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KiioueBble ciioBa:

KOCMHYECKHE CHCTEMBI HOBOTO TIOKOJICHNS,
opbuTanbHOe 00CIyKMBaHUE, PEMOHT,
JI03aIlpaBKa, CIlyTHHUK Ha opOwuTe,
00cCITy’)KUBaHHE CITyTHUKOB, OJIOYHO-
MOJTyJIbHBIC, CTAaHAAPT, THOKOCTD,
SKOHOMHYECKAsI BHIT0J1a

AHHOTanus. 3a TOCIEIHUE TOAbl MHOTHE KOMIAaHWH W HalWOHAJbHBIC
areHTCTBa B Pa3HBIX CTpaHaX ObUIM BOBJICUCHBI B Pa3pabOTKy pa3iIMUHBIX
TEXHUYECKUX aCIeKTOB OpOHTAIBEHOrO 00Cy uBaHks1. ONHCaH OIBIT OpOUTATb-
Horo oOciyxuBanusi B CLA u Poccun. PaccmartpuBaercs npodiema opou-
TaJIBHOTO 00CITy)KMBaHHS B 1esoM. [1oka3aHo, YTO OpOHTATIBHOE 00CITYKH-
BaHHME OTHOCUTCS K PA3BUTHIO KOCMUYECKOH HH(PACTPYKTYPHI CIIEIYIOIIETO
MOKOJICHUS] U PELICHHE MPOOIeMbl OPOUTATIBHOTO OOCTYKMBAaHUS B 3HAYM-
TEIBHOM CTENEeHU NpeNonpeersieT XapaKTePUCTHKN KOCMUYIECKUX CHCTEM
CIIeIyIOIIETO TTOKOMeHHs. [t peamsaly OpOUTAIEHOTO 00CITy KIBAHIS BBIC-
JISIFOTCS JIBa OJIMHAKOBO Ba)XKHBIX HarpasiieHus: 1) obecrieyeHue paboTocmo-
COOHOCTH CITyTHHKOB; 2) CO3/IaHHE CHCTEM HETIOCPEICTBEHHOTO 00CITyKUBAHNSL.
Peanuzanust KaXJ0ro HarpaBJIeHHs BKITIOYACT B ce0sl IMPOKHUIA CIIEKTP paspa-
00TOK. B 1epBoM citydae Hy>KHO YUHTBIBATH BOSMOXXHOCTB CTBIKOBKHU C OOCITY KH-
BaeMbIM CITyTHHKOM, TapaHTUPOBAHHBIM JOCTYH K KOMIIOHEHTaM CITyTHHKA,
OJIOYHO-MOZYJIBHYIO CTPYKTYpPY OOCIYXHBA€MOIO CITyTHHKA, CTaHJapTH3a-
LU0 alIapaTHOro obeclieueHusl U pa3beMoB M T. A. Peanmzanus BTOporo
HaIpaBJIeHHs] BapbUPYETCsl OT Pa3pabOTKH METOAOB OOCITYKUBAHUS U CHCTEM
00CITyXUBaHMS 10 CIIyTHHKOBBIX OPOWT M ONTHMM3ALMK TPpynnmpoBku. IIpen-
CTABJICHBI CYIIECTBYIOIHME U IEPCHEKTHBHBIC KIIOYEBBIC TEXHOJOTUU JUIL UC-
IIPaBHOTO OOCITY>KHMBAIOLIETO CIyTHHKA. [I0Ka3aHo, YTO SKOHOMUYECKasl BHI'OAA
OpOUTANBHOTrO OOCITY)KUBAHUS JOJDKHA THIATEIILBHO OOOCHOBBIBATBHCS C TJIO-
0aJbHON TOYKH 3PEHHS C Y4eTOM OCOOCHHOCTEH OyyIeil KOCMHYECKON WH-
(pactpykrypbl. O0cCiIy)KMBaHHE TIO3BOJISET MPOJIUTH CPOK CITY>KOBI CITYTHUKOB,
CHHU3UB TakUM 00pa3oM CTOMMOCTB >KM3HEHHOT'O IIMKJIa, Oojiee TOro — co3za-
BaThb COBEPUIEHHO HOBBIE CUCTEMbI U MUCCUHM. DTH 3(HEKThl MOTYT OBITh
JOCTUTHYTBI HE TOJIBKO ITOCPEACTBOM JIO3aINPaBKU M PEMOHTA CITYyTHHKOB,
HO M 3a cYeT Koppekuuu ux opout. Ilpemnaraemoe opOUTaILHOE OOCITYKH-
BaHHE CO3JAaeT MEPCIEKTUBY CO3aHNs KOMMEPUYECKOH CETH OOCITYKHBAHHUS
U yJajeHust Mycopa, chopMUpOBaHHOI Ha TOM ke TEXHOJIOrM4eckoi 6ase,
4TO, OJIHAKO, NPEICTABISIET CO00I OTHENBHbIE TEXHOIOTHYECKHe Mpobie-
MbI, KOTOPBIC TECHO CBsA3aHbI C 0p6I/ITaﬂbeIM 06Cﬂy)KI/IBaHI/ICM.

* IlyOnukamus HOATOTOBIICHA MCCIIEA0BATeNbCKOM Ipymmoit 3.22 MexayHapoJHOU aKaJeMUH aCTPOHABTHKU M JaCTHYHO IIPEJCTaBIeHA Ha
68-M MexayHapoaHoM acTpoHaBTHueckoM KoHrpecce (IAC), Anenanna, ABctpamus, 25-29 centsadps 2017 r., IAC-17-41654 [1].
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Introduction

The general problem of the next-generation
space system development based on the on-orbit-
servicing (OOS) concept with a focus on its techno-
logical, theoretical, economic aspects is considered.

Over the last years many organizations in dif-
ferent countries have been involved in development
of various technical aspects of on-orbit satellite ser-
vicing, which to a great extent predetermines the
characteristics of next-generation space systems.
Such efforts are now carried out in the USA (DARPA,
Boeing Company, SSL, MDA), Russia (Roscos-
mos), Germany (German Aerospace Center DLR,
Airbus Defence and Space ADS, OHB Group with
formerly Kayser-Threde), Japan (JAXA, Tokyo In-
stitute of Technology, Astrocale), Sweden (Swedish
Space Corporation, Orbital Satellites Services AB),
Spain (Sener), as well as in other countries.

Even though many companies and national
agencies are currently conducting research in on-
orbit servicing, there is an organizational challenge,
as it is hard to tackle the big picture of the problem
of OOS due to its scope. This complex problem
demands a comprehensive top-down approach and
can only be addressed properly by a coordinated
group comprising specialists of different back-
grounds beyond space and technology. It is also
obvious that a successful study should incorporate
ideas and experiences that come from different sci-
entists and from different countries.

Moreover, we consider that the solution of
the OOS problem to a great extent predetermines
the characteristics of next-generation space sys-
tems. Whatever efforts have been made to this end
are either incomplete or too specific. The solutions
at hand deal with specific tasks and can only be re-
garded as a part of a bigger pattern that is yet to be
described. The study has never been undertaken at
such a scale, and it is a chance to generalize all
the existing experience and take a step further,
by improving particulars and integrating them into
a complex infrastructure.

Servicing infrastructure can only be regarded with-
in the context of advanced next-generation space sys-

tems the ones that are going to be economically feasible
and effectively serviced. This means that anyone who
commits to the study should possess knowledge not
only of the basic on-orbit servicing concepts, but also of
the future space systems themselves.

Researching a particular way of servicing could
be pointless, if this study doesn’t fit with the way the
future space systems are going to operate. At the same
time, a process of mutual adjustment and dialogue
between the two parties — those who develop special-
purpose space systems to be serviced, and those de-
sign servicing infrastructure — should be initiated as
soon as possible in the design process to find an opti-
mal solution that would make space systems servicea-
ble and at the same time allow them to perform their
main missions without loss in functionality.

The problem is still far from being solved — only
separate specific solutions exist [2]. Therefore, a new
comprehensive study must be initiated. Its distinc-
tive features from other research in the same field
are the following:

1) the generic challenges and opportunities of
a next generation space on-orbit servicing infra-
structure are investigated;

2) both study specific solutions for creation of
space on-orbit servicing system, and different as-
pects of servicing infrastructure are investigated;

3) by uniting different fields of research, the at-
tention is paid to details, as well as a guided, coordi-
nated effort is presented to achieve a common goal.

This creates balance between diversity and
purposefulness, leading to an all-encompassing and
non-redundant study.

The study is aimed at following purposes:

1) to evaluate experience and detect trends and
problems that matter today;

2) to set primary definitions and define the
concept of OOS, to single out components of ser-
vicing and serviced systems, and to point out the
stages of a servicing operation;

3) to identify the main technologies that must be en-
hanced with respect to servicing and serviced systems,
and to propose solutions for optimizing and adjusting
orbital formations of serviced and servicing satellites;
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4) to evaluate the problem within the context of
next-generation space systems by envisioning an out-
line of advanced servicing networks for the predic-
ted space population;

5) to estimate economic and jurisdictional as-
pects of OOS, considering the possibility of com-
plete interface standardization, calculating benefit,
and researching international space law;

6) to outline roadmaps and to research options
of international cooperation.

Thus, the study encompasses all sides of the
problem — purely technological and engineering,
mathematical and methodological, as well as eco-
nomic, organizational, and legal.

1. Lessons learned

To plan, we need to know how the problem origi-
nated, how it has been dealt with before and what
trends revelled themselves earlier that now still have
some impact. Lessons learned in the past at the stage
of creating the modern servicing space infrastructure
should be studied closely and open-mindedly.

The problem of OOS emerged together with the
problem of space exploration — as it happens, even
the most reliable technologies tend to malfunction
and even in the most successful missions there are
cases of minor emergencies.

1.1. US

Some of the most prominent pages of the
American space servicing chronicles relate to ser-
vicing the first US orbital station, Skylab. In 1973,
the onset of its mission was accompanied by some
major difficulties. Because of the damage that oc-
curred during its launch, solar arrays of Skylab
were not deployed properly; micrometeoroid shields,
which also served as thermal managing device,
failed, and the station could not be made sufficient-
ly habitable. However, a crew of astronauts arrived
at Skylab and saved the station, replacing thermal
shields and deploying the solar panels, thus per-
forming the first major on-orbit repair operation.

After the incident, many lessons were derived
from the experience. One of the major ones con-
cerned the approach to space systems development
and is still relevant today.

Designing and operating a space vehicle is
an interdisciplinary problem that requires good co-
ordination at all stages. Excessive paperwork should
be avoided when possible! Every stage of space-
flight relates to another and yet must be treated by
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a team of qualified specialists who know their trade.
Moreover, as during many other events of manned
space exploration era, OOS proved to be a dange-
rous and demanding enterprise — a field of many
outstanding deeds but also a field to be made safer.

Another important year is 1984. It was marked
by two landmark events, and the successful comple-
tion of the first one in a way inspired the courage
with which the other one was undertaken.

After the failure of attitude control system,
the Solar Maximum Mission (SMM) satellite had
been out-of-order for quite some time. However,
in 1984, a team of astronauts was sent to repair
the malfunctioning vehicle.

After successful rendezvous and capture ma-
noeuvres, the Challenger crew replaced the failed
parts by taking advantage of the satellite’s modular
structure.

Moreover, this repair mission was the first-time
that robotic tools were combined with human outer
space operations, setting one of the most important
ongoing trends.

Later in the year, Discovery’s mission substi-
tuted two new telecommunication satellites for two
damaged ones, returning the replaced spacecraft to
Earth for refurbishment after complex manned on-
orbit operations, thus saving great sums of money.
Both satellites were later resold and re-launched
into space.

The lessons learned from these operations
could be stated as follows: Design of serviced
spacecraft might tremendously facilitate servicing
operations; however, one should be ready to service
“unserviceable” satellite (like the Hubble space te-
lescope which has been successfully repaired on
several occasions). Moreover, on-orbit servicing
could lead to direct commercial benefit, for millions
of dollars spent could be salvaged in one operation.

1.2. Russia

Looking at the Russian OOS experience it is worth-
while mentioning a few selected seminal achievements.

In 1985 Russia restored Salut-7. After failure in
main command link equipment, the station entered
a stage of fully uncontrolled flight. Souyz-T13 crew
(with astronauts Janibekov and Savinykh) performed
an almost impossible operation and restored the sta-
tion after completing the exhausting manual docking.

After that, humanity learned that almost any
space object may be captured and restored with due
efforts from ground systems and manned spacecraft.
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However, we also understood that the less fre-
quent such situations occur, the better.

In 1986—-1996 Russia broadened its experience
of operating Salut stations by managing the Mir
Space Station. Countless docking and repairing op-
erations of all kinds were performed during this pe-
riod. Aside from purely technological and scientific
advances, humanity learned that every servicing
technology should be tested under operational con-
ditions. Only tested and space-qualified technolo-
gies represent a real proof of concept.

1.3. Russia and US

Numerous expeditions to the Mir Space Station
and later to the International Space Station have
demonstrated that the efficiency of on-orbit servicing is
dramatically enhanced by international cooperation —
each nation should concentrate on what it does best.

Figure 1. “Soyuz TMA-10M” manned spacecraft (Russia)
(photo by S.P. Korolev Rocket and Space Corporation Energia)

Figure 2. “Progress M-M” cargo spacecraft (Russia)
(photo by S.P. Korolev Rocket and Space Corporation Energia)

Figure 3. “SpaceX Dragon” unmanned spacecraft (US)
(photo by Space Exploration Technologies Corporation)

Figure 4. “Orbital ATK Cygnus” automated cargo spacecraft (US)
(photo by Orbital ATK Inc.)

During the Mir Station operation, the Russian
orbital facility received US Space Shuttles that
docked to the station using ports initially intended for
Russian Buran spacecraft. This signified how im-
portant unified and standard interface could be for
successful international programs and acted as a pre-
cursor of ISS. The mode of current ISS servicing
largely relies on Russian Soyuz (Figure 1) and Pro-
gress vehicles (Figure 2), that deliver astronaut crews
and additional equipment to the station as well as US
vehicles SpaceX Dragon (Figure 3) and Orbital ATK
Cygnus (Figure 4) that carry out resupplies and logis-
tics missions for ISS. Aside from the resupplying
function, Progress spacecraft are used to assist in
orbit correction of ISS, which is another promising
direction of on-orbit servicing in general.
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There is a significant backlog in the develop-
ment of methods for calculating the parameters of
optimal rendezvous maneuvers [3—5] performed by
high or low thrust engines.

The rendezvous problem is solved, among oth-
er things, when the orbits of the active spacecraft
and the target spacecraft have a significant difference
in the longitude of the ascending node [3].

1.4. Germany

Globally, OOS has been initially promoted by
the roboticists. Space automation and robotics have
a long history in Germany. Among many world-
recognized scientists, technologies, and projects
(i.e., ROTEX and German Japanese ETS-VII in the
1990ies or later ROKVISS aboard ISS, and more,
also related design and simulation tools), DLR and
industry initiated a focus on OOS from around
2000, and, together with CSA and JAXA gave the
topic OOS a boost last decade.

Since 2010, the German space program address-
es two programmatic lines in the context of OOS.
Taking into consideration that - besides i.e., life ex-
tension, re-orbiting or refuelling — any future OOS
will require cooperative targets, hence space infra-
structure elements designed to be serviced, DLR
nowadays distinguishes between “active” and “pas-
sive” O0S. Active OOS comprises robotic technolo-
gies and capabilities to conduct any of the various
“services” discussed, investigated and promoted by
the global space community. Whereas passive OOS
is geared around the necessary components enabling
OOS. In other words, the latter means standardized
functional building blocks and interfaces as pre-requisite
for OOS. A Prominent activity is iBOSS — intelligent
building blocks for on-orbit satellite servicing and
assembly — described in brief further below (under 4.4).
iBOSS is a collaborative research program funded by
DLR Space Administration. The project is Being
conducted by the iBOSS consortium comprising the
renown German institutions TU Berlin (system lead),
MMi and SLA of RWTH Aachen University, FZi,
RIF and JKIC.

1.5. Other actors and summary of lessons learned

There are also further activities and experiences
made in Europe, Japan, China, India, and others,
which cannot be covered in detail here.

Key take:

— principally every space object may be cap-
tured and restored with due efforts from ground sys-
tems and manned or un-manned spacecraft;
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— OOS technologies need to be tested under
operational condition (mandatory) parallel to system
studies;

— no routine OOS has been established due to
missing proof of concept both technically and com-
mercially.

2. Definitions and concepts

All the examples that we have considered so far
demonstrate considerable progress and outstanding
outlook. And yet they were all aimed at the solution
of specific tasks, most of which had to be dealt with
in the state of emergency. The problem in general is
a bit wider, and in this effort, we shall attempt to
cover it in its fullness and complexity.

Let us look at main definitions and concepts to
make sure that we operate within the same notional
reference system.

Satellite OOS relates to solutions for creating
next-generation space infrastructure that will allow
saving funds that are currently spent on replenishing
expensive orbital systems, which has to be done for
the lack of full-scale satellite on-orbit servicing.
It would imply the capability to correct orbits and to
visually examine, recover, repair and refuelling satel-
lites. This property of the next-generation space infra-
structure will revolutionize space industries worldwide.

OOS includes, but is not limited to:

— orbital corrections and modifications to failed
and out of control satellites;

— detailed visual inspection of satellite assets;

— spacecraft salvage options and debris clean up;

— rescuing mis-launched, stranded satellites and
delivering them to their intended orbits;

— on-orbit mobility to meet international and na-
tional mission needs;

— refuelling spent satellites in orbit to extend life;

— repairing and correcting malfunctioning satel-
lite in orbits;

— transportation and support for lunar and pla-
netary missions.

The servicing satellite is to provide the follow-
ing three typical operations:

— observation of the satellites with the purpose
of determination the nature of the issue;

— technical assistance — repairing, refuelling, etc.;

— graveyarding of the satellites (moving the sa-
tellites to graveyard orbits) is implemented in case
if the satellite damage is irreparable.

Two equally important directions (Figure 5)
could be revealed in the development of the next-
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generation space systems based on the on-orbit sat-
ellite servicing:

1) making satellites and satellite constellations
serviceable;

v

v

2) creating servicing satellites and designing

their constellations for the performance of the satel-

lite on-orbit servicing operations.

a capability of docking with the serviced satellite
a guaranteed access to the satellite components

> block-modular satellite structure

A4

Direction |

Making satellites and
satellite constellations

» detachable and installable blocks and modules

unified detachable blocks (modules)

» standardized hardware and connectors

» functional partitioning of the blocks (modules)

» maximal complexation of missions aboard a single satellite

> selection of the satellite’s period of use with regard to servicing

> satellites orbits and constellation optimization using the concept of

> development of servicing methods and servicing systems, including
those with the use of 1SS, using experimental automatic satellites
> creation of the space complex for transferring satellites, upper stages

On the 1st stage - complexes for refueling and replenishing

serviceable
L ) their on-orbit servicing
—~ ~
=
[ K
!
/
/ x and their fragments to the disposal orbits
4 = > creation of the space complexes:
Direction I

R expendables
Creating servicing
satellites and
constellations for solving
the tasks of satellite on-
orbitservicing

systems

new problems

On subsequent stages:
= complexes for the replacement of separate modules, devices and

« upgrade of the purpose-designed equipment for the solution of

= dismantling out-of-order satellites and utilizing their elements
« refueling upper-stages of the carrier rockets on the parking orbit so
that they could be used as boosters for the injection of satellites into
geostationary orbits and transfers to the Earth escape trajectories

> servicing satellites orbits and constellation optimization

A

Figure 5. Directions for the development of satellite on-orbit servicing

Implementation of the first direction includes
a wide range of developments, from providing
the docking with the serviced satellite, even a non-
cooperative one, to the serviced satellites orbits and
constellation optimization which allows fully taking
advantage of the benefits of OOS. The list of such
developments includes (but is not limited to): a ca-
pability of docking with the serviced satellite, a guar-
anteed access to the satellite components, block-
modular satellite structure, detachable and installable
modules, unified detachable modules, standardized
hardware and connectors, functional partitioning of
the modules, maximal complexation of missions on-
board a single satellite, selection of the satellite’s
period of use with regard to servicing, satellites or-
bits and constellation optimization using the con-
cept of their OOS.

Implementation of the second direction includes:

— development of servicing methods and ser-
vicing systems, including those with the use of ISS,
using experimental automatic satellites;

— creation of the space complex for transferring
satellites, upper stages, and their fragments to the
disposal orbits;

— optimization of satellite constellation on-orbit
infrastructure;

— creation of the on-orbit-servicing space com-
plexes in two sequential stages mentioned below.

The complexes for refuelling and replenishing
expendables are created on the 1st stage, as well as
on the subsequent stages : complexes for the re-
placement of separate modules, devices, and sys-
tems; upgrade of the purpose-designed equipment
for the solution of new problems; dismantling out-
of-order satellites and utilizing their elements; refu-
elling upper stages of the carrier rockets on the
parking orbit so that they could be used as boosters
for the injection of satellites into geostationary or-
bits and transfers to the Earth escape trajectories.

All the problems mentioned above for the de-
velopment of the next-generation space systems
require an extensive study.
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3. Key technologies

This section focuses on some of the key tech-
nologies that could render satellites more service-
able. These technologies will be reviewed in the cor-
responding sections of this paper.

3.1. Key technologies enabling easier service
(required functions for serviceable satellite)

Let us consider how to aid rendezvous and dock-
ing operations. Successful rendezvous is a problem
of accurate and optimal manoeuvring that transfers
a servicing satellite into the vicinity of a serviced
spacecraft. Some reciprocation on the part of the ser-
viced spacecraft should not be ruled out and could be
implemented according to the task. For example, ISS
sometimes implements short manoeuvres to facilitate
its rendezvous with other vehicles.

Docking and capturing implies a different pro-
cedure. It concerns operation in the direct proximity
of the serviced satellite. We could make the ser-
viced satellites more noticeable both by mechanical
and radio means, through equipping it with radio-
frequency transponders for information exchange,
as well as optical devices and surface features.
Docking aides could be installed and when possible,
standardized interface could be used; attitude con-
trol system could be enhanced to provide a desired
relative position for servicing.

Some spacecraft are meant to be serviced by
robotic means only, others are man-oriented. De-
pending on this the interfaces may also be adapted
to the provisioned servicing agent. Those nodes that
need to be serviced must be visible and accessible
without breaching security and protection rules,
which is a very complex engineering task.

Block-Modular Structure allows speeding up
servicing operation by substitution of malfunction-
ing modules and easier detection of failures. How-
ever, it is a complex technological task because
some systems are simply not meant to be modular
and because we must provide a certain degree of
redundancy that allows not affecting main opera-
tions while repairing of a certain sector is under-
way. The function of each module should be clear
and understandable.

Common international interfaces or compro-
mise solutions could make spacecraft more acces-
sible. This concerns not only docking operations,
but also all other kinds of electrical and data inter-
faces.
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3.2. Key technologies for servicing systems
(performing service menus with a focus on the robotic
approach and a brief mention of the human approach)

Servicing systems themselves should also be
upgraded and in some cases, developed with a clean
sheet.

This problem should, on all levels, be solved in
conjunction with the previous one of making the
satellites more serviceable. The technological and
data interface should be correlated, but also orbital
formations and constellations should be selected in
such a way as to make the servicing process optimal
and less costly.

We should mention that the importance of ro-
botic and automated operations will increase. Tech-
nologies of autonomous operations are currently the
least developed among servicing technologies and
are one of the most obvious candidates for extensive
research. Some amazing specimens of the coming
age, like the Canadian Special Purpose Dexterous
Manipulator (SPDM, Dextre) that operates on ISS,
are already functioning (Figure 6). However, there
is still a long way to go to adapt robotic technolo-
gies to an even less friendly environment and in-
crease its role in some daily operations.

Figure 6. Canadian special purpose dexterous manipulator (SPDM) —
robotic device for ISS repairs otherwise requiring spacewalks
(photo by MDA Space Missions, MDA Ltd.)

This paper will expound on specific servicing
systems that will have to be developed in the fol-
lowing categories:

— systems for satellite/debris transfer;

— systems for refuelling/replenishing expendables;

— systems for replacement of modules/devices;

— systems for dismantling old satellite and utili-
zing their elements;

— systems to refuel carrier rockets for higher
energy orbit injection.
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These are the concrete target-dependent tech-
nologies for capture/docking and carrying-out ser-
vicing operations that will engage whole teams of
researchers from technological and theoretical do-
mains.

On-orbit verification/demonstration/experiment
is another important aspect that is currently re-
searched by our study group. As was mentioned
earlier, no technology can be considered as ready-
to-use unless it has been successfully tested in its
future environment.

3.3. Key technologies for orbit and constellation design
for next-generation space infrastructure

Astrodynamics is as important a field as tech-
nological solutions. Without an expedient orbital
structure and optimal manoeuvring, it is pointless to
count on material profits. Multiple papers were de-
voted to the astrodynamical problems of on-orbit-
servicing' [6; 7].

There are two approaches to Orbital Design of
Next-Generation Space Infrastructures. The first
one considers placing serviced and servicing satel-
lites into the same or near-by orbits, which allows
making the servicing manoeuvres less costly by
means of avoiding expensive orbital plane change
manoeuvres. Such groups of active and passive sa-
tellites are called clusters, and the method itself is
referred to as clustering. However only historically
established clusters are feasible — those at geosta-
tionary and GLONASS/GPS medium Earth circular
orbits (MEO).

Creating low Earth orbits (LEO) clusters would
imply sacrificing mission goals in favour of more
convenient servicing or otherwise making an unrea-
sonably extended servicing infrastructure. That is
why we introduce a second approach for the most
densely populated LEO orbits. We state that we
shall have to design a general constellation of space
stations to service satellites within their correspond-
ing responsibility zones by optimal flybys.

Designing orbital formations of space stations
with detachable modules that perform optimal fly-
bys of designated satellites in a series of rational
rendezvous manoeuvres is a complex problem.

! Razoumny YuN, Baranov AA, Kozlov PG, Malyshev VV,
Makarov YuN, Moshnin AA, Razoumny VYu. Space servicing
system and method of its construction. RF Patent for Invention
No. 2535760. C1. Application 2013146588/11, 18.10.2013.
Date of publication 20.12.2014 (bulletin No. 35). Int. Cl. B64G
1/10, GO5D 1/00. (In Russ.)

The problem includes optimization of orbits and
orbital formations of the space stations. Moreover,
the research reveals that constellations of serviced
and servicing satellites should be considered as one
complex dynamic system.

A modern satellite formation structure is
marked by the presence of completed satellite clus-
ters in the regions of geostationary orbits (telecom-
munication satellites) and medium circular orbits
with altitudes about 20 000 km (navigation satel-
lites). To some extent it can be stated that elliptic
orbits of Molniya-type telecommunication satellites
also form a cluster, but on-orbit servicing of these
satellites is not considered now. Performing servic-
ing of the satellites of these clusters could provide
a high economic efficiency of on-orbit servicing.
At the same time, a modern structure of operating
constellations is also defined by a total absence of
any order in the region of low-Earth orbits (in par-
ticular, important sun-synchronous orbits) and in
the regions of Earth escape orbits or the orbits,
providing transfers to the geostationary orbits.
The absence of any order or, let’s say, “clustering”
in selection of these orbits is since the parameters of
such orbits and constellations are selected only
upon satisfying the mission objectives in a maxi-
mally efficient way.

Classification and feasibility estimation of
the service schemes in the region of LEO yield re-
sults given in the Table. Here the classification of
possible service plans is offered by the servicing
facilities location (on-orbit/on an orbital station/
on Earth), by their re-use ratio (single-use/reusable),
by the supply scheme of servicing facilities (from
the Earth/from orbital station/no supply), by pres-
ence of crew on-board (manned/automatic), by the
amount of satellites serviced per one voyage (one
satellite/several satellites), as well as by the type of
servicing operations performed (refuelling and/or
maintenance). For each obtained servicing variant,
an approximate estimation of required specific im-
pulse of a servicing satellite’s engine is given
(in assumption that a mean angle of an orbital plane
change required for a transfer to the serviced satel-
lite is equal to 90°). Besides, duration (in years)
of an actual implementation of such engine can also
be found in Table.

The schemes marked in the table with a darker
shade are realizable now (in 2018). The analysis
of the results allows coming to a conclusion that
in the short term it is possible to implement a ser-
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vicing system for LEO satellites only by the means
of servicing satellites located on the Earth. More-
over, it is only possible to provide servicing for

one satellite per voyage. From the economic effi-
ciency point of view such satellite should indeed be
unique.

Classification and feasibility estimation of the service schemes in the region of LEO

. . L, Years
Ser\_n_c_mg Reuse Supply Presence Nu_meer . Type of servicing Engun_e_ S| of possible
facilities N of crew of satellites serviced operations specific | .

N ratio scheme . implement-
location on-board per one voyage performed impulse, s tation
From . Refuelling + %
the Earth Automatic Several maintenance 2500 2040-2050
From Refuelling +
orbital Automatic Several maintenance 2500~ 2040-2050
On-orbit Reusable station
Refuelling + mainte- *
One nance 1000 2035-2040
No supply | Automatic P
efuelling + .
Several maintenance 2500 2040-2050
Refuelling + .
One maintenance 700 2035-2040
Single use | No supply | Automatic
Refuelling + "
On an orbital Several maintenance 2500 2040-2050
station
From Manned Several Maintenance 10000~ After 2050
Reusable orbital ;
' . Refuelling + «
station Automatic Several maintenance 2500 2040-2050
Refuelling + .
One e 310 Since 2018
Single-use | No supply | Automatic Refuall
efuelling +
Several maintenance 2500 2040-2050
Refuelling + .
One maintenance 310 Since 2018
Automatic Refuoll
On Earth efuelling + -
n Ear No supply Several maintenance 1000 2035-2040
One Maintenance 310 Since 2018
Reusable Manned
Several Maintenance 10000 After 2050
. Refuelling +
From Automatic Several maintenance 1000 2035-2040
the Earth
Manned Several Maintenance 1000 2040-2050

Notes: * mean angle of an orbital plane change required for a transfer to the serviced satellite is assumed equal to 90°;

- schemes, implementable in the short term.

We have reviewed above the first of the two
possible approaches to the selection of orbits and
formations of serviced and servicing satellites based
on “rigid clustering” of the serviced satellites. Even
though such way may lead to a considerable in-
crease in the efficiency of the usage of space sys-
tems, as it was shown before, still, this approach is
characterized by several disadvantages.

First, the greatest economic effect is attained in
case of servicing on the orbits of naturally (histori-
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cally) formed clusters (like geostationary orbits).
Another negative circumstance underlying “rigid
clustering” is that servicing of the existing for-
mation of LEO surveillance satellites is expedient
only for the unique spacecraft, while clustering
LEO formations leads to some loss in observation
performance, and especially so in the cases of mul-
ti-satellite operation missions.

Let us review the subject-matter of a new tech-
nical solution for the optimal selection of satellite
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orbits and constellations, which are to provide the
servicing of “non-clustered” satellite groups. It should
be mentioned that the catalogue of serviced satellites,
contained in such non-clustered structures, is always
altering with time due to various reasons — because
of the end of the satellite lifetime and injection of the
new satellites, because of the fact that the orbits of
serviced satellites constantly alter as being affected
by various perturbations, and because of the regres-
sion of the servicing satellites’ basing orbits relative
to the orbits of the serviced ones under the influence
of the same perturbing factors.

The orbital plane change cost amounts to the
greater part of the total servicing manoeuvre cost.
Therefore, to minimize this cost according to the
technical solution offered here, the servicing facili-
ties are distributed on basing orbits, with each orbit
assigned to its own servicing region. The nodal re-
gression rate is equal for all the basing orbits.
In general, these basing orbits are elliptical (being
circular case), with different values of semi-major
axis, eccentricity, and inclination (all three of these
parameters, or any pairwise combinations of them).
The planes of the basing orbits are distributed in
space by ascending node longitudes in accordance
with their servicing regions. The servicing satellites
can be of single use, as well as returnable to the or-
bital station for the repeated use.

The cost of changing the orbital plane accounts
for the majority of the total cost of a maintenance
maneuver. For low orbits, changing the inclination of
the orbit by one degree requires about 130 m/s. Thus,
the serviced object must be in an orbit which inclina-
tion differs by no more than a few degrees. On the
other hand, the longitude of the ascending node of
the target's orbit can differ by tens of degrees [3].
To minimize the cost of changing the orbit, accord-
ing to the technical solution proposed here, the facili-
ties are distributed over the base orbits, with each
orbit assigned to its own service area.

The fact, that all the basing orbits have equal
nodal regression rate, allows minimizing one-time
delta-V (fuel) cost of servicing satellites on arbi-
trary “non-clustered” orbits by limiting required
angle of the servicing satellite’s orbital plane
change (at most half an angle between the neigh-
bouring orbital planes).

It should be mentioned that implementation of
this method for the formation of servicing facilities
constellation is not multi-purpose. It could be expe-
diently used in cases when artificial “clustering” of
the satellite formation leads to the performance

losses in fulfilling the mission objectives of the sa-
tellites. Although in cases when we deal with the
satellite servicing within historically developed or-
bital clusters, it is reasonable to distribute the ser-
vicing facilities upon the orbits which would be
close to the ones of the serviced satellites, as it was
described above. This would minimize the cost re-
quired for the change of the orbital plane.

3.4. Standards, interfaces and building blocks

Modular approaches are most likely the holy
grail when talking “enabling” OOS? [8; 9]. Servic-
ing and serviceable space infrastructure all the way
to mega constellations would benefit from stand-
ards. Manifold efforts have been undertaken over
several decades aiming at introducing modular
spacecraft, standard interfaces, building blocks or
other plug and play elements. However, there are
still no such standards. This is for many reasons, but
in recent years some more generic propositions
have been made and investigated.

The above-mentioned iBOSS concept (Figure 7)
is worthwhile mentioning as it represents a novel
approach towards passive OOS and universal ap-
plicability (there are numerous papers other infor-
mation available).

Figure 7. iBOSS Concept

In brief: iBOSS foresees a catalogue of stand-
ard functional building blocks (iBLOKCs, Figure 8)
which are connected via an intelligent space system
interface iSSI (4-in-1 interface: mechanical, power,
data, thermal, Figure 9) and can be used in different
ways, as standalone, e.g. hosted payload, experi-
ment box or can be combined to an entire satellite
(iSAT, Figure 10).

iBOSS also involves end-to-end software tools
for fast-track design (iCASD — intelligent computer
aided satellite design) and a full simulation envi-
ronment (VTi — virtual testbed iBOSS).

2 iBOSS — On Orbit Servicing Concept Video. Available
from: https://www.youtube.com/watch?v=uvEoCO0ifz7Y (acces-
sed: 12.12.2022).
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Launch Configuration of Reference
sateiite (ADM-Aeolus)

Figure 9. iSSI

Figure 10. iSAT

Hence, iBOSS is a good example of a techno-
logy and plug and play approach supporting OOS
across the board once established and introduced.

There are also other projects addressing similar
features as i.e. Satlets and PACs (ref. Arkysis, Nova-
wurks, DARPA).

4. Economic and jurisdictional aspects

The economic benefit is obvious. Servicing al-
lows extending operational lifetime of satellites and
thus gaining more time for revenue generation and
reducing lifecycle cost. Salvaging systems that can
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still be repaired, up to their return to Earth, could be
another such benefit. These effects could be achieved
not only through refuelling and repairing but also
through orbit modification assistance.

Clearing operational space by removing out-
of-service satellites from highly populated areas
(for example in GEO) opens new opportunities for
satellite injection. Promoting space safety may one
day lead to the outburst of space tourism.

On orbit servicing creates a prospect of estab-
lishing a commercial servicing and debris-removing
network.

On the other hand, international space law needs
to be revised to allow all these promising opportuni-
ties. Current international space law is not exactly
favourable for some aspects of on-orbit servicing and
space debris removal. For example, owners of a sa-
tellite must authorize removal of all debris resulting
from the launch thereof. Other complications that
concern insurance policy and other aspects of law
hinder otherwise desirable operations making them
almost impossible even with all the required techno-
logy developed and approved.

Standardization could also meet with some ob-
vious difficulties. It is obvious that unified inter-
faces are not the best option for some of the space
market players.

5. International cooperation

After all those challenges have been stated and
reviewed, it is the more obvious that only an inter-
national alliance could endeavour to solve all the
problems that are sure to come our way.

International cooperation is necessary for creat-
ing a serviceable space infrastructure.

Cooperation is expected to happen on all the
levels. They include the following:

1) technological — which means a combination
of best technologies from countries that are the most
experienced in their specific fields;

2) experimental — that implies providing a training
ground to international partners. Conducting real
space experiments within the framework of global
projects;

3) scientific — that means bringing together in-
ternational research teams;

4) operational — data exchange and cooperative
measurements;

5) law-related activities — international com-
munity may have to unite in a joint effort to estab-
lish convenient laws and promote standardization.
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Conclusion

Both sides of the servicing process must be modi-
fied: both satellites must be made more serviceable,
and the servicing spacecraft must be upgraded.

Servicing formation for optimal rendezvous flyby
is one of the key elements of the future space sys-
tems and must be implemented regarding the ser-
viced constellations.

The most underdeveloped technologies required
for efficient on-orbit servicing are those connected
with automated robotic operations. However, their
role is ever increasing.

At this stage, international space laws do not
fully facilitate cooperation and standardization.

International cooperation is an indispensable
element of future and present space exploration.

On-orbit servicing leads to considerable econo-
mic benefits. Additional benefits of on-orbit-servi-
cing are:

— the creation of a new high-tech industrial and
manufacturing base with benefits today and far into
future;

— opportunities of training and advanced educa-
tion to the existing labour force and many new per-
manent employment positions.
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