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Introduction. Precision elements of the target equipment and
sensitive elements of the stabilization and orientation system
of the advanced spacecraft are considered in the framework of
this research. A method and software for modeling the dynam-
ic characteristics of these elements are developed and validat-
ed. At that, the processing data results from the experimental
studies on active and passive oscillators are taken into account.
Materials and Methods. 1t is shown how the method of
weightlessness provides simulation of the conditions that as
much as possible conform to the real-time use of advanced
space vehicles, precision structural elements, target equipment
and their drives. Schemes of the corresponding experimental
facilities are presented. Mathematical modeling methods,
techniques of machine mechanics and dynamics are applied.
Basic parameters of the proposed design dynamics, which are
governing parameters in terms of the implementation of the
target functions of the spacecraft, are calculated. Rational ver-
sions of layout and approximate cycle patterns of the operation
of advanced space vehicles are formed to reduce micro-
perturbations from driving gear with rotating masses.

Research Results. A simulation technique for the dynamic
characteristics of the drives of advanced space vehicles con-
sidering the regular oscillator operation is developed and vali-
dated. A complex of methods is presented for solving the
problems of identifying dynamic parameters of a mathematical
model of an advanced spacecraft based on the processing data
results obtained through the experimental testing of active and

passive oscillators. Two types of vibration from flywheel en-

* The research is done within the frame of the independent R&D.

Beéeoenue. B pamkax DaHHOTO HCCIENOBAHHSA PAaCCMOTPEHBI
MPEI3HOHHbBIC AJIEMEHTHI IIeJICBOH ammapaTypbl U 4yBCTBH-
TEJIbHBIE JJIEMEHTHl CHCTEMBI CTa0WIM3AlUM W OpPHEHTAINU
MEPCIEKTUBHBIX KOCMHYECKHX amnmaparoB. OOOCHOBaHBI M
pa3paboTaHBl METOI M NPOrpaMMHO-AITOPUTMHIYECKOe obec-
MeYCHHE MOJENUPOBAHUS UHAMHYECKHX XapaKTEPHCTHK
YKa3aHHBIX 3JeMeHTOB. [Ipn 3TOM ydTeHBI pe3ynbTaThl oOpa-
OOTKM JaHHBIX MO IKCHEPUMEHTAJIbHBIM HCCIIEOBAHHSIM aK-
TUBHBIX M TACCUBHBIX OCIIUITOPOB.

Mamepuanvt u memoowt. TlokazaHo, KaK METOJ 00€3BEIINBA-
HUS TIO3BOJISIET BOCCO3JATh YCJIOBHS, MAKCHMAIIEHO COOTBET-
CTBYIOIINE PEabHOW JKCIUTyaTaluHl MEePCHEeKTHBHBIX KOCMH-
YECKHX allapaToB, MPELUU3HOHHBIX 3JIEMEHTOB KOHCTPYKIIHH,
LENICBON anmapaTypbl U UX MPUBOJIOB. [IpencTaBieHsl CXeMbl
COOTBETCTBYIOIINX KCIEPUMEHTANBHBIX YCTaHOBOK. Mcnoub-
30BaHbl METOJbI MaTeMaTHYeCKOTO MOICIHPOBAHHS, METOJBI
MEXaHWKH U IMHAMUKH MalliH. PaccunuTaHbl OCHOBHBIE Mapa-
METpPBI ANHAMHKH NPEAIaraeMoil KOHCTPYKIIUH — OIIPEaesi-
IOLIME C TOYKH 3PEHUs pealn3aliii IeNeBbIX (YHKIHHA KOC-
mudeckoro ammapara. CopMHpOBaHBI palMOHATIbHBIE BapH-
aHTBl KOMITOHOBKH ¥ MPHMEPHBIX MUKIOTPaMM (PYHKIIHOHH-
pOBaHUs MEPCIEKTUBHBIX KOCMUYECKHUX alIapaToB C ILENbI0
CHIDKCHHSI MHKPOBO3MYILEHHH OT TPHUBOIHBIX YCTPOHCTB C
BPANIAIONIAMHUCS MacCaMH.

Pesynemamul uccreoosanus. O60CHOBaH U pa3paboTaH METOX
MOJICTUPOBAHNS JIHHAMAYECKAX XapaKTEPUCTUK TIPHUBOIOB
NEPCIIEKTUBHBIX KOCMHUYECKHUX allapaToB C YyU4E€TOM (I)yH](LlH—
OHHPOBAHMS IITATHBIX OCHWILIATOPOB. lIpencraBieH KoM-
IUIEKC METOJHK PEIIeHUs MpoOiieM WACHTHOUKAIIMA JUHAMHA-
YEeCKHX IMapaMeTpOB MaTeMaTHYECKOW MOJENH IMEepCIeKTHB-
HBIX KOCMHYECKHX allapaToB C y4ETOM pe3yJbTaToB oOpa-
60TKI/I JAHHBIX, MOJY4a€MbIX IIPpHU 3KCHepHMeHTaﬂbHOﬁ oTpa-
0OTKe aKTUBHBIX M MMACCHBHBIX OCHIIUIAITOPOB. OTMEUEHHI 1Ba
BUJa BUOpalMu OT JBUraTened MaxoBHKOB. IlepBriif: mo ko-
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gines are noted. The first type is according to the commands of
the position control and stabilization control system. The se-
cond type is due to residual imbalance from the solar constant
meter. It is shown how these vibrations affect the dynamic
characteristics of the gyro mounting seats and of the multi-
spectral scanner for hydrometeorological support of the space-
craft. The data obtained are meant to solve the problems of
assurance of the dynamic accuracy of advanced space vehi-
cles.

Discussion and Conclusions. A technique for modeling the
dynamic characteristics of advanced space vehicles when op-
erating in the precision orientation mode is proposed. The
solution is based on the results of theoretical and experimental
studies presented in the paper, and it considers the operation of
standard oscillators. The implementation of this method is
brought to software and algorithmic support for assessing the
dynamic characteristics of standard oscillators of an advanced
space vehicle. Recommendations to reduce the effect of active
oscillators are established. Initial data are selected to deter-
mine the dynamics of advanced space vehicles from the point
of view of fulfilling their target functions. The layout and ap-
proximate cycle patterns of the operation of advanced space
vehicles to identify the driving gear with rotating masses as

sources of micro-perturbations are proposed.

Keywords: amplitude of oscillations, damping ratio, dynamic
accuracy, spacecraft, mathematical simulation, method, micro-
perturbation, displacement, precision stabilization, drive, soft-
ware and algorithmic support, velocity, acceleration, oscilla-
tion frequency.
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MaHZaM CHUCTEMBI YIIPaBJICHUS! OpHCHTAalWed M CTa0MIn3anu-
eil. Bropoii: 00yciaoBIeHHbBI OCTaTOYHBIM IUCOATIaHCOM, OT
H3MEPUTENSI CONHEYHON nmocTosHHOM. [loka3aHo, kakuM o0pa-
30M 3TH BHOpAIMN BIMSIOT Ha JMHAMHYECKHE XapaKTePHCTH-
KU [IOCAJO0YHBIX MECT TMPOCKOIMMYECKOIO M3MEPHUTEINs BEKTO-
pa YIrIIOBOH CKOPOCTH W MHOTO30HAJIBHOTO CKAaHHPYIOLIETO
YCTPOICTBA IMAPOMETEOPOIOIHYECKOT0 00ECTICUEHHSI KOCMH-
4eckoro ammapara. [loyueHHbIe JaHHbIE TPEeAHa3HAYEHbI UL
penieHus 3agad 00ECIEeUYeHHs] THHAMHUYECKOH TOYHOCTH Hep-
CIIEKTUBHBIX KOCMHYECKHUX alIapaToB.

Obcyscoenue u 3axaroyenus. TIpennoxkeH METo] MOACTHPOBa-
HHS JMHAMHYECKHX XapaKTEPUCTHUK NEPCHEKTHBHBIX KOCMH-
YEeCKUX amllapaToB NpH (QYHKIMOHMPOBAHUH B PEXHME IIpe-
[3HOHHOI OpHeHTanuu. PelmeHne OCHOBaHO Ha IPEACTaB-
JICHHBIX B cTaThe pe3yibTaTax TEOPETHKO-
IKCIIEPUMEHTAIIBHBIX HUCCIEAOBAaHUH M YYHTHIBaC€T pPaboTy
IITATHBIX OCHMULITOPOB. Peanu3anust yKa3aHHOTO MeToja
JIOBEJICHA JI0 IMPOrPaMMHO-aITOPUTMHYECKOTO 00eCIIeueHUs
OLICHKU JTMHAMUYECKHX XapaKTePUCTUK MITATHBIX OCLHILIATO-
POB MEPCIEKTUBHOTO KOCMHUYECKOro ammapara. OO0CHOBaHBI
PEKOMEHallMK 1O CHIDKCHUIO BIMSHUS aKTHBHBIX OCIIMIIIS-
TOpOB. BBIOpaHbI MCXOAHBIC JaHHBIC AJIS OIPEACIICHHS JHHA-
MHKH TIEPCIEKTHBHBIX KOCMHYECKHX allapaToB ¢ TOYKH 3pe-
HMS BBINOJHEHHS MX LeNeBbIX (QyHKuui. IIpeanoxeHbl KOM-
NOHOBKA M HPHMEpHbIE HHKIOrPaMMbl (YHKIHOHHPOBAHHUS
MEePCIEKTUBHOTO KOCMHYECKOTO amnmapara C Lelbio BBISBIIE-
HMSl IPUBOJHBIX YCTPOWCTB C BPAILAOIIMMUCS MaccaMH Kak
HCTOYHUKOB MUKPOBO3MYIIICHHH.

KnwueBble cjioBa: aMIinTya KoineOaHui, TeKpeMEHT 3aTy-
XaHHUs KOJIeOaHWi, JWHAMHYECKAas TOYHOCTh, KOCMHUYECKUI
anmapar, MaTeMaTHYeCKOe MOJCIMPOBaHHE, METOJl, MHUKPO-
BO3MYIIICHHE, IEPEMEIICHNE, MPEIM3UOHHAsS CTaOWITU3aIIns,
NPUBOJI, MPOTPAMMHO-AITOPUTMHYECKOEe O0ecreYeHune, CKO-
POCTh, YCKOPEHHUE, YaCTOTa KOJICOAHUIA.

Oopasey ona yumuposanus: TeOpPETUUECKHE OCHOBBI MOJIE-
JUPOBAaHUs JUHAMUYECKUX XapaKTEPUCTHUK IPHBOJOB Iep-
CIIEKTHBHBIX KOCMUYECKHX allllapaToB ¢ y4eTOM (yHKIHOHH-
poBanus ocummiatopos / A. H. Cosa [u ap.] // Bectauk JloH-
cKkoro roc. TexH. yH-ta. — 2019. — T.19, Ned4. —
C.317-327.  https://doi.org/10.23947/1992-5980-2019-19-4-
317-327

Introduction. At the present stage of development of the aerospace industry, some practical tasks of maintain-

ing the dynamic accuracy of the angular and linear movements of precision structural elements (PSE) and target equip-
ment (TE) of advanced spacecraft (SC) under the impact of internal disturbance sources, remain relevant. Such sources
are devices, tools and drives of the spacecraft and scientific hardware. Moving and rotating masses of the specified
equipment under the precision guidance modes generate vibrational disturbances [1, 2]. In the course of theoretical and
experimental studies, a complex of the following particular research problems was solved [3, 4].

1) Analysis of the requirements for modern spacecraft with precision stabilization depending on their purpose
and the scientific hardware installed on them. The goal is to unify these requirements.

2) Classification and analysis of the major sources of internal disturbances. The goal is to determine the most
active vibration sources and to identify the possibility of weakening and (or) eliminating their effects.

3) Validation and development of experimental methods and means for determining micro-perturbations, as
well as methods for their mathematical modeling.

4) Conducting experiments to determine the dissipative properties of spacecraft structures at low levels of dis-
placement (of order of 0.5 microns).

5) Validation and development of sufficiently accurate mathematical models of spacecraft and scientific hard-
ware for the analysis of dynamic accuracy in both the low-frequency and medium-frequency regions of disturbances.
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6) Validation and development of mathematical modeling methods to study dynamic accuracy considering the
experimentally determined parameters of perturbations.

7) Analysis of the study results on dynamic accuracy and general requirements for its parameters for an ad-
vanced spacecraft including TE. Following this analysis, to justify and develop subrequirements for vibration activity of
the major sources of internal disturbances.

Materials and Methods

Research objective. Schemes of experimental facilities are proposed, the implementation of which using the
method of weightlessness provides conditions that are most compliant with the actual operation of advanced SC, PSE,
TE and their drives [3—5]. Mathematical simulation and experiments enabled to validate and develop proposals on cor-
recting the dynamic characteristics of PSE and TE of advanced SC under the effect of internal disturbance sources.

Methods for solving the research problem. To solve the research problems, mathematical model approaches,
techniques of mechanics and dynamics of machines were applied. A method for modeling the dynamic characteristics
of advanced SC when operating under the precision guidance mode considering the operation of standard oscillators
and a method for processing the experimental study results of micro-perturbations are proposed.

Pilot unit schematic. To solve these problems, experimental research schemes are implemented (Fig. 1).

Weightlessness system

Load simulator

Fastenings of load simula-
tor to module output shaft

Drive module output shaft

Attachment points
of drive module to
fixture

A Drive module

Force platform

Fixture of fastening
drive module to
platform

a)

Direction of rotation of module
output shaft with load simulator

Weightlessness system

Load simulator

Fastenings of load simulator to
module output shaft

Attachment points of

drive module to ﬁxtureJ

Fixture of fastening drive <
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Drive module
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Machine building and machine science

319



http://vestnik.donstu.ru

320

Vestnik of Don State Technical University. 2019. Vol. 19, no. 4, pp. 317-327. ISSN 1992-5980 eISSN 1992-6006
Becmuux /lonckozo zocydapcmeennozo mexnuueckoz2o ynugepcumema. 2019. T. 19, Ne 4. C. 317-327. ISSN 1992-5980 eISSN 1992-6006

Attachment points of
drive module to fixture

Drive module output shaft

Fixture of fastening Drive module

drive module to
platform

Force platform

<)

Fig. 1. Schemes for conducting an experiment on a power test bench with load on the output shaft of the drive module: a) horizontal
axis of rotation; b) vertical axis of rotation; ¢) load on output shaft J = 4.75 kgm2

Experimental studies on the selected schemes provided assessing the influence of the gravity field effect and
the weightlessness system on the valid signal [5-8].

Research Results
Method for modeling the dynamic characteristics of advanced spacecraft drives taking considering the

operation of standard oscillators. To provide dynamic accuracy, the research procedure presented in Fig. 2 [8—11] is

specified.

Development of math model for advancing Disturbance source testing to determine
'E of micro-oscillations from disturbance their force and moment impact on SC design

sources to places of precision TE

Calculation of TE dynamic

2 response to impact of micro-perturbations
TE performance evaluation under conditions Development of requirements for acceptable
of micro-oscillations caused by the action of vibrational impact on attachment points of
3 disturbance sources devices

When necessary

Introduction of the necessary structural
4 modification to SC design and/or
disturbance sources

Recurrence of performed operations starting
from point 1 until the necessary
5 characteristics are obtained

Fig. 2. Research procedure adopted under the development of dynamic accuracy

In addition, micro-perturbations of physical free-scale models of the advanced SC were experimentally inves-
tigated. When analysing the information obtained through the experimental testing of active and passive oscillators,
problems arise in identifying the dynamic parameters of the product mathematical model. This paper presents ways and
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methods to solve these problems.

Method for processing the experimental study results of micro-perturbations of advanced SC. The tech-
nique for determining the major parameters of a dynamic circuit assumes that the obtained free motion sample is a gen-
eral solution to a system of linear differential equations, that is, it has the form [3, 4, 7, 8]:

n
ot .
y(t)=ZAje 7 sin(2nfit+¢;), (1)
j=1
where n is the total number of desired components in the sample; 4; is the amplitude of the contribution of the j-th tone;

) ; is where n is the total number of desired components in the sample; 4; is the amplitude of the contribution of the j-th

tone; f;is the frequency of the j-th tone; ¢ ; 1s phase of the j-th tone of oscillations; 7 is time.

It is necessary to bring this dependence as close as possible to the vibrational part of the signal from the device
obtained via telemetry channels [7, 8]. To fix the identified signal, the following prior operations should be conducted
[3,4,7,8,10, 11]:

- to assign the area of telemetric information at angular velocities or angles, where oscillations determined by
the impact of liquid filling are observed;

- to remove from the received signal the low-frequency and constant components due to the angular movement
of the spacecraft relative to its centre of mass (produced through filtering the low-frequency component and (or) remov-
ing the polynomial trend corresponding to solid-state forms of product motion);

— to bring the signal to a constant recording interval,

— to determine frequency ranges of the major harmonic components of the signal based on the fast Fourier transform
algorithm;

— to displace the signal so that the time of the first measurement in the studied part of the signal corresponds to the
beginning of the time axis (this is necessary for a correct assessment of dissipative and phase characteristics).

The converted signal is used as a tabulated function (x;) when it is approximated by a dependence to determine
the process parameters. When selecting parameters, the least-squares method is used. The parameters 4;, 3, f;and @;

are determined through minimizing [3, 4, 7, 8]:

m n
—Ojxt, _: 2 :
D= Aje P sin@nf it +¢;))° — min, ()
i=l j=1
where x; is the value of the signal obtained through processing the test results; #; are time points corresponding to

measurements of x;; m is the number of measurements; 4; is the amplitude of the contribution of thge j-th tone; & is
damping factor of the j-th tone; f; is frequency of the j-th tone; ¢ ; is phase of the j-th tone.

The simulation results and experimental studies consider the following key factors:

— the number of harmonic components occurring in the sample under study;

— proximity of the frequency arrangement of these components;

— the length of the sample (it determines and provides reliable estimation of the required number of periods of
motion at the lowest frequency);

— signal recording step (it determines the required number of points on the period of motion of the highest
frequency);

— spread of the amplitudes of single motions of the sample components;

— presence of unobservable input effects in the sample.

It is understood that all these factors are interdependent, and their influence on the accuracy and reliability of
the result is determined by their combination. Therefore, the study is carried out for each factor with variation of the
others.

The developed method was tested under the operation of oscillators, as a result of which force factors affect the
attachment points. When determining the frequency response function (FRF) of forces and moments (operation of the
module at the nominal pulse frequency of the step motor (SM) 130 Hz) with account of the kinematic circuit of the
structure, the following sequence of module development was used:

— selection from the data array of the most characteristic measurement results (selection criteria included peak
amplitudes of the measured power parameters and the maximum set of peaks in the FRF of the power parameters);

— analysis of the measurement results of the external background and oscillations of the fastening and weight-
lessness systems in the frequency domain to identify frequencies of noise signals;

— compiling a list of noise frequency ranges for each power parameter;

— filtration of the power parameter variation in the selected results of measuring the noise frequency ranges
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from the initial processes (a special application package is used);

— saving the measurement results of the filtered processes and analysis of their spectra to identify the main
oscillators of the kinematic chain of the module.

Separate module development steps are described in [3, 4, 7, 8, 10, 11].

According to the diagrams presented in Fig. 1, the forces and moments at the module mounting points for three
load cases on the output shaft with inertia values: 1) J; = 1.53 kgmz; 2)J,=6.1 kgmz; 3)J3=7.6 kgmz, were measured.

The purpose of the experiments is to determine how the torque peaks relative to the axis of output shaft rota-
tion depend on the value of the load inertia on the shaft, and then to make a forecast on the torque value for the standard
load. When determining this dependence and torsional rigidity on the output shaft of the module, measurements of the
moment M, relative to the axis of rotation of the output shaft were taken for analysis.

Torsional rigidity was determined from the formula:

e=JAn’f2, 3)

where J; is load inertia on the output shaft, kgm?; f; is the lowest frequency of torsional vibrations relative to the axis of
rotation of the output shaft, Hz; i is the number of the load case on the output shaft of the module.

From the useful signal of the moment (filtration), a process was separated in which this moment changes at the
lowest eigenfrequency of torsional vibrations. This provided the determination of the decrement of vibrations.

The decrements of torsional vibrations of the output shaft at the lowest eigenfrequency with different load cas-
es were determined from the formula:

o= %m(Am IApin) > @)

where 4,, is the acceleration amplitude on the m-th oscillation cycle; 4, , is the acceleration amplitude on the (m + n)-
th oscillation cycle; # is the number of vibrational cycles taken for analysis.

When determining the rigidity of the output shaft and the decrements of torsional vibrations at the lowest ei-
genfrequency, the following sequence of actions was used.

1) Selection of the three most characteristic processes of changing the moment M, for three load cases on the
output shaft of the module.

2) Determination of the lowest eigenfrequency of torsional vibrations. In this case, the frequency range, within
which the value of the lowest eigenfrequency of torsional vibrations assumedly falls, is determined from the maximum
amplitude in the FRF of the moment .. Using narrow-band filtering, narrow frequency ranges in the selected region
are analysed (the criterion of the lowest eigenfrequency of torsional vibrations among the analysed filtered processes is
a monotonic decrease in amplitude in time and with no beating).

3) Values of the lowest eigenfrequency of torsional vibrations and the moment of inertia of the load using for-
mula (3) determine the rigidity of the output shaft.

4) From the obtained time process of the amplitude variation of torsional vibrations at the lowest eigenfrequen-
cy, the values 4,,, 4, + », 1, are determined, and from the formula (2), the decrement of these oscillations is specified.

Specifics of processing the research results of the impact of power factors arising from the operation of
oscillators on the attachment points. The format of the primary measurement data is automatically converted to a
format convenient for graphical presentation and analysis of information. The application of a special program can sig-
nificantly reduce the time of preprocessing of measurement results. To exclude noise signals from the original process,
a special application package is also used.

For each of the measured power parameters (F,, F,, F., M,, M,, M), not only noise signals (e.g., a line electri-
cal interference at a frequency of ~ 50 Hz or a stable external ground disturbance within the frequency range from 16 to
17.5 Hz) are common with all of them, but also their own ones due to the influence of the weightlessness systems and
drive mounting. For each of the power parameters, an average of twelve frequency ranges should be excluded. Accord-
ingly, in each set of measurement results selected for analysis, it is required to exclude different sets of noise signals for
each of the power parameters if the problem of determining the dynamic characteristics of the module considering the
kinematic circuit is solved (in this case, the analysis of the measured force parameters within a wide frequency band
from 0 to 200 Hz). Criteria for selecting the force factor measurement results are as follows: peak amplitudes of force
parameters; maximum set of peaks in the amplitude-frequency characteristics of power parameters.

When processing the measurement results in the problem of determining the module rigidity on the output
shaft and the decrement of oscillations at the lowest eigenfrequency, it is necessary to separate a process, in which the
power parameter variation occurs at the lowest eigenfrequency of torsional vibrations, from the initial signal (filtering).
This procedure is successfully implemented in a special package of application programs [3—4].

Methodology for selecting characteristic test modes and the corresponding measurement results. The
main test patterns and operating modes (pulse frequency of a SM is 130 Hz) of the module were selected with account
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of the maximum approximation to the operating conditions of the spacecraft in orbit. Criteria for choosing the most
characteristic modes to solve the problem are the following:

— no load on the output shaft;

— vertical axis of rotation of the output shaft;

— the sampling frequency of the measurement data is at least 500 Hz (the frequency band under examination
is from 0 to 200 Hz).

The selection criteria for the measurement results to determine the dynamic characteristics of the module due
to the kinematic chain are:

— peak amplitudes of the measured power parameters;

— the maximum set of peaks in the FRF of power parameters.

Methodology for selecting characteristic modes and measurement results to determine the rigidity and
decrement of torsional vibrations of the output shaft of the module. The criteria for the selection of characteristic
modes to solve the task are:

— vertical axis of rotation of the output shaft (see Fig. 1, b);

— three load cases on the output shaft (load value of at least 0.5 kgmz);

— sampling rate of measurement data is not less than 50 Hz (the studied frequency range is from 0 to 10 Hz).

The file selection criterion is peak amplitudes of the measured moment ..

Methodology for determining the dynamic characteristics of a module considering the kinematic chain.
After processing the initial measured signal, a useful signal is formed, which reflects the dynamics of the kinematic
chain links of the module under the SM operation at a frequency of master pulses of 130 Hz. Analysis of the FRF of
each of the power parameters (£, F, F., M, M,, M.) detected the main frequency bands at which the increased ampli-
tudes of these parameters took place. As a result of the studies, time processes and spectra for the forces F, F), F. and
the moments M,, M,, M, were determined. Fig. 3 presents examples of time processes and spectra for the force F, and
moment M,.
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Fig. 3. Time process (a) and spectrum (b) of force F; time process (¢) and spectrum (d)
of the moment M, at a frequency of SM 130 Hz

Results of determining the dynamic characteristics of the module at the lowest eigenfrequency of tor-

sional vibrations of the output shaft. The calculation results are given in Table 1.
Table 1

Frequency characteristics on the parameters of forces F,, F), F. and moments M,, M,, M, when the module operates at
the SM pulse frequency of 130 Hz

No Load parameter Frequency f, Hz (average value of load amplitude is indicated in brackets)
1 FN 0.5+0.9 (0.014); 5+6.1 (0.08); 8.2 (0.04); 12.3 (0.03); 26.2 (0.04); 45 (0.022);
v 91(0.02); 105 (0.014); 130 (0.39); 170 (0.01); 205 (0.04)

5 FON 5+6.1 (0.014); 8.2 (0.02);12.3 (0.02); 26.2 (0.044); 45 (0.014); 91 (0.017); 130
2 » (0.47); 170 (0.02); 205(0.04)
B 3 F,N 0.5+0.9 (0.07); 26.2 (0.04); 45 (0.015); 91 (0.04); 130 (0.1); 170 (0.02)
% 4 M. Nem 0.5+0.9 (0.01); 8.2 (0.0025); 12.3 (0.03); 26.2 (0.025); 91 (0.0026); 105 (0.003); 130
o v (0.3); 170(0.001); 205 (0.0045)
'é 5 M. Nem 5+6.1 (0.016); 8.1 (0.0062); 26.2 (0.016); 45 (0.004); 91 (0.008); 105 (0.005); 130
% ” (0.075); 170 (0.01); 205 (0.0055)
% 6 M. Nem 0.5+0.9 (0.0025); 5+6.1 (0.005); 18.5 (0.004); 26.2 (0.011); 45 (0.006); 105
§~ 2 (0.0018); 130 (0.3); 170 (0.015)
R=)

After processing the initial measured signals by the proposed method, data were obtained to determine the ri-
gidity of the output shaft from the formula and decrements of torsional vibrations. The analysis of torsional vibrations
of the module output shaft was carried out for moments of inertia: 1.53 kg-m?; 6.1 kg-m*; 7.6 kg-m’. In the studies of

324 torsional vibrations of the module output shaft, two situations were compared:
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— SM is on, and the kinematic chain is in operation;

— SM is off.

In the first case, the lowest eigenfrequency of torsional vibrations is lower than in the second case. The analysis results

are given in Table 2.

Table 2

Results of determining rigidity of the module output shaft with load at the lowest eigenfrequency

Load inertia, The lowest eigenfrequency of tl.le system, Hz Output shaft rigidity, N:nﬂdeg
kg-m? During mpdule During m.odule
operation operation
1.53 6.2 5.3 40.5 29.6
6.1 2.63 2.34 29.1 23
7.6 2.44 2.1 31.2 23.1
29 1.22 1.07 31 23

The obtained averaged values of the amplitudes of the moments Mz and decrements of vibrations for the lowest

eigenfrequencies of the system are given in Table 3.

Table 3

Torsional vibration decrements and averaged moment amplitudes relative to the axis of rotation of the output shaft

Load inertia, kg-m’ Amplitude Mz, N-m Decrement of vibrations
1.53 0.022 0.06
6.1 0.115 0.14
7.6 0.14 0.14
29 ~0.5 0.14

Examples of the time process of the moment Mz and its spectrum for the case of load on the module output
shaft J, = 7.6 kgm® are presented in Fig. 4.
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Fig. 4. Graphs of the time process (a) and spectrum () of the moment Mz for the case of load

on the module output shaft J, = 7.6 kgm? 325
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Discussion and Conclusions. The studies enabled to determine the dynamics of the drives of an advanced SC
and its components as sources of internal disturbances. The analysis of the research results showed that to reduce the
influence of active oscillators on the dynamic accuracy of an advanced SC under the precision orientation mode, it is
necessary:

- to conduct experimental validation of the initial data on the on-board sources of disturbances;

— to carry out an experimental study on the dissipative characteristics and structural rigidity characteristics of
an advanced SC;

— to develop criteria for assessing the impact of actions of the airborne disturbance sources on the target oper-
ation of an advanced SC in the frequency band up to 100 Hz;

— to refine a midfrequency dynamic model of an advanced SC based on the results of experimental studies;

— to analyse the sensitivity of the onboard instruments of an advanced SC to vibrations and to develop re-
quirements for the vibration activity of micro-disturbance sources;

— to determine the vibration activity of sources of vibration disturbances: a reaction wheel (RW), an MSU-GS
mirror drive, an ISP-2M solar constant meter.

The results of theoretical and experimental studies provided the solution to the problems listed below.

1) Analysis of sources of micro-perturbation:

— analysis of the composition, operating modes and characteristics of onboard sources of micro-disturbances;

— assessment of vibration disturbances of the SC structure generated by electromechanical executive bodies
(EMEB);

— assessment of the moments created by RW according to the commands of the stabilization and attitude con-
trol system (SACS);

— assessment of the vibration disturbances of the SC structure generated by a multizone scanning device for
hydrometeorological support (MSD-HS);

— assessment of vibration disturbances of the SC structure generated by a solar battery (SB) drive;

— evaluation of vibration disturbances of the SC structure generated by a high gain antenna (HGA) drive;

— assessment of the vibration disturbances of the SC structure generated by a solar constant monitor (SCM-
2M).

2) Assessment of the dynamic characteristics of the mounting seats of the gyroscopic angular velocity sensor
(GAVS) of the advanced SC under vibration effects from SCM-2M, as well as from:

— MSD-HS,

— RW (vibrations due to the SACS commands and residual imbalance).

3) Evaluation of the dynamic characteristics of the MSD-HS mounting seats of an advanced SC under disturb-
ances from RW by the commands of the SACS, RW, caused by a residual imbalance, SCM-2M.
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