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Motivation

ORBIT PERTURBATIONS

Services, technologies, Traditional approacl
science, space exploration counteract perturbations
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Develop novel techniques fo

= Complex orbital dynamics
Reac_h, contro_l = Increase fuel requirements
operational orbit for orbit control

Asteroids.
planetary
protection

Space debris.

C ¥ MPASS

Novel approach:
leverage perturbations

Reduce extremely high
space mission costs

Create new opportunities for
exploration and exploitation

Mitigate space debris

ing by surfing through orbit perturbations

@
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Motivation

Low-thrust surfing
Optimisation Station keeping

Dynamical system theory Planetary moon systems

Orbital dynamics Frozen orbit exploration

" Space-based detection
Asteroid deflection

Semi analytical Optimisation in the Evolution of debris clouds

. Maps of long-term
techniques for P . g. phase-space of End-of-life disposal
. . orbit evolution - o .
dynamics modelling orbital elements Collision avoidance

T1. Understanding of the spacecraft orbit evolution 207

T2. Topology of space of orbit perturbations (stability) ‘é

T3. Spacecraft surf these natural currents to the desired orbit g 0.5

T4. Design of space missions g 04/ Re-entry

COMPASS: 5 year ERC project, 10 people-research - Surfing
group, interdisciplinary expertise i

0 60 120 180 240 300 360
Orbit orientation wrt Moon [deg]
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Model formulation

The orbit of a massless Earth'’s satellite in high orbit (no drag) can be
modelled as a perturbed Keplerian motion

H= erp + Hzonal + chird—body

m Keplerian part:

erp - _ﬁ

2a
m Zonal Harmonics:

zonal MZ (REB) JO'DJ O(Sln ¢)

j>2

m Third-body attraction (Sun and Moon):

P Y
third-body — ! Hr_r/H r2
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Equatorial reduction

Express all positions in the equatorial frame
m Satellite's position:

X r
y | = R(=Q)Ri(-i)Rs(-0) | 0
z 0
m Moon's position:
X ¢
v | = Ri(=e)Rs(=Qq)Ri(=ig )Rs(=b¢ ) | O
Zq 0
m Sun’'s position:
X0 o}
Yo | =FRi(=€¢)Rs(=ba)| 0
P40} 0
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Equatorial reduction

Reduction of the J, part of the Hamiltonian:

2
Hy =" <Rr@> J2P>(sin ¢)

r

where 5
sing = —
r

We average over the satellite’s mean anomaly to get:

L _ JRep(3sin®i —2
HJz = HJ2(avea =y == Hy 2, REB) - EBME]-33773 )

with n = /1 — €2
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Equatorial reduction

Reduction of the Sun's perturbing effect

3 2
Ho = — 2% <r> P>(costpe)
o] o]

where
_ Xo tYe t+ 22

cos(ho) =

rr@
He = Ho(a,e,i,Q,w, M, 0c; ne, ag, €)

We average in closed form over the satellite’s mean anomaly

H@ = H®(37 €, iv vaa ) 9(9; ne, ae, 6)
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Equatorial reduction

Reduction of the Moon's perturbing effect

3 2
n(( a r
H¢ = -8 - « <r(() P>(cosiq )

where
xXq +yyq +zz¢

rr@

cos(tpq ) =

H( :H(( (a,e,i,Q,w,M,Q@,HG ;5,/1((,3@,1'@,6)

We average in closed form over the satellite’s mean anomaly

F/(( :/:I@ (a,e,i,Q,w,—,Q@,QG ;5,n@,a@,iq,e)
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Equatorial reduction

We average one more time again in closed form, over the Moon's
mean anomaly

’?@ :ﬁl( (a,e,i,ij,—,Qq,-;,8,”(,3@7/.(76777(()

The full system is

H=H+ A+ H
and has 2.5 degrees of freedom
IEI: 'El(a’ea i,Q’wv_aQ( 79®;M7J27R®767n®7a®an(( » A 5 TIq )

If we try to further reduce the system by an elimination of the
satellite’s node, time-dependent terms associated with Q¢ and 65
still remain.
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Ecliptic reduction

Express all positions in the ecliptic frame
m Satellite's position:

§ r
n | =R(=Q)Ru(=i)Rs(=0) [ O
¢ 0
m Moon's position:
& rq
ne | = Rs(—=Q¢ )Ri(—ig )Rs(—0¢) | O
Cq 0
m Sun’'s position:
o o
ylo} = R3(—9®) 0
Co 0
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Ecliptic reduction

Reduction of the J, part of the Hamiltonian:

%
Hy = = <r®) J2Pa(sin ¢)

The relation between equatorial and ecliptic coordinates is simply

x 3

y | =R(=e)| n

z ¢
and .

Sind = z_ ¢ cos(€) + nsin(e)
r r
We average in closed form over the satellite’s mean anomaly
I:IJQ — FIJz(aa e, i7 Qa — T My J27 R@v 6)
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Ecliptic reduction

Reduction of the Sun's perturbing effect

3 2
He = _Todo <r> P>(cosi)
re re

where

)= §8o + e + (o
o rr,
®

cos(te

He = Ho(a, e,i,Q,w, M, 0c; ne, a)

We average in closed form over the satellite’s mean anomaly

H@ = H@(a7 €, i7Q7w’ ) 9@: ne, a@)
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Ecliptic reduction

Reduction of the Moon's perturbing effect

3 2
ng a r
He = -5 o ¢ <r(( > P>(cosiq )

where
_ &q g +¢Ce

I’r@

cos(tq )

H( :H(( (a,e,i,Q,w,M,Q@,Gq ;B,n(,a(,i@,e)

We average in closed form over the satellite’s mean anomaly

FI(( :/:I@ (a,e,i,Q,w,—,Q@,QG ;,B,nq,a(,iq,e)
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Ecliptic reduction

We average one more time again in closed form, over the Moon's
mean anomaly
lfl@ = ’:’( (aae7i7§27w7_7Q( 7_;/87,7( Ja( 7’( 76777@ )
The full system is _ o _
H=H+ Hs + Hg
and is still of 2.5 degrees of freedom

IEI: 'El(aaea i,Qawv_aQ( ,9@;,&,./2,1"-\)@,6,”@,3@,”(( » 4 377@)

However, in this representation, the time-dependencies appear
coupled with the satellite’s ecliptic node.
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Ecliptic reduction

Therefore, we can proceed with a further elimination of the ecliptic
node. This is accomplished by working in a suitable rotating frame
and is a valid operation when the perturbations are of the same
order, i.e. for distant Earth's satellites.

= JR2 (3 cos? i — 1)(3sin? € — 2)
H,, = 55

= 1 1
Ho = a*n3, (—1Ze2 cos 2wsin? i + 1—6(2 + 3e?)(3sin? i — 2)>

_ _azn%( B(3cos? ig — 1)((2 + 3e?)(3cos? i — 1) + 152 sin? j cos 2w)
( 3277%

XIm
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Ecliptic reduction

The reduction on the ecliptic results in a 1 D.O.F Lidov-Kozai type
Hamiltonian

= A
H= ﬁ(z —3sin?i) 4 B((2 + 3e?)(2 — 3sin? /) + 152 sin® j cos 2w)
where LR
2Rgp .

A=-—=5(2- 3sin¢)
and )

1 nz  3cos?ig —1

B 24 g2 ' 72 2
16 ("@ Tl 2 ) ?
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Study of the reduced model

We introduce the non-singular elements
k =ecosw, h=esinw
and the equations of motion are

dk  V1— =K dV(k,h)

dt na? dh
dh V1= h —K2dV(k,h)
dt na? dk

m Equilibrium points: dk/dt = dh/dt =0
m Stability determined from the eigenvalues of the linearised system
m Parameter space of (a,icixc)
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Bifurcation diagram
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Phase-space study
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Phase-space study
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Phase-space study

o
L

esin(w)
.

—0.25

—0.5 4

—0.75

-1 =075 <05 —-025 0 025 05 075 1
ecos(w)

I J 19, 2018 — I. Gkolias — High Earth orbits — P 22 of 27
;ﬂ.&g%&ylco une olias igh Earth orbits age o C“MPASS




Phase-space study
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Bifurcation diagram vs numerical simulations
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Disposal design

Gect = 80°

esinw
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Conclusion

m We have reduced the problem of high Earth satellites using an
ecliptic representation

m The resulting 1 D.O.F system describes the in-plane stability

m We studied the reduced phase-space by computing the equilibrium
points and their stability

m We have calculated the bifurcation diagram

Further work:

m Recover the short-periodic terms

m Add more perturbations, J2 and up to P4 for the Moon
m Study the equilibria and their bifurcation on a sphere

m Exploit the reduced dynamics for preliminary mission design
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Fast re-entering orbits
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High Earth Orbits lifetimes
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Effective cleansing mechanism
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