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AnmenHbl 30HMUYHO20 MUNA YACTNO NPUMEHAIOMCA 8 COBPEMEHHBIX KOCMUUecKux annapamax. Mx npe-
UMYWeCmB0 COCMOUM 8 BO3MOMCHOCHU KOMNAKIMHO20 pA3MeweHus 60 epems 8vleoda Ha opbumy. [Ipu
9MOM OHU QO0JICHBL 0DEeCne usams HeoOX0OUMYI0 CIAOUTLHOCIb 8 PA38ePHYMOM 8ude 8 Kocmoce. Kecm-
KOCMb AHMEHHbL 2NA6HBIM O00pPA30M  3A6UCUM  OM  HCECIKOCMU CRUY, NPOeKMUPOSAHUE KOMOPbIX
BbLIUBAEMCA 8 KOMNJIEKCHYIO 3A0a4)y HAYYHO20 NOUCKA. AHMEHHbI KOCMUYECKUX annapamos 0ouicHbl obec-
neuueams (YHKYUOHAIbHYIO pabomocnocoOOHOCIMb U 6 Mo Jice epemsi 001a0ams MUHUMALbHOU MACCOU.
Kapounanvnoe nanpasienue cosepulencmeo8anusi KOCMUYECKUX AHMEHH COCIOUM 6 NPUMEHEHUU HOBbIX
KOHCMPYKYUOHHBIX Mamepuanos. Komnosumer omauuaiomes 6blcokumMu y0enbHbIMU MEXAHUHECKUMU C80Ti-
CMeamu, 4mo no3goJsAm co30a6ams KOHCIMPYKYUU C GbICOKOU CIMENEHbI0 8eC08020 cogepuieHcmed. IIpo-
Orema ceéazana ¢ Hanuyuem 6OIbUIOZO KOIUYECHBAd NPOSKMHBIX NAPAMEMPOS, CONCHLIM 00PA30M 1USIO-
Wux Ha pabomocnocoOHOCMb KOMROZUMHBIX KOHcmpykyutl. OnpedeneHue OnMuMAIbHO20 COYEmAaHus.
IMUX NAPAMEMPO8 OISt KANCOOU KOHCMPYKYUU U KOHKDEMHO20 PACHeMHO20 CVYds NPugooum K Heobxo-
oumMocmu nposedenusi KOMIIEKCHO20 YUCTIEHHO20 IKCNEePUMEHMA, DA3UpyIouezocs Ha Cneyuanu3uposaH-
HbIX Al20PUmMMAax, MemoouKax u npoepamMmax.

Lenvio uccredosanus A65emMcs NPOSKMUPOBAHUE KOMAOZUIMHOU CNUYbI 30HMUYHOU AHMEHHbI KOCMU-
yecko2o annapama, obecneuusaroujeli mpeOyemyro Hecywyo CnocobHOCMb U MAKCUMALLHYIO HCECMKOCTb
npU 3a0aHHOM 0ZPAHUYEeHUU Maccobl Koncmpykyuu. OHo npeononazaem paspabomKy KOHeUHO-371eMEeHMHbIX
MoOenell KOMNO3UMHOU CNUuybl PA3IUYHO20 UCHOTHEHUS, 8 KOMOPLIX Oblia Obl 3aI0NCEHA 803MONCHOCHIb
ONMUMUZAYUY NPOESKMHBIX NAPAMEMPO8 NO KPUMEPUAM NPOYHOCU, HECYUuel CNOCODHOCTU U HCeCmKO-
cmu. B pesynvmame uucieHHO20 SIKCNEPUMEHMA ONPedesiomcst CnocoObl NObIULEHUs HeCYuell CNOCOOHO-
CMU U HCECTNKOCMU PA3GEPMbIEAEMOT AHMEHHbL KOCMUYECKO20 annapamd.

Knrouegule crosa: cnuya 30nmudHol aHmMeHHbl, KOMNo3uyuouHvle mamepuanvt, MKJ.

Design of a flexible spoke for a spacecraft umbrella antenna

V. A. Nesterov*, S. V. Gabidulin

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
*E-mail: nesterov@mail.sibsau.ru

Umbrella type antennas are often used in modern spacecrafi. Their advantage is the possibility of com-
pact placement during orbital insertion. At the same time, they must provide the necessary stability when
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deployed in space. Antenna stiffness mainly depends on the stiffness of the spokes, the design of which is a
complex task of scientific research. Spacecraft antennas must provide functional performance and, at the
same time, have a minimum mass. The cardinal direction of improvement of space antennas consists in ap-
plication of new structural materials. Composites are characterized by high specific mechanical properties,
which allow to create structures with a high degree of weight perfection. The problem is related to the
presence of a large number of design parameters that affect the performance of composite structures in a
complex way. Determining the optimal combination of these parameters for each structure and a particular
design case leads to the need for a complex numerical experiment based on specialized algorithms, meth-
ods and programs.

The aim of the study is to design a composite spoke for the umbrella antenna of a spacecraft, providing
the required load-bearing capacity and maximum stiffness at a given mass limit of the structure. It involves
the development of finite element models of the composite spoke of various designs, which would include
the possibility of optimizing the design parameters by the criteria of strength, load-bearing capacity and
stiffness. As a result of numerical experiment, the ways of increasing the bearing capacity and stiffness of
the deployed spacecraft antenna are determined.

Keywords: Umbrella antenna spoke, composite materials, FEM.

Introduction

To ensure high-quality satellite communications, it is necessary to use large-diameter antennas. Due
to the spatial limitations of the launch vehicle, such antennas can only be made in the form of transform-
able structures, one of the options of which is an umbrella-type antenna. The main requirements for um-
brella antennas are the reliability of the deployment system and ensuring high accuracy of the shape of
the reflective surface of the reflector, which theoretically should be an ideal paraboloid of revolution.
The practical accuracy of the reflector shape is determined by the system of radial spokes, which in the
deployed state should provide the required rigidity, and at the stage of launching into orbit - the stability
and strength of the structure. At the same time, the basic requirement for the elements of the spacecraft
must be met - high functionality with a minimum of their weight. The latter circumstance, on the one
hand, has led to the widespread use of composite materials with high specific mechanical characteristics,
on the other hand, it has significantly complicated the procedure for the optimal design of composite
structures due to the increased number of variable design parameters affecting the functioning of these
structures, and due to the behavioral characteristics of the composite itself.

When analyzing complex composite structures such as satellite antennas and spacecraft antennas,
one should keep in mind both theoretical research on methods for modeling composites [1-3] and the
accumulated experience in the design and production of directly transformable umbrella-type antennas
[4-15].

Designing an umbrella antenna spoke is a complex multi-stage task. Our work focuses on ensuring
the maximum possible rigidity of the antenna in the deployed state in orbit.

The work is of a theoretical nature and has an applied purpose. It is based on a numerical study of
the influence of various factors on the rigidity parameters of a composite spoke of an umbrella an-
tenna. The study involves performing numerous calculations in the environment of the integrated FE
package of COSMOS/M programs, the quality of the analysis in which depends on the accuracy of the
geometric and FE modeling of the spoke with the ability to take into account the real design features
and properties of the object.

Study of the elliptical section spoke

In this paper, we will keep in mind the results of the previous study performed by the authors for
the flexible spoke of an umbrella antenna. In the study, the values (Table 1) of the frequencies of natu-
ral oscillations were obtained for the first two modes corresponding to the cantilever bending oscilla-
tions of the spoke relative to the vertical (Y) and horizontal (Z) axes (Fig. 1). The data correspond to
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models with a stepwise variable thickness of the elements (Table 1). They indicate that strengthening
the elements adjacent to the fixed end significantly increases the rigidity of the spoke.

Let us perform a modal calculation of a solid composite spoke of elliptical cross-section (Fig. 1)
200 mm high and 90 mm wide, taking into account the weight of the web sector (Fig. 2). The results
correspond to the models (without weighting) with different values of the thickness of the shell ele-
ments (Table 2). They show that of the two types of models with a constant thickness of elements of
comparable masses (No. 1 from Table 1 and No. 2 from Table 2), the spoke of elliptical cross-section
has an advantage, and by almost 2 times in the first frequency.

Table 1
Values of the first natural frequencies in the model with variable element thickness
Option Thickness %, mm First frequency, f1, Hz Second frequency, f, Hz Weight, kg
1 0.60 2.11 7.05 1.658
2 0.48 241 7.88 1.650
3 0.36 2.76 8.83 1.642
4 0.24 3.19 9.96 1.634
5 0.12 3.75 11.39 1.627
6 0.00 4.56 13.31 1.619

Puc. 1. Crimnia ¢ 31munTHYeCKUM MOTIEPEYHBIM CEIeHHEM

Fig. 1. Spoke with elliptical cross section

Puc. 2. Cexrop nonotsa B 30°

Fig. 2. Sector of the canvas at 30°
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Table 2
Values of the first frequencies of oscillations of a spoke of elliptical cross-section without taking
into account the mass of the curtain

Ne Thickness of elements, Spoke weight, kg First frequency, Hz Second frequency, Hz

mm
1 0.24 1.026 3.767 6.960

0.36 1.540 3.898 7.117
3 0.48 2.053 3.953 7.180
Let's add elements of concentrated mass MASS along the upper generating spoke (Fig. 3).

15361
15362
15363
15364
15365
15366
15367
15389 15369 15370

Puc. 3. MecTononoxxeHue 3JIEMESHTOB COCpe)IOTO‘IeHHOﬁ MacChbl, UMUTHUPYIOIIHNX TOJIOTHO

Fig. 3. Location of concentrated mass elements simulating canvas

The values of the inertial parameters in these elements (Table 3) are equal to the masses of the cur-
tain strips of the corresponding zones of the sector (see Fig. 2).

Table 3
Masses of curatin sectors

Sector Sector area, m’ Sector mass, g Sector Sector area, m’ Sector mass, g
number number

1 0.2514 68.48 6 1.2383 337.31

2 0.4411 120.16 7 1.4537 395.99

3 0.6333 172.51 8 1.6779 457.06

4 0.8294 225.93 9 1.9119 520.80

5 1.0306 280.74 10 2.1566 587.46

The values of the natural oscillation frequencies of the spoke decrease (Table 4) due to the inertial
effect of the mass of the web. It should be noted that the frequency of the first mode (Fig. 4) is higher
than in a similar case for the basic model (1.065 Hz). The frequency of the vertical oscillation (Fig. 5)
for thicknesses of shell elements from 0.36 to 0.48 mm is almost the same as in the basic model
(3.602 Hz).
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Table 4
Values of the first frequencies of oscillations of a spoke of elliptical cross-section taking
into account the mass of the curtain
Thickn fel t . .

Ne 1 essn(l)me crmnents, Spoke weight, kg First frequency, Hz Second frequency, Hz
1 0.24 1.026 1.527 2.789
0.36 1.540 1.861 3.358
3 0.48 2.053 2.102 3.774

Puc. 4. TlepBas Gpopma xoneGaHuii (BHU3Y — BH] CBEPXY)

Fig. 4. First vibration mode (below — top view)

These values of natural oscillations (Table 4) correspond to a quasi-isotropic model with a fiber
orientation angle in the composite ¢ = 45°. When changing the reinforcement angle, the frequencies
under study can be increased. This is evidenced by the results of a numerical experiment (Table 5) per-
formed for a spoke of elliptical cross-section with a wall thickness of 0.36 mm. It should be noted that
in the range of angle ¢ changes from 45° and below, there are maxima of the oscillation frequency
values for the first two modes, which can be refined if necessary. However, even according to the
available data, it is noticeable that the frequency of the first mode is approximately 2.2 times higher
than that of the original version of the basic model (Fig. 6).
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Puc. 5. Bropas ¢opma kosnebanuii (BHU3y — B COOKY)

Fig. 5. Second vibration mode (below - side view)

Table 5

The values of the first frequencies of oscillations of a spoke of elliptical cross-section
with different values of the winding angles of the composite fiber

Ne Thickness of elements, Reinforcement angle ¢, deg | First frequency, Hz Second frequency, Hz
mm

1 45 1.861 3.358

2 35 2.253 4.177

3 036 25 2.183 4.292

4 15 1.778 3.697

An even greater increase in the rigidity of a cantilever-mounted spoke can be achieved by redis-
tributing the thicknesses of the shell elements and reinforcing the sections close to the butt. This is
shown in the following experiment, the results of which are presented in Table 6. The data correspond
to a model with a fiber reinforcement angle of ¢ = 25°. Three zones with different wall thicknesses are
distinguished in it (Fig. 7). From the data in Table 6 it is evident that thickening the elements of the
first zone leads to an increase in bending rigidity. The wall thickness in the third zone is proportionally
reduced so that the total mass of the spoke remains unchanged.

Puc. 6. CHI/II_[a C ACCATHIO TUIIOBBIMU CEKTOPAMU

Fig. 6. Spoke with ten standard sectors

Table 6

The values of the first frequencies of oscillations of a spoke of elliptical cross-section
with zones of different wall thickness (reinforcement angle ¢ = 25°)

Ne Thickness of elements by zones, mm First frequency, Hz Second frequency, Hz
1 2 3
1 0.36 0.36 0.36 2.183 4292
2 0.48 0.36 0.24 2.652 4.843
3 0.60 0.36 0.12 2.964 5.142
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Puc. 7. Tpu 30HBI CIMLBI C PA3IIMYHON TOJIIUHON CTEHKH

Fig. 7. Three spoke zones with different wall thicknesses

Study of the elliptical mesh spoke

Let us consider a mesh spoke of elliptical cross-section (axis values of 200 and 90 mm), produced
by the method of continuous winding of composite fiber (Fig. 8). The design represents three families
of ribs: spiral and annular (Fig. 9). The first two are formed by winding composite fibers along the
geodesic lines of the surface at angles of +¢ to the longitudinal axis of the spoke. The third (annular)
are located in sections spaced along the axis at equal distances from the intersection points of the spi-
ral ribs.

The main design parameters for constructing a mesh structure for a specific spoke are:

— the number of spiral ribs of each family;

— the winding angle of the spiral ribs o;

— the height and width of the ribs of the spiral and ring groups.

It should be noted that the sections in both groups of spiral ribs must be the same, while the sec-
tions of the ring ribs may be different.

Puc. 8. Ceruaras cnuma ¢ 3IIUNTHYECKUAM TOMIEPEYHBIM CEYEHHUEM

Fig. 8. Mesh spoke with elliptical cross section

Puc. 9. /IBa cemeiicTa pebep aHU30IPUIHON CIIUIIBI

Fig. 9. Two families of anisogrid spoke ribs
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Let us first perform a modal calculation of an anisogrid spoke of elliptical cross-section (Fig. 8)
with a height of 200 mm and a width of 90 mm without taking into account the weight of the web. In
the initial model, we will set 8 pairs of spiral ribs with an angle of their winding ¢ = £10°. We will
study the dependence of the bending rigidity of the spokes on the values of the orientation angle of the
spiral ribs @. It should be noted that with an increase in this parameter, firstly, the length of the spiral
ribs increases and, secondly, the number of annular ribs. We can say that the grid thickens (Fig. 10).
Therefore, in order to maintain the total mass of the structure (with an increase in @), it is necessary to
adjust the dimensions of the cross-sections of the ribs (slightly decrease).

The results of the numerical experiment for a number of values of the orientation angle of the spiral
ribs ¢ are presented in Table 7. When analyzing these data, we can conclude that the winding angle of
the spiral ribs has a decisive effect on the bending rigidity of the anisogrid structure. The frequencies
of natural oscillations are higher for models with small values of the angle ¢, since they have a higher
value of the reduced modulus of elasticity of the material of the structure, which clearly affects the
frequencies of natural oscillations. Taking into account the revealed dependence, in further research
we will use a model with the smallest of the technologically permissible values of the winding angle
of the spiral ribs, namely ¢ =£10°.

Puc. 10. Ceruaras cninia ¢ 3JUTMNITHIECKUM MTOTIEPEYHBIM CEYECHHEM

C Pa3IMYHBIMU 3HAUEHHUSMH yIJla HAMOTKHU CIIMPaJIbHBIX pedep

Fig. 10. Mesh spoke with elliptical cross-section with different winding angles of spiral ribs

Table 7
The values of the first frequencies of oscillations of a mesh spoke of elliptical cross-section
Ne Winding angle of spiral Rib cross-section, Spoke weight, First frequency, Second
ribs, ¢, deg. hxh, mmxmm kg Hz frequency, Hz
1 10 33 1.856 4.507 10.437
2 15 32 1.880 4.403 9.674
3 20 3.1 1.881 4.12 8.961
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In the next experiment we will analyze the effect of the number of spiral ribs in the first two groups
on the bending rigidity. In fact, here we will consider models with different mesh densities
(Figs. 11-14).

Puc. 11. Ceruatas cuna ¢ 16 cnupanbHbIMU peOpaMu OJTHOTO ceMeiicTBa

Fig. 11. Mesh spoke with 16 spiral ribs of the same family

Puc. 12. Ceryaras cruia ¢ 20 cnupaibHbIMH peOpaMu OJTHOTO CEMEUCTBA

Fig. 12. Mesh spoke with 20 spiral ribs of the same family

Puc. 13. Ceryaras criuiia ¢ 24 cnupajibHbIMH peOpaMu OJTHOTO CEMEUCTBA

Fig. 13. Mesh spoke with 24 spiral ribs of the same family
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Puc. 14. Ceruaras cnimna ¢ 32 cripaibHbIMH peOpaMu OJHOTO CEMENCTBa

Fig. 14. Mesh spoke with 32 spiral ribs of the same family

The results of modal calculations for spokes with different numbers of spiral ribs are presented in
Table 8. The rib sections vary so that the total mass of the spoke remains within the specified limits
(no more than 2 kg). These data indicate that spokes of equal mass with different and uniform mesh
density have approximately the same bending rigidity.

Table 8
The values of the first frequencies of oscillations of a mesh spoke of elliptical cross-section
with a different number of spiral ribs
Ne Number of spiral ribs Rib cross-section, Spoke weight, | First frequency, Second
of one family h xh, mmxmm kg Hz frequency, Hz
1 16 2.3 1.80 5.003 12.487
2 20 2.0 1.702 5.021 12.606
3 24 2.0 2.04 5.057 12.735
4 32 1.5 1.53 4.994 12.547
5 32 spiral — 1.7 1.914 5.024 12.588
ring— 1.5

Adding curatin mass

When adding the mass of the web sector (Fig. 2), the frequencies of natural oscillations decrease
(Table 9), however, for all the studied models with different mesh densities, they are approximately
2.5 times higher (at the first frequency) than for the base model.

Table 9
The values of the first frequencies of oscillations of a mesh spoke of elliptical cross-section
with a different number of spiral ribs, taking into account the mass of the fabric7
Ne Number of spiral ribs Rib cross-section, Spoke weight, | First frequency, Second
of one family hxh, mmxmm kg Hz frequency, Hz

1 16 23 1.80 2.492 6.422

2 20 2.0 1.702 2.479 6.415

3 24 2.0 2.04 2.695 6.990

4 32 1.5 1.53 2.368 6.142

5 32 spiral — 1.7 1.914 2.595 6.699

ring — 1.5
6 32 1.7 1.965 2.626 6.809
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Note that the mass of the curtain is taken into account by adding concentrated mass elements
MASS to the FE model. Fig. 15 shows the numbers at the location of these elements in a mesh spoke
with 16 spiral ribs of one family.

10826

10825
10824

10823
AS 10822

10821

10820
10819,
10817 10818
X

Puc. 15. DnemenTsl cocpenoToueHHON Maccsl MASS B ceTuaToii crinie
¢ 16 cnupanbHbIMU pebpaMu OZHOTO ceMelcTBa

Fig. 15. Mass elements MASS in a mesh spoke with 16 spiral ribs of the same family

Sustainability

The studied models of equal mass with different numbers of spiral ribs provide practically the same
rigidity (Table 9). However, they revealed different behavior in the stability experiments under their
own weight in the initial and inverted positions. The results of these calculations are given in Table 10.
They show that as the grid becomes denser, the critical loads increase. This is due to the fact that the
length of the rib sections in a typical segment is shortened, which leads to an increase in the stability
factor, i.e., the load-bearing capacity increases.

The zones of stability loss in all cases are localized at the butt (Fig. 16): sections of individual ribs
of those segments that are closer to the fixed end bend. However, the pattern of the anisogrid structure
with a regular dense mesh corresponds to the shell form of stability loss.

The critical load of the mesh spoke is significantly higher than in the original base model
(see Fig. 6).

Puc. 16. ®opmbl IOTEPH YCTOMYMBOCTH CETYATOM CHMIIBI ¢ 16 CrIMpabHBIMH peOpaMu OTHOTO CeMEHCTBa
MOJ IeiicTBUEM COOCTBEHHOTO Beca B MICXOJJHOM (BBEPXY) M IIEPEBEPHYTOM TOJIOKEHUSIX

Fig. 16. Buckling modes of a mesh spoke with 16 spiral ribs of the same family under its own weight
in the original (top) and inverted positions
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Table 10
Safety factors of a mesh spoke of elliptical cross-section with different numbers of spiral ribs
Ne Number of spiral ribs Rib cross- Spoke weight, Safety factor
of one family section, hxh, kg Initial position Inverted position
mmxmm

1 16 2.3 1.80 9.458 9.702

2 20 2.0 1.702 9.906 9.921

3 24 2.0 2.04 15.065 15.308

4 32 1.7 1.965 17.691 16.61

Model with zones of different sections of elements

Taking into account the results of previous studies of the basic model spoke and the solid wound
elliptical cross-section spoke, it can be assumed that strengthening the sections adjacent to the fixed
end (butt) will increase the flexural rigidity of the structure. These sections can be strengthened in two
ways: by thickening the grid by increasing the number of spiral ribs and by "thickening" the ribs them-
selves.

Since in the anisogrid models we are considering the grid of beam elements is quite dense and the
structure works in many ways as a shell (this was demonstrated in the analysis of the bearing capac-
ity), the two above methods of strengthening the sections are equivalent.

In the next experiment, we will perform a modal calculation of a spoke with different sections of
beam elements in three zones (Fig. 17).

Puc. 17. Tpu oTpe3ka criuiibl ¢ pa3nuIHBIMU pa3MepaMH IMONEPEYHOTO CEUSHNUS
OaJIOYHBIX 3JIEMEHTOB

Fig. 17. Three spoke lengths with different cross-sectional dimensions
of the beam elements

As the initial one we take a mesh spoke with 16 spiral ribs in each of the two families with their
winding angle at angles ¢ =+10°.

We will successively reduce the size of the square section of the beam elements in the third zone
(Fig. 17), located closer to the free end, and proportionally increase the sections of the ribs in the first
zone adjacent to the butt. Here, in order to maintain the constant mass of the entire structure, a linear
law of change in the cross-sectional areas in three zones was chosen. The results of calculating the fre-
quencies of natural oscillations are summarized in Table 11 - for a "bare" spoke and Table 12 - for a
spoke that perceives the inertial effect of the mass of the curtain, which, as before, is simulated by
elements of concentrated mass MASS (see Fig. 15).

Analysis of the obtained data shows that due to the redistribution of masses, it is possible to in-
crease the bending rigidity by 26% (at the first frequency).

To increase the efficiency of this method, it is necessary to conduct an additional study, which
should take into account the technological features of the manufacture of anisogrid structures.
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Table 11

The values of the first frequencies of oscillations of a mesh spoke of elliptical cross-section
with different sizes of cross-sections of ribs in individual zones (excluding the mass of the curtain)

Ne Rib cross-section, 4 *xA, mmxmm Spoke weight, | First frequency, Second
by zones kg Hz frequency, Hz
1 2 3
1 2.3 2.3 2.3 1.80 5.003 12.487
2 2.57 2.3 2.0 1.792 6.169 15.311
3 2.89 2.3 1.5 1.778 8.429 20.652
Table 12

The valuesof the first frequencies of oscillations of a mesh spoke of elliptical cross-section
with different sizes of cross-sections of ribs in individual zones (taking into account the mass of the curtain)

Ne Rib cross-section, 4 xh, mmxmm Spoke weight, | First frequency, Second
by zones kg Hz frequency, Hz
1 2 3
1 2.3 2.3 23 1.80 2.492 6.422
2 2.57 2.3 2.0 1.792 2.780 7.176
3 2.89 2.3 1.5 1.778 3.144 7.867

Solid composite spoke with annular cross-section and tapered butt

One of the significant disadvantages of the spoke models considered above is the low frequency of
horizontal natural oscillations, which is approximately 2.5 times lower than the frequency of vertical
oscillations. This is due to the shape of the spoke cross-section, elongated in the vertical direction.
Obviously, a spoke of circular cross-section is free from this disadvantage. However, the width of the
spoke cross-section at the butt is limited by design features and cannot exceed 90 mm. Let us model a
spoke of solid cross-section, taking this limitation into account (Fig. 18). Most of the spoke has a con-
stant circular annular cross-section, and in the zone (800 mm long) adjacent to the butt, the cross-
section is of a variable type: transitioning from a round shape to an elliptical one (towards the fixed
end).

The modal calculation for this model (taking into account the mass of the curtain) gave the follow-
ing values for the first two frequencies (Figs. 19 and 20) of natural oscillations: 3.083 and 3.346 Hz,
respectively. This is significantly better than the basic model (see Fig. 6).

The solution presented above is implemented for a model with the same wall thickness of 0.36 mm
along the entire length. The total mass of the "bare" spoke is 2.04 kg. The reinforcement angle of the
longitudinal fibers ¢ = +45°.

If we redistribute the thicknesses by zones (as in Fig. 17), then we can increase the bending rigidity
by a third (at the first frequency). This is clearly seen in the data in Table 13.

This model can be considered optimal in rigidity, since the oscillation frequencies of the horizontal
(Fig. 19) and vertical (Fig. 20) directions almost coincide.
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Puc. 18. Ceuenns cnumpl ¢ Cy’)KeHHEM y KOMEISt

Fig. 18. Cross-sections of a spoke with a narrowing at the butt
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Puc. 19. TlepBas ¢popma KosebaHuit CIHILIBI C Cy)KeHHEM (BHU3Y — BUJI CBEPXY)

Fig. 19. The first vibration mode of a spoke with a narrowing (below — top view)

Table 13
The values of the first frequencies of oscillations of a solid spoke of annular cross-section
with a narrowing at the butt and zones of different wall thickness
Ne Wall thickness, #, mm by zones Spoke weight, | First frequency, Second
1 2 3 kg Hz frequency, Hz
1 0.36 0.36 0.36 2.04 3.083 3.346
2 0.48 0.36 0.24 2.02 3.654 3.959
3 0.60 0.36 0.12 2.00 4.160 4.166
Table 14

The values of the first frequencies of oscillations of a solid spoke of annular cross-section
with a narrowing at the butt and zones of different wall thickness in models with different fiber winding angles

Ne Thickness by zones, Reinforcement angle, o, Natural oscillation frequencies, Hz
mm deg First mode Second mode

1 45 4.160 4.166

2 0.60-0.36-0.12 35 4.701 4.296

3 25 4.270 3.626

4 15 3.379 2.8111782

Puc. 20. Bropas ¢opma xoneGaHuii CIUIBI C Cy)KEHHEM (BHU3Y — BHJ] COOKY)

Fig. 20. The second vibration mode of the spoke with a narrowing (below — side view)
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If necessary, in order to increase the values of the studied frequencies of natural oscillations, the
orientation of the longitudinal fibers can be optimized. For example, for model No. 3 (Table 13), a
slight decrease in the reinforcement angle of the longitudinal fibers ¢ within the range from 45 to 35
degrees leads to a noticeable increase in the rigidity of the horizontal bending and to a slight increase
in the rigidity of the vertical direction (Table 14).

Mesh composite spoke with annular cross-section and tapering at the butt
Let us consider a model of a mesh composite spoke with a ring cross-section and a narrowing at the
butt (Fig. 21).

Puc. 21. Ceruartas KOMIIO3UTHAS CIIHIIA KOJIBLIEBOTO CEUEHUS C CY’)KEHHEM y KOMEISI

Fig. 21. Mesh composite spoke of circular cross-section with a narrowing at the butt

On a 0.8 m long section, immediately adjacent to the fixed end, the mesh structure has a linearly
variable cross-section. On the rest of the spoke, the cross-section is constant — annular, with a diameter
of 200 mm. The number of spiral ribs on both sections of the spoke is 16. On a section of constant
cross-section, the orientation angle of the spiral ribs is also constant ¢ = £10°. In the zone of variable
cross-section (on the section near the butt), the magnitude of the reinforcement angle changes along
the spoke axis according to Clairaut’s law. It is equal to ¢ = +10° at the cross-section of the junction of
zones with variable and constant cross-sections and increases in the direction toward the fixed end
(Fig. 22).

The "bare" spoke has a mass of 1.961 kg (the cross-sections of all edges are the same 2.3 x 2.3
mm). In the modal calculation, the frequencies of natural oscillations were obtained: 7.859 and 8.523
Hz for the first (Fig. 23) and second (Fig. 24) modes, respectively.

Taking into account the mass of the fabric sector (see Fig. 2), the following values were obtained:
4.171 and 4.643 Hz for the first (Fig. 23) and second (Fig. 24) modes, respectively. This is even better
than that of a solid wound needle (with a narrowing at the butt) with optimized thicknesses in the
zones (see Tables 13 and 14).

If we increase the power of the ribs of the conical part (adjacent to the butt), then we can further in-
crease the rigidity of the structure. For example, if we set the rib section here to 3.5x3.5 mm, and in
the remaining (cylindrical) part of the spoke — 2.0x2.0 mm (while the total mass remains unchanged),
then the frequencies of the first and second modes of natural oscillations will increase to 4.564 and
5.181 Hz, respectively.
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Puc. 22. MecTo CTBIKOBKH 30H C NEPEMCHHBIM U NTOCTOSHHBIM CEYCHUSAMUA

Fig. 22. The junction of zones with variable and constant sections

Puc. 23. TlepBas ¢popma KonebaHMii ceTyaToil CIULBI C Cy)KeHUEM (BHHU3Y — BUJI CBEPXY)

Fig. 23. The first mode of vibration of a mesh spoke with a narrowing (below — top view)

Puc. 24. Bropas ¢opma xonebaHuii CETYATON CIHUIIBI C Cy>)KEHHEM (BHU3Y — BH]] COOKY).

Fig. 24. The second mode of vibration of a mesh spoke with a narrowing (below — side view)

Conclusion

The accuracy of the reflective surface profile of the reflector is mainly achieved by ensuring a sta-
ble position of the radial spokes in the deployed state. This stability depends on the rigidity of the can-
tilever-mounted spokes. Based on a numerical experiment, the paper shows the possibilities of increas-
ing the rigidity of the spokes while maintaining the regulated mass. This can be achieved, firstly, by
changing the annular cross-section of a solid composite spoke manufactured by the method of con-
tinuous winding of fibers, in particular, by giving it an elliptical shape with a vertical orientation of the
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major semi-axis, secondly, by optimizing the reinforcement angles of the fibers in the layered structure
of the composite material of the spoke and, thirdly, by rationally redistributing the thicknesses of the
clements along the generating surface in such a way as to strengthen the sections adjacent to the fixed
end of the spoke. The mass efficiency of the spoke can also be increased by using the mesh structure
of its walls. It is possible to optimize the anisogrid model with a rational choice of the orientation an-
gles of the spiral ribs. The indicated methods for increasing the rigidity and stability of the spoke are
confirmed in calculations taking into account the mass of the antenna mesh and verified in the analysis
of the bearing capacity of the spoke in the initial and inverted positions.

bubnauorpadpuueckue ccblIKU

1. Vasiliev V. V. Mechanics of Composite Structures. Taylor & Francis, 1993.

2. Kassapoglou C. Design and Analysis of Composite Structures: With Applications to Aerospace
Structures. 2013, John Wiley & Sons Ltd. 402 p. DOI: 10.1002/9781118536933.

3. Decolon C. Analysis of Composite Structures. Butterworth-Heinemann. 2004. 336 p.

4. Tepneuxuii I'. C., 3p1k0B A. O., Talirun B. b. AHanu3 koHCTpyKIuii MeMOpaHHBIX TpaHCHOp-
MHUpPYEMBIX aHTEHH KocMuueckux ammapatoB / Kocmuueckue ammapatsl U TexHodoruu. 2022. T. 6,
Ne 3. C. 149-162. DOI: 10.26732/j.5t.2022.3.01.

5. Yeoborapes B. E., Kocenko B. E. OcHOBBI IpOEKTHPOBaHUSI KOCMHUYECKUX allapaToB WHPOpMa-
nuoHHOTO obecmeueHust. Kpacuosipck, 2011. 488 c.

6. Kabanos C. A., Kabanos /I. C. OntumanbHOEe pacKpbITHE CHHI KPYHHOTa0apUTHOT'O TpaHC-
¢dopmupyemoro peduekropa mmo uepapxuu kpurepues // Kocmuueckue anmnapats! 1 TexHomoruu. 2021.
T.5,Ne4.C.191-197. DOI: 10.26732/j.5t.2021.4.02.

7. WBanos A. B., 3ommep C. A. AHaiu3 nporiecca pacKpbITHsI 30HTUYHOTO pediiekTopa Ha CTCHIE
C aKTHBHOH cuctemoil obe3BemmBanus // Kocmuueckue ammapatsl U TexHomorun. 2021. T. 5, Ne 4.
C. 208-216. DOI: 10.26732/j.5t.2021.4.04.

8. Jlomatun A. B., PytkoBckas M. A. O030p KOHCTPYKLHUI COBPEMEHHBIX TpaHCHOPMHUPYEMBIX
kocmuyeckux anTeHH. Y. 1 // Bectauk CuoI'AY. 2007. Ne 2. C. 51-57.

9. Taiiruu B. b., Jlonatua A. B. MeToa obecrieueHus] BRICOKOH TOYHOCTH (HOPMBI pedICKTOPOB
3epKaJbHBIX aHTEHH KOCMHUYeCKHX ammapatoB // Kocmuueckue ammaparsl u TexHonoruu. 2019. T. 3,
Ne 4 (30). C. 200-208.

10. Satish K. Sh., Sudhakar R., Lotfollah Sh. Handbook of Reflector Antennas and Feed Systems
// Theory and Design of Reflectors. 2013. Vol. 1. P. 350.

11. Taiirun B. b., Jlonatun A. B. O630p KOHCTpYKIHIA 3epKabHBIX aHTEHH KOCMUYECKHX aIra-
paToB C TBEPAOTEIBHBIMH MPEUU3UOHHBIMU pa3MepocTaOmIbHBIMU peduiektopamu // Kocmuueckue
anmapatsl U Texnonorun. 2021. T. 5, Ne 1. C. 14-26. DOI: 10.26732/j.5t.2021.1.02.

12. Taiiruu B. b., Jlomatua A. B. Metoa o0OecrnieueHust BICOKOH TOYHOCTH (HOpMBI pehICKTOPOB
3epKaJbHBIX aHTEHH KOCMHUYeCKHX ammapaToB // Kocmuueckue ammaparsl u TexHonoruu. 2019. T. 3,
Ne 4. C. 200-208. DOI: 10.26732/2618-7957-2019-4-200-208.

13. Jlomatua A. B., PytkoBckas M. A. BeiOop onTUManbHBIX MapaMeTPOB CITHITBI 30HTUYHON aH-
TEHHBI JJIsI 00CCIeYeHHsI MAKCUMaIbHON W3rHOHO# sxecTKOCTH // CHOMPCKUI JKypHAI HAYKH U TEXHO-
noruid. 2018. T. 19, Ne 3. C. 504-509. DOI: 10.31772/2587-6066-2018-19-3-504-5009.

14. Imbriale W. Spaceborne Antennas for Planetary Exploration. NJ. John Wiley and Sons. 2006,
592 p.

15. Akira M. In-orbit deployment performance of large satellite antennas // J. Spacecraft and
Rockets. 1996. Vol. 33, No. 2. P. 222-227.

References

1. Vasiliev V. V. Mechanics of Composite Structures. Taylor & Francis, 1993.

2. Kassapoglou C. Design and Analysis of Composite Structures: With Applications to Aerospace
Structures. 2013, John Wiley & Sons Ltd. 402 p. DOIL: 10.1002/9781118536933.

480



Aviation and spacecraft engineering

3. Decolon C. Analysis of Composite Structures. Butterworth-Heinemann. 2004. 336 p.

4. Terletsky G. S., Zykov A. O., Taigin V. B. [Analysis of the designs of membrane transformable
antennas of cable devices]. Kosmicheskiye apparaty i tekhnologii. 2022, Vol. 6, No. 3, P. 149-162 (In
Russ.). DOI: 10.26732/.5t.2022.3.01.

5. Chebotarev V. E., Kosenko V. E. Osnovy proyektirovaniya kosmicheskikh apparatov informat-
sionnogo obespecheniya [Fundamentals of designing spacecraft for information support].
Krasnoyarsk, 2011, 488 p.

6. Kabanov S. A., Kabanov D. S. [Optimal opening of the spokes of a large-sized transformable
reflector according to the hierarchy of criteria]. Kosmicheskiye apparaty i tekhnologii. 2021, Vol. 5,
No. 4, P. 191-197 (In Russ.). DOI: 10.26732/j.st.2021.4.02.

7. Ivanov A. V., Sommer S. A. [Analysis of the process of opening an umbrella reflector on a
stand with an active weight-neutralization system]. Kosmicheskiye apparaty i tekhnologii. 2021, Vol.
5, No. 4, P. 208-216 (In Russ.). DOI: 10.26732/j.st.2021.4.04.

8. Lopatin A. V., Rutkovskaya M. A. [Review of the designs of modern transformable space an-
tennas (part 1)]. Vestnik SibSAU. 2007, No. 2, P. 51-57 (In Russ.).

9. Taigin V. B., Lopatin A. V. [Method for ensuring high accuracy of the shape of reflectors of
mirror antennas of spacecraft]. Kosmicheskiye apparaty i tekhnologii. 2019, Vol. 3, No. 4 (30),
P. 200-208 (In Russ.).

10. Satish K. Sh., Sudhakar R., Lotfollah Sh. Handbook of Reflector Antennas and Feed Systems.
Theory and Design of Reflectors. 2013, Vol. 1, P. 350.

11. Taigin V. B., Lopatin A. V. [Review of the designs of mirror antennas for spacecraft with sol-
id-state precision size-stable reflectors]. Kosmicheskiye apparaty i tekhnologii. 2021, Vol. 5, No. 1, P.
14-26 (In Russ.). DOI: 10.26732/j.st.2021.1.02.

12. Taigin V. B., Lopatin A. V. [Method for ensuring high accuracy of the shape of reflectors of
mirror antennas of spacecraft]. Kosmicheskiye apparaty i tekhnologii. 2019, Vol. 3, No. 4, P. 200-208
(In Russ.). DOI: 10.26732/2618-7957-2019-4-200-208.

13. Lopatin A. V., Rutkovskaya M. A. [Selection of optimal parameters of the umbrella antenna
spoke to ensure maximum bending rigidity]. Sibirskiy zhurnal nauki i tekhnologiy. 2018, Vol. 19,
No. 3, P. 504-509 (In Russ.). DOI: 10.31772/2587-6066-2018-19-3-504-509.

14. Imbriale W. Spaceborne Antennas for Planetary Exploration. NJ. John Wiley and Sons. 2006,
592 p.

15. Akira M. In-orbit deployment performance of large satellite antennas. J. Spacecraft and
Rockets. 1996, Vol. 33, No. 2, P. 222-227.

© Nesterov V. A., Gabidulin S. V., 2024

HecTtepoB BragumMup AHATOIbeBUY — KaHIUIAT TEXHHYECKUX HAYK, NOICHT Kadeaphl ieTaTeIbHBIX allapaToB;
CubMpcKHii roCyIapCTBEHHBIH YHHBEPCUTET HAYKH M TEXHOJIOTHMH MMeHH akaaemuka M. @. PemerneBa. E-mail:
nesterov@mail.sibsau.ru. https://orcid.org/0009-0003-6384-3849

I'aduayiaun Cepreii BaagumupoBu4 — g01eHT kadeapsl nHxeHepHo# rpaduku; CHOUPCKHIA ToCyIapCTBEHHBIH
YHMBEPCUTET HAyKH M TEXHOJOruid wuMeHu akaaemuka M. @. PemerneBa. E-mail: gabidulin@sibsau.ru.
https://orcid.org/0009-0003-1072-9436

Nesterov Vladimir Anatolievich — Cand. Sc., Associate Professor; Reshetnev Siberian State University of Sci-
ence and Technology. E-mail: nesterov@mail.sibsau.ru. https://orcid.org/0009-0003-6384-3849

Gabidulin Sergey Vladimirovich — Associate Professor; Reshetnev Siberian State University of Science and
Technology. E-mail: gabidulin@sibsau.ru. https://orcid.org/0009-0003-1072-9436

Cratbst noctymnuia B penakuuio 14.11.2024; npunsra k myoaukanuu 25.11.2024; onyonukosana 26.12.2024
The article was submitted 14.11.2024; accepted for publication 25.11.2024; published 26.12.2024



