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Orbital rendezvous definition /

Orbital Rendezvous consists of:

Jj

o Keplerian relative motion;
o Relative navigation;

o Passive Target;

o Fixed-time;

o Usage of ergols thrusters :

o the control is modeled by
impulsive signals,

o Instantaneous velocity change,

* Sequence of coasting arc limited
by thruster impulses;

(d Chaser
|®  Target

Rendez-vous problem

o Steering the chaser spacecraft from a state A to state B;

e Assuming some operating constraints (Actuators bounds, safety constraints ...);
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R . /\> Needs of stationkeeping abilities for -
& different purposes e
\ o waiting for orders from the ground
!/ station to proceed the mission
ﬁ; o observation mission of passive
el spacecraft
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/_\) N e Needs of stationkeeping/abili
different purposes
\ o waiting for orders from the gro
’ station to proceed the mission
ﬁb o observation mission of passive
@ spacecraft
lasseur

—— i“™ manoeuvre

Literature Background:

o Computing maneuver making the
spacecraft bouncing on the frontier
of the hovering subset.
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N Needs of stationkeeping abilities for J o
different purposes P
- \ e waiting for orders from the ground
e ‘ station to proceed the mission
@a o observation mission of passive
B spacecraft
lasseur

Our approaches:
e Taking advantages of natural
periodic orbits to decrease the
consumption.
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Periodic orbits approaches for hovering

o Hybrid control approach o MPC control approach

o Stabilisation of a particular o Stabilisation toward the set of
admissible periodic orbit admissible periodic orbit
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Space mechanics assumptions

o Keplerian relative motion: perfectly
spheric Earth, no aerodynamic drag, no
influence from sun and moon

® Passive Target evolving on elliptical
orbits;

orbita el senilato maggiore: o
veicolo  : eccentricita: e

N — " leader

periodo orbitale: T

Non linear dynamics are given by:
7%
VE T (B2

F=2054z+ 0z —

§ A ry
N R R e
P= 200 —ba+ 02z — R 2) £

VTR (R R

State space vector
Xt)= [z, y, ,2,8,9,2]
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Relative motion dynamics II

Linearization assumption:

® Relative navigation: distance between satellite is small with respect to the radius of the
target spacecraft.

Linearized equation for the relative motion can be obtained:

Tschauner-Hempel equations

|

G o) s
T=vz+vz+v x—R3x
i
y= RS

5 — 5o 5 92 M
Z=-20x —Vx+ v z+2ﬁz

Substitution of the time variable ¢ by the target true anomaly v and the change of variable

(1 + ecosv)lz
—esinvlg

03 27 (1 4 ecosv)?
X (t ith v = — ————
(1+e;:OSV)H3:| (t) with v T (1= e2)3/2

Simplified Tschauner-Hempel egs.

X)) = |:

&' =2z
~11 ~
g =-7
3
' =2z +

—_—Z
1+ ecosv
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Hybrid Modeling for the rendezvous proble

Time-varying model
! = A(u))z' in free motion

=X+ [03)‘3} u at impulse execution

0 0 0 1 0 O
0 0 0 0 1 0
0 0 0 0 0 1
A(v)= |0 0 0 0 0 2
0o -1 0 0 0 0
0 ; -2 0 1
1+ ecosv
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Hybrid Modeling for the rendezvous problem II

Floquet-Lyapunov transformation

E=GW)X :=Sw)CW)X,

C(v) :=

S(v) :=

cy 0 0 —su 0
sy 0 0 cy 0
_ 3esy(14p) esy(+p) o pPoecy,—3
p(e2-1) es—1 es—1
0 —3sy sv(1+p) 0 cup
0 3(C2v+3) _cv(1tp)te b
e2-1 e2—1
0 _3(3ec,,+e2+2) 3p2 0 _3Bespyp
e -1 e<—1 e<—1
0 00 0
1 00 0
o o (v)
(1—e2)3/2 |, o) =(v—vf)—n(t—tf)
0 10 0
0 01 0
0 00 1

Trajectories
parametrization
cy = cos(v)
sy = sin(v)

Floquet-
Lyapunov
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Hybrid Modeling for the rendezvous problem III

New coordinates £ dynamics

&= A€

LTI flow dynamics: & = Agk + Be(v)u

Ag = (1-¢2)73/2

BeW) = ey

in free motion
at impulse execution

0 -(1-€?)psy,
0 (1-e2)pcy
’5(1+P)PSV*%
(1-¢*)(1+p)psy 0
(14p)pevtep 0
303 0

0

0

30&p2 Sy
(1_62)3/2

(1-€%)p%cy

B p?-2p

-p%sy

3ep2sy
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Equilibrium and periodicity

o &6 = 0 implies that £ is constant
o Constant & <= Periodic orbits
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Hybrid Control laws

New hybrid model

Ewmec | (Ewn)eD | (& v, 7) € D

€ = Agt, Er=¢& €t =64 Be()vu ()

v =1, g vt =0, ; vt =y, 3
=1, T+t =7,

T = (§v),
where
o C:= (R® x [0,27] x [0,27]) \ D, N Dy
e D, :=RS x {27} x [0, 27],
e D, :=R® x [0,27] x {0},
The degree of freedom this hybrid approach are
Control law v, (-);

Trigger law ~y.(-).

© Periodic bi-impulsive @ Periodic © Non periodic
control: norm-minimizing bi-impulsive control:

® ~,(-) based on control: . 'yu(~). _base.d on
transition inversion;

transition inversion; * vyu(s) mini.mizes the iy
o ~.(-) fixed a priori. 2-norm of impulse; o (o) o_ptlmlzed over
® ~,(-) fixed a priori. one period.
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Periodic bi-impulsive control law

Control law 7,
® ~, computes u(v;) and u(v; + ) is such that:
bres =&t i+ 0) =T (i+7) =0

® -y, is given by

| (6w, ») = -1 oM@, »)'E |
1000 0
. R 0100 0
where M (v, D) := [B(v) &(—2)B(v+ 7)] D(p) = |:o 010 u(1—62)_3/2:|
0001 0
0000 1

® Matrix M is inversible <— v # kn, k€l

Trigger law ~,

Periodic trig of the control law:y, = ¥

The reference periodic orbit .5 is stable and attractive
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Periodic bi-impulsive norm-minimizing contro

Control law 7,
® ~, computes u(v;) such that: % o

u* = argmin |£T]?, such that: €7 =€+ E(V)u, E;r =0
u

® -y, is given by

Yu(&,v) = ug — B (v)(B(v) By (v)) " “(€+ B(v)ug)  with ug = — |1§b6((y))|2 &
6 (V
where
R ;‘gé L esin(v) O ~ L
be(v) = o2 0' , Bg(v) = 0 é , bs(v)Bg (v) =0
8o ssin() p(v)

Trigger law ~;

Periodic trig of the control law:y, = ¥

The reference periodic orbit £, is stable (attractivity non guaranteed)
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Aperiodic bi-impulsive control law

Control law ~,,

® ~, computes u(v;) and u(v; + ) is such that:
gref - £+(Vi aF 17) = é(”z = ’7) =0

® ~, is given by

u(€0),7) = [ 0]M(v,9) '€ |

with M(v,7) == [B(v) @(—2)B(v + )] v#Ekr, k€L

Trigger law . == F —r

® Search for the best moment to E T hin b
trig: [ i I I [ i I i I

Yr (5 s y) 0 90 180 270 360 ©0 90 180 270 360

v (deg) v (deg)
argmin |M(V )~ £|
vel0,27]

Theorem

The reference periodic orbit §,.. s is stable and attractive.
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Numerical studies first example

mission 1

a = 7011km, e = 0.1, 0¢”¢f = [5.2,17.7,98.0, 22.5, -17.6, 0],
#¢g1 = [500, 400, 10,0, 0, 0], #(py = [=200, 100, 200, 0, 0, 0], ¢¢p3 = [100, =350, —20,0, 0, 0],
with g7 = 10°, vgg = 150°, vg3 = 60°

N
g "5_
™ & o
° [ BN
N P
Il - [
[N <) ‘g —m
—_ =}
9 5 O
=
c v 9
o o =
O 2> 2
00 n T = T
= — 10° [— 1 o — 10% [ 1
£ S0 5 2 .
i g = T
€ T | | | il ﬁ T | | | il
‘c 2 5 10 T T T 5 10 T T T
é i0-o ilg,ﬁE I I i i 1 L 21056 I I i 1
= 0 T T T 3.9 T T T o 3.9 T T T
] e e e R S T e _g ER ) \ \ ]! 8 s:g,éE 1l \ \ ]
3.9 T T T 3.9 T T T o 309 T T T
é b oo dr o) 00 3ptbd I I I 1 & ﬂleI I I I ]
o 0 5 10 15 0| 'S 0 5 10 15 0l O 5 10 15 2
=4 o s o < o J
&)
-8 . J (m/s) 1.1192 . J (m/s) 1.5206 (+35.86%) . J (m/s) 0.6552 (-41.46%)
= = max (€1, 3];5) (m) 513.9965 g max (|€1,.3]5) (m) 512.9571 (-0.20%) 2 mBX(IEL.a\s) (m) 514.1301 (+0.03%)
() N Ui (deg) 1547.5395 < vp (deg) 88.7732 (-94.26%) & (deg) 265.8172 (-82.82%)
[a . B ] B 5
(m/s) 0.6550 (-35.71% . / 0.6008 (-40.15%
© (e ‘J )(m(/s; 1.0188 o max (€1 315) m(i) 314.2151((-13.21'/)-) o max (1€, 3\5) m(x:; 314. 2451(( 13. 21-/).)
o max (|€1,.3/;3) (m) 362.0635 g Vg (deg) 80.4853 (-93.81%) S Vg (deg) 246.2420 (-81.07%)
(=3
~ v (deg) 1300.7956 B J (m/s) 0.5184 (-2.39% . J (m/s) 0.4877 (-8.17%)
. J (m/s) 0.5311 2 max (|§1,.315) (m) 326.6401 (+0. ) @ max (|€1, 3\,5) (m) 325.0000 (-0.5
& v cg) 87. .00% 3 g 2
o max (€1..3/) (m) 326.6401 5 (deg) 87.1149 (+0.00%) (deg) 81.7201 (-6.18%)
N vz (deg) 87.1149
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Numerical studies first example

mission 1
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g "5_
™ & o
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9 5 O
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O 2> 2
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S5 - 0 o o sl o
£ S0 5 2 .
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© (e ‘J )(m(/s; 1.0188 o max (€1 315) m(i) 314.2151((-13.21'/)-) o max (1€, 3\5) m(x:; 314. 2451(( 13. 21-/).)
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Periodic Norm-minimizing Control, o = 7/2

mission 1

Numerical studies first example

a = 7011km, e = 0.1, o£7¢f = [5.2,17.7,98.0, 22.5, -17.6, 0],
eCg1 = [500, 400, 10, 0, 0, 0

wit!

vop =1

0°, vo2

= 150!’

*Co2 =

[~200, 100, 200, 0, 0, 0],

, vg3 = 60°

°
2
b=
c
o
V)
9]
=
0
3
o
€

Je—arer|

*Co3 =

[100, —350, —20, 0, 0, 0],

Aperiodic Bi-impulsive Control,  opt

—100

Je—erer]

Il Il Il Il Il
2 < 102 T T T < 107 T T T
1078 31g,§E | L L L 3 31078 I L L 3
= 0 T T T 3.9 T T T 3.9 T T T
Sttt _g ER ) \ \ ] s:g,éE 1l \ \ ]
3.9 T T T 3.9 T T T 309 T T T
R e S R S E sl M« SRR i i i ] ﬂle i i i ]
0 5 10 5 n| 'S 0 5 10 15 E 5 0 15 0
3 y y
. J (m/s) 1.1192 . J (m/s) 1.5206 (+35.86%) . J (m/s) 0.6552 (-41.46%)
= max (€1, 3];5) (m) 513.9965 g max (|€1,.3]5) (m) 512.9571 (-0.20%) 2 mBX(IEL.a\s) (m) 514.1301 (+0.03%)
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N vy (deg) 87.1149
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Numerical studies first example
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Numerical studies: second example

mission 2

a = 7011km, e = 0.4, e¢7¢f = [7.7,17.7,87.8, 33.0, -15.8, 0],
eCg1 = [500, 400, 10, 0, 0, 0], (g2 = [—200, 100, 200, 0, 0, 0], (g3 = [100, —350, —20, 0, 0, 0],
with g7 = 10°, vgg = 150°, vg3 = 60°
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Numerical studies: second example
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Conclusions /

Submitted paper

54th Conference on Decision and Control IEEE
“A hybrid control framework for impulsive control of satellite rendezvous”.

Achievements

o Use of Floquet-Lyapunov to obtain LTI flow;
o Hybrid description of the hovering problem;
o Stability and convergence (in most of cases) is guaranteed.

o Accounting for thrusters saturations;
o Evaluate the robustness through non-linear simulations;

o Address the robust stability properties of the presented control law.
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Signal

— Période 200 sec
—— Période 100

o
Etat initial

7 [m]
o

¥ [m] - —2010 ¥ [l

Constrained periodic orbits SDP description

ds(t) =0
3Y; = 0tq. 77 = A*(Y3)

SP(H,V) = {D(wo) € R®
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