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OnTuMH3aUsA PaCOJI0KEeHNSI MECT KpeIluleHUs NMPUOOPHOI MaHe/H

KOCMHYE€CKOIo anmmapartra Ha OCHOBE MOAAaJIbHOI'0 aHaJIn3a
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B pabome npedcmasnena oOnmuMu3ayus pPAacnoiONCeHUs UHMePQelcHbIX MoYeK NPUOOPHOU NaHelu
Kocmuueckozo annapama (KA) ¢ nomowwio modanvnozo amanusza, a maxogice NPOGEOEH KEAZUCMAMUYECKUL
pacuem uccnedyemotl naneau, noomeepHcoaowull 3PPHeKmusHOCHb IPEON0INCEHHBIX USMEHEHUL KOHCIPYKYUU
nauenu. Ilpubopnas nanenv npedcmasisiem cobou MpPexciouHyr0 COMOBYI0 KOHCMPYKYUI, COCMOSUYIO U3 08YX
ANOMUHUEBbIX NAACMUH U comosoco 3anonnumens. Comogvle namenu oOaadaiom psaoom OOCHOUHCIE:
HeOOMbUAs MACCa KOHCMPYKYUL, BbICOKAsL JHCeCmKOCmb, yoeavbHas npouHocmv. C NoMOwbl0 KOHEUHO-
INEMEHMHO20 MOOETUPOBAHUSL ONpedeleH OUana3oH COOCMEEHHbIX Yacmom u Qopm Koaebaunuti npubopHou
naHenu, Ymo nO360AUN0 ONPedenumb ONMUMALbHOE PACRONOJICEHUE MOYeK Kpenienus naneau K kopnycy KA ons
VBEUUECHUSL HUIICHET 2PAHUYbL OUANA30HA COOCMBEHHBIX YACMOM U NOSbLUEeHUs e€ Hecyweli CHOCOOHOCL.

Kniouesvie crosa: npubopnas nawnenv, onmumuszayus, Gopma, cobcmeeHuas uyacmoma, uHmepghelictvie
MOYKU.

Optimization of the position of spacecraft instrument panel
fixing points based on modal analysis
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The paper presents optimization of the location of interface points of the spacecraft instrument panel using
modal analysis, as well as a quasi-static calculation of the panel under study, confirming effectiveness of pro-
posed changes in the panel design. The instrument panel is a three-layer honeycomb structure consisting of two
aluminum plates and a honeycomb filler. Cellular panels have a number of advantages: a small weight of the
structure, high rigidity, specific strength. Using finite element modeling, the range of natural frequencies and vi-
bration patterns of the instrument panel was determined, which made it possible to determine optimal location of
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the panel fixing points to the spacecraft body to increase the lower limit of natural frequency range and increase
its carrying capacity.

Keywords: instrument panel, optimization, mode, natural frequencies, interface points.

Introduction

Engeneering of modern spacecraft (SC) is characterized by a high density of placement of instruments on
panels to reduce the size of the spacecraft.

Determination of fixing points of instruments on the panel and fixing points of the on-board panel to
spacecraft power elements affects the range of natural frequencies of the spacecraft and its individual ele-
ments.

To fulfill the requirements for ensuring spacecraft carrying capacity, its parameters for comparing charac-
teristics with an allowable range, determined by technical task requirements, are required.

In the process of engeneering rocket and space technology, in general, and spacecraft, in particular, one of
the stages in the analysis of bearing capacity of a structure is to simulate its natural frequencies and the fre-
quencies of its individual elements, for example, instrument panel, in order to ensure the requirements for
values of the lower limit of investigated frequency range [1-6].

Research objective

Let us consider an instrument panel, which is part of the Ka-band antenna as a power element, for in-
stalling responder equipment on it. The design is a three-layer honeycomb package, consisting of two load-
bearing elements in a form of aluminum plates, between which cells of hexagonal aluminum foil are located
(Fig. 1). The total panel thickness is 22 mm.

Aluminum plate
AJIOMUHHEBAs IUIACTHHA

Hexagonal shaped aluminum foil

Amomunnesas Qoibra
reKCArOHaILHOI BOpMbI

Puc. 1. Mozenb mpuOOpHO# MaHe I KOCMUYECKOro anmapara

Fig. 1. Spacecraft instrument panel model

The panel experiences main loads during its transportation and in the spacecraft launching section. Based
on the requirements of strength standards for similar devices, when engeneering, it is necessary to ensure a
minimum natural frequency of at least 150 Hz.

In many cases, the conclusion about bearing capacity of honeycomb structures is accepted as a result of
processing the results of field tests, which are quite expensive and intensive. Therefore, assessment of design
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parameters based on the results of numerical modeling simulating the conditions of full-scale tests is an ur-
gent task to reduce the cost of engeneering process [7].

To carry out a parametric analysis of spacecraft instrument panel, we identified the following tasks:

— to form a finite element model of instrument panel;

— to carry out its modal analysis and compare the range of natural frequencies with the permissible lower
value;

— to assess bearing capacity of instrument panel from the action of quasi-static loads;

— to study the influence of location of the panel fixing points on changing natural frequency range of the

panel and increasing its bearing capacity.
The finite element discretization of instrument panel surface is shown in Fig. 2.

Puc. 2. KoneuHo-3meMeHTHas TUCKpeTH3anus npruOopHoi nanenn KA:
1 — pacrionokenne MpUOOPOB; 2 — TOYKH KPETUICHUS TPUOOPHOI MaHe n —
uHTEpheHcHbIe TOUKH; 3 — MPUOOpPHAs TaHeTh

Fig. 2. Creating a finite element instrument panel model:
1 — device location; 2 — instrument panel fixing points-interface points;
3 — instrument panel

Table 1a and 1b show the physical and mechanical characteristics of the materials used in instrument
panel.

Tablela
Physical and mechanical properties of an aluminum plate
Material arade Modulus of elasticity, Tensile strength, Yield stress,
9 GPa MPa MPa
Aluminum plate B95 74 520 440
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Table 1b
Physical and mechanical properties of honeycomb filler
Material Tensile strength, MPa Shear modulus of elasticity, | Volume
MPa weight,
When When shifting Parallel to | Perpendicular | kg/m?
compre Parallel to Perpendicular to adhesive to adhesive
ssed adhesive strips adhesive strips strips strips
Aluminum 1.177 0.981 0.588 147.1 78.5 40.0
honeycomb
filler 5056-2.6-
23p

As ultimate loads, we took the mass forces from weight of the panel with instruments at overload n = 20g,
applied alternately in the direction of three coordinate axes, in accordance with regulations of requirements
for such structures.

Parametric analysis of the panel structure allows solving the problem of determining stress-strain state in
its main structural elements, efforts and deformations in characteristic systems, analysis of the natural shapes
and frequencies of the panel as a whole and its individual parts in particular.

Design model of instrument panel

When compiling the calculation model, we made the following assumptions:

— all materials of structural elements are considered to be solid and homogeneous;

— metal alloys are assumed to be isotropic and linearly elastic materials;

— deformations at points of the structure are considered small (geometrically linear system) and rigidity of
the structure does not change during loading;

— thickness and dimensions of the parts correspond to nominal value (a safety factor has been introduced
for deviations from the nominal dimensions).

In the finite element model (FEM), the real object is replaced by a discrete model, which is a collection of
systems and associated finite elements with specified properties.

FEM of the instrument panel, developed taking into account accepted assumptions, is shown in Fig. 2.
The properties of FEM materials are specified in accordance with the Table 1a and 1b. Rigid termination at
nineteen interface points was taken as boundary conditions (Fig. 2).

Finished FEM for calculating the panel was generated using FEMAP software package [8—10]. Fixing of
devices at interface points was implemented using a rigid connection - the Rigid element, the mass of the
devices was distributed among the panel elements. The instrument panel is composed of finite elements of
laminate type (Fig. 2).

For analytical calculation of natural frequencies, let us consider classical equations of plates vibrations [11;
12]. If damping is neglected, differential equation of motion of free vibrations of a system with n degrees of
freedom is described by the equation [11; 12]:

[M]iT}+[K]iuj =0, (1)

where [K] are [M] are stiffness and mass matrices; {U} and {u} are vectors of accelerations and displace-

ments in FEM elements.
Equation (1) has a real periodic solution of the form

{u} ={u,jcosmt. 2
When fulfilling conditions
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([K]-*[M]){ue} =0. 3)

The problem of calculating eigenmodes and frequencies of oscillations is reduced to the problem of ei-
genvalues o, and vectors {u, }, , that vanish the determinant

det‘[K]—mz[M]‘zo. (4)

A similar problem for a multilayer plate made of composite materials and rectangular orthotropic plates
has already been solved earlier [13; 14]. Deformation process is prescribed by equations of the nonlinear
theory of plates, the resulting system of equations is solved using the Galerkin method. The resulting formula
allows to determine displacements, deformations and stresses at given points in the structure. In addition, a
formula was derived to determine the natural frequencies of a plate.

Let us use the analytical formulas derived in [13; 14], to calculate the natural frequencies of the plate.

To verify the results obtained using analytical formulas, let us solve the problem of modal analysis of an
inhomogeneous isotropic plate using the finite element method. Let us determine natural frequencies of the
structure using the MSC Nastran package [8; 10]. The values of natural frequencies found using the finite
element method are compared with the values obtained analytically. The maximum relative error between
these displacements does not exceed 5%, which confirms the correctness of our adopted finite element model
of the instrument plate.

The results of the modal analysis of finite element model of the plate are given in Table 2. The first value
of the natural vibration frequency was 76.13 Hz.

Table 2
Source panel modal analysis results
Tone Effective mass, %

number | Frequency, Hz X Y z RX RY RZ
1 76.13 — — 15.29 — 6.16 —

2 173.00 — — 5.10 — 2.03 —
3 189.10 — — 9.53 — 7.36 —
5 276.34 — — 212 — — —
6 282.97 — — 6.98 — 3.82 —
7 291.93 — — 1.04 — — —
8 297.15 — — 24.67 — 16.26 —
9 336.53 9.79 10.18 — 10.06 4.26 8.61
Total 9.79 10.18 68.71 10.82 43.40 8.61

Strength calculation from quasi-static loading

To check bearing capacity of the panel, we calculated stress-strain state of the structure from mass forces
at overload n = 20g applied in the direction of three coordinate axes. Below are the results of a quasi-static
calculation, which reflect the maximum stresses in the instrument panel and its safety margin (Tables 3 and
4).

In this case, the safety margin for finishing material was determined by the formula (5):

n=Ll, )

Y 3KB

where [c] is allowable stress.
The safety margin for honeycomb filler was determined by the formula (6):
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n=| ——=t_ —1/.100 %, (6)
Ty " Ty

where 1,,, T, are calculated shear stresses in a plane parallel to the adhesive strips and a plane perpendicu-

lar to the adhesive strips, respectively, Pa; t,, t,, — shear strength in the plane parallel to adhesive strips and
the plane perpendicular to adhesive stripes, respectively, Pa [15].

Table 3
Results of the quasi-static calculation of finishing material before the panel modification
Material c n
Aluminum plate 216 1.65
Table 4

Results of quasi-static calculation of honeycomb filler before panel modification

Material Tyz T n

Aluminum honeycomb filler 0.29 0.18 2.63

Note. n — coefficient of safety; o — normal voltage; T — shear stresses.

Stress distribution over the instrument panel surface is shown in Fig. 3.

Puc. 3. 30Ha MaKCUMAITBHBIX HAIPSDKEHUI

e 110 MOIM(MHKALIMN PACTIONIOKEHHUS

iy TOYEK KPEIICHHUS NaHEeNIH
. 1811,
H W s, Fig. 3. Maximum stress zone before
BRE. modifying the location of the panel
™ fixing points

The calculation results showed an admissible margin of safety, which confirms provision of load-bearing
capacity of the panel during its operation.

Instrument panel design changes

Since the minimum value of natural vibration frequency of the panel with base position of the brackets
does not meet necessary requirements for frequencies and, therefore, the limiting values of linear displace-
ments, it was decided to change the initial configuration of the panel by adjusting the location of the interface
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fixing points. Analysis of vibration modes of the panel (Fig. 4) by zones with maximum linear deviations
allowed us to determine the places of correction of the interface points. By changing the location of the
points for fixing the panel to the spacecraft body (Fig. 5), we managed to achieve an increase in the natural

vibration frequency of the entire structure.

Table 5 shows the values of the parameters of the modal analysis of the panel with changed points of the
location of the mounting brackets. The minimum natural vibration frequency of the modified instrument

panel was 212.96 Hz.

Puc. 4. OcHoBHble HOpMBI KONIeOAHMI TAHETH 10 MOAH(DUKAIIUY: Puc. 5. 3meHeHHast KoHQUTrypanus
a — epBasi; 6 — BTopasi; 6 — TpEThsl; 2 — NATas pUOOPHON TTaHENN
Fig. 4. Basic panel forms of oscillation before modification: Fig. 5. Modified dashboard configuration

a — first; b — second; ¢ — third; d —fifth

Fig. 6 shows the first mode of vibration of a modified panel with changed interface points for mounting

the brackets.

Modal analysis results of the modified panel

Table 5
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Effective mass, %
Tone Frequency,
number Hz X Y Z RX RY RZ
1 212.96 — — 18.21 — 7.43 —
2 238.35 — — 12.58 — 9.62 —
3 282.14 — — 19.43 — 11.19 —
5 313.60 — — 8.85 — 6.08 —
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6 322.80 — — 8.63 — 3.73 —
7 373.70 — — 2.73 — 1.23 —
8 399.98 — — 3.44 — 1.68 —
9 421.65 — — 1.44 — — —
10 448.78 7.73 17.01 — 16.81 3.37 14.31
Total 7.73 17.01 75.72 17.66 45.22 14.31

Puc. 6. TlepBas popma xoneGaHuii MOAUMUIIMPOBAHHON MAHETH
Fig. 6. The first form of oscillation of the modified panel
Calculation of the strength of a modified panel against quasi-static loading

Conducted quasi-static calculation of the instrument panel design (Tables 6, 7) confirms presence of re-
quired margin of safety for its safe operation, which is confirmed by stress distribution pattern (Fig. 7).

Table 6

Results of quasi-static calculation of finishing material after panel modification

Material c n

Aluminum plate 65 5.44
Table 7

Results of quasi-static calculation of honeycomb filler after panel modification

Material Tyz Tx n
Aluminum plate 0.05 0.16 6.65
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Puc. 7. 30Ha MakCUMaNbHBIX HAIPSDKEHUH Iocine MoIuduKaug
PAacIIoNOXKEeHUs KpeTUIeHUH NaHeIu

Fig. 7. Maximum stress zone after modification
of the panel mounting configuration

Conclusion

Our modal analysis made it possible to modify the spacecraft instrument panel and bring it in line with
the requirements for natural vibration frequencies. With the help of rational redistribution of the interface
points, it was possible to achieve an increase in the lower limit of natural vibration frequencies to 212, 96 Hz
without increasing the mass of the structure. Quasi-static analysis confirmed the presence of a sufficient
margin of safety for instrument panel and possibility of placing additional instruments on it by increasing the
safety margin after changing locations of attach points of the panel to a spacecraft body. The proposed ap-
proach to modal analysis of structural elements can be used in engineering calculations for spacecraft design.
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