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Abstract

During the pag few yeas, several reseach programs
have asessd the currert state ard future ewvolution of
the Low Earth Orbit regon. Thesestudies indicate that
space delris dersity could reach a critical level such
that there will be a continuots increase in the number of
delris objeds, primaily driven by debris-delris
cdlision adivity known as the Kesdler effed. This
cascade effed can be even more significant when intact
objeds as dismissd rocket bodes are involved in the
cdlision. The majority of the studies urtil now have
highlighted the urgercy for adive delris removal in the
next yeas. An Active Delris Removal System (ADRS)
is a system capable of approaciing the delris objea
througha close-range rendeavous, estalti shing physical
connedion, stahlizing its attitude and finally de-
orbiting the delris objed using a type of propusion
system in a controlled manoewre. In its previous work,
this group showed that a modified Fregat (Soyuz FG’s
4" stage) or BreezeM upper stage (Proton-M)
launched from Pleset& (Rusdan Feckration) amrd
equipped with an eledro-dynamic tether (EDT) system
can be used, after an opportune inclination’s change, to
de-orbit a Kosmos-3M seand stage rocket body while
also delivering an acceptalle payload to orbit. In this
paper, we continue our work on the aforementioned
concept, presemed at the 2012 Beijing Spae
Swetainablity  Confererce, by  comparing its
performance to ADR misgons using only chemical
propusion from the upper stage for the far approach and
the de-orbiting phase. We will also updatethe EDT
model usedin our previous work and highlight some of
the methods for creaing physical contact with the
objed. Moreover, we will assessthis concept also with
European launch vehicles (Vega ard Soyuz 2-1A) to
remove space delris from space. In addition, the paper
will cover some emnomic aspeds, like the cast for the
launches’ operator in term of payload mass’ loss at the
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launch. The ertire delris renoval misson from launch
to de-orbiting of the target debris objed will be

analysed using Analytical Graphic Inc.’s Systems Tool
Kit (STK).

1. INTRODUCTION

Sewral studies hawe already as®ssed the current state
ard future evolution of orbital regons showing the
increase in space delris threats coming from existing
delris and future launches. In 2002 the Inter-agency
Space Delris Committee deweloped a series of
miti gation guidelines which were adopted in the 2007
United Nations (UN) resolution [1]. Howewer, these
guidelines, although importart, address only adive
satellites currertly in orbit and future launches. Despite
their huge threas, continuowsly erdangering adive
operational satellites, the existing delris were not
contemplated The orbital regon where the darger
coming from existing dekris is higher is the low-Earth
orbit (LEO) regon due to a combination of high delris
concentration, large number of crossngs armd high
relative velocities [2]. The combination of these fadors
may leadto an exporential growth of delris objeds by
future cascade of cdllision [3], as aitlinedin Fig. 1.
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Figure 1. Future model of amount of large debris
objectsin the LEO region, based on a "no-launches
after 2006" scenario [4].



A study performed by NASA, using their LEGEND
debris evolutionary model, investigated the future of the
LEO environment considering compliance with UN
guidelines and a repetition of the 1999-2006 launch
cycle, which is an underestimation of the future
situation according to more recent forecasts [5]. The
scenario was completed with the assumption of an
ongoing space debris removal program, starting 2020.
According to the cases analysed, illustrated in Fig. 2, to
stabilize the LEO debris environment 5 large objects
have to be removed per year.
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Figure 2. Comparison of three different scenarios.
From top to bottom: post mission disposal (PMD)
according [1] (removal within 25 years), PMD and
Autonomous Debris Removal (ADR) of 2 objects per
year, and PMD and ADR of 5 objects per year.

The necessity of an efficient space debris removal
program is highlighted by these results. Moreover, due
to the high frequency of disposal missions, the system
chosen should be highly cost-effective. The
combination of these factors led to the consideration of
a solution that can be implemented on several launches
as a piggyback payload, using the residual propellant
and power from the upper stage to make a far approach
manoeuvre towards the selected debris object. This
choice limits the amount of propellant and consequently
AV that can be used for the far-guidance phase. In
previous publications [7], the critical region of interest
for a future Active Debris Removal (ADR) mission was
identified, corresponding to an altitude between 800km
and 1000km, with an inclination ranging from 60° to
110°. Considering the total mass of the orbiting objects
and the risk of cascade collisions, the larger space debris
were identified as suitable ADR target. Moreover, since
larger debris are easy to track and well defined in size,
mass and shape, it reduces the assumptions to be made
while designing a disposal system. Among the large
number of orbiting objects, rocket bodies are the objects
that match these characteristics and among the total
number of intact rocket bodies, Kosmos-3M upper
stages represent the biggest number with 157 stages

orbiting. In the selected region of interest, 141 rocket
bodies are being tracked, as illustrated in Fig. 3, the
majority of which are at an inclination of around 80°. In
the following analysis, we will focus on an existing
Kosmos-3 M debris as a case study. This object is
classified as SL-8 R/B 32053 according to the US Space
Track catalogue. The selected debris has an orbital
altitude of 959 km, an inclination of about 83° and a
mass of 1435 kg. This debris and debris similar to it do
not decay automatically within the 25 years guideline,
making an ADR mission necessary for timely disposal.
Moreover, due to its larger size, this debris is prone to
create debris through the Kessler effect. In fact, many
studies on active space debris removal conducted by
various entities currently focus on the Kosmos 3M
family of rocket bodies for mission simulation purposes.
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Figure 3. Types of rocket bodies in the critical region.

2. MISSION CONCEPT

The concept analyzed in this work focuses on modifying
a launch vehicle upper stage by the addition of an
electrodynamic tether system and a grabbing
mechanism. All de-orbiting subsystems have to be
integrated onto the upper stage which is used for
propulsion and attitude control purposes. This enables
the upper stage to act as a hunter system after delivering
its primary payload. This approach to space debris
removal has several merits:
e No new debris is added during each space launch.
e  One large space debris can be de-orbited per launch.
This helps stabilize the debris environment.
¢ Since many of the subsystems such as the Attitude
Control System (ACS) are available on board the
upper stage, the cost and complexity of developing
the debris removal system are reduced.
The mission stages are summarized in Fig. 4. In this
work, we will take a holistic approach at analyzing the
mission by analyzing the capability of the system to
carry out the mission and the type of components
required for a successful mission.
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Figure 4. Different stages of the active space debris removal mission.

2.1 Launch

The choice of a proper launch vehicle would
fundamentally affect the mission, as the mission relies
on the launch vehicle upper stage for success. The first
characteristic of the launch system, is capability to reach
the target orbit. This capability not only relies on the
launcher, but also the launch site. In this case, the target
orbit is at an altitude of 900 km and an inclination of
83°. As several manoeuvres will be required to reach the
target orbit and change inclination after grabbing the
object, the upper stage should be restartable. Along with
the final stage restart capability, another parameter
affecting the choice of a proper launcher is the
propellant capacity of the launcher’s upper stage. The
upper stage is required to inject a primary payload into
an orbit. Then, it needs to move close to the target
object, grab it and then reduce inclination in order to
operating the electrodynamic tether or proceed to
standard chemical de-orbiting. Since at least 5 objects
need to be removed per year to stabilize the debris
environment, it seems reasonable to assess the
suitability of different classes of launchers for debris
removal. The suitability of the following launchers will
be analyzed in this work:

e The Soyuz 2 with the Fregat upper stage launched
from the Plesetsk and Kourou spaceports.

e The Proton M launch vehicle with the Breeze-M
upper stage launched from the Plesetsk spaceport.

e The Vega launch vehicle launched from Kourou
spaceport.

As it is evident from this list, small and medium and

heavy launch systems are represented. Hence, the

results will shed some light on the suitability of each

class of launch vehicles for such a mission. Calculation

from other heavy launchers (Altas 5 and Delta IV) have

been conducted already and the results will be shown in

a future publication.

2.2, System Components

Other than the upper stage itself, the ADR system
requires several subsystems to be able to de-orbit the
target debris.

2.2.1. The Electrodynamic Tether System

Electrodynamic tethers (EDTs) are long conducting
aluminium tapes, such as one deployed from a tether
satellite, which can operate on electromagnetic
principles as generators, by converting their kinetic
energy to electrical energy, or as motors, converting
electrical energy to kinetic energy. EDT’s fall into the
low thrust propulsion category (10mN < F < 500mN).
EDT propulsion is propellant-less and fully reusable.
For longer thrust time they are lighter than electric
propulsion, but collision avoidance is critical due to
their large length. The main advantage of the EDT for
space debris removal is that it does not require
propellant. This reduces cost and improves reliability of
in-space propulsion and operations. Additionally, the
electrodynamic tether drag may actually provide a cost-
effective method to rapidly and safely remove spent
upper stages and unused spacecraft from low earth orbit.
EDT systems have long been studies for space debris
removal missions. Fig. 5 illustrates the results of one
such analysis. By digitizing Fig 6., mathematical
relationships were statistically developed between the
tether systems thrust and the inclination with R® =
0.9997. These equations were used as a preliminary
thrust model for the EDT system. Recent studies have
theorized that a bare EDT carrying a plasma contactor
as cathode at one end would not required a power
source, because the current would be generated by the
interaction between the contactor and the surrounding
plasma, generating a drag force. Not requiring
propellant or power, EDT is more efficient than electric
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Figure 5. Sample de-orbiting analysis for a Kosmos-3M
second stage [9] .

2.2.2. Grabbing M echanism

Obviously, the ADR system will require to somehow
conned with the delris objed. A grakbing mechansm
neals to be installed onbcard the upper stage for this
pupose. The desigh of such a system is mainly
govemed by the charaderistics of the target delris
objed: size, mass, shape, attitude ard angular motion.
Since the contributors to space delris threa in the
orbital regon considered are mainly rocket bodes the
grabbing medhanism can target charaderistics shared
between such objeds, such asnozzles ard combustion
chambers.
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Figure 6. Smulation of EDT performance vs. inclination
at which EDT isused [9].

Tab 1 summarizes some of the methods used for
grakbing space delris. Due to the fad that our system is
experdable, it seems reasonable to choose the ssimplest
grakbing system in order to reduce cost ard complexity.
However, such a simple system such as a net might not
be suitable or reliabe for missions involving large
objeds. More detailedaralysis is required to choose the
exad grakbing device for such a concept. At this paint,
it seams reasonabe to kee the net ard robdic am
concepts as posshble grabbing methods. The grabbing
mechanism has to be suppated by a vision based
system for target idertificaion and motion estimation.

Table 1. Comparison of different grabbing mechanisms.

Method

Docking through propulsive

nozzl e
ozzle spnning.

Applicationfor awide range of rocket
bodes Usable alsoif the target is

Very precise closeapproach required.
Not applicable to tumbling targets.

Harpoon

Projectile designed to anchor s&ely into
awide range of materids.

Possble crestion of new debris during
the impad, risk of explosion, attitude
modification.

Indifferent to target attitude.

Net’s material to be flexible and
resistant. Net deployment required
spedalized manoeuvres.

Roboticarm

spacedebris.

Applicable to different type of space
debris. Provides the most caitrol onthe

De-tumbling procedure required.
Accurate pre-inspedion of the debris to
chosethe grabbing point. Most canplex.




2.3. Summary of System Mass Properties

In order to amalyze the feasibility of the concept, the
mass of system comporents neal to be estmated The
estmated mass properties for the system are
summarizedin Tah. 2. A total massof 200 kg was used
for all simulations in this work. It was assimed that we
will have accessto batteies a1 board the upper stage for
power and the upper stage attitude control system
(ACS) for attitude control. Since the gratbing
medchanism has not been finalized yet, a conservative
mass estimation was made basedon typical masses for
robdic ams.

Table 2. Summary of mass properties of the system.
Subsystems

EDT mass [8]

Grabbing M echanism

Motion Estimation

24. Chemical Propulson Manoeuvres and

Corresponding AVs

Having defined the launch site and the launcher, it is
posdble to start simulating a gereral far approach for
the Kosmos 3M semnd stage idertified with the code
SL-8 R/B 32053. To perform the simulation, STK’s
Astrogatar was used as propagatar. For each launcher,
first the launch was modelled based on altitude,
inclination and relative velocity values in the
correspndng user manual. Using several marmpeuvres,
during which the primary payload is releaed, the upper
stage reaches the target orbit at an altitude of 920 km
ard aninclination of 83°. At this point, the upper stage
shoud approach the debris and conned with it. The
grabbing marpeuvre has been postponed for future
work, asthe halistic feasibility of the missions needs to
be assesss first. After grakbing the target detlris, a
series of manoewres are neeled to reduce the
inclination. These manoewres are nealed since,
according to the model used in this work, the EDT
works efficiently at lower inclinations. Note that, using
attitude changes, it is possble to use the tether at higher
inclinations, but that will use more propellart and be
hard to control due to the high delris dersity at these
altitudes. One of the goals of this simulation was to
calculate the AV required for the marpeuvres to
evaluate if the launch vehcle upper stage poseses
eroughpropellart to carry out the mission. The required
velocity increment for each maroeuvre is summarized
in Tah 3, ascdculatedusing STK. Note thatin the case
of VEGA, the number of restarts by the upper stage
ergine limits the number of marewres

Table 3. Velocity increments required for each manoeuvre using the upper stage (calculated from STK simulations).

Manoeuvre
Launch Vehicle
Altitudeincrease
Hohmann transfer
Combined change
Inclination change 1 (83 to 74 deg)
Inclination change 2 (74 to 66 deg)

Inclination change 3 (66 to 53 deg)

Inclination change 4 (53 to 43 deg)

Inclination change 5 (43 to 29 deg)

Inclination change 6 (29 to 18 deg)

AV (km/s)




2.6. Propellant Use Analysis for Different Launch
Vehicles

A crude amalysis of differert posgble maroeuvres was
performed to assess whether the upper stages posess
emoughpropellart to:

1. Releae aprimary payload into the target orbit
(anorbit nea the target delris).

2. Perform maroeuvresto deaease inclination to
an inclination were the tether system can
provide eroughthrust for de-orbiting.

3. Reduce the altitude of the delris objed to 200
km, where it will decay rapdly and re-enter the
eath atmosphere.

The simulation wasperformed basedon the manoewres
ard EDT thrust curves outlined in previous sedions. It
shoud be noted that part of the upper stage propellart
will be used for rerdezvous with the target orbit and to

control its attitude, which has not been considered in
this analysis. Moreover, the effed of increased drag
(from having the Kosmos 3M body and the tether
system conneded to the upper stage) has not been taken
into account. Overall, this aralysis is consewvative
erough for our study. The properties of these upper
stages were taken from the correspndng user manuals.
The reslts of the aralysis, summarizedin Fig. 7, show
that the propased method is suitable for medum to
heary launchers and cannat be used with small
launchers such asVEGA. Fig. 8 shows the time it takes
to reduce orbital altitude to the targeted altitude (200
km) for the differert launchers. This figure shows that
all upper stages are cgpabe of reducing the orbital
altitude in lessthan 100 days. With launchers such as
Soyuz, this time can be as shot as 50 days.
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Weight reductions (for example reducing the weight of
the primary payload) would pemit the use of more fuel
for inclination change maroeuvres which will
pradically reduce the time to de-orbit even further.
Obviously, one might argue that de-orbiting diredly
using the upper stages chemical propusion might be an
option. Tab. 4 summarizes our aralysis of dired de-
orbiting using chemical propusion. This can only be

adieved at high inclinations; assuch a manoewre will
require at leasta velocity incremert of 0.5 km/s. As this
means that the delris will enter at a high inclination,
there can be safety concerns. Moreover, the availahility
of a seomondary propusion system increases the
reliahility of the delris removal in case more fuel is
usedfor close rerdezvous than articipated

Table 4. Velocity increment left for altitude reduction after inclination changes at nominal payload.

Inclination
Proton

83

AV (km/s)
Soyuz from
Kourou

Soyuz from
Plesetsk

74

66

53

43

29

18




3. MISSION COST ANALYSIS

Using badk of the ervelope cdculations basedon launch
cost per kg of payload the launch cost for the system
ranges from $390 k to $1689k, avweragng at $848k
This estimate d@snat include the cost of insurarce ard
operations. The total cost of the first prototype of the
system, including development and marufaduring are
estmated at 37 million ddlars. As the upper stage
removes itself and a rocket body; it seems reasonabe
that the removal cost per kg of delris will be lower than
launch costs per kg using this concept, which is
importart in choosing ADR methods[10].

4. IMPLEMENTATION

There are seweral issues that exist regarding the
implemertation of this concept. Firstly, where shoud
the system be installed? Due to length of the tether after
depoymen, it seams that the system shoud be broken
down into two padkages. One padkage, which includes
the grabbing mechanism can be padkagedin a way to fit
into one of the piggybad payload sites on the upper-
stage ard be structurally incorporatedto the upper stage.

The semnd padkage, containing the EDT, can be

installed on the other side of the upper-stage, to provide

room for its degoyment. The second quedion is how
shoud it be used? Without any regulatory pdlicies with
regard to space delris, this queston is hard to answer.

Se\eral options exist, including:

e The launch sewice groviders could include this de-
orbiting service as an additional service on their
launcher. Hence if regulations force satellite
operatas to de-orbit their satellite after use, they
can buy this sewvice from the launch provider.

e On the other hand, regulations might force the
launch provider to de-orbit all objeds it has
launched, in which case the cost of de-orbiting will
be part of the launch costs ard this system will
definitely benefit the launch provider.

Obvioudly, as rules ard regulations with resged to

delris renoval are clarified, the procedure used for

implemenrting this concept can be finalized.

5. CONCLUSIONSAND FUTURE WORKS

Our preliminary simulation shows that the proposed
solution can remove a rocket body from high altitude
high inclination LEO orbits in a timely mamer using
medum to heavy launchers. In addition, heavy
launchers could hypabheticdly cary out the mission
withou using EDT. Future work will include further
simulations to refine the preliminary reailt showed in
this paper. Moreover, the close approach, grabbing ard

stahilization of the space debris have to be studied in
detail, defining a suitable grabbing medhanism.
Furthemore, consideration on re-entry safety hasto be
taken into account. These isaues are currertly being
addresedand will be preserted in future medings.
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