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Motivation

Motivation ~Why ROE

Idea: derive a formation geometry guaranteeing
= minimum collision risk (passive safety)

= minimum number of correction maneuvers (passive stability).

Servicer Satellite

Servicer inertial orbit
Client inertial orpit ~~ efative orbit
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Motivation

Motivation ~Why ROE
Idea: derive a formation geometry guaranteeing
= minimum collision risk (passive safety)

= minimum number of correction maneuvers (passive stability).

Servicer Satellite

Servicer inertial orbit

relative orbit

Challenge for active debris removal
= Uncertainties in along-track
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Motivation  Why ROE

Idea: derive a formation geometry guaranteeing
= minimum collision risk (passive safety)

= minimum number of correction maneuvers (passive stability).

Servicer Satellite

Servicer inertial orbit

relative orbit

Challenge for active debris removal
= Uncertainties in along-track
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Formation description

Relative orbital elements

da (a2 —ay) &,

OA (Ur — uy) + (Qo — Q1) cos /s
Sor — dex €y, — Ex

oey €y, — €y

Ol o — Iy

5iy (Qg — Q1 ) sin i1

with u = M+ w, ex = ecosw and e, = esin w.
E/l polar notation

de = de(cos P sind)T and i = di(cosO sin0)T

Motivation

Why ROE

14.-17.08.2016 | Mohamed Khalil Ben Larbi | Seite 4
Spacecraft Formation Control using Analytical Integration of GVE

Institute of
Space Systems

A



Introduction ~ Gauss’ variational equations  results ~ Conclusion and outlook
Motivation ~Why ROE

Eccentricity/Inclination Separation

= Relative trajectory (without Drift)

Normal [-]

Tangential [-]

Radial -]

E/I separation
= safe formation for de || di

'é(xnom:(éanom 67\nom 0 _||6en0m|| 0 +||6inom||)T
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Why relative orbital elements

= |nsight into the formation geometry (E/I separation)

servicer

-y

e

= Maintains decoupling of in-plane and out-of-plane motion
= More accuracy (retaining higher order terms)
= Adoption of Gauss variational equations (GVE)

Technische

Universitit 14.-17.03.2016 | Mohamed Khalil Ben Larbi | Seite 6 .
Braunschweig Spacecraft Formation Control using Analytical Integration of GVE Institute of

Space Systems



Introduction ~ Gauss’ variational equations  results ~ Conclusion and outlook
GVE  Control scheme

Gauss variational equations

da _ 1
= = naD(&osc) - ¥
da 2 .
T lesin(v) v, 4+ (1 + ecosv)~,]
%77%#17({2 COSV—L - 1+; sinv 7,
dt nae Ttecosy) ™ 1+ ecosv T
de V1-—¢? .
P [sin(v) v + (cos E + cosv) v,]
dw V1-e¢? rsin(w + v) cosi

1 .
At nae [7 oSV Y <1 * T recos 1/) smz/%} B naz\/msiniﬂyN
di  rcos(w+v)
dt na2y/1 — e2 O]
dQ rsin(w + v)
A " na?V/I - Zsini 8l

= The subscript yeindicates the direction of the perturbation
acceleration, originated -in this case- from a maneuver
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GVE for s/c formation

= Gauss variational equations 3% = f(5«, )
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GVE for s/c formation

= Gauss variational equations 3% = f(5«, )
Impulsive thrust

LY
=

Conclusion and outlook

GVE  Control scheme
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GVE for s/c formation

= Gauss variational equations 3% = f(5«, )

Impulsive thrust

tr
.
(3
Thrust duration

AtM = m2||AVM||/Fmax
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GVE for s/c formation

= Gauss variational equations 3% = f(5«, )

Impulsive thrust Finite duration thrust

i b
Av = J Ypdt Av = L Ypdt
to. 1
(3
Thrust duration

AtM = m2||AVM||/Fmax
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GVE for s/c formation

= Gauss variational equations 3% = f(5«, )

Impulsive thrust Finite duration thrust

ar k2
Av = J Ypdt Av = L Ypdt
to. 1
J U
Thrust duration Thrust duration
Aty = ma||Avy ||/ Frax At,, exactly solved
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GVE for s/c formation

= Gauss variational equations 3% = f(5«, )

Impulsive thrust Finite duration thrust

ar k2
Av = J Ypdt Av = L Ypdt
to. 1
J U
Thrust duration Thrust duration
Aty = ma||Avy ||/ Frax At,, exactly solved
Aim

Maneuver set to reconfigure the formation into d &,om
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GVE  Control scheme

Maneuver sequence

= Maneuver sequence 4T2N

T nl T
- n .
| >
U | u (rad)
UN1 un2
L J
Y
Au
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Maneuver sequence

= Maneuver sequence 4T2N

T nl T
- n o
| .
Uo | u (rad)
UN1 un2
L J
Y
Au

= solve GVE for Av,, = Av,, = f(Ad«, up, Au)

Major challenge
Compute the intermediate alteration Ada, = f(Ad«, up, Au)
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Impulsive & finite-duration planning

Impulsive thrust (IT) Finite-duration thrust (FDT)
solve GVE for Ay, solve integrated GVE for At,,
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GVE  Control scheme

Impulsive & finite-duration planning

Impulsive thrust (IT)
solve GVE for Ay,

4

IT major challenge

Abda, = f(Ad«, up, Au) analytically
resolvable

Finite-duration thrust (FDT)
solve integrated GVE for At,,

4

FDT major challenge

Ada, = f(Ad«, up, Au) analytically
not resolvable
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GVE  Control scheme

Impulsive & finite-duration planning

Impulsive thrust (IT)
solve GVE for Ay,

4

IT major challenge

Abda, = f(Ad«, up, Au) analytically
resolvable

Finite-duration thrust (FDT)
solve integrated GVE for At,,

4

FDT major challenge

Ada, = f(Ad«, up, Au) analytically
not resolvable

¢

Approximation

Abda, solution
from IT

Computation

Abda, numerical
iteration
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Formation reconfiguration and keeping

Tabelle 1: Initial and final configurations

ada adA adbey 0e, adiy adiy,
Initial(m) 29 —10000 O 0 0 0
Final(m) 0  —2000 0 —900 0 —500

Trajectory 1000 —_— Tra‘jeclcry
x  Startpoint X Startpoint
1000 O Endpoint 800) O Endpoint
O Client 600 O Client
_ 500 400
g (o]
= € 200
z 0 E
-] = 0
S 3
& &
-500 -200|
-400)
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500 -600
0
gy 2000 -800)
0 — -4000
Cross-Track (m) “1000 -500 500 1000

— h B 0
500 -10000 8000 Along-Track (m) Cross-Track (m)
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Formation reconfiguration and keeping

Error assessment

= Inserting At,, from IT into integrated GVE
= analytical assessment of formation error induced through impulsive

p g9 o
= = = Errorinas Ey
sL| O Emrinase @soom
Erorinasi,
{ Erorinasi @soom
. Yy
6k
g
Ssp
w
=
S
Sa
g
2
w
3
2 & .-
-0
1 e
P e O Rl | | | | | ]
) 100 200 300 400 500 600 700 800 900 1000

Target ad ey/ad e, (m)

2,
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Conclusion

Summary

= GVE for finite duration maneuver derived with several possible
applications

= FDT and IT control scheme using 4T2N maneuvers
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Conclusion

Summary
= GVE for finite duration maneuver derived with several possible
applications
= FDT and IT control scheme using 4T2N maneuvers

Outlook
= Verification via high fidelity simulation with high risk debris objects

= |nclusion of perturbations and estimation uncertainties.

= Assessment of required computational power and suitability as
on-board solution
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