance per-unit-length matrix.
The algorithm of Calculation of resistance per unit length
matrix of N-wire transmission line in which (N + 1) refer-
ence conductor, in quasi static simulation environment
TALGAT [12] looks as follows [13]:

1. Input of conductor parameters: p — conductor spe-
cific resistance, i — magnetic conductivity.

2. Input of frequency.

3. Input of the initial geometrical parameters.

4. Calculation of value of conductor boundaries exten-
sion On (value 0.1 from the lowest parameter is used by
default).

5. Calculation of the conductor’s surface resistance us-
ing formula

Ry =/ up. (1

6. Geometrical modeling of cross-section structure
under initial parameters.

7. Calculation of per-unit-length initial matrix coeffi-
cients of electromagnetic induction L1.
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8. Extension of all boundaries of cross-section of the
reference conductor on An.

9. Calculation of inductance matrix L2 for the changed
structure.

10. Calculation of AL; ;= L2, — L1,

11. Calculation of non-diagonal matrix elements R;
using formula:

[—ALLk

An

RS

Jj#k Lo

2

Jik

], Om/m.

12. Extension of all boundaries of the cross-section
of the 1st from & conductors.

13. Calculation of L2;,.

14. Calculation of AL; = L1; — L2

15. Calculation of diagonal components of the matrix
R; using formula:

Vi
An

j, Om/m. 3)

16. Serial repetition of points 12—15 for each of the
remained conductors, successively expanding boundaries
of this conductor.

The calculation algorithm of matrix R has been
implemented. In cases where it is required to calculate L
matrix, functions of the TALGAT system are used. In the
algorithm extension of conductor boundaries by value An
is applied. It is realized programmatically. The user value
An is set for this purpose, or default value An equal to 0.1
from the lowest parameter of structure is used. For calcu-
lation of default value of boundary with the lowest length
whose value is equated to value of the lowest parameter
is found.

In order to expend the conductor i, where i = 1,2, ..., N,
N — number of conductors multi-wire transmission line,
applying scaling against the centre of the conductor,
which transforms conductor coordinates pi; pas; -..; Pais
where M — the number of conductor angles i, into coordi-
nates pi;; p2i; -..; pni’ S0 to obtain the conductor, in-
creased by An from all sides. For this purpose scaling
coefficients are calculated:

[’ +2An
v = 1 T

1 1

IV +2An
=~ 4)

[ — the width and thickness of conductor i.

X
where [, [;

Further conductor center coordinates are calculated p.;
and transformation matrix is built:

£ 0 0
0 1 0,
po (=) pl.a=f") 1

where pl; and p; — components x and y coordinate p.,.

)

Transformation matrix can be applied in the following way:
P;‘C,i, = fz"xp}(,i + pf,i (1 -5 );

ph =Pt pl (1 -1 )»
where j = 1, 2, ..., M. For the conductor boundaries
extension transformation matrix should be applied (2)
to every conductor angle. Extension of the infinite earth is
done via displacement of all structure boundaries towards
the line of the infinite earth on An.

(6)
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Simulation. The approaches described above are
software realised and built-in in the TALGAT system.
However, the use of this program for quasi-static simula-
tion of real strip structures and comparing the received
results with the results of electro-dynamic simulation was
not shown earlier. For simulation MF structure, researched
in [14], will be used.

Quasi-static simulation is executed in TALGAT system,
electro-dynamic — in CST MWS [15]. The cross-section
and the diagram of MF switch are provided in fig. 1,
where width and thickness of conductors w = 500 micron
and ¢ = 85 micron; conductor spacing — s = 200, distance

;W s W d
O a

between edge of the conductor and dielectric edge
d = 1000 micron, substrate thickness # = 400 micron,
FR-4 substrate material, line length / = 2.5. MF contains
three copper conductors: A — the active, O — reference and
p — passive. The impulse oscillator is connected to the
active conductor with the following parameters: ampli-
tude — 10 V and duration of peak z;, = 100 picoseconds,
duration of the front and recession of ¢, = tr = 100 pico-
seconds. Resistance values are Ry = R, = Ry = R, =
= 100 Ohms. Results of simulation taking into account
losses and dispersion are provided in fig. 2.

|—® Rin V3

R2

H 1+

Line MF

Fig. 1. MF cross-section (@) and connection scheme (b)

Puc. 1. INonepeunoe ceuenue (a) u cxema Britouenust (b) MO

0.4 06 0.8 1

Fig. 2. Voltage waveforms obtained in CST MWS (a) and TALGAT (b)

Puc. 2. ®opmsl Hanpsbkenns, nomydenHsie B CST MWS (a) u TALGAT (6)
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Comparative results of amplitudes and impulses time delays ravle
Parameter CST TALGAT (CST - TALGAT)/(CST + TALGAT), %
Amplitude of 1st impulse /3, B 1.1 0.88 11
Amplitude of 2nd impulse V'3, B 0.73 0.71 1.4
Amplitude of 1st impulse V4, B -1.1 —0.88 11
Amplitude of 2nd impulse V'3, B 0.73 0.71 1.4
Time delay of 1st impulse in nodes V'3 and V4, ps 11.6 12.2 2.5
Time delay of 2nd impulse in nodes V'3 u V4, ps 14.9 15 0.3

The results proved that with reference to losses in
conductors and dielectrics, wavefront time and impulse
drop on the MF output increase. Thus the voltage ampli-
tude of output impulses (73) is much less than a half of
amplitude of an input impulse (/'1). Impulse amplitude of
the even mode appeared to be less than impulse amplitude
of the odd mode. This results from the fact that currents of
the even mode extend mostly in dielectric, while currents
of the odd mode — in the air. Fig. 2 shows that voltage
waveforms, calculated in TALGAT and CST MWS, coin-
cide. Values of amplitudes and time delays of impulses
are given in the table.

Conclusion. Simulation results showed that the
maximum deviation under impulses delays makes 2.5 %
under amplitudes — 11 %. It proves consistency of results
received by means of the approaches described in the
present paper. Besides. calculation time in TALGAT was
about 1 h, in CST MWS — about 50 h. Therefore. the soft-
ware realized approaches can be used for MF simulation.
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THE INFLUENCE OF THE COMBINED PROPULSION SYSTEM PARAMETERS
ON THE INTEGRAL DOSE OF RADIATION WHEN PUTTING A SPACECRAFT INTO
A GEOSTATIONARY ORBIT

V. L. Birukov', V. P. Nazarov?', A. V. Kurguzov'

'Moscow Aviation Institute (National Research University)
4, Volokolamskoe highway, A-80, I'CII-3, Moscow, 125993, Russian Federation
“Reshetnev Siberian State University of Science and Technology
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At present to transfer a spacecraft from a low earth to geostationary orbits propulsion systems of two types are most
widely used: chemical and electric. Each type has its advantages and disadvantages. The application of any one of them
does not always satisfy conflicting requirements. A possible solution may be the use of a combined propulsion system
consisting of a chemical and electric propulsion system. This combination allows the spacecraft to be launched faster
than using only electric motors, and it is more efficient in terms of the payload mass than using only a chemical propul-
sion system. Electric propulsion engines (plasma or ionic) need energy sources. Usually, solar batteries are used
for these purposes. The idea of using such a combined propulsion system, consisting of a solar electric propulsion sys-
tem and the Fregat upper stage, was considered within the “Dvina TM” research project. The use of such a propulsion
system requires, even at the design stage, to determine the parameters of the various types of engines that make up its
structure. For a reasonable choice it is necessary to have information about the influence of the various propulsion
system parameters on the final characteristics of the maneuver.

When putting a spacecraft into orbit, it is necessary for the spacecraft to overcome Van Allen belts while the ele-
ments of its design are subjected to intensive action of charged particles, which can significantly limit the period of ac-
tive existence. Using a combined propulsion system, it is possible to shorten the time of being in a field of high radiation
level significantly.

The aim of the study was to synthesize a method for estimating the effect of the combined propulsion system parame-
ters on the integral dose of radiation accumulated during the maneuver, when putting a spacecraft into a geostationary
orbit. Different variations of the combined propulsion system application (thrust variations) allow to optimize the
maneuver of the spacecraft and to reduce the integral dose of radiation.

As a result of the work, a method was proposed to evaluate the influence of the parameters of the combined propul-
sion system taking into account the passage of the Earth radiation belts, the program was implemented, calculations
were made and the results were analyzed.

Keywords: combined propulsion system, electric propulsion system, the Earth’s radiation belt.
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BJIMSIHUE SHEPTETUYECKHUX XAPAKTEPUCTHK KOMBUHUPOBAHHOM
JABUT'ATEJIBHOU YCTAHOBKHN HA HHTET'PAJIBHYIO J103Y PAJIMALINN
ITPU BBIBOJE KOCMHNYECKOI'O AITITIAPATA HA TEOCTAIIMOHAPHYIO OPBUTY

B. 1. Buprokos', B. I1. Hazapos®’, A. B. Kyprysos'

"MockoBckuii ABUAIIMOHHBIN WHCTHUTYT (HAMOHAIBHBIA UCCIIETOBATEIHCKI YHUBEPCUTET)
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B nacmoswee epems ons nepeeoda KOCMUHECKUX annapamos ¢ HU3KOU OKONO3eMHOU OpOumvl Ha 2e0CMAYUOHAD-
HYI0 Hauboee WUPOKO UCHONLIVIOMCS O8ULAENbHbIE YCMAHOBKU 08YX MUNOE — XUMUYECKUE U DNeKMpopaKemHule.
Kadcovrii mun umeem ceou npeumywecmea u neoocmamku. [lpumenenue kaxo2o-mo 00H020 U3 HUX He 6ce20a y0oeJe-
meopsem NnpomueopeUUBbIM MpedoBaHUaAM K dQ@PekmusHocmu manespa 6vl6o0d. Bozmooicuvim pewenuem mooicem
ObIMb  UCTIONBL30BAHUE KOMOUHUPOBAHHOU OBULAMENbHOU YCMAHOBKY, COCMOoAWel U3 JICUOKOCHHO20 pPAKEeMHO20
u snexmpopaxkemnozo ogucamenei. Takas KOMOUHayus NO36071siem 6bl8OOUMb KOCMUYeCKUll annapam oOvicmpee
u sghpexmusnee ¢ mouxu 3peHus 60abUIEl MACCHL NONE3HOU HASPY3KU U 3ampam no CPABHEeHUI0 C HAlIUYUueM MmoJbKo
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ABMGMMOHHG}Z U paKkemHo-KoCmMu4ecKkas mexnuka

00HO20 MuUnNaA: 31eKMpPOPaAKemHo20 AUbO0 HCUOKOCMHO20 PAKeMHO20 0gueamers. DNeKmpopakemHule osuzament (nias-
MeHHble UNU UOHHBIE) HYICOAIOMCA 8 UCIOYHUKAX dHepauu. QObIYHO 0N IMUX Yellell NPUMEHAIOMCS COTHeYHble bama-
peu. Hoes npumenenuss no00OHOU KOMOUHUPOBAHHOU 08ULAMENbHOU YCMAHOBKU, COCMOsIel U3 CONHEYHOU 2IeKMpo-
PAKemHuoll YCmMaHo8Ku u paseonHozo oroxka « @pecamy, paccmampusanace ¢ pamkax HUP «/Jeuna TMy. [Ipumenenue
KOMOUHUPOBAHHOU O8ULAMENbHOU YCIMAHOBKU MAK020 6U0a CosMeujeHuss mpebyem ewje Ha dmane npoeKmupo8anus
onpeoenenus payuoHaIbHbIX IHEP2EMUUECKUX XAPAKMEPUCMUK PAZIUYHBIX MUnog ogueamenei. s 060CHOBAHHO20
svibopa HeobX00UMa UHGOPMAYUA O GIUAHUU OMOETLHBIX NAPAMEMPOS8 O08UAMETbHOU YCMAHO8KU HA UMO208ble
Xapaxmepucmuky Manespa.

Ilpu 6v18600e KOCMUHECKOMY annapamy npuxoOumcs npeooonesams paouayUorHvle noaca 3emau, npu dMom dNemen-
Myl €20 KOHCMPYKYUY NO08EP2AIOMCs UHMEHCUSHOMY 8030eliCIEUIO 3APAICEHHBIX YACTUY, YO MOXHCE 3HAUUMETLHO
02paHUuUmMs CpPOK AKMUEHO20 CYujecmeosanus. Hcnonv3ys KOMOUHUPOGAHHYIO OBUSAMENbHYIO YCMAHOBKY, MOJCHO
3HAYUMENLHO COKPAMUMb 8PEMs HAXOICOEHUA KOCMUYECKO20 annapama 6 o01acmu ¢ 8blICOKUM YPOSHEM paouayu.

Paccmompenvr paznuunvie cyenapuu 6v1600a KA ¢ HU3KOU OKONIO3EMHOU HA PACUEMHYIO 2e0CIMAYUOHAPHYIO OpOUy
U OYeHKU NOJYYEHHbIX NPU IMOM annapamypou CyMmapHsix 003 paduayuu. Paznuunvle sapuanmel npumeHeHus Komou-
HUPOBAHHOU 08USAMENLHOU YCIMAHOBKU (8apbUPOBAHUS. MALOU) NO3G0NAIOM ONMUMU3UPOamsb maneep KA u cnuzumeo
UHMe2PANbLHYI0 003y PAoUAYUU.

B pesynomame 0OvLn npeonodicern Memoo OYeHKU GIUAHUA IHEPLeMUYEcKUX XapaKxmepucmux KOMOUHUPOBAHHOU
06UcamensHOU YCMAHOBKU C YUEMOM NPOXONCOeHUs PAOUAYUOHHBIX NOACO8 3eMau, CO30anHa Npocpammd, npoeeoeHbl
pacuemsl U 6bINOIHEH AHANU3 NOTYYEHHBIX Pe3YbMamoes.

Kiouesvie cnosa: kombunuposannas 08ucamenbHas YCMAHOBKA, JJIEKMPOPAKEMHbIIU 08Ueameb, paouayuoHHbLU
nosic 3emnu.

Introduction. The use of an electric propulsion sys- entire trajectory into sections with the inclusion of various
tem (EPS) for the transfer of a spacecraft (SC) from low  propulsion systems (PS) included in CPS was made.
earth orbit (LEO) to a geostationary orbit (GSO) makes

it possible to increase the payload mass (P) delivered to 108 T T T T

the final transfer orbit in comparison with traditional i ]
chemical propulsion systems (CPS), due to more effective E 107 F 200 days GSO placement
use of the workl.ng .objeict mass [1.; 2]. The reverse side < t / 1 year in a GSO
of the EPS application is a long time of performing the _z 10°} 1
orbital lift maneuver (the typical time of transition from = 5
LEO to GSO is 200 days), which leads to a general - 1051 ]
increase in the time required for putting into orbit, in par- -% F 1
ticular, to an increase in time the SC spends in zones with = W i
an elevated level of radiation, the so-called Van Allen & 10 f E
belts [3-5]. 10° L . . —

Fig. 1 shows the dependence of the radiation build-up 0 ) 4 6 8 10
on the thickness of the aluminum shield for a 200-day Coating thickness, mm (alum.)
flight using EPS and the annual location of the SC
on GSO. It can be seen that with a protection thickness of Fig. 1. Dependence of radiation build-up
4 mm, the SC radiation build-up of when putting into the on the protective coating thickness
GSO reaches 100 KRad, which is a critical level for electro-
nic products manufactured by the most common technolo- Puc. 1. 3aBuCHMMOCTb HAKOIUICHHON 03B paanaLK
gy for the production of KMOP electronic circuits [6-9]. OT TOJIIMHBI 3AIMUTHOTO MOKPBITAS
For comparison, for a year of the SC location on a GSO
with a similar protection, the radiation build-up is only Existing software for assessing the effects of radiation
10 KRad. on a satellite such as SHIELDOS, SPENVIS, STK SEET,

Despite the advantages of using EPS from the point of allows to determine the final dose, accumulated by
view of P mass, EPS has initial drawbacks and it is neces- @ spacecraft in a certain orbit, but some software is not
sary to find solutions that allow to overcome them. One of entirely suitable for evaluating active maneuvers performed
the possible solutions is the use of a combined propulsion using engines of large and small thrust on a certain cyclo-
system (CPS), which involves a combination of LPRE  gram, and the other is inaccessible [10]. Therefore, to
and EPS in an integrated system and the application of a  carry out the research, it was required, based on existing
particular engine to perform a certain phase of maneuver  ionizing radiation (IR) models, to write software adapted
optimally. to perform the specific research tasks. A significant dura-

For this purpose, it is necessary to determine the tion of the low-thrust engine flight requires for the per-
rational power characteristics of propulsion systems even ~ formance of differential equations numerical integration
at the design stage. To provide rationale for the choice used for various mathematical description phases of the
of CPS design parameters, in this work, a study of the  general maneuver, substantial computing powers [11].
influence of various trajectory division variants of the  This solution required simplification of the existing
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models, optimization of the algorithms and computational
methods, as well as the use of computers with high com-
putational capabilities.

In the process of the research, a technique was devel-
oped to assess the spacecraft radiation build-up integral
dose, a computer model was created and modeling was
performed for a coplanar transition from LEO to GSO.

Formulation of the problem. The spacecraft equip-
ped with EPS is located on LEO (200 km above the
Earth). The spacecraft performs a coplanar maneuver of
the transition to GSO in two phases. For creating thrust
impulses in the first phase, the Fregat upper stage is used
to carry out the transfer of the spacecraft from the initial
orbit to the intermediate satellite orbit. Another block
of several stationary plasma engines (type SPE 140) is used
to transfer spacecraft from an intermediate orbit to an
inclined geosynchronous orbit of the satellite and to carry
out corrections, and then for subsequent transfer to
a highly elliptical satellite orbit. Simultaneously, the elec-
tric propulsion system (EPS) creates moments of forces
around the three axes to control the position of the appara-
tus relative to the center of mass and to unload the reac-
tion wheel.

It is required to estimate the contribution of each
phase to the total dose of SC devices radiation build-up.

Model. In works [1; 2] it was shown that the optimal
maneuver of coplanar flight from the LEO to GSO using a
pair of large and small thrust engines consists of 2 phases
(fig. 2):

1. Gomanov flight with the use of high thrust engines.

2. Orbit raising of a spacecraft to the target highly
elliptical orbit along the spiral trajectory by low-thrust
engines.

Fig. 2. The trajectory of the flight from LEO
to GSO of the satellite using CPS

Puc. 2. Tpaexropus nepenera ¢ HOO
Ha ['CO UC3 ¢ ucnonp3oannem KV

Knowing the initial mass of the spacecraft, the pa-
rameters of the propulsion system used in the CPS (thrust,
specific impulse), the parameters of the initial and final
orbits, one can enter a parameter k € (0—1), determining
the position of the intermediate circular orbit to which the
spacecraft is driven using the high-thrust engine in the
Gomanov transition.

R, =R +k(R3 —Rl),
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where R, is the radius of LEO; R; is the radius of GSO.
R, can be found analytically with high accuracy. By

varying k parameter, one can determine the position of the
intermediate orbit for each £ value and construct a flight
cyclogram using analytical dependencies to perform
a Gomanov flight in the first phase of the maneuver and
analytical dependencies for performing a long flight along
a spiral trajectory using a low thruster in the second phase
of the maneuver.

Depending on the parameters of the spacecraft, the ini-
tial and final orbits and k parameter, the spacecraft will
move along different trajectories, passing through regions
of space with different levels of ionizing radiation from
outer space (IROS). Ionizing radiation includes the fol-
lowing types of radiation:

— Radiation from the Earth’s natural radiation belts
(ENRB) (protons, electrons, a-particles, nuclei);

— Solar cosmic rays (SCR) (protons, electrons,
a-particles);

— Solar wind (protons, electrons, a-particles);

— Galactic cosmic rays (GCR) (protons, electrons,
a-particles, nuclei);

— Particles in the outer magnetosphere (protons, elec-
trons, o-particles), albedo particles (protons, neutrons),
NDO radiation from unclosed drift shells (protons, elec-
trons), precipitating particles during magnetic distur-
bances (protons, electrons), etc.

The main danger in the spacecraft flight is the emis-
sion of ENRB, consisting of charged particles of different
penetrating power, with energy from tens of kiV to hun-
dreds of MeV for protons and tens of MeV for electrons
which fluxes can reach a large value [12—15].

Galactic cosmic radiation is characterized by small
fluxes (up to 5 particles x cm* x ¢ ') and high particle
energies (up to 1020 eV).

Primary cosmic rays of galactic origin can be attrib-
uted to the sources of ENRB particles (high-energy
protons arising from the decay of albedo neutrons formed
by GCR particles upon interaction with atmospheric nuclei).

SCRs are formed during chromospheric flares on the
Sun. Large fluxes of high-energy SCR particles can repre-
sent a radiation hazard for semiconductor ERI that are
a part of spacecraft instrument units. The total dose of
radiation obtained by the spacecraft throughout the ma-
neuver can be received by integrating the individual doses
obtained when the space vehicle is located at a specific
point in space, the level of ionization radiation (IR) in
which is known. To determine the level of IR, the model
of IR distribution AR-8 was used [10].

To investigate the effect of phase distribution for the
CPS engines on the integral dose received by the space-
craft during the maneuver, a mathematical model was
constructed to solve the following main tasks: flight plan-
ning, iterative modeling, radiation assessment.

The numerical calculation algorithm for the model
is shown in fig. 3 and consists of a series of sequential
operations:

1. The parameters of the spacecraft and the parameters
of the CPS engines are set.

2. The initial and final orbits are assigned, the distri-
bution of the trajectory maneuver between phases 1 and 2.



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

3. The initial state vector (position, speed, accelera-
tion) is set.

4. The scheduler performs calculations for the given
parameters and builds a cyclogram of switching on the
engines.

5. The solver performs the cyclogram step by step,
determining the coordinates of the spacecraft at the next
step, calculates and summarizes the value of the particle
flux at a given point in space.

6. The output unit generates a flight path and an out-
put data set corresponding to a given input data set.

The model of the radiation field. Mass distribution
around SC blocks. Calculations of local radiation condi-
tions inside the instrument unit take into account the
weakening of the charged particles fluxes by different
screening elements. The process of passing particles
through matter can be represented by a random sequence
of elementary events — their scattering, relaxation, genera-
tion, etc., in the intervals between which the particles
move freely. The theory is not able to consider the fluc-
tuations in particles energy losses correctly, their angular
and energy distribution, and also the theoretical reliable
description of the repeated radiation transfer. As a result,
a number of approximate calculation methods have been
created that are in satisfactory agreement with the ex-
periment [12; 13; 15]. The main characteristics of charged
particles deceleration in a substance are the specific losses

S(F) :Z:—E and particle range R(E) in a substance. The
X

value of R(E) characterizes the braking capacity of the
material, it is defined as the average energy lost by the
particle per unit of path length. The total range is the path
length of a particle with the initial energy E,, which is
braked to a full stop. The relationship of the ranges with
energy losses in the material of the structure during brak-
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ing is described by the expression R(E) = jd—E When
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the particles are decelerated, various loss mechanisms in

the material are known. Thus, at low energies, the main

role is played by elastic scattering of the particles. For

particles with energies E >1 Mb»dB, the mechanisms

of braking radiation are activated. Some contribution
is made by Cherenkov radiation, transition radiation at
medium boundaries, etc. The contribution of each mecha-
nism to the total loss value depends on the particle
energy, on the particle type and on the properties of the
medium. According to the nature of the charged particles
interaction with matter, they are usually divided into
heavy (with mass M >> M,) and light (M ~ M,). Several
computational models have been developed for determin-
ing local radiation conditions behind protective shells
of various geometries (for example, hemispheres or half-
planes), depending on the material properties and the
thickness of the shielding shells. The models are based
on the definition of the “range-energy” ratio. Protons and
heavier particles lose energy when passing through the
protective shell due to the mechanism of ionization of
atoms (ionization losses). In this case, the charged particle
interacts with the valence electrons of the atom of the
shell material. In this case, the energy of the proton E,
passing through a screen of thickness x in the direction of
the particle motion with the initial energy £ can be deter-
mined as:
R(E,)=R(E)—x. @)
This implies the condition for the boundary particles
energy completely absorbed by the shielding screen. For
particles with energy E > E, ., there is an equality of

charged particles flows before and after protection
R(E,,.) = x. 2)
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in Mcllwaincoord.
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Results
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/\ Ar8
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Fig. 3. Block diagram of the simulation algorithm

Puc. 3. biok-cxema anropurMa MoJIeIUpPOBaHUS
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Taking into account the specific losses, the spectrum
can be expressed by the dependence

S(E)

ST
¢, () =0 )S(EX)E=f(Ex)

(€)

Here @(E) — is the differential spectrum of the parti-
cles (protons) before the protection, calculated at the

value of the energy E, and ¢, (E,)— is after protection

at the point corresponding to the argument E,. In the
arguments of the functions F(F) and S(E) energy values
are expressed in terms of E,.

Often, an empirical relationship is used between range
and energy of the form [12; 13]

R(E) = oxE" (4)
for initial integral spectra of exponential types:
E
>E)=0|—2]|, 5
9o(>E)=9, ( z ) ®)
o(>E)=0, exp(—ij, (6)
EH
dE
S(E)=—,
(E) IR

further, taking into account the connection between the
energy losses and the particle ranges.
For the value of the differential spectra after protec-
tion, one can obtain:
o
X r
] , (7

E)=n0 E"E"' 1+

2

1
0, x ) _E x )
o, (E) —E—(1+—R(E)j exp £, (1+ R(E)J . (8)

n

In both formulas, the subscript x, indicating that this
energy value refers to particles that have passed through
the defense, is omitted.

To obtain the absorbed dose rate from a stream
of charged particles that have passed through a shell
of thickness — x, the integral is calculated

2]
P, = [ 0 (E)S(E)dE, ©)

E

where E| and E, are the boundary energy values for which
these energy absorption mechanisms are dominant.

For protons with energies Ep > 10° MeV, the contribu-
tion to the dose due to ionization is small, therefore we
take £, = 10> MeV. The practice of calculating the multi-
ple passage of charged particles through successive
shields provides for calculating the function ¢ () of the
differential spectrum, after each successive shell. Taking
into account the approximate character of the calculations,
in our case a one-time calculation was performed, but
with the corresponding summation of the screen thick-
nesses. There are programs like GEAR 4 [16; 17] and
others, which determine local radiation conditions, taking
into account the geometry of the absorbing elements. We
use assembly of shielding elements from simple sphere
objects, cylinders, cones, etc. In our case we use a simpli-
fied statement of the problem — a screen in the form of
a hemisphere made of aluminum. Fig. 4 shows the
dependence of the proton range on its energy when using
an aluminum screen. The thicknesses of the cases of the
electronic equipment were not taken into account, as the
absorption in the cases is carried into the reserve because
of the approximate nature of the calculations. The ioniza-
tion losses were calculated from the formulas (4)—(9)
given above with the coefficients according to the data
[12; 13]: for the protons a =1.73; r = 3.47 1073 for
oa-particles o= 1.73, »=13.1-10".

The radiation build-up received by the SC during the
maneuvering time can be determined as the sum of the
doses received from the location of the spacecraft in the
field with some intensity during the interval

D= J'P(f)dt, (10)
T

where D — is the accumulated dose; P(¥) — the intensity

of radiation at the space point 7 =[x yz]T .

Calculation of the local absorbed doses (LAD) inside
the SC units under consideration is carried out on the ba-
sis of mass distributions along the axes of the instrument
blocks coordinates, protective devices and their thick-
nesses.
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Fig. 4. Dependence of the proton range on its energy (material — aluminum)

Puc. 4. 3aBucumocTh podera NpoToHA OT €ro SHEPTUH (MaTepuall — aTlOMHHUI)

54



ABMGMMOHHG}Z U paKkemHo-KoCmMu4ecKkas mexnuka

Local absorbed doses are calculated by the formula:

6

ﬂHﬂ:l-ZDi, (11)
6 I

where D; — is the value of the absorbed dose with a thick-

ness of protection in 7 direction (there are only 6 of them

along the coordinate axes).

The model of the Earth’s magnetic field. The Earth’s
magnetic field is a dipole field whose axis is offset
by about 11.4 degrees from the geographical axis. It is
known that the intensities of the charged particles fluxes
have a high spatial gradient. At low altitudes in the inner
zone, a 3 % change in distance creates a 10-fold change
in the intensity of the flow. Therefore, it is not possible to
use the dipole model to determine the intensity of charged
particles flows. It is necessary to use a coordinate system
suitable for this task.

The most commonly used is the Mcllwain coordinate
system in which flows of charged particles having equal
intensity are placed on surfaces that can be described in
the coordinates L—B. Based on the experimental data col-
lected during the launch of satellites studying the Earth’s
magnetosphere, a spatial distribution of the intensities was
obtained, which formed the basis of the AP 8 and AE 8
models for protons and electrons respectively [16].

The outer radiation belt consists mainly of electrons.
A non-large-thickness protective shield protects the space-
craft from their effects effectively. Therefore, in the model
only the inner radiation belt, consisting mainly of protons,
is considered.

The flight dynamics of the spacecraft is modeled in
a geocentric inertial coordinate system. To reduce the
computational complexity, it is considered that the start-
ing point of the maneuver coincides with the axis of the
inertial GCS. The axis of the magnetic dipole rotates
together with the rotation of the Earth. To calculate the IR
level at the current point of space, the coordinates of the
inertial GCS are transformed into dipole coordinates, after
which the IR values are computed in accordance with the
AR 8 model [17; 18].

The results of modeling. During modeling, the effect
of the parameter & determining the ratio of the total ma-
neuver share per phase realized by the Fregat US to the
integral dose of radiation received by the spacecraft dur-

ing the maneuvering time was studied. The parameter k
varied in the range 0—1 in increments of 0.1.

A study of the dependence of the results on the inte-
gration step showed that step lc is sufficient for the con-
vergence of modeling results both in the period of high
thrust provided by the Fregat US and during the long spi-
ral transition to the EPS. At the chosen step, the simula-
tion of the longest transition case (full transition to EPS)
takes about 20 million steps. Computational complexity,
illustrated in the graph (fig. 5), is significant even with the
current level of computing facilities and required special
measures to obtain results in finite time.

The graphs are given for a spacecraft having the
following characteristics:

— initial weight of 3000 kg (CPS consists of LRE and
EPS, usually LRE is accepted with low thrust);

— thrust 20 kH;

— specific impulse 3300 m/s.

The EPS has the following characteristics:

— thrust 0,7 H;

— specific impulse of 20,000 m/s.

The initial position of the spacecraft is a circular low
Earth orbit with a height of 200 km with zero inclination.
The final orbit is GSO.

For the various phase relations, the final characteris-
tics and the transfer trajectory were obtained. An example
of the obtained trajectory is shown in fig. 6.

Fig. 7 shows the calculated total radiation doses ob-
tained in the delivery of a spacecraft with a different value
of the parameter k. The analysis of the obtained data
shows that the use of LRE at the initial stage of position-
ing phase allows to reduce the total level of the accumu-
lated dose of radiation significantly. However, the use of
LRE after passing the Van Allen radiation belts does not
have a significant effect on the level of the accumulated
radiation dose and its use does not give significant advan-
tages to the dose effects in this sector. With a fully
electrical transition, the accumulated dose for 200 days is
100 KRad. If the part of the trajectory with the working
LRE is greater than 0.4 from the entire trajectory, the in-
tegral value of the accumulated dose varies insignifi-
cantly, so, in order to reduce the total dose of accumulated
radiation, the use of LRE to perform more than 0.4 of the
total transition is not rational.
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Fig. 5. Required computation time depending on the parameter k
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On the other hand, the influence of the working time
of LRE as a fraction of the trajectory maneuver phase on
the duration of the transition is shown in fig. 8. When
using fully electric motors, the duration of the transition is
18 million sec or about 208 days. A balanced ratio be-
tween the duration of the transition and the radiation dose

received can be selected at the expert level, depending on
the mission being implemented and a number of non-
formalized factors. The duration of the transition should
be considered taking into account the dose effects in the
spacecraft design and the choice of the energy characteris-
tics of the engines included in the CPS.
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Fig. 6. The example of a trajectory
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Fig. 7. Diagram of integral accumulated radiation dose depending

on the relative duration of the inclusion of CPS LRE
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Conclusion. The use of the CPS, consisting of large
and small thrust engines, makes it possible to increase the
efficiency of the raising the orbit maneuver from the LEO
to the GSO. Efficiency should be understood as a com-
plex indicator, some elements of which can be expressed
in numerical form and used in making reasonable deci-
sions at the design stage of CPS for a spacecraft. The cal-
culation performed allows to estimate the influence of the
chosen ratio proportion of the maneuver part between
different types of engines on the integral dose of radiation
received by the spacecraft during the whole maneuver.
The rationale for the combination of various propulsion
systems in the CPS at the design stage requires an assess-
ment of selection consequences of the CPS parameters
for the final characteristics of putting the spacecraft to the
target orbit. During the research, a technique was pro-
posed to evaluate the influence of such a choice on the
integral dose of radiation received by the spacecraft dur-
ing the time of transition. The results of the study provide
an opportunity for a reasonable decision on the relation-
ship of energy characteristics between the LRE and EPS
in the CPS in terms of accumulated radiation dose and the
total time of the task. Simulation was carried out for the
transition maneuver from LEO on GSO, which is the
most widespread and most interesting for optimization.
To determine the influence of other factors and different
scenarios on the effectiveness of CPS application, further
work on modeling and computational research is necessary.
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STUDY OF ANTI-REFLECTIVE COATINGS Ta,0s/ SiO,
FOR IMPROVING THE EFFICIENCY OF MODERN SOLAR CELLS FOR SPACE APPLICATIONS
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Solar cells based on AIIIBV materials in solar arrays are the main energy sources for most modern spacecrafi.
In spite of the fact that high characteristics have already been achieved, the work for improving solar cells is being
continued due to the growth of energy consumption by spacecraft.

One of the directions is decreasing solar radiation reflection by solar cell surface due to the deposition of antireflec-
tion coating (ARC). In the article we show the results of the study of ARC (Ta,0s/ SiO,).

We have presented the results of spectral and thickness calculations by special sofiware of ARC on the triple junc-
tion (InGaP / InGaAs / Ge) solar cell taking into account cell structure as well.

We have performed the experiment of ARC on the glass-substrate to confirm the manufacturability of the process.
ARC deposition has been made by electron-beam evaporation in vacuum. The results of investigation of spectral char-
acteristics of samples obtained by a spectrophotometer confirm the uniformity of covering without relation to the sam-
ple position in a machine. Spectral characteristic calculations for glass-substrate coincide with experimental data.

The results of studying spectral characteristics of ARC on a solar cell demonstrate good correspondence with
experimental data. The electric characteristics measured by the solar simulator (AMO0) before and after the ARC cover-
ing on the experimental samples show the increase of short-circuit current up to 122 mA and the rise of efficiency
up to 7.5 %. We have demonstrated the results of scanning electron microscopic investigation of ARC on the different
positions of solar cells.

Keywords: antireflection coating (ARC), triple junction (TJ) solar cells, current-voltage characteristic, tantalum
oxide (V), silicon oxide (IV).
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NCCIHEJOBAHUE IMTPOCBETJIAIOIEI'O TIOKPBITUA Ta,05/ SiO,
COBPEMEHHBIX COJTHEYHBIX 3JIEMEHTOB KOCMHNYECKOI'O HABHAYEHUA
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Conneunvie snemenmol (C3) na ocnose mamepuanos AIIIBV 6 cocmase conneunvlx bamapeil A61510MCsL OCHOBHbIMU
NEePEUUHBIMU UCHOYHUKAMU SHepeull Ois OOIbUIUHCBA COBPEMEHHBIX Kocmuyeckux annapamog (KA). B cesizu ¢ npodoin-
ACAIOWUMCSL pOCmOM dHepeonompebaenus KA, necmomps na yosice 0ocmucHynole 8blCOKUE XaAPAKMepUCmuKu, npoooi-
alcatomest pabomul no cogepuercmeosanuio CO.

OO0HUM U3 HaNpasieHuil S6IAEMC YMEHbUEHUE OMPAICEHUsT COTHEUHO20 UZNYYEHUs. ¢ OMOAKMUBHOL NOBEPXHO-
cmu CO 3a cuem npumeHeHus anmuompasicaiouje2o (npoceemasaioue2o) nokpvimus (AOI). Ilpusedenvl pe3ynsmamoi
uccneoosanuii AOII na ocroee cnoeg oxcudose manmana (V) u kpemnus (IV) (Ta,Os/ SiO,).

Ilpeocmasienvl pezyriomamol paciema moaWuH U CHeKmMpaibHOU XapaKxmepucmuKky 0aHHO20 NOKPbIMUsL Ha NOBEPXHO-
cmu mpexkackaonozo C3 (InGaP / InGaAs / Ge) ¢ yuemom ocobennocmeti cmpykmypol CO, npo6edeHH020 6 CneyuaibHOM
NPOSPAMMHOM 0becnedeHuu.

Ml noomeeporcoenuss mexnonozuunocmu npoyecca Hanecenus AOII nposeden sxcnepumenm no HAHECEHUIO
NOKPbIMUsL HA CMEKIAHHYI0 nooaodcKy. Hanecenue AOII npogoounoce memooom 21eKmpOoHHO-TYYE8020 UCHAPEHUs
6 saxyyme. Pe3yibmamol uccied08anusi CNeKmpaibHbiX Xapakmepucmux Ha 2pynne oopasyos, NOJIyueHHble ¢ NOMOUbLIO
cnekmpogomomempa, noOmMeepOUNU PAGHOMEPHOCHTb NOKPLIMULL 6HE 3A6UCUMOCHIU OM NONOJICEHUsT 00PA3Y08 8 Kamepe
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yemanosku. Tlpedsapumensublii pacuem cnekmpanvroul xapakmepucmuku 011 AOI na cmeKkisiHHOU ROON0JCKe NOKA-
3an y0081emeopumenbHoe cognadenue ¢ IKCHePUMEeHMAarbHbIMU OQHHLIMU.

Pesynomamor uccnedosanuii cnekmpanvhvix xapaxmepucmux AOII, nanecennozo na nosepxnocmes CJ, noxasanu
Xopoutee cognadenue ¢ pacuemubiMu OauHbiMu. M3mepenue 31eKmpuieckux Xapakmepucmuk ¢ HOMOUWbI0 UMRYIbCHO20
umumamopa conneynozo usiyyerus (AM0) 0o u nocne nanecenus AOII Ha écex s3xcnepumenmanvHuix obpaszyax CIO
NOKA3a10 NPUpOCm MoKa KOpOmKo2o0 3amvlkanus 8 cpeonem Ha 122 mA, a KII/[ — na 7,5 %. Ilpusoosamcs pezynomamol
9NeKMPOHHO-MUKpockonuyeckux ucciedosanuit AOII 6 paznuunvix wacmsx CO.

Kniouesvie cnosa: npoceemasiiowee nokpvimue, anmuompasicaroujee nokpvimue (AOII), mpexkackaouwlii conHeuHblil
anemMenm, omodeKmpudecKutl npeoopazoeamesb, 60J1bM-aMNepHas Xapakmepucmuxa, oxcuo maumaina (V), okcuo kpem-

Hus (IV).

Introduction. Currently primary energy sources for
most spacecraft are solar arrays; their generating part con-
sists of semiconductor devices that perform direct conver-
sion of solar energy into electrical energy. Such devices
are called photovoltaic converters or solar cells [1; 2].

Modern triple junction (TJ) solar cells based on
AIIIBV semiconducting compounds have high values of
output characteristics and resistance to radiation greater
than single junction solar cells based on AIIIBV, as well
as solar cells based on monocrystalline silicon [3].

However, power requirements to spacecraft are per-
manently increasing, consequently, requirements to tech-
nical characteristics of solar panels are increasing as well,
primarily requirements to the efficiency of converting
solar radiation flux into electrical energy or efficiency
factor.

One of the directions to improve the output character-
istics is decreasing the reflection of sunlight from the
solar cell surface and thus increasing the penetration of
radiation into generating parts of solar cells. The most
common reflectivity decreasing method is cell surface
antireflection coating (ARC), which represents thin dialectric
film with certain reflectivity decreasing characteristics [4].

Single-layer ARC are simple to manufacture and can
significantly increase the solar cell conversion efficiency
of solar radiation. If some single-layer coating is applied
to a semiconductor with a large refractive index, it is pos-
sible to achieve near-zero reflection at a certain wave-
length, but in this case, changing the wavelength signifi-
cantly increases the reflection coefficient, and it is a sig-
nificant drawback [4]. To reduce the reflection over
a wider range of wavelengths, we need to use more layers.
To obtain low reflection in almost the entire spectral sen-
sitivity region of the solar cell and to maximize their effi-
ciency, one can use two- and three-layer ARC. The fur-
ther increase in the number of layers theoretically reduces
the reflected part of light, but the synthesis of complex
coatings (more than 4 layers) is complicated by the diffi-
culty of achieving the required quality in terms of homo-
geneity and uniformity of application.

When designing ARC, the materials (depending on their
refractive indices and required thickness of the layers),
are chosen so that the light wave reflected from the front
surface of the coating due to interference is extinguished
by a wave reflected from the boundary between the
dielectric film and the semiconductor material [5]. As a rule,
transparent amorphous films of nanometric thickness
of the following compositions: ZnS, Ta,0s, TiO,, MgF,,
Al,O5 and SiO, find use as materials for solar cell ARC [6].
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Experimental part. Based on previous studies [7] and
analysis of the structures of modern solar cells [8] we
planned a comprehensive ARC study based on the materi-
als of tantalum oxide (V) (Ta,0Os) and silicon (IV) oxide
(Si0y). The study includes the following steps:

— calculation of ARC design by studying the features
of the structure of TJ solar cell (InGaP / InGaAs / Ge)
obtained by gas phase epitaxy from metalloorganic and
hydride compounds;

— pilot-tests of manufacturing methods of ARC on
more accessible substrates;

— application of optimized ARC directly to the surface
of TJ solar cells (InGaP / InGaAs / Ge), measurement of
critical parameters;

— experimental estimation of ARC influence on the
solar cell characteristics.

Calculation of ARC based on Ta,05 and SiO, ma-
terials. For TJ solar cells (InGaP / InGaAs / Ge) obtained
by gas phase epitaxy from metalloorganic and hydride
compounds, we have carried out a series of ARC calcula-
tions based on (Ta,0s / Si0,), taking into account
the features of the solar cell structure. Calculations have
been performed in the program OptiLayer Thin Film
Software [9].

The maximum sensitivity of TJ solar cells based on
AIIIBYV is in the range 400—1500 nm, as it is shown in fig.
1 [10]. The long-wave part of the spectrum (from more
than 900 nm) is absorbed and transformed by germanium
subcell. When the subcells are connected in series, the
current contribution of the germanium subcell is not limit-
ing, so the lower stage has a significant current reserve,
which allows us to narrow the spectral optimization range
to 400900 nm. Thus, the calculation of the optimization
have been carried out taking into account the minimiza-
tion of reflection in the wavelength range 400-900 nm
of the solar radiation spectrum AMO.

It should be noted that there are not sufficient data in
the literature to perform the calculations, therefore, we
have performed experimental work to obtain dispersion
dependencies: each of the layers (Ta,Os and SiO,) has
been deposited on germanium substrates by electron-
beam evaporation in vacuum. Dispersion dependences of
the deposited layers have been obtained on a spectromet-
ric ellipsometer SENTECH’s SENpro in the wavelength
range 400-900 nm.

Dispersion dependences of refractive indices Ta,Os,
Si0,, InAIP u InGaP [11-14] used in the calculations are
shown in fig. 2.
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In calculations we have used characteristics of TJ
structures (InGaP / InGaAs / Ge): the upper subcell
is the layer of composition Ing 4Gag s, P with the thickness
> 0.5 pm and above it the wide-gap “window” of the
upper subcell is the layer of composition IngsAlysP with
the thickness varying from 35 to 100 nm. The thickness
of the “window” layer of the upper is comparable to the
thicknesses of the ARC layers and the spectral reflection
coefficients have large values in comparison with the
selected oxides, therefore, the epitaxial layers will have
a significant effect on the results of calculations ARC
(Ta,05 / Si0,). It should be noted that we have carried out
all the calculations for the light incidence angle 0°, i. e.
along the normal to the surface of a solar cell.

2500 . I I
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Intensity distribution, V/m?/um
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1.0 20

wavelength. pm

Fig. 1. Spectral distribution of absorption intensity
of solar radiation for TJ solar cells
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Fig. 2. Dispersion dependences of refractive indices:
the dashed line is Ta,Os / Ge; the dot-dashed line
is Si0, / Ge; the solid line is InGaP, dotted line — InAIP

Puc. 2. [lucriepcoHHBIE 3aBUCUMOCTH TOKa3aTeIeH
MPEJIOMIICHHUS: TyHKTHpHAs JuHUA — Ta,05 / Ge; mrpux-
nmyHKTUpHas JuHUS — Si0, / Ge; CronIHas JINHAS —
InGaP; Toueunas yuuust — InAlP

Fig. 3 shows the calculated spectral characteristic (R (X))
for ARC consisting of tantalum oxide Ta,Os and silicon
oxide SiO,, taking into account the layer IngsAlysP, on
the layer Ing49GagsiP. The calculated thickness of ARC

61

layers is 45 nm for Ta,Os and 60 nm for SiO,. The root-
mean-square deviation of the calculation results from the
target values is 3.9 %.
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Fig. 3. The calculated spectral characteristic (R (X))
for ARC (Ta,0s / Si0,) on the surface of the solar cell

Puc. 3. Paccuntannas criekTpansHas xapakrepuctuka (R(A))
st AOIT (Ta,Os / Si0,) na moBepxuoct CO

Confirmation of the correspondence between the cal-
culated and experimental values as well as the pilot-tests
of manufacturing methods have carried out in another
experiment that has included calculation part and physical
deposition of ARC layers on the glass substrate.

ARC test (Ta,0s5/ SiO,) on a glass substrate. To con-
firm experimentally the calculated data, we have chosen
glass substrates with geometric dimensions corresponding
to the overall dimensions of the solar cell and the thick-
ness of approximately 150 um, the number of substrates is
4 pieces. The deposition of ARC on selected samples has
been carried out by the electron beam method of sputter-
ing the target in a high-vacuum industrial equipment, fol-
lowed by the ARC thermal stabilization process.

The results of measuring the spectral dependence
of the reflection obtained with the help of Shimadzu
UV-3600 spectrophotometer for all four samples showed
good agreement with the calculated dependences. To con-
firm the uniformity of the coating, as well as the reliabil-
ity of the results for each sample, we have carried out
a series of measurements on different parts of the surface.

The data obtained during the measurement of the
spectral characteristics of the layers on a glass substrate,
practically coincide with the calculated values in the
greater part of the investigated range. It is shown in fig. 4.
This fact confirms the reliability of calculations and
allows us to expect such a matching of experimental and
calculated data for ARC on the surface of a three-stage
solar cell.

ARC (Ta,0s5/ SiO,) deposition on the TJ solar cell
surface. Having carried out a number of necessary
growth and build-up processes, we applied ARC
(Ta,O5/ Si0,) on the face of the solar cell in a similar
way in a high-vacuum equipment with the use of electron-
beam sputtering method and subsequent thermal
stabilization. The study of the spectral characteristic
(R(A)) of the obtained ARC, similar to the experiment
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with glass substrates, has been carried out on a spectro-
photometer.

The comparison of the experimental and calculated
spectral characteristics (R(A)) for ARC (Ta,Os / SiO;) on
the surface of a TJ solar cell (you can see it in fig. 5) showed
good agreement in the spectral range of the upper subcell,
and deviations do not exceed 3 %. The variance in the
region of more than 720 nm is explained by the presence
of a distributed Bragg reflector in the structure of the solar
cell between the second and the third subcell, which is not
taken into account in the calculations. It should be taken
into consideration that nanoscale ARC (Ta,Os/ Si0O,) can
have composition deviations from stoichiometry in real
layers, which can lead to additional measurement errors.

Unfortunately, the computational algorithms also do not
take into account the contribution of the reflection of the
metal contact mesh on the facial area of real samples. Thus,
according to estimates [15], the shading for the solar cell
of the standard size used in the experiment is 1.82 %.

The dimensions of the contact grid and their contribu-
tion to the reflection can be estimated from the image
obtained with the scanning electron microscope (SEM)
in fig. 6, a. This image (fig. 6, b) also shows the features
of real layers of ARC (Ta,Os / SiO;) on the solar cell.
The studies carried out with the help of SEM confirmed
the value of the given layer thicknesses taking into
account the measurement inaccuracy on the microscope

(fig. 6, ¢, d).
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Fig. 4. Comparison of the experimental and calculated spectral
characteristics (R(L)) for (Ta,0Os/ SiO,) ARC on a glass substrate:
solid line — experimental data, dotted line — calculated data

Puc. 4. CpaBHEeHHE SKCIICPUMEHTAIIBHBIX M PACYCTHBIX CIICKTPailb-

HbIx xapakrepuctuk (R(A)) mmst AOIT (Ta,0s5/ SiO,) Ha cTekIsH-

HO¥ TOJIJIOKKE: CIUIOIIHAS JIMHUS — SKCIICPUMEHTAIIBHBIC JAHHBIE,
TOYEYHAs JINHKS — PACUCTHBIC JAHHBIC
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Fig. 5. Comparison of the experimental and calculated spectral

characteristics (R(L)) for ARC (Ta,0Os / SiO,) on the surface of TJ

solar cell: solid line — experimental data, dotted line — calculated
data

Puc. 5. CpaBHeHHE SKCIICPIMEHTATBHBIX M PACUETHBIX CIICKTpPallb-

HbIX Xapaktepuctrk (R(A)) mis AOIT (Ta,0s5 / SiO,) Ha IOBEpXHOCTH

TpexkackagHoro CD: CIUIONIHAS JIMHUS — 3KCICPUMCHTAIbHBIC
JTAHHBIC, TyHKTUPHAS JIMHUS — PACUCTHBIC TAHHBIC
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Fig. 6. Results of ARC (Ta,0s / SiO,) study by SEM

Puc. 6. Pesynbrars! ucciaenoanus AOII (Ta,0s / SiO,) na COM
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Fig. 7. Volt-ampere characteristic of a solar cell sample: the dotted
line is a solar cell sample without ARC, the dashed line is a solar cell
sample with ARC (Ta,Os / Si0O,)

Puc. 7. Bombr-ammepHas xapaktepuctrka obOpasma CD: TodeqHas
muaus — obpasery CD 6e3 AOIN, myHkTupHas nmuHus — obpaszen; CO
¢ AOII (Ta,Os / Si0,)

To estimate the effect of ARC (Ta,Os/ SiO,) on the spectrum before and after deposition of ARC on the
output characteristics of solar cells, we have performed surface of a TJ solar cell. The results of the experiment
the measurements of the volt-ampere characteristics of are shown in fig. 7. For processing the obtained data, we
solar cells using a pulsed radiation simulator in the AMO  have used the program for analyzing volt-ampere charac-
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teristics of photoelectric converters, which is an element
of technology support systems [16; 17].

According to the results of testing a batch of samples,
the short-circuit current (I;) increased on average by
122 mA after applying ARC (Ta,0Os/ SiO;) on the solar
cell, and the efficiency increased in average by 7.5 %.

Conclusion. We have made calculations of ARC
(Ta,0s5 / Si0,), taking into account peculiarities of struc-
ture of TJ solar cell (InGaP / InGaAs / Ge). The calcula-
tions allow suppose that the deposition of this coating is
rather promising.

The experiment in deposition of ARC (Ta,Os/ SiO,)
on the glass substrate allowed to draw conclusions about
its technological effectiveness, as well as the necessity of
performing a similar experiment on the surface of a TJ
solar cell and to select the necessary modes for carrying
out the process. The study of the spectral characterristic
R(X) of the obtained samples has showed the uniform-
ity of coating application in all positions of the samples in
a vacuum chamber.

Theoretically calculated and experimentally obtained
on the solar cell surface of ARC (Ta,Os/ SiO,) showed
an increase in the output characteristics of the solar cells,
namely, the I, increase was approximately 122 mA, and
the efficiency increased by about 7.5 %. Electron micro-
scopic study of the experimental samples of solar cells
(InGaP / InGaAs / Ge) showed the uniformity of ARC
(Ta,Os5 / Si0,), and, taking into account the inaccuracy,
confirmed the specified thickness parameters of the layer
thicknesses.

It should be noted that this coating is optimized for the
structure of TJ solar cells (InGaP / InGaAs / Ge) and does
not imply additional surface protection. However, for the
application of solar cells in space, the front and back sur-
faces of the device are laminated with special protective
glass. The design, which includes directly a solar cell with
ARC applied, glue and protective glass is called a stack.
The calculation does not take into account the design of
the stack, which can have a significant effect on the final
result. In the future, a full optical assembly (stack) of a TJ
solar cell (InGaP / InGaAs / Ge) with ARC (Ta,Os / Si0;)
should be calculated.
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DETERMINATION OF THE MINIMAL REFLECTING SURFACE POINTS NUMBER REQUIRED
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Construction of communication spacecraft with large-size transformable antennas developed tendencies to increase
the operational band frequencies, to reduce specific mass and to increase the overall dimensions of the structures. The
improvement of technical performance of communication spacecraft with large-size antennas cannot be achieved with-
out ensuring the required accuracy of antenna pattern and of the antenna gain coefficient at its maximum.

Factors affecting the final quality of large-size structures for space application (of antennas in particular), keep
influencing the products through all their service life — from design and production to tests and actual operation. The
“direct” elimination of the negative factors affecting the final output is often unprofitable considering the present de-
velopment of technological support in hi-tech industries. In this respect, control of the ultimate operational characteris-
tics of large-size spacecraft antennas in conditions of real performance, and compensation, if necessary,
of deviations from the required values, is optimal with respect to the output/cost ratio. This approach is practical
in determining the onboard antenna pattern and compensating its operational distortions in the process of specified
spacecraft performance.

There are two methods of measuring the antenna pattern at the orbit. The first method is based on measurements
of radio engineering characteristics obtained from ground space vehicles’ service stations. This method is sufficiently
accurate, but it has several drawbacks. For example, this method increases the number of requirements to ground stations —
their number, location and characteristics of the equipment in use. The second method bases on obtaining radio engi-
neering characteristics from the configuration and orientation of antenna reflector. The reflector is imaged as a cloud
of checkpoints reflecting the deviations of the construction’s configuration and orientation from the specified values.

To obtain the antenna pattern measurements using the second method, an antenna configuration control system
(ACCS) must be worked out for measuring the coordinates of the reflector surface points. To perform its specific func-
tion, the system should have the following configuration: measuring equipment mounted on the spacecraft casing, and
control elements fixed on the construction components. This configuration allows to present the antenna construction
components in the form of checkpoint cloud.

In the process of the system development the constructional analysis of the possibility of using the antenna configu-
ration measurements for the its pattern calculation and for further assessment of its deviation from the specified values
was made. This article presents the assessment of the required number of monitored checkpoints on the reflector sur-
face. For this purpose, Ku-band of frequencies was chosen as one of the most common frequency bands used
by telecommunication spacecraft. Several sets of points were considered, among them the sets belonging both to the
deformed reflector profile and to the one without deformation. For each set the antenna pattern calculation was made.
Visual representations of the focal beam and the directive antenna gain were compared. The analysis of the obtained
data allowed to determine the necessary minimum of checkpoints for antenna pattern calculation with the required
accuracy. The obtained data were taken into account in formulating the requirements for the system of orbital control
of antenna configuration.

Keywords: large-size transformable antenna, deployable reflector, antenna pattern, orbital adjustment, antenna
configuration control system.
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B cosdanuu ceasnbix Kocmuneckux annapamos ¢ KpynHo2adapumubiMy mpancihopmupyemviMu aHmeHHAMU UMEeIOmcs
MeHOeHYuU K YBeTUYeHUI0 acmom pabouezo OUana3oHd, CHUICEHUI) YOeIbHOU MACCbl U 803DACMAHUID 00wux 2aba-
PUMO8 KOHCMpYKyull. Yiyuuienue mexuHudeckux Xapakmepucmuk CEs3HbIX KOCMUYeCKUX annapamos ¢ Kpynmo2aba-
PUMHBIMU AHMEHHAMU HEeB803MONICHO be3 obecneuenust mpebyemMol moyHOCmu Hagedenus: OUazpamMmbvl HaANPaAGIeHHO-
cmu, Ko3ghpuyuenma ycunenus 6 e€ Makcumyme.

Daxmopwl, enusiowjue Ha KOHEYHOE KAYeCmeo KPYNnHO2abapumHblx KOHCMPYKYULl KOCMUYECKO20 HA3HAYEHUS, U AH-
MEHH 8 YACMHOCMU, NPUCYMCMEYIONM HA 8CEM HCUSHEHHOM YUKLe OGHHOU NPOOYKYUU.: OM NPOEKMUPOBAHUSL U U32OMO6-
Jlenust 00 UCHbIMAHULL U IKCHIYamayuu 68 HAmypHuIx yciosusix. Ilpu smom npsmoe ycmpaneHue npuyuH, He2amueHo
BIUSIOWUX HA KOHEUMbIU Pe3yIbmanm, 3a4acmyio SGSemcs IKOHOMUUECKU HeBbI2OOHbIM NpU HbIHEWHeM DA36UmuU
MEXHON02UYECK020 0becnedeHuss OAHHbIX HAYKOEMKUX NPOU3600Cms. B cesa3u ¢ smum KOHmMpoib KOHEUHbIX IKCHLYama-
YUOHHBIX XAPAKMEPUCMUK KPYNHOLAOAPUMHBIX AHMEHH KOCMUYECKUX annapamos 6 HAMypHuIX YCI08UsX U, 8 clyyae
HeoOX00uMoCmu, NApuposanue ux OMCMYWIeHUll om mpebyemblX 3HAYeHUll AGNAIMCA Hauboee ONMUMATLHLIMU
C MOYKU 3peHusi OmuouleHus pesyromam/3ampamol. Jaunwiti n00X00 pearuzyemcs npu onpeoeneHuu Oudazpammol
HanpagneHHocmu OOpmMoBoU AHMeHHbl U KOMREHCAYUU e€ UCKAICEHUs. 8 NPoYecce IKCNIYAMAYUU KOCMUYECKO20 anna-
pama no yeiegomy HA3HaA4eHUo.

Cywecmegyrom 06a cnocoba usmeperus ouazpammsl HanpagieHHocmu Ha opoume. Ilepgvlii cnocob ocHO8aH HA U3-
MEPEHUSX PAOUOMEXHUYECKUX XAPAKMEPUCTNUK, NPOU3B0OUMBIX NO HAZEMHBIM CIAHYUAM OOCTYHCUBAHUSL KOCMUYLECKUX
annapamos. Jlaunwiti cnocod, HecMOmpst Ha NPUEMIEMYIO MOYHOCMb, UMeem psio Hedocmamkos. Hanpumep, ucnonvso-
8aHUe OAHHOU MEMOOUKU YEETUNUBAET KOIUYECMBO MPebO6aAHULL K HA3EMHbIM CIMAHYUSM — UX KOIUYECmaEY, pasmeuje-
HUIO U XAPAKMEPUCMUKAM NPUMEHSEeMOU annapamypel. Bmopoii cnocob ocnosan na onpedeneHu paouomexHuyeckux
Xapakmepucmux, ucxoosi u3 Qopmol u noaoxcerus: pegprexmopa aumentul. Peghnexmop npeocmaensitom 6 eude oonaxa
UBMEPEHHBIX TOYEK, KOMOopble OMPAdNCAlOm OMKIOHEHUS. OPMbL U NOJLOJNCEHUS KOHCMPYKYUU ON NPOEKMHbIX 3HAYe-
HU.

[l peanuzayuu usmepenuti Ouazpammvl HANPAGIEHHOCMU NO 6MOPOMY CHOCOOY HeoOX00UMO paspabomams Cuc-
memy KOHmMPOJIs 2e0MEempulL AHmMeHHbl, NPeOHAZHAYEHHYIO O/ USMEPEHUsL KOOPOUHAM MOYeK NOBEPXHOCMU peieKmopa.
st binonnenus yenesblx 3a0ay CUCIEMbL UMEem MeCo CedVIoudst CXeMd: U3MepUmenbHas annapamypd, pasmeuiet-
HASL HA KOPNyce KOCMUYeCKO20 annapamad, U KOHMpPOLbHbLE dNEeMEHNbl, PA3SMEUEHHbIe HA INEMEHMAX KOHCMPYKYULL.
Takas kongpueypayus cucmemvl nO36015€N NPeOCMAIsMG INEMEHMbl KOHCMPYKYUU AHMEHHbL 6 6ude 001aKa KoH-
MPOTILHBIX MOYEK.

B pamrax pabom no paspabomie smoui cucmemuvl HpogeOeH NPOEKMHbIL AHAIU3 BO3MOICHOCTIU NPUMEHEHUSL U3Me-
PeHUll 2eomempuy aHmeHHvl Ol pacyema OUazpammvl HANPAGLEeHHOCMU U OdibHeluell OYeHKU eé OMKIOHeHUs
om npoexmuuix 3navenuu. IIpogedena oyenka HeobX00UMO20 KOIUYECMBA USMEPIEeMbIX KOHMPOIbHbIX MOYeK NOGepX-
Hocmu pegaexmopa. /s smux yeneii o6vin gviopan Ku-ouanazon uacmom xax oOun u3 nauboiee NONYIsSpHbIX OUanazo-
HO8 4acmom, UCNOAb3YEMbIX 8 MENeKOMMYHUKAYUOHHBIX KocMuyeckux annapamax. Bvlnu paccmompenvl neckonvko
sapuanmog Habopos mouex. Cpedu HUX ObLIU HADOPLL MOUEK, NPUHAOAEIHCAWUX KAK HeOe@OpMUPOBAHHOMY, MAK
u depopmupogannomy npogunto peprekmopa. Ilo kaxcoomy Habopy 6vin npoussedeH pacuem OUaAcPamMmbl HANPAGIEH-
Hocmu anmenHul. [Ipogedeno cpasHeHnue 8u3yaIbHbIX NPeOCMAagieHull (POKAILHO20 1yHa U KOIpPuyuenma HanpasieH-
Hoeo Oelicmeus. B xode amanuza nonyuenHvlx OaHHBIX ObLIO ONpedeseHO MUHUMAIbLHO HeobdX0O0umMoe KOAudecmso
KOHMPOAbHBIX MOYEK O/ pacuema OUdspamMmbl HANpasieHHocmu ¢ mpedyemou mounocmoio. Ilonyyennvie oannvie
ObLIU yumenvl npu hopMuUposanuu mpebosanull Kk cucmeme opoumanbLHO20 KOWMPOIsk 2e0MempUu AHMEHHbI.

Kniouegvie cnosa: kpynnoeabapummusie mpancghopmupyemvie aHmeHHbl, pa36epmvleaeMblll peiekmop, ouazpamma
HanpagneHHoCmu, opoUmManbHas OCMUPOBKA, CUCIIEMA KOHMPOJISL 2e0MEMPUL AHMEHHDL.

Introduction. Today one of the priority trends in the load-carrying structure — the rod. The next important LTA
world satellite construction is producing communication  component (from the point of view of the AP formation)
spacecraft (SC) with large-size transformable antennas is the reflector [4—6]. The reflector is a rigid framework
(LTA) [1; 2]. LTA is a complex technical system on the consisting of a base and spring-type spokes, a form-
deployment and on the required configuration of which  building structure fastened to the framework, and a net
depend both the quality of the signal provided for sub-  sheet sewn to the form-building structure (fig. 1). To
scribers in the required coverage zone, and general accu-  maintain the quality of the signal the form of the net sheet

racy of SC specified performance. surface of the reflector must be close to the paraboloid
The quality of the signal is determined by the orienta-  of revolution.
tion accuracy of antenna pattern (AP) of LTA [3] for the Because of the large size of LTA for its rather small

target coverage zone, and by the level of LTA gain in this ~ weight, the structure rigidity is not sufficient. As a result,
zone. The necessary radio engineering characteristics during the operation at the orbit the structure is subject to
(REC) of LTA are determined by its practically applied temperature and elastic deformations [7; 8] which, in turn,
construction configuration designed with the required cause deterioration of the antenna REC and make the sig-
accuracy. One of the LTA configuration characteristics nal in the coverage zone weaker.

that influence its REC is the accuracy of the feed and re- It is possible to compensate REC deterioration, also
flector interposition, greatly dependent on the reflector — with the help of the stated current AP [9].
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Fig. 1. Reflector design

Puc. 1. Konctpykuus pediiekropa

So the following task can be formulated: to measure
the AP and determine the deviations of its axis from the
specified values. To assess these AP deviations of SC
working at the orbit, two different methods can be used.

The first method is based on the REC measurements
made by ground SC service stations. This method is suffi-
ciently accurate, but it has some drawbacks. For example,
it can’t be applied when the spacecraft is being used for its
specified purpose. The requirements for ground stations —
their number, location and equipment — also increase
when this method is applied.

The second method is based on deriving REC meas-
urements from the configuration and orientation of the
antenna reflector. The reflector is imaged as a cloud of
monitored checkpoints able to reflect the deviations of the
construction’s configuration and orientation from the
specified values.

To obtain AP measurements using the second method,
an antenna configuration control system (ACCS) must be
worked out [10-13] for measuring the coordinates of the
reflector surface points. The system should have the fol-
lowing components: measuring equipment mounted on
the spacecraft casing, and control elements (light reflec-
tors), on the construction elements. This configuration
allows to present the LTA construction in the form of
a checkpoint cloud.

The initial data required for AP calculation are:

— coordinates of the radio-reflecting surface points
or general orientation of the given surface (when radio-
reflecting surface deformations are negligible);

— feed directional pattern;

— operation frequency.

Thus ACCS measurements complementing AFS char-
acteristics specified at the stage of its design and produc-
tion form the initial data sufficient for AP setting.

There is also a problem of the required number of
checkpoints. To control the configuration of “rigid” re-
flectors (reflectors having negligible radio-reflecting sur-
face deformations), it is enough to monitor several check-
points, the number and location of which is chosen to
meet the precision requirements when determining the
orientation of such reflectors. However, to control the
configuration of elastic large-size reflectors functioning as
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parts of antennas with UHF operation frequencies, it is
necessary to assess the reflecting surface deformations,
since the deformation data contribute a lot to REC of the
antenna. In these cases the required number of monitored
checkpoints can reach several thousand. Besides the fac-
tors mentioned, the number of checkpoints determined by
ACCS depends on:

— weight and dimensions of control elements;

— structural features of the antenna;

— characteristics of calculation algorithms and on-board
computer;

— characteristics of measuring instruments.

This paper shows how the number of checkpoints may
influence the precision of REC determination for an
antenna with a large-size deformed reflector. A calculation
was made to find the AP representing the LTA focal beam
electrical axis orientation for different numbers of check-
points. AP calculations were made both for the theoreti-
cally determined reflector profile (without deformation)
and for the deformed reflector profile. The lower KU-
band frequency was taken for the antenna operational
frequency.

Initial data for evaluating the electrical character-
istics of antennas. To find the necessary number of
points of the reflector surface sufficient for calculating the
antenna electrical characteristics with proper accuracy,
AP and orientation of the focal beam electrical axis were
calculated for the antenna reflector with a 12-meter aper-
ture. The calculations were made for different sets of
points: 1488, 1250, 1000, 750, 500, 250, 25.

In the documentation for software sets used to calcu-
late AP, it is advisable to choose the number and orienta-
tion of control surfaces that make the distance between
two neighboring points not more than A/(5-6) mm, where
A is wave length.

However, it must be taken into account that the reflec-
tor surface is a set of flat trapezoidal facets formed by the
frontal network checkpoints. It means that the location of
points inside the facets can be determined by the points
forming each facet. Thus, the influence of points within
each facet on the AP can be expressed through the 4 nodal
points of the frontal network.
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Consequently, the basic data on reflector surface de-
formations can be derived from coordinates of the frontal
network nodal points, and to obtain a reliable AP it is
enough to use for calculation the data on points, the dis-
tance between which (for the current implementation of
the frontal network) does not meet the above-mentioned
requirement.

So, for the checkpoints, at their maximum number, the
frontal network points with coordinates derived from the
reflector finite-element model (FEM) can be taken,
in case the model is framed according to the method
described in [14].

The deformations were obtained in modelling how the
reflector KEM is affected by a model device of reflector
configuration finishing adjustment (RCFA). RCFA is a
device that allows to adjust the position of the spoke
in the plane of the reflector symmetry axis. The main con-
trols are the tie-rod devices which tighten the cords
attached to the spokes.

A more detailed description of RCFA model and im-
plementation logic is presented in [15].

The cartogram of distribution of the frontal network
checkpoints deviations from the theoretical profile made
for the reflector initial design is shown in fig. 2. Devia-
tions are calculated as the shortest distance from frontal
network checkpoints to theoretical profile. The SCD of
the frontal network checkpoints from the reflector theo-
retical profile is 0.2 mm.

The deformed configuration was framed artificially by
changing the RCFA tie-rods position in FEM. Tie-rod
movements are presented in tab. 1.

The cartogram of distribution of the frontal network
checkpoints deviations from the theoretical profile for the
reflector with deformations is presented in fig. 3. The
SCD of the frontal network checkpoints from the reflector
theoretical profile is 18.1 mm.

The theoretical paraboloid coordinate system (TPCS)
is a coordinate system associated with the SC casing, in
which the theoretical location of the reflecting surface
points (theoretical profile) of the reflector is described by
the canonical equation of paraboloid of revolution.

The reflector coordinate system (RCS) is the coordi-
nate system determined in [9].

The coordinates of different numbers of reflecting sur-
face points were formed by performing the following se-
quence of actions:

1. The coordinates of a large number (1001000) of the
reflecting surface points were formed. The coordinates y
and z of these points were calculated from the following
parametric equations:

y =3vcos(v)+8.3, 1
z =3vsin(v), M
where v — parameter changing from 0.002 to 2 with step
of 0.002; v — parameter changing from 0 to 2z with step
0f 0.002.

Zrm, M

2+

! 0.8, MM

0.6

0.4

-0.4

-0.6

-0.8

Fig. 2. Distribution of deviations from TP in the initial design

Puc. 2. Pacnipenenenune otkinonenuit ot TII B MpoeKTHOM COCTOSIHUM

Table 1
Rod movements, mm
Rod 7 Rod 8 Rod 9 Rod 10 | Rod 11 Rod 12 Rod 1 Rod 2 Rod 3 Rod 4 Rod 5 Rod 6
20 0 20 0 20 0 20 0 20 0 20 0

Note: “+” —is the movement in direction of the reflector folding.
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Fig. 3. Distribution of deviations from TP in the deformed state

Puc. 3. Pacnpenenenue orkinonenuii ot TII B neopMrpoBaHHOM COCTOSTHHN

The x coordinates of the deformed and undeformed
profile were calculated by interpolating the frontal net-
work checkpoints (1488) of the deformed reflector at the
points with y and z coordinates, calculated from the
expression (1).

2. The coordinates of the reflecting surface points
formed in 1 were recalculated in RCS:

Xp X X P_TII
Yp :MTH_P' Yo | = YP_TH > (2
Zp Ztn ZPfTH
cos(0) sin(@) O
where M p =|-sin(0) cos(0) 0| — transition matrix
0 0 1

from TPCS to RCS; 0 — rotation angle of RCS about the
axis of OZ TPCS equal to 26.5651 degr; Xtn, Y, Ztn —
coordinates of the point in TPCS; Xp, Yp, Zp — coordinates
of the point in RCS; Xp 111, Y i, Zp i — coordinates of
RCS center location in TPCS equal to [2296.35 mm,
8731.49, mm 0].

3. Coordinates of the required number of reflecting
surface points were formed. For the purpose a formation
of a network of points uniformly distributed in the YOZ
RCS plane was carried out: y coordinate of the network
points changed from —7 to 7 m; z coordinate of the
network points changed from —6 no 6 m; interpoint step
relative to both coordinates made % (tab. 2).

The coordinates x of the points of the reflector’s
deformed and undeformed profiles were determined
by interpolation of the points obtained in 2, at the points
of the pre-formed network. In the process of interpolation,
the network points located outside the radio-reflecting
surface were discarded. A network of 250 points of radio-
reflecting surface in the YOZ plane of RCS after interpo-
lation is shown in fig. 4.

4. The coordinates of the required number of reflect-
ing surface points formed in 3 were recalculated in TPCS
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X Xp X P_TI
Yo |=Mp | Yo [+ Yo 1 |» 3)
Z TIT Z P VA P _TII
cos(0) —sin(@) O
where M 1 =|sin(0) cos(6) 0O — transition matrix
0 0 1

from RCS to TPCS; 6 — rotation angle of RCS about the
axis of OZ TPCS; Xtn, Y1, Zmn — coordinates of the point
in TPCS; Xp, Yp, Zp — coordinates of the point in RCS;
Xp 1, Yp i, Zp i — coordinates of RCS center location
in TPCS.

A network of 250 points of radio-reflecting surface
in YOZ plane of TPCS is shown in fig. 5. Dashed lines in
fig. 5 show the circle that is the generator of a cylinder,
the intersection of which with the paraboloid of revolution
forms the radio-reflecting surface.

Antenna REC calculation. That was made for the
following numbers of reflector surface points: 1488,
1250, 1000, 750, 500, 250 and 25.

Fig. 6 shows the focal beam pattern at the lower
operational band frequency for the antenna reflector theo-
retical profile at different profile points number.

Fig. 7 shows the focal beam pattern at the lower
operational band frequency for the deformed reflector
profile of antennas with different profile points number.

Fig. 8 shows the focal beam pattern for the unde-
formed profile (left) and for the deformed profile (right)
at 25 points.

Tab. 3 presents calculations of antenna focal beam DG
at the upper KU-band frequency for the deformed reflec-
tor profile and for that without deformation.

Analysis of calculation results. Fig. 6 and 8 of the
focal beam pattern indicate that with the lower number of
reflector’s monitored points, the beam pattern is distorted;
the effect is present even at 500 checkpoints, and the
beam pattern gets completely distorted at 25 checkpoints.
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Table 2
Network step h, m
Reflecting surface points 1250 1000 750 500 250
number
Theoretical profile 0.31775 0.355 0.4098 0.499986 0.7052
Deformed profile 0317 0.3552 0.40954 0.5 0.7055
6 o T o |
| | 1 1 1 | | |
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| | | |
4l A o !
l l :
l l l
| |
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| |
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| |
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T | |
l l l
Qr---- Jr -——— F=---- : ————— :
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-8 -6 -4 -2 0 2 4 6 8
Yp, M

Fig. 4. Network of 250 points in the YOZ plane of RCS after interpolation

Puc. 4. Cerxa u3 250 touek B mnockoctd YOZ CKP nocne uHTepnoasnuu
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Fig. 5. Network of 250 points in the YOZ plane of TPCS

Puc. 5. Cetka u3 250 touek B miockoctu YOZ CKTII
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Fig. 6. Focal beam pattern at the lower operational band frequency
with different numbers of the reflector theoretical profile points

Puc. 6. KonTyp (hoxanbHOTO0 dy4a Ha HIKHEH yacToTe pabouero quamna3oHa
TIPY Pa3IHMIHOM KOJIMYECTBE TOUCK TEOPETHIECKOTO NPOGHIIs pediieKTopa

Fig. 7 and 8 showing the focal beam pattern for a de-
formed reflector indicate that the given reflector deforma-
tion causes a deep distortion of the beam. They also con-
firm that with a decrease in the number of reflector’s
monitored points the contour of the beam is distorted. For
the deformed reflector the beam contour is completely
blurred at 25 checkpoints.

The results of directive gain of antenna focal beam
calculation presented in tab. 2 confirm the deterioration of
focal beam characteristics at the upper operational band
frequency with the decrease in the number of reflector’s
monitored points. The minimum of 250 monitored reflec-
tor checkpoints is acceptable; at that the calculated dete-
rioration of the focal beam DG at the upper operational
band frequency is 2.21 %. That number of the reflector
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surface monitored points makes it possible to assess the
antenna focal beam electrical characteristics with a per-
missible error.

Conclusion. The problem of choosing the monitored
points number of the reflecting surface considered in this
paper is relevant for the problem of design of LTA con-
figuration control system at the orbit. Such system allows
to determine the AP when the orientation and form of the
LTA components is stated. The proposed approach
to determination of the monitored points number, as well
as the results of its application for a specific operating
antenna are aimed at perspective SC projects and at
formulating the technical specification requirements for
making SC antenna-feeder systems.
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Fig. 7. Focal beam pattern at the lower operational band frequency
with different numbers of the deformed reflector profile points
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Table 3
Directive gain of the antenna focal beam at the upper operational band frequency for different reflector profiles
Number of points DG, percent
Reflector profile without deformation Deformed reflector profile
1488 100 74.77
1250 99.83 75.15
1000 99.75 75.52
750 99.62 76.17
500 99.26 75.33
250 97.79 73.83
25 64.03 56.80
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In the present investigation we envisage the spacecraft motion of Gonets-M (Gn-M) orbit group which is located
in a circular orbit at a height of 1500 km with an inclination of 82.5 degrees. Its movement is measured based on the
current navigation parameters which reveal its orbital motion analysis. Gn-M has a special characteristic feature
of rotation with apsidal motion in frozen orbit. Based on this fact, the present study was carried out with the conception
of a frozen orbit of Gn-M by investigating eccentricity parameter e and perigee argument w. The comparative analysis
is presented as graphs which indicates the variation in the values of eccentricity parameters e and the perigee argument
w which is calculated based on the current navigation parameters and the predicted motion of Gn-M. An orbital meas-
urement was carried out by studying three Gn-M of the same orbital plane over a period of one year. The study insight
on the complete analysis of specific changing revolution of the nodical period of Gn-M staying at frozen orbit. The am-
plitude vibrations of an orbital nodical period are calculated and compared with the orbital parameters of Gn-M which
are in the same orbital plane. Overall the results obtained in the present investigation are promising enough which can
aid in improving the calculation accuracy of orbit correction parameters of Gn-M.

Keywords: spacecraft, orbital parameters, eccentricity, perigee argument, nodical period, ballistics.
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AHAJIM3 CTABMJIBHOCTHU JBUXKXEHUA KOCMHUYECKOI'O AIIITAPATA
«'OHEII-M» Ne 37152 I1IO OPBUTE

1. K. Konosekwit , JI. H. llImaxos, B. H. [Toxouskus

AO «MHpOopMaIMOHHBIC CITYTHUKOBEIC CUCTEMbD» HMEHU akanemuka M. @. Pemernéray
Poccuiickas ®enepanus, 662972, r. Kenesnoropck KpacHosipckoro kpas, yi. Jlenuna, 52
* . . .
E-mail: kolovigor@mail.ru

Hccnedyemes 0gudicenue KoCMU4eckux annapamos opoumansrotl epynnuposku «I oney-My. Opoumanshas epynnu-
poska «I oney-My» npedcmagnsem coboti KOcmudeckue annapamsl Ha Kpyeogou opoume c gvicomoti 1500 km u Haxno-
nenuem 82,5°. Jlna ananusa osudicenus no opoume UCHONbL3VIOMCA USMEPEHUS MEKYWUX HAGUSAYUOHHBIX NAPAMEMPOS
Kocmuueckux annapamos «loney-My. Paccmompenvt ocobennocmu uzmeHenuss napamempos opoumvl KOCMUYECKUX
annapamos «l oney-My. [locne ananusza opbumanbHo2o 08udiceHus OblNa OmmeueHa 0COOEHHOCMb 60 8PAUeHUL TUHUUL
ancud xocmuueckozo annapama «I oney-My» na 3amopodcennoli opoume. Packpvieaemcs nousAmue «3aMOpO*CeHHAS
opbumay. Ilpusedenvi 3nauenus napamempos opoumuvl IKCYeHmpucumema e u apeymeHma nepuees w, xXapaxmepu-
3yrougue nododHsie opoumol. Ilocmpoenvl cpasHumenvuvle 2paguKy U3MeHeHUs 3HaYeHull napamempos opoumsl dKc-
YeHmpucumema e u apeymenma nepuzest W, noJy4eHHbIX ¢ ROMOWbIO USMEPEHUS MeKYWUX HAGUSAYUOHHbIX Napamem-
P08, U COOMBEMCMBYIOWUX 3HAYEHUN, PACCUUMAHHBIX Yepe3 NPOSHOZUPOBAHUE OBUIICEHUS KOCMUYECKO20 annapamd
«loney-My. Paccmompeno u npusedeno na 00HOM epaghuxe 6eK08oe usmeHeHue nepuooda oopaujenus 6 meienue 2o0a
¥y mpex Kocmuueckux annapamos «loney-My» oonou opbumanvbholl niockocmu. Buisgrena ocobennocmos usmeHnenus
BEUYUHBL OPAKOHUYECKO20 Nepuooda obpawjeHus KOCMUYEeCKo20 annapama Ha 3amMopodiceHHol opoume. Buiuuciena
8eUYUHA AMNAUMYObL KOAEOaHUA OPAKOHUYECK020 nepuoda obpawjenus. IIposooumcs cpagnumenvrulli anaaus napa-
Mempog opbumbsl Kocmuueckux annapamos «l oney-My, kKomopuvle HAX00AmMcs 6 OOHOU OpPOUMANLHOU NIAOCKOCHIU.
Tonyuennvie pezynbmamor MO2ym cnoco6CmMEo8ams HOGLIUEHUIO MOYHOCHU GbIYUCIEHUS NAPAMEMPO8 KOPPeKyuu
opbumul Kocmuueckoz2o annapama «I oney-My.

Knouesvle cnosa: kocmuueckutl annapam, napamempsi opoumsl, 3KCYeHmpucumem, apeymenm nepuzes., OpaKoHu-
yecKull nepuoo oopaweHus, 6arIuCmuKd.

Introduction. The flatness of the Earth leads to the it was observed that the orbit apsidal line of SC No 37152

displacement of the satellite orbit perigee [1]. However, vice versa practically retains its position. Despite the fact
after consideration of the orbit group parameters of Gn-M, that the orbital plane inclination of Gn-M is different from
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the critical value (the critical inclination equal to 63.43
degrees and 116.57 degrees).

It was found out that after the reduction correction Gn-M
No 37152 hit the target orbit at a height of 1500 km with
an inclination of 82.5 degrees with special laws changes
in the orbit parameters — frozen orbit.

The study of the evolution of the orbital parame-
ters € and W of Gn-M. A frozen orbit is an orbit whose
mid elements, particularly the eccentricity e and the peri-
gee argument w, for a long period of time can take almost
constant or within a limited range enclosed values [2—4].

Analysis was studied by measurements of current
navigation parameters (MCNP) of SC’s No 37152,
No 38736, No 38734 which are located in the same
orbital plane. Special attention was paid to the following
SC orbit parameters: e, w and the nodical period Tpg.

Due to the analysis it turned out that the parameters,
obtained after processing MCNP of SC’s No 38736,
No 38734 behave in the following way: w changes in the
range from 0 degree to 360 degrees, i. e., it has secular

changes, e changes in the range from 0.001 to 0.003. The
nodical period 7,4 in addition to the secular component
has got a long-period one. On the other hand, orbit pa-
rameters w and e of SC No 37152 change in a completely
different way (tab. 1).

It must be noted that SC No 37152 is different in be-
havior of the considering orbital motion elements accord-
ing to its own points A1-AS5 (tab. 1) in comparison with
parameter values at points B1-B5 and C1-C5 of other
SC’s and in addition to this its secular component of the
perigee argument change disappeared.

Therefore, further for the study, we take the values
obtained by MCNP, orbit parameters e and w of SC’s
No 37152, No 37836 and No 38734 over a period of one
year (tab. 1) and compare these values with the predicted
values of e and w. The forecast will be carried out taking
into account the influence of the Sun, moon and the resis-
tance of the atmosphere over a period of one year. All the
corresponding values will be presented in one graph
(fig. 1-3).

Table 1
The MCNP results of SC’s No 37152, No 38736, No 38734
SC No 37152
No Date Tha, © e w, °© i, °
Al 04.06.16 6955.066 0.0010284 67.778 82.460
A2 06.07.16 6955.067 0.0011624 73.497 82.460
A3 06.11.16 6955.046 0.0009379 73.050 82.459
A4 06.03.17 6955.042 0.0012092 61.417 82.461
AS 07.07.17 6955.019 0.0012199 75.115 82.463
SC No 38736
No Date Toa € e w, © i, °
B1 29.06.16 6955.032 0.0032782 70.250 82.484
B2 22.09.16 6954.957 0.0010319 238.830 82.484
B3 16.11.16 6954.955 0.0028615 107.508 82.487
B4 17.03.17 6954.950 0.0011888 197.741 82.488
B5 17.07.17 6954.914 0.0019047 349.824 82.486
SC No 38734
No Date Toa € e w, ° i, °
Cl 29.06.16 6954.913 0.0030670 69.888 82.479
C2 21.08.16 6954.883 0.0017654 177.554 82.475
C3 26.11.16 6954.899 0.0028563 91.390 82.482
C4 27.03.17 6954.905 0.0014133 163.996 82.484
C5 05.05.17 6954.892 0.0027339 99.380 82.483
85,0
80,0 -|
75,0
o
70,0 -
65,0 -
60,0 | | | | | | | | ]
0,00090 0,00095 0,00100 0,00105 0,00110 0,00115 0,00120 0,00125 0,00130 0,00135
e

Fig. 1. e, w orbit parameters change of SC No 37152 over a period of one year

Puc. 1. I3menenne mapaMeTpoB e, w Ha opoute KA Ne 37152 Ha uHTEpBane oqHOro roaa
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Fig. 2. e, w orbit parameters change of SC No 38736 over a period of one year

Puc. 2. N3meHenue napamerpos e, w Ha opbute KA Ne 38736 na unTepBasie 01HOTo roaa
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Fig. 3. e, w orbit parameters change of SC No 38734
over a period of one year

Puc. 3. N3meHenue napamerpos e, w Ha opbute KA Ne 38734
Ha MHTEpBaJle OHOTO rojia
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At the fig. 1, 2 and 3 it can be seen that the values ob-
tained by MCNP are in good agreement with the values
calculated by the forecast of SC orbit motion.

Looking at tab. 1 and fig. 1 it can be concluded that in
a frozen orbit parameters e and w of SC No 37152 are
changing in the following intervals of values

0.0009 <e<0.0013; 60.0°<w<80.0° €]

The obtained inequalities of e and w changes are
assumed as a condition for SC being in a frozen orbit
at an orbit height of 1500 km with an inclination of 82.5
degrees.

The orbit period changes of Gn-M. Consideration
should be given to the nodical period 7,4 of Gn-M. The
observation of the 7,4 secular changes according to the
NORAD database [5] shows that SC No 37152 has sig-
nificant decreasing of the amplitude of the long-period
component in the nodical period, compared to SC
No 38736 and SC No 38734 of the same orbital plane and
of the same location in a non-frozen orbit (fig. 4).

It is necessary to pay attention to one more feature of
carrying out calculations by 7,4 using. It is talked about
the influence of TGF tesserial harmonics on the average
anomaly. These harmonics cause secular perturbation in
the average anomaly, what corresponds to the SC secular
drift along the trajectory. This secular drift should be
taken into account in project calculations where the initial
conditions are the use of the sculating orbital elements at
some point. If 7y4 is used as initial conditions, this pertur-
bation should not be taken into account, since it is included

The analysis of the secular change in 7,4 circulation
period by all three SCs Gn-M shows that every SC T4
value over a period of one year, starting since 01.06.2016,
decreased an average of ~ 0.04 s.

Considering fig. 4 in greater detail, the significant
amplitude decreasing of the long-period component can
be noted in the nodical period of Gn-M No 37152. The
changing nature of treatment period became smooth over
time.

The difference in T,y values changes of SC No 37152
and T, of other orbit group SCs can be explained due
to the influence of long-period perturbations [8].

The oscillation amplitude changes of Gn-M side-
real period in orbit. The long-period component is gen-
erated by the long-period oscillations of the nodical pe-
riod, which have an amplitude [9—11]

At =3-Cop'(Rya)Tpa'(2 — (5-sin’(i))/2)-e, )

where C,o, = —1082.627-10° — dimensionless constant
characterizing the shape of the Earth; R, = 6378.16 km —
the equatorial radius of the Earth [12; 13]; e — the
eccentricity of orbit turn; ¢ = 7878.16 km — a large orbit
axis; T,q = 6955.0 s — the initial value of Gn-M orbit
nodical period [14]; i = 82.5 degrees — the inclination
of orbital plane.

On substituting values into expression (2), the follow-
ing formula is obtained

as a component of nodical period initial value [6; 7]. Ar=68e. Q)
6 955,10 -
KA Ne 37152
6 955,05 -
L]
E(: 6 955,00 -
= KA Ne 38736
=
-
~
E 6954,95 -
& KA Ne 38734
6954,90 -
6 954)85 T T T T T T 1
16,4 16,6 16,8 17 17,2 17,4 17,6 17,8
Bpemsd ot 2000 roaa,r

Fig. 4. T,q change of SC No 37152, SC No 38736 and SC No 38734

Puc. 4. smenenue Ty, KA Ne 37152, KA Ne 38736 u KA Ne 38734
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Table 2
Ar, (Tha)ax calculations results following MCNP data
SC No 37152
Date e w, ° Ar (Toa)ar> © 12:(Tyd)ars ©
04.06.16 0.0010284 67.778 0.00699 —0.00265 —0.00133
06.07.16 0.0011624 73.497 0.00790 —0.00225 —-0.00113
06.11.16 0.0009379 73.050 0.00638 —0.00186 —0.00093
06.03.17 0.0012092 61.417 0.00822 —0.00394 —-0.00197
07.07.17 0.0012199 75.115 0.00830 —0.00214 —0.00107
SC No 38736
Date e w, °© Ar (Tod)ars € 1/2:(Toa)ars ©
29.06.16 0.0032782 70.250 0.02229 —0.00755 —0.00377
22.09.16 0.0010319 238.830 0.00702 0.00364 0.00182
16.11.16 0.0028615 107.508 0.01946 0.00584 0.00292
17.03.17 0.0011888 197.741 0.00808 0.00770 0.00385
17.07.17 0.0019047 349.824 0.01295 —0.01274 —0.00637
SC No 38734
Date e w, °© Ar (Toa)ar» © 12<(Tog)ars ©
29.06.16 0.0030670 69.888 0.02086 —0.00718 —0.00359
21.08.16 0.0017654 177.554 0.01200 0.01199 0.00600
26.11.16 0.0028563 91.390 0.01942 0.00046 0.00023
27.03.17 0.0014133 163.996 0.00961 0.00923 0.00462
05.05.17 0.0027339 99.380 0.01859 0.00301 0.00151

In this case, the long-period oscillations of nodical
period (Tng)a at the time of equator passing take the
following form [9-11] in the turn

(Toa)ax = —Arcos(w), 4)
where w is the value of the orbit perigee argument in the
turn.

Following MCNP data the Gn-M orbits eccentricity is
being ranged between 0.001 and 0.004. It follows that the
long-period component amplitude of the nodical period A7
is 0.007-0.030 s according to the formula (3).

If Gn-M No 37152 is moving along frozen orbit, its Ar
change is different. To check this situation actual values
obtained by MCNP, w and e parametres results are taken
out of the tab. 1, formulas (3), (4) are used for calcu-
lations (tab. 2). In tab. 2 parameter 1/2 - (7,4)4 means the
semirange of 7,4 long-period oscillations.

It must be noted that the value (T,4), depends on time.
Comparing presented in tab. 2 parameter 1/2:(T,q)s With
the values of the T,4. behavior by its real observations
(see fig. 4) it can be seen that in both cases the semirange
of the long-period oscillations of T,y period is about 0.001 s
in magnitude. In the tab. 2 t SC No 37152 eccentricity
changes from 0.0009 to 0.0013, thus the long-period
component amplitude of the nodical period changes in
closer limits from 0.007 to 0.009 s.

Conclusion. Presented data point to a potentially
promising application area of orbits as a frozen orbit. The
detection of the nature changes in the motion of SC Gn-M
No 37152 in such an orbit can aid in improving the calcu-
lation accuracy of orbit correction parameters, which will
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be relevant by increasing the number of Gn-M orbit
groups, as is proposed in [15], and by a significant reduc-
tion of SC retention area at the necessary points of stand-
ing, i. e., in connection with the requirements increasing
to the structural stability of the orbital group.
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THREE-DIMENTIONAL MODELLING OF EXTERNAL MECHANICAL EFFECTS
ON DEVICES AND MACHINERY IN SOLIDWORKS SIMULATION

S. G. Martyushev, A. A. Dement’ev’

Research and Production Center “Polus”
56v, Kirova Sq., Tomsk, 634045, Russian Federation
"E-mail: info@polus-tomsk.ru

The applications of space vehicles in the modern world are extensive enough: satellite communication, broadband
and narrowband broadcasting, meteorology, scientific research and others.

For this reason, modern space vehicles use the latest achievements of science and technology. It allows us to create
easy, compact space vehicles with a wide functional.

The devices developed in the Research and Production Center “Polus” should meet the requirements of advanced
reliability both for regular and for emergency operating modes. One of the scopes of application of such devices is
designing of space vehicles.

The main task at designing and manufacturing of devices and their components is reliability maintenance. This is
a primary requirement to custom-made products for which repair at major failures is extremely labor-consuming.
At the same time, serious demands are made to mass, dimensional characteristics, power consumption, payloads, noise
characteristics of separate blocks and devices, and other technical parameters. However, it is necessary to consider
that at high requirements to characteristics the process of creation of products should be technological.

There are various techniques to define reliability of technical devices and their components. One of such ways
is carrying out the whole complex of tests simulating a full cycle of operation of the device or a mechanism. However,
experimental techniques have essential disadvantages, namely: high cost and long duration. Mathematical modelling
allows us to reduce expenses on mock-up designing, engineering time, risks, to reveal weak points, to develop recom-
mendations for strengthening the design and to give preliminary conclusions about firmness of the device to loads.

Along with thermal, electrostatic and frequency characteristics, mechanical effects play an important role, i. e.
dynamic and static loads. In this paper, the results of modelling of external mechanical effects on the device are pre-
sented. Numerical modelling of quasi-static loading and effect on the device of random vibration is conducted and the
modal analysis is carried out. Oscillation modes of the first three resonant frequencies of the device, stress, displace-
ments and accelerations diagrams are obtained. Load factors, the maximum values of displacements and accelerations
at impact actions are determined.

Keywords: modelling, mechanical analysis, durability, quasi-static loading, vibration, shock load.
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TPEXMEPHOE MOJEJTUPOBAHUE BHEHTHUX MEXAHUYECKHUX BO3JIEVICTBUI
HA ITPUBOPBI 1 YCTPOUCTBA B SOLIDWORKS SIMULATION

C.T. Maprromes, A. A. JleMEHTbEB

AO «HIIL] «ITomrocy»
Poccuiickas ®enepanust, 634045, r. Tomck, mn. Kuposa, 568
"E-mail: info@polus-tomsk.ru

Obnacmu npumeHeHUs KOCMUHECKUX ANNAPAMOS 6 COBPEMEHHOM Mupe OOCMAMOYHO OOWUPHBI. CHYMHUKOBA
CB513b, WUPOKONOJOCHOE U Y3KONOIOCHOE Beljanue, Memeopoao2us, HayuHble UCCIe008aHUs U Np.

Hmenno nosmomy cospemennvie KOCMUdecKue annapamsl UCNOLb3YIOM 8Ce NOCeOHUe OOCTUINICEHUsT HAYKU U 1eX-
HUKU. Imo no3goisiem co30a6ams Je2Kue, KOMNAKMHble KOCMUYECKUe annapamol ¢ WupoKuUM QYHKYUOHATIOM.

K npubopam, paspabameisaemvin 6 AO «HIIL] «Ilonocy, npedvasnaiomcs mpebo8aHus NOSbIUEHHOU HAOeHCHOCMU
KaK 8 WMAamHblx, max u Heumamuulx pescumax pavomol. OOHOU U3 cghep npumeHnenus noOOOHBIX NPUOOPOB ABNIAEMC
NPOEKMUPOBAHUE KOCMUYECKUX AnNapamos.

Inasnoil 3a0auel npu nPoOeKMUPOBAHUL U U32OMOGIEHUU NPUOOPOS U V306 AGISEMCsL 0becnedeHue HAOEHCHOCHI.
DOmo nepsocmenennoe mpeboganue K WmMyuHblM HeCEPUIIHbIM U30ENUM, Ol KOMOPBIX PEMOHM NPU CEPbe3HbIX HeUuc-
NPAGHOCMAX UPe3BbIUAliHO MPYyOoemMoK. B mo dce apems k Hum npedwvssnaiomes cepbestvie mpeOo8anus K Macco8blM,
2a0apuUmMHbBIM  XAPAKMEPUCMUKAM,  IHEP2ONOMPeONeHUI0, NONE3HbBIM —HASPY3KAM, WYMOGbIM XAPAKMEPUCMUKAM
omoenvHblX OI0K08 U npubOpos, a maxdice npouum mexuwudeckum napamempam. OOnako credyem yyumvl8amo, 4mo
npU BbICOKUX MPEDOBAHUAX K XAPAKMEPUCMUKAM NPOYECC CO30ANUS U30ENULl O0NHCEH DbIMb MEXHOIOSUYEH.
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Cywecmeyiom pasznuunvie MemoOOUKU OnpeoeseHusi HAOeICHOCMU Npubopos U Y3108 MEeXHUYeCKUx yCmpoucms.
OO0HuM U3 maxkux cnocobo8 A6Isemcs NPOGEOeHUe Yen020 KOMIAEKCA UCHbIMANHUL, UMUMUPYIOWUX ROIHbIU YUK QYHK-
yuonuposanusi npubopa uiu ycmpoicmea. OOHAKO IKCNEPUMEHMATbHbIE MEMOOUKU UMEIOM CYUeCMEeHHble He)d0C-
MAmMKU, a UMEHHO, BbICOKYIO CIOUMOCHb U OONLULYIO 8PEMEHHYIO OIUMENbHOCHb. Mamemamuyueckoe MoOeiuposanue
NO360JIs1em YMEHbULUNb PACXO0bl HA MAKEMHOe NPOEKMUPOSAHUe, COKPAMUMb PEMsL pA3PAOOMKU, YMEHbUIUMb PUCKU,
8bLAGUMDb ClAbble Mecmd, pa3pabomams peKoMeHOAyuY No YCULEHUI0 KOHCIMPYKYUU U 0amb RPed8apumenbHoe 3aKio-
yeHue 0 cmotuKocmu npubopa K HA2py3Kam.

Hapsody ¢ mepmuueckumu, snexmpocmamuyeckumy U YacmomublMu XapaKmepucmukamu 8adcHyl0 poib uzparom
Mexanudeckue 6030eticmsus. JJunamudeckue u cmamuyeckue Hazpysku. Ilpeocmagnenvi pe3ynomamosl MOOEIUPOBAHUS
GHEWHUX MeXAHUYecKux o3oeticmauil Ha npubop. Ilposedeno yuciennoe MOOEIUPOBAHUE KEAZUCMAMUYECKO20 HAZPY-
JICEHUs. U 8030€liCMBUsL Ha Npuoop CAyHatHol subpayuu, npogedeH Mooatvhbll ananus. I[lonyuenvl Moovl Konebanull
NepebIX mpex pe30HAHCHLIX 4acmom npubopa, Sniopel HAnpajceHul, nepemewenutl u yckopenuil. Onpedenenvi KOIP-
Quyuenmul 3anaca npoYHOCMU, MAKCUMALbHbIE 3HAYEHUS NepeMeWeHUll U YCKOPEeHU Npu YOAPHbIX 6030€UCMBUSIX.

Kniouegvie cnosa: moodenuposanue, mMexaHuveckuii aHaius, NPOYHOCMb, Keasucmamuyeckoe gozoeticmsue, uopa-
yust, yoapHvie Hazpy3Ku.

Introduction. At present, when developing radioelec-  their mass and the mass of radioelectronic devices are
tronic and electronic equipment, much attention is paid to  taken into account.
the creation of three-dimensional models of devices. This The software automatically creates a combined grid
allows you to reduce the cost of breadboard design and  on a geometric model (fig. 2). The number of grid nodes
development time, to identify weak points, to develop is 1 501 193, and the elements — 888 873. The quality
recommendations for strengthening the design and to give  of the grid is determined by means of the Jacobian. For
a preliminary conclusion about the resistance of the device to  the given grid with a minimum (2 mm) and maximum
loads. In this regard, numerical modelling is widely used (25 mm) side dimensions of its elements, the Jacobian is
in the design as an initial stage of complex testing of de- 29.4 (fig. 3). Its acceptable value is considered not more
vices. With the help of specialized software the problems  than 40.
of strength, stability, dynamics, composites mechanics, The following material parameters were taken into ac-
hydrodynamics and heat transfer are solved [1-13]. count in the analysis (tab. 1): density; Poisson’s ratio;

The specific features of the devices, being developed modulus of elasticity (Young’s modulus); tensile yield
in the Research and Production Center “Polus”, is that strength; strength limit.
they must be rigid and strong. The load-bearing elements The requirements for resistance to external effects.
of the structure consist of plates and frames. In conditions  In accordance with the requirements specification the
of weight limitations, it is necessary to ensure the struc- device must remain operational after various mechanical
tural strength of devices and machinery in accordance effects. During the modelling quasi-static effects, impact

with the specification. loads specified in the form of a shock spectrum and ran-
Thus, the purpose of this work is to analyze the design ~ dom and sinusoidal vibrations were used.
of the device for resistance to external mechanical effects. Modal Analysis. The eigenfrequencies, forms (modes)

The analysis extends to the automation unit (AB). of vibrations of the AB model (fig. 4-6) and the resulting
Mechanical loads are defined according to the specifica- coefficient of mass participation are determined by the
tions. The analysis was carried out by means of the modal analysis (fig. 7).

SolidWorks software [14; 15]. Modelling of quasi-static effect and sinusoidal vi-
The design of the automation unit (AB). According  bration. Border conditions:
to the dimensional outline the AB has dimensions — all elements of the model have a global contact with
340%200x200 mm and weight (6.7 + 0.2) kg. one another;
The automation unit is structurally composed of four — the effect of gravity (acceleration of gravity) is taken
unified bases of the torque control channels (TCC) and into account;
a filter located on the upper surface of the TCC, tightened — type of material model — linear, elastic, isotropic;
at the corners by pins. The cases of the TCC are made — the device is rigidly fixed over the entire surface of
of the alloy MA2-1 State Standard 21990-76 and have the mounting feet;
a wall thickness of 2 mm and a base of 3 mm. On each of — the impact is applied to the base of the model con-

the four bases, PCBs of glass fiber textolite STF-2-35-OS  secutively in each of the three mutually perpendicular
technical specification TU 16-503.161-83 are pressed. directions.
The side surfaces of the AB are covered with covers of The natural frequencies of the AB model, obtained as
the alloy MA2-1 State Standard 21990-76 with the thick-  a result of the modal analysis, exceed 150 Hz. Therefore,
ness of 3 mm. To mount the device on its body on both  the calculation of sinusoidal vibration can be replaced by
sides there are six mounting feet. calculation for a quasi-static effect, since the stress arising
Finite element model of the device. The modelling in the elements of the model under the effect of a sinusoidal
process begins with the creation of a geometric model of  vibration will correspond to the stress under quasi-static
the AB (fig. 1), performed in accordance with the set of loads.
design documentation. In the model there are no elements In the case of quasi-static effect on the AB model, the
that lack the effect of strengthening of the structure, but maximum stress appears in the bases of the TCC (tab. 2).
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As a result of the calculation, the values of the maximum  the three mutually perpendicular directions were obtained.
stress and displacements under the effect along each of

Fig. 1. Geometrical model of automation block (AB)

Puc. 1. I'eomerpuueckas mogens bA

Fig. 2. A grid on geometrical model AB

Puc. 2. Cetka Ha reomerpudeckoil mogenu bA

Fig. 3. Jacobian distribution

Puc. 3. Dnropa sikoOuaHa
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Physical-mechanical characteristics of used materials

Table 1

Material parameter

Parameter value

Steel 10 short-

Magnesium alloy

Glass textolite,

time strength, MA2-1, Aluminum alloy AMg6 2, STF-2-35-0S
State Standard State Standard State Standard 21631-76 technical specification
1050-88 21990-76 TU 16-503.161-83
Density kg/m’ 7 856 1790 2 640 1700
Elastic modulus MPa 186 000 41 160 69 500 21 000
Poisson’s ratio 0.3 0.33 0.33 0.15
Tensile yield strength,
MPa (kgf/mm?) 205 (20.9) 137.3 (14) 147 (15) -
Ultimate strength, MPa 333 (34) 245.25 (25) 294 (30) 300 (30.6)

(kgf/mm?)

Fig. 4. First form of oscillations of model AB on frequency of 286 Hz

Puc. 4. IlepBas hopma konebanuii Mmogenu bA Ha gactrore 286 I'ig

Fig. 5. Second form of oscillations of model AB on frequency of 316 Hz

Puc. 5. Bropas ¢popma xonebanuit moxenu BA Ha gactote 316 I'ry
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Fig. 6. Third form of oscillations of model AB on frequency of 362 Hz

Puc. 6. Tpetps popma xonebanuit momenu BA Ha wactore 362 '
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Fig. 7. Result factor of mass participation:
I — mass participation in a direction of OZ axis; 2 — mass
participation in a direction of OY axis; 3 — mass participation
in a direction of OX axis

Puc. 7. Pesynbrupyromiuii K03(hGHIHESHT MacCOBOTO yJacTHsI:

1 — maccoBoe yuactue B HanpaBieHnd ocu OZ; 2 — MaccoBoe

yuactue B HampasieHuun ocu OY; 3 — maccoBoe ydacTue
B HampasieHu ocu OX

Table 2
Values of maximum stress and displacements OX, OY, OZ axes at quasi-static load
Direction of effect The maximum stress, MPa The maximum displacement, mm
Along OX axis 9.7 0.012
Along OY axis 7.3 0.063
Along OZ axis 15.9 0.072

The load factor of 1 elements of the AB model is cal-  where o, is the yield strength of the material, MPa;

culated by the formula Gyon Mises 18 the calculated value of the stress according
o to Mises, MPa.
n=——-—21, (1 For principal stresses 6;, 6,, 03, the Mises stress is
O von Mises expressed as
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+(61—G3)2

_\/(Gl —62)2 +(o, —03)2
cjvonMiscs -

2

The minimum load factor in the base of the TCC
along the OZ axis is N =38.6.

Stress and displacement distributions in the AB model
under the effect of quasi-static accelerations along three
mutually perpendicular axes are obtained (fig. 8-13). The
maximum stress along the OZ axis occurs at the base
of the TCC.

Modelling of the effect of random vibration. Border
conditions:

— all elements of the model have a global contact with
one another;

— damping in the model is 2 % of the critical;

— type of material model — linear, elastic, isotropic;

—the device is rigidly fixed over the entire surface
of the mounting feet;

—the impact is applied to the base of the AB model
consecutively in each of the three mutually perpendicular
directions.

The maximum stress occurs at the base of the TCC at
random vibration in the direction of the OX axis (tab. 3).
The values of the maximum stress, accelerations and
displacements at the level o under the effect along each of
the three mutually perpendicular directions are obtained.

The damping factor with respect to the critical damp-
ing was assumed to be 0.02. The finite element model
of the device is presented in Section 2.

The minimum load factor in the base of the TCC
along the OZ axis at the level 30, calculated by the for-
mula (1), ism = 1.39.

Forms and values of accelerations, displacements and
stress in the AB model at the effect of random vibration in
the direction of the axes in accordance with tab. 3 are
shown in fig. 14-22. In some drawings several elements
of the design are hidden for the better visualization of
maximum accelerations, displacements and stress.

Fig. 8. Distribution of stress in AB model
at quasi-static load along OX axis

Puc. 8. Pacnipenenenue HanpsokeHui B Moaenu bA
IIPY KBA3UCTaTHYECKOM BO3AEHCTBUY 110 ocu OX

Fig. 9. Distribution of stress in AB model
at quasi-static load along OY axis

Puc. 9. PactipenenceHue HanpsbkeHuid B Moaenu bA
IIPU KBa3UCTAaTUUECKOM Bo3zelcTBIH 110 ocu OY
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Fig. 10. Distribution of stress in AB model
at quasi-static load along OZ axis

Puc. 10. Pacnipenenenne HampspxeHuit B Mogenu bA
IIPU KBAa3UCTAaTUUECKOM BO3ZEHCTBHH 110 ocu OZ

Fig. 11. Distribution of displacement in AB model
at quasi-static load along OX axis

Puc. 11. Pacnpenenenue nepemerieHunii B mogenu bA
IIPY KBA3UCTaTHYECKOM BO3AEHCTBUY 110 ocu OX

Fig. 12. Distribution of displacement in AB model
at quasi-static load along OY axis

Puc. 12. Pactnpenenenue nepemerieHnii B moaenu bA
IIpU KBA3UCTATHYECKOM Bo3aelcTBuU 110 ocu OY
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o

Fig. 13. Distribution of displacement in AB model
at quasi-static load along OZ axis

Puc. 13. Pacpenenenue nepemerieHuii B Mmoaenu bA
IIPU KBAa3UCTAaTUUECKOM BO3ZEHCTBHH 110 ocu OZ

Table 3
Values of maximum stress, displacements and accelerations along OX, OY, OZ axes at effect of random vibration
Direction of impact The maximum stress, MPa | The maximum displacement, mm | The maximum acceleration, g
Along OX axis 29.8 0.006 10.98
Along OY axis 5.66 0.177 72.09
Along OZ axis 32.9 0.135 56.05

=
Fig. 14. Distribution of accelerations in AB model

at effect of random vibration along OX axis

Puc. 14. Pacnpenenenue yckopenuii B Mozenu bA
IIpY BO3JCHCTBUM cilyyaiiHoi BuOpariu o ocu OX

Fig. 15. Distribution of displacements in AB model
at effect of random vibration along OX axis

Puc. 15. Pacnpenenenus nepemerienuii B moaenu bA
IIpY BO3JCHCTBUM cilyyaiiHoi BuOpariu o ocu OX
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Fig. 16. Distribution of the stress in AB model
at effect of random vibration along OX axis

Puc. 16. Pacnpenenenue HanpsbxeHuil B mogenu bA
IIpY BO3JCHCTBUM CilyyaiiHoW BuOparuu o ocu OX

anEnig)

Fig. 17. Distribution of accelerations in AB model
at effect of random vibration along OY axis

Puc. 17. Pacupenenenue yckopenuii B Mozenu bA
IIPY BO3JICHCTBHY ClTy4yaiiHOH BHOpanuu 1o ocu OY

g L |

Fig. 18. Distribution of displacements in AB model
at effect of random vibration along OY axis

Puc. 18. Pacupenenenue nepemerienuii B moaenu bA
IIPU BO3JICHCTBHY CITydaifHOH BHOpanuu 1o ocu OY



Asuauuormaﬂ U paKkemHo-KoCmMu4ecKkas mexnuka

Fig. 19. Distribution of the stress in AB model
at effect of random vibration along OY axis

Puc. 19. Pacnpenenenue HanpsoxeHuit B mogenu bA
IIpU BO3JEHCTBUM ClTydyaifHol Bubpauuu o ocu OY

Fig. 20. Distribution of accelerations in AB model
at effect of random vibration along OZ axis

Puc. 20. Pacnpenenenue yckopenuii B Mozenu bA
IIpY BO3/ICHCTBHY CITydaifHOH BHOpanuu 1o ocu OZ

Fig. 21. Distribution of displacements in AB model
at effect of random vibration along OZ axis

Puc. 21. Pactipenenenue nepemenenuii B mosenu bA
TIIpY BO3/ICHCTBHH CITydaitHOH BHOpanuu 1o ocu OZ
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Fig. 22. Distribution of stress in AB model
at effect of random vibration along OZ axis

Puc. 22. Pactnipenenenue HampspkeHuit B Mogenu bA
MIpH BO3JICHCTBUH ClTydaifHO# BUOpanuu mo ocu OZ

To predict the fatigue strength of the AB at given lev-
els of effect of broadband random vibration, the predicted
service life of the device can be determined from the for-
mula

Ty

- B 2
FO(G/GH)m’ @

where Tp is the number of loading cycles; Fj is the lower
resonance frequency of the structure, Hz; ¢ is the maxi-
mum stress at the effect of broadband random vibration,
MPa; oy is the fatigue strength endurance of the material,
MPa; m is the index of the slope of the fatigue curve of
the material.

For the bases of the TCC, the following parameters
[16] were applied in the calculation: Ty 1-107 s;
Fy,=286.6 Hz; m =9.55. Steel MA2-1 has the following
characteristics: 6 =32.915 MPa; o5 = 100 MPa.

Substituting the values of the parameters in formula
(2), we get the predicted service life of the device
T=1410"s.

Modelling of the shock action. Modelling of the
shock action on the AB, given in the form of an ampli-
tude-frequency spectrum according to tab. 4, is carried out
separately along each of the three mutually perpendicular
axes: OX, OY, OZ (fig. 23-31).

Border conditions:

— all elements of the model have a global contact with
one another;

— damping in the model is 2 % of the critical;

— type of material model — linear, elastic, isotropic;

— the device is rigidly fixed over the entire surface of
the base;

—the impact in the form of a frequency spectrum is
applied to the base of the AB consecutively in each of the
three mutually perpendicular directions.

The maximum stress at the effect on the OZ axis oc-
curs at the base of the TCC.
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The most loaded element of the AB model is the base
of the TCC at shock action along the OZ axis. The load
factor of the side plate is 1 =1.25.

Conclusion. The results of the analysis showed the
following:

—the calculated minimum eigenfrequency of the AB
model is fy; = 286.6 Hz, which meets the requirements of
the technical specifications;

— the minimum load factor at quasi-static action and
sinusoidal vibration is 8.64 in the direction of the OZ axis;

— the minimum load factor at random vibration is 1.39
in the direction of the OZ axis;

—the maximum accelerations at random vibration
along the OX, OY, OZ axes at the level of 3o are 32.94g,
216.27g and 168.14g respectively;

— the minimum load factor at shock action along the
0OZ axis is 1.25;

— the maximum displacements at shock action along
the OX, OY, OZ axes are 0.213, 0.56 and 0.76 mm respec-
tively;

— the maximum accelerations at shock action along the
OX, OY, OZ axes are 158.51g, 247.53g and 297.55g
respectively.

The most critical types of loading are impact in the
direction of the OZ axis and the impact of random
vibration in the direction of the OZ axis. At the same
time, the load factor in the base of the TCC is 1.25 and
1.39 respectively.

Based on the results of the analysis, locations for the
installation of vibration-survey converters have been deter-
mined to measure the changes in the amplitude-frequency
characteristics of the AB before and after the dynamic
effects. When carrying out mechanical tests, the vibra-
tion-survey converters are installed on the side cover of
the TCC, on the side of the base of the TCC located in the
middle of the device (fig. 32), and on the upper part of the
base of the TCC between the connectors at points /, 2 and 3.

Thus, the analysis has shown that the design of the AB
model meets the requirements of the technical specifica-
tions for resistance to external mechanical effects.
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Table 4

Values of maximum stress, displacements and accelerations along OX, OY, OZ axes at shock action

Direction of impact

The maximum stress,

Safety factor, 1

The maximum

The maximum

MPa displacement, mm acceleration, g
Along OX axis 29.222 4.7 0.213 158.512
Along OY axis 79.083 1.74 0.555 247.531
Along OZ axis 109.84 1.25 0.758 297.549

Fig. 23. Distribution of stress in AB model
at shock action along OX axis

Puc. 23. Pacnpenenenue HanpsbkeHui B Moenu BA
IIpY yJapHOM Bo3aeicTBuu 110 ocu OX

won Mises (N/mm*2 (MPa))

29222
l 26787
L 24351
_ 21916
o 18481
_ 1TodE
L 14611
L 12,176

L 974

Fig. 24. Distribution of stress in AB model
at shock action along OY axis

Puc. 24. Pacnipenenenue HanpspxeHuit B mogenu bA
MIpU yOapHOM BO3AeHCTBUH 110 ocu OY
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Fig. 25. Distribution of stress in AB model
at shock action along OZ axis

Puc. 25. Pacnpenenenue HanpsbxeHuil B mogenu bA
IIpU YAApHOM Bo3AeicTBUH 110 ocu OZ

Fig. 26. Distribution of displacements in AB model
at shock action along OX axis

Puc. 26. Pactipenenenue nepemenenuii B mojenu bA
IIpU yJapHOM Bo3zaelcTBuu 110 ocu OX

Fig. 27. Distribution of displacements in AB model
at shock action along OY axis

Puc. 27. Pacnpenenenue nepemerieHnid B Mmoaenu bA
MIpU yIapHOM Bo3zaeicTBUH 110 ocu OY
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Fig. 28. Distribution of displacements in AB model
at shock action along OZ axis

Puc. 28. Pactipenenenne nepememeHnii B Mmogenu bA
TIpH yIapHOM BO3AeUCTBHHU IO ocu OZ
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Fig. 29. Distribution of accelerations in AB model
at shock action along OX axis

Puc. 29. Pactipenenenne yckopenuii B mogenu BA
IIpU yJapHOM Bo3zaeicTBuu 1o ocu OX

Fig. 30. Distribution of accelerations in AB model
at shock action along OY axis

Puc. 30. Pacnipenenenue yckopenuii B mogenu BA
IIpU yOapHOM BO3AeHCTBUH 110 ocu OY



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 19,

Ne 1

Fig. 31. Distribution of accelerations in AB model
at shock action along OZ axis

Puc. 31. Pacnpenenenue yckopenuii B mozenu BA
IIpU yIapHOM Bo3JelcTBUH I0 ocu OZ

Fig. 32. Installation location
of vibration-survey converters on AB

Puc. 32. Mecra ycTaHOBKU
BHOPOM3MEPHUTEINIBHBIX peoOpa3zoBateseil Ha BA
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DETERMINATION OF TOTAL IONIZATION DOSE BY RAY TRACE ANALYSIS BASED
ON A GEODESIC SPHERE
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When designing the spacecraft, it is necessary to take into account the deleterious action of various factors in outer
space. The main factor limiting active life of spacecraft is ionization radiation and it is the cause of most failures.
Its influence is accompanied by ionization losses of the energy of charged particles in active and passive areas of semi-
conductors and integrated circuits, that leads to emergence of radiation effects and it is characterized by the value
of absorbed dose. At present there are several approaches to forecast the value of total ionization dose (TID): Monte-
Carlo methods, methods that take into account only standard shield geometry (sphere, plane) and ray trace analysis
(or sector-based analysis).

The paper presents a modification of ray trace analysis that uses a geodesic sphere for sector construction and pro-
vides regularly distribution of tracing rays in space unlike classical approach with using a parametrical representation
of a sphere. Our approach enables to take into consideration real density of materials and allows using fewer sectors
to meet the requirements of the method 154.PM—129 and keeping calculation accuracy. This is especially important
for carrying out element-by-element radiation analysis taking into account heterogeneous protection through shielding
of calculated point by elements of spacecraft design.

This method is implemented as an extension for SolidWorks CAD. The input data for calculation are the following:
3d-model of equipment component as a part of spacecraft and radiation attenuation tables. The accuracy and the speed
of the analysis depends on the number of tracing rays, and it is possible to carry out the calculation for several types
of ionizing radiation at the same time.

As an example of using the proposed method and a software module, we carried out radiation analysis of the block
of the on-board digital computer for the spacecraft “Sfera”; its active life duration is 10 years on a high-elliptic orbit
and 15 years on a geostationary orbit. As a result, we revealed that for the elements of the block minimum and maxi-
mum total ionization doses differed substantially. It means that taking into account shielding properties of structural
elements of device and blocks makes significant contribution to TID calculation.

Keywords: total ionization dose, ray trace analysis, ionization radiation, SolidWorks, geodesic sphere.
Cubupckuii )xypHan Hayku u TexHoyormid. 2018. T. 19, Ne 1. C. 98-105

OIIPEJIEJIEHUE HAKOILIEHHOM J103bI METOJIOM CEKTOPUPOBAHMSI
HA OCHOBE I'EOJIE3UYECKOM C®EPHI

I. H. lllepcrennnkosa , A. C. Illaypa

AQO «xeBckuil paguo3aBo»
Poccuiickas ®@enepanus, 426034, r. Uxesck, yn. baszuchas, 19
“E-mail: vakilova@irz.ru

Ilpu npoexmuposanuu Kocmuyeckux annapamos (KA) neobxooumo yuumwieams nogpescoaroujee oeticmsue
OM PA3TUYHBIX PAKMOPo8 KocMuueckoeo npocmpancmed. OCHOBHBIM (haKMOPOM, 02PAHUYUBAIOWUM CPOK AKMUBHO20
CYWecmeo8anus KOCMUYECKUX annapamos, AGNAemcs UOHUsUpyoujee usiyieHue — Npudura OOTbUUHCIEA OMKA308
u cooes. E20 6030eticmsue conposoxcoaemcs: UOHU3AYUOHHBIMU NOMEPAMU IHEPSUU 3APAHCEHHBIX YACMUY 8 AKMUBHBIX
U NACCUBHBIX 001ACMAX NOTYNPOBOOHUKOS U UHMESPATbHBIX CXeM, YMO NPU8OOUm K NPOAGIEHUIO PAOUAYUOHHBIX
apghexmos, u xapaxmepuszyemcs 8eIUNUHOU NOTIOWeHHOU 003bl. B nacmoswee epems cyujecmsyem HeCKOAbKO NOOXo-
008 K NPOSHOZUPOSAHUIO eUHUHBI HAKONAEHHOU 003bl: Memoobl Moume-Kapno, memoosi, yuumvigaiowue moabKo
CMAHOGPMHYIO 2e0MemPUI0 3auumol (cghepa, RIOCKOCMb), U Ty4esoll aHatu3 (U CeKmopuposanue).

Ilpeocmaenena moougurayus n1yueso20 aHAIU3A ¢ NOCMPOECHUEM CEeKIMOPO8 HA OCHO8Ee 2e00e3uyecKoll cgepul,
KOMOopas 6 omauyue om KiacCUuiecko20 nooxood ¢ UCNONb306aHUeM NAPAMEMPULECKO20 NPeOCmAaBieHUus: NO360Aen
RONYYUms mpaccupyroujue J1yuu, pasHoMepHO pacnpedenennvle 6 npocmpancmee. Taxoli no0xo0 oaem 603MOAICHOCHb
VUUMbBIBAMb PeanbHble NJIOMHOCMU MAMEPUANOs, 00XOOUMbCA MEHbUUM KOAUYECEOM CeKMOPO8 O GbINOIHEHUs.
mpebosanuti memoouxu 154.1IM — 129 u coxpanenus moyHocmu pacuema, Ymo 0COOEHHO AKMYaibHO Npu NPoeedeHuU
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NOSNIEMEHMHO020 PAOUAYUOHHO2O0 AHANU3ZA C YUEMOM HEOOHOPOOHOU 3auumbyl, MAK KAK NPOUCXOOUM IKPAHUPOBAHUE
paccyumoiéaemoi moyxku snemenmamu konempyxyuit KA.

Hannvii memoo peanusoean 6 euoe pacuupenus oasi CAIIP SolidWorks. B kauecmee ucxoOHuIX OaHHBIX O
pacuema gvicmynaem 3D-modenv 6noka 6 cocmage KA u 3a0annvie 8 mexHuueckom 3a0anuy mabauysbl ociabieHus.
Tounocmsb u CKOpPOCHb GLINOIHEHUS. AHAUZA 3AGUCUIM OM KOJIUYECMEA MPACCUPYIOWUX TyYell, Npu IMOoM G03MONCHO
nposedeHe paciema 0OHOBPEMEHHO OJisl HECKOMbKUX 6UO08 UOHUSUPYIOULE20 U3 YEeHUSL.

B rauecmee npumepa ucnonv3oeanus npeoiodicenHo20 Memooa u RPoePaMMHO20 MOOYJisL NPOBEOEH PAOUAYUOHHbIU
ananuz onoxa BLBK onsi KA «Cghepar co cpoxom axmuenozo cyujecmeosanusi 10 nem Ha 6blCOKOIMUNMULECKOU
opbume u 15 1em — na eeocmayuonapnoi. B pesynomame pacuema O6uLi0 NOAYUEHO, YMO OJisl INEMEHMO08 GHYMpPU OL0KA
MUHUMATbHAS. U MAKCUMATbHAS. HAKONJEHHble 003bl OMIUYAIOMC NPUMEPHO HA NOPAOOK, 4MO 2080pUM O MOM,
HACKOIbKO 3aMEMHbLU 6KAAO 6 PACHEN MOJICEN BHECIU YYen 3aUWUMHbIX C8OUCTNG INEMEHMO8 KOHCMPYKYULL annapama
u 6710K08.

Kniouesvie cnosa: naxonnennas 003a, memoo cekmopupoeanus, uonuzupyrowee usiyyerue, SolidWorks, ceodesuue-
cKkas cghepa.

Introduction. During the performance of their mis- — displacement effects caused by structural damage
sions, spacecraft are exposed to various destabilizing fac-  due to knockout atoms from the lattice point with subse-
tors affecting the availability of radio electronic equip-  quent degradation of the basic electrophysical characteris-
ment and its element base. Among the many known fac- tics of silicon;
tors (space vacuum, micrometeorites, null gravity, infra- — single effects, caused by the passage of a separate
red emission, etc.), the primary item limiting the active  charged particle through the sensitive volume of a semi-
life of devices and the application of specific electronic  conductor.
components in on-board equipment is the ionizing radia- Single radiation effects have a probabilistic nature;
tion of outer space [1]. According to GSFC Space Science  dose effects and displacement effects are cumulative,
Mission Operations Team, 59 % of all space missions  therefore, when creating modern spacecraft designed for
were affected by perturbations of “space weather”.  the lifetime of 10-15 years with complex configuration, it
Changes in space weather are mainly related to solar s required to know the spatial distribution of the absorbed
activity, which causes fluctuations in the radiation back-  dose in the elements of spacecraft construction, taking
ground of the Van Allen belts, resulting in temporary into account their mutual screening.
anomalies in the operation of satellites, important elec- At the present time there are several approaches to
tronic components are destroyed, solar cells are being  forecast the value of total ionization dose (TID): the
degraded, etc. In January 1994, two Canadian communi-  Monte Carlo methods, which are based on modeling the
cation satellites (Telesat’s Anik E1, E2) were disabled in  trajectories of individual particles [6]; methods that take
a geostationary orbit, similar anomalies occurred in Janu-  into account only standard shield geometry; and methods
ary 1997 with Teslar 401 satellite, and in May 1998 with  that use sectoring or the construction of tracing beams.
Equator-S, Polar and Galaxy-IV [2]. According to ESWW  The Monte Carlo methods allow to provide arbitrary pro-
conference materials published in 2012-2015 [3], in the  tection and they directly model the material-radiation in-
periods from 2001-2015, there were more than 10 failures  teraction, but they are the most difficult to implement and
of “Thaicom 57, “Galaxy 157, “AMC 147, “Arabsat 4A”,  resource-intensive to use, although, as a rule, they use
“Artemis-Ariane 57, “Inmarsat”, and according to the  known libraries GEANT4 [7] and MCNPX [8]. Modeling
materials of “Central Research Institute of Mechanical — only the simplest shield geometry (sphere, plane) imple-
Engineering” only in 2015 there were 30 failures. In this  mented in the majority of known programs — CREME96
regard, the assessment of radiation resistance of products  [9], COSRAD [10], SHIELDOSE [11], OMERE [12],
designed for space is a necessary development stage. does not allow to carry out element-by-element analysis

The main sources of ionizing radiation are cosmic  and complex screening [13]. Therefore, in practice, it is
rays, divided into solar, galactic (representing charged  the most reasonable to use the sectoring method (ray trace
high-energy particles, born and accelerated beyond the  analysis), since it allows us to take into account the het-
limits of the solar system) and the natural radiation belts  erogeneity of protective properties of blocks, equipment
of the Earth [4]. Radiation is a stream of primary charged  and constructional elements of spacecraft in various direc-
particles — electrons, protons and heavy charged particles,  tions, and it is much easier to implement then Monte
as well as secondary particles — products of nuclear trans-  Carlo methods.
formations of primary charged particles. Ray trace analysis. When performing element analysis

The effect of ionizing radiation on radio electronic  to determine the value of the accumulated dose in accor-
equipment is accompanied by ionization losses of particle  dance with branch standard 134—1034 [14], the ray trace
energy in active and passive regions of semiconductors  analysis is used. Its algorithm is stated in 154. PM-129 [15]
and integrated circuits; that leads to the manifestation  and consists of the following steps.
of radiation effects [5]: Step 1. On the element of block being considered, we

— dose effects in gradual degradation of electronic  select the point M where we need to determine the dose.
component parameters as a result of accumulation of ab-  The space around it is divided into a number of sectors
sorbed dose; with solid w; angles (fig. 1), and in the direction of each ij
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sector we construct a tracing /; ray with the start at the
design point M.

Step 2. For each [; ray we define the /; intersections
with the elements of spacecraft construction, other blocks
and components.

Step 3. Taking into account the density p; of inter-
sected bodies, we determine the effective protection Xj;
in each ij direction:

K
Xij:Zlijk'pk' (D
k=1

Step 4. After that, using the tables of attenuation, we
determine the contribution D(X)-w;; of each sector to the
final accumulated dose and carry out summation over all
ij directions:

Dy = iiD(Xij)'wij' 2)

1
2 a

The key stages of the algorithm are the construction
of tracing rays and the determination of their intersections
with the elements of spacecraft construction.

Tracing ray construction. As a rule, to construct sec-
tors and rays, the parametric representation of a sphere
is most often used with the help of azimuth and zenith
angles (UV — parametrization of the sphere, fig. 1). With
this partition, the cells are different in shape and area, and
the sectors are not only significantly different in magni-
tude, but their distribution in space is highly unequal: on
the poles of the sphere there are more sectors and they are
smaller than in the equatorial region (fig. 2, ).

Fig. 1. The scheme of constructing sectors
for UV-parameterization of a sphere [15]

Puc. 1. Cxema nocTpoeHust CEKTOpoB
npu UV-napamerpusanuu chepst [15]

0.8+

0.6+

0.4+

0.2

-08 -06 -04 -02 0 02 04 06 038

b

Fig. 2. Two-parametrical representation of a sphere: a — cells are different in form and area; b — unequal distribution of tracing rays

Puc. 2. JIByxnapameTpryeckoe npeacTasieHue chepbl: a — pa3indHbie 1o GopMe U IIIoImany S4eiku;
6 — HEpaBHOMEPHOE pacIpeelIeHIe TPACCUPYIOIINX JIydeit
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Increasing the number of sectors rises the ratio of
maximum and minimum area of cells, and for 500-600
sectors the ratio is ten times. As a result, there is unequal
distribution of rays, condensation on the poles and rare-
fied in the region of the equator (fig. 2, b). In some cases,
this inequality in the distribution of tracing rays in space
leads to the dependence of the accumulated dose on the
orientation of the divided sphere relative to spacecraft due
to the presence of various kinds of holes, connectors,
stiffeners, etc. in the models. In this regard, the require-
ment of the methodology 154.PM-129 [15] of ensuring
equal protection within the sector is often ignored, so we
refused this partition and turned to constructing sectors
based on the geodesic sphere.

Geodesic sphere is a result of sphere triangulation us-
ing the method of recursive decomposition of icosahed-
rons (fig. 3). Its specific feature is that faces differ mini-
mally from regular triangles and they are almost equal in
area at the same time [16].

The number of faces and vertices of a geosphere de-
pends on the triangulation order: the higher the degree of

triangulation, the greater the number of faces and vertices
of the geosphere. With the increase of triangulation order,
the grid becomes smoother, and its faces approach the
surface of the sphere (fig. 4, a). The tracing rays con-
structed on such a grid are uniformly distributed in space
(fig. 4, b), and solid angles formed by the sectors are
almost similar in size.

This approach allows us to use a smaller number of
sectors to meet the requirements of the methodology 154.
PM-129 [15] and maintain the accuracy of the calculation.

Definition of intersections. The next important step
of the algorithm is to determine the intersections of rays
with constructional elements. This is the most time-
consuming operation in terms of time and computing
costs, so it does not make any sense to look for intersec-
tions of each ray with each body for complex 3D-models.
However, using the algorithms of computational geome-
try it is possible to quickly determine whether the ray
intersects elementary geometric bodies, such as a sphere
and a rectangular parallelepiped [17].

Fig. 3. The principle of geosphere construction by recurrent splitting of regular icosahedrons

Puc. 3. [IpuHIMD mOCTpOCHUS reocdepsl MyTeM PEKyPPEHTHOTO pa30UEHHS HKOCAdIpa
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Fig. 4. Geosphere application for approximation of spherical surface:
a — geodesic sphere (642 vertices and 1280 faces); b — the corresponding distribution of tracing rays

Puc. 4. Ilpumenenne reocdeps! A7 aMPOKCUMALUH CHEPUIECKON TTOBEPXHOCTH:
a — reone3ndeckas cepa (642 Bepmuasl u 1280 rpaneii); 6 — COOTBETCTBYIOIIEE paclpe/ieIeHHe TPACCUPYIOMNX JIydei
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A rectangular parallelepiped with faces parallel to the
coordinate planes can be circumscribed around any con-
sidered body of spacecraft models. Such a parallelepiped
is uniquely determined by any two its vertices (x_, y_, z.)
and (x4, v+, z+) adjacent to one of its diagonals. The ray
with the start at the point (xo, yo, zo) and the directing vec-
tor (/, m, n) is described by a parametric system of equa-
tions:

x=x,+1t,
Y=y, +mt, 3)
z=2z,+nt.

Let’s consider the relative position of the ray and each
pair of planes parallel to the coordinate and containing
opposite faces of the parallelepiped (fig. 5, a).

For the pair of planes x = x_and x = x, parallel to the
plane YZ, the ray given by the system (3), for / = 0, is
parallel to them and does not intersect the chosen paral-
lelepiped for xy < x_ or xy > x.. Otherwise, we calculate
the relations:

X_—X,

X, — X
)

Suppose t, < &, subsequently f,., = t1y, and ty, = b
(fig. 5, b). Assuming that m # 0, and considering the sec-
ond pair of y =y and y =y, planes containing the faces
of the parallelepiped, we find the values ¢, and #,,:

Y-—W Y=o
E— —_

4L, =

X

and t,, =

4, =

» and 1,, =

If t, >ty then t,., =t, and if t,, <t,, then
tur =ty FOr theu >ty or 1, <0, the ray does not pass
through the parallelepiped. Assuming that n # 0, we con-
sider the last pair of planes z =z and z =z, and find
t1; and t,.:

z —z zZ, -z
_ “= 0 _ e+ 0
4, = and t,, = .
n n
(+)
i 7
! /
. /
, /
1 /
Ve
4
s
’
/7
7
/ [
¢ 7
/.
¢
a

If as a result of similar comparisons we get 0 < #,0, <,
or 0 <t,,, in this case the ray intersects the selected paral-
lelepiped, and further it makes sense to look for possible
intersections of the ray with curvilinear surfaces of the
body inscribed in this parallelepiped to determine the
entry and exit points of the ray, segments of its path inside
the body.

To determine intersections with curved surfaces, we can
use the built-in functions IModelDoc2::Raylntersections
and IModelDoc?2::GetRaylntersectionsPoints from Solid-
Works.Interop.sldworks in API SolidWorks [18].

Having found all the intersections, we need to calcu-
late the effective protection in each direction. Fig. 6
shows an example of tracing rays passing through the
elements and the parts of a real block construction. On the
selected fragment the beam passes through 4 bodies:
a microcircuit, two layers of a board and a block cover.

Knowing the /;; segments traversed by the ray in the
intersected bodies of the model, and the apparent densities
pr of these bodies (fig. 6, b), we determine the effective
protection Xj; in the ij direction by the formula (1). Next,
we determine the total accumulated dose of ionizing
radiation (2).

Software implementation. From the point of view
of a design engineer, it is most convenient to calculate
accumulated doses of ionizing radiation directly in CAD
used for the design, an engineer makes changes in the
design and arrangement of individual blocks, calculates
and introduces protective screens. We used SolidWorks,
therefore we created a calculation module for it that al-
lowed us to use the available CAD capabilities and at the
same time solve new tasks effectively. As input data for
for the calculation we used 3D-model of the spacecraft
block and the tables of attenuation given in the technical

enquiry.

znear - tl.\‘

=

X

Fig. 5. General concept of definition of the intersection points of a ray and a rectangular parallelepi-

ped [17]: a — defining a rectangular parallelepiped by means of two vertices adjacent to one diagonal;

b — relative position of a ray and each pair of the parallel planes containing opposite faces of paral-
lelepiped

Puc. 5. OOmuii mpuHIMIT ONpeAeTeHUs TOYEK MEPECCUCHNH yda U MPAMOYTOIBHOTO Mapaieseu-

nena [17]: a — 3amaHue napajenenunesa ¢ MOMOLIBIO ABYX BEPILUH, NPHICKAIUX K OJHON AUaro-

HallM; 0 — B3aHMMHOE DPACIIOJIOXKEHUE JTyda M KaXKIOH Maphl IMapauleNbHBIX INIOCKOCTEH, HECyIIHX
MIPOTUBOIIOJIOKHBIC IPaHU Napallelenuleaa
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Fig. 6. Example of tracing rays passing through constructional elements of the block: a — cut-away view of the block and
rays; b — line segments /;; passed by the ray in constructional elements and apparent densities of materials p, corresponding
to them

Puc. 6. [Ipumep MpoxXoKAEHUSI TPACCHPYIOMIMX JIy4eH 4yepe3 3JIeMEHTHl KOHCTPYKIHMU OJ0Ka: a — oOmmid BuA OJ0Ka
U IIydeit B paspese; 6 — OTPe3KH [y, IPOXOIMMBIE JIy4OM B 2JIEMEHTaX KOHCTPYKIMH, 1 COOTBETCTBYIOIINE MM 00BEMHEIE
IUIOTHOCTH MaTepUajoB py

b

Fig. 7. Visual representation of calculation results: a — directions making the greatest contribution to a total ionization
dose; b — general representation of space distribution of effective protection

Puc. 7. BusyansHoe npecTaBieHUe pe3yIbTaTOB pacyeTa: @ — HalpaBJIeH s, BHOCSIIIME HAHOOIBIIHI BKJIAJ B HAKOII-
JICHHYIO JI03Y; 6 — o0I1iee mpeacTaBiIeHNe 0 MPOCTPAHCTBEHHOM pacipeaeIeHUu: 3P PEKTUBHON 3aIUTH

The calculation can be performed simultaneously for
several types of ionizing radiation (protons, electrons,
total impact), while the number of tracing rays can be
chosen in advance, thus determining the accuracy and the
speed of the analysis.

The results can be presented visually in order to sim-
plify the task of identifying the weakest points in the de-
sign of protection. Fig. 7, a shows the course of the rays,
colored in accordance with their contribution to the total
dose, by applying the filter to select the most dangerous
directions. The projection of effective protection of each
sector on the spherical shell circumscribed around the
analyzed block is presented in fig. 7, b.

Analysis of results. As an example of the use of the
proposed method and software module, we carried out a
radiation analysis of the on-board digital computer sys-
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temblock for “Sfera” spacecraft with active life duration
10 years in a highly elliptical orbit and 15 years in geosta-
tionary orbit. We analyzed more than 400 sensing ele-
ments, while the 3D-model of the block of the spacecraft
included more than 2500 bodies.

Increasing the fineness of splitting and the number of
rays straining after greater accuracy significantly influ-
ences the time of the analysis, so in this case it is always
necessary to look for the compromised solution between
the desired accuracy and admissible duration of calcula-
tion. The graphs (fig. 8) show that the computation time
increases exponentially with increase of the number of
rays. At the same time, the accuracy of the calculation
increases as well, but, for example, at 10 000 rays the
decrease of the maximum deviation of accumulated doses
from 7 to 3 % requires 4 times more time.
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Fig. 8. Duration and accuracy of calculation depending on the number of rays: a — calculation time for a one point;
b — average (AVG) and maximum (MAX) value of accumulated dose deviations

Puc. 8. IIpo1oKUTEIBHOCTS U TOYHOCTh pacyeTa B 3aBUCMOCTH OT KOJIMUECTBA JIyueil: @ — BpeMs pacueTa OJJHOM TOUKH;
6 — cpenusist (AVG) u makcumanbsHast (MAX) Beln4nHa OTKJIOHEHUH HaKOIUICHHBIX 103

For the elements of the block, the minimum accumulated
dose was 5.3 krad, and the maximum one was 50.2 krad;
that means that within one product the values of the
minimum accumulated dose for specific electronic com-
ponents may differ significantly, and that taking into ac-
count protective properties of the constructional elements
of the apparatus and blocks can make a significant contri-
bution to the calculation. This means that element-by-
element radiation analysis has significant advantages over
the evaluation of the stability of blocks as single and indi-
visible components of spacecraft.

Conclusion. The approach presented in the work and
its software implementation allow performing element-
by-element radiation analysis in the development of
on-board equipment spacecraft taking into account real
geometry of constructions and material density.

Determining the value of accumulated dose at various
points of the developed block at the designing stage
makes it possible to place less resistant elements into
more protected areas, it is especially important for import
substitution.

Further project development includes designing the
host of functions offering locations and the level of re-
quired protection, as well as the addition of the possibility
to take into account the emission of point sources (e. g.
spacecraft engines).
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The results of experimental studies combined with modeling and prediction methods for the properties of hard metal
composites show that modification with additives of ceramic nanoparticles and composite powders (WC-Co) allows to
control microstructure parameters and provides the increase in binding durability and the level of physicomechanical
properties of a hard alloy in general. Simultaneous complex application of submicrocrystalline WC carbides coated
with Co layer and alloying additives of Al,O3; nanoparticles — grain growth inhibitors of the main phase, can be consid-
ered as the most perspective direction of nanostructured hard metal with increased hardness, strength and crack resis-
tance production. The coating of carbide particles with a binder layer is an effective starting method that allows to ob-
tain a volumetric billet with maintaining the unique properties of the initial nanopowders and ensures a uniform distri-
bution of the phases (WC, Co, Al,O3). Such a multiphase fragmented nanostructured composite is characterized by
additional heterogeneity, determined by differences in size and elastic phases properties. By combining the sizes and
properties of the phase components in such a heterogeneous composite, it is possible to provide an increase in the frac-
ture energy, i. e., Palmkvist crack resistance up to 16—18 MPa m'”? (due to inhibition on nanoparticles inclusions, stress
reliefs and changes in intercrystalline crack trajectory, its length decrease). Based on the proposed stereological mod-
els and the experimentally established relationships between composition and microstructure parameters, the required
volume concentrations of nanoparticles additives and composite powders (WC—Co) were determined.

Keywords: hard metal composites, nanopowders of ceramic, inhibitors, composite carbides, modeling and micro-
structure parameters, fracture resistance.
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W3YUYEHUE OCOBEHHOCTEN KOHCOJIUJIALIUUA
OPAI'MEHTAPHO HAHOCTPYKTYPUPOBAHHBIX TBEPJOCIIJIABHBIX KOMIIO3UTOB

0. W1. Topnees', B. b. Slcunckuii', H. E. Arncrparenxo', A. C. Bunaypos', B. H. Baamvos' >

'Cubupcknii heiepatbHbIil YHUBEPCUTET
Poccuiickas ®eaepanms, 660041, r. KpacHosipck, mpocn. CBodoaHsIi, 79/10
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Pesynvmamor sxcnepumenmanbHulx UCCIe008aAHULL 8 COYEMAHUU C MEMOOAMU MOOETUPOBAHUS U NPOSHOZUPOBAHUS
c80licm8 meepOOCNIAGHbIX KOMIO3UMOE NOKA3bIEAIOM, YMO MOOUDUYUPOSAHUE C NOMOWbIO 000ABOK KEPAMUYECKUX
Hanouacmuy u KOMRO3UYyUuoHuvlx nopowxos (WC—Co) nosgonsem ynpaeusinv RApAMEmpamu MUKpOCHpPYKmypbl
u obecneuugaem ROGbIUEHUE NPOYHOCHU CEA3VIOULe20 U YPOSHS (PUIUKO-MEXAHUUECKUX CEOUCME MEepO020 CNniaéd
6 yenom. OOHOBpeMeHHOe KOMNIEKCHOE NpUMeHeHue CYOMUKpoxpucmaiiuveckux kapouoos WC, nokpeimeix ciroem
cessku Co, u necupyrowux dobaeox Hanovacmuy AlL,O; — uneubUMOPOs pocma 3epHa OCHOBHOU Ga3zvl, MOJCHO pac-
cMampueams Kak Haubonee nepcnekmugHoe HanpasieHue npou3e00Cmea HaHOCMPYKMYPUPOBAHHBIX MEePObIX CHIABOE
€ NOBLIUEHHOU MEePOOCHIbIO, NPOYHOCHbIO U MpewuHocmoukocmyio. I[lokpvimue KapOUOHbIX yacmuy cloem Ces3Ku
671emcsl IPPeKMmusHbIM CIMAaApmMoBbiM MEMoOOM, NO3E60IIOUUM NOLYHANMb 0ObEMHbIE 3A20MOBKU C COXPAHEHUEM VHU-
KANIbHbIX CEOLUCME UCXOOHBIX HAHONOPOWIKO8, U obecneyusaem pasHomeproe pacnpedenerue gas (WC, Co, AL,O;). Taxoii
MHO20Da3HbIIL PpasmMeHmapHo HaHOCMPYKMYPUPOBAHHBIIL KOMNOZUM XAPAKMEPU3Yemcs. OONOIHUMENbHOU 2emepo2eH-
HOCMbIO, OnpedensemMol pasiudusmu pasmepos u ynpyaux ceoticms gaz. Komounupys pasmepsl u ceoucmea (aszoswix
COCMABNAIOWUX 8 MAKOM 2EMEPOSEHHOM KOMNO3UME, MOJCHO 0becnedums yeenudeHue dHepeul paspyuleHus, m. e.
mpewurnocmouxocmu, no Ilaimkeucmy oo 16—18 Mlla M”? (3a cuem TMOPMOJICEHUST HA BKIIOUEHUAX HAHOYACUY,
penakcayuy HanpsoiceHuil U UMEHeHUs. MpPAeKmopuu UHMepKPUCMALIUMHOU Mpewunbl, YMeHbUleHUs. ee ONIUHbL).
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Texnonozuueckue npoyeccost u mamepuaiiol

Ha ocnose npeonosicennvix cmepeonozuieckux mooenel u d3KCnepuMenmanbHo YCMaHOGIEHHbIX 83AUMOCEA3Ell MeHCOY
COCMABoOM U Napamempamy. MUKpoOCmpykmypbl Ovliu onpeoeiieHvl mpebdyemvie 00beMHble KOHYEeHMpayuu 000a8oK

Hanouacmuy u Komnosumtuix nopouikog (WC—Co).

Kniouesvie crosa: meepoocniaguvie KOMNO3UmMbl, HAHONOPOWIKU KEPAMUKU, UHSUOUMOPDL, KOMNO3UMHblEe KapOuosl,
MOOenuposanue u napamempsl MUKPOCMPYKMYPbl, MPewuHOCMOUKOCHb.

Introduction. The analysis of accumulated informa-
tion on scientific research in the field of new structures
and hard-alloy composites manufacturing techniques de-
velopment, production practice and application of various
functional purpose products shows that special attention is
paid to the use of powder materials components in a com-
posite structure in the nanocrystalline state.

The conventional global trend in the hard-alloy com-
posites structure and properties improving is formation
in them a superfine-grained structure with carbide phase
sizes less than 300—400 nanometers. The problems of
hard alloys quality improvement can be efficiently solved
due to their nanostructuring by tungsten carbide nanodi-
mensional powders use. It is well known that when using
traditional methods of consolidation for obtaining high
density of a sintered composite, high temperature and
sintering holding time are necessary and lead to the initial
sizes increase and to carbide grains growth [1-4]. Simul-
taneous use of nano and submicrocrystalline carbides and
alloying additives of grain growth inhibitors of the main
phase nanoparticles can be considered as the most per-
spective direction of nanostructured hard alloys with the
increased hardness, durability and crack resistance pro-
duction, which has to increase product endurance under
conditions of heavy shock, thermomechanical loading [5]
The main inhibitors are chrome carbides, vanadium, nio-
bium, tantalum, titanium. Doping is carried out by various
methods, for example, such as chemical, mechanical
(high-energy spherical grind), etc. [3]. Forming the com-
plex carbides with the main carbide phase or being dis-
solved in cobalt, alloying elements influence not only on a
microstructure, but also on mechanical and operational
characteristics of an alloy [6-8].

A preliminary coating layer binding on carbides, i. e.
producing composition powders in various ways, such as
dusting, mechanical coating, coprecipitation, consecutive
chemical reactions, two-stage processing, etc. can be an
efficient processing method as well. The coating of car-
bide particles with a binding layer is the starting method
which allows to get volumetric billet maintaining the
unique properties of initial nanopowders [9-11]. Matrix
solid phase and covering-binding material are initially
homogeneously distributed on the volume of a composite
particle, so the properties uniformity of initial powders
structure fragments is relayed on all composite volume.
Nanodimensional cobalt film presence on carbides pow-
ders provides sintering temperature decrease and in com-
bination with high speeds of heating and the existence of
inhibiting nanoparticles additives in the structure prevents
carbide grains growth [3; 12—-15].

Additional modifying by additives of nanoparticles
provides the increase in binding durability and the level of
physicomechanical properties of a composite in general.
Such polyphase fragmentary nanostructured composite
is characterized by additional heterogeneity determined
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by distinctions of the sizes and resilient properties of
phases [2]. The range of such nanostructured hard metals
possible use will only extend as such modifying changes
the surface, chemical and reactionary processes at
homogenization and as a result, structural parameters and
properties of a composite in general.

Materials and methods. The morphology and
microstructure of powders and sintered materials were
investigated with the scanning submicroscopy (SEM)
of JEOL JSM-7001F use. A particle size distribution
of initial and mixed powders were defined by the method
of laser diffraction SALD-7101 Shimadzu of the scanning
supermicroscope. Samples microstructure was investi-
gated on polished surfaces by means of scanning electron
microscopes Hitachi “TM1000” and JEOL JSM-7500FA.
The structure and the nature of fracture surfaces were
analyzed with the JAMP 9500F microscope use. The
X-ray diffraction analysis was carried out on the DS
ADVANCE device. Mechanical propeties determination
was performed: Vickers hardness of HV30 with a hard-
ness gage (ABK-A, Akashi) use at 30 kgfs loading; crack
resistance K1C dimpling by the Palmkvista method;
durability by the three-point bending method on the Shi-
madzu AG-IS 100 kN; studying of wear-resistance accord-
ing to the ASTM B611-85 standard.

The nanopowders received by the shock-wave synthe-
sis method or the method of electroexplosion were used
as additives for hard alloys modifying. The powders
morphology is shown on fig. 1, average particle size
in the range from 0.067—of 0.1 microns for Al,O; (a, b);
0.008 microns for ZrO, (Y,0;). Composition powders
(WC—Co) obtained by complex application of chemical
and microwave synthesis methods [10] with 0.2-0.4 mi-
crons size (fig. 1, ¢).

Results and discussion. Hard-alloy composites
investigated in the work are composite materials, hetero-
geneous in structure, at least, with one phase showing
nanomaterial properties. When developing structures,
manufacturing techniques and numerical assessment
methods of new three-phase hard-alloy composites gen-
eration composites formed by a combination of carbides
grains (including plated by a binding metal layer), actu-
ally binding with the distributed on its volume modifying
nanoadditives of oxides, nitrides proceeded from the fol-
lowing assumptions and prerequisites:

—when sintering the prevention of carbide grain
growth at the expense of nanoparticles inhibitors additives
is provided;

— the distribution of the main phases (a carbide basis,
binding, and the nanoparticles distributed on binding vol-
ume nanoparticles) is homogeneous, uniform in structure;

— submicronic carbide grains are located at a well pre-
dictable distance therefore the package density of a three-
phase composite can be regulated (simulated) proceeding
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from a ratio of micron carbide volume fractions (V) and
nanodispersible (V) fraction and their average sizes (d,,, d));

—when modelihg it is necessary to consider differences
in a kinetics of mass transfer and reactivity of phase com-
ponents in a sintering process.

In works [13—15] it was shown that the effectiveness
of hard alloys modifying by Al,Os; nanoparticles essen-
tially depends on sizes, concentration and volume frac-
tions of all composite WC—Co—Al,0;3(ZrO;) components.

At the random nature of void filling between carbide
grains various structural fragments created by oxide-

coated particles which have various degree of contact and
internal microporosity can be formed. Conditionally
fragments between carbide grains can be presented in the
form of three main types of structures — their analytical
(model) description compared to the results of the micro-
structure experiment studies and properties results are
given below.

1. The single isolated inclusions of nanoparticles.
At small concentration of nanoparticles additives in the
local volume of a cobalt layer the fragments presented
in fig. 2 are formed.

Fig. 1. SEM nanopoweder morphology: a — aluminum oxide; b — circonium oxide;
¢ — tungsten carbide composite particles coated with Co-layer (WC—Co)

Puc. 1. SEM-Mop¢os0rusi HaHOIIOPOIIKOB: ¢ — OKCHI aIFOMHHUS; 6 — OKCHII IIAPKOHHS;
6 — KOMITO3UTHBIC YacTHIIBI KapOua Bonb(ppama, HOKpEIThIe ciroeM kobansra (WC—Co)

Fig. 2. Geometric model of a hard alloy modified by nanoparticles: a — structure (fracture) fragment between carbide grains
of a hard-alloy composite including Al,0; nanoparticles; b — microstructure scheme; ¢, d — single volumes of cobalt binding

Puc. 2. 'eomeTpuueckast MoJeNb TBEPOTO CIUIABA, MOTU(PHIIUPOBAHHOTO HAHOYACTHIIAMHE: ¢ — HPArMEHT CTPYKTYPHI (H37I0Ma)
MEXIy KapOUIHBIMH 3€pHAMH TBEPOCIUIABHOTO KOMITO3HTA C BKIFOUEHUSIMU HaHo4YacTHL] Al,O3; 6 — cxeMa MUKPOCTPYKTYpBI;
6, 2 — €IMHIYHBIE 00BEMBI KOOAIBTOBOT'O CBSI3YIOLIETO
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Realization of this kind of fragments a WC—Co-
nanoparticle composites structures is optimum from the
point of view of the known mechanisms of dispersion
metals hardening [2; 15]. Injected into a binding layer
isolated and statistically uniformly distributed nanoparti-
cles promote decrease of its thickness Ay = f (11, L, 1)
(fig. 2, a—), which has to provide an increase of binding
durability and, as result, hard-alloy composites in general
according to mechanics of phases provisions. The efficient
thickness of a cobalt layer choice A,43 was made on the
basis of probability approach on the model more detailed
described in [13—-15] and various optional versions of
a crack distribution through binding layers by width of /,,
b, I;, which sizes depend on nanoparticles additives con-
tents and sizes. At the same time it was supposed that the
material in unit volume of a cobalt binding (/,*) between
carbide grains modified by nanoparticles, is dispersiblly
strengthened according to the known Orovana mecha-
nisms, i. e. durability of such fragment of the binding
material modified by nanoparticlesadditives above, than
at basic material cobalt:

o, =480+1iﬁ,a 2= Ry (1)

The destruction viscosity (crack resistance) of such
fragmentary nanostructured hard-alloy composite can be
determined by the formulas offered in works [16; 17] and
adapted to the hard-facing alloys modified by nanoparti-
cles:

le

1
{R~(k+dm)-cg-Vm -E’}2
= ; 2
G

where R — empirical reduction coefficient; d,, — the aver-
age size of carbide grain; V,, —volume ratio of carbide
fraction; E’' — the given elastic modulus; C; — contact
ability of carbide edges.

The results of calculations for the offered model show
satisfactory convergence of calculation data with the
experimental [14].

By the experimental methods it was determined that
ceramics nanoparticles Al,O3, in the quantity of 0,05-

0,25 % on weight, not only dispersiblly strengthen
a cobalt layer (f, microhardness, measured by the micron-
anohardness testing method, increases up to 22.01 GPa),
but also provide flexure strength increase (to 25 %) —
crack resistance according to Palmkvista (up to 50 %)
(fig. 3), decrease in an abraser wear ~ 1.5 times. Mini-
mum values of a wear are observed approximately in the
same areas of additives (~ 0.25 % of masses.), which pro-
vide durability increase.Tthe offered model calculations
results show satisfactory convergence of calculation datas
with experimental (fig. 3) [18].

Additional contribution to material wear resistancel
increase is brought, apparently, by the increased resilience
to an attrition of the aiuminium oxide itself (H, Al,O; —
18-20 GPa). Substantially increase in the common level
of strength properties is explained by the inhibiting effect
of nanoparticles additives, the average size of carbide
grain monotonically decreases with increase in their con-
centration [19]. Material hardness and density values do
not differ significantly from basic material and are at the
level: but values of a microhardness of binding layer
material — cobalt, which was estimated by means
of nanomicrohardness gage increase as the known effect
of dispersible hardening at the level of structure fragments
is implemented (Co — AL,O5), slightly different.

2. Agglomerates from nanoparticles. Electronic and
microscopic research shows that actual parameters of
a hard-alloy composite microstructure differ from the
geometrical model presented in item 1. It is quite under-
standable on the assumption of physical reasons. At
increase in nanoparticles concentration in local volumes
because of poor uniformity of components interfusing,
their contact ability degree increases and there occurs a
formation of units with developed internal microporosity.
During a unequigranular hard-alloy composites sintering
process, the change of interphase energy happens first
of all due to nanodisperse phases specific surface area
decrease that can be followed by their agglomerating to
larger micron formations and possible subsequent coagu-
lation (fig. 4).
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Fig. 3. Nanoparticles size (d,) vs crack resistance (K¢) of WC-Co — nano Al,O; composite:
(e — calculation; 0 — experiment) and wear rate

Puc. 3. Biausiane pa3mepa HanowacTull (d,) Ha TPEIMHOCTOHKOCTH (K| ) KOMIIO3HUTa
WC-Co — Hano-Al,O3:(® — pacyer; O — 3KCIICPUMEHT) U HHTCHCUBHOCTh H3HOCA
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However the noted structural metamorphoses are,
to some extent, inevitable at traditional widely applicable
in hard alloys production mixture-preparation methods.

When reaching critical concentration of some
nanoparticles and emergence of pressure between carbide
grains at a liquid-phase sintering, manifestation of self-
organization effects is revealed — a volume space struc-
tural grid formation. Its basic elements are, apparently,
contacts between nanoparticles and the nanoparticles in
total forming the exact regular space cells with sizes of
100 nanometers in total (fig. 5, b). The agglomerates
formed by ceramics nanoparticles become nanostructured
1. e. pass into a totally new state. Emergence of such space
fragments and transitions from free-dispersible to the
bound-dispersible (aggregated) systems also a composite
properties change. It can be explained on the basis of the
well-known physical principles of ultradispersion medi-
ums sintering theory, including nanostructural hard alloys
[1-5; 20]. The existence of such fragments is illustrated
by the results of a microstructure research (fig. 5). Be-
sides, there can be formed crystal grains of a-phase Al,O4

inclusions (fig. 5, a), micron sizes, formed at the in-
creased compounds density of a nanophase and as a result
of sufficiently high pressures action in the intercarbide
space during a sintering process (about 1370 °C sintering
point is enough for nano Al,O; crystallization).

3. Unequigranular heterogeneous structure. The
actual microstructure of the hard-alloy composites modi-
fied by nanoparticles is heterogeneous, nonuniform
on distribution and morphology of the additional oxide-
coated phase created from nanoparticles. Formation
of various types of structures (item 1, 2) can occurs
at the same time on different mechanisms depending
on various nanoparticles concentration in local volumes
between the main carbide phase grains. During a sintering
process various competing homogenization processes are
implemented, their transformations also occur. It is con-
firmed by the results of own microstructure electronic
and microscopic research and of other authors data [1-4;
21]. Typical images of fragmentary nanostructured

materials from polished surfaces of samples are provided
in fig. 5, 6.

Fig. 4. Nanoparticles distribution within hard-alloy composite WC—Co—Al,O3 (nano):
a — concept scheme; b — microstructure fragment

Puc. 4. Pactipeienenne HaHOYACTHUII B CTPYKType TBepaociuiaBHOro kommo3urta WC-Co—-Al,O; (HaHo):
a — IPUHIMITHANBHAs cXeMa; 6 — pparMeHT MUKPOCTPYKTYPbI

| Spectrum | O

b

Fig. 5. Evolution of agglomerate structures from nanoparticles: a — crystallites; b — quasi-nanostructured fragment

Puc. 5. DBostroLHs CTPYKTYpHI arjoMepaToB W3 HAHOYACTHIL: d — KPUCTAIUIUTHI; 6 — KBa3HHAHOCTPYKTYPUPOBAHHBIN hparMeHT
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On the microscopic (micron) level statistically uni-
formly distributed on material volume basis structural
fragments in total (combination) form a new composite of
a more complex level. The additional heterogeneity
caused by distinctions of resilient phases characteristics
describes such polyphase composite. It is revealed in
inhomogeneity of a strain-srtess state at a liquid-phase
sintering when manufacturing (at phase boundaries, in the
course of contraction, consolidation) and at external
mechanical impact on the compacted material.

In particular, it is confirmed by material destruction
viscosity research data according to the Palmkvista
method in combination with a microstructure study.
Cracks which are formed in the material as a result of an
indentor (a diamond pyramid of Vikkers) introduction,
draw attention essentially because they are potential carriers
of indirect information on durability, operational material
resistance, reflect changes in destruction mechanisms
corresponding to various types of structure (fig. 2, 4).

The crack which moves (propagates) mainly on WC
interface boundaries — WC, WC—Co slows down (fig. 7,
a, b), relaxes on nanoparticles Al,O;, ZrO, dispersible
inclusions, or on their conglomerates (fig. 7, ¢) distributed
on cobalt layers volume.

It is necessary to emphasize in this regard that emer-
gence of discrete cracks approximately corresponds to the
area of particles additives up to 0.2 % of masses. Similar
changes in destruction mechanisms of the hard-alloy
nanostructured composites at cracks propagation are indi-
cated in research results [22; 23].

Thus, combining phase components sizes and proper-
ties of in such heterogeneous composite, the energy of
destruction increase (increase in trajectory length of an
intercrystalline crack) is provided [24]. Despite structure
inhomogeneity of an actual three-phase composite and
existence of various types of fragments, the common in-
tegral level of physicomechanical properties in the field of
optimum additives increases research [14; 18].

4. Polydisperse material on the basis of composite
powders. Based on the positive experimental results and
the discovered features of heterophase hard-alloy compos-
ites structure formation, the geometrical model (fig. 2)

Bum " Electron mage 1

also explicitly described in works [14], was specified and
corrected, taking into account the known and new results
of calculated and experimental studies of bimodal and
polymodal disperse system package density as well.

The offered specified stereological model is quadruple
contacting in threes same size composite matrix particles
(WC—Co). Carbide phase particles during modeling are
conditionally accepted to be spherical. The centers of
these spheres are tops of a tetrahedron which edges are
formed by radiuses of R; (fig. 8).

On the basis of the conducted experimental studies the
specified stereological model is offered [25]. During its
realization the maximal package density and uniformity
of composite phase components relative distributionis are
provided. The modifying additives of nanoparticles
homogeneously distributed in a binding layer promote its
thickness decrease Ay = /1, b, my) (fig. 8, a—c) that
according to a geometrical model (p. 2.1) has to provide
an increase of binding durability and as a result, a hard-
alloy composite in general.

A single volume (V) of such structure fragment with

a particles bimodal distribution by sizes (Em, d /) can

be defined proceeding from the ratio: V. =N,v,, +v,, where
N,, — a number of carbide particles; v,, — the average vol-
ume of carbide particles. Voidage (v,) between carbide
particles proceeding from the known stereology provisions
can be accepted equal to v, = 0.20776 (d,, / 2)°.

As a way of pressing density increase it is offered
to enter tfa nano phase v, additional volume equal to the

volume of voids, i. ¢ v, = Nyv This condition is actually

impracticable as the secondary nanoparticles dense pack-
ing forms own voids of v, (fig. 8, b), i. e. N; has to
be reduced to N/* by the volume of v,, which is offered
to equate to the volume ratio of metal binding v, = v,,=
= 0.20776 (dr /2)* (the quantity of Ny* particles can be
calculated by analogy proceeding from the ratios given
above). With this approach to the solution of a composite
structure model operation problem its maximal density is
provided.

Spectrum C (0] Al Co w
Spectrum 1 13.40 3.65 1.17 74.6 | 7.25
Spectrum 2 - 58.94 | 37.08 | 0.71 | 3.27
Spectrum 3 - 57.02 | 31.32 | 6.16 | 5.50
Spectrum 4 46.03 - - - 53.9

Fig 6. Forming of different structure fragments within heterogeneous hard-alloy composite

Puc. 6. DopmupoBanue pa3mUIHBIX (ParMEHTOB CTPYKTYPHI T€TEPOTCHHOTO TBEPOCIIIIABHOTO KOMIIO3UTA
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TM1000_1012 2016.02.18 x2,0k  30um

TM1000_0559 2016.01.30 x2,0k 30um

a

TM1000_1004 2016.02.18 x1,0k 100um

c

Fig. 7. Crack-propagation pattern due to the Vickers Pyramid dint: (a, b) — crack stopping at nanoparticle in-
clusions (binder metal on the surface of polished section has been removed by etching); (c) stress relaxation
in the front of crack propagation (contrasting etching of the section)

Puc. 7. Xapakrep pacrnpocTpaHEHHs TPEIIHH OT yIIa OTIeyarka MUpaMuaKd Bukkepca: a, 6 — TOpMOKECHHE

TPELIMHBI HAa BKJIFOUCHHUSX HAHOYACTHI[ (METAJUI CBS3KH C IMOBEPXHOCTH MOJMPOBAHHOrO HUTH(A yAaleH

TpaBJICHUEM); ¢ — PelaKCalus HANpPHKCHUH BO ()POHTE PACIPOCTPAHEHHs TPELIHMHBI (KOHTPACTHOE TPABJICHUE
nuda)

darc.co)

Fig. 8. Stereological model of a three-phase composite:
a — packing scheme; b — geometric model of the system d,(WC—Co) — nano-

agents of ceramic d; (Al,O35 ZrO,); ¢ — three-phase structure parameters

Puc. 8. Ctepeonoruueckas MoJeib Tpex(azHOro KOMIIO3HTA:
a — cxeMa YMaKoBKH; 6 — reomerpuyeckas monens cucremsl d,(WC—Co) —

HaHomo0aBku kepamuku dy (Al,Osr , ZrO,); 6 — mapameTpsl TpexQasHoH
CTPYKTYpBI
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Composite powders use is expedient, proceeding as
well from physical reasons as well, because the existence
of a thin-layer binding activates the processes of consoli-
dation, mass transfer at the lower sintering point.

The formation condition in a monolayer sintering
process (binding — nanoparticles) and at the same time
demands obtaining a hard alloy dense structure from
composite powders (WC—Co) demands at “sewing together”
of different models, considered in the work, realizations
of the following ratios:

Nm 3
Bo 2 (d+ d,) = Nuvit Ny, Npve )
i=1
vi = 4(Ry + 1)’ = R V3R, “)
where [ — the coefficient defining a form of structure; 4 —
layer thickness of a nanoparticles monolayer with d; size;
v, — layer volume with # thickness.

Meanwhile, the numerical values of parameters of
a composition particle and coat layer thickness from metal
binding on composite carbides powders can be defined
from a simple ratio:

LR )
I/Cl’}'l dm
where V,,, — composite particle volume.

On the basis of a new stereological model (fig. 8) es-
timating calculations of nanoparticles additives necessary
to generate pressings with the greatest package density
were made. For particle sizes of a composite carbide
phase with sizes in the range of d,, (WC) from 0.3 to 0.8
microns and the sizes of ceramic nanoparticles d; from
0.008 to 0.1 microns used in the experimental part of
work the necessary concentration of nanoparticles addi-
tives in mixture composition made V;= 0.30 or about 3 %
of masses. The results of experimental studies allowed
to specify calculated formulas by means of semiempirical
coefficients and to define optimum concentration of nano-
particles additives in the range from 1 to 3 % of masses.

The use of composition submicronic powders (WC—Co)
received by various methods [9-11] can be the way of im-
plementation of this kind of heterogeneous structures with
the maximal package density and at the same time providing
high uniformity of the relative composite phase components
distribution. In the experimental part of work the composi-
tion powders received a traditional chemical deposition
on the carbon carrier in combination with microwave
influence [10] (fig. 9) are used.

X-ray phase analysis results showed that the made
powder hard-alloy mixtures, alloyed by oxides nanoparti-
cles in the number of 1 %, have the average size of tung-
sten carbide crystal grains about 150 nanometers. Alloying
additive content Increase from 1 to 3 % finds a tendency
to decrease of nanoparticles coalescence effects of tung-
sten carbide when processing in the spherical activator
and US- activation [26].

In case of composition layer powders (WC—Co) of the
submicronic sizes as a basis and additional alloying of
inhibitors nanoparticles additives Al,O; use, the structure
created as a result of a simple hard alloy sintering consists
of almost isolated carbide grains partially blocked at the
expense of a cobalt ductile coat (fig. 10, a). The intercar-
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bide space is filled with a composition powders coat layer
(Co—WC) and additives of oxides nanoparticles (fig. 10, a).

Efficiently influence the processes of such hard alloys
structurization is also possible due to the use of the alter-
nate methods of consolidation, intensive plastic and
a shear deformation at mixtures formation (for example
extrusion or rolling), stage-by-stage stepped heating with
withstanding temperatures corresponding to the consolida-
tion mechanisms change, the so-called operated sintering,
high-speed and low-temperature compression sintering,
electrospark plasma sintering, methods of thermome-
chanical cycling (which are widely applied for steels and
alloys) and thermomechanical ultrasound processing. The
physical sense of such influence is that in a peculiar mate-
rial “buildup”, structurization processes activation at con-
solidation, decrease in the average size and carbide grains
contact ability. Finally it will allow to reduce a sintering
point and to create and keep more fine-grained structure
of a hard alloy composite WC-Co—-Al,0;, WC—Co—ZrO,.
Studying of alloys consolidation features on the basis of
submicronic composite powders (WC—Co) with initial
sizes of carbide grain about 0.8 microns show that inten-
sive contraction occurs already at a temperature 1320—
1350 °C that is on hard-phase sintering stages. These data
are well consistent with the results given in works [1; 3].
In temperatures intervals from 1370-1420 °C there is a
partial grain recrystallization of the phase WC to the sizes
of 1.5 microns. However at the same time the submi-
cronic carbide phase of initial composite powders in com-
bination with additives of oxides nanoparticles (fig. 10, a)
remains in a cobalt layer between these carbide grains.
Finally, positive structural changes provide additional
increase of a strength properties level. Additional experi-
mental studies conducted in collaboration with National
Research Tomsk Polytechnic University (TPU) [26] dem-
onstrate that critical threshold concentration cut-off levels
of nanoparticles additives in the nanostructured hard-alloy
composites WC—Co-—nano Al,O3(Zr0,), received by the
electrospark plasma sintering method, is 3 % of masses.
In total the calculated results (on the model) and the
experimental studies (methods of a scanning electron
microscopy in combination with the elememt-by-element
analysis use and standard methods of physical tests)
allowed to realize microstructure parameters with rela-
tively high distribution uniformity of phase components
(tungsten carbides grains, a metal binding layer and modi-
fying additives of nanoparticles) on a volume of a hard-
alloy composite (fig. 11).

Increase in content of alloying additive to 3 % leads
to slowing down of grain growth processes: the average
size of coherent scattering area (CSA) for these samples
was in the range from 151 to 163 nanometer (fig. 12, b).
The average size of CSA cobalt bindings according to
X-ray analysis does not exceed 22 nanometers [26].

Thus, the received results demonstrate positive influ-
ence of nanoparticles additives on properties of reference
hard alloys (see the table) that is explained, first of all, by
their structural parameters change.

Formation of nanostructural fragments in the volume
of a metal cobalt layer provides decrease to the submi-
cronic sizes of its thickness between carbide grains, the
effect known in materials science as the effect of dis-
persible hardening, is implemented.



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 19, Ne ]

Spectrum 3

ET 1 Electron Image 1

b
All results in atomic %
Spectrum C (0] Co w
Spectrum 1 76.22 | 3.35 [ 2.09 | 18.34
Spectrum 2 61.08 | 393 | 7.11 | 27.88
Spectrum 3 86.56 | 1.48 | 1.35 | 10.61
Spectrum 4 73.87 [ 3.36 | 1.61 | 21.16
Spectrum 5 73.22 | 2.61 1.83 | 22.35
Spectrum 6 80.20 | 3.71 | 3.19 | 1291

Fig. 9. WC-Co composite powders morphology:
a — microwave synthesis composite powders; b — results of powders elementary

analysis; ¢ — powders (WC—Co) produced by chemical method
Puc. 9. Mopdosorus komno3utHsix nopouko WC—Co:

a — KOMIIO3UTHBIE TIOPOIIKH MHKPOBOJIHOBOTO CHHTE3a; 6 — Pe3yJIbTaThl HX dJIe-
MEHTHOTr0 aHaiu3a; ¢ — nopouku (WC—-Co), nonyueHHbIe XUMUYECKIM METOIOM

uano (WC, ALO) B cBsizke Co

E 1 Electron Image 1

Spectrum C O Co Al W

Spectrum 1 2494 | 1044 | 8.44 | 1.44 | 54.74

Spectrum 2 16.89 — 2.56 | 2.20 | 78.35
a b

Fig. 10. Microstructure of hard alloys obtained from composite powders
WC-Co: a — SEM; b — elementary analysis results

Puc. 10. MUKpOCTpYKTypa TBEP/BIX CIUIABOB MMOJIYYEHHBIX M3 KOMIIO3UTHBIX IIOPOIIKOB
WC-Co: a — SEM; 6 — pe3yJIbTaThl 3IEMEHTHOTO aHaN3a
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Fig. 11. Electron microscope images: nanostructured hard alloy, EDS map for local deposit of alloying constituent
on the surface of hard-alloy composite produced on the basis of micron carbide powders with aluminum oxide

Puc. 11. DnekTpoHHO-MUKPOCKOIIIYECKHE N300pakeHUsT HAHOCTPYKTYpPHPOBAHHOTO TBEpAOro ciuiaBa, EDS-kapTa
JIOKAJBbHOIO 3aJIeraHus JIETUPYIOIEr0 KOMIIOHEHTa Ha IOBEPXHOCTU TBEPJOCILUIABHOIO KOMIIO3UTA, U3TOTOBIICH-
HOTO Ha OCHOBE MHKPOHHBIX IIOPOIIKOB KapOHUIOB C T0OAaBKaMU OKCHIA aJTFOMUHUS

1
|
i I
i i
f # H

|
i
' -_-_,.__.Jlk.z;

.l_:

a

| i |
|7, VUL I\-._._—--._—'hw

'I| PUI"I

.J I\Jll

-

b..

Fig. 12. X-ray structure analysis of hard-alloy composites consolidated by electro-impulse plasma sintering
method using nanoparticle additives: a — 1 %; b—3 %

Puc. 12. Pe3ynbTaThl peHTTEHOCTPYKTYPHOTO aHAIN3a TBEPIOCIUIABHBIX KOMIIO3UTOB, KOHCOJIUINPOBAHHBIX
meronom DUTIC ¢ konuyecTBoM 100aBOK HaHo4acTUIl: a — 1 %; 6 —3 %

Some strength characteristics of hard-alloy composites

L %

Composition of the material Physicomechanical characteristics
Hardness HV, | Tensile strength at | Crack resistance K., MIla - m"?
T'Tla bending R;,,, ['Tla
Microcrystalline, 12.7 2.54 21.6
BK15 + ALO,
Microcrystalline, 15.1 2.68 19.3
BK10KC + AL,O;
Quasy- BK6 19.5+0.6 2.03+0.1 9.1+£0.6
nanocrystalline BK6 +2 % 20.4+0.6 2.17+0.1 9.3+0.7
ZI'Oz
BK6 +4 % 22.0+0.6 2.09+0.1 9.7
ZI'OZ

Conclusion. The conducted complex parametrical re-
search results demonstrate that when modifying hard-
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alloy composites by nanoparticles the principle of “com-
position-structure-property”, known in materials science,
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is implemented. In total, the received results of experi-
mental studies in combination with methods of computer
modeling and prediction of hard-alloy composites proper-
ties, modified by additives of ceramics nanoparticles,
provide expansion of opportunities for structure and hard
alloys properties operation.

Composite submicronic powders (WC—Co) use in
combination with modifying nanoparticles Al,O;, ZrO,
(inhibitors) is an efficient starting method of nanostruc-
tured hard-alloy composites quality improvement. The
calculated results (on the model) and the experimental
studies comparison show satisfactory coincidence of the
predicted microstructure parameters and strength proper-
ties with the obtained.
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METHODS OF PREPARATION OF THE EXPERIMENT
FOR INVESTIGATION OF UNIVERSAL JOINTS ON NEEDLE BEARINGS

S. P. Eresko, T. T. Eresko, E. V. Kukushkin®, V. A. Menovshikov, A. A. Orlov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
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The main directions of development and improvement of performance data of universal joints needle bearings of
transport technological machines are considered. The questions and tasks requiring the solution at the level of forming
of new calculation procedures are specified. Modern achievements in researches of endurance failures and low-cyclic
fatigue of needle bearings are considered. The main overview of the works performed in this direction is provided. The
analysis of modern ideas of fatigue processes of needle bearings is given. The analysis of the current state of question
on research of plastic deformation at static contact loading of needle bearings is given. Questions of forecasting
of durability of needle bearings of universal joints are considered. The main questions connected with processes of
forming of fatigue cracks in materials of needle bearings of universal joints in zones of power contact are considered.
On the basis of the analysis of the used sources it was revealed that it is necessary to resolve the issues connected with
improvement of performance data of universal joints needle bearings and questions of calculation of bearing capacity
of power contact of rolling bearings and technology of receiving qualitative materials. For carrying out tests we used
the test facility for universal joints allowing tests without overheat of system of braking due to cooling of working fluid
and also improving operating conditions due to ensuring smoothness of regulation of braking torque. For measurement
of roughness of surfaces the USB BV-7669M Profilograph profilometer was used. For measurement of hardness
of surfaces of thorns of crosspiece of universal joints the HBRV-187,5 hardness gage was used. The technique
of carrying out tests includes the following stages: marking of crosspieces of universal joints; measurement
of roughness, hardness, geometry of crosspieces of universal joints; stage of tests; repeated measurements
of roughness, hardness and geometry of crosspieces of universal joints; cutting of the studied universal joints and
production of microsections for metallographic examinatons of active and passive surfaces of thorns of crosspieces
of universal joints; processing of results of researches. The given technique of planning of experiments is intended for
receiving experimental data of researches of universal joints at different stages of operation that will allow to estimate
influences of errors of production on performance data of universal joints and to prove the reasons of formation of face
and deep cracks.

Keywords: endurance failures, needle bearings, modern representations of researches, test facility, design of experi-
ments, tests of joints.
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METOJUKA NOAI'OTOBKHU DKCIIEPUMEHTA
IO UCCJIEJOBAHUIO KAPJIAHHBIX HTAPHUPOB HA UT'OJIBYATBIX HOJIIUITHUKAX

C. II. Epecko, T. T. Epecko, E. B. KyKanKI/IH*, B. A. MenoBuukos, A. A. OpioB

Cubupckuii rocy1apcTBEeHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHI MMeHHU akaneMuka M. @. PemerHeBa
Poccuiickas ®enepammst, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii pabounii», 31
* . . . .
E-mail: ironjeck@mail.ru

Paccmampusaromes ocnognvie nanpagieHus pazeumus, YIyuueHUs U CO8ePUIEHCB08AHUA pabouux xapakxmepu-
CMUK KAPOAHHLIX nepeday HA U20b4ambvlX NOOWUNHUKAX MPAHCHOPMHO-MEXHON02UYECKUX MAawuH. Yxazvlearomcs
gonpocul U 3a0ayu, mpebylowjue peuleHuss Ha yposHe oPMUPOBAHUS HOBbIX MemOooux pacuéma. Paccmampusaromces
cospemenHble OOCMUIICEHUs] 8 UCCIe008AHUAX YCMALOCTIHbIX PA3PYULEHUL U MATOYUKIIOBASL YCIMAIOCMb UL0IbYATNbIX
noowunnuxos. Ilpuseden 0CHOGHOU 0030p GbINOAHEHHBIX PAbOM 8 OAHHOM HANpasieHuu. [{aHn aHanu3 CO8PEeMEHHbIX
npeocmagnenuti 00 YCmaioCmHblX RPOYECCcax U2oab4amuvlX NOOWUNHUKOG. [lan ananus cOo8peMeHHO020 COCMOSIHUSA
60NPOCA NO UCCAEO0BAHUIO NIACTNUYECKO20 0eDOPMUPOBAHU NPU CIMAMUYECKOM KOHMAKMHOM HAZPYICEHUU ULONbYA-
MblX NOOWUNHUKOS. Paccmompensl 60npocsl NPo2HO3UPOBAHUS 00I208EUHOCIU ULONLYAMBIX NOOUUNHUKO8 KAPOAHHBIX
nepeoay. Paccmampusaromes ocHogHble 80npochl, C8:A3aHHbIE ¢ NPOYeccamit OpMUPOBaArUs YCMAIOCMHBIX MPeujuH
68 Mamepuanax ueoaibuyamuvix NOOWUNHUKOE KAPOAHHLIX nepeday 8 30He cun08020 kowmakma. Ha ocuose auanusza
UCNONB3YEMbIX UCTOYHUKOB ObLIO GbIABNIEHO, YMO He0OX00UMO peultib 60NPOCHI, C8A3AHHbIE C YCOBEPUIEHCBOBAHUEM
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Pabouux xapakxmepucmux KapOaHHLIX nepeoay Ha U20NbYAMbIX NOOWUNHUKAX, U BONPOCHL pacuéma Hecyujell cnocoo-
HOCMU CUNI08020 KOHMAKMA NOOWUNHUKO8 KAYEHUsl U TEXHOI02UU NOTYYEHUs KAYeCMBEHHbIX Mamepuanos. [l npose-
Oenust UCHLIMAHULL UCNONB306AACST CMEHO OISl UCNbIMANUL KAPOAHHBIX nepedad, KOHCMPYKYUsi KOMopo2o No360Jsem
UCHbIMBIEAMb KAPOAHHbLE Nepedayu, UCKTIOYAst Nepespes CUCMEMbL MOPMOIICEHUSL 34 CHem OXAANCOeHUst paboyell JHcuo-
KOCMU, a makice YIyYuums YCioeus SKCHIyamayuy 3a ciem obecnederust NIasHOCMU Pe2yiupo8anus mopmMo3HO20
Momenma. [[ns usmepenusi wepoxosamocmu nogepxrocmeu ucnoavzosaics USB  npogunocpag-npoguromemp
bB-7669M. Jlna usmepenuss meepoocmu nogepxXHoCmell wunos KpecmosuHvl KapoanHo20 wapHupa Ovll UCnoIb308aH
meepoomep HBRV-187,5. Memoouka npogedenus ucnvimanuti 6koyaem 6 cebs ciedyioujue smansi. MapKuposKa Kpe-
CMOBUH KAPOAHHBIX WAPHUPOS, 3AMeD WEPOXO8AMOCHU, MEEPOOCHU, 2eOMEMPUL KPECMOBUH KAPOAHHBIX WAPHUPOS;
cmaoust UCNbIMaHULlL;, NOBMOPHBLE 3AMEPbI UEPOX0BATNOCMU, MEEPOOCU, 2EOMEMPUL KPECHOBUH KAPOAHHBIX WUAPHUPOS;
Paspesxa uccredyemuix KapOaHHBIX WAPHUPOS U U320MOBNEHUE MUKPOUWUGDOS Ol MEMANIOSPAPUYECKUX UCCTe008d-
HUUl aGKMueHOU U NACCUBHOU NOBEPXHOCMEN WUNOE KPeCmOBUH KAPOAHHbIX WAPHUPOS, 00pabomKa pe3yibmamos
uccnedosanuti. Ilpusedennas memoouxa NiaHUpOBAHUsSE IKCNEPUMEHIO8 NPeOHA3HAYeHa Ol NOJYYEHUs. IKCHEPUMEH-
MATLHBIX OAHHBIX UCCTIE008AHU KAPOAHHBIX Nepedad HA PA3HbIX CIMAOUSX dKCHIYAMAayul, KOmopbvle No360Jam OYeHUms
GIUSIHUSL NOZPEWHOCEN U32OMOGILEHUSL HA Paboyue XapaKkmepucmuKku KapOaHHbIX WAPHUPOS8 U 060CHO8AMb NPUHUHbL
00pA306aHUSL NOBEPXHOCHIHBIX U 2TYOUHHBIX MPEUUH.

Knioueswvie crosa: ycmajiocmusvle paspyueHus, ucov4danivle nodmunHuKu, coepemMeHHble npedcmaeﬂeHuﬂ uccnedo-
BaHMIZ, UCnvlMmamenbHblii cmeH(), nianuposanue dKcnepumenma, UCnblmanusl apHupoe.

Introduction. At the present stage of development noticeable, and durability is rather small, there is low-
of science and technology the problem of improvement of  cyclic fatigue [27].
quality and competitiveness of universal joints needle At low-cyclic wear joint action of normal and tangent
bearings of different technological and hoisting-and- loadings at friction leads to the fact that the maximum
transport machines is essential for scientific and technical ~ tangent voltage arises not on the surface, but under the
progress. But still many questions did not receive definite  contact spot at small depth where damages gather and
answer [1-15]. cracks are formed. If the material is fragile, the crack

Now many researches are conducted and many meth-  arises on its surface. Low-cyclic wear is observed during
ods of calculation of parts contact strength, durability and  plastic deformation of surfaces (without cutting) of softer
reliability are developed, but they do not offer accurate  material by ledges the harder one. In places of such
concepts and explanations of work of identical parts under  deformation side piles that at the subsequent passes can
absolutely identical conditions with different values separate in the form of products of wear too are quite
of durability. often formed [28].

The analysis of the current state of science of wear lets Main part. Bearing blocks are the most important
know that without understanding of the process of wear  structural elements of machines and make the main part
creation of effective methods of fight against this of frictional units. Failures of machines often happen
phenomenon is impossible. The analysis of works [16-26]  because of failures of bearing blocks that limit durability
showed that hypothesis or the point of view were not of machines. Even at rather high-quality production of
always based on pilot experiments. parts of bearing blocks, for example, of needle rolling

Due to the development of the reactive equipment, bearing, the characteristic of universal joint can be unsat-
atomic-power engineering and creation of unique prod- isfactory, and there may happen a sudden failure. By the
ucts and engineering designs in the different industries failure we do not necessarily mean destruction of the rub-
of mechanical engineering, the problem of low-cyclic  bing (working) surfaces, but exit of one of characteristics
durability of elements of designs becomes urgent in the of bearing blocks out of the allowed limits.
1950s. Due to the different processes of destruction Bearing blocks of agricultural machinery fail
of needle bearings at low and high levels of maximum  generally because of the abrasive wear connected with hit
voltages of cycle, we distinguish two types of fatigue:  of dirt and dust. The most widespread criterion of failure
low-cyclic and multi-cycle. The low-cyclic fatigue is fa-  of the bearing blocks of the general application working
tigue of material at which the fatigue damage or destruc-  in cars, tractors, pumps, reducers, machines, lifting-and-
tion happens at elasto-plastic deformation. The multi- conveying machines is endurance failure. At the same
cycle fatigue is fatigue of material at which the fatigue time other characteristics, such as rigidity, level and range
damage or destruction happens generally at elastic defor-  of vibration, antitorque moment, durability, etc. also are
mation. important for bearing blocks of special application.

Fatigue strength is an ability not to collapse under the The durability of separate parts of bearing blocks
influence of alternating loads during preset time of load-  confirmed with bench tests does not guarantee sufficient
ing. It is supposed that the level of influences is such that  durability of all node. The latter circumstance is
the plastic deformations arising at the same time in metal  connected with the fact that the loadings operating in
in the course of loading are so small that it is difficult to  node and actual temperature can significantly differ from
find them, i. e. generally in the course of loading metal the bench ones. Besides, assembly and mounting change
undergoes only elastic deformations. In case of the higher  gaps, tightness and form of working surfaces of bearing
level of influences when plastic deformations become blocks. The contradiction between quality of bearing
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blocks and the bearing itself, which is shown in nodes
with rolling bearings, is especially distinct [29-32].

At production of bearing blocks features of their work
are often not considered. So, for example, universal joints
needle bearings in parameters of undulation and
roughness of working surfaces of the bearing not always
conform to requirements of working conditions. Ball
bearings for spindle of the machine have small limiting
rapidity, which is caused by the considerable heat release
from sliding friction and rolling friction leading to thermal
expansion of internal ring and balls and thermal jamming
(inadmissible increase of antitorque moment of shaft).
The solution demands constructive changes in the
bearing, namely decrease in heat release and increase in
rapidity. It can be made by production of the bearing with
large number of smaller balls. Such bearings developed
by V. F. Grigoriev showed rather high rapidity. It is clear
that at system approach to design of bearing blocks it is
possible to provide required heat release and, as a result,
required extreme rapidity of the bearing at design stage in
advance.

Researches of plastic deformation of steel surfaces
at static contact loading are given in R. G. Shtribek,
S. V. Pinegin, A. Palmgren, D. Teybor’s works. It was
found out that at pure rolling of two cylinders under
loading exceeding a certain level their surfaces are
displaced rather central part in the direction of rotation as
a result of plastic shifts in subsurface layer. U. Hamilton
in the work showed that plastic shifts amass with quantity
of cycles of loading. In K. Johnson’s work it is shown that
plastic deformation happens until Hertz tension does not
become less than four limits of flowability at simple shift
[11; 16; 26].

In the generalizing work by D. V. Orlov and
S. V. Pinegina plastic deformation of the steel tempered
parts at static loading, the pulsing contact and rolling
under loading is investigated. Dependences of sizes
of residual plastic deformation of surfaces on the level of
tension, sizes and hardness are received. Calculations
of tension taking into account plastic formings are carried
out. The questions connected with justification of form of
sample for carrying out material tests on contact fatigue
are studied insufficiently.

The classical mechanics of contact interactions
is connected, first of all, with the name of Heinrich Hertz.
In 1882 he solved the problem about contact of two
elastic bodies with the bent surfaces. This classical result
is the cornerstone of mechanics of contact interaction also
nowadays. Only a century later K. Johnson and other
authors found the similar solution for adhesive contact
(JKR — the theory).

Bases of the theory of contact voltages and
deformations are developed by H. Hertz, N. M. Belyaev,
A. N. Dinnik [11] and gained further development in
a number of works of domestic and foreign scientists.
Because of complexity of decisions of contact tasks the
following assumptions were made: materials of bodies are
homogeneous and isotropic; deformation happens
in elastic limits and none of bodies receives plastic
deformation; tangent loadings are absent in the zone
of contact; both surfaces are absolutely smooth; the site
of contact is small in comparison with the characteristic

sizes of the compressed bodies; the hydrodynamic film
between surfaces is absent. But at this stage of
development only small part of assumptions takes place
during the work of real parts, including contact task of H.
Hertz which is the basis of engineering calculations of
contact voltages and deformations.

Further progress of mechanics of contact interaction
in the middle of the 20th century is connected with
F. F. Bowden and D. Teybor. They were the first to show
the importance of accounting of surface roughness of the
contacted bodies. The roughness leads to the fact that the
valid area of contact between the rubbing bodies is much
less than seeming area of contact. These conceptions
significantly changed the direction of many tribological
researches. F. F. Bowden and D. Teybor’s works caused
emergence of number of theories of mechanics of contact
interaction of rough surfaces.

The main works in the field of contact interaction are
those of D. Arkhard who came to conclusion that
at contact of elastic rough surfaces the area of contact is
approximately proportional to normal force. The further
important contribution to the theory of contact of rough
surfaces was made by D. A. Grinvud and G. P. Villiamson.
The main result of these works is the proof that the valid
area of contact of rough surfaces in crude approximation
is proportional to the normal force while characteristics
of separate microcontact (pressure, the amount of micro-
contact) poorly depend on loading [31; 32].

The main role belongs to the bearing blocks working
in the conditions of rolling under loading and its influence
on operability of the hinge. However, despite the numer-
ous researches worked in this direction new topical issues
appear continually. The process of violation of kinematics
of the bearing and its influence on operability of universal
joints in general is not investigated fully. It is connected
with damage of bodies and paths of rolling, influence and
distribution of resistance to rolling on the areas of the
rolling contact. Influence of thermal wear equally pro-
motes change and destruction of paths of rolling and is the
first-priority question demanding detailed consideration.

In actual practice during the work of needle bearings
slipping of balls happens extremely seldom. Lubricant
and other factors determine the size of external tangent
loadings [16].

In 1. Ya. Shtayerman’s work number of space flat
tasks was considered. Galin solved problems with friction
and coupling of surfaces on contact taking into account
the speed of deformation, anisotropy of material, variable
on elasticity module depth, and also dynamic character
of the phenomena on moving contact. N. I. Glagolev
executed the solution of flat contact task taking into
account friction forces and received the distribution law
of normal and tangent loads with different distribution of
sites of coupling and sliding on contact piece for the free
and loaded with the moment wheel. The attempt is made
to theoretically estimate wear of wheel and rail for case
of plane-strain cylinders on empirical formulas of wear.

M. M. Saverin conducted an in-depth study of joint
action of normal and tangent loads on tension at contact
compression of the cylinder with the plane. In B. L
Kovalsky and M. M. Saverin’s works tension at joint action
of normal and tangent loads is deeply investigated [11].
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Aspects of durability and hypothesis of destruction of
materials at contact and cyclic loadings were described by
A. Griffitson [4; 21] who explained discrepancy in durability
of perfect and real brittle bodies with availability
of defects like cracks. E. Orovan, G. 1. Taylor and
A. D. Polyani developed the theory of dislocations and
suggested to connect decrease in durability and plasticity
of solid bodies with availability of dislocations [21].

T. Ekobori offered a way of determination of durabi-
lity and causes of destruction of solid body in which
macrostress concentration from defects like dislocation
pile-up is considered simultaneously [21]. At repeated and
variable loading cracks arise in the most plastically
deformed microvolumes of material, borders of grains
detain plastic deformation, the fatigue crack develops on
body of grain and does not extend on borders of grains,
when crossing borders of grains it extends with the
slowed-down speed, the cyclic load causes in grains of
structure of metal of strip of loosening [22].

The concentrators of tension which are sources
of development of contact and fatigue microcracks can
be of two types. The first include localized defects such
as scratches, grinding scratches, dents, areas of altered
microstructure in the form of burns. To the second,
we classify local discontinuities in the continuity and
homogeneity of the metal in the form of nonmetallic
inclusions, inclusions of carbides, pores, shells and other
metallurgical defects. Influence of different concentrators
of tension on contact fatigue is considered in works [5-8;
22-24]. When rolling under load, depending on the
location of the stress concentrators that are most strongly
influenced in specific conditions, the primary crack can
occur on the surface of the part or under it. In this case,
the surface crack will lead to the exfoliation of the metal
particle and the resulting pit will be a new stress
concentrator, which will cause the emergence of new
microcracks, which lead to the separation of metal
particles and the increase in the area of the crumpled site.
This process is called pitting [16].

In case of development of fatigue crack from
subsurface defect, it can be connected to the next
microcracks. The trajectory and speed of its development
depend on orientation of the microcracks lying close, and
also on mechanical properties of the neighboring sites of
metal. At the same time under surface several micro-
cracks can develop. With cyclic loading, the crack that is
in the most favorable conditions for its growth reaches the
surface of the part and then the metal is chipping. And
chipping depth from surface stress concentrators is
several times greater than from surface defects [24].

In case of the so-called “the pulsing contact” primary
fatigue cracks appear on surface of contour of spot of contact
and extend deep into material. Extensive experimenttal
data about arrangement of the possible centers of
destruction at contact cyclic loading is given in work [24].

In P. Tardi and Ya. Stiklovari’s works consider that all
microcracks in bearings made of steel ShH15 develop
from nonmetallic inclusions in area of coverage of Hertz
maximum tangent voltages [7]. N. N. Kachanov [25], also
leaning on experimental material, believes that fatigue
cracks can arise not only at depth of action of the maxi-
mum tangent voltages, but also slightly higher or below it.
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N. N. Kachanov bases these reasons that emergence of the
plastic shifts leading to fatigue cracks depends not only
on the theoretical level of tangent tension, but also on the
strength of the stress concentrators, the main ones being
nonmetallic inclusions.

The idea of structure of solid bodies is revealed in the
theory of dislocations [3; 18; 19]. Properties of metals and
alloys are connected with emergence, movement and in-
teraction of dislocations. At the heart of all ideas of dura-
bility and plasticity of metal materials data on their dislo-
cation structure lie. Availability of dislocations explains
sharp distinction between durability of real and reference
metal. The dislocation structure in volume of real crystal-
line solid is implemented on the surface of body in the
form of thin system of steps, hollows and ledges.

External mechanical influences define conditions for
development of these or those leading processes in sur-
face layers of metal of needle bearings. Under the influ-
ence of current changes serviceable condition of surface
layer when material has the phase composition, structure
and properties other than initial state forms. In the surface
layer, that is in working order, there are processes the
opportunities of which development depend on initial
state of surface layer and operating conditions of needle
bearings.

Depending on the nature of the processes happening
during frictional unit operating time after the termination
of its work in surface layer there are following residual
changes: mechanical hardening or loss of strength; phase
hardening or loss of strength without change or with
change of chemical composition; change of microrelief of
friction surfaces of needle bearings and tension of surface
layer.

In modern representation the structure of surface lay-
ers of metal materials is multilayer [20]. After impact of
shock impulse on the surface of material the central area
of the place of blow will reflect acts of microjet current
of material after passing of wave of deformation. After
repeated impact of shock impulses, this zone will look
like the hardened liquid with chaotic structure. Interaction
of the central shock deformed area with the next objects
of material can happen at the expense of rotational
mechanisms to possible analogy to processes of current
of viscous liquid in the oppressed layer. But at the same
time, interaction of the central flow with laminar under-
layer can be followed by emergence of whirlwinds. The
vortex layer in metals can consist of several couples of
vortex cords with counter rotation of cords in each couple.
From outside rotational formations will kind of slide
on laminar underlayer, representing structure with not
equiaxial cells. Band and checkerboard structures are also
rotational. The checkerboard structure has static deforma-
tion about 50-60 % and is represented by set of rectangu-
lar formations of different orientation. The band structure
consists of rotational bands arranged in series and capable
of moving deep into the material under the action of the
stress field. Rotational structures are capable of changing
one another according to the mechanism of kinetic phase
transformations [20].

To date, these structures can be attributed to any me-
chanical action, including surface friction, but the finest
outer layer will be so-called secondary structure, i. e.
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strongly deformed and containing oxygen, sulfur and
other elements.

At present, a lot of research has been done in this
direction, but the issue of the mechanism of fatigue
destruction is at the initial stage of development, which is
confirmed by the search for the criterion of fatigue failure
and the proposal of new solutions.

The quantitative assessment of contact fatigue is expres-
sed in the number of loading cycles or in hours of opera-
tion before the occurrence of fatigue failure of surfaces.
Cyclically changing contact stresses cause the formation
of cracks and separation of material particles, surface
destruction in the form of pits of chipping (pitting),
cracks, peeling flaking [16].

The question is acute on the problem of modeling the
processes of low cycle fatigue of needle bearings. A large
number of phenomena accompanying this process are
known, which can not be placed within the framework of
any of the proposed theories. These include heat-activated
accumulation of damages, wearing in of surfaces during
friction, cyclicity of wear, kinetic phase transitions of
defect structures, physico-chemical and structural modifi-
cation of the material of the surface layer, etc.

As in the operation of needle bearing huge pressure on
the actual spots of contact develops, formation of particles
of wear at fatigue wear of needle bearings happens only
after a set of cycles of contact interaction, causing peri-
odic embrittlement and dispersion of surface layers. Each
contact in surface layer causes irreversible changes of
some diagnostic variable which identification is a neces-
sary step in search of objective criterion of wear resis-
tance of materials.

Studying of needle bearing destruction as the process
developing during finite time and depending on loading
speed is of great importance. In this case the criteria of
classical fracture mechanics based on the theory of con-
tinuous environments cannot authentically reflect essence
of real physical processes. With extremely high speeds of
deformation, flashes of high local temperatures, concen-
tration of high pressures there is not only smooth “shift”
of phase point of condition of material in phase space, but
also change of the leading mechanism of damageability.
Therefore it is important to consider not only accumula-
tion of damages, but also the mechanism which is respon-
sible for specific way of destruction of bonds [33].

Particular interest in the mechanics of needle bearing
failure with low-cycle fatigue is a time factor. It involves
a wide range of tasks for forecasting the durability
of structural materials and managing the life of products.
It was noted in [34] that “the establishment of regularities
in the evolution of the system requires the introduction of
the time factor into the equation of the mechanical state”.
A lot of work has been devoted to the study of the rela-
tionship of time to strength parameters, but most of them
are related to the study of the long-term strength of mate-
rials in creep, which is due to the applied importance
of this problem. Since the rate of time flow in the system
depends on the degree of influence of the deflecting fac-
tors [33; 34], the question of the zero value of the parame-
ter arises. Is it possible to estimate the zero value of the
system time in the same way as for temperature, pressure,
entropy or other parameters. With what physical phe-
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nomenon the point of reference of time is connected at the
analysis of durability of materials. An analysis of this
problem shows that the time factor of modern science has
not yet been sufficiently studied. The traditional percep-
tion of the longevity of the system as a time from the be-
ginning of its loading to the moment of destruction is not
physically justified.

Wear of universal joints depends on the physical and
chemical and mechanical processes proceeding in contact.
The kinematics of the movement of interfaces (sliding,
roll, roll with sliding, roll under loading, etc.), structure
and composition of surface and near-surface layers of
materials, condition of lubricant layer, formation of sur-
face connections, geometrical characteristics of contacting
surfaces and their change in time has great influence
on the process [16].

Due to the different processes of destruction of needle
bearings at low and high levels of maximum voltages
of cycle, we will consider questions of low-cyclic fatigue
and formation of fatigue cracks in materials of needle
bearings of universal joints, occurring at elasto-plastic
deformation. It is supposed that the level of influences is
such that the plastic deformations arising at the same time
in metal in the course of loading are so small that it is
difficult to find them, i. e. generally metal in the course
of loading undergoes only elastic deformations. In case of
the higher level of influences when plastic deformations
become noticeable, and durability is rather small, there
is low-cyclic fatigue. At low-cyclic wear joint action of
normal and tangent loadings at friction leads to the fact
that the maximum tangent voltage arises not on surface,
and under contact spot at small depth where damages
gather and cracks are formed [16; 28].

The endurance failure of surface layer occurs in the
needle bearings which are exposed to long loading by
variable efforts. Fatigue cracks arise on friction surfaces
and extend deep into layer. Being gradually extended,
small cracks form grid on certain limited or big sites of
surface. Disclosure of cracks happens under the influence
of the pulsating pressure of lubricant.

Crack, having reached the basis of antifrictional layer,
changes the direction, extending on joint between the
basis and layer, afterwards certain sites of surface layer
chip. Chipping of large pieces of surface layer is followed
by formation of surface “wounds” which are hammered
with the wear products operating as abrasive. Flawing
increases wear of friction surfaces, sharp edges make the
cutting action, and near edges there is chipping of surface
of material.

Cyclically changing contact voltages cause the surface
destructions in the form of chipping poles called pitting.
Formed abscesses ranging in size from a few hundredths
of a millimeter to several millimeters increase during the
operation of the friction unit, and surface peeling occurs.

In his works, I. V. Kragelsky developed an equation
for frictional fatigue and developed a frictional fatigue
model that takes into account processes at the level
of influence of surface roughness, with relative sliding of
rubbing bodies, a disruption occurs as a result of repeated
deformation of the abraded material by the rigid micro-
irregularities of the counterbody [16].
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The process of accumulation of damages in sliding of
bodies in a rolling condition under load has a certain stag-
ing. At first there is accumulation of elastic lattice distor-
tions and increases density of dislocations. After
achievement of critical density of dislocations there are
submicroscopic cracks. Together with irreversible distor-
tions of crystal lattice interatomic bonds are broken and
separate microvolumes collapse [16; 28; 34].

By Ya. G. Panovko [16] researches it is established
that in couples of friction at operation there are forced
harmonic oscillations with frequencies up to 100 kHz and
above. Sizes of vibratory frequencies are defined by the
speed of relative movement and degree of roughness
of contacting surfaces. Amplitudes of oscillation depend
on physicomechanical properties of the contacting cou-
ples in conditions of loading. Forced oscillations are the
cause of the appearance and development of fatigue
cracks, resulting in destruction. Particular interest in the
mechanics of needle bearing failure with low-cycle
fatigue is a time factor. It involves a wide range of tasks
for forecasting the durability of structural materials and
managing the life of products.

Problem definition of research. The carried-out
analysis showed that the problem of low-cyclic fatigue of
needle bearings is studied insufficiently. All this detains
development of the specified methods of calculation of
parts that in turn affects rates of improvement of machine
components designs, and, therefore, the over-all perform-
ance decreases at the expense of untimely exit of the
equipment out of operation.

The question of the mechanism of physical aspect of
metal fatigue and endurance failure of balls under the
influence of temperature and fatigue wear is studied not
completely and demands more careful studying as well
as research of interrelation of primary endurance failures
with dislocation of cyclically repeating or alternating ten-
sions in material of parts.

Among other things, it is necessary to consider the
influence of mechanical and thermal methods of surface
hardening of parts on their fatigue contact strength with
a complex alternation of stresses throughout the entire
loading cycle during rolling under load.

Influence of radial, axial, angular fluctuations of balls
of needle bearings is not studied sufficiently so far, as
well as the issue of range of possible fluctuations of shaft
of universal joints is not fully handled.

The problem of heat release and thermal conductivity
is not fully addressed in the rolling of parts under load,
and there is no system for predicting the temperature
regimes of the operation of units and ways to reduce heat
generation [1; 16; 17; 35-39].

For calculation of bearing capacity of modern designs
and machine components, exposed in use to difficult
complex of cyclically changing loadings, it is necessary to
know stress and deformation fields in zones of the maxi-
mum strength, and also behavior of material during
elasto-plastic cyclic deformation [40].

On the basis of this, the conditions for the emergence
of limiting states are used — breaking strength, the appear-
ance of unacceptable movement, etc. The most inten-
sively developed direction when creating criteria for low-
cycle strength under loading is the concept of equivalent
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parameters. According to this concept, choosing a corre-
sponding equivalent parameter, a complex stress state
leads to an equivalent linear stress state.

To assess the limiting state of materials in the theory
of low-cycle fatigue, the criteria of four groups are used:
deformation, force, energy and criteria based on the
account of material damage. Deformational and energy
criteria have become most widespread in the calculation
practice [41].

In practice, equivalent parameters are widely used,
which are a direct application of the criteria of plastic
flow. A bright development of this approach was the work
of M. Brown and K. Miller, who proposed two parameters
for describing the low cycle fatigue: maximum shear de-
formation and normal deformation in the plane of maxi-
mum shear. At present, there is a significant number of
modifications to this approach. Generalizing the work in
this direction, apparently, is the work of A. Mackind and
K. Neal in which a technique is proposed for constructing
the function of destruction and a description on its basis
of curves of equal durability. The authors have shown that
all the criteria previously proposed in the framework
of the equivalent approach are special cases of the
destruction function [42].

Deformation criteria are based on the fact that under
a rigid loading regime, the quasistatic fracture region is
absent on the low-cycle fatigue curves, therefore the lim-
iting state of the material can be estimated by the ampli-
tude (swing) values of the total deformation, its elastic
or plastic components. However, if for uniaxial or propor-
tional deformation these criteria are sufficiently effective
and simple, then for multiaxial low-cycle loading they do
not always give acceptable results. In accordance with
energy criteria, the limiting state in the material occurs
when the total energy associated with its hardening
reaches a critical value. In this regard, the energy
approach to the assessment of fatigue damage and the
destruction of metals is more general, because it uses as a
measure of material damage the specific scattered energy
or the specific work of plastic deformation per loading
cycle. The latter circumstance is important when consid-
ering biaxial or multiaxial fatigue, when cyclic trajecto-
ries with the same range of deformations, but with differ-
ent cycle shapes, correspond to different levels of durabil-
ity. The practical use of energy criteria with respect to
disproportional deformation causes specific requirements
for the choice of a theory of plasticity for a more accurate
prediction of the elastoplastic hysteresis loops, and it
involves some difficulties in calculating the specific work
of plastic deformation.

Attempts of overcoming shortcomings of deformation
and power approaches led to development of the modified
deformation criteria allowing considering both influence
of amplitude of deformations, and the additional harden-
ing that is strongly expressed at disproportionate deforma-
tions. The present work is devoted to the analysis of re-
cently published experimental results on the behavior of
various metallic materials under biaxial low-cycle fatigue
and the development of approaches for creating an effec-
tive modified deformation criterion on their basis [41].

The problem of low-cyclic fatigue of elements of
machines and designs which arose in connection with
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intensification of operation of products in the conditions
of high thermomechanical loading at the quasistationary
nature of repeated static power and temperature influences
develops in relation to problems of assessment of endur-
ance and durability on the basis of deformation interpreta-
tion of criteria of destruction [43].

Problem of low-cyclic fatigue of the bearing elements
of designs and machine components with the broad range
of temperatures and speeds of loading in relation to low-
cyclic fatigue (without taking into account the tempera-
ture-time factor) and long cyclic durability (taking into
account temperature and time factor), including two main
directions: research of kinetics of stress fields and defor-
mations in the zones of the maximum strength defining
places of the accelerated accumulation of damages and
destruction; studying of properties of materials by number
of cycles and deformation time [44].

Proceeding from the aforesaid it is necessary:

1. Carrying out tests of universal joints at different
stages of operation (breaking-in, normal operation, failure).

2. Errors of production impact assessment on per-
formance data of universal joints.

3. Justification of the reasons of formation of face and
deep cracks.

Description of the equipment. For laboratory tests
the stand for tests of universal joints will be used, the de-
sign of the stand is presented in fig. 1, 2. The stand con-
sists of the electric motor / which output end is connected
to the technology transfer 2 connected to the tested uni-
versal joint 3, mounted on the main frame 4. The output
shaft of universal joint 3 is connected to input shaft of the
distributing reducer 5 mounted on additional frame 6. The
device of loading is hydraulic and represents hydraulic
pump 7 which shaft is attached to output shaft of distrib-
uting reducer 5. The input channel of hydraulic pump 7 is
connected to hydraulic tank § with working fluid, and its
output channel is attached to the input channel of throttle
9 regulating loading. Between the throttle and hydraulic
pump the manometer /0 calibrated in terms of braking
torque and the safety valve I/ for release of excessive
pressure in hydraulic tank & are installed. The output
channel of throttle is connected to hydraulic tank, via the
heat exchanger /2.
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Fig. 1. The stand for research of universal joints
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7"

Fig. 2. The hydraulic scheme of the stand
for research of universal joints
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The stand works as follows: the torque from the elec-
tric motor / is transferred to the tested universal joint 3
through technology transfer 2, hydraulic pump 7 at the
same time transfers to the tested universal joint the braking
torque created and regulated by throttle 9, value of brak-
ing torque is defined with the help of the manometer /0
calibrated in terms of braking torque. With an excess of
operating pressure, the safety valve // is activated to pre-
vent a jump in the set pressure of the hydraulic fluid in the
hydraulic system that releases excess pressure into the
hydraulic tank 8. The heat exchanger /2 cools the working
fluid.

The size of corner of break of universal joint is change
by movement of the cross movable frame having the
nonius by means of which the corner of break of universal
joint for the corresponding length of universal joint is
exposed.

The design of the offered stand allows to test universal
joints, excepting overheat of system of braking due to
cooling of working fluid, and also to improve operating
conditions due to ensuring smoothness of regulation of
braking torque. The stand offers simplicity of design and
system of setup of braking torque by means of adjustable
throttle and the manometer of pressure of working fluid
calibrated in terms of braking torque [45-52].

For measurement of roughness of surfaces the USB
BV-7669M Profilograph profilometer was used. The pro-
filograph profilometer is intended for registration, the
analysis of profile and measurement of parameters of
roughness, outer and inner surfaces which section repre-
sents straight line to the planes of measurement. Before
use calibration of the sensor, i. e. setup of sensitivity
of measuring channel of the sensor by means of sample of
the Ra parameter, adjusting with rated value, which is part
of the profilometer was carried out.

For measurement of hardness of surfaces of thorns of
crosspiece of universal joints the HBRV-187.5 hardness
gage was used. The hardness gage is intended for deter-
mination of hardness by Rockwell, Brinell and Vikkers’s
methods. The hardness gage is widely used at the enter-
prises of mechanical engineering and metallurgy, labora-
tories of higher education institutions and research insti-
tutes for determination of hardness. The hardness gage
consists of frame, the main lever mechanism, the mecha-
nism of loading and unloading, the optical measuring
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screen, the mechanism of the choice of loading and the
mechanism of raising of worktable. The frame is the
closed body in which there are all mechanisms, except
table, screw rod and part of the main rod. The hardness
gage is the optical measuring instrument mainly by
Rockwell’s method. The device transforms depth of cup
to units of hardness and directly displays on the projection
screen which is on the front panel of the hardness gage.
The surface of the studied sample should be equal,
smooth and pure; there should not be traces, pollutants,
stratifications, cracks, dredging, etc. on it. The bearing
surface of the sample and worktable also should be pure
for achievement of the best contact. The surface of the
sample should be flat, the radius of curvature should not
exceed 15 mm.

The technique of carrying out tests includes the
following stages:

1. Marking of crosspieces of universal joints. The ar-
rangement of crosspieces on shafts was recorded on lubri-
cators, which serve to determine the leading and trailing
spikes of the joint of the universal joint (fig. 3).

The account of numbers of thorns of crosspiece
of universal joints begins with the hinge face where the
lubricator is, and proceeds in ascending order clockwise.

2. Measurement of surface roughness, hardness and
geometry. Surface roughness; geometrical sizes of univer-
sal joints; hardness of universal joints were measured
before tests.

The roughness of surfaces was measured according to
the scheme in fig. 4 on every thorn of crosspiece No. /-4
from four points t. /—4 in a straight line along thorn axis.
Ra — arithmetic average deviation of profile and Sm —
average step of roughnesses of profile of surface roughness
were received as parameters of surface roughness values.

We measure the geometrical sizes of universal joints
according to the scheme in fig. 5, these are diameters
of thorns of crosspiece of d;, length between end faces of
thorns of crosspiece is of /13 and /24, diameters of glasses
of needle bearings of D,.

We measure the hardness of universal joints on each
thorn of crosspiece (fig. 4) in current t. /.

3. Testing stage. According to researches [16] the
stage of breaking-in comes to an end in the range from
1 to 5 hours of universal joints operation therefore we will
use time intervals from 1 o’clock in each hour, i. e. to
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carry out tests on the first universal joints — 1 hour, on the
second — 2 hours, etc. After detection of changes (transi-
tion to stage of low-cyclic fatigue from stage extra earn-
ings), we will investigate the received interval with more
exact step.

4. Repeated measurements of roughness, hardness,
geometry according to item 2.

5. Cutting of the studied universal joints and produc-
tion of microsections for metallographic examinatons
of active and passive surfaces of thorns of crosspieces
of universal joints according to the scheme (fig. 6)

6. Processing of results of researches by method of the
smallest squares, which based on minimization of the sum
of squares of deviations of some functions from required
variables and assessment of errors of measurements, crea-
tion of curve of fatigue (Veller’s curve) (fig. 7).

The problem of preliminary experiment consists in check:
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Fig. 3. The scheme of installation of the tested joints
of the prop shaft
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1. Operability of test stands [45-47] of author’s de-
velopment and possibility of carrying out tests of univer-
sal joints at different stages of operation [53—54] (break-
ing-in, normal operation, failure); assessment of impact of
errors of production on performance data of universal
joints for justification of the reasons of formation of face
and deep cracks.

2. Sensitivity of systems and elements of the test
stand [55].

3. Carrying out preliminary tests for verification of the
plan of tests and investigation of significant levels and
factors, the accuracy of levels and classes of the test
stand, identification of error of measurements.

4. Dependences of the constructive modes and parame-
ters of criterion function, such as torsional moment and
braking which are not connected with long-run, resource
tests, so-called kinematic sizes.
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Fig. 4. Scheme for measuring roughness
and hardness of surfaces
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Fig. 5. Scheme of measurement of sizes of universal joints

Puc. 5. Cxema n3mepenus pa3MepoB KapaHHbIX IIapHUPOB



Texnonozuueckue npoyeccost u mamepuaiiol

AUHUS Ompe3a

A
mJ3

R ~~ 4
PRI 2 A | akmubrins
L) noccubnzs| |l
N

JUHUS pa3pesa |

Fig. 6. Scheme of cutting of the studied universal joints for production of microsections
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Fig. 7. Fatigue Curve (Veller’s curve)
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Table 1
Summary data table of hardness of universal joints
. Hardness, HRC
Number of the hinge 1 thorn 2 thorn 3 thorn 4 thorn
1 56.5 54.5 54.5 56.0
2 58.5 58.5 58.5 58.5
3 53.5 53.5 53.5 53.5
4 55.0 56.0 56.5 56.0
5 59.0 59.0 58.5 59.0
6 60.5 60.5 63.5 61.5

For performance of preliminary experiment, meas-
urements according to technique of carrying out tests
were carried out, results of measurements are given in
tab. 1-3.

Conclusion. In conclusion we will note that the most
essential in all given work, is that the low-cyclic fatigue
of needle bearing, process of forming of fatigue cracks in
materials of needle bearings of universal joints at low-
cyclic fatigue of needle bearings is topical issue and
demands additional research in this direction. Many
shortcomings of domestic machines, their low resource
are connected with underestimation of dynamics during
the calculating, design and operation. Physical processes
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at rolling friction of needle bearing are caused by patterns
of interaction of solid bodies, at elastic and plastic
deformation of microroughnesses of surfaces, heat
transfer, adhesion and hydrodynamics of lubricant. The
carried-out analysis showed that the problem of “low-
cyclic” fatigue of needle bearings is studied insufficiently,
and many shortcomings of domestic machines, their low
resource are connected with underestimation of dynamics
during the calculating, design and operation. Physical
processes at rolling friction of needle bearing are caused
by patterns of interaction of solid bodies, at elastic and
plastic deformation of microroughnesses of surfaces, heat
transfer, adhesion and hydrodynamics of lubricant.
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Summary table of measurements of roughness measurements on the surfaces of universal joints

Table 2

Thorn Ne 1 Thorn Ne 2 Thorn Ne 3 Thorn Ne 4
Parameter
T. 1 T.2 T.3 T. 4 T. 1 T.2 T.3 T. 4 T. 1 T.2 T.3 T. 4 T. 1 T.2 T.3 T. 4

Crosspiece 1

Ra 0.735 0.767 0.621 0.759 0.669 0.745 0.708 0.715 0.614 0.644 0.589 0.623 0.673 0.642 0.595 0.621

Sm 0.085 0.078 0.065 0.075 0.078 0.081 0.078 0.077 0.071 0.071 0.069 0.067 0.071 0.067 0.070 0.066
Crosspiece 2

Ra 0.461 0.454 0.454 0.482 0.412 0.372 0.478 0.451 0.393 0.413 0.335 0.401 0.504 0.419 0.454 0.508

Sm 0.057 0.065 0.072 0.059 0.060 0.060 0.063 0.058 0.062 0.075 0.073 0.062 0.062 0.070 0.073 0.070
Crosspiece 3

Ra 0.375 0.472 0.397 0.420 0.381 0.423 0.447 0.409 0.384 0.634 0.421 0.394 0.326 0.323 0.390 0.404

Sm 0.058 0.062 0.071 0.063 0.068 0.061 0.060 0.068 0.065 0.053 0.072 0.062 0.056 0.062 0.061 0.061
Crosspiece 4

Ra 0.863 0.662 0.759 0.896 0.708 0.659 0.646 0.705 0.759 0.689 0.630 0.644 0.743 0.727 0.887 0.835

Sm 0.077 0.075 0.090 0.078 0.079 0.066 0.066 0.078 0.066 0.081 0.069 0.067 0.066 0.068 0.072 0.075
Crosspiece 5

Ra 0.381 0.571 0.599 0.450 0.406 0.410 0.498 0.500 0.458 0.726 0.451 0.451 0.382 0.394 0.484 0.538

Sm 0.067 0.081 0.073 0.081 0.073 0.070 0.067 0.078 0.073 0.074 0.060 0.070 0.071 0.070 0.076 0.090
Crosspiece 6

Ra 0.372 0.310 0.408 0.271 0.603 0.518 0.334 0.345 0.414 0.337 0.426 0.461 0.379 0.515 0.310 0.322

Sm 0.080 0.070 0.058 0.059 0.072 0.067 0.064 0.068 0.081 0.068 0.079 0.062 0.064 0.072 0.069 0.066
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Summary table of measurements of dimensions of universal joints

Table 3

Diameter of the bearing, mm. Diameter of the bearing, mm. The size between end faces of thorns, mm.
dl d2 d3 da D1 D2 D3 D4 /13 124

Crosspiece 1

16.29 16.28 16.29 16.29 16.30 16.33 16.34 16.35 79.96 79.95
Crosspiece 2

16.28 16.28 16.29 16.29 16.36 16.35 16.32 16.33 79.98 79.99
Crosspiece 3

16.28 16.29 16.29 16.29 16.35 16.34 16.33 16.35 80.01 80.01
Crosspiece 4

16.29 16.29 16.29 16.29 16.28 16.32 16.35 16.33 79.86 79.95
Crosspiece 5

16.61 16.61 16.60 16.60 16.67 16.64 16.72 16.63 80.01 80.00
Crosspiece 6

16.61 16.61 16.60 16.61 16.67 16.70 16.63 16.70 79.99 79.99
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On the basis of the analysis [1-26] it was revealed that
it is necessary to resolve the issues connected with
improvement of performance data of needle bearings univer-
sal joints and questions of calculation of bearing capacity
of power contact of rolling bearings and technology
of receiving qualitative materials. The given technique
of planning of experiments is intended for receiving ex-
perimental data of research of universal joints at different
stages of operation which will allow to estimate influ-
ences of errors of production on performance data of uni-
versal joints, including author’s developments [54-59]
and to prove the reasons of formation of face and deep
cracks.

As a result of carrying out preliminary experiment
dependences of the constructive modes and parameters of
criterion function, such as torsional moment and braking
which are not connected with long-run, resource tests, so-
called kinematic sizes will be received. Operability of test
stands [45-47] of author’s development and possibility
of carrying out tests of universal joints at different stages
of operation is checked (breaking-in, normal operation,
failure); impact assessment of errors of production
on performance data of universal joints for justification of
the reasons of formation of face and deep cracks. Sensi-
tivity of systems and elements of the test stand is checked.
The plan of tests and technique of tests for determination
of significant levels and factors, accuracy of levels and
classes of the test stand, identification of error of meas-
urements are checked.
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INFLUENCE OF THE In/Ga RELATION IN THE GAS PHASE ON THE CHARACTERISTICS
OF THE InyGa, xP EPITAXTIAL LAYERS OF CASCADE SOLAR CELLS
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The modern solar arrays for the most spacecrafts consists of solar cells which are formed by the thirty nano- and
micro-dimensional epitaxial layers based on AIIIBV materials forming triple junction InGaP / InGaAs / Ge. This article
presents the results of a study of experimental samples of thin single-crystal epitaxial In.Ga,..P layers with different
indium and gallium concentrations (x = 38 to 53 %) that were grown on Ge — substrate by MOCVD industrial equip-
ment. The theme of present investigation is the influence of epitaxial growth parameters on the crystal structure charac-
teristics.

The ratio of the components of the third group in the gas phase were calculated from the specified technological
parameters. The rocking curves obtained by high-resolution two-crystal X-ray diffractometry were investigated. The
lattice parameter and the ratio of indium to gallium in the solid phase were calculated. A high perfection of a single-
crystal structure with an insignificant broadening of the X-ray diffraction peaks was observed in the range from 45
to 53 %. It is shown that the broadening of the diffraction peak of the structure can be the criterion of estimation of the
quality of the grown structure in addition to the mismatch of diffraction maximum. Also the In/ (In + Ga) ratio in the
solid phase was calculated using the method of photoluminescence effect measuring. It was shown in comparison of
data of x-ray diffraction with photoluminescence method the composition determination by photoluminescence method
should be considered only as estimated.

Keywords: solar cell, solar battery, epitaxial layer, gas-phase epitaxy, photoelectric converter, X-ray diffractome-
try, photoluminescence, AIIIBV, semiconductor structure.

Cubupckuii xypHan Hayku 1 TexHostoruid. 2018. T. 19, Ne 1. C. 137145

BJAUSAHUE COOTHOIIEHMUA In / Ga B TA30BOM ®A3E HA XAPAKTEPUCTUKHU
SIIUTAKCHAJIBHBIX CJIOEB InyGa,.xP KACKAJIHBIX COJIHEYHBIX 3JIEMEHTOB

A.A. HayMOBal*, A. A. Jle6enes" 2, B. B. Kanuun!, E. B. Cibunenko’ 2, H. T. Baramnosa
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Ha cezoonsuunuii 0env 0ns snepeoobecneuenuss nooagisioue2o DOTbUUHCINEA KOCMUYECKUX annapamos Ucnoib-
3YIOMCsL CONHeunble bamapeu, COCMosiuue U3 CONHEUHbIX NEMEHMO8, CMPYKMypd KOMOPbIX 00pa308ana mpemst
0ecsImKAMU HAHO- U MUKPOPAZMEPHBIX INUMAKCUATIbHBIX ClI0e8 Ha 0cHoee mamepuanos AIIIBYV, gopmupyowux kackaovl
InGaP / InGaAs / Ge. Ilpugedervl pe3ynvmamsl UCcie008aHUs IKCHEPUMEHMATbHBIX 00PA3Y08 MOHKUX MOHOKPUCMATIU-
yeckux snumaxcuanvHelx cioes muna In,Ga, P ¢ paznuunvim codeparcanuem unous u eanius (x = om 38 0o 53 %),
BIPAUYEHHBIX MEMOOOM 2a30(DA3HOU INUMAKCUU U3 MEMALIO0PAHUYECKUX U SUOPUOHBIX COCOUHEHULl 6 YCMAHOBKe
NPOMBIUIEHHO20 MUNA HA 2ePMAHUEBOl nodaoxcke. IIpedmemom ucciedo8anus AGAEMCcs GIUSHUE RAPAMEMPOS8 INU-
MAKCUATILHO20 POCMA HA XAPAKMEPUCIIUKU KPUCMALIUYECKO CIPYKIYPbL.

Pacuemnvim memooom nonyueno coommouleHue KOMNOHEHMO8 mpembell 2PYInbvl 8 2430601 (haze U3 3a0aHHbIX mexX-
HOo2UYeCKUX napamempos. Hcciedosarnul Kpuebie Kauamus, NOayYeHHble ¢ HOMOWbIO 8bICOKOpA3peualouell 08yXKpu-
CMANLHOU PEHM2EHOBCKOU OUDPAKMOMEMPUY, PACCHUMAH NApAMemp PewemKu U COOMHOuleHue UHOUs U 2anius
6 meepootl gpasze. B ouanazone om 45 00 53 % Haba0daemcs 8blcokoe CcOBEPUICHCINEO MOHOKPUCMALIUYECKOU CIPYK-
Mypbl ¢ HE3HAUUMENbHBIM YIMUPEHUeM OUPPAKYUOHHBIX PeHM2eHOBCKUX nukos. Ilokazano, umo Kpumepuem OYeHKU
Kauecmea 6blpaueHHot CmpyKmypol HApSi0y C PACCONACOBAHUEM OUDPAKYUOHHBIX MAKCUMYMOS MOICEN CILYAICUND
yuuperue ougpakyuonnozo nuka cmpykmypul. Taxoice coomnowerue In/(In + Ga) 6 msepoou ¢aze nonyueno
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nocpeocmeom memooa usmepenus aggpexma gpomontomunecyenyuu. Ipu cpasueruu OaHHbIX, NOAYUEHHBIX ¢ NOMOWBIO
PEHM2EeHOBCKOU OUDPAKMOMeMpPUlY 1 Memooa usmeperus pgekma pomonromunecyenyuu, NOKA3aHo, 4mo onpeoeie-
HUe COCMasa ¢ NOMOWbIO Memood UsmMepeHust (homoroMuHecyeHyuu Ciedyem paccmampueéams moabko OYeHOUHO.

Kniouesvie cnosa: conneuwnviii snemenm, coiHeuHas damapes, SNUMAKCUATbHBIU CIOU, 2A30QDA3HASL INUMAKCUS,
omosnexmpuueckuii npeobpazoeamenv, peHmeeHosckas ouppakmomempus, gomonomunecyenus, AIIIBY, noxynpo-

600HUKOBAs CMPYKMYPA.

Introduction. Due to the increased requirements for
onboard spacecraft systems, there is a need to create solar
array (SA) with high performance and energy characteris-
tics and increased service life (more than 15 years). The
SA will convert sunlight directly into electricity with high
efficiency, creating almost constant power at low operat-
ing costs [1]. The most promising elements for a modern
SA for operating as a part of the spacecraft and satellites
are cascade solar cells (SC) based on AIIIBV materials.

Modern triple-junction CS is a complex planar device.
Generating semiconductor part of such a solar cell, pro-
duced by Metalorganic Chemical Vapour Deposition
(MOCVD), consists of three dozen nano- and micro-sized
functional layers forming triple junction InGaP / InGaAs /
Ge. Due to the relatively large surface of the device —
about 30 cm® [2; 3], in order to achieve high characteris-
tics of the structure, it is particularly important to comply
with the requirements for uniformity of properties of all
layers of the structure. To create a multi-layer SC, using
different materials, a large number of technological opera-
tions are necessary, each of which requires careful moni-
toring of the process parameters and properties of the
product, since the deviation from the norm at each stage
can affect the properties of the finished structure and the
output characteristics of the SC [3]. Intermediate control
of properties allows detecting defects at each stage (epi-
taxial growth of semiconductor structure, post-growth
processes: photolithography, metallization, deposition of
anti-reflection coating, the formation of overall dimen-
sions, etc. [2]) and reject defective wafers. To identify the
causes of possible defects, it is necessary to determine the
dependences between the properties of the structure and
the technological parameters of the process [3].

One of the main factors for improving the efficiency
of SC is the perfection of growth of semiconductor layers,
namely: matching the lattice parameters, the minimum
concentration of defects in the crystal structure and
achieving high homogeneity of the composition on the
entire surface of the wafer. The mismatch of lattice

Ge:Ga  150mKkm ? '

parameters is of the first importance, as it is in itself
a measure of deformation in the layer [4]. Therefore, for
the development of special epitaxial layers with precise
matching of the lattice parameter in the process of growth,
it is essential to have full data about the ratio in the
gas stream of the elements of the third group In / Ga of
the periodic system of chemical elements for obtaining
a target composition in the structure of the epitaxial layer
In,Ga,..P (the main material not only of modern triple
junction solar cell, but other promising photovoltaic
devices), i. e. it is necessary to study the dependence
of the ratio of the composition in the gas and solid phase.

Experimental Details. For a detailed study of the epi-
taxial layer of In,Ga; P on the subject of the influence
of the epitaxial growth parameters on the characteristics
of the crystal structure model samples of simplified structure
of more than 60 pieces with different content of indium
and gallium (x = from 38 to 53 %) doped with silicon and
tellurium, on the germanium substrate with a diameter of
100.0 = 0.4 mm were manufactured. The samples were
grown by the MOCVD method on the installation of an
industrial type Veeco E450. Schematic images of the struc-
tures assigned are shown in fig. 1, as well as the techno-
logical parameters for each layer assigned in the calcula-
tions, were obtained applying the program for the analysis
and comparison of recipes Veeco RCPAnalysis [5; 6].

Method of gas-phase epitaxy of metal-organic and
hybrid compounds. The feature of MOCVD method lies
in the fact that in the epitaxial reactor creates a high tem-
perature area, which receives a gas mixture containing
decomposable compounds [7]. In the reactor, the release
and deposition of the substance on the substrate occurs,
and gaseous reaction products are carried out by the flow
of hydrogen carrier gas. For the preparation of com-
pounds AIIIBV, as the source of III group element is used
metal-organic compounds, for example, trimethylgallium
(TMGa) and trimethylindium (TMIn) for the synthesis of
InGaP. As a source of group V elements such gas as
phosphine (PHj3) is used.

Fig. 1. Schematic representations of the structure of model samples
(for epitaxial layers In,Ga, P values of thickness are indicated)

Puc. 1. CxemaTnyeckue U300paKeHUS CTPYKTYPbI MOJICIILHBIX 00pa3IioB
(nmst smuTakcuaibHbIX cioeB In,Ga;_ P yka3aHbl 3HAUCHUS TOIINHBI)
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Since the structure of the SC consists of many semi-
conductor layers, with different chemical composition and
different levels of alloying and doping, before the process
of creating the entire semiconductor structure in one cycle
of epitaxial growth it is necessary to use the software
installation epitaxial growth recipe.The recipe is a table in
which the technological parameters for each metal-organic
and hydride compound at each time of the epitaxial
growth process are specified, as well as the temperature in
different zones of the growth chamber, etc. [3; 8].

To obtain an epitaxial layer with specified properties,
such as the crystal lattice parameter, the band gap width,
it is necessary to control the chemical composition of the
growing layers, determined by the composition of the gas
mixture and the distribution of metal-organic compounds
in the reactor.

The composition of the gas mixture is set by such
technological parameters as the speed of flow of sub-
stances, the pressure in babbler and temperature [9; 10].
The schematic design of the bubbler for dosing liquid
volatile alkyl TMGa and bubbler for TMIn into the reac-
tor is shown in fig. 2.

Physico-chemical calculation of the ratio of elements
of the third group In / Ga in the gas phase. In order
to calculate the flow of the component in the gas phase
for each metal-organic compound, it is necessary to use
the following formula (1):

S-P,

(B,=B)V’ @

VTFK/[SGa,TMIn =
where S is the flow of substance through the bubbler,
cm’/min; P, — pressure in the bubbler, Pa; P, — the partial
pressure of metal-organic compounds at a given tempera-
ture, Pa; V' — the molar volume of ideal gas (under normal
conditions), cm®/mol.
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The saturated steam pressure is determined by indi-
vidual equations, depending on the temperature (T) accord-
ing to the tabular data [11]. For TMGa according to the
expression (2), and for TMIn according to the expression (3):

1703

log,, PV(TMGa) =8.070- _T R 2)
3014

log,y P, rvimmy =10.52 - 3)

Thus, having considered the equations (1), (2), (3) it
can be concluded that the velocity of the molar flow at the
outlet of the bubbler can be controlled by changing the
velocity of the hydrogen flow, the pressure in the bubbler
and the bubbler temperature. The increase in pressure
in the bubbler (P,) reduces the velocity, temperature rise
(equivalent to an increase in P,), as well as the flow of
hydrogen — increases the molar velocity. Thus, the given
values are technological parameters that can be changed
to achieve the required composition of the layer.

Despite the perfection of the MOCVD method in the
technology of semiconductor production, the periodic
inspection of key parameters of epitaxial structures is
required [3], in addition, such a procedure is necessary for
the synthesis of new layers. One of the main methods is
a method of x-ray diffraction (XRD).

Methods of measurement using high-resolution
two-crystal x-ray diffraction. To determine the lattice
parameter of separate compounds on the XRD Vector
measurements were carried out, which resulted in a rock-
ing curve.

It should be noticed that, the maximum contribution to
the intensity, gives the thickest layer of the structure,
namely Ge substrate. The presence of broadening and any
other stand-alone peaks indicates the presence of layers
mismatched from the lattice parameters [12].

H2

i MFC
_J=

Piezocon

Output
to alkyl unit

Fig. 2. Construction of bubbler: V1, V2, V'3 — pneumatic valves; MFC — device

for supplying a given flow of hydrogen; MFC/PC (PC) — pressure controller —

device for maintaining the preset pressure in the bubbler; Piezocon — the

device that determines the molar concentration of TMIn at the outlet of the
bubbler

Puc. 2. Konctpykuus 6ap6otépos: V1, V2, V3 — nHeBMaTH4ECKUE KIIalaHbl;

MFC — npubop nopauu 3agaHaoro noroka Bogopoaa; MFC/PC (PC) — kon-

TpOJIIep NaBJICHUS — MPHOOP MOAAEPKAHUS 3aJaHHOTO JaBJIEHHUS B 06apOOTE-

pe; Piezocon — mpubop, ompexpensronmii MONBbHYI0 KoHIeHTpanuio TMIn
Ha BBIXOJIe U3 OapOoTépa
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A classic example of the rocking curve for the epi-
taxial layer of InGaP is shown in fig. 3. In structures with
different number of misaligned layers, the rocking curves
are characterized by the presence of one narrow peak with
high intensity and spaced from it by a certain number of
angular seconds of the peak with lower intensity. When
the peak is located with lower intensity to the left of the
main, there is an increase in the lattice parameter relative
to the substrate, while the location to the right of the main
one is a decrease:

2
2 d
n

a (H*+K*+ 1), )
where a is the lattice parameter, A; d is the inter-plane
distance between the reflecting planes, A; 7 is an integer
describing the diffraction order of the reflection; H, K, L —
the indices of the interference;

A1y Ga,_p =X dppp + (1= X) - agep, (5)

where x is the content of In in the solid solution.

The obtained experimental data are well placed on the
line based on the table data on the Vegards rule, but there
are some deviations near the table value of the Ge lattice
parameter. Since in this case it is difficult to separate the
peaks of the substrate and the epitaxial layer, there is an
error in determining the distance between them. An
example of such a rocking curve is shown in fig. 4, a.

For samples with a significant deviation of the lattice
parameter, the rocking curves are characterized by a large
value of the broadening of the peak is about 800
arcseconds (fig. 4, ¢). For the classical rocking curve of
the faultless structure, the distance between the peaks of
the order of 200—400 arcseconds and the broadening is
less than 200 (fig. 4, b).

The XRD survey, the data processing of the rocking
curves of experimental samples of epitaxial structures, as
well as data for calculating the composition of solid solu-
tion from the gas phase composition, a diagram of de-
pendence of the lattice parameter (the primary axis) and

the broadening of the x-ray peak (secondary axis) the ra-
tio of In / Ga in the epitaxial layer of In,Ga, ,P was made
(fig. 5).

The lattice parameter increases with the increase in the
percentage of indium in In,Ga, P. Basically, all experi-
mental data are well placed on the straight line, the mis-
alignment of the lattice parameter is 0.1-0.26 %. In the
range of 45 to 53 % monocrystalline structure is charac-
terized by high perfection. When the ratio of In and Ga
is 1:1 the epitaxial layer is characterized by the best prop-
erties with the most similar value of the lattice parameter
in accordance with the Ge. The deviation from the com-
position for these samples ranges from 0.5 to 3 %.

Additionally, studies have been carried out to deter-
mine the homogeneity of the solid solution throughout the
surface of the sample. Due to the center symmetry of the
growth chamber, single rocking curves are measured
along the sample radius. The comparison of measurement
results shown in fig. 6 indicates a homogeneous growth of
the epitaxial structure in composition according to table,
which makes it reasonable to survey at the central point
with multiple measurements and confirms the reliability
of the data obtained.

Thus, according to the results of studies on the high-
resolution two-crystal XRD it is possible to conclude
about the state of samples of SC, the presence of mis-
aligned layers, defects and the possibility of further work
with the resulting epitaxial structures, as well as if neces-
sary to make adjustments to the recipe for epitaxial
growth.

Method for measuring the effect of photolumines-
cence. To determine the composition of the solid solution
by using the method of measuring the effect of photolu-
minescence (PL) at 2000 RPM equipment. This method is
easier to implement, the equipment allows to obtain the
maps to analyze the uniformity of properties, but the
method is indirect and it is necessary to take into account
the contribution of other factors (alloying).
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1000000 ‘ II 4
(004) In,Ga,..P l"
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Fig. 3. Experimentally obtained classical rocking curve
for an epitaxial layer InGaP

Puc. 3. DxcnepuMeHTaIbHO MOTyYCHHAs KJIaCCHUECKasi KPUBAst KauaHUs
IIJIs DIIMTaKcHanbHoro ciios InGaP
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Fig. 4. Rocking curves for a different ratio In / Ga in the solid phase

Puc. 4. KpuBsle KauaHus 111 pa3IngHOro cooTHomrenus In / Ga B TBepmoii ase

The results values calculation of the of the lattice parameter
and the composition of the solid solution of epitaxial layer In,Ga,_.P for 5 points

Ne survey point d20, arcsecond 0,° a, A Aalage, % Ga, % In, %
1 290.4 33.03 5.6518 0.108 51.87 48.13
2 295.8 33.03 5.6517 0.110 51.90 48.10
3 300.3 33.04 5.6516 0.112 51.92 48.08
4 296.1 33.03 5.6517 0.111 51.90 48.10
5 282.3 33.03 5.6519 0.105 51.83 48.17
. According to the dqta %llustrated in fig. 7, we can hec
judge about the uniformity in thickness and composition E, :T’ (6)

of the epitaxial structure at the stage of growth, because
the PL signal depends on the width of the band gap of the
material given by the chemical composition.

Spectral maps show the distribution of the integral
intensity of PL, wavelength peak, intensity peak and full
width at half maximum of the spectrum on the planar epi-
taxial structure [3; 10]. Spectral maps (fig. 7) stored
in a format that allows determining the spectrum data at
each point of the epitaxial structure. In particular, the data
is processed by the elements of the technology support
system [13; 14].

Using the results obtained, it is possible to determine
the homogeneity of the studied layer and calculate the
value of the band gap width using the formula (6):
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where E, is photon energy, eV; A is photon wavelength
(characteristic wavelength of photoluminescence spec-
trum), nm; 2 — Planck’s constant, eV/sec; ¢ — is the speed
of light, m/sec.

The obtained results show the uniform distribution of
peak spectra of PL (electron-optical properties) over the
entire surface of the sample, while the average deviation
of the maximum spectra of PL is 2.8 %.

When comparing the data of the ratio of In / Ga in the
solid phase measured by the two methods for samples
dopped with Si and Te, it is seen that the composition data
obtained by PL measurement should be considered as
estimated. The results are presented in fig. 8.
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Fig. 5. The graph of the dependence of the lattice parameter and the broadening of the

x-ray peak on the ratio In/ Ga in the epitaxial layer In,Ga, ,P: triangular points — the

experimental data of the lattice parameter; points — the broadening of the diffraction

peaks of some samples; the dotted line — the value of the lattice parameter Ge; direct
line — data constructed according to Vegard’s rule

Puc. 5. I'paduk 3aBUCHMOCTH MapaMeTpa PelIeTKH U YITHPSHUsI PEHTTEHOBCKOI'O MHKa

or cootHomeHusa In/ Ga B snurakcuambHoM cioe In,Ga, P: TpeyrompHble TOUKH —

MIOJTyYeHHBIE SKCIIEPUMEHTAIbHBIE JaHHBIE IapaMeTpa PEIIeTKH; KPYTJble TOUKH —

3HAUCHUS YIIUPEHUS AU(PPAKIMOHHBIX IIMKOB HEKOTOPHIX 00OpPasIoB; IyHKTHUpHAs

JUHUSA — 3Ha4YeHHe rapamMerpa pemretkun Ge; mpsiMas JMHHS — JaHHBIE, OCTPOCHHEIE
1o npaBmty Berapna
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Fig. 6. A set of rocking curves obtained along the radius of the sample

Puc. 6. Habop KpHBBIX KauaHHs, MOJYYCHHBIX BJIOJb Pajyca oopasia
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Fig. 7. Spectral map and single photoluminescence spectrum for one sample

Puc. 7. CnekrpanpHast kapta 1 equan4nbiii cnektp OJI st ogHoro odpasna
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Fig. 8. Graphs of the ratio In / Ga of the epitaxial layer In,Ga,_,P in the solid phase, obtained

by means of X-ray diffractometry and photoluminescence from the ratio in the gas phase:

round shaded points — the results obtained with the X-ray diffractometry method; triangular

unpainted dots — results obtained using the photoluminescence method; a straight line — the
line of consistency

Puc. 8. I'paduku 3aBucumoctu cootHouieHus In/Ga snurakcuansaoro cios In,Ga; P

B TBepIO# dase, moxyueHHsle ¢ nomouso MetooB PJ] u ®JI or cooTHOLIEHHSsT B Ta30BOH

(aze: kpyrible 3aKpalleHHbIE TOYKH — PE3YJbTaThbl, MOJyYeHHbIE ¢ MOMoLIbl0 Merona PJI;

TPEeyroibHbIe HE3aKpalleHble TOUKH — PEe3yJNbTaThl, MONy4YeHHbIE ¢ moMompio MeTona DJI,
npsiMast IMHUS — JINHUSI COOTBETCTBUS JJAHHBIX

For x < 0.63 Ga,In, |P material, the following expres-
sion [15] is true to calculate the composition of the epi-
taxial layer:

E, =134+0.69-x+0.48 x. (7

Conclusion. The research, the results of which are
presented in this article, was completed as a part of the
determining of the conditions of a highly homogeneous,
defect-free growth of epitaxial layers. The general scheme
of such studies was tested mainly on InGaAs layers [16; 17].

In the course of the work, the following important re-
sults were obtained:

—the optimal technological parameters of epitaxial
growth in the composition of the solid solution In,Ga, P
are determined;

— 1t is revealed that for the solid solution In,Ga,_P in
the range from 45 to 53 % there is a high perfection of
single crystalline structure, a slight broadening of diffrac-
tional x-ray peaks (less than 200 acrsecond);

— it is shown that the criterion for assessing the quality
of the grown structure, along with the misalignment of
diffraction maximum, can be the broadening of the dif-
fraction peak of the structure.

Additionally, it is shown that:

—the plotted rocking curves along the radius of the
sample indicate a high homogeneity of the solid solution
over the entire surface of the sample (deviation of the
lattice parameters 0.01 %), which makes it reasonable to
detect at the central point in multiple measurements and
confirms the reliability of the data obtained;

— the composition of the solid solution determined us-
ing the method of measuring the effect of photolumines-
cence, should be considered as evaluative.
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The obtained results allow us to move to the next
stage of work to determine the optimal technological
parameters for the growth of perfect epitaxial layers of
In,Ga,_.P on a substrate of Ge in the structure of the mod-
ern and perspective high-performance cascade SC for
space applications, namely achieving the required electrical
characteristics using precision dopping [17; 18]. It is also
possible to use the created and tested on the compound
In,Ga, P algorithm for similar studies of other materials.
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INCREASING THE LEVEL OF TECHNOLOGICAL DISCIPLINE
BY INTRODUCING THE CODING SYSTEM USING STATISTICAL METHODS IN THE ANALYSIS
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The paper presents the results of the introduction of a coding system for violations of technological discipline in the
organization by making a statistical analysis of violations. Compliance with technological discipline is a necessary
condition and basis for ensuring the required quality of manufactured products. Breaking the discipline leads to the
production of defective goods, to a decrease in product quality, to deterioration of working conditions, and to accidents
and breakdowns of technological equipment. In this paper, we present the procedure for analyzing recurring violations
based on the collected data from 12 production departments of one organization. For the implementation of the coding
system the authors collected, processed and analyzed data using statistical methods such as a checklist, a histogram,
a Pareto chart, a diagram of the causes and results. The use of statistical methods does not require large expenditures
and makes it possible to judge the state of the phenomena (objects, processes) with a given degree of accuracy and
reliability. An important feature of the application of the presented methodology is the ability to predict and regulate
problems at all stages of the product life cycle and, on the basis of this, to develop optimal management decisions. Sta-
tistical methods are effective tools for collecting and interpreting data, as well as analyzing quality information.

Coding violations of technological discipline makes it possible to identify recurring violations, develop corrective
and preventive actions, both at the level of the production department and at the level of the organization as a whole.
The results obtained are of considerable interest and can be used both at enterprises of space industry and at other
engineering enterprises.

Keywords: technological discipline, statistical methods, preventive actions, corrective actions.
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MOBBIIIEHUE YPOBHSA TEXHOJIOTMYECKOM JUCHUILIMHBI ITYTEM BBEJIEHUSA
CUCTEMbI KOAUPOBAHUA C UCITIOJIB30BAHUEM CTATUCTHYECKUX METOZOB
ITPU ITPOBEJEHNUN AHAJIU3A

U. C. Tuxomuposa , C. M. PepkkoBa

AO «MHpopMaIMOHHBIE CITyTHUKOBBIE CUCTEMbD» UMeHH akanemuka M. @. PemernéBa»
Poccuiickas @enepauus, 662972, r. JKenesnoropck Kpacuospekoro kpast, yi1. Jlennua, 52
E-mail: mis88_88@mail.ru

IIpedcmaenensvl pe3yibmamol 6HEOPEHUSL CUCMEMbl KOOUPOBAHUS HAPYUEHUTI MEXHOI02UHEeCKOU OUCYUNTUHBL 8 Op-
2aHu3ayuUYU nymem npogedenus cmamucmudecko2o anamusza Hapyutenui. Cobmooenue mexHoiosudecko OUCYuniuHbl
A6TeMCsL HEOOXOOUMbBIM YCIOBUEM U OCHOBOU 0becneyeHust mpebyemMo2o Kauecmeda uzeomasiueaemol npooyKyuu,
HapyuieHue ee RPUBOOUM K 6bINyCKy OpaKa, K CHUNCEHUIO KAYecmed npooyKyuU, YXyOuleHuio YCio8uil mpyod, agapusim
U NONOMKAM MEXHON02U4ecko20 0bopydosanus. Ilpedcmasnen nopsiook npoeedeHus: aHanu3a nOGMOPSIIOWUXCS HaAPY-
weHull Ha 0CHO8e COOPAHHBIX OaHHbIX ¢ 12 npouzeo0cmeennvix noopasoenenuti 00HoU opeanuzayuu. /[ eHeopenus
cucmemsvl KOOUPOBAHUA HAPYUWEHUU ObLIU OP2AHU308aHbL COOD, 0OPAbOMKA U AHANU3 OAHHBIX C UCHONb30B8AHUEM CIA-
MUCMUYECKUX Mem0o008, MAKUX KAK KOHMPOAbHbIIL JUCMOK, 2ucmozpamma, ouazpamma Ilapemo, ouazpamma npuvun
u pesynomamos. Ilpumenenue cmamucmuiueckux Memooos He mpebyem OOIbUUX 3ampam U No360Jsem ¢ 3a0aHHOU
CMenenvbio MOYHOCUL U OOCMOBEPHOCMbIO CYOUMb O COCMOSHUU UCCTedYeMblX s8NeHUll (00beKmos, npoyeccos). Baoic-
HOU 0COOEHHOCTbIO NPUMEHEHUS. NPEOCMABNIEHHOU MeMOOONI0UY AGNACMCS BO3MONICHOCb NPOZHOZUPOBAMb U pe2y -
posamb npodIEMbl HA BCeX IMANAX IHCUSHEHHO20 YUKAA NPOOYKYUU U HA OCHOBE INMO020 8bIpadaAmbléams ONMUMAIbHbLE
ynpasnenueckue peutenus. Cmamucmuyeckue mMemoosl AGIAIOMCA IPOEKMUBHLIMU UHCMPYMEHMaMy coopa u unmep-
npemayuy OaHHbIX, @ MAKJICe AHATUA UHGOPMaYUU 0 Kayecmae.

Koouposanue napywenuti mexHono2uieckol OUCYURIUHbL NO360JSIem GblA6UMb NOSMOPSIOWUECST HAPYULEeHUSL, DA3-
pabamuieams Koppekmupylowue u npedynpexcoaroujie 0eliCmaus KaxK Ha ypoeHe npou3e00CmMEeHH020 NoOpa30eneHs,
Max u Ha ypoene opeanuzayuu 8 yeiom. Ilonyuennvle pe3yromamol npedcmagision 3HA4UmenbHbil UHmMepec u Mo2ym
ObIMb UCNONB308AHL KAK HA NPEONPUSIMUSIX KOCMUYECKO OMpaciu, mak u Ha Opyeux npeonpusimusix MAuuHOCpOEHUs.

Kniouegvie cnosa: mexnonozuueckas OUCYuniIuna, Cmamucmuyeckue Memoobl, npedynpesicoaiowue Oelcmeus, Kop-
pexmupylowue Oeticmeus.
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Introduction. According to the analysis made
by “Roskosmos” State Corporation the existing level of
technological discipline at the enterprises of the rocket
and space industry in 2015-2016 does not ensure the so-
lution of the tasks assigned to “Roskosmos” State Corpo-
ration to reduce the accident rate.

In order to ensure the required level of technological
discipline in the creation of spacecraft, the JSC “ISS”
named after academician M. F. Reshetnev decided to
introduce a coding system for violations of technological
discipline.

The purpose of the implementation of the system is
the development of preventive actions to prevent recur-
ring violations of technological discipline at the organiza-
tion level.

Implementation objectives:

— detection of recurring violations in all production
units of the organization;

— analysis of recurring violations;

— development of measures to prevent violations and
improve the technological processes, both at the level of
structural departments and at the level of the organization
as a whole.

Introducing the coding system. The first stage of the
introducing the system was the detection of all violations
of technological discipline through the analysis of acts of
external and internal checks on technological discipline,
monthly and annual reports on the quality of production
departments [1; 2].

The second stage is the identification of recurring
violations of technological discipline.

The third stage is the analysis of the objects of control
where recurring violations were revealed. On the basis of
results of the analysis, the following control objects were
identified [1]:

— manufacturing process;

— materials, component parts, electrical goods, semi-
finished products, blanks;

— details and assembly units, kits, products;

— performers of the technological process;

— design documentation (hereinafter referred to as “DD”)
and technological documentation (hereinafter — TD);

— equipment; jigs, fixtures and tools (hereinafter — JFT)
for monitoring and testing;

— workplace;

— circulation of products.

The fourth stage is the division of recurring violations
among the objects of control.

The fifth stage is the coding of recurring violations.
All objects of control are numbered from 1 to 9.

In each object recurring violations are encoded. Tab. 1
shows an example of coding violations at the control
object 4 “Performers of the Technological Process”.

In each object it was accepted to enter the code —
“Others”, in case the detected violation does not fit into
any code.

The sixth stage is the introduction of the coding sys-
tem into the organization quality management system
by re-publishing the organization standard for control of
technological discipline.

After the introduction the system was tested in all
production departments. Each inspection of technological
discipline is recorded in the journals or in the acts of
inspections; in case of a violation a violation code is
inserted in a special column [3]. Each production depart-
ment carries out a monthly analysis of technological dis-
cipline (the number of audited control objects according
to types of inspections, the number of violations detected,
the violation code). All information is transferred to the
quality control department of the organization (hereinafter —
QCD) for analysis throughout the organization [3-6].
Processing the data on violations of technological dis-
cipline is shown in fig. 1.

Once in every six months all production departments
make quality analysis with the release of the report which
has a section on the analysis of technological discipline.
Measures are being developed on the basis of the analysis
results to prevent recurring violations [7-9].

Table 1
Coding the violations at control object 4 “Performers of the Technological Process”
. s . Code
Control object Violations at the control objects e
of violation
4. Performers Non-compliance between the performer’s qualification and the qualification specified 401
of the technological | in TD
process Certification of the performer has not been carried out (JSC included) 402
There is no mark in the certificate for admission to work 403
Failure to comply with HSE requirements, fire safety 404
Non-submission of the first detail (operation) indicated in TP for control 405
Incorrect registration of the accompanying document (not issued, missing, errors in 406
registration)
Non-closure of previous operations not permitted by the schedule of parallel-sequential 407
operations
Violation of the requirements of TP, TS, DD 408
Non-compliance with the requirements for technological and special clothing 409
Work without an antistatic wrist strap 410
Others 411
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The results of the analysis of technological discipline
in production departments, the data are transferred to the
QCD for analysis at the level of the organization as
a whole. According to the results of the quality reports
analysis for the first half of 2017 the QCD analyzed the
violations of the technological discipline throughout the
organization. Fig. 2 presents recurring violations of tech-
nological discipline in the organization for the first half of
2017 in the form of a histogram (a special type of a bar
graph that allows one to visualize the distribution of sta-
tistical data) [10—14].

The results of the analysis for the first half of 2017:
the organization checked 6348 objects, revealed 1102
violations (17 %); recurring violations are the following:

— certification of JFT, equipment, control and testing
has expired (9 %);

— general comments on DD and TD (8.2 %);

— unsatisfactory state of production culture (8.2 %);

— mistakes made by performers in the design of ac-
companying documents (8 %);

— non-closure of previous operations (6.6 %);

— general comments on workplaces (4 %).

Pareto chart showing the reasons of technological dis-
cipline violations was constructed to study the recurring
violations (fig. 3). Pareto Chart is one of the quality man-
agement tools that helps to determine priorities in the
selection of problems; it helps to identify the problems
that have the greatest impact on the process [11-15].

Pareto diagram is a bar graph where each column
reflects the relative contribution to the problem of an
individual factor, all the columns being arranged in de-
scending order from left to right [14].

It can be seen from the diagram that the greatest im-
pact on the level of technological discipline was made by
four violations (they are indicated by a grey background).

Having determined specific problems that require pri-
ority solutions with the help of Pareto diagram it is neces-
sary to take the next step, that is, to identify the main
causes of the problems, i. e. to carry out their analysis.
A diagram of causes and results (also called a fish skele-
ton) was constructed during the analysis of causes of the
problems. This diagram is a quality management tool
used to determine causes of the problems [14].

Fig. 4 is a diagram of the causes and results of recur-
ring violations of technological discipline. The figure
shows four violations of technological discipline, identified
from Pareto chart, which need paying most attention to.
These reasons are placed with arrows along the “ridge”.
Then using “Brainstorming Method” [14] the QCD group
listed the most probable causes of these problems.

According to the diagram it is clear that the main causes
of violations of technological discipline are inattention
and lack of competence of employees.

The identified reasons allow to develop measures
to solve the problems and thus to plan improvements.
Measures were taken to prevent recurring violations of
technological discipline after the analysis. The activities
are presented in tab. 2.

. 4. Development
. 2 .ﬁl“"r.'g s of corrective and 6. Making the
viclaions. preventive analysis of
o setlens In viclations
«/ praduction N“J—r-ﬂ thraughaut the
1. Gontrol of 3. Analysis of - 5. Transfer 10
DT in viclations in f
production production
departments, departments.

T~

/

9. Evaluation of the 8. Implementation
flzcti of the of activities by & D'f“"_"'_""'::‘;‘r:"
developed activities. dzmdrtun::::s - organization level,
| depariments. |

Fig. 1. Processing the data on violations of technological discipline

Puc. 1. Ilpouecc 06paboTKH aHHBIX IO HAPYIICHUSM TEXHOJIOTHYECKOH JUCIUIUIHHBL

)

Fig. 2. Recurring violations of technological discipline in the production departments for the first half of 2017
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Table 2
Measures to prevent recurring violations of technological discipline
. L Responsible for . .
Measures to prevent recurring violations ~esP . Supervisor Deadline
implementation
1. Deliver required minimum of technical knowledge to tech- . Chief of
. . . . . . Chief .
nologists on the timely implementation of changes in Al in tech- . technical control
. .. .o of Technological 15.09.2017 .
nological processes, as well as on additional monitoring of the Bureau bureau
state of DD and TD when issuing them from the archive (hereinafter — TCB)
2. Deliver required minimum of technical knowledge to tech- .
nologists to comply with the requirements of standards for the Chief . .
. . . of Technological Chief of TCB 15.09.2017 r.
completion of technological passports and maintenance of tech- Burcau
nical processes
3. To develop the schedule of attestation of JFT and equipment Responsib!e .
: . for preparation Chief of a workshop |12.10.2017 r.
in electronic form .
of production
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End of table 2
. C Responsible for . .
Measures to prevent recurring violations . . Supervisor Deadline
implementation

4. Issue an order to assign duties for compliance with the sched-
ule of c_ertlﬁcatlon of equipment in the gbsence of _the person | .o oo workshop Chief of TCB 15.09.2017 r.
responsible for the preparation of production and certification of
JFT, equipment (vacation, business trip, sick leave)
5. Deliver required minimum of technical knowledge to per-
formers about the requirements of standards for the preparation Chief of TCB Chief of a workshop | 15.09.2017 r.
of accompanying documentation
6. Work through the entire range of JFT and include the missing Responsible

C . . . for preparation Chief of a workshop |10.10.2017 r.
positions in the certification schedule .

of production

7. During the shop “Hour of quality” to discuss with the chiefs of
production sites t.he problem of the observance of ord.er by the Chief of TCB Chief of a workshop | 05.09.2017 r.
performers at their workplaces and the absence of dusting mate-
rials in the clean zones
8. Deliver required minimum of technical knowledge to per- Head of Production
formers according to the requirements of the standard on culture Section Chief of TCB 05.09.2017 .
of production

Conclusion. The analysis of data for the first quarter
of 2017 after the approbation of the coding system
showed an increase in the number of violations detected
during internal inspections in departments (in the first half
of 2016 the number of violations revealed was 13.8 % of
violations from the number of objects, and in the first half
of 2017 it was 19.6 %); in its turn, the number of viola-
tions revealed by external control (factory commissions,
external audits) decreased in comparison with 2016 (from
20 to 17.6 %), which may indicate that the work on the
development of corrective and preventive actions ongoing
within departments has led to a reduction in the number of
comments made by external audits.

One of the further strategic goals for the implementa-
tion of the coding system is the creation and implementa-
tion of an automated system that includes special software
for the efficient analysis of the received data on violations
of technological discipline and the timely development
of corrective and preventive actions, both at the level of
structural departments and at the level of the organization
as a whole.
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DIELECTRIC PROPERTIES OF SOLID SOLUTIONS OF MANGANESE
CHALKOGENIDES SUBSTITUTED BY IONS OF GADOLINIUM

A. M. Kharkov, M. N. Sitnikov, A. N. Masyugin, V. V. Kretinin, U. I. Rybina

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskiy Rabochiy Av., 660037, Russian Federation
E-mail: khark.anton@mail.ru

The paper describes materials based on solid solutions Gd.Mn, .S and Gd.Mn,__,Se, which in the future can be used
in aerospace industry as sensors, detectors, and information writer-readers.

In solid solutions Gd.Mn, A (A = S, Se) (x <0.2), capacitance and tangent of the dielectric loss angle were meas-
ured at the frequency of 10 kHz without a magnetic field and in the magnetic field of 8 kOe in the temperature range
100-500 K. The growth of the dielectric permittivity and the maximum of dielectric losses in the low-temperature
region were observed. The displacement of the temperature of the maximum of the imaginary part of the permittivity in
the direction of high temperatures is found with increasing concentration. For two compositions, a magnetocapacitance
effect was observed. The magnetocapacitance effect ocyy = (¢(H,T)—¢(0,T))/e(0,T)) was determined as a result of inves-
tigation of the complex dielectric permittivity.

The synthesis of new chalcogenide compounds in the cationic substitution of manganese by gadolinium in the MnS
and MnSe systems will make it possible to clarify the effect of the anion system, as a result of studying its magnetoresis-
tive properties with concentration in the gadolinium ion flux region along the x < 0.2 lattice.

Dielectric losses are described in the Debye model with the freezing of dipole moments and in the model of orbital-
charge ordering.

Keywords: solid solutions, electrical capacity, dielectric permittivity, magneto-capacitance effect.
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JADJEKTPUYECKUE CBOMCTBA TBEPIBIX PACTBOPOB XAJIbKOT'EHAJIOB MAPTAHIIA,
3AMEIIEHHBIX HOHAMM I'AJIOJINHUS

A. M. Xaprkos, M. H. Cutaukos, A. H. Mactorus, B. B. Kpetunun, V. U. Priouna

Cubupckuii rocyTapCTBEHHBI YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccutickas ®enepamus, 660037, r. KpacHosipek, mpoctt. uM. ra3. «KpacHosipckuii paboumii», 3 1
E-mail: khark.anton@mail.ru

Onucanvl mamepuanvl Ha ochose mgepovix pacmeopos Gd.Mn;,S u Gd.Mn;.Se, komopwie 6 nepcnekmuge mozym
UCHONBb308AMBCS 8 A3POKOCMUUECKOL OMPACAU 8 Kayecmee CEeHCOpO8, OamuUKos, YCMPOUCME 3anucu-cHumul8anus
uHgopmayuu.

B meepowix pacmeopax Gd.Mn; A (A =S, Se) (x < 0,2) nposedenvl usmeperuss eMKOCMU U MAH2EHCA Yena OUdJeK-
mpuyeckux nomepsb Ha yacmome 10 xl'y 6e3 macHumno2o noas u 6 macHumuom noie 8 kO 8 unmepesaie memnepamyp
100-500 K. Obnapyoicen pocm OusieKmpuieckoli npoHUYaeMoCmuy U MAKCUMYM OUIJIeKMPU4ecKux nomeps 8 oo1acmu
HusKkux memnepamyp. Hatioeno cmewenue memnepanypbl MakxCuMyMa MHUMOU YaCMU OUDIEKMPUHECKOL NPOHULAeMOCIU
6 CMOPOHY GbICOKUX MEMRepamyp ¢ poCmoM KOHyeHmpayuu. J{is 08yxX cOCmaso8 0OHAPYICEH MASHUMOEMKOCHIHbLIL
appexm. Macnumoemxocmuutii s¢pghexm oy = (¢(H,T) — €(0,7))/e(0,T)) b6vLn onpedenen 6 pe3ynvmame uccied08anus
KOMNJEKCHOU OUINEKMPUYECKOU NPOHUYAEMOCMIUL.

Cunme3s HOBbIX XANbKOLEHUOHBIX COCOUHEHULL NPU KAMUOHHOM 3AMEWeHUU Map2anya 2a0oaunuem 6 cucmemax MnS
u MnSe nozeonum 6visascHUMb GIUSHUE AHUOHHOU CUCTNEMbL 8 PE3YIbMame UCCIe008aAHUsL €20 OUINLEKMPULECKUX CBOUCE
¢ KoHyenmpayueti 6 001acmu nPOMeKanusi UOHO8 2a00auHUsL no peuwemke x < 0,2.

Jlusnexmpuueckue nomepu onucwisaromesi 8 mooenu /ebas ¢ 3amep3anuem OUNOIbHbIX MOMEHMO8 U 6 MOOenu
0pOUMATBLHO-3aPSI008020 YNOPAOOUEHUS.

Knrwouesvie cnosa: meepovie pacmeopul, 31eKmMpOeMKOCHb, OUBIEKMPUYECKas NPOHUYAEMOCMb, MACHUMOEMKOCH-
Hblll 3¢hpexm.
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Introduction. Materials in which the interrelation of
magnetic and electrical properties manifests itself [1], that
is, magnetoelectrics and multiferroics, [2] are of interest
both from the fundamental and from the applied point of
view. Particular attention is attracted to materials that
exhibit magnetoelectric properties at room and higher
temperatures in connection with practical applications in
microelectronics for recording and storing information.
Such studied materials include bismuth ferrite BiFeO; [3].
The giant magneto-capacitance effect was observed in
LuFe,O, [4] at room temperature and is explained by the
charge fluctuation with different spin in Fe*" and Fe’*
ions as a result of removing the degeneracy between two
types of charge order by an external magnetic field. The
dependence of the orbital magnetic moments on the polar
distortions induced by the electric field gives an “ion-
orbit” contribution to the magnetoelectric response [5].

At a high level of doping, an orbitally disordered state
may arise, which is energetically favorable in comparison
with antiferroorbital ordering due to a decrease in the
kinetic energy. Analogously to disordered spin systems,
when ferromagnetic polarons exist in the paramagnetic
region [6], in the high-temperature range, the orbital polarons
contribute to the kinetic properties of such systems [7].
The shape of the orbital polarons depends on the configura-
tion of the electronic orbitals. In the presence of an orbital
magnetic moment, for example, for electrons in f,,-states,
the orbital polarons have a magnetic moment. In this case,
the energy of the orbital polaron depends on the direction
and magnitude of the external magnetic field. The anisot-
ropy of the electron density distribution in the lattice leads
to anisotropy of the dielectric permittivity, which can
be controlled by a magnetic field.

In electrically non-uniform systems, the Maxwell—
Wagner effect [8] and contact effects can lead to giant
values of dielectric permittivity and dielectric relaxation
in the absence of dipole relaxation [9]. The Maxwell-
Wagner effect can also induce magneto-capacitance in the
absence of interaction between the magnetic and electrical
subsystems, provided the magnetoresistance exists in the
material [10]. Such effects clearly demonstrate that the
presence of magneto-capacitance is not sufficient to clas-
sify these compounds as multiferroics. On the other hand,
the magneto-capacitance without a magnetoelectric cou-
pling can be more practical for technological applications
as the existence of a long-range magnetic order is not
required.

An electrically non-uniform system with orbital de-
generacy is obtained by replacing divalent manganese
ions with trivalent gadolinium ions. Thus, the starting
compounds of manganese selenide and gadolinium se-
lenide are, respectively, a semiconductor and a degenerate
semimetal whose electrical resistance is 10°-10° times
different from each other [11]. Gadolinium selenide and
manganese selenide have an antiferromagnetic structure
of the second ordering type with Neel temperature Ty =
=63 K [12] and Ty = 137 K [13]. The spin-orbit and the
Jahn-Teller interaction remove the degeneracy of the #,,
electronic states and induce splitting of the electron spin
excitation spectrum. As a result, dielectric properties can
be controlled by electric and magnetic fields.

The aim of this paper is to establish the role of anions
and the effect of cation substitution on the magnetoelec-
tric coupling in orbital-degenerate electronic states in
Gd.Mn_.A solid solutions (A =S, Se).
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Experimental results and their discussion. Synthesis
of solid solutions Gd,Mn;_,A (A = S, Se) and their certifi-
cation were described in detail earlier in [14]. The magneto-
capacitance effect dey = (e(H,T) — € (0, 7)) / € (0, 7)) is
determined by the investigation of the complex dielectric
permittivity. The spectral and temperature dependences of
dielectric constants can be used to detect the dipole elec-
tric moment and to determine its characteristics, even
when it is a question of a local dipole moment in small
clusters without the presence of long-range order. Dielec-
tric properties also reflect the information about charge
transport and charge ordering processes. The response of
the dielectric properties to the action of the magnetic field
will make it possible to determine the basic mechanisms
that determine the behavior of the dielectric and electric
transport properties.

The capacitance and tangent of the dielectric loss
angle (tg d) were measured on the AM-3028 component
analyzer in the temperature range 90-450 K without
a magnetic field and in the magnetic field H = 8.6 kOe.
The magnetic field was applied parallel to the plates of
a flat capacitor. Fig. 1 shows the temperature dependences
of the real Re (¢) and imaginary Im (&) = tg dRe (g) parts
of the dielectric constant of the sample GdgosMnggeS.
Heating the sample causes a sharp increase in dielectric
losses, the imaginary part of the dielectric constant
increases threefold, and the imaginary part increases by 5 %
at 7= 102 K. As the temperature increases, the dielectric
constant gradually increases and decreases sharply at 7 =
= 172 K with a slight increase. The change in the permit-
tivity GdgosMng oS within one percent in the magnetic
field was not detected. A sharp change in the dielectric
permittivity is due to structural distortions of the lattice
from the cubic to the rhombohedral structure observed
in the non-stoichiometric manganese sulfide at 7= 168 K.

Fig. 2 shows the temperature dependences of the real
Re (¢) and imaginary Im (g) = tg dRe (&) parts of the
dielectric permittivity of the sample Gd, osMnggsSe. In the
temperature range 220-330 K, the real part of the dielec-
tric permittivity increases twofold and shifts with increas-
ing frequency towards higher temperatures. The tempera-
ture of the maximum of the dielectric losses increases
with increasing frequency and is described by a nonlinear
function of the logarithm of frequency. The frequency
dependence of the complex dielectric permittivity does
not correspond to the Debye and Cole-Cole models,
which describe the dielectric properties of homogeneous
systems with the exponential dependence of the relaxation
of the polarization parameter.

The frequency of the dielectric relaxation corresponding
to the maximum of Im (¢) has an activation character and
is well described by the function Inow = A exp (-AE/kT)
(fig. 2, b), where the activation energy AE =0.051 eV and
the exponential satisfies the condition exp (-AE / kT) <<'1
at T < 350 K. Below this temperature, the relaxation
frequency and time (t) can be represented as:
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Fig. 1. Real (a) and imaginary (b) components of the dielectric permittivity
for sample Gdj gsMng oS at the frequency of 10 kHz from the temperature

Puc. 1. Peanbhas (a) u MEUMast (b) KOMIOHEHTHI AUDJICKTPUUECKOH IPOHUIIAEMOCTH
ans obpasna Gdg aMng ¢S Ha yacTore 10 kIt OT TemnepaTypsl

3
o poro

100 200 300

TK

Fig. 2. Real Re (¢) (a, b) and imaginary Im (¢) (¢, d) (c, d) components of the dielectric
permittivity of the sample GdgsMngosSe in the magnetic field H =0 (I, 3, 5), H= 8 kOe
(2, 4, 6) at frequencies ® = 5, 50, 300 kHz (a, ¢), ® = 1, 100 kHz (b, d) from the temperature

Puc. 2. Peanbnas Re(e) (a, 6) u muumas Im(e) (8, 2) KOMIOHEHTHI JUANEKTPUIECKOM MTPoO-
Hunaemoctn obpasna GdgosMnggsSe B maruutHoM mone H = 0 (1, 3, 5), H = 8 xD
(2, 4, 6) Ha wacToTax ® = 5, 50, 300 xI'1y (a, ), ® =1, 100 k['1 (6, 2) OT TemmepaTypsl
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Fig. 3. Magnet capacity de GdogsMng¢sSe at frequencies ® = 1, 5,
50, 100, 300 kHz in the magnetic field H = 8 kOe for the composi-
tion with x = 0.05 of the temperature (a); logarithm of the relaxa-
tion frequency from the reciprocal temperature without a field (/)
and in the magnetic field H = 8 kOe (2), adjustment function (/)
(left axis) (b). The maximum of Im(g) as a function of tempera-
ture. Adjustment functions Im(€)max = ANy + BNy, (dashed line)
(right axis)

Puc. 3. Maraurtoemkocts 6¢ GdggsMng ¢sSe Ha yactoTax ® = 1, 5,

50, 100, 300 x['m B maruutHoM moje H = 8 kD mig cocraBa

¢ x = 0,05 or Temnepatypsl (a); Jorapudm 4acTOTHI peslaKcauuu

oT 00paTHO# Temneparypsl 6e3 nmoist (/) 1 B MarHUTHOM Tiosne H =

= 8 K0 (2), nogronounas ¢ynkuus (/) (;1eBast ock) (6). Makcumym

Im(g) ot Temnepatypel. IToaronounsie GyHkmpy Im(€)na = ANpe +
+ BN, (MyHKTHpHAs 1uHKsA) (IIpaBasi 0Ch)

The activation energy in formula (1) corresponds to
the polaron energy (g,) relative to the chemical potential
(1), —AE = g, — p < 0. The relaxation time is proportional
to the polaron density t o N,. If the polaron energy
exceeds the chemical potential €, > , then this is a pola-
ron of the hole type N, = A/ (1 + exp (AE / kT)). The
imaginary component of the dielectric permittivity, due to
scattering of polarons by optical phonons, is proportional
to Im (&)max © (Nye + Npi). The maxima of the dielectric
losses increase with increasing frequency and temperature
without a magnetic field and smoothly decrease in the
magnetic field (fig. 3, b) as a result of the restructuring of
the electronic structure in a magnetic field. So in the zero
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field, the spectral weight of polarons with a hole-type
conductivity with the ratio N,, / N,. = 5.5 prevails, and
in a magnetic field — the spectral weight of polarons with
the electron type N, / N, = 2.3, which qualitatively
describes the experimental results (fig. 3, b).

The temperature at which the dielectric permittivity
increases sharply and the maximum of the dielectric
losses is observed, shifts to high temperature area in
a magnetic field. The activation energy increases by 5 %
in a magnetic field of 8 kOe. The magneto-capacity de =
= (e (H) — € (0)) / € (0) for the composition with x = 0.05 is
presented in fig. 3, a. When heated, the magneto-capacity
changes sign and decreases with increasing frequency.
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Having divided all the charge carriers into two groups —
bound and free charges, we can write the dielectric permit-
tivity of the medium as the sum of the dielectric permittiv-
ity of the “lattice” and the contribution of free carriers. Out-
side the absorption bands, the imaginary part of the permit-
tivity of bound charges (lattices) is usually neglected. The
ensemble of carriers was considered as a sum of particles
that do not interact with one another. In semiconductors
with electron doping, the electrons are delocalized in a cer-
tain region and the delocalization radius increases with
increasing temperature. We represent the functional depend-
ence in the form of a correlation radius E=A /(1 -1,/ 1),
where T, is the temperature of charge ordering of electrons
in t,, orbitals. Localized electrons induce local ion dis-
placements and lead to local polarization with an effective
dipole moment, whose dynamic susceptibility is described
in the Debye model.

With decreasing temperature at 7, as a result of the in-
teraction between dipoles through the lattice, local dipoles

“freeze”. The relaxation time of dipoles is described by the
Arrhenius function: t, = toexp (AE / kT), where AE is the
activation energy. The dielectric susceptibility can be writ-
ten as:

Re()/N = yu0+ % /(1 + (01)) + B/(1 - TJT),  (2)
Im(y)/N = yo01, /(1 + (01,)°) + yoot. /(1 + (01.)),

where y;, is the temperature-independent contribution
to the susceptibility; o is the static susceptibility of the
dipoles; B is the constant; T, is the relaxation time of the
dipoles at the freezing point; 1, is the relaxation time of
the electric charges upon transition to the orbital charge
ordering, . = A/ = A/ (1 — T./ T)", where z is the
dynamic index, and v is the index of the correlation radius
(v = 1). The contribution of free charge carriers is ne-
glected, since the value of 6™ of conductivity is several
orders of magnitude greater than the conductivity at con-
stant current.
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Fig. 4. Imaginary part of the dielectric permittivity (a) of a

solid solution Gdy,Mny S, measured at a frequency of 10 kHz,

without a field (/) and in the magnetic field H = 8 kOe (2) as

a function of temperature. Adjustment function (1b) with acti-

vation energy of 900 K (3), 1050 (4), zv = 2 (a). Relative

change of the imaginary part of the dielectric permittivity
in a magnetic field from the temperature ()

Puc. 4. MuuMas 4acTh IUANIEKTPHUIECKON MPOHUIAEMOCTH (a)

tBeporo pacrtsopa Gdy,Mny ¢S, n3mepeHHoi Ha yacrore 10 k'L,

6e3 monst (/) u B MarauTHOM nonte H = 8 kD (2) ot Temmepa-

typbl. Ilonronounast ¢ynkumst (1b) ¢ sHeprueil akTHBaUUU

900 K (3), 1050 (4), zv = 2 (a). OTHOCUTEIILHOE U3MEHECHUE

MHUMO¥H 9acTH JUIEKTPIIECKOH MPOHHUIIAEMOCTH B MarHUTHOM
oJIe OT TeMIIEPaTypHI (0)
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Fig. 5. The real part of the dielectric permittivity (a) of a solid
solution Gdy,MnggS, measured at the frequency of 10 kHz
without a field (/) and in the magnetic field H = 8 kOe (2) as
a function of temperature. Adjustment function (1a) with acti-
vation energy of 900 K (3), 1050 (4), zv =2 (a). The magnetic
capacity in a magnetic field is H = 8 kOe of temperature ()

Puc. 5. PeanbHas 4acTb AUAIEKTPUYECKOM NPOHHLAEMOCTU
(a) tBepmoro pacteopa Gdy,MnggS, H3MEPEHHOI HAa YacTOTE
10 xI'm 6e3 monst (/) m B MarHutHOM mone H = 8kD (2)
ot temmneparypsl. Iloxronounas ¢ynkius (la) ¢ sHeprueit
aktuBanuu 900 K (3), 1050 (4), zv = 2 (a). MarHuTOEMKOCTh

B MarHuTHOM noiie H = 8 kD temneparypsl (6)

When the concentration of gadolinium ions exceeds
the concentration of percolation x. = 0.16, the resistance
varies within one order and has a minimum at 7= 325 K
in the temperature range 100 K < 7'< 500 K in a solid
solution Gd,Mn,,S. In a magnetic field, the resistance
also increases and the minimum in the temperature de-
pendence shifts toward high temperatures to 7 = 380 K.
The temperature dependence of the magnetoresistance
changes sign from positive to negative at 7 = 320 K and
disappears at the temperature of 475 K. In this solid solu-
tion, there are two conduction channels for gadolinium
ions and for the interface of Mn—Gd ions. Therefore, the
electronic contribution to the susceptibility should be taken
into account.

Regardless of the type (electrons or holes), free charge
carriers reduce the real part of the dielectric permittivity.
This decrease becomes more significant with increasing
the concentration and decreasing effective mass of charge
carriers. The decrease in the dielectric permittivity by free
charge carriers is associated with their inductive contribu-
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tion to the result of the interaction of the alternating field
with matter.

For the composition Gdy,MnggS, the dielectric per-
mittivity is due to localized electrons in the sublattice of
manganese ions and conduction electrons in the gado-
linene subsystem. Conductivity at constant current varies
by a factor of three, and the imaginary part of the dielec-
tric susceptibility changes by an order of magnitude in the
temperature interval 100-400 K (fig. 4). The temperature
dependence of Im (& (®)) has two maxima at 7 = 170 K
and T = 442 K. In the magnetic field H = 8 kOe, the
low-temperature peak shifts toward high temperatures to
T =170 K (fig. 4). Dielectric losses decrease in a mag-
netic field, except for the temperature range 194-279 K
and in 417451 K (fig. 4). The low-temperature maximum
in the dielectric permittivity at 7 = 170 K is described
in the localized electron (2) model with the freezing of
dipole moments with an activation energy AE = 800 K
without a magnetic field and in the magnetic field
AE = 1000 K. The adjustment function describes the
experimental data in fig. 4.
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Fig. 6. Real Re (¢) (a, b) and imaginary Im (g) (¢, d) parts of the dielectric permittivity of the
sample Gd,,MnggSe without a field (7, 3, 5) and in the magnetic field H = 8 kOe (2, 4, 6)
at frequencies @ = 5, 50, 300 kHz (a, ¢), ® = 1, 10, 100 kHz (b, d) as a function of temperature

Puc. 6. Peanvnas Re(e) (a, 6) u MmEuMas Im(g) (8, 2) yacTu TUAIEKTPUYECKON TPOHULIAEMOCTH

obpasua Gdg,MnggSe 6e3 momst (I, 3, 5) u B maruutHoMm mone H = 8 kD (2, 4, 6)
Ha yacrorax ® = 5, 50, 300 ' (a, 6), ® =1, 10, 100 xI'11 (6, ) OT TEMHIEpaTypsl
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Fig. 7. The magnetic capacity oe Gdy,MnggSe at the frequencies

o = 1(1), 5(2), 10(3), 50(4), 100(5), 300 (6) kHz in the magnetic
field H = 8 kOe for a composition with x = 0.2 of temperature

Puc. 7. Marautoemkocts 8¢ Gdg,MnggSe Ha yacTorax o = 1(/),
5(2), 10(3), 50(4), 100(5), 300(6) k't B MmarauTHOM TIONIE H = 8 KD

Juis cocTasa ¢ x = 0,2 oT TemIepaTypbl
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This maximum can be associated either with the reori-
entation of electric dipoles, or with charge transfer be-
tween the nonequivalent positions in the crystal lattice of
the material, which in a sense is equivalent to the reorien-
tation of electric dipoles. The growth of the magnetoresis-
tance in Gdy,MngS [15] in a magnetic field disproves the
version associated with charge transfer. The decrease of
dielectric losses in a magnetic field is associated with
redistribution of the electron density over t,, orbitals, for
example, between d., d.,, which is equivalent to the rota-
tion of an electric dipole. Partial ordering of the dipoles
will lead to an increase in polarization. The position of the
anomaly in the dielectric permittivity is due to the charac-
teristic relaxation time of the considered subsystem.

The imaginary part of the dielectric permittivity
is shown in fig. 5. In the temperature range (130-210) K,
a sharp increase in the dielectric permittivity is observed.
In the magnetic field H = 8 kOe, Re (¢ (®)) increases and
the relative change in permittivity dey = (¢ (H, T) —
— ¢ (0, 7)) / € (0, 7)) reaches the maximum of 6 % at
T'= 184 K. A sharp decrease in permittivity with decreasing
temperature is also described in the model of freezing of
dipole moments with an activation energy AE = 800—-1000 K.

As the concentration of gadolinium ions increases, the
dispersion of inhomogeneous electronic states and local
magnetic fields increases too. The temperature range of
the dielectric losses increases for the composition with
x = 0.2 (fig. 6), the temperatures of the maxima of the
imaginary part of the dielectric permittivity practically
do not shift in the magnetic field, and the dielectric loss
increases (fig. 6). In a magnetic field, the dielectric per-
mittivity increases more sharply (fig. 6), as a result of
which the magneto-capacity changes its sign from a nega-
tive value 5—7 % to a positive 4-5 % in the temperature
range 140-400 K (fig. 7).

The temperatures of the maxima of dielectric losses
increase within one percent in a magnetic field and
increase with increasing frequency. The relaxation fre-
quency is described by the exponential dependence (1)
with the activation energy AE = 0.035 eV. The dielectric
losses are due to the scattering of hole type polarons.

Conclusion. For the composition GdjsMngoeS, a
sharp abrupt decrease in the dielectric permittivity at low
temperatures is found, which is associated with lattice
structural distortion. As the concentration of gadolinium
ions increases, the low-temperature maximum of the
imaginary dielectric permittivity increases too and shifts
to high temperatures, just as in a magnetic field. In solid
solutions Gd,Mn, ,Se, the magneto-capacitance effect
was observed at temperatures several times higher than
the Neel temperature, with a change in sign with respect
to temperature. The logarithm of the relaxation frequency
of dielectric losses exponentially increases with heating
and depends on the magnetic field.

The decrease in dielectric losses in a magnetic field is
caused by the redistribution of localized electrons by ty,,
and by the shift in the energy of the electron density
maximum relative to the chemical potential, which leads
to an increase in the activation energy. These results are
well described in the Debye model with the freezing of
dipole moments. The increase in the dielectric permittiv-
ity above room temperature is caused by an increase in
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the electron delocalization radius and the disappearance
of the orbital-charge ordering. Delocalization of electrons
and the transition to the band type conductivity leads to a
positive magneto-capacity as a result of Maxwell-Wagner
effect.
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COBPEMEHHBIE ITPOBJIEMbBI CUCTEMbBI HEHOOBPA30BAHUSA ITPU ®OPMHUPOBAHUUN
CMETHOM CTOUMOCTH HA TEPPUTOPUUA POCCUIACKOM ®EJEPAIIMA

T A. BnaCOBal*, H. B. Kusizesa!, T. A. UInnuna’

1IO)KHo—YpaJ1b01<1/1171 rOCyJapCTBEHHBIN YHUBEPCUTET (HAllMOHAJIBHBIN HCCIIeA0BATENbCKUI YHUBEPCUTET)
Poccutickas denepanus, 454080, r. Uensounck, npoct. Jienuna, 76
’HaupuoHaIbHBIN HCCIICI0BATEIbCKUI YHUBEPCUTET «MOCKOBCKHI SHEPTETHUECKUIA HHCTUTY T
Poccuiickas ®@enepanus, 111250, r. Mocksa, yi. KpacHokazapmennas, 14
"E-mail: galina-v89@mail.ru

B nacmoswee eépems cpeou naubonee axmyanvbhblX npobieM 8 cucmeme YeHooOPA306aHus 8 CMPOUMETbHOU
ompacnu s6usemes ycmapesuias 6aza CMemnblx HOpM u pacyenox. Kax uacmuole ungecmopol, maxk u 20cyoapcmeo,
SAGNAIOWUCCS] 3AKAZHUKAMU CIMPOUMENbHBIX PAdOm, 3aUHMePecO8anbl 6 ONpeoeieHul 00CMO8ePHOL CIMOUMOCTIU NPOEKMA
npu no020MmMoeKe CMemHOU OOKymenmayuu. Bedv 6 ycnosusax s3KkoHOMUYecKol HecmabunbHOCmu 01 CIpPOUMEeTbHbIX
KOMRAHUIL U OMPACIU 8 YETIOM KIIOUeBbIM MOMEHMOM PA3SUMUSL SIGISAEMC sl CHUMNCEHUE cebecmoumMoCcmu CmpoumenibHo
npoodykyuu. Paccmompenvl ocrHosHble npoOiembl HOPMUPOBAHUS U ONPEOeNeHUs. CIOUMOCIU OCHOBHBIX DPeCypCos
CMpOUmMenbcmed, a makKdice CHOPMYIUPO8aHsvl 3a0ayu peghpopmuposanus deucmeayioujell 6azvl CMEMHbIX HOPMAMUBOS.
Ilo pesynvmamam npoeedenus XpOHOMEeMPANCHbIX pabom papabomansl HOPMbL U PACYEHKU HA CIMPOUmebHbie pabo-
Mol O COBPEMEHHbIM MEeXHOI02UAM. JloKazana HeobXooumocms axmyanuzayuu 6azvl u nepexoo Ha pecypCHbill Memoo
CMemHO20 YeHO00PA308aAHUSL.

Kniouegvie cnosa: uneecmuyuoHHO-CIPOUMENbHBIL NPOEKM, CMEmMHAs CMOUMOCIb CIMPOUMENbCmad, CMemHble
HOPMbL U pACYEHKU, CIOUMOCTb PeCypco8 6 CIPOUmMenscmee, pecypeHblil Memoo onpeoeneHus CMemHOU CIoUMOCMU,
XPOHOMEMPAdIC CMPOUMENbHBIX NPOYECCOB.
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MODERN PROBLEMS OF THE PRICING FORMATION SYSTEM FOR THE FORMATION
OF ESTIMATE VALUE IN THE TERRITORY OF THE RUSSIAN FEDERATION

G. A. Vlasova'’, N. V. Knyazeva', T. A. Shindina’

'South Ural State University (national research university)

76, Lenina Av., Chelyabinsk, 454080, Russian Federation
*National Research University “Moscow Power Engineering Institute”
14, Krasnokazarmennaya Str., Moscow, 111250, Russian Federation
"E-mail: galina-v89@mail.ru

Currently, among the most pressing problems in the system of pricing in the construction industry is the outdated
base of estimates and rates. Both private investors and the state, that are the customers of construction works, are in-
terested in determining the reliable cost of the project when preparing the estimate documentation. After all, in the con-
ditions of economic instability for construction companies and the industry as a whole, the key point of development is
the reduction of the cost of construction products. The main problems of rationing and determination of the cost of the
basic construction resources are considered in the article, and the tasks of reforming the existing database of estimated
standards are formulated. Based on the results of timekeeping, standards and quotations for construction work on mod-
ern technologies have been developed. The necessity of actualization of the base and transition to the resource method
of the estimated pricing is proved.

Keywords: investment and construction project, estimated cost of construction, estimated norms and prices, cost
of resources in construction, resource method for estimating the estimated cost, timing of construction processes.

BBenenme. lleHooOpa3oBaHMe Ha CTPOMTENIBHYIO  OLEHKAaM, BOBpEMsl M B paMmKax OIO/pKeTa 3aBepIIaroTCs
NPOJIYKUHUIO BCerga SBISUIOCH BaXKHBIM 3JeMeHTOM  Toibko 40-50 % npoektoB B mupe [1]. M3BecTHB naxe
3¢ PEKTUBHOTO yNPaBICHNS! HHBECTUIIMOHHBIM IIPOEKTOM.  ClIy4yad, KOTJa NepBOHAdYaJlbHAs CMETa IPOEKTa IIPEBbI-
OT TOro, HACKOJIBKO TOYHO COCTaBJICHA CMETa, B MEepByl0  Imanach Oojee yeM B 10—15 pa3 [2]. Ocobenno 310 cTa-
odepeb 3aBUCUT KOHEYHBIH CPOK peaii3allid MPOEKTa U HOBUTCSA aKTyaJbHBIM B YCIIOBHSX 3KOHOMHUYECKOTO KpHU-
ero SKOHOMHYEcKass IPPEKTHBHOCTH. TakK, MO pa3HBIM  3UCa, KOTAAa MNPAaKTUYECKH BCE TMPENNPUATHS MEHSIOT
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Dkonomuka

CTHJIb I[IEHOOOPA30BaHUS HA CBOK MPOJYKIHIO: €CIH
B MEPUOJ MOIBEMA LIEHBI AUKTYET PHIHOK, TO BO BpeMEHa
craza TON-MEHEIKMEHT CTaJKHUBAeTCsI C TMPOOIeMOi
0oyiee TOYHOTO OTPENeTIeHUS U BO3MOXKHOTO CHIDKCHUS
HIDKHEH TPaHUIBI IICHBI—CE0EeCTOMMOCTH.

OTOT MPUHIMI TOJHOCTHIO TPUMEHHM M K CTPOH-
TEIBHOMY PBIHKY, KOTOPBIH, 007a1asi, ¢ OJHOH CTOPOHEI,
HEKOTOPOH HEITaCTUYHOCTBIO, BCETIIA SIBJISETCS TOYHBIM
OTPAKCHUEM DKOHOMHUYECKOU CUTyalluu B CTpaHe. JlaHHyIO
3aKOHOMEPHOCTH JIETKO MOXHO MPOCIEIUTH MPU aHATU3e
CTATUCTUYCCKUX HOAaHHBIX. TaK, Jaxe le/I HE3HAYUTCJIIb-
HBIX CHIXEHMSIX 3HaueHuid mnokazarens BBII B kpatko-
CPOYHOM IIEepHO/ie HAOIIOAaeTCs aicHHe 00bEMOB BBOIA
SKWJIbsI B OKCIUTYyaTallMI0 U CHMXKEHUE WHBECTHUIIMOHHBIX
BIIOXKEHHU Kopriopanuii (Tabm. 1).

B curyarnuu, xorna peanbHbIE JOXOIBI HACEICHHS Ta-
JAIOT y>Ke HECKOJBKO JIET M POCTa INIATEeKECIIOCOOHOTO
CIpoca Ha XWibe B OiKaiilliee BpeMs HE OXHIAeTCs,
KJIFOYEBBIM MOMEHTOM Pa3BUTHS HE TOJIBKO OTIEIBHBIX
CTPOUTENILHBIX KOMIIAaHUM, HO U OTPACId B IIEJIOM CTaHO-
BUTCSI CHU)KEHHUE Ce0ECTOMMOCTU CTPOUTENLHOM MPOIyK-
uuu [3].

JaHHBIA mpoLecc BO3MOXEH TOJBKO MpPU YCIOBUH
MOCTOSIHHOTO COBEPIICHCTBOBAHUSI CUCTEMBI CMETHOI'O
IEeHOOOpa30BaHuUs, B TOM YHCJIC aKTyaIU3allil CMETHBIX
HOPMATHBOB B CTPOWTENBCTBE U CO3IAHUS OTKPBITOM
Y eMHOM 0a3bl CMETHBIX PACIIEHOK Ha CTPOUTENBHYIO MPO-
IYKIHEO, BKIFOYAs CTOMMOCTh Ha BCE BHUJBI CTPOUTEINb-
HBIX PECypcoB (MaTepHaisl U M3ACTHs, MAIlUHBl 1 MeXa-
HU3MBIL;, TPYAOBBIE PECYPCHI CTPOUTEIBHBIX PA0OUHX).

Crnemyer OTMETUTH, YTO METOJl CMETHOTO HOPMHPOBa-
HUS, HNPUMEHSEMBIA B CTPOMTEIBHOM OTpacid, HUMEET
CBOM OCOOCHHOCTH, TaK KaK YYHUTBHIBACT OCOOCHHOCTH
CTPOMTENIBHOM MPOAYKINH, OCOOCHHOCTH CTPOUTEILHOTO
MPOU3BOJICTBA U OCOOCHHOCTH B3aWMOJICHCTBUS pa3iy-
HBIX YYaCTHUKOB HHBECTHLIMOHHO-CTPOUTENHLHOTO KOM-
IUIEKCa, KOTOPhIe HEOOXOAUMO YYUTHIBATH B XOJIE COBEp-
IIEHCTBOBAHUS JCHCTBYIOIIEH CHCTEMBI IIEHOOOPa30BaHMS,
KOTOpasi B HACTOAIINA MOMEHT IPEACTaBISIET COYCTaHUE
METOJINK, METOZIOB, CMETHBIX HOPM, [I€H U PACIICHOK.

CMeTHOe HOpPMHpOBaAHHE, TMPHUMEHSIONIeeCsS B Jes-
TEJIHbHOCTH WHBECTUIIMOHHO-CTPOUTEIHLHOTO KOMILIEKCA,
SIBJISIETCSI BAXKHBIM WHCTPYMEHTOM, ITO3BOJISIIOLIMM o0ec-
IICYUTH 3(1)(1)CKTI/IBHOCTI) HCITIOJIBb30BAHUS JCHCKHBIX CpeﬂCTB,
YTO OCOOCHHO aKTyaJlbHO B BOIPOCAX, CBI3aHHBIX

¢ OFOJKETHBIM (DMHAHCHPOBAHUEM MPOEKTOB. B 3TOM CB1-
3M WCCIICIOBaHMs, HAIPABJICHHBIC HA COBEPIICHCTBOBAHUC
JIeHCTBYIOMIEH CHCTEMBI IICHOOOPA30BaHUS B CTPOUTEIb-
CTBE, MIPEICTABISAIOTCS BEChbMa aKTyaJbHBIMH.

0030p akTyaJIbHBIX MPO0JIEM CHCTEMbI CMETHOIO
neHooOpazoBaHusi. MHOTHE CHEIMAIUCTBI B 0O0JACTH
IeHO00pa30BaHMs U CMETHOTO HOPMHpPOBaHUS B Poccum
OTMEYaT, 4YTO JCHCTBYIOIIAsl B HACTOSIILUNA MOMEHT
CMETHO-HOpMaTuBHasi 0a3a Jjajneka oOT UJIealbHOM,
HECMOTpS Ha JIOJTYI0 UCTOPHIO M MOCTOSHHOE pehopMu-
pOBaHHMe, OHA JI0 CUX TIOp OCHOBAaHA Ha HOpPMaXx, CO3JIaHHBIX
elIe B CepPeIUHE MPOILIOr0 BEeKa, XOTh M C HEKOTOPHIMHU
JIopabOTKaMH.

[IpoBeneHHbI HAMU aHAJIU3 CIOXKUBLICHCS CUTYaLlMH
TTO3BOJIIJI BEIICTUTH B CMETHOM JIeNIe TPH CYIIECTBEHHEIC
MpoOIEeMBI, OKa3bIBAIOIINE HETaTUBHOE BIHSHUAE HA TOY-
HOCTB OIPEeNICHHS CTOUMOCTH CTPOUTEIHCTBA.

1. Het enuHo#t 6a3sl cromMocTy paboT. YKpyIHeHHAS
cxeMa CUCTEMBI CMETHOTO TIeHo0OpazoBanus PO npuBeneHa
Ha puc. 1. OCHOBOM BCEX CMETHBIX PacieTOB B CTPOH-
TCJIBCTBE ABJAIOTCA 3JIEMEHTHBIC CMETHBIC HOPMBI — HOP-
MBI pacxXxoJa OCHOBHBLIX BHJIOB PECYpCOB IIPU BBIIIOJIHE-
HUM KOHKPETHBIX CTPOUTENBHBIX paboT. B Hacrosmiee
BpeMsi pa3pa0oTaHbBl HOPMBI Ha OOIIECTPOUTEIBHEBIC pa-
0OTBI, PEMOHTHO-CTPOUTEIIBHEIC, MOHTAXKHBIC U ITyCKOHA-
nmajouHsie paboTel. U yoke Ha OCHOBaHUH yTBEPKICHHBIX
HOpPM PaCCUYHUTHIBACTCS BEIMYMHA CIWHUYHOW pPACIICHKH
(benepanbHOI WM TEPPUTOPHATBHON), TIPH 3TOM Qefe-
paylbHBIE PACIEHKH NPUMEHSAIOTCS IS CTPOUTEIIBHBIX
MIPOEKTOB, PACIIOJIOKEHHBIX Ha TEPPUTOPHH MOCKBEI
u MOCKOBCKOI 00J1aCTH, a TakXe MPOEKTOB, (hHHAHCH-
pyeMbix 3a cueT ¢eaepanbHoro Oropxera. CTOUMOCTh
JAPYTUX CTPOUTCIIbHBIX MPOCKTOB JOJIKHA paCCYUTBIBATH-
CA Ha OCHOBAaHUH MECTHBIX TCPPUTOPHATIBHBIX PACHIEHOK.

Ipu paccMoTpeHnH AEUCTBYIOMEN CMETHO-HOPMAaTHBHOU
0a3pl Ha (emepalbHOM W TEPPUTOPUANBHBIX YPOBHSX
MOJKHO YBUJICTh HAJMYWE CICAYIONINX BapUAHTOB MOJHU-
(ukamuu cMeTHO-HOpMaTHBHOHM 0Oa3er 2001 T.: 3TO pe-
makiun 2001, 2008 u 2009 rr. K mpuMepy, HOpMaTHBHAs
6aza 2008 r. sBisIeTCST 00S3aTENBFHON TOJBKO TIPU OTIpe-
JICJIEHUH CMETHOW CTOMMOCTH CTPOUTENBCTBA, OCYIIECTB-
JISIEMOTO IO TOCYJapCTBEHHOMY 3akasy. llpm ctpownTesns-
CTBE 3a CYET CPEJCTB YAaCTHBIX MHBECTOPOB CTOMMOCTH
MOXKET ONpPEACIAThCA I10 J'llO6])lM CMETHBIM HOpMaTH-
BaM.

Tabruya 1
JIuHaMHKAa 0CHOBHBIX 9KOHOMHYECKHX NMoKa3aTteJieii B P®
lox 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
BBII,
M PYG. 41276 38807 46308 60282 68163 73133 79199 83387 85917 92081
BBII
B pU3HYECKOM 105,2 92,2 104,5 104,3 103,7 101,8 100,7 97,5 99,8 101,5
o0neme, %
Junamuka
peabHBIX
JOXOJIOB 102,4 103,0 105,9 100,5 104,6 104,0 99,3 96,8 94,2 -
Hacenenus, %
Bson
B JieiicTBUe 79,2 72,5 70,3 77,2 82,0 87,1 104,4 106,2 103,4 103,5
KIITBST, MJTH M°
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Fig. 1. Estimated and regulatory base in the Russian Federation

OTO NPUBOJAMT K HOBBIM MpoOiieMaM B BOINPOCAax
(OpMHPOBaHUS CTOMMOCTH HA MPOAYKIHMIO CTPOUTEINIBCT-
Ba ¥ BO3HMKHOBEHMIO Pa3HOIIACHI MEXIY y4aCTHUKaMH
HMHBECTULMOHHO-CTPOUTENBLHOTO KoMILIeKca [4].

PazHooOpasne pa3nuyHBIX CMETHO-HOPMATHBHEIX 0a3
MIPUBOAMT K TOMY, YTO CTOMMOCTh CTPOUTEIHCTBA OTHOTO
1 TOTO XK€ 00BEKTa, B 3aBUCHMOCTH OT MCTOYHUKA (DUHAH-
CUpOBaHMA (2 3a0JlHO M NMPHUMEHUMOH 0a3bl PacCIEHOK),
MOJKET OTIIMYAThCS B pa3bl, YTO SIBIISETCS KpaiHE Helo-
THYHBIM H, CJEIOBATENbHO, HE OTPAXKAECT PEANbHYIO
CTOMMOCTh CTPOUTEIBHOMN MPOIYKIIUH.

2. YcrapeBmmii Meto] 1ieHooOpa3zoBaHust. OCHOBHOU
METOJl, NPUMEHSEMbIi B CMETHOM LIEHOOOpa30BaHHUU
B HacTosiIee BpeMsi, — 0a3ucHO-NHAEKCHBIA. To ecTh npu
OTIpEJIeJICHUN CTOUMOCTH CTPOUTEIHHO-MOHTAXHBIX
pador (CMP) ucmonws3yroTcs IeHB 0a3WCHOTO Tojaa
(2000-2001 T1T.), KOTOPBIC YBEIHMYMBAKOTCS B COOTBETCT-
BHU C YTBEP)KACHHBIMH WHAEKCAMU M3MEHEHHS CTOMUMO-
ctu CMP. Tlo sToif mpuynHE pacCUYUTaHHAs HA OCHOBE
JAHHON CHCTEMBI CTOMMOCTH CTPOUTEIBFHO-MOHTaKHBIX
paboOT YacTo HEe OTpaKaeT NEeHCTBUTENBHOCTh. Ha mpak-
THKE HCIIOJIb3YyeMbIe TEXHOJIOTUH 3aMEHSIOT Ha HanboJee
OJIM3KKe, a CTOUMOCTh MaTepPHaIOB IPUHUMAIOT 110 TIpaii-
caM MOJpSAYMKA, YTO, C OJHOM CTOPOHBI, HEBO3MOXKHO
MIPOBEPUTh, & C JPYrod — IPaKTHYECKH BCErJa BEJET
K yJIOpOXKaHHIO padorT.

CTOUT OTMETHTB, YTO B IOCIIEIHEE BpEMsl BCE JKe
HAMETHWJICSI TPEHJ HWCIOJB30BAHUS PECYpPCHOTO MeToja
U pa3paboOTKH TaK HA3bIBAEMBIX OTKPBITHIX PACIICHOK,
KOTOpPBIE TOJIBKO TPEATIONAaraloT HAIMYKE PAga MaTepua-
JIOB, HO HE BKJIFOYAIOT B ce0s MX CTOMMOCTH. Takme pac-
LIEHK! JTAal0T BO3MOKHOCTh CMETYHMKAaM BHOCHTDH B pacueT
MMEHHO T€ PECypPCHI, KOTOpPBIC OIPENEIICHBI MPOECKTOM,
" I10 ux TeKyHJ,eﬁ CTOMMOCTHU, YTO, KOHCYHO, YBCININBACT
TOYHOCTh pacyeToB. Ho oOTHOCHTENBbHOE KOJIMYECTBO
OTKPBITHIX PacleHOK B 0a3e elle 04eHb Majlo, 4TOObI cle-
JIaTh UX MPUMEHEHHE TIOBCEMECTHBIM.

3. ba3a cTOMMOCTH CTPOHTENBHBIX PadOT MOpaIbLHO
ycrapena. B 0a3ze mpHCYTCTBYIOT HE BCE COBpPEMEHHEIE
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TEXHOJIOTUH, U TeM 0oJiee HE BCE CTPOUTENIbHBIE MaTe-
pHabl ¥ U31eNusl. DTO IPOU3OLUIO 110 TOM NMPUYHMHE, YTO
B XoJie pe)opMHpOBaHUSI BMECTO PadOTHI 1O (HOPMHUPO-
BaHWIO HOPMAaTHBOB Ha HOBBIE TEXHOJIOTHH M OOHOBIIE-
HHUIO CTapblX HOPMATHBOB, OTPAaHUYMINCH apudMeTHye-
CKHM TIepeCcu€TOM HOPM H PACIICHOK.

B pesynmpTate OCHOBHAs 9acTh PACIEHOK, MPUCYTCT-
BYIOIIMX B 0a3e, OCHOBaHAa Ha IPHHIMIIAX OIpEIeIICHHs
CMETHBIX 3aTpaT Ha CTPOUTEILCTBO 11O CTapOﬁ AIMUHUCT-
paTHBHOI cxeMme [5], Ha OCHOBE YCTapeBIIUX TEXHOJIOTHU-
YECKHX PEIICHWH 10 OopraHm3anuu padoT [6], a Takxke
C WCIIOJIb30BAaHHEM MAaTepHajoB, KOTOPHIE B HACTOSIIEE
BpeMsi 3aMeHeHbl 00Jiee TEeXHOJOIMYHBIMU U 3(P(DEeKTHB-
HBIMU. Bee 3T0 BMecTe TpeOyeT KapAWHAIBHOTO pedop-
MUPOBAHUA CUCTEMBI CMETHOT'O HOPMHUPOBAHUA B CTPOU-
TenbcTBeE [7].

[To mpuumHE TaKOro MOPATBHOTO YCTapeBaHHS 0a3bl
HOPM M PaclEHOK Y MHOTUX CTPOMTENIBHBIX KOMITaHHH
MOSIBIISIETCS HEOOXOIMMOCTh CaMOCTOSITETIbHON pa3pa-
OOTKHM pacleHOK Ha BHIBI CTPOUTEIBHBIX PabOT, KOTOpPEIE
OHM YacTO NPHUMEHSIOT: OpraHu3anuy, padoTarolye
0 Toc3akasy, — (eiepajibHble PaClEHKH, a OCTaJbHbIC —
oTpacieBble U KopnopaTtuBHBE. OTHAKO HE BCE KOMIIa-
HUM MOTYT ce0e IO3BOJINTh KaKAbIH pa3 pa3pabaTbiBaTh
HOBBIE PacleHKH, OCOOEHHO B NIEPHOJ KPU3HUCA, T0ITOMY
npobiieMa MOPaJbHOTO YCTapeBaHHs 0a3bl MPAKTHYECKU
SIBIIICTCSL HepelmaeMol 0e3 TOCYIapCTBEHHOTO BMeIlIa-
TEJILCTBA.

OCHOBHBIE TIPOOJIEMBI CMETHOTO II€HOOOpPa30BaHUS
1 BO3MO>KHBIE ITYTH UX PEIICHUs IPUBEICHBI Ha PHC. 2.

Henp3st He 3ameyarh 3TH CyLIECTBYIOMINE MPOOIEMBbI
OTIpENeTICHNsI CTOMMOCTH CTPOHMTEIhCTBA HA Pa3HBIX
STamax CTPOUTENFHOTO TPOW3BOJACTBA IS PA3TUIHBIX
YYaCTHUKOB MHBECTHIIHOHHO-CTPOUTEIBHOTO KOMILIEKCA.
[TpuBeneHne CcMETHO-HOPMATHBHOW 0a3pl K peausM
CETOMHSAIIHETO JHS (MCIIONb30BaHUE HOBBIX MAaTEpHAIIOB,
TEXHOJIOTHH W METOJIOB CTPOHUTENHCTBA) SIBISETCS
HaCYyIHOH Mpo0IeMOH BCEro CTPOUTEIBHOTO KOMILIEKCA.



Dkonomuxa

OCHOBHBIC IPOG/IEMBI:

* He cywjecmeyem eduHoii 6a3bi
CTOMMOCTH CTPOUTENBHBIX paboT

¢ 6azUcHO-UHOeKcHbIl Memod
YMEHbLIAET LOCTOBEPHOCTb

= .chapeswaﬂ CMemHo-
HopMdamueHdaA 6aza

Bosmosknbie ILYTH PCIHNCHMA:

* TpebyeTcs yEHUIHPOBATH
CMEeTHO-HOPMATHBHYIO 0asy

{

¢ Cnenyet pa3zpabaTeIBaTh I
IIPUMEHATH OTKPBITEIE
€IMHIMHEIC PACICHKH,
aKTyalH3HpOoBaTh 0asy
CMETHBIX [IeH Ha PECYpPCHI

« CMeTHO-HOpMaTHBHAA Oasza
TpedyeT OCTOSHHOTO
MOHHTOPHHTA I
aKTyaIH3arni

w

Puc. 2. OcHOBHBIE TIPOOJIEMBI CUCTEMBI CMETHOTO LIEHOOOPA30BaHUS

Fig. 2. The main problems of the budget pricing system

B cootBercTBHN ¢ DenepanbHbIM 3akoHOM Ne 369-D3
ot 03.07.2016 r. [8] Obuia co3mana (emepaibHasi TOCY-
JapcTBeHHas: MH(POPMAIOHHAs cUCTEeMa [eHO0Opa3oBa-
HUSI B CTPOMTENILCTBE, KOTOpasi NMPEJI0CTaBIISIET BO3MOXK-
HOCTH JOCTyIa K CHCTEME CMETHBIX HOpPM, PpaCIEHOK
U CTOMMOCTH CTPOWTEIFHBIX PECYpCOB BCEX YYACTHUKOB
MHBECTHIMOHHO-CTPOUTENBEHOTO TIporiecca B cetn UH-
tepHeT [9]. OmHaKo Ha CETOMHAIIHUN MOMEHT Takas 0aza
XOTh W BKJIOYaeT B ceOs aKkTyalpHBIC IIGHBI Ha CTPOU-
TEJBHBIE PECYPCHI, OCTaeTCsS OCHOBAaHHON Ha HOPMAaTHUBAX
3aTpaT TpyAa U PecypcoB, pa3pabOTaHHBIX €lle B IPO-
IIJIOM BeKe. DTO, HECOMHEHHO, MOXKET CBECTH BCE I10JIO-
JKHUTCIbHBIC MOMCHTHI pe(poprl Ha HET.

ITostomy BaxkHO¥ cocTaBisroneii peopMsl IEHO00-
pa3oBaHUs SABISICTCSA pa3pabOTKa M yTBEPXKICHHUE HOpPMa-
THUBOB Ha HOBBIE, COBPEMEHHBIC TEXHOJIOTHH CTPOUTEIb-
HBIX paboT, IO KOTOPBIM OTCYTCTBYIOT TOCYNapCTBEHHEIE
CMETHBIE HOPMBI, 8 TAaKXKe aKTyalln3alis CYIIECTBYIOIINX
HOPM H PacCILEHOK.

Tonpko WMes TONHYI0 0a3y CTOMMOCTH PEeCypcoB
U HOPMATHUBOB paboOT, KOTOpas JJOJDKHA OOHOBIATHCS
HOCTOSIHHO, MOXKHO TOBOPHUTH O NEepexojie K a/JIeKBaTHOM,
COBPEMEHHOU M TOYHOU CHCTEME LIEHOOOpa30BaHusI.

OneIT pa3paGoTKH CMETHBIX HOPM H PaCHEHOK
HA CTPOHUTEJbHBbIE PaG0ThI. EMUHCTBEHHBIM peIIcHHEM
YKa3aHHBIX MPOOJIEM W MOBBIIICHUS TOYHOCTH CMETHOTO
LIEHOOOpa30BaHusl SIBISIETCS pa3paboTKa HOPM M paclie-
HOK (KEeNIaTeNIbHO OTKPBITHIX) HA OTCYTCTBYIOIUIHE B 0a3e
CTPOHTENbHBIE PAa0OTHI, a TAKKE aKTyalIHn3alus CYIIECT-
Bytommx [10].

B pamkax manHO# paboThl OBLTH pa3pabOTaHBI CMET-
HbIE HOPMBI M €JMHUYHBIC pacleHKH Ha 4 BHIA CTPOU-
TENBHBIX PabOT — TpWU M3 HHUX OTCYTCTBOBAIM B Oasze,
a yeTBepTHIl ObLT akTyanu3upoBaH. B kadecTBe nmpumMepa
JUIS OTIMCAHUsI Tpoliecca pa3padoTKu ObuIa B3sTa padoTa
M0 YCTpOHCTBY HanuBHOrO noJia Tuna «llomurian 1001».

Meronuueckue peKOMeHIauuu 1o pa3paboTke rocy-
JAPCTBCHHBIX JIIEMCHTHBIX CMETHBIX HOPM Ha CTPOH-
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TCJIbHBIC, CICHUAJBHBIC CTPOUTCIIBHBIE W PEMOHTHO-
CTpOUTEJbHBIE PabOTHl ONPENENSIOT EIMHBIE IpaBUIIa
B XOJie pa3pabOTKH TOCyIapCTBEHHBIX JIEMEHTHBIX CMET-
HBIX HOPM Ha CTPOUTEJbHBIC, CIICNUAIBHBIE CTPOUTEIb-
HBIE M PEMOHTHO-CTPOHUTEIbHEIE PaOOTEHI.

OCHOBHOW 3amadell TOCyNapCTBEHHBIX 3JIEMEHTHBIX
CMETHBIX HOpPM SIBIISICTCS OTpEIeeHHe COCTaBa M IOTped-
HOCTH B CTPOHTEIBHBIX PEeCypcax, KOTOPbIE HEOOXOIUMBI
JUIS peai3allid CTPOUTENBHBIX, CHEIHAaIbHBIX CTPOHU-
TENBHBIX M PEMOHTHO-CTPOHUTENBHBIX paboT.

l'ocynapcTBeHHbIE 3JIEMEHTHBIE CMETHBIE HOPMBI
BKJIFOYAIOT B ce0s COBPCMECHHBIC 1 pallUOHAJIbHBIC METO/IbI,
TEXHOJIOTUIO U OpraHu3aluro CTpOHTeIleOﬁ JCATCIIBbHO-
cti. CMeTHble HOPMbBI OCHOBBIBAIOTCSI Ha INPUMEHEHHH
OoJsiee MPOM3BOANTEIBHBIX MAIIMH M Ha WCIIOJIb30BAaHUU
BBICOKOKAUECTBEHHBIX CTPOUTENBHBIX MaTEpPHaIOB, KOH-
CTPYKIMHA ¥ U3IEIUI, KOTOPBIE BIIOCIEACTBUU obecrieuaT
Oe3omacHOCTh W OyayT OTBeYaTh MOTPEOUTEITHCKUM
TpeOOBaHUSM.

l'ocynapcTBeHHBIE 3JIEMEHTHBIE CMETHBIE HOPMBI CO3-
JTAIOTCSI UCXOJISl U3 YCIIOBUI BBITIOHEHUS CTPOUTEIBHBIX,
CHICHHAJIBbHBIX CTPOUTE/IbHBIX U PEMOHTHO-CTPOUTEIIbHBIX
paboT ¢ HCIOJIb30BAHUEM CTPOUTEIBHBIX MAIIMH U MaTe-
PHAIBHBIX PECYPCOB, MPOU3BEAEHHBIX HA TEPPUTOPUU
CTpaHBI.

Pa3paboTka rocyjapcTBEHHBIX CMETHBIX HOPM IIPOMC-
XOIUT € Y4ETOM TOTO, YTO pabOTHI MPOU3BOIATCS B HOP-
MaNbHBIX VCIOBHAX, HE OCJOXHEHHBIX BHCIIHUMH
(hakTOpamm, U TIPH MOJIOKUTEIFHON TEMIIepaType BO3ayXa.
YenoxssonmMe (GpakTopaMu IPUHAMAIOT CTECHEHHOCTB,
3ara30BaHHOCTb, pabOTy BONM3HM JEHCTBYIOMETO 000pYy-
JIOBaHUS, B pallOHaX CO CHEHU(PHUECKUMH YCIOBUIMHU
(BBICOKOTOpPEE H [Ip.), HPEAYCMOTPEHHBIMH IIPOEKTOM,
a TaKkKe Apyrue 0Oosee CIIOKHBIE NPOU3BOJCTBEHHBIC
YCIIOBUSL.

l'ocynapcTBeHHbIE 3JIEMEHTHBIE CMETHBIE HOPMBI
BKJIIOUAIOT KOJMYECTBEHHBIE MTOKA3aTEN Pacxoa CTpOH-
TEJILHBIX PECYPCOB:
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— 3arpaThl Tpyla pabdoYMX-CTPOMTENICH B YEIOBEKO-
yacax (4en. u);

— BpeMs JKCIUTyaTalliyd MalllH U MEXaHHU3MOB B Ma-
HIMHO-Yacax (Maml. 1);

— pacxoji MaTepHalioB, U3/IENUH, KOHCTPYKLMIA B (hHU3H-
YeCKUX (HaTypaJbHbIX) €AMHHIIAX U3MEPEHUSI.

Pa3paboTka rocyaapcTBEHHBIX 3JIEMEHTHBIX CMETHBIX
HopM — ['OCH (I'DCHp) cocTouT M3 CIeayIomux Kiroue-
BBIX 3TAIIOB:

1) cOop ¥ MOATrOTOBKA MCXOIHBIX HAHHBIX W HOpPMa-
TUBHOMU 0a3bl,

2) bopmupoBaHue CrHcKka pabOYMX ONEPAIMA U MOJ-
cdeT 00beMOB padOT Ha MPHUHATHIA U3MEPHUTENb TEXHOIIO-
THYECKOTro Ipolecca;

3) cocTaBieHNE KAJIBKYJSIMH 3aTPaT CTPOHUTEIBHBIX
pEeCypCcOB Ha IPHHSATHIH U3MEPHUTENb TEXHOJIOTHIECKOTO
Tpoiecca;

4) GopMupoBaHUE CBOJOK (BBIOOPOK) CTPOHTEIBHBIX
pecypcoB M3 KIBKYJSIIUHU 3aTPaT CTPOUTENBHBIX PECyp-
COB Ha U3MEPUTEIIb AIIEMEHTHBIX CMETHBIX HOPM;

5) cocraBnenue Tabiun I'DCH (I'DCHp) no ycraHoB-
JIEHHOH (opMe C KOJUPOBAHIEM CTPOUTEIBHBIX PECYPCOB;

6) dopmupopanme mpoekra 'ICH (I'SCHp), koMruiek-
TOBAaHUEC 06OCHOB])IBaIOH_lI/IX MaTepualioB, HeO6XOZ[I/IMI)IX
g npencrasnerns npoekrta I'9CH (I'DCHp) va yTBep-
KICHHE.

COop ¥ MOArOTOBKA HCXOIHBIX JAHHBIX I pa3pa-
OOTKH TOCYHZApCTBEHHBIX 3JIEMEHTHBIX CMETHBIX HOPM
OCYIIECTBIISIETCS CIEAYIOINM 00pa3oM:

— YTOYHSAIOTCSI XapakKTepHble OCOOEHHOCTH KOHCT-
PYKUHH, COOPYKEHHH M BUIOB paboT, MOIISKAIINX HOP-
MHPOBaHHIO;

— ananmusupyroTcs aeiictBytomme 'OCH (I'DCHp)
Ha mpeaMeT Haiaudus (OTCYTCTBMS) CMETHBIX HOPM
Ha aHAJIOTHYHBIE BUJIBI pa0OT 1 KOHCTPYKLHIL;

— ormpezensiercss HEOOXOIMUMBIH COCTAaB HCXOIHBIX
JNaHHBIX.

UErkuil nepedeHb MCXOAHBIX IaHHBIX COCTaBIISETCS
¢ ya€ToM crienuuK padoT, 0COOCHHOCTEH CTPOUTEIFHBIX
KOHCprKLIPIfI U TCEXHOJIOTMHU MPOU3BOACTBA COOTBETCT-
BYIOIIUX BHIOB PadoT.

B crpykrypy HOpMmatuBHOW 0a3bl A pa3paboTKH
TOCYAApCTBEHHBIX JIEMEHTHBIX CMETHBIX HOPM BXOJIST:

— IpaBuiIa U TPEOOBAHUS 1O IPOSKTUPOBAHMUIO, Opra-
HU3alUH, TPOM3BOACTBY U NPUEMKE PadOT, yCTAaHOBJICH-
Hble JIEHCTBYIOIIMMH HOPMAaTHBHBIMH JIOKyMEHTaMHU
N0 YKa3aHHBIM BOIIPOCaM;

— Emuneiit  tapudHO-KBaMU(UKAIIMOHHBIN CIIpaBOY-
HUK paboT u mpodeccuii pabounx, npodeccuoHaIbHbIE
CTaHIapThl,

— €IMHBIE U BEIOMCTBEHHBIE HOPMBI U DPAaCLEHKH
Ha CTPOMTEIbHBIE, MOHTAXXHBIE U PEMOHTHO-CTPOUTEIILHBIE
pabotsl (nanee — EHuP, BHuP) 1987 rona Beimycka
(c moclmenyOmMMH JOMOJHEHHUSIMH), YTBEPKICHHAS
oTpacieBas HOpMaTHBHas 0a3a 1O TpyaAy (OTpaciieBbie
HOPMBI BPEMEHH 110 BU1aM padoT);

— mpaBwiia pa3pabOTKH HOPM pacxoja MaTepHajoB
B CTPOHUTENBCTBE;

— mpaBwiia pa3pabOTKM W NPUMEHEHHS HOPMAaTHBOB
TPYAHOYCTPAaHUMBIX IIOTEPL M OTXOJOB MAaTEPHUAIIOB
B CTPOHUTEIBCTBE.
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[Tocne MOATOTOBKM MCXOAHBIX JaHHBIX (hOPMHpPYETCs
nepeueHb padounX Onepanuid, KOTOpble BXOIAT B CTPYK-
TypYy TEXHOJIOTHYECKOTO TpOoIecca, C IMOJCUETOM 00be-
MOB PabOT Ha U3MEPHUTEINb TEXHOJIOTUIECKOT0 MPOIIEcca.

B kadectBe u3MepuTenel HCIONB3YIOTCS €IUHULBI
M3MEPEHUs, XapakTepHble Ui ONPEIEeNEHHOTO BHUIA
paboT WIM BO3BOAUMBIX KOHCTPYKIHUH, CIOKHBIIHECS
U TIPUHATHIE B IPAKTUKE CTPOUTENILCTBA U HE TpeOyrolye
CJIOKHBIX pacyeToB NP pa3pabOTKE CMETHOM JOKyMEH-
Tanuu.

IMocne ¢dopmupoBanus crnucka pabouyux ornepanui
n o0Obema paboOT coOCTaBIISICTCS KAaJBKYJSILHS 3aTpar
CTPOUTEIBHBIX PECYPCOB HA HM3MEPUTENbh TEXHOJIOTHYE-
CKOTO TIpoliecca. B KalbKyJsImMu 3aTpaT CTPOUTEIBHBIX
PECYpPCOB OMPENETSIFOTCS COCTaB M PacXoj CIETYIOMINX
pecypcos:

— 3arparsl Tpyda pabOYMX-CTPOUTENEH, 3aHATHIX
HETOCPEICTBEHHO HAa BBIIOJHEHUU CTPOUTEIBHBIX, CIIE-
LUAJIbHBIX CTPOUTENBHBIX M PEMOHTHO-CTPOHUTENBHBIX
paboT, BHYTPUIIOCTPOEYHOM TPaHCIIOPTE, B Yell. U;

- HOTpeGHOCT]) B MalllMHax 1 MEXaHU3Max, UCIOJIb3YyEC-
MbIX HCNIOCPCACTBECHHO MPH BBINIOJIHECHHUU CTPOUTCIIbHBIX,
CHELUATIbHBIX CTPOUTENBHBIX H PEMOHTHO-CTPOUTEIBHBIX
paboT, a Takke Ha BHYTPUIIOCTPOSYHOM TPAHCHOPTE,
B Mall. 4;

— pacxoi MaTEepUAIBHBIX PECYPCOB B IPHUHSATHIX
HATYPaJIbHBIX (PU3MUECKUX) AUHALIAX U3MEPEHUS.

Hopwmsr 3aTpaT Tpyna pabodmx-cTpouTeneil mpu pas-
paboTKe TOCYIApPCTBEHHBIX JJIEMEHTHBIX CMETHBIX HOPM
ONPEIENAIOTCSI Ha OCHOBAHUU JIEHCTBYIOLIEN HOPMATHB-
HOW 6a3wl mo Tpyny (cbopuuku EHuP u BHwuP, ytBep-
XKJIEHHas OTpacjeBasi HOpMaTHBHas 6a3a 1o Tpymy) U Ipu
MMOMOIIN METOA0B TEXHUYECKOI0O HOPMHUPOBAHUS.

Hopmbl 3aTpar Tpyna, mpuBeA€HHbIE B COOpHHUKax
EHuP u BHuP, B yTBepx1eHHOI OTpacieBoi HOpMaTHUB-
HOH 0a3e Mo Tpyay HCHOJB3YIOT TOJNBKO B TE€X CIydasix,
KOTZIa pacCUMTaHHas B HUX METOAMKA OCYIIECTBIISIEMbIX
paboT, a Takke YHCICHHO-KBATU(HUKAIIMOHHBIA COCTaB
3BE€HA UCIIOJHUTEINICH SBISIOTCS COOTBETCTBYIOLIMMH JUIS
BUa pabOT, Ha KOTOPBIH CO3JaeTcs TocyaapcTBEHHAs
3JIEMEHTHAs! CMETHAs! HOpMa.

IToTpebHOCTE B MaTepuabHBIX pPecypcax ONpeensieTcs
Ha OCHOBaHHMHM JAEHCTBYIOIIMX COOPHHKOB HOPMAaTHUBHBIX
NoKasaTejiedl pacxoja MaTepUaJioB Ha OCHOBHBIE BHJIBI
CTPOUTCIIbHBIX U CHICHUAJIBHBIX CTPOUTECIIbHBIX pa60T.

IIpn OTCYTCTBMM COOTBETCTBYIOIIMX HOPM pacxona
CTPOUTEIBHBIX MaTepualioB HEO0OXOIMMOE KOJIMYECTBO
MaTepUAIBHBIX PECYPCOB JUIS BBIIOJHEHMS ONpeesEH-
HOoro Buma pabor (pabodell omepanuu) OIpenenseTCs
[0 MMEIOIIMMCSI MCXOIHBIM JaHHBIM: PabodmM depTe-
JKaM, crennuKanusM, TEXHOJIOTHIECKUM KapTaM | T. II.
B ciydae, korjga HCXOIHBIX JaHHBIX HEAOCTATOYHO, HOPMBI
pacxosa MaTepHaIbHBIX PECYPCOB ONPENAEISIOTCS METO-
JaM{d TEXHUYECKOTO HOPMHPOBAHUS C Y4YETOM IIPaBUII
pa3paboTKK HOPM pacxo/ia MaTepHaIoB B CTPOUTEIbCTBE.

3arpaThl, BO3HUKAIOIIUE B CBS3U C JOCTAaBKOW MaTe-
pHaJIOB OT MecTa MX NMPHOOPETEHUs! 10 NPHUOOBEKTHOTO
cKiana (BKIOYasl BHIFPY3KY Ha NMPHOOBEKTHOM CKIIAZE),
B COCTaB JJIEMEHTHBIX CMETHBIX HOPM HE BKIIIOYAIOTCH.
IMopsimok ompeneneHust yKa3aHHBIX 3aTpaT yCTAHABIIH-
BAETCS COOTBETCTBYIOIIMMH HOPMATHBHO-METOIMYECKIMHU
JIOKyMEHTaMH.



Dkonomuka

Ha ocHoBaHMM CBOZOK 3arpaT Tpyla pado4mx-
CTpouTeNel, NOTPEOHOCTH B CTPOUTEIBbHBIX MallMHAX,
MEXaHHW3MaxX M 3aTpaTax TPyAa MAIIMHHUCTOB, pacxoia
MaTepUABHBIX PECYpPcoB  (OPMHPYETCS DIEMEHTHas
CMETHasi HopMa.

OJneMeHTHBIE CMETHBIE HOPMBI Ha OJXHOPOJIHBIC BUIBI
CTPOMTENBHBIX, CIICIUANBHBIX CTPOUTEIBHBIX, PEMOHTHO-
CTPOMTENBHBIX paboT WM KOHCTPYKIUH, OTIHYAIOIINXCS
OT/AEJBHBIMU XapaKTEPUCTHKaMH, OOBEAMHSIIOTCS B Tal-
sutel [ICH. B tadnuns: '9CH (I'3CHp) Britrouarores:

— Ha3BaHHUA U TCXHUYCCKUE XapaAKTCPUCTUKHU HOPM;

— cnHMcOoK paloT, BKIIOYAIOIIMN TIOJIHBIN IIepedeHb
Bcex pador;

— A3MEPUTEIH HOPM;

— cpenHui pa3psn paboTH;

— MOKa3aTeNld HOpPM II0 JIIEMEHTaM 3aTpar (CTpOH-
TEJNBHBIM PEeCcypcam).

Kaxxgomy Buay 31€MEHTOB 3aTpaT IPHCBAaWBaCTCA
CBOM oIpenenéHHbIN Ko, cooTBeTCTBYIommK Kimaccudu-
KaTopy CTPOUTEJIBbHBIX pecypcoB. Eciu jke Takoro Home-
pa He OKa3bIBAaeTCsl Ha OT/ACNIBHBIE PECYpPCHI, TO BMECTO
HEro BIIMCHIBAIOT BpeMEHHOE o0Oo3HaueHue. LleHTpanmmso-
BaHHO YTOJIHOMOYCHHAsI OPraHM3alWs MPUCBAUBACT IUPP
Ta0JIMIAM TOCYJAPCTBEHHBIX AJIEMEHTHBIX CMETHBIX HOPM.

[TomHOE 00O3HAUYEHNE TOCYTAPCTBEHHOH AIIEMEHTHOM
CMETHOW HOPMBI (I (p) UMEET CIEAYIOUIYIO CTPYKTYPY:

XX-XX-XXX-XX,
rae 1-i u 2-i 3Haku — HoMep cOopHuKa; 3-i 1 4-i 3HaKK —
HOMeEp paszena cOopHUKaA; 5-i, 6-if U 7-1 3HAKH — HOMEP
TabMIbl pa3aena; 8- u 9-i 3HaKM — MOPSIAKOBBI HOMED
HOPMBI B TaOJIHILIE.

C Lenbio eMHOTO MOPsiKa pa3pabOTKK U MOATOTOBKH
K HCIOJIb30BAHUIO U 00PaOOTKU B CIEHUAIN3UPOBAHHBIX
MpOorpamMMax I COCTABIICHHSI CMETHBIX TOKYMCHTAIUI
Ha  CTPOMUTENBHBIE,  CIECHHAIBHBIE  CTPOHMTENBHBIE,
PEMOHTHO-CTPOUTENBHEIC pabOTHI, MOHTaX 000PYIOBAHUS U
ITyCKOHAJIAJIOUHBIE pabOThI OPraHM3AIMSIMI-Pa3pad0TINKAMU
HCTIONB3YIOTCS METONUYECKHEe YKa3aHUS Ui OIpeselie-
HUSL €IUHOTO TOpsiIKa pa3paboTKu U o(opMiIeHUs enu-
HUYHBIX paciieHoK (EP).

Enuanansie pacnenku 6asupyrorcs Ha ocHoBe ' OCH
Ha CTPOUTEIIbHBIC, CTICHUATIBHBIC CTPOUTEIbHBIC, PCMOHTHO-
CTPOUTENBHBIE PabOThl, MOHTaX 000PYIOBaHUS M IYCKO-
HaJlaJI0YHbIe PaOOTHI.

HaumeHoBaHME C€IWHUYHBIX PACICHOK, WX MUQPHI,
m@pel TaONMHIl W EAWHUIBI PACIICHOK TOJDKHBI OBITh
MMOJHOCTRIO0 aHajIoruyuel obo3naueHusMm ['DCH, cospan-
HBIM B COOTBETCTBHH C METOJMYECKUMH PEKOMEHIAIUSIM
Mo pa3paboTKe TOCYAapCTBEHHBIX 3JIEMEHTHBIX CMETHBIX
HOPM.

Omtata Tpyna pabounx mpu paszpabotrke EP ompene-
JIsieTCS Ha OCHOBAHHH:

— TOKa3areJied TPYAOEMKOCTH (3aTpar Tpyna B 4eil. )
COOTBETCTBYIOIIMX BUAOB padoT, a TakKe CPEIHEro pas-
psna pabor (i CTPOMTENBHBIX, CIEIHMAIBHBIX CTPOU-
TENBHBIX, PEMOHTHO-CTPOUTENBHBIX paboT, PEMOHTHO-
CTPOUTENBHBIX PadOT M MOHTaka 00OpYIOBaHHS) M CO-
CTaBa HCIOJHHUTENEH paboT (IIyCKOHANAIOYHBIX padoT);
BEHIIIICTIPUBEACHHBIC TIOKA3aTEId OCHOBHIBAIOTCS Ha COOT-
BerctBytoutnx [ OCH, I'DCHp, '9CHwM, 'DCHI;
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— ToKazaTesnel ypoBHS 3apaboTHOH IuIaThl paboumx
(cronmoctr 1 9en. 4) mo kaxaomy cyobekty P® B ypos-
HE IIeH Ha yCTaHOBIICHHYIO JIaTy.

®opmyna pacyera pa3mMepa CpelCcTB Ha OILIATY TPyAa
pabounx (3°") mis sxmouenus B EP:

3 = T.3,, ()

rae T — 3aTparsl Tpyzna pabouux, ONpeeNsieMble Mo COo-
orBerctBytourmm ['OCH, I'DCHp, I'DCHwm, I'DCHm
(OOCH), uen. u.; 3., — 3apaboTHas mIaTa pabodero-
CTPOUTEJIsI, COOTBETCTBYIOIIAS CPEHEMY paspsiy pador,
ycranoBinennomy ['OCH, 'DCHp, 'DCHwm, py0/4ei. u.

Jna pacdyera mokasatens 3., NPUMEHSAETCS CIETyo-
mas ¢GopMmyia, HCXOAsS U3 3apabOTHOM IUIATHl Tpyda
pabouero 1-ro pa3psijia ¥ COOTBETCTBYIOIIETO TaAPHU(PHOTO
ko3 dunmenra:

- cmp

3, =31 K7?, 2)

rae 3, — moKasaTenb OIUIaThl Tpyda pabodero-cTpouTens

1-ro paspspa, py6./uen. u; K7 — Tapudmsii kodddu-
IIUEHT CPEIHEro pa3psaa padoT.

Pa3mep cpencTB Ha omiaTy TpyAa IIyCKOHAJIaTOYHOTO

nepconana (3"") 1 BKIIOYEHHUs B €IUHUYHYIO PACLIEHKY
paccuuThIBaeTCs 1o popmyie

3" = 3(T,-3,), 3)

rae T; — 3arparsl Tpyna KaXIOH KaTeropuH IyCKOHaja-
JIOYHOTO TIEPCOHAJIA, OIpPEAEIIeMble MO COOTBETCTBYIO-
mum [DCHm, wen. u; 3; — mokKaszarenb OIUIATHl TpyOa
Ka)KI0M COOTBETCTBYIOIIEH KaT€rOpUy MyCKOHAIAJ0YHOIO
nepconana, pyo./den. d.

ITokazaTenb 3; paccUMTBHIBAECTCS, MCXOAS W3 OIUIATHI
Tpyaa pabouero-ctpourtens 1-ro paspsga M COOTBETCT-
Bymomiero TapuHoro kodddurmenra, mo hopmyine

3, =3,-K7"%, (4)

roe KT — tapudHbrii KoodGUIUEeHT COOTBETCTBYIOIEH

KaTerOpHH ITyCKOHAIAJ0YHOTO TIEPCOHAIA.

[opsimok ompeneneHus: B EAMHUYHBIX pacCIEHKax
CTOMMOCTH OJKCIUTyaTalldd MallMH W MEXaHH3MOB Ha
CTPOUTENbHBIE, CIICLHABHBIC CTPOUTEIbHBIC, PEMOHTHO-
CTPOHTENbHBIE PA0OTHI 1 MOHTaX 000OpYIOBaHUS OCYIIe-
CTBJIAETCS Ha OCHOBAHUH:

— IIOKa3aTeNeil 3aTpaT Ha SKCIUIyaTalMI0 COOTBETCT-
BYIOIIMX MaIllMH ¥ MEXaHW3MOB, onpenensgemsix mo 'OCH,
Malll. 4, Ha YCTaHOBJICHHBII N3MEPUTENb PACIIEHKH;

— CMETHBIX LIeH Ha DKCIUTyaTallui0 MalliH U MEXaHH3-
MOB JUIsl COOTBETCTBYIOIIEro cyorekra PO, paspaboran-
HBIX B YPOBHE II€H Ha YCTaHOBJIEHHYIO JaTy, py0./mamr. 4.

[Tpu pacuere cronmocTr kcruryaranuy Mamud (C,,)
UCToNB3yeTcs hopMymna

C3M :Z(Bi'uami)ﬂ (5)

rae J; — 3aTpaThl Ha SKCIUTyaTallMi0 Ka)XXI0H MAIIHHEI,
[IPUHUMAEMBIE 110 COOTBETCTBYIOLIEH 3JIEMEHTHOW CMET-
HOM HOopMme, Maul. 4; Il,,; — cMeTHas LieHa Ha dKCIUTyarta-
LU0 KaXIO0W MamwuHbl, py0./Mam. 4. [Ipu stoM, B ToM
qycie MPUBOAUTCS IMOKa3aTelb OIUIAThl TpyJa MAaIlWHU-
CTOB, py0./Mar. 4.

Ilopsimox ompeneneHus B EAWHUYHBIX PACLHEHKAaX
CTOMMOCTU MaTepHaNbHBIX PECYPCOB OIPEAEINSAETCS Ha OC-
HOBAHWH CJIETYIOUINX TaHHBIX:
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— pacxojja MAaTEepHaJIOB, W3AEIHH, KOHCTPYKIMH
Ha TIPOU3BOJICTBO CTPOUTEIBHBIX, CIICIUATBHBIX CTPOUTENb-
HBIX, PEMOHTHO-CTPOUTENBHBIX PadOT W MOHTaXX 000py-
JOBaHUS, OMpenensseMoro mo coorBercTByrommM ['DCH
Ha yCTaHOBJICHHBII U3MEPUTETh CMETHON HOPMBIL;

— CMETHBIX IIEH Ha MaTepUaJIbHBIE PECYPCHI I COOT-
BETCTBYIOIIUX aJMUHUCTPATUBHO-TEPPUTOPUATBHBIX
PETHOHOB CTPaHbI B yPOBHE LICH Ha YCTAHOBJIICHHYIO J1aTy.

dopmyrna Ui CTOMMOCTH MaTepHalIbHBIX PECYpPCOB
(C\par) UIMEET BUJ:

CMaT = Z(Mz 'Hi )9 (6)

rae M; — pacxon KaXIOro BUAa MaTEpUalIOB, W3IEIHM,
KOHCTPYKIIMH, BKIIOYaEMBIX B EAMHWYHYIO DACICHKY,
B HAaTypaJIbHbIX €JUHUIIAX U3MepeHus; LI, — cMeTHas 1ieHa
KaXJI0OTO BHJA MaTEPUAIBHBIX PECYPCOB, BKIIFOYAEMbIX
B EP, py0. Ha COOTBETCTBYIOUIYIO SIUHHILY H3MEpPEHHS
MaTepualibHOTO pecypca.

Ecim HOpMa pacxona pecypcoB YTOUYHSIETCSI B TIPOEKT-
HBIX PpEIICHMSAX, TO CTOMMOCTh 3THX MaTepUalIbHBIX
pecypcoB B €AMHUYHOI paclieHKe Ha CTPOUTENbHBIE, CIie-
LUaJbHbIE  CTPOUTENbHBIE, PEMOHTHO-CTPOUTEIHHEIE
paboTel He yduThiBaeTcsa. HanMeHOBaHHWS TakMX Mare-
pHATBHBIX pecypcoB (0e3 yka3aHWs THIIA, MapKd, Kiacca
1 T. 11.) BHOCATCS B TAOJHIly €IMHUYHON PACICHKH HIXKE
CTOMMOCTHBIX MOKa3aTelel ¢ yKa3aHHEM HOPM HX Pacxo-
Jla Ha IPUHATHINA u3Meputeis EP.

B cmyuae, korma HopMa pacxola MaTepHaIbHBIX
pPECYpCOB 3aBUCHT OT MPOEKTa M B COOTBETCTBYIOIIEH
TabNMIEe TOCYNapCTBEHHBIX SJIEMEHTOB CMETHBIX HOPM
Ha CTPOUTENBHBIE, CIIEIHAIbHbBIE CTPOUTEIbHBIC, & TAKKE
PEMOHTHO-CTPOUTENBHBIE Pa0OTHI, TO HA MECTE UX PacXo-
na ykaspBaercst jurepa «[I», mpm cocraBmennun EP
HaVMEHOBAaHMSl TaKMX MaTepHaJIbHBIX PECYpPCOB IIPHBO-
JSITCSL HYDKE CTOMMOCTHBIX TIOKa3aTenel, a Ha MecTe pac-
XO/Ia aHAJIOTHYHO ycTaHaBIuBaeTcs tutepa «I».

[Ipn cocraBneHNN €IMHWYHBIX PACICHOK HAa MOHTaX
000pyIOBaHUsI IPUHUMAIOTCS B pacueT 3aTpaThl HA MaTe-
pHabHBIE PECYpPChI, IEPEUEHb U PAacXo] KOTOPBIX yKa3aH
B 'DCHwM Ha cooTBeTCTBYIOIIME BUABI paOOT, B TOM YHCIIE!

— OCHOBHBIE, oOcTarouecss B jene (T0AKIaJ04YHbIe
U TIPOKJIaJJOYHBIE MaTepualbl, OONTHI, TAHKH, JIEKTPOIBI
¥ JIp.);

— BCIIOMOTATeNbHbIE, HE OCTAIOUIMecs] B Jene, Ui
W3TOTOBJIEHUS M YCTpOIcTBa NMPHUCIOCOOIECHUH, HE00X0-
OUMBIX M1 TIPOM3BOJCTBA MOHTaXXHBIX paboT (OpeBHa,
Opychbs, IOCKA U T. 1.), C YIETOM HX 000paunBacMOCTH,
a TaKKe BCIIOMOTATENbHBIE MaTepUaNIbHBIE PECYpCHI,
HE OCTarolIuecs B JIeNe, UCIOoJIb3yeMbIe I UHIUBUyallb-
HOTO HCIBITAHUS CMOHTHPOBAHHOTO 00OOPYHOBaHUS,
CYIIKH U JPYTHX Ienel (37eKTpo3Heprus, ras, nap, Boja,
BO3JyX, TOILUIUBO).

[Tpn pa3paboTke E€IMHUYHBIX PACIEHOK Ha MOHTaX
000pyOBaHUST MOTPEOHOCTH BO  BCIOMOTATEIbHBIX
HEHOPMHPYEMBIX MaTepUallbHBIX pecypcax, HCIOJb3ye-
MBIX TIPH NTPOM3BOACTBE MOHTAXHBIX padoT (0OTHpPOUHBIE
MaTepHanbl — BETOIIb, KOHIIBI, OymMara ¥ Jp.; IPOMBIBOY-
HBIE MaTepuaibl — KepOCHH, OCH3HMH; CMa304HBIE Mare-
pHansl — MaOlMHHOE MAacllo, COJMAOJN, TAaBOT M T. IL.),
ompeziersieTcst B pasmepe 2 % OT OIIaThl TpyJa pabouux
1 BKJIIOYAETCsl B CTOUMOCTh MaTEpHalIOB B COCTaBE IIpsi-
MBIX 3aTpaT eANHUYIHON PaCIIEHKH.
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B cocraB pacuenku npu pazpaborke EP Ha MoHTax
000pysOBaHUs HE BKIIIOYAETCSl CTOMMOCTh MaTepUalIbHBIX
pecypcoB, pacxo KOTOPBIX OOYCIIOBICH TPOEKTHOU
JokyMmeHTaneld. [lepedyeHb yKa3aHHBIX MaTe€pHAIBHBIX
pecypcoB NpPUHUMAETCS B COOTBETCTBUU C OOIIMMHU
MOJI0’KEHUAMH WIIH MPUWIOKEHUAMH K COOTBETCTBYOLIUM
coopraukam 'ICHwm.

Taxoke CTOUT 00paTuTh BHUMAHUE, YTO B EANHUYHYIO
paclieHKy Ha MOHTaX OOOpYZOBaHUSI HE BKIIIOYAETCS
CTOMMOCTh MaTepHaJiOB U HM3JIENHUH, PacXOILyeMbIX HETo-
CPEIICTBEHHO B IPOIlECCe MOHTaXa, HO, COITIACHO yCTa-
HOBJICHHOMY TIOPSIIKY, OTHOCHMBIX K MEXaHU3MaM.

Pa3paboTanHble eAMHIYHbBIE PACIECHKN 110 COOTBETCT-
BYIOIIIMM BHJaM paboT CBOAATCS B TaOJIHIBI, KOTOpHIE
COCTABJIAIOTCS 1O CHEIUANBHBIM (hOopMaM, NPUBEACHHBIM
B [Tpukaze Munctpos Poccun ot 08.02.2017 r. Ne 75/mp.

TabmumaM eIVHUYHBIX PaclUEHOK MpPUCBAWBACTCS
mup, COCTOSIIUA M3 TaKUX OJIEMEHTOB, Kak HOMeEp
cOOpHHKa, HOMep pa3zielia B COCTaBe COOPHHKA U TIOPS-
KOBBIII HOMep TaOmumpl. Takxke pekoMeHIyeTcs Mpu
MIPUCBOEHUU HOMEpa TaOJHUI] OCTaBJIATh pe3epB HOMEPOB
JUIsl BBIMYCKa JIOTIOJHEHUH K AEHCTBYIOUIUM €IMHUIHBIM
pacleHKam.

Kon ennHUYHOM paclieHKH COCTOUT U3 AEBATH3HAYHO-
T0 4HCIIa, CO 3HAKAMH, PACIONI0KEHHBIMU B CIIEAYyOLIEH
MOCIIEA0BATEIFHOCTH:

XX-XX-XXX-XX,

rae 1-if, 2-i 3HaKW OTHOCATCS K HOMepy cOOpHHKa; 3-ii,
4-# 3HaKW — HOMep pa3zmera (OTmena) yKa3zaHHOTO cOop-
HUKa; 5-H, 6-#, 7-U 3HAKW — HOMEpP TAaOJMIBI U3 yKa3aH-
HOTO paszziena; 8-, 9-it 3Haku — MopaaKoBBI HOMep EP
B yKa3aHHOH TaOIuIIe.

COOpHUK €MHUYHBIX PAclCHOK COCTOUT M3 TeXHHYe-
CKOW 4acTH, TabJIUIBI CMETHBIX HOPM U ITPUIIOKEHUSI.

Texandeckas 9acTb COOPHUKOB €IMHUYHBIX PACLICHOK
COCTOMT U3 CIEYIOIINX Pa3eioB:

1) oOurue MoIoKCeHHUS;

2) ucuucienue 00beMOB padoT.

Jis kaxmoro paspaboranHoro mpoekra EP odopm-
JISIFOTCS CIIeAyIOIIe 000CHOBBIBAIOIINE JOKYMEHTHI:

— IPOEKTHI TAONHUIBI eIMHIYHBIX PACLEHOK, 10 (opme
COOTBETCTBYIOIINE TPHUBEACHHBIM METOIMYECKHM PEKO-
MEHJalusIM;

— MOSACHUTENbHAs 3allMCKa, BKIIOUYAroOm@as B cels
OCHOBaHHSA HEOOXOAWMOCTH pa3pabOTKH eAMHUIHOU
pacleHKH, TJe yKa3blBaeTcsl BUJ pa3pabaThiBaeMoil eu-
HUYHOHN pacHeHKU (IJI MOCIEIYIOIEro €€ BKIFOUSHHMS
B HOMEHKJIATYpy AEHCTBYIOIINX €AMHWYHBIX PACLCHOK),
a TaKKe YPOBEHb IIeH, B KOTOPOM pa3paboTaHa eIuHHUY-
Hasl PacleHKa; MpPEeACTaBISIOTCS PEKBH3HMTBHI OpraHU3a-
[IMH-3aKa39MKa U OpraHU3alMH-pPa3padOTINKa MPOEKTOB,
HaVMEHOBAaHUE W a/Ipec 3asBUTENS; BKJIIOYAETCS Apyras
nH}popManus, UMEIoIIasl, 0 MHEHUIO 3asBHUTENSI, OTHO-
IIeHHE K pa3paboTKe JaHHOW €INHUYHON PACICHKH,

— tabnuia pacyera eAMHUYHON PacIeHKH;

— IOKAa3aTeJN YacoBOH OIUIATHI TPY/la, CMETHBIE IIEHBI
Ha SKCIUTyaTalMI0 MAIlMH U MEXaHU3MOB, a TaKXKEe CMETHbIE
LIEHbl Ha MaTEpHANbl, U3JENU U KOHCTPYKIUHU, HCIIOIb-
3yeMbI€ TPH pa3pabOTKe COOTBETCTBYIOMINX TAOIHII €T~
HUYHBIX PacLEHOK.



Dkonomuka

IIpoext Tabmuupt EP 1 000cHOBBIBarONIE JOKYMEHTHI
K JaHHOMY IIPOEKTY COTJIaCOBBIBAIOTCSI YIOJHOMOYEH-
HBIMH TIPEJCTAaBUTEISAMH pa3pabOTINKa €ANHUYHBIX pac-
LICHOK M OpraHu3alyn-3aKa3unka. CorlacoBaHHBIC JOKY-
MEHTHI M TIOSICHUTENbHAsI 3alHCKa K TPOEKTY TaOIHIbI
COPOILOPOBBIBAIOTCS, MPOLIMBAIOTCS, 3aBEPSIOTCS Ieda-
TBIO W MOJIHUCHIO PYKOBOAUTENS (YNOJIHOMOYEHHOTO
3aMECTUTENS PyKOBOJIUTEIS) 3asBUTENSI U HAMPABISIOTCS
Ha yTBEpXK/IEHHE B YIOJIHOMOYEHHBIH HCHOJIHUTEIBHBIN
OpraH TOCYAapCTBEHHOH BIaCTH B YCTaHOBJICHHOM
HOPSJIKE.

B pamxkax maHHO# cTaThM aBTOpaMu OblTa pazpadoTa-
Ha eIMHMYHAS PacIeHKa Ha HOBBIH BHJ CTPOMTEIBHBIX
pabort, KoTopas B HACTOsIIEe BpeMsI OTCYTCTBYET B Oase:
ycTporicTBo HaynmBHOro mona tuma «[lomumman 1001y,
Ha TIpEMEpe TOCYAAPCTBEHHOTO OIOPKETHOTO YUPEKICHHS
3npaBooxpaHeHus «YensOMHCKu 00IacTHOW KIIMHIYE-
CKUIl OHKOJIOTHUYECKHUIl TucmaHcepy» mo yi. biroxepa, 42,
r. UensOnWHCK.

Meroaunka pa3pabOTKH €ANHUYHBIX PACIEHOK U CMET-
HBIX HOpM, OIMCAaHHas BHINIE, OINpEIeJieHa IPUKA30M
Munctpost PO Ne 75/mp «O06 yTBepKAEHHH MeETOIUue-
CKUX PEKOMEHJALMi MO pa3paboTKe eIMHUYHBIX paclie-
HOK Ha CTPOMWTEJIBHBIE, CIICIHAIBHBIE CTPOHUTENHHBIE,
PEMOHTHO-CTPOUTENBHBIE PabOTHl, MOHTaX 000pyIOBa-
HUS ¥ IyCKOHANTaqo4YHbIe paboTe» [11], a Takke mpuka-
30M Munctpost PO Ne 76/mp «O0 yTBepKI€HHH METOIHU-
YECKUX PEeKOMEHIanuii Mo pa3paboTKe TocyapCTBEHHBIX
3JIEMEHTHBIX CMETHBIX HOPM Ha CTPOUTENbHbIE, CIIENalIb-
HBIE CTPOHUTENILHBIE U PEMOHTHO-CTPOUTENIBHBIE PAOOTH
[12]. B cooTBeTcTBMHU C JaHHOM METOAMKOH pa3paboTka
€IMHUYHOW PACIEHKH COCTOMT M3 CIEIYIOUIMX ATaIoB:
YTBEPXKIEHHE TEXHOJOTUYECKOH KapThl, XPOHOMETpaK
CTPOUTENBHBIX PA0OT U KaMepalbHbIE PacUETHI.

Crietyer OTMETUTB, YTO B HACTOSIIIEE BpeMs! BEIOpaHHas
HaMHM TEXHOJIOTHSI OTCYTCTBYET B 0a3ze TeppUTOPHAIIBHBIX
€IMHUYHBIX PacIeHOK, TEXHOJIOTHYECKasl KapTa Ipolecca
OblTa COCTaBICHA HAMHM CaMOCTOSITEIBHO Ha OCHOBE pe-
KOMEHAAIMH PON3BOIUTENS CTPOUTEIBHBIX MAaTEPHAIOB,
HCIIONIb3yEMBIX B JAaHHOM BHJIE padoT.

Jns  o0ocHOBaHMS 3aTpaT TpyHa CTPOMUTEIBHBIX
pabounx Tpu pa3paboTKe CMETHBIX HOPM H PAaCIICHOK
ObUT TIpOM3BEAECH XPOHOMETPaX, BKIIOYAMOUIMHA B cels
KaKk MUHHMYM 110 3 HaOmoneHus. B pe3ynbraTe aBTopamMu
OBUTH TIPOBEZICHBl XPOHOMETpaKHBIE HaONOAeHUs Ha 4
3aXBaTKax, OOIIIeil IUIOIIA/IbI0 HAPYKHBIX CTeH 125,6 M°.

[Mpoananu3upoBaB JaHHBIE XpPOHOMETpaXka, OBLI
chopMUpOBaH TepedeHb paboymX OIepaIid, BXOSIINX
B CTPYKTYPY TEXHOJIOTHUYECKOTO IPOIIECCa, C MOACIETOM
00BeMOB paboOT Ha U3MEPUTENH TEXHOJIOTHIECKOTO TpPO-
mecca. Jlamee Ha OCHOBaHHHM IONYYCHHOH MH(oOpMAaImm
COCTaBJIIETCS KaJIbKYJIALMS 3aTPaT CTPOUTENBHBIX PECYPCOB
Ha M3MEPUTEIh TEXHOJIOTHYECKOTro Mpolecca. B kanbpky-
JISIMY 3aTPaT CTPOUTENBHBIX PECYPCOB BKIIFOUAIOTCS ClIe-
JyIoIIYe MOKa3aTelu:

— 3aTparthl TpyAa pabOYMX-CTPOMTENEH, 3aHATHIX
HETOCPEJICTBEHHO Ha BBINOJIHEHHHM CTPOUTENBHBIX, CIIe-
IUAJIBHBIX CTPOUTENBHBIX WM PEMOHTHO-CTPOUTEIBHBIX
paboT, BHYTPUIIOCTPOEYHOM TPAHCIIOPTE, B Y. U;

— TOTpeOHOCTH B MAlllMHAX W MEXaHNW3MaX, HCTIOIb3ye-
MBIX HETIOCPEICTBEHHO IIPU BBIOJIHEHUHN CTPOUTEIBHBIX,
CHELHUATBHBIX CTPOUTENBHBIX H PEMOHTHO-CTPOHUTEIBHBIX
paboT, a Takke Ha BHYTPUIIOCTPOEYHOM TPAHCIOPTE,
B Malll. 4;

— pacxoJ MaTrepHAIbHBIX PECYpCOB B IPUHSITHIX
HaTypaJIbHBIX ((PU3UUECKHUX) ENUHNIAX U3MEPEHHSI.

Ha ocHoBaHmM ykazaHHOW BbIIe MH(pOpManuu Qop-
MUpYyETCS JIEMEHTHas CMETHas HOpMa IO YCTPOMCTBY
HaJIMBHOTO T10J1a, MpECTaBleHHas B Tals. 2, B KOTOpOH
OTpaXXEHBI 3aTpaThl TPyJa pabounx CTPOHUTENEH, MOTpeo-
HOCTh B CTPOUTEJBHBIX MAIINHAX, MEXaHU3MAaxX M 3aTparax
TpyZa MAIIMHNCTOB, PAcXoi] MaTepHaIbHBIX PECYPCOB.
CoctaB pabot BKIIFO4YaeT B ceOs NuTndoBaHNUEe OCHOBAHMS,
00ecbIIMBaHNE TOBEPXHOCTH, I'PYHTOBAHUE IIBOB, 3a-
TUPKY LIBOB, IPUTOTOBJIEHUE PACTBOPA VI I'PYHTOBAHUS,
TPYHTOBaHHE OCHOBAHUsI, MIPUTrOTOBICHHE cMecH «Ilomu-
mwiad 1001», 3anuBKY HaJMBHOTO TII0JIa, YCTpaHEHHE
U3JHMIIKOB BO3AyXa C NMOBEPXHOCTH II0JIA, JIAKHUPOBaHHE
MOBEPXHOCTHU.

Pa3paboTka rocyaapcTBEHHBIX 3JIEMEHTHBIX CMETHBIX
HOpPM MIPOU3BOJUTCS HA OCHOBE NPHUHIHUIA yCPEIHEHHS
C OIpEeZeTICHUEM HOPMATHBHOTO KOJIMYECTBA CTPOUTEIH-
HBIX PECypcOB, HEOOXOAMMOTO W JOCTATOYHOTO JUIS
BBITTOJTHEHHSI COOTBETCTBYIOIIETO BUAA PaldoT.

Ha ocHoBaHum pa3paboTaHHBIX TOCYJapCTBEHHBIX
3JIEMEHTHBIX CMETHBIX HOPM ObLIa BBIBE/ICHA €AMHHYHAS
pacueHKa M0 yCTpOMCTBY HainuBHOro noja tuna «llomm-
wiad 1001», koTtopas npuBeneHa B Tabi. 3, cocTaBisio-
meiicst o ¢opme, MPUBENEHHOW B METOJIMUYECKHX PEKO-
MEHJaNusX 10 pa3paboTke eAMHNIHBIX PACIIEHOK.

Tabruya 2
DJieMeHTHAsI CMETHAsl HOPMA 10 YCTPOiicTBY HATHBHOIO Toaa Tuna «[lomumian 1001y, n3smeputens — 100 m* !
Nen/m | Kon 3arpar HaumeHoBaHMe 311€eMEHTOB 3aTpaT En. uszmep. Hoia;;;enn

1 1 3aTpatsl Tpyaa pabounux wen 4 4,34
1.1. 1-1050 Cpenuuii paspsii paboThbl 4,8

2 3 MAIINHBI 1 MEXAHN3MbI
2.1. 330301 Mampna numgosagbHast dJIeKTpHIecKast Manl. 4 1,53
2.2. 330302 Mamaa numoBaIbHas YII0Bas Mall. 4 1,21
2.3. 331305 [Ip11€COC TPOMBINIICHHBIN Mall. 4 1,11
2.4. 331451 Iepdopatop dmmeKTpuIecKuii Malll. 4 0,49

3 MATEPUAJIbI
3.1 101-8076 | I'epmernk nonmyperaHoBblil «IMpumactuka PU-255, 0THOKOMIIOHEHTHBIH KI 0,98
3.2 101-2786 | I'pynToBka momumepnas tuna «BOLIX Oy KT 11,783
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Okonuanue maoban. 2

Ne n/n | Kon 3atpar HanmeHnoBaHue 3neMeHTOB 3aTpat En. uzmep. Hoif;;enn
33 101-5870 | I'pynToBKa nmommyperanoBas «lIpaiimep 1101» KT 43,767
34 101-5869 | IMokpeiTre momuyperanoBoe MoHomuTHOE «ITomumian 1001» (2,3 kr/1 M KT 230,000

IIpY TOJIIIMHE c0sl 1,5 MM)
3.5 113-0659 | ®ununi-nak 105 KT 20,000
Tabauya 3
EnnHn4Has pacueHka no ycrpoiicrBsy HajiupHoro noja tuna «Ioanmian 1001»
Howmepa Haumenoanue En. [Ipsmere B Tom uucne, pyo0. 3arpatsl Tpyaa
pacLCHOK | M XapaKTePHUCTHKA | ©3MEPEHHS | 3aTPaThl,
omiaTa | SKCIUTyaTalys | MaTepuanbl | paboyMx- | MalIMHKCTOB,
CTPOUTENBHBIX pyo. .
TpyAa MalluH CTpOHUTEIICH, Yell. 4
paboT 1 KOHCT-
o pabounx yes. 4
PyKUMi
(Konmst Haumenoanme BCEro | B TOM pacxon

HEYYTCHHBIX | M XapaKTePUCTH- YuCIe | HEYYTEHHBIX
MaTepuasoB) | Ka HCYYTCHHBIX oruiata | MaTrepuasoB

pacueHKamMu Tpyaa

MaTepuaIoB

1 2 3 4 5 6 7 8 9 10

VYcerpoiictBo

XX-XX-XXX| ~mproro 100 > | 18536,51 | 229,59 | 14,02 | - 18292,90 16,82 -
ToJia THIa
«Tommruian 1001»

B xome pa3paboTku 3J€MEHTHON CMETHOW HOPMBI
U PacIeHKH OKa3ajuoch, YTO 3aTpaThl TPyJa OTIHUYAIOTCS
B MEHBUIYIO CTOPOHY OoJiee YeM B JIBa pa3a OT caMoi
ommkaiinedt ananornynoit Hopmsl (I'DCH 11-01-052-01)
[13], mpu 3TOM TEXHOJOIHs YCTPOWCTBA MOJNA U UCIOJNb-
3yeMble MaTepHaibl OTIMYAIOTCS OT YYTEHHBIX B 0Oase.
[Mono6ubIe pe3ynbTaThl OBUIM MOJTYYEHBI M TIPH aHAIN3E
OCTaNBHBIX IIONYYEHHBIX pacueHok [14]. DTo MOXHO
OOBSCHUTH €IIle U TeM, YTO COBEPIIEHCTBOBAHNE HCIONb-
3yeMol B CTPOUTEIBHBIX paboTax TEXHUKH 00eCIIeunBaeT
HE TOJIKO POCT IIPOM3BOAUTEIBHOCTH TpyAa U €ro oo-
JIeTYEeHHEe, HO M CHIDKCHHE 3aTpaT Tpylda Ha CAWHHILY
NPOJIYKLIUH TIPHU UCIIOJIB30BaHMH HOBBIX MallMH U MeXa-
HHU3MOB.

[MonyueHHBIe pe3yJIbTAaThl UCCIEOBAHHS JOKA3bIBAIOT
HEe0o0XOMMOCTh MOCTOSTHHOTO MOHMTOPHHTA JIEHCTBYIOIIEH
CMETHO-HOPMATHBHOW 0a3bl [15] ¢ menpro MCKITIOUCHHS
yCTapeBIINX M HE HAXOISIIINX NPUMEHEHUS B COBPEMEH-
HBIX YCJIOBHSIX WM JIOOABJICHMS HOBBIX HOPM M PACIICHOK.
Kpome toro, 6onee menecooOpa3HO MPOEKTUPOBATEH Pac-
LICHKY OTKPBITOW, OCTABISII CMETYHKY CBOOOTY BBIOOpa
MaTepHaloB Pa3HBIX TOBAPHBIX MapOK U NapaMETpPOB.

3akaoyenue. CMETHOE HOPMHPOBAHUE B CTPOUTEINb-
CTBE SIBIISIETCS] OTHUM M3 KIIIOUEBBIX JIEMEHTOB CUCTEMBI
B3aMMOOTHOIIICHHH YYaCTHUKOB HMHBECTHLIHIOHHOTO CTPOM-
TEJBHOTO KOMIUIEKca. B TO ke Bpemst 3TO OYeHb MHOTO-
TPaHHBINA TPOLIECC, KOTOPBIH MOCTOSTHHO M aKTUBHO MEHSI-
eTcs BCIeNl 3a Pa3BUTHEM CTPOMTENBHBIX TEXHOJIOTHH
1 U3MEHEHMSIMH B 3aKOHO/IaTeIbCTBE rocynapcrea. CMer-
Hasg CTOHMMOCTH SBIISIETCS WCXOIHOM TOYKOW JIFOOOTO
WHBECTHIMOHHOTO MPOEKTa, HE3aBUCHMO OT €ro IeNn
1 Buza (PMHAHCHPOBAHHSA, HA €€ OCHOBAHUN MPOU3BOASATCS
pacuersl 3G GEKTUBHOCTH MPOCKTA U PUHUMACTCS pellie-
HUE O ero peannsanuu. VIMEHHO Ha OCHOBAaHMHM CMETHOM
CTOMMOCTH OIPEJENSAIOTCS IOTOBOPHbIE LIEHBI Ha CTPOH-
TENbHBIE PA0OTHI, OIUIAYMBAIOTCSI PAacXoJbl Ha CHIPbE

W Marepualbl, pacxobl Ha 000pyAOBaHUE W 3apabOoTHAs
riata padbounx. M, HaKoHel, CMETHasi CTOUMOCTb CTPOH-
TEJILCTBA JISKUT B OCHOBE 0ajlaHCOBOW CTOMMOCTHU
OCHOBHBIX (DOHJIOB TPEANPHUITHS B BHJC MMOCTPOCHHBIX
3MaHUA U coopyxeHui. [109TOMy MOBBIIIICHHE TOYHOCTH
pacueToB TPU OMpPEACICHHN CTOMMOCTH CTPOHTEIBCTBA
SIBIIICTCSI BEChMa aKTyaJdbHOHM 3amadell Kak IS CTPOH-
TENbHBIX KOMITAHWHA, TaK W [JIs WHUIMATOpa IPOEKTa
(3akazumka) mpu JIF0OOM ypoBHE (PMHAHCHUPOBAHUS.

AHaJIN3 COCTOSIHUSI CHCTEMBI CMETHOTO HOPMHPOBa-
Husi B P® mokaszan, Hapsay cO BCEMU IOJIOKUTEIbHBIMU
M3MEHEHHSMH, HAJIMYKME TPEX OCHOBHBIX MPOOJIeM:

— OCHOBHOH METOJI, MPUMECHICMBII B CMETHOM IICHO-
00pa3oBaHUM B HACTOSIIIEE BPeMs — 0a3MCHO-NH/IEKCHBIMH,
KOTOPBII caM 1o ceOe yMEHbIIaeT JOCTOBEPHOCTh pacyeTa
3a c4eT 00OOIIEHHBIX HHIEKCOB N3MEHEHHS CTOUMOCTH;

— HE CYLIECTBYEeT €IMHOW 0a3bl CTOMMOCTH CTPOH-
TENBHBIX Pa0OT — KAXABIA MOAPSITINK MOXKET HUCIIOIB30-
BaTh OJHY M3 MHOXECTBa 0a3 CMETHBIX HOPMAaTHBOB KakK
(emepaIbHOTO, TaK U TEPPUTOPHATHEHOTO WITH OTPACIICBOTO
YpOBHS;

— B CylIecTByIomell 0aze MpUCYTCTBYIOT HE BCE CO-
BpPEMEHHBIE TEXHOJIOTHH, M TeM OoJiee He BCEe CTPOUTEIb-
HBbIC MaTepHaIbl U U3ACTHsI — 0a3a TpeOyeT MOCTOSTHHOTO
MOHHUTOPHUHTA U aKTyaTH3alluH.

B pesynbraTe mpoOBEICHUS XPOHOMETPAKHBIX PaboT
U pa3pabOTKU Ha WX OCHOBAaHHWH CMETHBIX HOPM M paclie-
HOK OKa3aJIoCh, 9TO BO BCEX YETHIPEX CIYYasX CTOMMOCTb
KaXJIOTO U3 PECypCcoB, HEOOXOAMMBEIX B COOTBETCTBYIO-
e paboTe, 3HAYUTETHHO OTIMYACTCS OT CaMOHN OJM3KOM
uMeroLeicss HopMbl. U eciiu HecoBNaZieHHE B CTOMMOCTHU
MaTepHAJIOB SIBJISETCS JIOTHYHBIM U MOXKET OBITH PEIIeHO
MEPEX0J0M TOJBKO Ha OTKPBITHIE PACHEHKH, TO OTINYHS
B TpyJO3aTparax JenaioT OOJBIIMHCTBO CYIIECTBYIOIINX
PacLEHOK MMOJTHOCTHIO HEAKTYaJIbHBIMH.
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Takum 00pa3oM, HEOOXOIMUMBIM 3TarloM pedopMbI
CUCTEMBI IIEHOOOPa30BaHUs SBISIETCS pa3paboTKa W yT-
BEp)KICHNE HOPMATHBOB Ha HOBBIC, COBPEMEHHBIC TEXHO-
JIOTHH CTPOWTENBHBIX PabOT, MO0 KOTOPHIM OTCYTCTBYIOT
TOCyIapCTBEHHBIE CMETHBIC HOPMBI, a TaKKe aKTyalln3a-
LU CYIIECTBYIOIIMX HOPM W PACIICHOK W IIOCTOSHHBII
MOHHUTOPUHT 6a3bl. TONBKO MMest MONHYI0 0a3y CTOMMO-
CTH PECypcoB M HOPMAaTHBOB pabOT, KOTOpas HOJDKHA
OOHOBJISITHCS TOCTOSTHHO, MOXHO TOBOPHTH O MEPEXOje
K aJIeKBaTHOM, COBpPEMEHHOW W TOYHOW cHCTeMe IIeHO-
00pa3oBaHusL.
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ECONOMIC METHODS OF SPECTRUM/ORBIT MANAGEMENT FOR SATELLITE NETWORKS
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Satellite systems continue to play an important role in developing of telecommunication and broadcasting services
market by offering an effective technical solution for the transmission and dissemination of various types of information
to mobile and fixed subscriber receivers. This trend is raising demand for the spectrum-orbit resource (SOR) which
provides the operation of any radio-electronic system and this leads to a shortage of this valuable resource. The inter-
national administrative management system, based on technical and normative principles and procedures set in the
Radio Regulations, which successfully coped with its tasks of SOR distribution under conditions when several satellite
nations have an insignificant number of satellites in the geostationary orbit, under conditions of current loading, shows
its inefficiency. The procedure of obtaining authorization to use the resource involves considerable expenditure of time
and material resources raising transaction costs on development of satellite projects and increasing financial risks,
which makes investment in satellite projects less attractive. In this regard there is a question of the necessity of stimu-
lating rational use of SOR methods introduction.

We are considering the possibility of introducing economic methods into the international SOR management system
as an additional tool to encourage the rational use of the resource. An analysis of the existing approaches of contempo-
rary economic theory has identified some basic options for applying economic methods to the SOR management system.
For the planned frequency bands, distributed for satellite services, the introduction of national assignments rent system
is offered. For unplanned frequency bands, the introduction of payments for the SOR use is being considered. On the
basis of electromagnetic compatibility of satellite communication systems assessment analysis, the methods to deter-
mine payments for SOR based on assessments of a satellite system aggressivity in terms of creating interference and
of its sensitivity to interference from other systems are offered.

Keywords: satellite communication, orbit capacity, transactional costs, economic methods of spectrum manage-
ment, spectrum pricing.
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9KOHOMHWYECKHUE METO/IbI YITPABJIEHUS NCTTIOJIb30BAHUEM
OPBUTAJIBHO-YACTOTHOI'O PECYPCA CITYTHUKOBBIMU CUCTEMAMM

B. B. Makapos', B. B. HOS,I[pI/IHZ*

1CaHKT—HeTep6ypr01<1/H”4 rOCYZapCTBEHHBIH YHHUBEPCUTET TeJleKOMMYHHKaluii uMm. ipod. M. A. bonu-bpyesuua
Poccuiickas @eneparnms, 193232, r. Canxr-IleTepOypr, mpocn. bonpienkos, 22, xop. 1
2Me>1</:[yHapoz[HLn71 COI03 AJIEKTPOCBS3HU
[Iseiiapus, XKenesa, [Tnomanps Hanuii, CH-1211
’E-mail: vadim.nozdrin@itu.int

Cnymmuuxogvie cucmemsl npoOOIACAIOM USPAMb BAJICHYIO POJIb 8 PA3GUMUU PLIHKA YCIYe C6A3U U BeuaHUsl, npedoc-
maess IexmusHoe mexHuueckoe peutenue 0isi nepeoayl pasiuiHoco pooa uHpopmayuu Ha MoOOUIbHbBIE U DUKCU-
posannvie abonenmckue npuemnuxku. Taxas meHOeHyus NOGvIUAECM CNPOC HA UCHONIB308AHUE OPOUMATLHO-
yacmomuoeo pecypca (OYP), obecneuusaroujeco pabomy a06020 KOCMUYECKO20 annapamad, ymo eedem K (peHoMeHy
HeX8amKu 3mo2o yeHno2o pecypcd. MedcoyHapooras a0 MUHUCIMPAMUBHAsL CUCIEMA YNPAGLeHUs, OCHOBAHHASL HA TheX-
HUYECKUX U HOPMAMUGHBIX NPUHYUNAX U NPOYeOYpax, UslodceHHvix 6 Peznamenme paouocessu, YCneuiHo Chpagisng-
wascs co ceoumu 3a0avamu no pacnpedenenuio OUP 6 ycnogusix cyujecmeos8anus HeCKOIbKUX CHYMHUKOBLIX 0epICcas
C HEe3HAYUMENbHbIM KOIUYECMEOM CRYIMHUKO8 HA 2e0CMAYUOHAPHOU opbume, 8 YCI08USIX MeKyujell 3a2py3Ku O0eMOHCH1-
pupyem cgoio neagppexmusnocmo. IIpoyedypa nonyuenus paspeulenusi Ha UCHOIb308aKUe pecypca mpebyem OOTbUulUx
BPEMEHHBIX U MAMEPUATLHBIX 3AMPAm, Ymo NOGbIUAEn MPAH3AKYUOHHBIE U30EPIHCKU HA PA3GUMUE CNYMHUKOBBIX NPOEKMOS
U pUcCKu, 4mo, 8 C80I0 0yepedb, CHUNCAEM NPUBTEKAMENbHOCTb UHBECTNUPOBAHUSL 6 CNYMHUKOBblE NpoeKmbl. B amoii
CB513U GCMaem 80NPOC 0 HEOOXOOUMOCIU 6HEOPEHUS MEMOO08, CIMUMYIUPYIOWUX PAYUOHAIbHOE Uchob306anue OYP.

* The opinions expressed herein are those of the author and do not reflect an ITU official position.
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Paccmampueaemcs 603modcHocme  8uedpeHus 6 melcoyHapoouylo cucmemy ynpaeienuss OYP sxonomuyeckux
Memooos8 6 Kawecmee OONOIHUMENbHO20 UHCMPYMEHMA, CIMUMYIUPYIOWe20 ONMUMU3AYUIO UCNOTb308AHUSL PECYPCA.
Ilpogedennulii ananuz cyuecmsyouux no0xXo0008 CO8PEMeHHOU IKOHOMUYECKOL Meopul NO360IUI ONPEOelunsb OCHO8-
Hble 8apUAnmMbl NPUMEHEHUST IKOHOMUYECKUX Memo0os K cucmeme ynpaeienuss OYP. [{ns nianogvix nonoc wacmom,
pacnpeoeneHHbix Oisi CHYMHUKOBbIX CLyoich, npediazaemcsi 66edenue CUcmemvbl apeHobl HAYUOHAIbHBIX NPUCBOEHUIL.
Jlna Hennanogulx noaoc yacmom paccmampugaemcs egedeHue naamel 3a ucnonvzosanue PUYC. Ha ocnose ananusa
OYEHKU INIeKMPOMACHUMHOU COBMECMUMOCIU CUCMEM CHYMHUKOBOU C653U NPEONONCEHA MemOOUKa OnpedeieHus
naamul 3a PUC, ocHosannas na oyenke azpeccusHOCMU CnymHUKOBOU CUCHEMbl C MOYKU 3PEHUst CO30AHUSL NOMEXU U ee
YYBCMEUMENbHOCIU N0 OMHOWEHUIO K NOMeXaM om Opyaux cucmem.

Kniouegvie cnosa: cnymnuxoeas cesizb, eMKoCHb OpOumvl, Mpau3akyuoHHble 3ampamsl, SKOHOMUYECKUE MenmOoObl
ynpaenenus ucnonvzosaruem PUC, yenoobpasosanue paououacmomHtozo cnekmpa.

Introduction

Satellite systems in the 21st century allow to provide
efficient decisions on delivering modern communication
services and broadcasting, successfully creating the com-
petition to terrestrial telecommunication systems or even
dominating in a number of markets. The latest achieve-
ments in the field of satellite technologies development,
in particular increase in a total spacecraft (SC) capacity
up to 1 Tbit/s, introduction of all-electric satellites, in-
crease in the maximal efficient loading of launch vehicles
and a possibility of their reuse, decrease in time of satel-
lites production lead to the considerable decrease in spe-
cific cost of satellite capacity, stimulating strengthening
of satellite technologies competitiveness. The prospects of
satellite operators development to a large extent depend
on availability of the spectrum-orbit resource (SOR) pro-
tected from harmful interference. In this regard under
conditions of the geostationary orbit (GSO) current load-
ing, the questions of SOR international management system
improvement necessity are more often brought up [1; 2].

The measures directed to increase in effectiveness
of SOR use which are being considered at the moment,
in particular, by the relevant Study Groups of the Radio-
communication Sector of the International Telecommuni-
cation Union (ITU) are administrative or technical.
Nevertheless, some research and existing experience
show that economic methods are one of the potent
instruments to improve efficiency of natural resource
use [3; 4]. In this article the definition and criteria of SOR
use efficiency are discussed, the assessment of SOR use
influence on economic indicators of satellite communica-
tion project is carried out, the main shortcomings of the
developed control system of SOR use are presented and
offers on application of economic methods of SOR
management for the purpose of increase in economic
effect of its operation are made.

The efficiency of the spectrum-orbit resource use
by satellite communication systems

It is possible to recognize the combined channel
capacity created by the satellites located on a particular
GSO arc as efficiency of SOR use, that it is possible
to write in the generalized form as [5]:

E=C/A8 Af, 1)
where £ — effectiveness of OFR use; C — system total
capacity, Mbit/s; AB — angular width of a GSO arc; Af —
frequency bandwidth occupied by satellites.

As technical solutions directed to efficiency
increase, application of homogeneous systems, minimally
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admissible angular spacing in an orbit, a polarization iso-
lation, increase in accuracy of keeping the satellite in the
given position, optimum admissible interference level
were considered. Nevertheless, the analysis of satellite
communication projects components leads to the interest-
ing conclusion — possibilities of OFR use are defined not
only by technical, but also by economic criteria.

Let us explain the foresaid. We will consider the typi-
cal project of a satellite system. The main components
of capital costs are expenses on satellite designing and
production, its launch, including insurance, creation of
a necessary ground segment. The satellite cost is deter-
mined by the requirements to technical parameters, defined
by the required services in the specified service area with
wanted quality. Nevertheless, with grow of SOR utilisa-
tion, more and more influence on system parameters
is exerted by the need to provide electromagnetic com-
patibility (EMC). In particular, it demands the increase in
receivers protection from interference, increase of diame-
ter of the Earth station (ES) antenna, optimization of radio
signals processing methods, the adaptive transceivers use
recustomizing working parameters depending on a spe-
cific electromagnetic situation. It leads to the considerable
rising of equipment costs and, in general, to the increase
in the required capital investments. Another negative
result of incompatibility leading to larger economic losses
is the impossibility of all satellite system capacity use
in connection with harmful interference. In addition, there
is a growing influence of one more component on eco-
nomic efficiency of satellite communication systems
projects — expenses on registration of the corresponding
assigning frequences of an orbital position in ITU.
Whether this problem is objective or it is related to ineffi-
ciency of the applied methods of management? To answer
this question it is necessary to consider the existing inter-
national control system of use of SOR.

International management system of the orbital-
frequency resource use

According to the Radio Regulations (RR) [6] all fre-
quency bands used for satellite communication systems
are divided into two types — planned and unplanned. The
management of SOR use in them is based on different
technical principles and regulation procedures, but they
have to pursue one objective — provide the access to SOR
to the greatest possible quantity of systems on the condi-
tion of harmful interference lack. The choice of the pro-
cedure is defined in RR by the frequency band in use and
the type of radio service.
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The criticism of planned approaches is that they are
practically not used per se. The main plans drawback for
the majority countries of the world is the restriction of a
service area by the national territory. It deprives satellite
communication of its main advantage — an opportunity to
provide services in larger areas and leads to the fact that
realization of satellite systems within national allocations
will be economically unprofitable for the majority of
countries of the world.

As a result it turns out that plans are interesting only
to a limited number of national administrations. Applica-
tion of additional to plans modification procedures
allows them to get advantages at the expense of others
which do not use it and, for the reasons stated above, most
likely, will never use. In practice modification in most
cases leads to deterioration in conditions or impossibility
of national allocations use in the Plans.

The main objectives of various procedures explained
in RR concerning unplanned frequency bands application
are effective SOR use and the greatest possible satisfac-
tion of the real requirements of administrations for their
use. Consideration of applications in this case is based on
the principle “first came — first served”.

The existing approach was being developed in the
conditions of satellite communication birth. In the process
of a resource loading and increase in demand for satellite
communication services the so-called problem of “paper”
satellites started to appear. Administrations of some coun-
tries tried to occupy a resource for the purpose of access
complication to it by others and reservation for the future
particular and indefinite requirements. In this regard some
international measures directed to the solution of the
existing problems have been taken.

First of all, temporary restrictions of all procedures
completion date were set, now it is 7 years since the date
of application for SOR registration in ITU, and confirma-
tion obligation of system input was assumed. In addition,
practically for all satellite networks to which the proce-
dure of coordination is applied, administrations have
to submit the request of a specified form confirming the
reality of the plans for network development to ITU.
In particular, it has to contain the data on a satellite manu-
facturer and launcher, the reference to the contract
and also the information on launch time and place. Also
the payment for satellite applications processing, based
on recovery of ITU costs on this activity was introduced.

The adopted decisions have yielded some positive
results, the number of “paper satellites” decreased, but
they have not disappeared. Administrations still have no
effective incentives to abandon unused positions, emis-
sions and frequencies. Moreover, there are apparent pre-
requisites to creation of technical obstacles for competi-
tors access to the spectrum and the orbit that is directed
to market protection or, what is even worse, to the subse-
quent registered position speculation that recently happens
even more often. In practice it results in the following:

—in the Master International Frequency Register
(MIFR) of ITU there are applications which underwent all
required procedures to a decision making to combat paper
satellites, but they were either never really used or the
actual operation of the corresponding satellites already
ended;
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—the data entered in applications for SOR in ITU
defines the worst situation for compatibility, usually indi-
cating the maximal and minimal modes which are not put
into practice;

— often bilateral negotiations on coordination conduct
to particular concessions on restriction or change of the
stated network parameters. In most cases the correspond-
ing applications do not reflect these agreements, they still
contain initially stated and obviously not used modes;

— some administrations provide information on launch
confirmation to the Bureau and, according to the adminis-
trative procedure due diligence, it does not correspond
to reality.

Such practice does not make MIFR to reflect an actual
reality of SOR use and unreasonably increases the number
of networks with which an applicant has to be coordinated.

Current situation conducts to the fact that the interna-
tional spectrum management system in itself imposes the
considerable additional costs for satellite projects, reduc-
ing their investment attractiveness, and, thus, limiting
possibilities of SOR wuse. Its inefficiency causes the
growth in necessary initial investments, reduces net profit
and increases the project discount rate. Let us explain this
conclusion.

As later an operator of satellite communication
addresses for a necessary resource, as higher its costs of
carrying out calculations, the EMC analysis for the pur-
pose of an optimum position choice, working parameters,
used frequency bands and coordination are. A number of
researches have considered this phenomenon of satellite
projects growing expenses which in economic terminol-
ogy was named “latecomer’s expenses” [7]. By different
estimates “latecomer’s expenses” for the satellite project
make about 5-10 million US dollars and they are growing
in the process of SOR loading It is also necessary to note
that ITU regisration on average demands more than 5
years, that is often longer than a production cycle itself,
from the moment of contract signing to SC launch to an
orbit.

In addition, the increase in actual and paper orbit load-
ing leads to the fact that, starting the project, the operator
does not know conditions of getting access to a resource
use, what depends on agreements with the concerned ad-
ministrations. The answer to a question whether it will be
possible to provide the intended services in the certain
area on particular diameter antennas with the guaranteed
quality is very uncertain. Indeterminacy is a serious ob-
stacle to any investment project implementation, it in-
volves risk and credit rate increase. Thus, the successful
future of satellite communication is closely related to the
international regulation procedures which create serious
obstacles on the way of modern satellite projects devel-
opment now. In these conditions taking actions directed to
efficiency of SOR use increase is required.

General provisions of the modern economics of social
welfare

The main task of economics of social welfare is rational
economy management, rational activity, that is optimum
resources distribution for achievement of goals [8—10].
The inefficiency arising when using sharing resources,
with free access, has been the problem under study in
economy for a long period. The lack of proper mechanism
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of access to a resource regulation at increase in demand
leads to inefficiency of distribution and use, exhaustion,
overfilling or pollution.

The choice of economic methods is first of all caused
by the choice of the ownership form. So far there are three
approaches which allow to solve a problem of the “tragedy
of the commons”, in particular:

— centralized administrative-command management;

— private property;

— collective property.

According to the single Soviet Nobel prize winner
in Economics L.V. Kantorovich research results, in the
conditions of state property for the resource use, the opti-
mality of its use can be reached due to introduction of the
differentiated rent determined by the state planning
authority [11]. Besides a differential payment the state,
in case if it is possible, can establish particular quotas for
a resource use and maintain justice, that is rules of
a resource use at the expense of heavy fines.

Under certain conditions market economy and private
property also lead to effective use of restricted resources.
So, according to the principle of “the invisible hand” par-
ticular solutions of separate institutes in the conditions
of perfect economy (that is the competition without mo-
nopolies) are socially optimum [12], leading to the growth
of social welfare. Distribution of resources in a situation
of competitive equilibrium is economically efficient.
Deepening of this principle has led to the development of
the first theorem on economy of social welfare, according
to which it is considered that “if the market where all par-
ticipants of trade act is competitive, then all mutually
beneficial commercial transactions will be concluded
sooner or later, and the equilibrium distribution of
resources arising as a result will be economically effi-
cient” [13]. It is considered that a cumulative effect of
it for the society is maximum if it is impossible to redis-
tribute it so that at least it is better for someone and it is
worse to nobody. Such distribution of resources is known
as “Pareto optimality criteria”. However the unambiguous
adherence to this criteria, when making a decision, con-
siderably limits the choice of optimization options
because there is always someone to whom it is worse at
any decision, therefore in some cases practical use of this
criteria is difficult.

The optimality of competitive economy according to
Pareto depends on various prerequisites. They become
apparent in the course of market failure consideration, it is
when the perfect competition does not lead to economic
optimum. Direct influence of the negative externalities
is the main reason of a market failure. Besides, market
failure in some cases is bound to non-performance in
most cases of the main condition of economy of welfare
theorems — competition optimality, for example, in connec-
tion with the existence, due to various technological,
economic reasons, of companies having the dominating
positions in this or that market which received their
positions at the initial resource distribution. In this case
there are many possible optimal situations according to
Pareto, the choice of one of them demands participation in
the process of the regulator authority helping the market
to cope with fiasco causing unefficient resources use.
Therefore, less strict “Pareto potential optimality criteria”
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is more achievable [14]. This criterion establishes that
redistribution of resources leads to the social welfare
gains in general, and, therefore, has to be carried out if
those who get better after the redistribution can completely
compensate for losses of those to who get worse, and at
the same time to benefit more from a resource use than
before redistribution. It should be noted that besides the
competitive environment existence, a condition of market
criteria realization 1is the possibility of legible
determination of the property rights to the used resource
with a possibility of their sale.

Later economic research showed that the collective
property in some cases can cope with a problem of
unefficient resource use [15]. The main conclusion is that
under certain conditions collective management of a
resource of the physical or legal entities pursuing personal
benefit can result in the greatest economic effect. To these
to conditions, in particular, belong:

—clear definition of resource boundaries and each
owner’s shares with the right to withdraw them from
collective use;

— the rules of distribution limiting place, time, technology
and/or quantity of a resource;

— possibility of each owner participation in definition
of instructions for a resource use;

— control of implementation of the established rules
from owners;

— sanctions against violators of the adopted rules;

— definition of procedures for conflicts solutions both
in collective community and between community and the
authorities;

—absence of external intervention, in particular the
state institutes, in a decision-making process concerning
collective property.

Practically all developed countries of the world in a
varying degree apply economic methods in a management
system of a radio-frequency spectrum use applied by the
terrestrial radio communication systems and broadcasting
[16; 17]. Let us consider whether their use to OFR used
by satellite networks is possible.

Application of economic methods of the orbital-
frequency resource use management options

Planned frequency bands. From the economic point
of view SOR management in planned frequency bands
is administrative, administrations divided a resource
among themselves on the basis of the particular technical
and regulatory principles, after their realization the
national operator can acquire the right to use SOR
from the administration by the agreed basic principles —
providing equal access to this natural resource for all
countries. According to the economic theory, if a man-
agement system is not changed, then the introduction
of a differential fee has to stimulate effective SOR use.
Nevertheless, introduction of a payment for national as-
signments in the Plans will not achieve this result and will
not be supported by administrations. The principles of
effectiveness were already initially underlain in the basis
of the Plans, the most admissible channel capacity in
a particular frequency band was defined and the choice
of technical parameters and orbital positions was based
on providing EMC on the condition of national territory
covering. The unified technical parameters that are all
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homogeneous systems were applied to planning, what
provides optimal SOR loading.

For increase in effectiveness of planned bands use it is
possible to consider two possible methods:

1. Cancellation of plans. Plans as it was considered
above, do not work and create considerable administrative
difficulties, partially bureaucratic, not related to the tech-
nical condition of RFS or orbit loadings, as in some cases
coordination has to be carried out with paper systems,
which are retained by a number of administrations pro-
ceeding from positions of uncertain future use and some-
times from purely political ambitions.

2. Replanning for the purpose of creation of conditions
for the market of the rights to use SOR. Procedures
of planned frequency bands use create very good basis for
the secondary market of the rights to use SOR develop-
ment. One of market mechanisms operating conditions
is legible determination of property rights. Concerning the
property rights to use SOR, they were formulated as fol-
lows [18]:

— definition of the used frequency bands;

— maximal power or spectral mask;

—a service area and the maximal power outside a ser-
vice area.

The analysis of the existing satellite plans shows that
all these conditions are already consolidated by the inter-
national legislation, only legal permission to a possibility
of sale or rent is necessary. Nevertheless the mechanism
does not work and it is explained by the same drawback
mentioned earlier — restriction of a service area of the
planned assignment with a national covering. The problem
can be solved due to replanning on the basis of a regional
covering. The optional version of replanning is presented
in fig. 1. Orbital positions can be defined on GSO uni-
formly, proceeding from practical reasons it is possible to
establish, over 3 degrees. At the same time the admini-
strations which received a resource in one point must
have the right to use an arc in +1.5° from the nominal
position. Realization of a particular technical mask has

Cluster of satellites

By apreement within
cach o

to providethe lack of interference for networks in the
neighboring clusters.

The plan can be used as follows:

1. Administration can keep a possibility of the position
planned use in case of future needs. Capacity of national
assignment will decrease, due to the service area expan-
sion, but at the same time the national system of any
administration can be commercially viable having a po-
tential of a service area choice up to regional. At the same
time two main planned advantages — equal access of all
administrations to an orbit and a possibility of national
satellite system realization without the need for carrying
out coordination remain.

2. Neighbors in a cluster in one orbital position can
combine their capacity, jointly realizing more broadband
systems on the basis of mutual arrangement.

3. In case of plans for the development of characteristic
system absence, the administration will have a possibility
of the rights rent to administrations which need an addi-
tional resource, on a temporary basis at the mutual agree-
ment and on condition of technical restrictions of the plan
realization (a position A7’). The ITU Radiocommunica-
tion Bureau can undertake a task of information collection
from administrations which are ready to lease the rights
to SOR use to make it publicly available. The present
possibility establishes conditions for the secondary market
of the rights to RFS use creation.

4. Bases for more effective use of an arc in a cluster are
created. If new operators (for example, positions of A7
and A8) are able to provide compatibility with satellites
in a nominal position and to satisfy conditions of systems
protection in the neighboring clusters on the basis
of technical masks realisation or arrangements with
administrations in the neighboring clusters, they can have
an opportunity to use other orbital positions in a cluster,
different from the nominal. Even in case if the administra-
tion already has its national system, it will be interested in
carrying out the research directed to combination of two
or several systems within the national assignment to gain
additional benefits from a resource use.
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Fig. 1. Option of Satellite planned bands
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The offered approach allows to keep advantages of the
plan and to eliminate its defects. Administrations will be
interested in achievement of the arrangement with opera-
tors striving to use their planned resource. It will force
them to publish actual parameters of their systems in case
they exist, or not to preserve the national assignment
in case of uncertain future use. It will be stimulated with
an opportunity to get actual material compensation. Even
if there is the need, carrying out coordination will be
executed between a very restricted number of negotiators,
at the same time each of them will be interested in the
positive agreement. The registration of new assignments
by the Bureau of a radio communication can be carried
out on the basis of the notification of the administration
owning the right to use the corresponding national alloca-
tion. All these procedures in a complex will promote re-
alization of economic conditions of restricted resource use
effectiveness according to a potential criterion according
on Pareto.

The main problem when compiling a plan, as it is of-
fered above, is that it has to be created for SOR which it is
not occupied with existing systems yet. One of the sim-
plest probable options of introduction is the use of new
frequencies distributions for satellite services in higher
and not loaded yet frequency bands for planning. Another
more composite opportunity is replanning of the existing
plans with the term of realization of 15 years that will
allow to finish operation to all satellites which already use
the discussed frequency band. In addition, a new plan has
to contain regulatory provisions describing actions of ad-
ministrations concluding renting transactions of their
frequency assignments.

Unplanned frequency bands. Unlike the planned, the
unplanned frequency bands are not suitable for introduc-
tion of the market approach as it is quite difficult to define
the property rights. Each frequency filing is developed for
the specific project, that it must have the parameters cor-
responding to the requirement specification for the par-
ticular satellite. In practice there have already been sev-
eral transactions when the position notified by one ad-
ministration has already been used for the SC belonging
to another administration. It leads to the fact that the noti-
fied parameters considerably differ from actually used,
complicating protection of the used assignments as the
filing was developed for another satellite. Also it is neces-
sary to consider thatunplanned frequency bands are really
very loaded and the change of SOR management proce-
dure can create considerable difficulties for a large num-
ber of operators.

One of the most optimal ways to improve EMC of sat-
ellite systems among themselves is the ban on expansion
of the stated service areas and satellite antenna strength-
ening diagrams, which often happens in practice. Modern
RR text contains only appeals to cover zones restriction
without legible definitions and restrictions. As a result
there are such applications where a service area — the ter-
ritory of a small country, but an aiming point of SC — on
the equator, and a contour of the antenna gain countur
(AGC) — global. Let us illustrate on the example how the
notified service area influences a number of networks
which have to be involved in coordination process. Calcu-
lations results of requirements for coordination on the

178

basis of the criterion of noise temperature A7/T of actu-
ally notified system using Ku-range on the line down are
given in table At the reduction of a service area with the
global (fig. 2), that is the minimal angle of arrival is equal
0° (a contour of an external ellipse) to a service area with
the minimal angle of arrival 40° (a contour of an internal
ellipse) requirements for coordination decrease in total
by 7 %.

Impact of service area reduction to number of coordination
concerned networks

Minimum arrival 0° 10° 25° 30° 40°
angle
A number of coor- 260 258 253 248 231

dination concerned
networks

One more approach to increase SOR use efficiency
is the achievement of the greatest possible uniformity of
satellite systems. Such two satellite systems which meet
the condition are homogeneous:

012 = 0,1, (2)

That is the minimal necessary spacing 6,, between
satellites 1 and 2 from the point of view of interference
from system 2 on system 1 is equal to a spacing angle 0,;,
necessary for preservation on the given interference level
from system 1 to system 2. Proceeding from these condi-
tions, the homogeneous systems provide equality of the
required angular spacing on the relation to each other that
allows to avoid creation of an excess margin on the pro-
tective relation in the direction of one of these systems,
less sensitive to interference and to realize a minimal
spacing angle between considering SC. Ratios between
power parameters of two homogeneous systems show that
conditions of uniformity can be satisfied for systems with
different parameters, for example, with different sizes of
service areas, AGC of ES and etc.
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Fig. 2. Illustration of satellite service area decreasing
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Based on above mentioned it is possible to come
to conclusion that the payment for SOR use has to be pro-
portional to the size of an occupied resource that will
force the operator not to occupy (and not to declare) an
excessive resource. Let us consider a problem of increase
in SOR use efficiency from the technical point of view.
It is defined that the technical factors influencing efficiency
of GSO use and providing conditions EMC of satellite
communication systems and broadcastings are in particu-
lar [19]:

— the improved space selectivity of AN antennas;

—the improved space selectivity of the SC onboard
antennas;

—increase in accuracy of SC keeping in a calculated
position of GSO;

— application of different polarizations — simultaneous
work of a SC on two orthogonal (circular or the linear)
polarizations;

— application of efficient methods of signals transfer
and reception, low-sensitive to interference;

— development of new, more high-frequency ranges.

The angular spacing on GSO between the adjacent SC
working in the common frequency ranges in the modern
networks usually does not exceed 2°-3°, in certain cases it
is possible to reduce it to 1° and even to 0° (at not com-
bined cover zones). At coordination of satellite networks
and calculation of interference of the ES modern antennas
with the improved space selectivity in the direction other
than a principal axis, it is recommended to define by
reference antenna diagram (AD) as described in [20].
In case the operator of satellite network assumes to use
simpler ES, it is necessary to apply the AD from [21]. For
ES used in old satellite systems, the AD mathematical
description is presented in [22].

Now in practice in overwhelming number of notified n
antennas is defined on the basis of [20]. It should be noted
that the choice of AD providing higher selectivity can
slightly facilitate achievement of agreement for coordina-
tion. The carried-out calculations of the required angular
spacing on criterion C/I between two randomly chosen
systems with identical parameters showed that when
using ES with AD presented in [20], the required angular
spacing is 3.8 degrees, in [21] — 4.95 degrees and in [22] —
5.6 degrees.

Similarly the increase in space selectivity of the SC
onboard antennas on GSO promotes decrease of interfer-
ence between geostationary satellite systems if their
service areas are not overlapped. For this purpose the
notified AGC has to repeat the necessary service area
as accurately as possible and to degrade quickly beyond
its limits.

Accuracy of SC keeping is normalized in RR as
& < +0.1°. Such tolerance of SC does not lead to noticeable
degradation of a GSO channel capacity when using stan-
dard angles of spacing between SCs. Requirements
of high accuracy of keeping are still limited by resource
opportunities of position correction system of the satellite
on GSO therefore when considering effectiveness increase
factors of SOR they can be not viewed.

The effect of mutual interference decrease between
satellite networks can be reached by using of different
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polyarizations. It leads to the significant increase in
a channel capacity.

The analysis of EMC when sharing SOR satellite sys-
tems and technical means of increase in efficiency
of GSO use, leads to the conclusion that as an reference
parameter defining satellite system aggression from the
point of view of creation of interference and requirements
for protection it is possible to consider C/N value, the
required relation of a signal to thermal noise of a commu-
nication link in the lack of interference. The less the re-
quired C/N at the invariability of other parameters of sat-
ellite systems, the larger SOR efficiency can be reached.
The calculations of the required angular spacing on C/I
criterion between two randomly chosen systems with
identical parameters showed that the decrease in C/N
by 0.2 dB leads to the decrease in the required spacing arc
by 0.1 degrees. Technically it is possible to reach it due
to the choice of optimal signal scrambling and application
low-sensitive to interference signals. Besides stimulation
of signal interference immunity, the regulator’s task is to
stimulate the operator to provide data on C/N value close
to actual that will give the possibility to clear away the
database of the frequency assignments and to simplify
coordination.

As discussed above, in the conditions of administra-
tive centralized management by a restricted resource an
important role in creation of incentives for SOR effi-
ciency use can play the introduction of a differential fee.
A following formula to stimulate SOR efficiency use
could be considered:

n
Fee gownup) = (/N AF - K K oo X
i=1

X Kgd : Kpl : Kes : Cs)is (3)
where Fee gownup) — payment for SOR use for one beam,
up or down directions; C/N,.x — the maximal value of the
relation of a signal to the noise for this beam, dB, respec-
tively for the transmitting or receiving beam. The C/N
value can be the generalized indicator which is best re-
flecting assessment of satellite system interference poten-
tial and sensibility. The higher the stated C/N, the more is
SOR which the system occupies. Besides that this value
use will stimulate the operator to introduce more interfer-
ence-resistant operating modes, it is more important that
they will have the economic reasons to make available the
data on SOR loading closer to those which are used in
practice; AF — the frequency bandwidth occupied by one
beam, down or up, the Hz; K, — the coefficient consider-
ing the size of service area K, = S,,/S., where S, — the
stated service area; S, — Earth surface area seen from the
satellite; K, — the coefficient considering the AGC SC,
Kq = S.3/S,, representing the relation AGC SC of the
main beam (-3 dB) S_; to notified service area size Si,;
K., — the coefficient considering contours of power deg-
radation, K,; = S_3/S5) representing the relation of AGC
SC size on the contour (-3 dB) to the size of AGC SC on
contour (—20 dB) S.,9; K,; — the coefficient considering
polarization use can be accepted K,; = 1 if both types of
polarization are used and K,,; = 0.5 if only one type; K, —
the coefficient considering the AD of ES type. On the
basis of the explained above reasons and calculations, it is



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 19, Ne ]

possible to accept K, = 1 at application of AD defined
in [20], K, = 1.3 in [21] and K, = 1.5 in [22]; C, — the
monetary value determining the cost of a spectrum
resource measure unit, US$ - K/dB - Hz. Determination
of this value demands the statistical data analysis related
to activities of satellite networks operators for receiving
necessary SOR. Introduction of SOR fee does not consid-
erably raise operators expenses, it is necessary to carry
out an operators economic benefit assessment in case of
the SRS-all database clearing. At the same time it is nec-
essary to consider not only cut in time expenditure and the
material resources in carrying out coordination, but poten-
tial decrease in risk of investment that was discussed
above due to possession of more precise information
about SOR use as well. This value has to be different for
different ranges, reflecting their current loading and
stimulating use of higher, less loaded frequency ranges.
The corresponding studying has to be carried out within
the research commissions of ITU-R in an attentive dia-
logue with satellite networks operators. All other required
payments for SOR payment definition are obligatory for
representation in applications at coordination and registra-
tion of satellite networks and are available for all comers
registered in SRS-all.

The procedures of unplanned bands description shows
that protection of the notified resource starts not from the
moment of the actual start of satellite system operation,
but from the date of receipt of corresponding coordination
request by ITU Radiocommunication Bureau. This date
defines date of protection of notified SOR from following
applicants. Thus, the payment has to be charged annually
for all applications which are registered in SRS-all.

Conclusion

1. The existing international management system of
SOR in the conditions of increase in demand for its use
does not provide its use efficiency. Implementation of
international registration requirements demands consider-
able resources, raising cost of projects on the develop-
ment satellite communication and broadcasting networks
and, respectively, the risk of investment in their develop-
ment. All this exerts negative impact on the development
of the telecommunication services market and their avail-
ability and quality.

2. The management of SOR for satellite communication
networks use is based on two procedures: planned and
unplanned. The carried-out analysis shows that both of them
are not efficient, in most cases without providing realiza-
tion of the principles which were underlain in their basis.

3. The planned approach is intended to provide equal
access to all countries to SOR. The problem of planned
distribution of SOR first of all is that national allocations
have restrictions of the national territory cover zone.
It leads to the fact that for many countries implementation
of the satellite project within the resource assigned
according to the plan has no economic benefit. The cur-
rent use of plans is carried out through additional proce-
dures allowing service area expansion by conducting
coordination with affected administrations. On the one
hand, the systems registered according to such procedure
gradually absorb a resource of planned assignments that
leads to the fact that their practical use becomes impossible.
On the other hand, the administrations trying to receive a

resource, which in most cases is not used and it will never
be used according to the plan, spend time, financial and
human resources, providing paper protection of phantom
national assignments and obtaining consent from admini-
strations which own them.

4. The main problems of unplanned frequency bands
are paper satellites and paper parameters brought by
administrations for protection in the international satellite
networks frequency assignments database of MIFR for
their subsequent international legal protection. Operators
and the administrations which received the registered
resource earlier have no incentives to refuse really not
used positions, frequency bands and operating modes. On
the other hand, due to administrative procedures they
have very good potential to considerably complicate
competitors life, limiting them in obtaining necessary
SOR without any actual technical reason.

5.1t is possible to achieve the increase in planned
bands efficiency due to replanning, creating conditions for
of the market relations development. The planning princi-
ples in which in particular the main existing drawback is
excluded are offered, the covering of national assignment
has to be regional. Terms providing a possibility of trad-
ing of rights to use SOR between administrations are
offered. At the same time two main advantages of the
plan remain — a possibility of providing equal access to
SOR and lack of coordination when performing technical
restrictions of planned assignment.

6. As the economic method directed to efficient use
of SOR it is offered to introduce an annual differential
payment for its use for all applications introduced
in MIRF. On the basis of the analysis of increase in effec-
tiveness technical methods the formula is developed
for such payment definition and recommendations for its
components determination are formulated. Technical
parameters of satellite networks accounting in the formula
will allow to stimulate operators to introduce more effi-
cient in relation to RFS use technologies, and to declare
closer parameters to actually used for registration. It will
simplify in turn negotiations on coordination and to facili-
tate access of new satellite systems to invisible but very
valuable natural resource.
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NOMEHYUANA TOSUCTIUKY HA NPAKMUKe.

Paccmampusaromest 603MOANCHOCU COBEPUIEHCNBOBANUST TIOZUCTIUYECKOT CUCEMbl NPOMBIUIEHHBIX NPEONPUSIMUL
OCHOBbIBASICH HA MUPOBOM ONbIME U YUUMbIBAS. PEUMUHSU CIMPAH NO UHOEKCY PA36UMUSL IOCUCIUKU.

Ilpuseden npumep coBepuIeHCMBOBAHUsL NPEONPUSMUS, UMEIOWE20 8 CBOEM COCMABe OMOebl CHAOINCEHUs, CKAAO0-
CKO20 Xpamenusi, mpancnopmuuie omoensl. Ilonodxcumenvuvimu d@gexmamu om UCNOAbIOBAHUSL UHDOPMAYUOHHOU
cucmembl 8 KA4ecmee OCHOBbl YNPABGIEHU JTOSUCTNUYECKUMU NOMOKAMU 6HYMPU NPeOnpUsmus paccmampueaomcs
peanamenmayus npoyecca npuemxu, noayuenus u xpanenus MTL], cmandapmuszayust npoyecca nepedauu un@opmayuu
MeducOy noOpa3deNeHUsIMU, NOTYYeHUe aKmyaibHOU UHMOPpMayuU 6 KOPOMKUL CPOK, OnpedeieHue SpaHuy Omeemcn-
B6EHHOCMU YHACTTHUKO8 NPOYECCd, NOBbIUUEHUE YDOGHS A8MOMAMU3AYUYU NPOYECCO8 NPUEMKU, PAZMEUEHUsL U XPAHEHUs
MTIL], coxpawenue 6nusHUA HYEeNLOBEUECKO20 (DAKMOPA, COKPAUEHUE GPEMEHHBIX NOMePb, COKpaujeHue OYMAadiCHO20
doxymenmoobopoma.

Kniouegvie cnoea: nocucmuka, nocucmuyeckas cucmemd, UHQOPMAYUOHHBIE CUCHEMbl 8 TOSUCTIUKE, TIOSUCHUKA
Ha NPOU3800CMBEHHOM NPEONPUSIMUU.

Siberian Journal of Science and Technology. 2018, Vol. 19, No. 1, P. 182-187
IMPROVEMENT OF THE LOGISTIC SYSTEM OF A MANUFACTURING COMPANY
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Nowadays logistics problems remain relevant. A successful operation of any organization and its competitiveness
directly depend on the competent construction of a logistics system of an enterprise. In Russia and abroad there are
various institutions whose purpose is to apply the scientific potential of logistics in practice.

The article considers the possibilities of improving the logistics system of industrial enterprises, based on the world
experience and taking into account the countries’ ratings on the index of logistics development.

The article gives an example of improvement for the enterprise that has in its composition supply departments,
warehouse storage, and transport departments. The positive effects of the use of the information system as the basis for
the management of logistical flows within the enterprise are considered: the regulation of the ITC acceptance, receipt
and storage process, the standardization of information transfer between units, the receipt of up-to-date information in
a short time, the definition of the boundaries of the process participants' responsibility, placement and storage of ITC,
reduction of human factor influence, reduction of time losses , reduction of paperwork.

Keywords: logistics, logistic system, information systems in logistics, logistics and production companies.
Beenenue. Ha cerogusimiauii JeHb MpoOJeMbl JIOTH-  HOCTh HANpPSIMYH) 3aBUCSAT OT TPAMOTHOTO IOCTPOCHUS

CTHKH OCTAIOTCSI aKTyaJbHBIMH, YCHEIIHOE (DYHKIMOHHM-  JIOTHCTHYECKOH cucteMbl npexnpusitusi. B Poccun n 3a
poBaHMEe JIO0OH OpraHM3alMM, €€ KOHKYPEHTOCIOCO0-  pyOeXoM CYIIECTBYIOT pa3IMdHble WHCTUTYTHI, LENb
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KOTOPBIX — NPUMEHEHHE HAyYHOTO MOTEHIMala JIOTHCTH-
k1 Ha npaktuke. Hampumep, B CIIIA pabGoraer Amepu-
KaHCKOE OOIIECTBO TPAHCIOpPTa M JIOTHCTHKH, B Bennko-
Oputanun — VMHCTHTYT JIOTHCTHKHM W YHPaBJICHHS AUCT-
pubymnmeit, B Mcnanmmn — LleHTp JOTUCTHKH W MHOTHE
Jpyrue, BCe OHU BXOAAT B EBpPONEHCKYIO JOTMCTHYECKYIO
accounanuio. Kpome Toro, BOIpockl JOIMCTHKU IIHPOKO
OCBEIIAIOTCS B TakKMX u3naHusX, kak Production and
Inventory Management, Inbound Logistics, Distribution,
International Journal of Logistics Management u MHOTHX
apyrux. OCHOBHYIO WJICI0 COBPEMEHHOW JIOTHMCTHKH
Bblpasui Martin Ashford, Deloitte & Touche. American
Shipper: «OxHOW N3 OCHOBHBIX XapaKTEPUCTHK HOBOM
HapOXK/IaloIeiicss SKOHOMHUKH OyAeT MOJHOCTBIO OpHEH-
THPOBAaHHOE HA KOHKPETHOTO MOTPEOUTEIS TPOU3BOACTBO
“no 3aka3y”’. Crpoc motpedureneii Ha ToBap “mo 3akaszy”
MpHUBEN YK€ K TPAKTHUKE IMOCTABOK ‘“TOYHO BOBpEMS .
Jloructuka rapantupyer, 4ro Bbl nonyuute HyXHBIN
MIPOLYKT B HY’KHOM MECTE B HY>KHOE BPEMsI 10 “IpaBHIIb-
HOW” LIEHEe».

Jloructuka oObenvHsIET CHAOXKEHHE, XpaHEHHE, MPOn3-
BOJICTBO, COBIT B oauH mporecc. [Ipu 3ToM (yHKIMU
JIOTHCTHKM HAa NPEANPUSATHU BKIIOYAIOT B Ce0sl aHan3
MOTPEOHOCTH B MaTepUaTIbHBIX pecypcax s 00ecedeH s
HYXJ TIPOM3BOJICTBA, IIPOTHO3MPOBAHME CIIPOCa Ha IIPO-
IOYKIHUIO, COOp HaHHBIX O MOTPeOHOCTH phIHKA. JlorHcTHKA
Ha MPEINPHUATHH TaKKe T0JDKHA pacCMaTpUBaTh BOIPOCHI
OIEPAaTUBHOTO IUIAHMPOBAHMS, YTO IIOJPAa3yMEBAET COKpa-
ILIEHUE 3aI1aCOB MPH JIOJKHOM YPOBHE NPOM3BOACTBEHHON
u cObIToBOM 3 dexrnBHOCTH mpeanpustus [1; 2; 4].

AKTYallbHOCTh U CTeNeHb NMPOPAOOTAHHOCTH NPO-
6seMbl. C LIETIBI0 U3YUYCHHS CIIOCOOOB COBEPIICHCTBOBAHMS
JIOTUCTUYECKOU CUCTEMBI IIPOU3BOICTBEHHOIO IIPEAIIPUS-
THUA U3YyUYUM MHpOBOﬁ OIIBIT B 3TOM BOIIPOCE C MOMOIIBIO
peiitunara Logistics Performance Index, onpenenstomero
MHJIEKC Pa3BUTHUSI TPAHCIOPTHO-JIOTMCTUYECKOTO KOMILIEK-
ca CTpaHbl Ha OCHOBE Pa3BUTHs HAIIMOHAJIBHOW TaMOXKEH-
HOW CHCTEMBI MEXIYHAPOAHBIX IIEPEBO30K, HOPMATUBHO-
MIPABOBOT'O PETYJINPOBAHMS JIOTUCTHUYECKON JEATEINBHOCTH,
YPOBHS OKa3aHUsI JIOTHCTHYECKUX YCIYT, 3 PEKTHBHOCTH
TaMOXEHHOI'0 O(OPMIIEHHS, BO3MOXXHOCTH OTCIIEKHBA-
HUSL U KOHTPOJS TPy30B. PeHTHHT cTpaH mo S-0aiuipHOI
nikange myonukyercs Ha caite BcemupHoro Oanka. Peii-
THUHT paCCYUTBIBACTCA KaXXAbIC ABa roga U HACUUTLIBACT
OKOJIO cTa mectuaecatd ctpad. Ton 10 craH mo HHAEKCY
a¢¢extuBHOCTH Joructuku B 2014-2016 romax 3aHu-
MaloT npeumyinecTBeHHO EBpomnetickue crpansl. [lepBoe
MecTo 3aHMMaeT ['epMaHusl, peTHHT KOTOPOM COCTaBIISIET
4,23 6amra, JlrokcemMOypr — 2 mecto, ¢ 6amtom 4,22 [3].
Jnst EBponeiickux cTpaH XapakTepHa Pa3BUTOCTb TpaHC-
TIOPTHO-JIOTUCTHYECKON HH(PACTPYKTYpHI, HHHOBAIMH
B MH()OPMALMOHHYIO CUCTEMY U TEXHOJIOTMIECKUE CXEMBI
JIOTUCTUKKA. VIHHOBAaMH HWH(POPMALUOHHOW CHCTEMBI
JIOTUCTUKH BKJIFOYAIOT B ce0s1 (hopMupoBanue 6a3 JaHHBIX
U KOMMYHUKAIIUOHHBIX CUCTEM JIOTUCTHUKH, ITO3BOJIAIOIIUX
YHpaBJIATbL MAaTCpHUAIbHBIMU IMTOTOKAMH, CUCTEM KOHTPOJIA
U JUCTAHOUOHHOT'O MOHUTOPUHI'A KaUCCTBa BLIIIOJIHCHUA
orepanuii Ha pa3HbIX 3BEHbAX JIOTUCTHUYECKON CUCTEMSI [5].
CoBpeMeHHbIE €BPONEHCKUE TPEIIPHUITUS AETA0T yIop
Ha YAOBJICTBOPEHHME DPACTYIIMX HOTpeOHOCTEH MOTpeOH-
TENS W TIPENOTBpPAIICHHE IOTOJHHUTENBHBIX PacXoo0B,
C ATUM CBSI3aHHBIX, 32 CYET ONTHMAIBHOTO Pa3MEICHUS
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CKJIaZICKHX TTOMEIIEHNH, pallnOHAIN3aluH TPAHCIIOPTHBIX
MapupyToB (BbIOOp Haumbojee ONTHUMAJBHBIX ITyTeH
JIOCTAaBKH), MPUMEHEHNSI HH()OPMAIIMOHHBIX TEXHOJIOTHH,
ONTHUMAIbHON BEIWYMHBI MAPTHH MPOAYKIINH, COBEPILIECH-
CTBOBaHMS  CHCTEM  CKJIQAUPOBAHUS,  IOTPY304HO-
pas3rpy304HbIX omepanuid. Kpome Ttoro, coBpeMeHHbIE
HPEANPUATHS MPEATaraoT Psf, CEPBUCHBIX YCIYT JIOTH-
CTHYECKOTO XapakTepa, TaKUX Kak JOMOJHHUTEIbHAs
CKajickasi 00paboTKa, TapUPOBKa, KoHconuaarws. Kurai,
3aHuMaromui 27 mecro B pedituare LPI ¢ 6amiom 3,66,
HMeeT JHUIUPYIoNUe MO3UIMU B A3HaTcKo-THXOOKeaH-
ckoM peruoHe. Ha ceronusimnuii n1eHs Tam chopMupoBa-
JIUCh YeThIpEe LIEHTPa JIOTUCTUKU: JOTMCTUYECKOE KOIbLIO
Bokpyr Ilekuna, Ilanxaii, 'yanuwxoy u IllenpuwxaHb,
TaiiBanckuid npoaus. Ilponecc pa3BUTHS JOTMCTUYECKUX
BO3MOXKHOCTeH Kurtas cBsi3aH ¢ mprHoOpeTeHHEM OIBITa
WHOCTPAHHBIX JIOTUCTUYECKNX KOMIAHUH, NEHCTBYIOIINX
Ha TEPPUTOPUM CTPaHbl, a TAKKE 3a CUET BHEIPEHHMS
MepeoBbIX MH(OOPMALMOHHBIX TEXHOJIOTHH, ITOBBIIICHHS
YPOBHSI aBTOMAaTH3alMd U HMH(OPMATH3ALUK JIOTUCTHKH,
MPUMEHCHUSA MHHOBAIIMOHHBIX TexHoJioruii. OImbIT CTpaH
3amagHoit EBpomel 1 A3MaTCKOro pernoHa MoKa3bIBaerT,
YTO pa3BUTHE JIOTHCTHYECKOH c(epbl OCHOBHIBAETCS Ha
CYILIECTBYIOIIEM YPOBHE NMPOU3BOAUTENBHBIX CUI B CTpa-
HE, YPOBHE Pa3BUTHS PHIHOYHBIX OTHOIIECHUH, TPAIULIUIX
CTpaH, TIIOJIMTHYECKOW, HKOHOMHYECKOH OOCTaHOBKE,
YPOBHE TEXHOJIOTHUECKOTO Pa3BUTHA [3].

Poccus ke Haxomurest Ha 99 mecre, ¢ nHIEKCOM 2,37
Oayma. DKCIEPThI CBA3BIBAIOT 3TO C HECTAOMIBLHBIM 3KO-
HOMHYECKHUM, MOJUTHYECKHM IIOJI0KECHUEM, SKOHOMHYE-
CKUM KpHU3UCOM, CaHKUUSIMHU MpoTUB Poccuiickoit dene-
pammu, Kpome Toro, mpobiemoit mis Poccuu ocraercs
Hu3Kast 3G(GEKTUBHOCTH MPOIECCa TAMOXKEHHOTO 0(hopM-
nerud. Kpome Toro, Poccus mmeer HM3KHMI peHTHHT 1O
CpoKaM MOCTaBOK TOBapoB. ONHAKO B HACTOSAIIEE BpeMs
HaMeTHJIach IOJIOXKUTENbHAsE TEHICHIUs B c(epe IMOBbI-
meHns 3 (HEKTUBHOCTH JIOTUCTHYECKUX CHCTEM. AKTHB-
HO Pa3BUBAIOTCS] MEKPETHOHAIBHBIE TPAHCIIOPTHBIE KOM-
[aHUH, MPOUCXOOUT MozaepHu3auus Jioructuku OI'VII
IToura Poccum, BenmeTcss CTPOUTENHCTBO IUIATHBIX aBTO-
MOOHIIBHBIX JIOPOT, CTPOSITCS HMOPTHI-XaObl, KPYIHBIE JIO-
THCTUYECKNE KOMIUIEKCHI 110 MPEAOCTaBICHHUIO JIOTHCTH-
yeckux ycnyr. Takum oOpazom, GpOpMHPOBAaHHIO JIOTH-
CTHYECKOW cUCTeMbl B Poccuu MokeT CrocoOCTBOBATh
MPUMEHCHUC MCKAYHAPOJHOI'0 OIbITa BHEAPCHUSA JIOTU-
CTMYECKNX MOJENed C y4eTOM COOCTBEHHBIX peasHid.
ITo cooluieHno COBMECTHOIO KOMHTETa 10 JIOTHCTHKE
Toproso-npomsInuIeHHON mNanaTel Poccun xomMnaHum
AKTHUBHO BHEAPSIOT HH(GOPMANHMOHHBIE TEXHOJIOIHUU
B OM3HEC, B TOM YHCIIE B JIOTHCTHUECKYIO cdepy, UTO IIo-
3BOJIMJIO COKPATHUTh 3aTPaThl Ha epeBo3kH [5—7]. OmHako
OKCIIEPTHl OTMEYAIOT, YTO MCIIOIb30BaHHE HH(OpMAIH-
OHHBIX TEXHOJOTHU, T. €. MPOrPaMMHOr0 OOEeCIedeHHs,
BO3MOXKHO TOJBKO TOTJd, KOIJa OHO aJalTHPOBAHO
K KOHKPETHOH OpraHM3aliy 1 J0paboTaHo ee creuuaiu-
CTaMH.

Metonosiorust uccaeaosanusi. Hamu nposoauiocs
UCCIIeIOBaHNE JOTHUCTUYECKON CUCTEMBI MPOU3BOACTBEH-
HOTO Npeanpusarusi, koropoe nonssyerca ERP-cucremoit
«Anpda» — HHTErpUPOBAHHOW CHCTEMOW YIIpaBJICHUS,
KOOPIMHHPYIOIIEH paboTy pecypcaMil MPEIIPHUsTHS, JIOTH-
CTUKOM M LEISIMHU ITOCTABOK, YIPaBiI€HHUE IPOU3BOICTBOM.
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B xome cocraBieHMs KapThl II0TOKa MaTepUalIbHBIX
LICHHOCTEH METOJIOM INPHUMEHEHHUs] MO3TOBOIO MITypMa
OBUTH BBISBJIICHBI CIEAYIOUINE IPOOIEMBI, CIIOCOOCTBYIO-
e HaKOIUICHUIO MaTepHaIbHO-TEXHIIECKNX LIEHHOCTEN
Ha CKJIaJax OT/ela CKIaJCKOTO XpaHEHHS TPeIPUSsITHS:

1. OrcyrcTByeT cTaHmapT Iepenadd WHPOPMALUU
MEXIYy TOIAPa3[ClICHUsIMH O TIPUXOAE M IpPUEMKE
TOBapHO-MAaTEePHAIBHBIX IIEHHOCTEH, WHpOpManus 00
HE JIOXOAMT JI0 KOHEYHOTO MOTPEOUTENS], THO0 SBISETCS
HeakTyaJbHOW. B mporecce mnepenaun wuHbopMauu
HE WCIOJIB3YIOTCS WJIM HCIIOJIB3YIOTCS B HEOOJIBIION
CTeNeHNn MH(OPMALMOHHBIE CHCTEMBI, IPOrPaMMBI MIpe-
npusitis. B GonbioM o0beMe MPHUCYTCTBYET OyMaKHBIN
JIOKYMEHTOO0OPOT.

2. OTcyTcTBYeT IICHTPAJIM30BAaHHOE  YIPaBIICHHE
JIOTHCTHKOM MPEINPHUATHS, KaXKIbIii 0TAen padoTaeT 060-
COOJICHHO, BBINOJHSSI CBOM KOHKpETHBIE 1enH. HeT koop-
JIMHALUY TIpoIiecca MEPEMEIEHHS TPY30B 110 BCEH IIeMouKe
MIOCTABOK.

Pe3yabTathl padoTsl. B xoxe nposenenus uccneno-
BaHMsl Oblla paspaboraHa cxema npueMku (puc. 1),
pasMelleHuss M XpaHeHUs MaTepuallbHO-TEXHHYECKUX
nennocreir (MTLI), koTopast TOMOXKET OTAETY CKIAJCKOTO
XpaHEHMsI, TIOJIpa3/IeNeHHIO (anee — DKCIEANINS) U YIIpaB-
JICHUIO 3aKYMOK PEIINTh BBIICH3JIOKECHHBIC MPOOIIEMBI.
Ha cxeme mnoka3aHo, 4To HH(OPMAIMOHHAs CHCTEMa,
MIOJYYNB YKa3aHHWE OT YNPABICHUS 3aKYIOK O MPHOBITHN
TPY30B, HPEAOCTaBIseT HHOOPMAIMIO B OKCIEAUIHIO,
OTIEN CKIAJICKOTO XPAaHEHHUS, YNPaBICHUE ABTOMOOMIIb-
HOTO TPAHCIOpPTa U TMOJpPA3JeICHUSI-3aKa3dUKH 00 OKH-
JJaEMOM BPEMEHH NPHOBITHA Ipy3a. DKCIEANIHS HaHUMA-

eT MalMHy B ynpasiieHnu aBtoTpancropra (YAT), mo-
JKET 3apaHee CIPOTHO3UPOBATH 0OBEMBI IIOCTABKHU, KOJIU-
YECTBO TPY30B, ONPEICIUTh ITOTPEOHOCTH B TPAHCIOPTE,
TEM CcaMblM DOSKOHOMS BpeMs Ha  IOTPY304HO-
pas3rpy304HbIE olnepanyy 1 u30erast CKIagupOBaHUS TPY-
30B. DKCHEOUIHs COOOIIAaeT MOCPEACTBOM HH(pOpMAaNu-
OHHON CHCTEMBI O KOJHMYECTBE IPy3a, CPOYHOCTH, JAET
nHPOPMALIMIO HAa CKIAIbl, KaKOW CKIaa W Kakod Tpy3
xnet. Ckiaapl COOOIIA0T MOAPAa3IeICHHsIM, TPYIIIa MpH-
E€MKH COOOILIaeT B YNpaBJICHHE 3aKyNOK O IOJy4YEeHHU
IPY30B, BONPOCHI M MpOOJEMbI pelIaloTcs 0e3 MmoTepu
BpeMeHHU. 'py3 BblIaeTcsl B MOApA3ACICHUS, UCXOAS U3
3apaHee COPMHUPOBAHHOM B CUCTEME 3asBKH, TPAHCIOPT
nox rpy3 3akaszad B YAT. Takum o0Opa3oM, pOUCXOANUT
SKOHOMHSI BpPEMEHH IIPUEMKH TOBAapOB W IOIyYCHHUS
KOHEYHBIM I10JIb30BATEIIEM.

Ha puc. 2 mpeacraBineHa MOAENb MpoLecca yrpasie-
HUS 3aKynKaMmu. Mojenp MOCTpOeHa Ha OCHOBE Ipolec-
CHOTO MOAX0Ja («BXOA—CBIPBE», «BBIXOJ] — MPOIYKT MpPO-
MBIIIJICHHOTO HA3HAYEHHS»), YTO TO3BOJSIET KOOPAMHH-
POBAaTh MPOLIECC YIPABICHUS 3aKyTKaMH.

HoBu3Ha pgaHHOM MOJEIHM COCTOMT B TOM, YTO OBLI
JIopaboOTaH U BBIZIETICH OJIOK B CTPYKTYpe, KOTOPBIi obec-
MEYMBACTCSI AyTCOPCHUHIOM — IPUBIEYEHUEM KOHCYIIb-
TAHTOB Ha CHEIUATM3UPOBAHHBIC TPOCKTHI.

IMoacnucTema omepaTHBHOTO YNPABICHUS 3aKyINKaMH
MOJTy9aeT OT CTPATEeTHIecKoro ynpasieHus (3tam 1) mep-
BOHAYaIbHBIE ¥ OTKOPPEKTUPOBAHHBIE IUIAHBI IPHOOpe-
TEHHSI U MCIIOIb30BaHMS BHEIIHUX PECYPCOB U KPUTEPHUU
(opMupoBaHHUS TPOM3BOJACTBEHHOTO 3aKa3a (IOTOKH
«3asiBkm», «[IpeaBapurenbHbie TpaQuKm»).

1. 3aka3 aBTOTpaHCHOPTA
2. Omnpepenenne NOTpeOGHOCTH

1. 3asBKa B TPaHCIIOPTE
Ha JIOCTaBKYy / \
5(@ E uc
h Wupopmarmon-
Has CUCTeMa ‘
™ uc
e 2
1. 3aka3 roros
2. Bpems moctaBku 1. Coobuiaer, Kakoii rpy3 uaeT
2. Coo0maer 0 CpOYHOCTH
HOCTaBKU
. & HC i (CR
ayaJbHUK
uc
TUIOIIA KK
v I'pynna
Hauansauk TIPUEMKH — UC > y3y

Puc. 1. Ilpuemka, pasmemnienue u xpanenue MTLI, koopauHupyeMbie HHGOPMAIMOHHON CHCTEMOM:
VAT — ynpaenenue tpancnoptom; MC — undopmanmonHas cucrema; Y3V — ynpaBiieHHE 3aKYIIOK

Fig. 1. Acceptance, distribution and ITC storage, coordinated by the informational system
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B cBoto ouepensp, mojacucTeMa ONEpaTHBHOIO YIIPaB-
neHust (3ram 2) ¢ ONpesieNeHHOW NEepUOJUYHOCTHIO Ha-
MPaBIAe€T B TIOACHUCTEMY CTPATETHUECKOTO YIPaBICHUS
OTYETHBIC JIaHHBIE O COCTOSHHHM PECYpCOB M BBITyCKE
MIPOLYKINH, KOTOPBIE HCIONB3YIOTCS I OCYLIECTBICHHUS
CTPATErn4eCcKOro KOHTPOJSI U CTPATETUYECKOTO PETyIIH-
POBaHMS 3aKYIOK B JIOTHCTHYECKOH CHCTEME.

JlaHHas MoIenb YKPYHMHEHHO COCTOHMT U3 IBYX 3Ta-
noB. Ha nepBom atarne (puc. 3) BbISBIsIETCS TOTPEOHOCTH
B Marepuajlax M KOMIUIEKTYIOUIMX COTJIACHO IUIaHY
BBIITyCKa Mpoaykuuu. Ha gaHHOM sTarne aHanu3upyercs
BHEIIHSST MH(GOPMAIHMS OT MOCTaBIINKOB, ONPENEIISIOTCS
IIpeaBapuTeNbHble Tpaduku MOTPEeOHOCTH B 3aKyIKe
HEOOXOMMBIX MaTepHaJIOB U KOMIUIEKTYIOUIUX C YYETOM
CYIIECTBYIOIIMX HOPMAaTHUBOB, OCYIIECTBISETCS IPOJIOH-
ranusi I0T0BOpa ¢ MOCTAaBIIMKAMH B Pe3yJIbTaTe IIPOBEIe-
HUSI MOHHUTOPHHIA BBINIOJHEHHUS YCIOBHH JIOTOBOPOB
110 CPOKaM, II€HaM, KOJIMYECTBY, KAUeCTBY U JIPyTUM Iia-
paMeTpaM NOCTaBOK M HEOOXOAMMOTro AJSI HUX CEPBHUCA,
a TaKKe BEJETCS IIOUCK HOBBIX IIOCTaBILUKOB, €CIH
B 3TOM €CTh HEOOXOMMOCTb.

Best moctynatomas peiHo4YHast vHGpopManus (IpOrHO3bI
LIEH Ha PeCypchl, BeJIMYMHA WHQIIAMH, CIIPOC HA IIPO-
JQYKIUIO TPOMBIIUIEHHOTO HA 3HA4YeHWs U T. 1.) oOpaba-
TBIBACTCS B IUIAHOBO-3KOHOMHUYECKOM OTJIElIE, T1Ie U pa3-
pabaTeiBaeTCsl BIIOCIEACTBUU AlTOPUTM (POPMHPOBAHUS
ONTHUMAJILHOM NPOM3BOACTBEHHOM MpPOrpaMMbl, IMPOBO-
JSITCS. COOTBETCTBYIOIIME 3KOHOMHYECKHE DPACUETHI LIS
BBISIBIICHUS] OOILIMX 3aTpaT Ha OCYILECTBIEHHE BCEX OIle-
pauui.

B cooTBeTcTBUM C yTBEPXkKIECHHBIM ILUIAHOM ITOCTaBOK
Ha BTOpOM 3Tarne (puc. 4) pemarTcs BOMPOCH CKIaIUpo-

BaHUs, TPAHCIIOPTHPOBKU MATEPHAJIOB M KOMIUICKTYIO-
IIMX BHYTPH NpEANpUsITHs (B MPOU3BOACTBECHHBIC II€Xa,
BCIIOMOTATENbHBIE MOIPA3IeIeHUs MPEAIPUITHS) Ha OC-
HOBAaHWU TOKYMEHTOB, PETJIAMCHTHPYIOIIUX STH CQepsl
NESTENPHOCTH, a TaKKe ONpPEHeIIOTCS BpPEMEHHBIE
MHTEPBAJIBI MX MOCTYIUICHHS HA CKJIAJ M YaCTOTa ITOCTABOK.

3akmouenune. KoopauHarusi OeHCTBUI W B3aUMO-
CBS3b MEXAY BCEMH NOApA3eNeHUSIMH IPEIIpUATHS,
YCTaHOBJIEHUE JIEJIOBBIX OTHOIICHHWH C TOCTaBIIMKAMHU
U OTPEOUTENSIMI 00ECIIEYHBAIOT BBEACHUE NPEATIPUSTHS
B €IMHYI0 MaKpOJOTUCTHYECKYIO CHCTEMY, a TaKXkKe KO-
HOMHYECKHIA, MPOU3BOJCTBEHHBI W OpraHH3aIMOHHBINH
3P PEKTHI.

[MomoxutenbHBIMU  3PGEKTaMH OT HCIIOIH30BAHUS
WHPOPMALIMOHHOW CHCTEMBI B KaueCTBE OCHOBBI YIIPaB-
JICHUS JIOTECTUYECKUMHU TIOTOKAMHU BHYTPH MPEIIPUSTHL
MOXKHO Ha3BaTh pETJIAMEHTAIIMIO IIpoIecca IPUEMKH,
nostydueHus u xpanenuss MTLL, crangapTuzanuto npouec-
ca mepenaur HMHGOPMAILMHA MEXAY MOAPa3IEICHUIMH,
MOJy4eHHe aKkTyalbHOW MH(OpMALMK B KOPOTKHUIl CPOK,
OTIpe/IeNIeHN e TPAHMI] OTBETCTBEHHOCTH YYaCTHUKOB IMPO-
necca, MNOBBINICHUC YPOBHA aBTOMATHU3allMU IIPOLECCOB
IpHUeMKH, pa3MereHus u xpaHenus MTII, cokpaienue
BIIMSIHASL YEJIOBEUECKOTO (PaKTOpa, COKpAIICHUE BPEMEH-
HBIX MOTEPh, COKpAIICHUEe OYMaKHOTO JOKYMEHTO000PO-
Ta. B mpomecce M03roBoro mrypmMa Takke ObLIa Mpensio-
JKeHa HJesl BBIACTICHHS OTIEIBHOTO MTOIPpa3IeIeHuUs JIOTH-
CTHKH TIPEANPHUATHS, TaK KaK YBEIWYHBAIOTCA OOBEMBI
MEPEeBO30K KaK IO CTpaHe, TaK W 3a pyOekoM, MPUCYTCT-
ByeT HEOOXOAMMOCTh YETKOH KOOpAWHALUH JIBHIKEHHS
MaTepHAIBHBIX IIEHHOCTEH KakK Ha TPEeNNpHATHH, TaK
U OT IIOCTAaBLIHUKOB.
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| rd - \
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[ 7 \ ~
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- | |
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Puc. 2. Moaens npouecca ynpasieHus 3aKyIKaMu

Fig. 2. Model of the process of purchasing management
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Fig. 3. The 1st stage of the model of the process of purchasing management
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