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The paper is devoted to cross-section geometrical parameters optimization of thin-walled spokes of large-size, um-
brella-type deployable satellite parabolic antennas with radial spokes. The spokes in the structures mentioned above
must have maximal bending stiffness and minimal mass. Spokes with uniform thickness of walls both in the section and
along their lengths are not optimal to achieve the maximal stiffness while keeping predetermined mass, because they
have the same bending stiffness in any direction.

In the given paper the authors suggest changing the shape of the spoke cross-section by using sections of different
thicknesses. This would allow increasing the bending stiffness of each spoke in the perpendicular to the antenna surface
direction while preserving the same mass of the complete structure. The thickness will be increased stepwise in the
cross-sectional areas of the maximum distance from each other in the bend plane; in the remaining part of the section it
will be reduced.

The main objective of this paper is to obtain analytical dependences for assessment of the bending stiffness of the
cross section of the umbrella-type antenna spoke with a stepwise change in its thickness. Formulas were obtained
within the framework of the beam theory of bending. The obtained analytical dependencies were verified by numerical
simulation in the finite element software Ansys. Verification of the obtained results by numerical simulation showed
good convergence with theoretical conclusions.

The formulas obtained in the paper make it possible to give practical recommendations for design of large deploy-
able space antennas with improved parameters, namely maximum stiffness with minimum mass of the structure.
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Paccmompena onmumuzayus 2eomempui NONEPeUHO20 CeYeHusi MOHKOCIMEHHbIX CNUY KPYNHO2A0APUMHBIX PA360-
PauuaemMvix CHYmMHUKOBbIX NAPAOOIULECKUX AHMEHH 30HMUYHO20 MUNA C PAOUATbHBIMU cRuyamu-pebpamu. B nodo6-
HOU KOHCMPYKYUU Cnuybl O0JNCHBL 001a0amb MAKCUMATLHOU U3CUOHOU JHCECMKOCBIO NPU MUHUMATLHOU Mdcce.
Cnuybl ¢ NOCMOSIHHOU MOIWUHOU CIMEHKU KAK 8 OMOEIbHOM CeYeHUU, MAaK U no OIUHe He SAGNIAI0MCS ONMUMATbHbIMU
011 OOCHMUICEHUST MAKCUMATbHOU JCeCmMKOCMU NPpU 3A0AHHOU MdAcce, MAaK KAk UMerom OOUHAKOBYI) HCeCMKOCHb
npu uzeube 8 10OOM HANPAGIEHUU.

Ilpeonazaemcs usmenumo ¢hopmy nonepeunHoco ceueHusi Cnuyvl 3a CHem UCHOJb306AHUS YYACMKOS DPA3NUUHOU
MONWUHBL. DMO NO36OIUM YEENUUUMb U3LUOHYIO HCECMKOCHb CNUYbL 8 HANPAGICeHUU, NePNEeHOUKYISIPHOM NOBEPXHOCMU
AHMEHHbL NPU COXPAHEHUU 3A0AHHOU MACCbl KOHCMpYKyuu. B obnacmsx ceuenuil, MaxcumanibHO YOAniéHHbIX Opye
om Opyea, 8 MIOCKOCMU uU3zeuba moawuna Oyoem CMyneHyamo yGeiuyeHd, 6 OCMAGUICUCS YACU CeYeHUsl —
VMeHbULeHd.

OcCHOB8HOU Yyenvblo OaHHOU pabomul A6UIOCH NOTYYUEeHUe AHATUMUYECKUX 3A6UCUMOCTEL 0151 OYeHKU U3SUOHOU Jice-
CMKOCMU NONEPEeUHO20 CeHeHUsl CRUYbl 30HMUYHOU AHMEHHbL CO CYNEHYaAMbIM U3MeHeHUueM ee monaujunsl. Popmyivl
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ASuaLﬂ,{OHHlI}l U paKkemHo-KoCmMu4ecKas mexnuxKka

Oblu noJly4eHsvl 6 pamKax banouHot meopuu uzeuoba. HOﬂy’{eHHble aHanumu4ecKue 3a8UucUmMocmu OvlLiu npoeepenvl
YUC/IEHHbIM Modeﬂupoeauuem 6 yHuGepCClﬂbHOIZ npOZpCZMMHOIZ cucmeme KOHEe4YHO-31EMEHMHO020 aHalu3a Ansys. Bepu—
d)uKCllﬂl}l NOJIYYEHHbIX pe3Ylbmamo6 YUCIEeHHbIM Moc)eﬂupoeaHueM nokasana xopoutyro CX00UMOCmb C meopemu4ecKu-

MU 8b18600AMIU.

Tonyuennvie 6 cmamve hopmynvl NO360810M 0AMb NPAKMUYECKUE PEKOMEHOAYUU NO KOHCIPYUPOBAHUIO OOTbUUUX
Pa3eopavu8aemMbix KOCMU4EeCKUX AHMeNH C YIVUUEeHHbIMU NApamMempamu, a UMEeHHO, MAKCUMATbHOU JCeCHKOCHbIO NpU

MUHUMATbHOU Macce KOHCMPYKYUU.

Kniouesvie cnosa: mpancgopmupyemvle KOHCMPYKYUY, 30HMUYHASL AHMEHHA.

Introduction. Large deployable parabolic antennas
are widely used in satellite communication systems. Um-
brella-type constructions with radial spokes-ribs con-
nected at one end to the base are the most widespread
among such systems (fig. 1).

Spokes are the main supporting elements of an um-
brella-type antenna. They must have bending stiffness
sufficient to open the antenna and to tense the netting both
during the orbital operation and during ground testing of
the structure. There are several approaches to the design
of the spokes of the umbrella-type antenna [1-14]. Wind-
ing is the most technologically feasible method for manu-
facturing a thin-walled spoke. In the process of winding a
strip of unidirectional composite material is laid layer by
layer on a cylindrical mandrel at the angle +o to the lon-
gitudinal axis (fig. 2). With a large number of thin, alter-
nating layers with angles +¢ and —¢, the structure of a
spoke wall can be considered homogeneous and
orthotropic.

The main types of spoke deformation are bending in
the zoy plane and bending in the zox plane. Bending in the
zoy plane occurs when the spoke is loaded with forces that
arise during the process of membrane tension. The mem-
brane tension is the main load case for the umbrella-
type antenna's spoke. Therefore, the stiffness of the spoke
bending in the zoy plane should be greater than the stiff-
ness of the spoke bending in the zox plane. Cross section

a

of constant thickness is not optimal for achieving maxi-
mum stiffness with a given mass.

Optimization of the cross-section geometric pa-
rameters of the umbrella-type antenna’s spoke. The
authors propose to change the shape of the spoke cross-
section by using sections of different thicknesses to in-
crease the bending stiffness of the thin-walled spoke of
the umbrella-type antenna while maintaining the specified
design mass (fig. 3). An important circumstance is the
fact that such a design is technologically feasible.

We connect the longitudinal axis of the spoke passing
through the centers of the cross sections with the coordi-
nate z counted from the base (fig. 2) and assign the cross-
section of the spoke to the coordinate system xoy (fig. 4).
To maintain the specified mass of the structure, it is nec-
essary to ensure the equality of the cross-sectional areas
of the spokes in question (fig. 4, 5), which can be
achieved by using the cross-section shown in fig 4, 5.
Formulas are obtained that allow estimating the bending
stiffness of the spoke cross section in the case when the
thickness varies stepwise (fig. 5).

Let us define the bending stiffness of the cross section
of the spoke. Calculation of a thin-walled rod with a
closed cross-sectional contour is carried out on the basis
of the hypotheses of the beam theory, according to which
the cross section is not deformed and turns like a hard
disk when bending.

Fig. 1. An umbrella-type antenna with spokes with a circular cross section:
a — an antenna in the deployed position; b — the start position of an antenna

Puc. 1. 3oHTHYHAs aHTEHHA CO CIIULAMHU C KPYTJIBIM MOMEPEUHBIM CEUECHUEM:
a — B Pa3BEPHYTOM I10JI0)KEHHHU; O — B CTAPTOBOM I10JI0)KEHUU
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Fig. 2. A cantilever thin walled spoke with a round cross-section

Puc. 2. KoHconpHast TOHKOCTEHHAs! CIMI[A C KPYTJIBIM MOTIEPEUHBIM CEUEHUEM

Fig. 3. An isometric view of the spoke with variable thickness

Puc. 3. OOmumii BUJ CITUIIBI C TIEPEMEHHBIM CEUYCHUEM

Fig. 4. A thin-walled round spoke with
constant thickness in the cross section

Puc. 4. Cniuna ¢ riragkum
MONEPEYHBIM CEYCHUEM
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Fig. 5. A thin-walled round spoke with variable
thickness in the cross section

Puc. 5. Cninua ¢ nepeMeHHBIM
HOIIEPEYHBIM CEUCHUEM
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Within the framework of the beam theory [15], the
bending stiffness of the cross-section in the planes zoy
and zox are defined as follows:

D, =§B,y’ds, D, =§Bx’ds. (1)

Here s is the contour coordinate, which is calculated
from the formula s = Rp, respectively ds = Rdp. The value
By denotes the stiffness of the spoke wall when stretched
or compressed in the axial direction.

x=Rsinf, y=Rcosp. 2)

Substituting (2) into (1), we obtain the following ex-
pressions:

D, = @BHRZ cos’ BRAP = R%JSBH cos’ Bdp,
D, =§ B, R sin* paPRAB = R°P B, sin’ BdB.  (3)

The rigidity of a spoke with a smooth cross-section
will be expressed with the following form:

D=nB,R® =4 iR’ . (4)

For a spoke with a complex cross-section (fig. 5), the
expression for the bending stiffness of the cross section in
the zoy plane takes the form:

|31 Bi B,
D, =2R*| A, jcos BdB+ A, t, j cos’Bdp+

B
s %)
+[3 +
cos BdBJ

+ Allt1

where B, = n—B;.

After some transformations (5) we obtain the follow-
ing expression:

D, = 4, ,R*(t,(B, +sinB,) +1,(n— (B, +sinB,)).  (6)

Taking into account the equality of the cross-sectional
areas of the two spokes under consideration, we obtain
expressions for the bending stiffness of a spoke with a
smooth cross-section:

D= A11R3t2(7t+[31(0‘ -1, @)

and a cross-section with variable thickness:
D = A11R3t2 (o =D)(B, +sinfB,) +m), (8)

where a = t,/t,.

The bending stiffness relations can be written in the
following form:

D, s sin 3, .
D '31 +L
o-1

The results of the calculations are shown in the graph
(fig. 6) for different thickness ratios a. Here a; = 1.5,
o, =2.0,03 =3.0, 04 =4.0, a5 =5.0.

As it can be seen from the graph, the maximum stiff-
ness is achieved when the ratio of the thicknesses of the
spoke with the variable cross-section is 5 and the angle B,
is equal to 62°.

Modal analysis of the spokes by the finite element
method was carried out (fig. 7) to verify the results. The
spokes are made of CFRP (Carbon Fiber Reinforced
Polymer) with the following characteristics: modulus

n= ©)

of elasticity is 100 hPa, Poisson’s ratio is 0.3, and density
is 1500 kg / m’. The internal diameter of the spoke
is 200 mm, the length is 6 m, the thickness of the smooth
cross-section is =2 mm.

P1

o] 10 20 30 40

50 &0 70 80 90

Fig. 6. The dependence of the stiffness parameter on the angle B, at different thickness ratios

Puc. 6. 3aBUCHMOCTD KECTKOCTHOTO ApaMeTpa OT yriia 3 IPH Pa3HbIX COOTHOLICHUSX TOJILMH
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Fig. 7. The modal analysis of a spoke with a variable cross-section

Puc. 7. MOZ[aHLHLIﬁ aHaJIn3 CIUIbI C IEPEMECHHLIM ITOIIEPCUHBIM CEYECHUEM

Taking into account the equality of the areas of the
two cross-sections, we obtain the parameters for a spoke
with a variable cross-section: the angle By is 60°,
the thickness #{ = 4 mm and # = 1 mm. With these
geometric parameters, the masses of the spokes are prac-
tically equal.

The first frequency of a spoke with a smooth cross-
section is 8.69 Hz, and that of a spoke with a variable
cross-section is 10.64 Hz. As a result of the calculation it
can be seen that the stiffness of a spoke with a variable
cross-section significantly increased in comparison with
a spoke with a smooth cross-section. The ratio of stiffness
obtained numerically is 1.47.

The conclusion. Substituting the calculated parame-
ters of the spokes into expression (9), we obtain 1; =1.41.
Verification of the results obtained showed good conver-
gence with theoretical conclusions.

Thus, the formulas obtained make it possible to esti-
mate the bending stiffness of the cross-section of the um-
brella-type antenna spoke when its thickness varies step-
wise and give practical recommendations for the design
of large expandable space antennas with improved
parameters, namely, maximum stiffness with a minimum
mass of the structure.

Acknowledgments. This work was supported by the
Ministry of Education and Science of the Russian Federa-
tion Ne RFMEFI57517X0144.

Baaronapuocru. Pabora noxnepxana Munucrepcr-
BoM oOpazoBanust M Hayku Poccuiickoit ®Denepanun
No RFMEFI57517X0144.

References

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

2. Barho R. Investigations into deployment complica-
tions of the ERS-1 SAR antenna. 5th European Space
Mech. and Tribol. Symposium. Noordwijk, 28-30 Oct.,
1992; Paris, 1993, P. 61-64.

3. Freeland R. E. Survey of deployable antenna con-
cepts. Proceedings of the large space antenna systems
technology workshop. NASA CP-2269, Part 1, 1983.

4. Gantes C. J., Konitopoulou E. Geometric design
of arbitrarily curved bi-stable deployable arches with
discrete joint size. International Journal of Solids and
Structures. 2004, No. 41, P. 5517-5540.

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

6. Kashichi H. Method for making a reflector of a
satellite broadcasting receiving parabolic antenna. Kyowa
Electric and Chemical Co. Ltd. USA, Patent Ne 093054,
03.03.1992.

7. Kunito O., Takahiko N. at al. Development of a
precision large deployable antenna for the space VLBI.
14th International Communication Satellite Systems Con-
ference and Exhibit. Washington, D. C., March 22-24,
1992, P. 1552-1559.

8. Lai C.-Y., Pellegrino S. Deployable membrane re-
flectors with offset configuration. AIAA Pap. 1999,
No. 1477, P. 1-9.

9. Misawa M. Deployment reliability prediction for a
large satellite antennas driven by spring mechanisms.
J. Spacecraft and Rockets. 1994, Vol. 31, No. 5,
P. 878-882.

10. Oachi T., Pyle R. J. Grid structures [Lockheed
Missiles and Space Co]. USA, Patent Ne 5364491,
15.11.1994.

11. Roederer A. G., Rahmat-Samii Y. Unfurable
satellite ~ antennas: a review.  Annales  des
Telecommunications. 1989, No. 44, P. 475-488.

12. Pellegrino S. Deployable membrane reflectors.
In Proc. 2nd World Engineering Congress. July 22-25,
2002, Sarawak, Malaysia, P. 1-9.

13. Tan L. T., Soykasap O., Pellegrino S. Design &
manufacture of stiffened spring-back reflector demonstra-
tor. In Proc. 46th AIAA/ASME/ASCE/AHS/ASC Struc-
tures, Structural Dynamics and Materials Conference.
April 18-21, 2005, Austin, Texas, AIAA-2048.

14. Lopatin A. V., Rutkovskaya M. A. [Modeling
meshed spoke of parabolic umbrella-type antenna].
Materialy Ros. nauch.-tech. konf. “Nauka. Promishlen-
nost. Oborona” [Materials Russian Scientific-Technical
Conf “Science. Industry. Defense”]. Novosibirsk, 2003,
P. 13—-14 (In Russ.)

15. Vasiliev V. V. Mechanics of Composite Struc-
tures. Taylor & Francis. 1993, 517 p.

Bbu6auorpaguyeckue ccblIKM

1. Akira M. In-orbit deployment performance of
large satellite antennas // J. Spacecraft and Rockets. 1996.
Vol. 33, Ne 2. C. 222-227.

2. Barho R. Investigations into deployment complica-
tions of the ERS-1 SAR antenna // 5th European Space
Mech. and Tribol. Symposium (Noordwijk, 28-30 Oct.,
1992). Paris, 1993. C. 61-64.

508



ASMLZL;MOHHCI}I U paKkemHo-KoCmMu4ecKas mexnuxKka

3. Freeland R. E. Survey of deployable antenna con-
cepts // Proceedings of the large space antenna systems
technology workshop. NASA CP-2269. Pt. 1. 1983.

4. Gantes C. J., Konitopoulou E. Geometric design of
arbitrarily curved bi-stable deployable arches with
discrete joint size // International Journal of Solids and
Structures. 2004. Ne 41. C. 5517-5540.

5. Imbriale W. Spaceborne Antennas for Planetary
Exploration. NJ. : John Wiley and Sons, 2006. 592 c.

6. Method for making a reflector of a satellite broad-
casting receiving parabolic antenna : Patent Ne 093054.
USA / Kashichi H. ; Kyowa Electric and Chemical Co.
Ltd. 03.03.1992.

7. Development of a precision large deployable
antenna for the space VLBI / O. Kunito [at al.] //
14th International Communication Satellite Systems
Conference and Exhibit (Washington D. C., March 22-24,
1992). 1992. C. 1552-1559.

8. Lai C.-Y., Pellegrino S. Deployable membrane re-
flectors with offset configuration // AIAA Pap. 1999.
Ne 1477. C. 1-9.

9. Misawa M. Deployment reliability prediction for a
large satellite antennas driven by spring mechanisms //
J. Spacecraft and Rockets. 1994. Vol. 31, Ne 5. C. 878-882.

10. Grid structures. Patent Ne 5364491. USA /
Oachi T., Pyle R. J. ; Lockheed Missiles and Space Co.
15.11.1994.

11. Roederer A. G., Rahmat-Samii Y. Unfurable
satellite antennas: a review // Annales des
Telecommunications. 1989. Ne 44. C. 475-488.

12. Pellegrino S. Deployable membrane reflectors //
In Proc. 2nd World Engineering Congress (July 22-25,
2002, Sarawak, Malaysia). C. 1-9.

13. Tan L. T., Soykasap O., Pellegrino S. Design
& manufacture of stiffened spring-back reflector demon-
strator // In Proc. 46th ATIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics and Materials Conference
(April 18-21, 2005, Austin, Texas). AIAA-2048.

14. Jlonmatun A. B., PytkoBckas M. A. Mogenupo-
BaHUEC CETYATON CIHUIBI 30HTHYHOW MMapabOoUUECKOM
anreHssl // Hayka. [Ipombinurensocts. O6opoHa : mare-
puansl Poc. Hayu.-rexH. koHd. Hosocubupck, 2003.
C. 13-14.

15. Vasiliev V. V. Mechanics of Composite Struc-
tures. Taylor & Francis, 1993.

© Lopatin A. V., Rutkovskaya M. A., 2018



	2.6

