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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.
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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.
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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
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of test results
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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
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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.
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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.
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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.

References

1. Bezmozgii I. M., Sofinskii A. N., Chernyagin A. G.
[Modeling vibration of spacecraft techniques]. Kosmi-
cheskaya technika i technologii. 2014, No. 3 (6), P. 71-80
(In Russ.).

2. Solovieva T. 1., Shatrov A. K. [Complex analyses
of spacecraft dynamics]. Vestnik SibGAU. 2007, No. 2 (15),
P. 201-206 (In Russ.).

3. Balyakov D. F. [Analyses of joint stiffness and
natural frequencies of vibration system]. Engineering and
automation problems. 2017, Vol. 2, No. 2, P. 75-82 (In
Russ.).

4. Senashov S. I. Balyakov. D. F. [Spacecraft dis-
placement simulation]. Izvestiva VUZov. Aviacionnaya
tehnika. 2017, Vol. 59, No. 1, P. 55-60 (In Russ.).

5. Balyakov D. F., Egorov D. V., Shirokova N. N.
[Verification and spacecraft design]. Sbornik trudov X
Vserossiiskoi konferencii studentov, aspirantov i molodyh
ychenyh “Aktyalnye problem aviacii i kosmonavtiki”
[Proc. X conf. of student, postgraduate student and scien-
tist “Actual problems of aviation and cosmonautics”].
Krasnoyarsk, 2014, P. 496-497.

6. Shimkovich D. G. FEMAP & NASTRAN Injenernii
analiz metodom konechnyh elementov [FEMAP &
NASTRAN Engineering analyses with finite element
method]. Moscow, DMK Publ., 2008, 701 p.

7. llienko U. E., Kylakova K. P., Zuev N. N. [Oscilla-
tion and dynamics loads of launch vehicles and space-
craft]. Technika vozdushnogo flota. 1999, Vol. 5, No. 5,
P. 24-34 (In Russ.).

15

8. Ruchkov S. P. Modelirovanie konstrykcii v srede
Femap with NX Nastran [Costruction modelling in Femap
with NX Nastran]. Moscow, DMK Publ., 2013, 784 p.

9. Bate N., Vilson E. Chislennye metody analiza i metod
konechnyh elementov [Numerical method and finite-
element method]. Moscow, Stroizdat Publ., 1982, 448 p.

10. Perelmuter F. V., Slivker V. 1. Raschetnye modeli
sooruzheniy i vozmozhnost’ ikh analiza [Models of con-
struction and analyses]. Moscow, DMK Publ., 2011, 709 p.

11. Rudakov K. N. USG Femap 9.3. Geometricheskoe
i konechnoelementnoe modelirovanie [USG Femap 9.3.
Geometrics and finite-element modeling]. Kiev, DMK
Publ., 2009, 180 p.

12. Filin A. P. Prikladnaya mehanika tverdogo de-
formiruemogo tela [Mechanics of rigid body]. Moscow,
Nauka Publ., 1981, 480 p.

13. Balyakov D. F. [Damping models of mechanic
oscillation]. Reshetnevskie chteniya Materialy XX Mezdy-
narodnoi konferencii [Proc. XX Int. conf. “Reshetnevskie
chteniya”]. Krasnoyarsk, 2016, P. 116-118 (In Russ.).

14. Senashov S. 1. Balyakov D. F. [Identification of
displacement] Materialy VII Mezhdynarodnoi konferencii
po matematicheskomy modelirovaniu [Proc. VII Int. Conf.
Of mathematics modeling]. Yakutsk, 2017, P. 152 (In
Russ.).

15. Streng G. Lineinaya algebra i ee primenenie [Linear
algebra]. Moscow, Mir Publ., 1980, 454 p.

Bbub6auorpadguyeckue ccblIKM

1. beamosrnii Y. M., Codunckuii A. H., Yepnsrun A. T.
MogenupoBanue 3aiad BHOPONPOYHOCTH KOHCTPYKITHIHA
PaKeTHO-KOCMHUYECKOM TexHuKH // KocMudueckast TeXHUKa
u TexHosoruu. 2014, Ne 3(6). C. 71-80.

2. ConoseeBa T. U., Hlatpos A. K. KommuiexcHsIit
MOJXO0J K aHaJM3y JAWHAMUYECKOI'O TOBEJICHUS CITyTHH-
koB // Bectauk Cu6I’'AY, 2007. Bemr. 2(15). C. 201-206.

3. banskos JI. @. BrusiHue >KeCTKOCTH CTHIKA HA CO0-
CTBEHHBIE 4YacTOThl KoyiebaHuii cucremsl // [Ipobiemsl
MAaIIuHOCTpOeHU 1 aBroMarm3arwn. 2017. Ne 2. C. 75-82.



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 19, Ne ]

4. Cenamos C. U., Banskos [I. ®. MoaenupoBaHue
NepeMelieH!i KOHCTPYKIMH KOCMHMYECKOro armmapara //
W3Bectust By30B. ABmanmoHHas Texamka. 2017. Ne 1.
C. 55-60.

5. bamsixos 1. @., Eropos . B., Hlupokosa H. H.
Bepudukanus kak HeoTheMIIeMas 9acTh IPOSKTHPOBAHUS
kocMmudeckoro ammapara. Co. Tp. X Beepoccuiickoii KoH-
(epeHLNr CTYIeHTOB, ACIUPAHTOB M MOJOJBIX YUYEHBIX
«AKTyaJIbHblE TPOOJEMBbI aBHALMH W KOCMOHABTHUKUY.
Cub. roc. aspokocmuu. yH-T. KpacHosipck. 2014. C. 496-497.

6. Hlumkosuy JI. I'. FEMAP & NASTRAN, Hnxe-
HEepHBII aHAJM3 METOJOM KOHEYHBIX 3JIEMEHTOB. M. !
JMK IIpecc, 2008. 701 c.

7. Pacuersl ynpyrux KosiebaHMH M JUHAMHYECKHX
HATPYy30K paKeT-HOCUTENEeH KOCMHYECKHX amiaparoB /
IO. E. Unsenko, K. I1. Kymnakosa, H. H. 3yeB // Texauka
Bo3aymHOTO (piota. 1999. Ne 5. C. 24-34.

8. PerukoB C. II. MopgenmupoBanue KOHCTPYKIHI
B cpeae Femap with NX Nastran. M. : JIMK Ilpecc, 2013.
784 c.: un.

9. bare H., Buncon E. Uncnenusie MeTOAbI aHATIN3A U
METOJl KOHEYHBbIX 3jeMeHTOB. M. : Crpoiinzaar, 1982.
448 c.

10. Iepensmytep A. B., Causkep B. U. Pacuernbie
MOJIENI COOPY)KEHHH M BO3MOXKHOCTH MX aHaim3a. M. :

CKAJ] CODT, Accouunanus CTpOUTENBHBIX By30B, JIMK
Ipecc, 2011. 709 c.

11. Pynaxos K. H. USG Femap 9.3. 'eomerpuueckoe
U KOHEYHO-3JIECMEHTHOE MOJEINPOBAHNE KOHCTPYKIIHH.
Kues, JIMK TIIpecc, 2009. 180 c.

12. ®wmn A. II. TlpuknangHas MeXaHHWKa TBEPIOTO
nedopmupyemoro tena. M. : Hayka, 1981. 480 c.

13. banskoB JI. ®. Mogenu nemrndupoBaHus Mexa-
Hudeckux kojebanuii / J[. @. Bamskos // PemetHeBckue
yreHus: Marepuanbl XX MexayHap. koud. KpacHosipek,
10—14 Hos0pst 2016 1. KpacHosipck, 2016. Bem. 20. T. 2.
C. 116-118.

14. CenamoB C. M. OcobGeHHOCTH HAEHTH(UKALNU
napasuTHeIX nepemertenuii / C. M. Cenatuos, [{. @. bans-
koB // Marepuansl VII MexayHap. koH(}. IO MaTeMaTu-
gecKkoMy MonenupoBaHuio. Sxyrck, 04-08 mroms 2017 r.
Sxyrek, 2017. Bem. 2, T. 1. C. 152.

15. Crpenr I'. Jluneiinas anreOpa ¥ ee NMPUMEHEHHUS.
M. : Mup, 1980. 454 c.

© Balyakov D. F., 2018



	1.1

