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ABSTRACT

Thanks to limited adaptations - additiond propdlant
tanks, addition of a small probe, few SW and Guidance
Navigaion and Control (GNC) modifications - the
launcher VEGA can be shown to be suited in terms of
peformances, safety and costs to a de-orbiting misson.
Such a misdon consists of three main phases
rendezvous capture and de-orbiting. Focused on the last
phase, this work presents the adgptation of GNC
algarithms to redize the de-orbiting of a debris dragged
by VEGA by means of a tether.

1 INTRODUCTION

The de-orbiting misson is naturdly divided in three
phases:

- a quick rendezvous after a phasing in
intermediate parking orbit (300km),

- aclosing and capturing phase thanks to a probe
equippad with a tether of about 1 km length (at
the moment the grabbing concept can be left
dtill open: wire, net, harpoon, arm...). The
launcher VEGA is in a waiting phase at a safe
distance

- findly, the dragging and dired and immediate
de-orbiting of the space débris trailed by the
launcher.

This last phase is charaderized by the following
fedures:

- two badies in orbit linked by a tether, with
residual motion,

- launcher acceeration given by the liqud
propulsion system of VEGA: thrugt of 2400N
applied on higher mass(e.g. 2000kg of VEGA
+ 8000Kkg of space debris). It implies that the
de-orbiting, though much quicker than if
peformed by eledric propulsion is dower than
a typicd VEGA deorbiting: typicdly 1000 s
instead of 100s.

The pape is focusd on this lag phase and on the
Control and Guidance aspects. The Navigdion is
asaumed to be based on Inertial Reference System (IRS)
and GNSS hytridization, foreseen in the frame of
VERTA program with ESA.
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The map isas follows:

- remind the basdine VEGA missons and
|auncher characteristics,

- summarize a debris deorbiting misson by
VEGA,

- remind the GNC agoarithms used in VEGA for
orbital phase and last stage de-orbiting. We
clealy evidence the weg pants of the
basdline algorithms for the debris application:

0 disturbance of the penddar motions
(which can be seen as a “giant
sloshing’) on Control and Guidance,

0 lak of predsion of a (Quasi) Open
Logp Guidance for a phase of such
durdion and for a chdlengng target
(re-entry in Ocean),

- improve the GNC algorithms to cope with
débris de-orbiting neals

0 a Closed Loop Guidance scheme to
target an impact pant in the Ocean
with sufficient acaracy,

0 additiond feedbadk variables to
peform the Control (in particular the
use of the relative state Launcher —
Debristo improve the contral),

- present a mechanicd modd of the two bodies
system linked by a tether. Different phenomena
areincluded: attitude dynamics of the launcher,
orbital libration, different pendulum motions
associated to the tether, eadticity of the tether,
posshility of having time intervals with no
tension of the tether. This modd is used to
validae the concepts in time domain and
frequency domain (for the lineaized modd).

2 VEGA BASELINE
MISSIONS

LAUNCHER:

2.1  First and second Missions

The VEGA launcher is the new small and versatile
European Launcher unde ESA contrad. The successul
maiden flight of February 13" 2012 has released from
French Guyana Space Centre the LARES 400 kg
satellite on a circular orbit of 1500 km. The second
flight foreseen on April 2013 will release successvely



PROBA-V on a Sun Synchronaus Orhit (SSO) at 820
km and VNREDSAT ona SSO at 669km.

2.2 Baseline Missions

The launcher is designed to peform a set of different
types of missons, with wide flexibility, thanks to a
liquid propdlant upper stagewhich can be ignited up to
5 times:

- typicdly single Payloads (PL) missons with
two bodsts for reading a circular orbit and a
deorbiting bocst,

- as wdl as multi PL missons with two
additiond boasts for the release of an
additiond PL.

The targeted missons are Low Earth Orbits (LEO) from
700km to 1500km and for PL masses ranging from 300
kg to about 2000 kg. The orhits are of various types:
equaoria, pdar, SSO. The reference misson puts in
orbit of 1500kg at 700km.

2.3 Architecture

The launcher is comprised of three solid rocket motor
stages (P80, 223 and Z9) and of an uppe sage AVUM
with liquid propdlant motor. All the four stages are
controlled thanks to an eedric Thrug Vedor Control
(TVC) System. The uppe stages is also equipped with a
Rdl and Attitude Control System (RACS) compaosed of
two clugers of three thrugers of about 240 N ead,
based on monopropdlant (hydrazne) blow down
system. It alows the roll control in bocsted phase and
three-axes control in balli stic phase.

3 VEGA LAUNCHER:
MISSIONS

DE-ORBITING

3.1 Complementary Propulsion

The launcher in its baseline configuration is nat able to
peform the dired de-orbiting of a body of several tons
in LEO (see[1]). Two solutions are posshle: either to
embark on the launcher a dedicated module with a
prope propulsion system in charge of peforming the
deorbiting, or to complement the AVUM LPS (Liquid
Propulsion System) by additiond tanks while keeping
the same liquid propulsion system. The second solution
is consdered in this concept since it leads to save
deveopment time of an dready qudified motor and
since it allows a propulsion system with sufficient
acceeration (higher than with concepts such as eledric
propulsion).

3.2 Quick Rendezvous

The rendezvous to the debris is performed thanks to the
four available AVUM boods. Two bodsts are usd to
reaty a paking circular orbit at about 300 km of

dtitude Two other bocsts are aimed a reating the
debris neighbaurhood on a circular orbit a 800 km of
atitude (see for instance [2]). For safety reasons the
AVUM iskept at adistance of 1 km from the debrisin a
stable orbital relative configuration.

3.3 DebrisCapture by a Probe and a Tether

The closing is nat paformed by the AVUM but by a
small probe equipped with specific propulsion and
sensors (LIDAR, Cameras) and linked to the AVUM by
a tether. The probe is in charge of closing the débris,
and attaching the tether to it. The close operations can
be performed in two ways, bath by means of proximity
sensors.  ether to automatic and sdf-gowverning
peformance or thanks to tele-operation from Ground
The two options are possble and have pro and cons.
The device used for attachment (node harpoon, net...)
isnat objed of the present pape.

3.4 De-orbiting by Dragging

Once the débris has been linked to the AVUM by the
probe, the AVUM can dtart the de-orbiting phase. The
deorhiting ignition is commanded, the tether is tensed
and the AVUM starts draggng the debris in a stable
configuration. The boog is optimized to allow a dired
re-entry of the two bodies and an impad inside the
Ocean.

3.5 Thisconcept inside theliterature

The use of VEGA as canddate is fourd in literature
(seefor ingtance[3] and [4]). The use of atether to drag
adéerisisreferred in several papes (see[5], [6]). In the
so-cdled “Capture techndogies at midde distance” the
flexible tether is advocaed since it “allows nat
considering Centre of Gravity (COG) alignment with
thrugt axis as a constraint as for any rigid link solution”.
The courterpart isto have suited GNC agarithms.

4 GNC: BASELINE CONFIGURATION

4.1 Sensors
The only sensor isa IRS without redundancy.

4.2 Navigation
The Navigationisin chargeof:

- integrating the IRS outputs to estimate the
launcher pasition and velocity in an inertia
referenceframe,

- pasdng the attitude quaternion from IRS to
Guidance,

- edimating the accéeration to decide the
instants of separation ATD (Accderation
Threshdd Detedion),

- edimating the drift and drift veocity by



integration of non-gravitationd accéeration in
referencetrgjedory frame.

4.3 Guidance
The Guidanceistwofold:

- Closed loop Guidance (CLG) during the boost
1 and 2. The target is the transfer orbit during
the 1¥bocst and the fina orhit during the 2™
boog. The algarithm is based on linea tangent
law with find conditions on velodty and
position, which is updaed every Guidance
cycle (1.2859),

- Open Loop Guidance (OLG) during the boacsts
3, 4 and 5. With the current IRS, the acaracy
of the Navigation is nat sufficient to permit a
CLG scheme during the successve bodsts.
That is why a OLG scheme (preddfined linea
law of pitch and yaw) is envisaged. In any case
it isnat afull open loop: the Navigation is used
to trigge the ignition (via anguar range
condition) and the cut-off (via a ddta velocity
condition) of the motor.

The de-orbiting bocst commanded by OLG nevertheless
ensures a compliant re-entry footprint submitted to
Safety autharities (see for instance VEGA 2™ flight
misson andysis review and [7]). The fodprint
dimension isfunction of;

- initial state errors (which could be reduced by
Navigation improvement),

- fragmentation scenario which induces adomain
of DV and balli stic parameter (seefor instance
fragmentation and re-entry modd described in
(8D,

- atmospheric characteristics.

Orde's of magnitude (coming from PROBA-V misson
definition) are as follows: the AVUM re-entry footprint
has a longtudind extension of about 1000 km (lateral
extension is very inferior). The re-entry (drag end
explosion effect) contribution is off 600 km while the
influenceof initial conditionsis of 400km.

4.4 TVC Control

Thanks to axial symmetry of the launcher, the control
channds in pitch and yaw are decoupled and
commanded sepaately. The coupling between the
channdsin presenceof roll rate istaken into acourt in
the design of the law.

The objedive of TVC contral is manifold:

- control of attitude (pitch and yaw) via a
Propationa Derivative controller (PD): gans
Kp andKd,

- integra contral for attitudein case of CLG (to
compensate offset of COG),

- control of trgjedory in case of OLG via the
variables of drift and drift velodty (gans Kz,
Kzd),

- nacching andor phasing the sloshing modes if
any (in paticular of the PL).

As an example, the tuning for de-orhiting phase in the
baseline configurationis:

- Kp=176
- Kd=1425
- Kz=0.004
- Kzd = 0.064

45 ACSControl

The ACS contral throughtwo clugers of threethrugers
is based on a linea PD implemented through a Pulse
Width Modulation (PWM) since the command of
thrugersis ON/OFF.

The propationd law is based on quaernion feedbad
and the deivative pat on angulr rate in body axes

([9,[10)).

5 GNC: ADAPTATION FOR DE-ORBITING
MISSIONS

5.1 Hybridization INS/ GNSS

The hybridizaion can be made outside the VEGA FPS
(Flight Program Software): in this case the current
interfaces can be kept as is. It is the same upgade as
repladngthe sensor by anather one more acairae.

This adivity is foreseen in the frame of VEGA
acompaniment ESA contracts (VERTA).

A semnd IRS could be added to ensure sufficient
reliability for such amisson if needed.

5.2 Modification of
feedback

The feedbadk law of the basic configuration (PD in
attitudeerror and PD in drift displacement) is completed
by a PD in anguar pasition of the debris with respect to
the launcher (equivalent to relative paosition).

Control: additional

This angular pasition is obtained with a sufficient
predsion for this purpose from:

- the absolute pasition of the launcher provided
by hybrid Navigation,

- the absolute pasition of the debris transmitted
by the probe in charge of the cepture. The
probe is assumed to be also equipped by a
GNSS

This additional feedbad permits to keep the two bodies
(prey and chaser) align dongthe pah.

A smple control law can be obtained by



LineaQuadratic Regulator (LQR) techniques basing on
alineaized modd (described infra).

The residud rotationa motion of the debris is nat
controllable and is considered as a disturbance

5.3 Maodification of Guidance: Tether tension
Thetension of the tether can be provided:

- ether by AVUM propulsion. In this case, we
should ensure tha the discontinuity can be
absorbed. The accéeration passes from 1 m/s’
to 0.2 m/s%. The flexibility of the tether ads as
alongitudna mode of the overall system,

- or by the RACS as a preliminay manceuver.
The behaviour can be smocaher but it
complicates the agoarithms requring goad
coordination.

5.4 Modification of Guidance: de-orbiting
manoeuvr e

The OLG scheme is nat sufficient to ensure a good
predsion: the predicted DV computed on ground to
ensure the deorbiting might no more be suited to
adhieve re-entry acairacy.

A smple improvement of Flight Managenent can be
dore: the AVUM cut off instant is triggeed basing on
Ingantaneous Impad Point (IIP) computation. This
paint is obtained by formulain balli stic condtions (e.g.
down to atitude120 km) and by atmospheric corredion
acounting for drag codficient (e.g. based on table to
cope with red time constraint). By daing so it is nat
necessary to implement in the Guidance a propagation
of the thrug effect (as dore for instancein CLG). It is
sufficient to compute at eadh instant the impad
assuming the thrud is stopped immediately.

The admissble re-entry zone is assumed to be studied
on ground and trandated in an admisshble ground track
paameterized by an interval of latitudes (since the
lateral extenson of the footprint is negligible with
respect to the longtudind one).

This scheme can be refined by adding aso a condition
for AVUM ignition: insead of basing it on range
condition, it can be based on IIP condition. This
additiond degree of freedom will allow to anticipate or
dday the ignition to fulfil the re-entry footprint
constraints.

The tether will be cut at the end of the AVUM cut off to
avoid orbital disturbances on the two tethered bodies: in
absence of propulsive accderation the stable
configuration will be along the verticd due to the
gradient of gravity. Uncontrolled rupture of the tethered
could lead to a moment exchange and unfortunaely a
re-orhiting of one of the badies.

In a basdine misson as remindel in 822, the

contribution of kinematica conditionsat cut off, which
can be reduced by the algarithms, is about half of the
footprint. Nevertheless in the case of a deuris de
orbiting, the contribution of the other effects (explosion
and ballistic parameters) is probably incressed: the
debris itself may be a complex bodyincluding residud
propdlant (while AVUM depleted its residual energies
after its cut-off). It will result in an important foatprint
in spite of Guidance improvements.

6 VALIDATION:
SIMULATOR

MODEL AND

6.1 Nonlinear plan model

The studyis based on a nonlinea modd defined in the
orbital plan. It is derived from Lagrange approach. The
degrees of freedom (DOF) are:

- thetwo trandations x, y of the launcher in this
plan (along orbita velocity and along locd
verticad asuumingacircular orbit),

- therotation angle w of the launcher arourd its
COG,

- the angdar pasition 6 of the debris wrt the
launcher(i.e. tether absolute angle),

- the dongaion & of the tether asumed to be
flexible,

- therotation angle « of the debris.

We use the foll owing natations:

- Listhenomind length of the tether,

- I, is the distance between launcher COG and
the tether attachment paint (which is also close
to the thrug pivot paint),

- [, isthe distance between debris COG and the
tether attachment paint,

- my and m, are respectively the launcher and
debris masses,

- J; and J, are respectively the launcher and
debrisinertias a the attachment paint,

- Fisthethrug module.

The launcher is submitted to a constant thrug and thus
to a quasi-constant accéeration. The two bodies system
behaves as a penddum, formally like a giant sloshing
mode

The lateral vibrations of tether seen as “taut string” are
nat taken into acount in this modd (see for instance
[11], [12)).

The flexible modes of the two badies are nat taken into
acourt. It is judified for AVUM whose first bending
mode is above 30Hz. For the debris it depends on the
posshle appendices (solar panels...) and a verificaion
will have to madeapasteriori.

The libration mode due to orbital motion is aso
included, but is negligible wrt the launcher accéeration



effect. This accéeration of about 0.2 m/smakes the
motion simpler and the de-orbiting sharter. In absence
of sufficient accéeration the two badies system, aligned
along the orbital velocity, would be an unstable
configuration tending to reah a stable verticd
configuration (dumbhbell ).

6.2 Linearized plan model

The lineaized modd is obtained by retaining the drift
variable x and the rotation andes «, y, 6. The
longitudnal displacenent y is invdved via the
accéeration (i.e. the thrug) and is no more a variable.
The dongdion ¢£decouples from the rest of the
equaions. We remind it is difficult to lineaize the so-
cdled “elastic penduum” fundamentally nonlinea (see
[13] and [11]for ingtance). Neverthelesswe will assume
the contral isnat diredly influenced by the longtudina
elastic motion and will verify the assumptions in final
nontlinea smulations.

The mass and tiffness matrices are given respectively
in Equations (1) and (2).

m;+m, m,-l m,-L m, -1, Q)
m, -1y a my-L-l; my-l -1,
m,-L my-L-l; my-L2 m,-L-l,
my-l, my-li-l, my-L-I, &
0 F 0 0 2
0 el o0 0
0 0 L O
0 0 0 el
where
4= Gt my-lf (3)
‘:2:‘:G,2+m2'|% (4)
— mz
T e m, ()

In open logp and in case the tether length L is high wrt
launcher and debris lengths, we derive the approximated
frequencies given in Equéaions (6) and (7).

:F's-ll (6)

F-e-l, 7

~G,2

Other frequencies are zero which is the consequence of
a “freefree” configuration of the mecanicd system
(rigid trandation and rotation) if we negled the libration
term.

The robugnessof the law isnat andysed in the frame of
this preliminary study and the masscharacteristics of the
debris are asuumed to be known with sufficient
predsion.

6.3 LQR control

A LQR controller is obtained from the lineaized modd.
The deuris rotationd motion is preacticdly na
controllable: no weight are given on it and a null gan
will result.

The weight matrices, based on physicd considerations
(0.1 rd for attitude angle, atitude rate and TVC
defledion; 1 km for drift and 10 m/s for drift velodty)
areddined in Equations (8) and (9).

c=amf| 1, 107 0 %) ©

R= 107 9)

6.4 Full 6DOF nonlinear model

The full modd is adapted to VEGA 6DOF simulators
(VEGAMATH®). The debris bodyis added with 6 DOF
allowing rotational and trandationd motion. The
addition of the elastic tether al ows a smple interaction
between the two badies via the elastic force along the
tether.

7 VALIDATION: OUTPUTS

7.1 Frequency Domain Analysis

The pdes in open loop are for a deoris of 8 tons
respectively of 1 rd/s associated to VEGA rotational
motion and 0.6 rd/s asciated to debris rotationa
motion, in addition of two zeros as expeded in freefree
configuration.

The pdesin closed loop with basdline controller are: -
0.85 +/- 1.58i aswciated to VEGA mation, the pde
unchanged at 0.6 rd/s of debris and two slow pdes
linked to trajedory: -0.0058+/- 0.0174 and +0.0028+/-
0.0161, the latter being dightly instable.

The pdes in closed loop with modified controller
(exploiting debris pasition fealbad) oktained by LQR
approach are: -0.84 +/- 0.97 aswciated to VEGA
motion and close to the one obtained by basdine
controll er; the pde unchanged at 0.6 rd/s of debris and
two stable dow pdes linked to trajedory: -0.0038 +/-
0.0033 and -0.0045+/- 0.013i (correspording to period
of 7 min and 20 min respectively).

A Nichds plot corresponding to the LQR controller is
provided in Fig.2. The two circles correspord to the
open loop pdes at 1 rd/s and 0.6 rd/s. Note: a damping
has been added to help the readahility of the plots. The
low frequency gan redudion margin is dueto the drift
control.



7.2 Time Domain Analysis on plan model

The plan modd has been simulated with the LOQR
controller in closed loop. Severa initial conditions have
been tried. A dynamics of seaond order and a saturation
of aduaor have also been introduced. Typicd results
are given on Fig 3. The tether tend to aign (6—y tends
towards 0) while the deburis oscillation o reman
unchanged. The drift isalso controll ed.

8 CONCLUSION

8.1 Results

We have presented a smple adaptation of the current
VEGA GNC architedure and algarithms to mee the
requirements of a debris de-orbiting misson.

For Control we propos to add the feedbadk of the
relative pasition of the debris (available via the probe
sensors in charge of attadh the tether). The control law
obtained by LQR approach gives a closed loop
behaviour close to a basgline misson (same orde's of
magnitude of gains) with an additiond term controlling
the pasition of the debris. The rotational motion of the
debris remains as expected nat controll able but stable.

For Guidance we propcse a modification of the Flight
managenent asuming a Navigaion based on
hybridization INS / GNSS the AVUM cut off is no
more triggeed on a DV condition but on a naminal
instantaneous impad paint prediction. It will alow to
reduce the contribution of initial condtions scatering.
In any case the other contributions (DV of explosion
and balli stic parameters of the debris) cannd be reduced
and will produce a footprint with longtudind expanson
of more than 600 km. Such dimension is compatible
with safety requirements encourtered in VEGA basdline
misgon such as PROBA-V misgon.

8.2 Work to be done

The dynamics modd of the two bodies tethered system
will be consolidated by showing tha effeds nat taken
into acount are negligible (such as lateral vibrations) or
can be treaed separately (e.g. the introdudion of
artificial damping on the tether). Three dimensiond
effects will also be considered (mainly out of plane
behaviour).

A complete simulation with al the modified GNC
functions integrated in the full scde SW is ill to be
devdoped.

Findly the other phases of the misson (rendezvous and
capture) are still in design and development. Once these

gaels will be adiieved a complete misson will be
simulated.
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Figure 1. Geometry of tethered system in orbital plan
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