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PaC‘léTHO-f)KCHepI/IMeHTaJIbHI)Ie HCCIeJ0BAHNA JHHAMHNYECCKHX
XaAPaAKTEPUCTHK MaKe€Ta paMbl TE€JIECKOIIA KOCMHUYIECCKOI'o amnmapara

A. A. Uronkun, A. U. Capun*, A. B. Ky3nenos

Camapckuil yHUBEPCUTET
Poccuiickas ®enepauus, 443086, r. Camapa, yi. MockoBckoe mocce, 34
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B cmamve npedcmasneno pacuémmuo-sxcnepumenmansvrHoe uUcciedo8anue OUHAMUYECKUX Xapakmepu-
CMUK MaKema pamvl meieckona Kocmuyeckozo annapama. OCHO8HOE SHUMAHUE YOENIeHO MemoOuKe npo-
6e0eHUsL BUOPOOUHAMUHECKUX UCTILIMAHULL C UCNOIb308AHUEM MPEXKOMINOHEHMHO20 IA3EPHO20 8UBPOMENn-
Pa u co30anui0 KOHEYHO-3JIeMEHMHOU MOOEIU UCCTedyeM020 Makema. [l ananuza OUHAMUKYU KOHCIPYK-
yuu onpeoenenvl OCHOBHble Kpumepuu, maxkue Kak MOOaIbHble NApamempyl, 8aIUOAyUs MOOeIU U 2apmo-
Huueckuil anamuz. Ocoboe sHuUMAHUe YOeNAemcst GIUIHUIO NPeodPA3068aAHUS IKCNEPUMEHMANbHIX OAHHBIX
HA MOYHOCMb pacuéma Kpumepusi MOOAIbHOU 0ocmogeprocmu. Hccriedosan makem pamvl menecKond,
npedcmasnsiowull coooil hepmennylo KOHCMpPYKYUio, 3aKpenienHnyio Ha npyicunax. Mcnovimanus npoeoou-
JUCL NYMEM NPUNLONCEHUSL CAYHALIHO20 6030elicmeuss muna «oenviti uiymy. Tlonyuenst ounamuueckue xa-
PAKMEPUCMUKY KOHCMPYKYUU, 8KTIOYAST COOCMBEHHYIO Yacmom)y Konebanuil, komopas cocmaguna 93,7 I'y.
DKrcnepumenmanvuvie OaHHble CPASHUBAMUCL C PE3YIbMAMAMU KOHEUHO-INEMEHMHO20 MOOeIUPOSAHUS,
NOKA3ABUUMYU 3HAYUMENLHOE PACXONCOCHUE MeNCOY HUMU, 0COOEHHO 8 00aacmu COOCMEEHHBIX YACMOM.
Omo ceudemenvcmayem o He0OXOOUMOCNU KOPPEKIMUPOBKU KOHEUHO-2NIeMeHMHOU mModenu. Paccmompenul
Pasnuumble KpUmepuu OYeHKU COOMEENCMEUs PACUEMHbIX U IKCNEePUMEHMATIbHbIX MOOenel, MAaKue KaKk
KOOpouHamuwil kpumeputi mooanvroi oocmoseprocmu (COMAC), kpumepuii MooanvHoli 00CMOBEPHO-
cmu (MAC), ezaummnwiii kpumepuii eapawmuu (CSAC) u e3aumublii Koaphuyuenm nponopyuoHaibHOCmu
(CSF). Omu kpumepuu nomo2arom oyeHums Cmenenb Co8NAaoeHUst opm KOAeOAHULL U HACMOMHbBIX XAPAK-
mepucmuxk. IIpoeedén ananusz enusHUs RPEodPA308aHULl IKCNEPUMEHMATLHBIX OAHHBIX 8 PA3Hble eOUHUYbL
usMepenust Ha pe3yabmamol pacuémos smux kpumepues. COenan 6bl00 0 MOM, YMo MeKywdas pacyémuas
MoOenv mpebyem 00OpabomKu u YMOUHeHUs napamempos 0Jisk OOCHUNCEHUs TYUule20 COOMBEeMCmeEUs ¢
PEANIbHOCMbIO.

Knioueswvie cnosa: mooanvhvie napamenipbvl, KOHEeYHO-dJ1IeMEeHMHAA MO()@JZb, 6(1]11/!()611/;1/12, ZapMOHU'i€CK'u1/lV
alanius, Kkpumepuu MOOENbHOU ()ocmoeepHocmu, amnﬂumy()ﬁo uyacnomHbsle xapaKkmepucmuKku.

Calculation and experimental study of the dynamic characteristics
of the spacecraft telescope frame mockup

A. A. Igolkin, A. 1. Safin*, A. V. Kuznetsov

Samara University
34, Moskovskoe Shosse Str., Samara, 443086, Russian Federation
*E-mail: safin@ssau.ru

423



Siberian Aerospace Journal. Vol. 25, No. 4

The article presents a computational and experimental study of the dynamic characteristics of a space-
craft telescope frame mock-up. The main attention is paid to the methodology of vibrodynamic tests using a
three-component laser vibrometer and the creation of a finite element model of the mock-up under study.
To analyze the dynamics of the structure, the main criteria such as modal parameters, model validation
and harmonic analysis are defined. Particular attention is paid to the effect of experimental data transfor-
mation on the accuracy of calculating the modal assurance criterion. The research investigates telescope
frame mock-up, which is a truss structure fixed on springs. The tests were carried out by applying a ran-
dom impact of the “white noise” type. The dynamic characteristics of the structure were obtained, includ-
ing the natural frequency of oscillations, which was 93.7 Hz. The experimental data were compared with
the results of finite element modeling, which showed a significant discrepancy between them, especially in
the area of natural frequencies. This indicates the need to adjust the finite element model. Various criteria
for assessing the compliance of calculated and experimental models are considered, such as the coordinate
modal assurance criterion (COMAC), the modal assurance criterion (MAC), the cross signature assurance
criterion (CSAC) and the cross signature scale factor (CSF). These criteria help to assess the degree of
coincidence of vibration modes and frequency characteristics. An analysis of the effect of transforming ex-
perimental data into different units of measurement on the results of calculating these criteria is carried
out.

1t is concluded that the current calculation model requires revision and clarification of parameters to
achieve better compliance with reality.

Keywords: modal parameters, finite element model, validation, harmonic analysis, criterion of model
reliability, amplitude-frequency characteristic.

Introduction

In the current trend of testing the vibration strength of spacecraft (SC) structures using its first
flight model as the object of study, and accordingly using computational and experimental methods,
based on the results of experimental testing, the task of correcting the finite element model (FEM) is
becoming increasingly relevant [1-8]. At the same time, non-contact methods for obtaining dynamic
characteristics are becoming widespread, the undoubted advantage of which is the possibility of test-
ing very small and light structures [9; 10]. Due to the test results, FEM correction can be carried out
using a direct or iterative method. Also, methods of FEM correction can be classified according to the
use of frequency and modal characteristics of the object studied [11; 12]. As is known, the use of fre-
quency response functions (FRF) has advantages over the use of modal data, since the latter are usu-
ally extracted from a limited number of points around the resonant peaks on the FRF curves with in-
herent numerical errors, while the FRF contains information from the full frequency spectrum. Each of
the methods is characterized by calculating its own criteria. However, the use of various criteria, such
as the coordinate modal assurance criterion (COMAC) with the modal assurance criterion (MAC) [eq-
uation (1)] for modal data and the criteria for frequency data — the cross signature assurance criterion
(CSACQ) [equation (2)] and the cross signature scale factor (CSF) [equation (3)], comes down to ob-
taining a numerical value or a table of values ranging from 0 to 1. The article presents an example of
calculating some of the specified criteria, considering the features of processing experimental data and
the influence of errors in comparison to the calculated and experimental grids.

The correlation analysis of the frequency response function between pairs at each frequency point
is assessed in terms of the cross signature assurance criterion (CSAC) and the cross signature scale
factor (CSF). CSAC is a measure of the shape correlation between the experimental and analytical fre-
quency responses, ranging from 0 to 1 [Equation (2)]. Meanwhile, CSF is a measure of the difference
in amplitude between the measured and calculated responses, ranging from 0 to 1 [Equation (3)]. In
general, these two frequency response function (FRF) correlation functions can be known as cross-
signature correlation (CSC) functions. They are usually expressed in percent (%) for easier interpreta-
tion.
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where A4, — calculated values of FRF vibration displacements; 4,, — experimental values of FRF vi-

bration displacements; N, — natural frequency (tone number).

Experimental and calculated research

The object of the study is a model of the telescope frame of the remote sensing spacecraft (RS SC)
and is a truss structure (Fig. 1). To conduct the tests, the structure was suspended on springs with stiff-
nesses of 770 and 730 N/m. The disturbance was applied using a vibration pulsator with a built-in
force sensor that made it possible to obtain data on the magnitude of the disturbance. The structure
was loaded in a random direction using random “white” noise.

Puc. 1. Maxker PpaMbl TEJICCKOIIa Ha MMOABECKAaX 1 3aKpackKa
KOHCTPYKIHUHU AJId BbIACIICHUSA MECTa CHATHUA JaHHBIX

Fig. 1. Model of the telescope frame on suspensions and painting
of the structure to highlight the data collection location

The study of the dynamic characteristics of the telescope frame model design was performed using a
three-component laser scanning vibrometer Polytec PSV 400-3D. The expected locations of the laser
beam impact were painted white. Since the design of the model has got a complex spatial shape (Fig. 1),
obtaining dynamic characteristics is possible only for 1/4 of the design in one measurement without
moving the measuring devices of the laser vibrometer. Conducting subsequent experimental studies
while moving the measuring devices allows to obtain dynamic characteristics measured for points in the
rest of the structure. Initial analysis showed that the “junction” points of the experimental grids of the
structure may be in different phases (Fig. 2). This feature is assumed to be associated precisely with the
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type of the disturbance function, since due to “white noise” type of disturbance, the phase value is ran-
dom. The solution of this problem is not intended within the scope of this article.
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Fig. 2. Phases of coinciding measurement points of two adjacent measurements

Using a laser vibrometer as a measuring instrument allows to obtain vibration velocities at measure-
ment points as direct results. In specialized software, vibration velocities can be converted into vibration
accelerations and vibration displacements [13]. In addition, the presence of a force sensor also permits to
calculate frequency characteristics in the form of transfer functions. A primary analysis of the specified
characteristics allows to draw a conclusion about the location of the natural frequencies. Therefore, the
curves of the root-mean-square value of the vibration displacement amplitudes in all directions for all
measurement points show the first frequency of natural oscillations at 93.7 Hz (Fig. 3). Transfer func-
tions afford the opportunity to calculate modal parameters, namely natural modes and frequencies of os-
cillations [14; 15]. Since the results of the experiment can be represented in the form of three different
dimensions: vibration acceleration, vibration velocity and vibration displacement (in general, for differ-
ent equipment, one of the specified characteristics is taken directly from the measuring instrument, and
the other two are calculated), then the calculation of natural modes is also possible when using any of the
characteristics as the initial data. In this case, the question arises of the error occurring when transform-
ing quantities.

The finite element model of the frame layout of the remote sensing spacecraft telescope was con-
structed using beam elements and additional connecting elements with rigidity and damping characteris-
tics.

The results of calculations and vibration tests showed that the first and second natural frequencies
of the calculation model are close to the experimental values of the vibration frequencies of the first
and second tones of the telescope frame model. Fig. 4 demonstrates the values of the MAC criterion
while obtaining vibration modes from FRF based on vibration displacements. The analysis of the ob-
tained data reveals poor correspondence between the calculated and experimental vibration modes and
the need to correct the finite element model, as well as an insignificant difference in the calculated cri-
teria from the transformation of experimental data into different units of measurement.
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Fig. 3. Root-mean-square values of vibration displacement amplitudes
all directions for all measurement points
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Fig. 4. MAC criterion values when obtaining experimental vibration modes
from FRF based on vibration displacements

The COMAC values (Table 1) indicate that the spatial correlation of the experimental and calcu-
lated pairs of nodes is very low; this ratio does not indicate a discrepancy between the calculated ex-
perimental grid in space, but speaks of the different nature of the vibration modes in the experimental
and corresponding calculated points. This is also confirmed by the fact that the experimental grid
nodes can be moved to the corresponding calculation node without changing the procedure and the
result of the COMAC calculation. Intermediate transformation of experimental data into different units
of measurement does not affect the COMAC values.
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A special feature of the CSAC calculation is that it is necessary to compare complex characteristics
in accordance with the positive and negative directions in degrees of freedom (three translational and
three rotational), which in general gives 12 different criteria. The available experimental and calcu-
lated data allow to obtain 3 CSAC criteria for the positive direction during translational motion rela-
tive to each of the three axes of the global coordinate system.

Table 1
COMAC criterion values
Node numbers Node gumbers COMAC X COMAC Y COMAC 7
calculated experimental - - -
290 40 0.1958 0.0720 0.2889
1971 44 0.1307 0.1043 0.0776
2014 46 0.1958 0.1039 0.2852
2262 34 0.0745 0.1285 0.0510
2636 48 0.0783 0.1071 0.0388
2810 41 0.0739 0.1701 0.0414
1112009 50 0.3968 0.1229 0.2258
1112068 35 0.1067 0.1174 0.0801
1112141 47 0.2412 0.0529 0.0783
1112211 26 0.1467 0.1729 0.1058
1112271 39 0.1165 0.0495 0.1674
1112280 23 0.1283 0.0812 0.1367

Fig. 5 presents both the obtained values of the specified criterion and the arithmetic mean value.
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Fig. 5. Values of the CSAC criterion for FRF vibration displacements

Analysis of the obtained data shows that the results of the calculation model do not correspond to
the dynamics of the structure along the Y axis to a greater extent than along other axes. In the region
of natural frequencies, the calculation model gives a complete discrepancy with the experiment, and in
the frequency range from 100 to 145 Hz it most corresponds to the behavior of the loaded structure
along the Z and X axes.
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Similar to the CSAC criterion, CSF also considers the axis and direction, which affects the nature
of the CSF curve. However, this criterion characterizes compliance with the amplitude of oscillations,
which in turn leads to dependence on the applied forces. Since the previous calculation of CSAC
showed a discrepancy between the calculated and experimental models, the calculation of the CSF
criterion cannot be reliable. Figure 6 demonstrates the similarity in nature of the CSAC and CSF crite-
ria for the same axis (the Z axis is taken as an example), as well as the dependence of the CSF crite-
rion on the value of the applied efforts.
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Puc. 6. PesynpraTsr pacuéra kputepus CSAC mns ocu Z; CSF npu Harpy3ke B BUI€ 3aBHCUMOCTH CHITBI
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B BUJI€ €IMHUYHOMN CHUJIBI B pacCCMaTpUBAEMOM JMana30He 4acToT

Fig. 6. Results of calculating the CSAC criterion for the Z axis; CSF under load in the form
of a dependence of force on frequency F(w), corresponding to experimental data; CSF under load
in the form of a unit force in the frequency range under consideration

For a quantitative comparison of the results of the ratio of calculated and experimental data, we
will reduce the MAC criterion to an average value in percentage terms using formula (4) and CSF us-
ing formula (5):

3 MAC,

MAC,, = :‘T x100 %, 4)

where n — natural frequencies,

D CSF,
CSF,, =| =—— |x100 %, (5)
n

where n — discrete frequencies of the entire measurement range.
The obtained values of MAC,,, = 29.5%, CSF,,, = 34.8% indicate that the correlation of the ex-
perimental and calculated forms for resonant frequencies in the system under consideration is lower
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than the correlation of the experimental and calculated frequency characteristics in the entire fre-
quency range under consideration.

Conclusion

The conducted research has showed the importance of using modern methods of vibrodynamic test-
ing and creating accurate finite element models for analyzing the dynamic characteristics of spacecraft
structures and their components. The presented methodologies allow to obtain detailed information
about the behavior of telescope frame models under the influence of external loads, which is critically
important for the design of reliable and durable spacecraft.

Significant discrepancies have been found between the calculated and experimental data, especially
in the area of natural frequencies, which emphasizes the need for careful calibration and adjustment of
the finite element model. The application of various conformity assessment criteria such as COMAC,
MAC, CSAC and CSF helps to identify weaknesses in the model and identify ways to improve it.

Further research should focus on selecting optimal variable parameters and establishing the boun-
daries of their values to carry out an effective model correction procedure. Only in this way can we
achieve high accuracy in predicting the behavior of real structures under operating conditions and en-
sure the reliability and safety of space missions.
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