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One of the basic requirements to deployable mechanical systems is observance of requirements on execution of the
first eigenfrequency of structure. In case of transformed structure like solar array, when the structure consists of any
panels series connected with joints, this requirement is supplied with high rigidity of a structure. At low rigidity (lower
then require) inevitably engenders unnecessary effects on orientation and stabilization system of spacecraft on orbit.

Other major aspect of designing of space engineering is decrease in final weight of a product. The most typical line
of designing of various systems of space vehicles is compromise search between decrease in weight of a product, and,
as consequence, decrease rigidity and strength properties of a structure.

In the article the proposed option of a design of a deployable mechanical system. The basic load-bearing element
is set of laminate composite panels, connected with joints. The main feature is additional elements (pipe or plate) com-
bined with basic panels. The form of a sectional structure is equilateral triangle. Selection of the given type of a structure
is proved by two kinds of analyses: the kinematic analysis of a deployment from a shipping rule in working, and
the modal analysis for reliability acknowledgement on first eigenfrequency. The parametric analysis of geometry of
a design is carried out, optimum versions are shown.

For deeper optimization of design parameters it is necessary to carry out the following engineering analyses which
have been not presented within the limits of the given article: the analysis of reliability of a deployment of mechanical
devices, the structural analysis; the analysis of temperature deformations and so forth.

The given design can be applied as the power basis to solar array, antennas, and cluster orbital systems.
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PA3BPABOTKA KOHHEIIIHAW PACKPBITHS MEXAHUYECKOW CUCTEMBI
PAJAPHOU AHTEHHBI KOCMHWYECKOI'O HASBHAYEHUA
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OO0HUM U3 OCHOBHBIX MPebOBAHULI K KPYNHOLADAPUMHBIM PACKPLIBAEMbIM KOHCIMPYKYUSAM A678emcs coomodenue
mpebosanutl no 0becneyenuro nepeoti Yacmomol COOCMBEHHbIX KoNebanull Koncmpykyuu. B ciyyae mpancgopmupye-
MbIX KOHCMPYKYUTL MUNA COIHEUHbIX bamapell uiu padapuvlx aHmeHH, Ko20a KOHCMpPYKyus npedcmasisem cooou
HECKONIbKO NOCIe008AMENbHO COCOUHEHHBIX WAPHUPHBIMU Y3IaAMU NaHenel, 9mo mpebosanue obecneuusaemcsi 6blcOKOU
arcecmrkocmuvio KoHempykyuu. Tlpu HU3Kol nepgoil codcmeenHoll yacmome Kolebanuil (Hudice mpeodyemotl) 603HUKarom
HedceramenbHbie Ihpexmnpl @ pabome cUcmemMbl OPUSHMAYUY U CIAOUIUZAYUU KOCMULECKO20 annapama Ha opoume.

Jpyeum gadichetiuuum acnekmom npoeKmupo8anUst KOCMUYECKOU MeXHUKU SAGNSEMC sl CHUNCEHUE KOHEUHOU MACChl
uzdenust. Haubonee xapakmepHoii uepmou npoeKmupo8anusi PA3IUYHbIX CUCEM KOCMUYECKUX Annapamos sieusiemcs
NOUCK KOMAPOMUCCA MENCOY CHUIICEHUEM MACCHL U30eNUsl U, KAK CIe0CMEUe, CHUNCEHUEM HCECMKOCTHBIX U NPOYHOCHL-
HbIX XAPAKMEPUCIUK KOHCIMPYKYUU.

Ipeonooicen sapuanm KOHCMPYKYUU MPAHCHOPMUPYEMO20 MeXaHUuyecko2o ycmpoucmed. OCHOGHbIM 2NeMeHMOM
OaHHOU KOHCMPYKYUU AGISIEMCS HAOOP MPEXCIOUHbIX KOMRO3UYUOHHBIX Nanenell, cOeOuHeHHbIX waphupamu. Knouesoi
0COOEHHOCMbIO AGIAIOMCA 66€0eHHble OONOTHUMENbHbIE dNeMEeHMbl (MPYyObl WU NAACTNUNBL), KOMOPble 8 COYEMAaHuu
€ HecywuMu naneisimu 6 paboyem noaodCeHUn 00pazviom 8 cedeHuu KOHCMPYKYUu pasHOCMOPOHHULL MpPey20bHUK.
Bvibop oannoco muna xoHcmpykyuu 060CHO8AH O08YMs GUOAMU AHATU308. KUHEMAMUYECKUM AHATUZOM PACKPbIMUS
U3 MPAHCNOPMUPOBOUHO20 NOLOACEHUS 8 pAbOYee NONONCEHUE U MOOATbHBIM AHAIUZ0M OJisl HOOMEEPHCOeHUs1 mpebo-
8aHUSL NO NEpBoU cOOCMEEHHOU yacmome Koaebanuil 6 pabouem nonodicenuu. IIpogeden napamempudecKuli aHaiu3s
2eomempuu KOHCMPYKYUU, NOKA3AHbI ONMUMAibible sapuanmsl. 11o pezyrbmamam ananuzo8 Obliu 6blOpanvl maxue
npOeKmuble XapaKkmepucmuk KOHCMpYKYu, KOmopvie yO08Iemeopsiion 6Cem KpumepusiM npo6eOeHHblX aHAU308.
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s bonee enybokoli onmumuzayuu NPOEKMHbIX NAPAMEMPO8 HEOOX0OUMO NPOGeCmU CAeOYIOuUe UHICEHEePHble
aHanusvl, He NPeOCmasiieHHble 8 PAMKAX OAHHOU CMAMbU: AHANU3 HAOENCHOCIU DPACKPLIMUSL MEXAHUUeCKUX YCm-
POUCME, MEXAHUHECKUT AHANU3, AHAIU3 MEMNEPAMYPHBIX dehopmayuil u np.

Jannas koncmpykyus modicem Oblimb NPUMEHEHA 6 Kauecmee CUL08OU 0CHO8bL O1sl homonpeobpasosameneli co-
HeuHbIX bamapeti, AHMEeHHbIX PEeuemoK paoapHblx AHMENH, 3ePKAN KIACMEpHbIX opoumanbholx cucmem. Boszmoocho
PA38epPMbLEAHUE COIHEUHO20 NAPYCa OOIBUION NIOWAOU C UCHOTb308AHUCM OAHHOU CXEMbI PACKPLIMUSL KOHCMPYKYUU.

Kniouesvie crosa: mooanvHulii aHaaus, KUHeMamu4eckuil aHaius, mexaHuvecKkoe ycmpoﬁcmeo.

Introduction. One of the basic requirements to a large
deployable mechanical system is compliance with the
requirements for the first eigenfrequency of structure. In
the case of transformed solar batteries or radar antennas,
where the design is a series of consecutively connected
panels, this requirement is ensured by a high stiffness of
the structure. With a low first eingenfrequency (below
required), undesirable effects occur in the orbit orientation
and stabilization system of a spacecraft [1; 2].

Another critical aspect of space technology design is
the reduction of final weight of the product. The most
typical feature of various spacecraft systems design is the
search for a compromise between the reduction of product
weight and, as a result, the reduction of rigidity and
strength characteristics of the structure [3].

Description of the structure. The object of the study
is the construction of a mechanical space-based system.
Fig. 1 shows the system in the start configuration. Fig. 2
shows a piece of the system in the deployment configura-
tion position. The overall size of the system under which
the structure is designed is presented in fig. 3.

The design concept is based on the use of honeycomb
sandwich panel set [4], connected by hinges. A key fea-
ture is the use of additional elements — thin plates (thick-
ness up to 0.1 mm) or tubes [5; 6]. The option of shared
use of both types of elements is also considered. Addi-
tional elements are pinned to sandwich panels in such a
way as to form the equilateral triangle in the section in the
deployment configuration (fig. 4).

Description of deployment logic. Only one deploy-
ment scheme has been proposed under this article. This
example shows how to address the challenges of dynam-
ics and kinematics.

In hinges, connecting neigbouring panels, there are
torsion springs that create the torque. Also in hinges there
are the delay nodes that do not allow the hinges to deploy
until the hinges of the previous panel deploys by 175°.
Side features also deploy using delay nodes. The sidebar
opens when the main panel on which it is placed comes
into deployed configuration. The stages of deployment are
shown in fig. 5. Start configuration complies with fig. 5, a.
Under torsion springs, the panel set begins to rotate
around the axis shown in fig. 5, b, all the panels of the
package are retained by the delay nodes. After the set has
been positioned according to fig. 5, ¢, the root hinge is
fixed, the delay node of the second panel opens, and the
set begins to rotate around the hinge of the second panel.
After passing the deployment angle of 95 degrees, the
sidebar delay node is opened, according to fig. 5, d. The
sidebar deployed by 60° is fixed in the deployed configu-
ration on the spacecraft. When the set arrives at the posi-
tion shown in fig. 5, e, the sidebar delay nodes and the
next hinge are deployed, and the set repeats the deploy-
ment steps. Whereas each subsequent sidebar is fixed
with the previous side panel on arriving at deployed con-
figuration. Fig. 6 shows a set of eight deployed panels.

Fig. 1. Object of research — mechanical system in start configuration:
1 — payload on sandwich panel; 2 — honeycomb sandwich panel set; 3 — hinges

Puc. 1. O0beKT HccnenoBaHus — MEXaHHIECKOE YCTPOUCTBO B TPAHCIIOPTHPOBOYHOM IOJIOKECHUH:
1 — monie3Has HarpysKa, pacloyoKeHHasi Ha COTOBOW MaHeny; 2 — Habop TPEXCIIOMHBIX COTOBBIX
naHesneil; 3 — MapHUPHBIC y3IIbI
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2

Fig. 2. Object of research — mechanical system in deployed configuration (fragment):
1 — payload on sandwich panel; 2 — honeycomb sandwich panel set; 3 — hinges

Puc. 2. O0BeKT uccaenoBaHusI — MEXaHHYECKOE YCTPOMCTBO B paboueM MoJI0KeH!H (PpparMeHr):
1 — morne3Has Harpys3Ka, pacIioJIoKeHHAs! Ha COTOBOH maHenH; 2 — Habop TPEXCIOWHBIX COTOBBIX MaHeNe; 3 — MapHUPHBIE Y3IIbI

50

Fig. 3. Geometric dimensions of the structure, m

Puc. 3. 'eomeTpudeckre pa3mepsl KOHCTPYKLUH, M

In order to reduce the number of mechanisms in the
system, it is suggested that the fixation of adjacent side
panels should be repositioned by locating neodymium
magnets in the fields of fixation.

This type of magnet obtains magnetic energy from
200 to 420 kj/m’. This means that the axial force that
must be exerted to break the two chained magnetic cubes
with the face of 10mm varies in the range of 38—60 N.
Magnetic locks of small linear dimensions may thus hold
the side panels with tightening force of several, up to
a few dozen kilograms of power.

The factors of outer space do not affect the character-
istics of neodymium magnets, and the loss of magnetic
properties equals 1-2 per cent in 10 years.

For the design of a magnetic lock based on neodym-
ium magnets, the data obtained from the calculation of the
system’s deployment performance must be used.

Deployment performance analysis. The calculation
of deployment performance is done to determine the loads
that are active in the structure elements during the
deployment process. Based on the calculation model of
the mechanical design system, it is necessary to identify

the characteristic patterns of the movement of deploying
elements with the simulation of active forces, hinges, and
other elements of the kinematic scheme [7; 8].

The source data for calculations of the structure panels
deployment is the mass characteristics of its elements, as
well as information on the characteristics of active forces
in the hinge model [9].

Since the moment of inertia of the revolving set
decreases during the deployment process, it is useful to
use less energy-related springs in each further hinge [10].
Springs’ driving moment diagram in the first and last
hinge are presented in fig. 7.

Fig. 8 shows dynamic model of panel constructions in
fold position, using all necessary geometrical, kinematical
and force objects.

Panel width equals one meter, length — 1.5 m. Set
of 34 panels gives the total of ~50 m.

Model summary is given in tab. 1. Fig. 9 shows the
force on the interface between the first additional panel
and KA. Since the maximum bending moment appears in
the first hinge under the system deployment, the system
also gains the maximum force.
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Fig. 4. Design variants of additional elements:
a — using membranes; b — using lattice membranes;
¢, d — using tubes; e — combined version

Puc. 4. BapyaHTbl HCIIOIHEHHUS JOTIOIHUTENIBHBIX 3JIEMEHTOB!

a — C UCIIONB30BaHNEM TOHKOCTEHHBIX IUIACTHH; O — C HCIOJb-

30BaHHEM CETYATHIX TOHKOCTEHHBIX IUIACTHH; 6, 2 — C HCIOJIb-
30BaHUEM TPyO; 0 — KOMOMHHPOBAHHOE HCIOIHEHHUE
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c d

Additional panel fixator Neighboring panel fixator

e

Fig. 5. Deployment stages

Puc. 5. Dransl packpbITHS KOHCTPYKLIUHU



ABMGQMOHHaﬂ U paKkemHo-KoCmMu4ecKkas mexnuka

In order to ensure a tightening force of 300 N, the
linear dimensions of the neodymium magnet should be
as follows: width @ = 30 mm, height » = 30 mm, length
/ = 10 mm. The weight of one magnet with the above
dimensions will be 65 grams.

By applying the fast Fourier transform (FFT) to this
graph, we receive maximum perturbation frequency [11].
The graph of the function obtained through the Fourier
filter is presented in fig. 10.

The graph shows that the most perturbations in the
system occur at the frequency of 0.125 Hz, which cor-
responds to the first frequency of the structure vibration.

Modal analysis. A modal analysis is performed
to confirm the requirement for the structure’s first eigen-
frequency vibrations [12]. The lower bound of the first
eigenfrequency in 0.1 Hz is set as the criterion. Fig. 11
shows the finite element model (FEM) of the system in
different configurations. Honeycomb panels are simulated

using LAMINATE elements, additional plates by PLATE
elements, pipes by BEAM elements (Circularbar). Honey-
comb panels consist of two carboned patches with a
thickness of 0.00035 m and an aluminum honeycomb
filler of 0.0193 m. Panel total thickness is 2 cm. The
upper tube has a diameter of 0.05 m and a wall thickness
of 0.0012 m. The tubes connecting the honeycomb panel
and the upper tube have a diameter of 0.03 m. The solver
uses the NASTRAN calculation set [13—15].

Tab. 2 gives the summary of the modal analysis
results.

Conclusion. This article provides a design option
for a mechanical system to host a payload. Approaches
to solving various design tasks are shown. Based on the
calculation of deployment performance, the materials and
configuration of hinges elements are selected. Modal
analysis has shown that the design satisfies the require-
ment for the first eigenfrequency of vibrations.

Fig. 6. Partially deployed construction

Puc. 6. YacTuuHO pacKpbITas KOHCTPYKLUS
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Fig. 7. Driving moment diagram of different hinges: @ — driving moment in first hinge;
b — driving moment in last hinge, driving moment in additional panel hinge

Puc. 7. luarpamma neictBus npyskuHsl B paznuusbix 1IY: a — moment B LITY nepsoii nanenu;
6 — moment B 111V nocienueii nanenu, MomedT B I1TY GoKoBBIX nanenei
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Fig. 8. Dynamic analysis model: / — driving moment and delay mechanism in second addi-

tional panel hinge; 2 — revolute joint in second additional panel hinge; 3 — neighbor additional

panel fixator; 4 — revolute joint in first panel hinge; 5 — driving moment and delay mechanism

in first panel hinge; 6 — driving moment and delay mechanism in first additional panel hinge;

7 — revolute joint in first additional panel hinge; 8 — driving moment and delay mechanism
in second panel hinge; 9 — revolute joint in second panel hinge; /0 — first panel

Puc. 8. lunamuueckas Mozienb IBYX NaHelel: / — akTUBHBIE CUJIbI, MOJEIUPYIOLIIE JBHXKY-
it MOMEHT U y3en 3anepxku B LIIY Bropoii 60koBOil manenu; 2 — BpamaTenbHbIi MapHUP
BTOpOii OOKOBOW maHesnu; 3 — 3JIEMEHT, MOJCTUPYIOUIMHA 3a4€KOBKY CMEXHBIX OOKOBBIX
naxene; 4 — BpawmatenbHblid mwapuup B LY nepBoii nanenu; 5 — akTUBHbBIE CUJIBI, MOJEIH-
pyolIye ABMKYIIUI MOMEHT | y3en 3aiepkku B LY mepBoii maHenu; 6 — akTHBHBIE CHJIBI,
MOJICTIMpPYIOIIAe ABIKYIIMI MOMEHT W y3en 3azepxkku B 1Y mepsoil GoxoBoi maneny;
7 — BpalnaTeIbHBIH MapHUp MepBoii OOKOBOI MaHeIH; § — aKTHUBHBIE CHIIBI, MOJEIUPYIOIINE
JBIDKYIIMA MOMEHT U y3en 3ajepxku B IIIY Bropoll maneny; 9 — BpalaTeibHbIA LIapHUD
B IV BTOpOIi Naneny; /() — nepsas naHeb

Table 1
Deployment performance model’s units
Unit title Number

Parts 76
Revolute Joint 76
Fixed Joint 37
Single Component Force 114

350.0

250.01 ” ‘

150.0 1 1

Cia, H
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Bpema. ¢

Fig. 9. Neighbor panel fixator maximum force diagram

Puc. 9. MakcumanbHas cuia, IeHCTBYONIas B y3Je 3a4eKOBKM OOKOBBIX MaHeTel
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Table 2
Values for the first eigenfrequency vibrations for different constructions
Section size, m Sections number First eigenfrequency Hz
fig. 11, a fig. 11,5 fig. 11, ¢ fig. 11,d fig. 11, e

1 47 0.007 0.1 0.13 0.17 0.178
1.2 40 0.007 0.1 0.128 0.18 0.184
1.6 30 0.008 0.12 0.11 0.2 0.2

2 24 0.006 0.2 0.19 0.25 0.28

Further research, such as an analysis of the deploy-
ment reliability required to predict the probability of a
product’s fail-free operation, a mechanical analysis that
shows the strength properties of the structure, the buck-
ling calculation that determines conditions for preserving
the structure form and other types of calculations will
make clear conclusions about the correctness of the
design decisions.
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