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KOCMHMYECKOI0 anmnapara JJisi O4MCTKH OPOUTHI
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Poccuiickas ®eneparus, 660037, r. KpacHosipck, npoct. uM. ras. «KpacHospckuii pabounii», 31
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Poccutickas @enepauus, 662971, . XKeneznoropck Kpacuospckoro kpas, yi. Jlenuna, 52
“E-mail: kolgavw@yandex.ru

Ilpeocmasnen nodxo0 Kk peuwleHuio 3a0a4u NPOEKMUPOBAHUS KOCMUYECKO20 annapama O OYUCMKU
opoumul om KocMuuecko2o mycopa (kocmudeckoeo coopuuxa mycopa — KCM), kopnyc komopoeo evinoiHer 8
8UOe YUTUHOPUYECKOU Ccemuamol aHu302puoHol o0boaouxu. 3adaueii NpoOeKMupOBaHUs AGIAemMcs blOOp
ONMUMANBHBIX Napamempos anuzocpuornozo kopnyca KCM (gpopma u niowaoe cevenus pebep, KOIUYeCmMeo
KObYesblX U CHUPATILHBIX pebep, Xapakmepucmuxa mamepuaia u op.), 00ecneyusaruux HeodXooumy
NPOYHOCMb U YCMOUYUBOCHb KOHCIMPYKYUU NpU MUHUMATBHOU Mmacce. B npoyecce npoexmuposanusi nposeden
napamempudeckull aHaIu3 aHu302PUOH020 KOPNYca KOCMUYeckKo2o coopwuka mycopa. Bapvupys koruvecmeo u
V2Ol HAKIOHA OOHOHANPAGIEHHbIX CHUPATLHLIX pebep, HaAUOeHd ONMUMATbHASL KOHCMPYKMUBHAS CXemd,
omeeuaowas 3a0aHHbIM Kod(pguyuenmam 3anaca npounocmu u ycmouuusocmu. Ilapamempuueckuti ananu3s
kopnyca KCM exnrouaem 6 cebs MoOeauposanue 0CHOBHbIX 6€COBLIX U NPOUYHOCHIHLIX NAPAMEempos: onpeoeienue
HAanpsiicenHo-0eqhpopmMupo8anHO20  COCMOANUSL  KOHCPYKYUY, 3HAYeHUll COOCMBEeHHbIX Yacmom Kopnycd,
onpedeneHue 3anaca nomepu YCMouuUeoCmu om npoOoabHOU CUbL, ONpedeseHue MAccbl KOpnycd.

Ananuz Hecyujell CHocoOHOCMU AHU30SPUOHO20 KOPHYCAd KOCMUHECK020 CcOOpWUKA Mycopa npo8oOucs
C NOMOWDBIO MEmoOd KOHEUHbIX DIeMEeHmO8 ¢ UCHOb308akuem npocpammuoco nakema MSC Nastran.
Koneuno-anemenmuas moodenb cemuamou 06010uKu OblIA CO30aHA U3 08YXY3108bIX npocmpancmeentvix BEAM
KOHEYHbIX — onemenmos.  [uck,  npukpenieHuwlll K  mopyegol  4acmu  00ONOYKU,  MOOEIUPOBAICS
¢ nomougvio RIGID koneunoeo snemenma. Pazmep 6aniouno20 KoHeuH020 d1emeHma Ois 6cex mooenetl 060104ex
ObLL 00UHAKOBbIM U pashbim 10 mm.

Ilpu npogedenuu napamempuueckozo aHanu3a ObLIU PACCMOMPEHbl MPU BAPUAHMA CEMYAMOU KOMNOZUMHOU

CIMPYKMYPbl C PA3TUYHbIM KOIUYECMBOM U Y2TI0M HAKIIOHA OOHOHANPAGIEHHbIX CNUPATIbHLIX pebep.
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Ilo pesynemamam napamempuyeckozo ananusza xopnyca KCM 6wvinu onpedenenvl e2o0 zeomempuiecKue

pasmepvl U MUHUMUSUPOBAHA MACCA KOHCMPYKYUU KOCMUYECKO20 annapama 6 YejloM.

Knouegvie crnosa: kocmuueckuii annapam, napamempuyeckull aHaiu3, npoOYHOCMb KOCMUYECK020 annapama,
cbop KOCMUYUECKO20 Mycopd, HACMOma KoaeOanuu, HaAnpsaiceHHo-0eopMuposannoe cocmosnue, nomeps

ycmoﬁuu@ocmu, KOHCMpYupoeaHue KoOCMud4ecKkoeco annapama.

Parametric analysis of the anisogrid body of the spacecraft
for cleaning the orbit of space debris
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The article presents an approach to solving the problem of designing a spacecraft for cleaning the orbit of
space debris (space garbage collector-KSM), the body of which is made in the form of a cylindrical mesh an-
isogrid shell. The design task is to select the optimal parameters of the anisogrid body of the KSM (the shape and
cross-sectional area of the ribs, the number of annular and spiral ribs, material characteristics, etc.) that provide
the necessary strength and stability of the structure with minimal weight. During the design process, a parametric
analysis of the anisogrid housing of the space garbage collector was carried out. By varying the number and an-
gle of inclination of unidirectional spiral ribs, we find the optimal design scheme that satisfies the specified safety
and stability coefficients. Parametric analysis of the KSM body includes modeling of the main weight and strength
parameters: determination of the stress-strain state of the structure, values of the body’s natural frequencies, de-
termination of the bending margin from the longitudinal force, determination of the body mass.

The analysis of the load-bearing capacity of the anisogrid housing of the space garbage collector was carried
out by the finite element method using the MSC Nastran software package. A finite element mesh model was cre-
ated from a two-node spatial finite element bundle. The disk attached to the end of the shell was modeled using a
rigid finite element. The size of the final beam element for all shell models was the same and equal to 10 mm.

During the parametric analysis, three variants of the mesh composite structure with a different number and
angle of inclination of unidirectional spiral ribs were considered.

Based on the results of parametric analysis of the spacecraft body, its geometric dimensions are determined
and the mass of the spacecraft structure as a whole is minimized.

Keywords: spacecraft, parametric analysis, spacecraft strength, space debris collection, vibration frequency,
stress-strain state, loss of stability, spacecraft design.

Introduction. Since the launch of the first artificial Earth satellite, all states have carried out more than
5000 launches of rocket vehicles. Over the entire period of space exploration, more than 30 thousand large
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(larger than 10-20 cm) space objects (SO) were launched into near-earth space. There are much more regis-
tered ones (about 35 thousand) due to the fragmentation of some large space objects. More than two-thirds of
them still remain in orbits and are monitored by ground-based and space-based observation devices. Today,
officially, over 17 thousand SOs have been cataloged [1].

According to statistics, the share of Russia, the United States and China accounts for 93% of garbage ob-
jects. The share of other countries in total is about 7% (according to other estimates for 2014 Russia —
39.7%; USA — 28.9%; China — 22.8%, other countries — 8.6%) [1].

The orbits most populated by space garbage are those with the highest concentration of objects relative to
other areas. These are orbits with an altitude of 250 to 1000 km.

Space garbage means all artificial objects and their fragments in space that are malfunctioning and do not
function but are a potentially dangerous factor affecting functioning and launched spacecrafts (SC). In some
cases, large or containing hazardous (nuclear, toxic, etc.) materials on board, space garbage objects can pose
a direct hazard to the Earth during their uncontrolled deorbiting, incomplete combustion when passing
through dense layers of the atmosphere of the Earth and garbage falling onto settlements, industrial facilities,
transport communications, etc.

The problem of contamination of near-earth space with “space garbage”, as a purely theoretical one, arose
essentially immediately after the launch of the first artificial earth satellites in the late fifties. It received offi-
cial status at the international level after the report of the UN Secretary General entitled “The impact of
space activities on the environment” on December 10, 1993, where it was emphasized that the problem is of
an international, global nature [2]. The need for measures to reduce the intensity of man-made garbage in
space becomes clear when considering possible scenarios for space exploration in the future. When extrapo-
lating the existing conditions of low Earth orbits (LEO) clogging, the “cascade effect” from mutual collisions
of objects and space debris particles can lead to a catastrophic increase in their number on LEO and, as a
consequence, to the practical impossibility of further space exploration. It is assumed that after 2055 the pro-
cess of self-reproduction of the remnants of human space activities will become a critical problem for the
further development of world cosmonautics [1; 2].

The trend of development and design of prototypes of space garbage collectors (SGCs) all over the world
is becoming more and more relevant due to the increase in the number of spacecraft launches into various
orbits. To solve the problems of collecting space garbage (upper stages of the launch vehicle, spent satellites
and their fragments), designed spacecraft intended for cleaning orbits, according to the principle of impact on
garbage, are divided, as a rule, into two types:

1. Contact (capture of garbage by a manipulator, rope, net, harpoon, etc.).

2. Non-contact (destruction of debris when exposed to a laser installation, ion flow, electrostatic field and
collection of small garbage).

All of these projects have one common drawback: all projects are “one-off”, i.e. limited to one working
cycle. It should be borne in mind that the work of any space scavenger requires energy expenditure to change
the orbit, docking with garbage, and, therefore, acceleration, deceleration and manoeuvring in orbit. As a
rule, the energy of solar cells for such complex movements is insufficient. Therefore, when designing “reus-
able” SGC, it is necessary to take into account its energy capabilities [3] for the implementation of several
working cycles.

In the above study, the task of designing a space garbage collector (SGC) determined the development of
a spacecraft capable of providing several operating cycles of space garbage removal from orbit to reduce the
cost of 1 kg of space debris removed from orbit. At the same time, the SGC must have a limited mass and
dimensions for a more compact placement under the head fairing of the launch vehicle [4-9].



Duty cycle of the space garbage collector. To design a SGC with several working cycles, consider the
order of its operation, including the capture and removal from orbit of one piece of space garbage (SG). The
working cycle includes the following stages (fig. 1).
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Fig. 1. Space garbage collector duty cycle

1. Launch. Upon reaching the redeployment orbit (payload separation, altitude 200 km), the separation
devices are activated, and a spring mechanism pushes it away from the warhead adapter. Control checks and
orbit adjustments are underway. At LEO, SGC is awaiting command to enter phasing orbit.

2. Hohmann transition. Manoeuvre of transition to the waiting orbit (phasing orbit). The first start of the
engine raises the spacecraft to a design altitude of 230 km along an elliptical trajectory. The second pulse is
intended for correction and stabilization in a circular phasing orbit (first transition).

3. Orbit of waiting (phasing). Height: 230 km. Waiting for the command to enter the space garbage cap-
ture orbit. The orbital speed of the spacecraft is 130 km / h higher than that of the garbage in orbit of 260 km.
The SGC waits for the required phase angle, after which it leaves for a rendezvous with space garbage.

4. Bielliptic transition. To transfer a rocket drone from a waiting orbit (phasing) to a space garbage orbit,
the Hohmann transition is not accurate enough. For this, a manoeuvre with three engine start-ups is used - a
bielliptic transition (second transition).

5. Docking. After the transfer of the space garbage to the garbage capture orbit, it is necessary to ensure
its deceleration and guidance of the gripping manipulators to the space garbage fragment (SG) using the cor-
rection engines and the onboard radar system. The computer automatically controls the manoeuvring engines
and ensures the capture of the object. In the event of a non-standard situation, the onboard system will cancel
the docking and return the spacecraft to the phasing orbit to search for a new target.

6. Descent. After the manipulators successfully capture the garbage, the spacecraft makes a manoeuvre
from orbit to the flooding trajectory. At an altitude of 232 km, the SGC undocks from the garbage, which
continues to move along a given trajectory and enters the dense layers of the atmosphere, where it burns up
or falls into a predetermined point “Nemo” located in the Pacific Ocean.

The SGC transfers from the flooding trajectory to the phasing orbit and starts a new operating cycle.



According to the calculation data, one SGC removes from 3 to 6 “I” blocks with a mass of 2.7 t (the third
stage of the Soyuz LV) with orbits up to 300 km. The number of duty cycles depends on the orbital altitude
of the garbage fragment and the required orbital manoeuvres for docking and removal of garbage from orbit.

Design of a space garbage collector.

To ensure several duty cycles of cleaning orbits from space garbage, the following design of a space gar-
bage collector was proposed (fig. 2). At the same time, the requirements of minimizing the mass and dimen-
sions of the spacecraft were taken into account.

Structurally, the SGC consists of three compartments (fig. 2):

—a block of manipulators;

—the SGC body hardware;

— engine section.
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Fig. 2. General view of the space garbage collector

The block of manipulators consists of three manipulators in the form of claws with closing clamps. The
advantage of manipulators over other devices is the hard capture of the space garbage and its quick undock-
ing.

In a vacuum, any slightest collision of objects affects the possible deviations of their further trajectories.
To ensure reliable docking of the SC with the garbage fragment, it is necessary to provide a sufficiently rigid
and effective gripping device.

As grippers, it is proposed to use an adaptive three-fingered gripper (patent WO 2004/028753) [10],
shown in fig. 3. The device includes a body with three fingers mounted on it, located at the vertices of an
isosceles or equilateral triangle. Each finger consists of three phalanges, the first of which rotates relative to
the body, and the second and third phalanges rotate relative to the first and second, respectively, using indi-
vidual rotary drives with parallel axes of rotation. Each of the fingers is made with the possibility of rotation
relative to the body at an angle of at least 90 ° using an individual drive.

A rotary drive is attached to the manipulator, which turns the body with fingers relative to the garbage.
Servo drives with built-in indicators are used as individual drives, and the contact surfaces of the phalanges
are equipped with tactile sensors for working with objects of different shapes, rigidity and strength. The pro-
posed solution allows to increase the functionality of the manipulator unit and the reliability of grasping ob-
jects with a previously unknown shape.
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Fig. 3. Gripping device:
1 — body; 2 — fingers; 3 — finger phalanges; 4 — servos; 5 — contact area of the phalanges

The SGC body hardware is a thin-walled anisogrid mesh shell, reinforced at the ends with power frames.
A block of manipulators and an engine compartment are attached to the frames from different ends. The de-
sign task is to select the optimal parameters of the anisogrid SGC body (shape and cross-sectional area of the
ribs, the number of circular and spiral ribs, material characteristics, etc.) that provide the necessary strength
and stability of the structure with a minimum weight.

Engine section consists of a propulsion engine that provides interorbital transfers from the waiting orbit to
the capture orbit and then to the flooding trajectory and correction engines for correcting the orbits and accu-
rately capturing garbage.

The design model choice. The space garbage collector is a structure with a length of 2686 mm (with
arms folded), with a body length of 1600 mm. The diameter of the midsection of the spacecraft is 1200 mm.
Therefore, for the calculation of the case, we will take a cylindrical anisogrid mesh shell 1600 mm long and
1200 mm in diameter. This approach simplifies the design model, allowing all external forces to be repre-
sented as a combination of longitudinal axial loads. In this case, simplifications in the structure of the hull
can be taken into account in the form of a safety factor.

When choosing a design model, it is necessary to analyze the operation of the structure and its individual
elements both in the process of launching the spacecraft into the base orbit and during its operation (interor-
bital crossings, capture of garbage, its transportation and disposal).

To determine the design case, let us consider the location of the spacecraft under the nose fairing of the
“Soyuz 2.1b” launch vehicle during the delivery of the payload to the base orbit.

Concentrated forces. Concentrated forces. In the considered design model, under the concentrated forces
we mean the pressure distributed along the perimeter of the power frame and applied at the points of attach-
ment of the engine section to it. In addition, we will also refer to external forces as the reactions of the bonds
arising on the opposite power frame at the place of attachment of the spacecraft to the head adapter.

The mass of the engine compartment m = 1008 kg is applied to the power support frame -DU control. The
power frame on the opposite edge of the SGC body will be taken rigidly attached to the adapter at the place



where the payload is installed. A block of manipulators for capturing space garbage located on the power
frame and manoeuvrable engines with a total mass of 45 kg are fixed on the same frame and connected to the
support attachment to the adapter.

Distributed loads. Distributed loads. In our design scheme, these are inertial forces from the action of the
overload at the moment the launch vehicle operates on the active part of the trajectory.

Analysis of the active part of the trajectory made it possible to determine the value of the maximum val-
ues of the overload during the launch of the spacecraft into the base working orbit. Let's take them equal to
n=5g.

Thus, the design model will take the form shown in fig. 4.
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Fig. 4. Design model of the mesh anisogrid housing of the space garbage collector

The parametric analysis of the design of the mesh anisogrid body of the SGC includes modelling the fol-

lowing weight and strength characteristics.

— determination of the stress-strain state of the design;

— determination of the natural frequencies of the design;

— determination of the loss margin stability against longitudinal force;
— determination of the mass of the body.

Analysis of the calculation results will allow us to choose the optimal design of the anisogrid body for the
space garbage collector based on the criteria of strength and weight characteristics.

Finite-element modelling. Finite - element modelling. Composite mesh cylindrical shells are widely
used as load-bearing bodies for spacecraft [11; 12]. The cylindrical mesh body is subjected to compressive
loads arising from the launch of the spacecraft into orbit. The study of the longitudinal deformation of the
mesh body is an important stage in its design. The body of the space garbage collector (SGC) we are design-
ing is a mesh cylindrical shell, one edge of which is fixed, and the other edge is loaded by axial compressive
force. The magnitude of the force is equal to the product of the weight of the spacecraft and the maximum



axial overload. The displacement of the loaded edge of the shell is a measure of the longitudinal stiffness of
the spacecraft mesh body. Loading is carried out through an absolutely hard disk located at the edge of the
shell (supporting power frame). To solve a similar problem, the continuum model of the reticular shell has
already been used earlier [13; fourteen]. The deformation process is described by the equations of the nonlin-
ear momentless theory of orthotropic cylindrical shells. A formula has been obtained that can be used to de-
termine the displacement of the disk and to estimate the longitudinal stiffness of the mesh cylindrical shell.
This formula was used to study the influence of the angle of inclination and the number of spiral ribs on the
amount of movement of the end frame.

Let us use the analytical formulas derived in [14] to calculate the displacement of a hard disk attached to a
mesh anisogrid shell with different geometric and stiffness parameters under the action of axial loads.

Consider a mesh shell with spiral and annular ribs have the same cross-section and are made of one unidi-
rectional carbon composite. When calculating the displacements of a rigid ring, we will vary the number of
spiral ribs and their angle of inclination.

To verify the results obtained using analytical formulas, we will solve the problem of the compression of
the mesh shell using the finite element method. Let us define the movement of the hard disk using the MSC
Nastran package [15]. A finite element mesh model was created from two-node spatial BEAM finite ele-
ments. The disk attached to the shell was modelled using the leaf element RIGID. The size of the beam finite
element for all shell models was the same and equal to 10 mm. The displacements of the hard disk, found
using the finite element method, are comparable to 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 anisogrid body of the SGC.

When carrying out a parametric analysis of the anisogrid body of the SGC by the finite element method,
we will consider three variants of the mesh composite structure of the ribs (tab. 1).

Table 1
Parameters of the anisogrid structure of the SGC body
Varia Number of unidirectional spiral ribs, Rib angle, degrees
nt pcs
1 24 15
2 30 12
3 36 10

As a material for the SGC body, a carbon matrix with carbon fibre is taken as a reinforcing filler with the

following physical and mechanical properties: E=170 I'Tla, p=1550 K—ZS o, =350 MPa.
M

For the three variants of the mesh composite structure of the SGC body chosen (table 1), the maximum
values of stresses and strains were determined, as well as the buckling margin in each design case.

The analysis of the stress-strain state made it possible to determine the maximum values of stresses in the
structure, as well as the most loaded ribs and sections of the body. In addition, the calculated maximum abso-
lute deformations made it possible to compare them with the standard design tolerance when the payload is
located under the nose fairing of the launch vehicle. In each design case, the natural frequencies of the SGC
body and the buckling margin were determined.

The results of the parametric analysis of the anisogrid body are shown in table 2.



Table 2

Results of numerical simulation of the SGC anisogrid body parameters

Number of Angle of Maximum Maximum Safety Constructio
spiral ribs inclination of deformations stresses o, factor of n weight, kg
ribs, degrees S, mm MPa buckling
24 15 1.590 67.850 1.63 157.97
30 12 0.920 55.200 2.45 173.69
36 10 0.647 45.480 3.37 190.35

Based on the results of the parametric analysis, we will accept the body of the space garbage collector in
the form of an anisogrid mesh shell with 24 spiral unidirectional ribs (fig. 5, 6).
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Fig. 5. Loss of stability of the SGC body (24 spiral ribs)
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Fig. 6. Stress-strain state of the SGC body (24 spiral ribs)
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At the same time, the buckling margin was 1,63, the safety factor =350/67,85=5,1. The mass of the
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mesh anisogrid body was 157, 97 kg.

The total mass of the space garbage collector was m=1243, 35 xr.

Conclusion. The paper presents an approach to solving the problem of designing a space garbage collec-
tor (SGC), the body of which is made in the form of a cylindrical mesh anisogrid shell. In this work, a para-
metric analysis of the anisogrid body of the SGC is carried out. By varying the number and angle of inclina-
tion of unidirectional spiral ribs, an optimal design scheme is found that meets the required margin of safety
and stability. The main vibration frequency of the body structure is determined, its stress-strain state is inves-
tigated and the calculation for stability is carried out.

Based on the results of the parametric analysis of the SGC body, its geometric dimensions were deter-
mined and the mass of the space drone structure as a whole was minimized.
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