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Geostationary belt
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Introduction

Geosynchronous ground tracks

@ w
o o

I
o

20

Latitude [deq]

&
f=]

20 ) . Longitude [deg]

B0 &0

w
=1
@
=]

Latitude [deg]
a

Latitude [deg]
o

b
Inclined GEO

-
|

-30

@
S

£
« fl Tundra orbit

90 20
60 120 180 -180 120 50 0 60 120 180

-180 -120 -0
Longitude [deg]

24/07/2018 RCAAM Academy of Athens— GEO Disposal — I. Gkolias POLITECNICO MILANO 1863




Current ESA guidelines

Conformance with the GEO
disposal requirement can be
ensured by using a disposal orbit
with the following characteristics:

= Eccentricity £ 0.005,

= Min perigee altitude above the
GEO altitude Ah, > 235+1000 c
A/m

GEO protected region (GEO region): segment of spherical shell

" |ower altitude boundary = geostationary altitude minus 200 km,
= upper altitude boundary = geostationary altitude plus 200 km,

= |atitude sector: 15 degrees South < latitude < 15 degrees North
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Introduction  ReWgSHIFT — 'H
GEO population

a-e distribution of all objects in GEO a-i distribution of all objects in GEO
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Introduction © RemiSHIFT [
Why revisit GEO disposal?

= Many people believe that the debris situation in GEO is shorted out, but
is it really and in which timescale?

= Population models predict on average 1 GEO collision in the next 100
years.

= Satellites in graveyard orbits act as debris sources, even without collisions
(e.g. HARM GEO population).

= From planetary defence point of view, if we keep the same rate of
populating GEO, we will detectable by an equivalently advanced
civilization by the year 2200.

Questions:
= Are current guidelines enough to ensure long-term GEO sustainability?

= Are there alternative ways to exploit the geosynchronous orbital region?
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GEO DYNAMICAL MAPPING
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Semi-analytical modelling © RemSSHIFT (I

PlanODyn (semi-analytical orbit propagation)

Force model: 4x4 geopotential, 3" body perturbations (up to 5" order in
the parallax factor), solar-radiation pressure, Earth’s precession
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Gri d de fini tions RE H::lf
Orbit propagation for 120 years

= Tesseral Maps
Main grid: a - A (201x201) > 4 Million
Parameters: e, i, A/m (5x11x2)

= Disposal Maps
Main grid: w - Q (201x201) > 36 Million
Parameters: e, i, A/m (5x91x2)

= Action Maps
Main grid: e - i (201x201) > 12 Million
Parameters : g, (Q, w), A/m (3x50x2)

Orbits propagated > 50 Million

Dynamical indicators: Diam(e) = |emar — €min|
A |€maz — €0 Ae — 0 Bounded
e =
|e?’e—ent?’y — eUl Ae — 1] Re-entry
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Standard s/c, initial circular orbit A/m =0.012 m?/kg
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Tesseral maps

Enhanced-SRP s/c, initial circular orbit
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A/m=1m?/kg
e,=0.01

high inclination i, =60 deg
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Standard s/c A/m =0.012 m%/kg

e, = 0.001 e,=0.2

a=Rgeo , €=0.001 , i= 0 deg , A/m =0.012 Diam(e) a=Rggo , €=0.200 , i= 0 deg , A/m =0.012 m?/kg Diam(e)
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Enhanced-SRP A/m=1m?/kg

e, = 0.001 e,=0.2
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Eccentricity-inclination space

a = RcEo

24/07/2018

ECCRNTIICITY
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Angle-averaged maps
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DISPOSAL MANOEUVRES
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Disposal design

Process followed for each initial orbit

DISPOSAL DESIGN

Inputs: Reachable orbital element domain:
- post-mission orbit _ - Gauss Planetary Equations
- available Av - Single impulse Av

J

Exclude orbits crossing the GEO
protected region

!

Transfer with 2-burn manoeuvre:
- Lambert arc
- Grid optimised solution

L

Pareto front solutions:
- Read info from dynamical maps
Graveyard:Ae
Re-entry:lifetime
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Graveyard design ~ RemBSHIFT

Requirement for graveyard disposal

a = Rargo, e=0.001, 1 =0°. 2=0°, w=0°
available Av =~ 200 m/s
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Re-entry design © ReMSHIFT
Requirements for re-entry disposal

0= Rapo. e = 0.001, i = 70°, O =0°, w=0°
available Av =~ 200 m/s
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Best case scenario maps " Rem@SHIFT

Maximum available Av = 50 m/s

best graveyard disposal map

Reentry time (years)

best re-entry disposal map
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DISPOSAL ISSUES
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Population and dynamics © ReWBSHIFT
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Effective cleansing mechanism © RemiSHIFT

Fast re-entering orbits
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Effective cleansing mechanism ~ ReSiSHIFT (I

a=Rgpo , €=0.200, i= 0 deg , A/m =0.012 m?/kg Diam(e) a=Rgpo , €=0.200, i= 0 deg , A/m =0.012 m%/kg
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Effective cleansing mechanism
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Effective cleansing mechanism
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Effective cleansing mechanism © RemSSHIFT (I
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The Sirius constellation © RemISHIFT
“Missed” opportunity?
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Does enhancing SRP always help? ~ Re@iSHIFT '

Suppressing the Lidov-Kozai effect
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ANALYTICAL MODELING

24/07/2018 RCAAM Academy of Athens— GEO Disposal — I. Gkolias 30  POLITECNICO MILANO 1863




Motivation cHmMmPASS ¢

Hamiltonian reduction on the ecliptic

= Artificial satellite theories are developed in a coordinate frame that has
the equator as the main plane.

= Geopotential is more conveniently expressed in this frame.

= Third body perturbations more conveniently expressed in the ecliptic.

Question

= Could an analytical theory developed on the ecliptic provide us with more
insight for distant Earth satellite orbits?
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Analytical modelling CIMPASS  erc

Equatorial and Ecliptic frames

north celestial pole a

¢

antumnal equinox

Nonlinear relationship between
ecliptic and equatorial inclinations

cos [g = cosecos ] —sinesin [ cos (2

cos [ = cos £ cos IQ + sin £s1n IQ COS QQ

Source: wikipedia
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Analytical modelling
Body positions

equatorial frame

‘:5‘E$LPU1l=yguE;£; i%?;;q

ecliptic frame

m Satellite’s position:

( y ) = R3(—Q)R1(—7)R3(—0) ( 0 )
z 0

m Moon's position:
Xq
( Yq ) = Ri(—€)R3(—Q¢ )Ri(—ig JRs(—b¢ ) (

“q
m Sun’s position:

(yﬁi ) _ Rl(E)R?i('f’zn)( 0 )
Zo 0

m Satellite’'s position:

3
( 1 ) = R3(—Q)Ry(—i)R3(—0) (
¢
m Moon's position:
g
g
Cq

m Sun's position:

5'-’;') o
Ne | =R3(—0z) 7 O
Co 0

p
0
0

) = R3(—Qq )Ri(—ig )Rs(—f¢ ) (

|

g
0
0

|
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Analytical modelling CHMPASS  ©

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 — _%

m Zonal Harmonics:

Hzonal = —— Z (i) C},ﬂpj__‘[}(mn {'D)

r 4 r
j=2

m Third-body attraction (Sun and Moon):

o W ey
third-body — v ||r . I'"|| r,tz
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Analytical modelling CHiMPASS &

Zonal part

Reduction of the Jy part of the Hamiltonian:

R-\?
(Tu) J'ng(sinqz'})

sin @ =

e =
z sin ¢ = z_ ( cos(€) + nsin(e)

r

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

H’JE = H’Jz(a, e, i,—,—, =i, J2, Rg)

_ hRop(3sin?i —2)

HJ; — ng(ag e, l, Q T T My 2, R‘?B:E)

n=+v1-—e?

43373

24/07/2018
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Analytical modelling CIEMPASS  erc

........

Sun’s perturbing effect

Reduction of the Sun’s perturbing effect

3 2
N as r .
Ho = ——— ( ) P (cosve)
3]

Fo Fe

o ot

XX + Yo + ZZ0 , D D D
) _ cos(the) = £ + 1Mo + (o
o] rre

cos(th) =

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

HE? — H'E?'(aa = I Q'.I W, —, 9@'; ne, 3@,)
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Analytical modelling CHiMPASS &
Moon’s perturbing effect

Reduction of the Moon’s perturbing effect

ne a 2

=52 () s
't 't

- + + £8q + g +¢¢

C{)S(’lﬁ)({ ) = X YYq “2q Cos(-[!}q ) — a q q

r_r[I .I"T[I

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

He = Hg (a,e,i,Q,w, — Q¢ .0q; B,ng . aq ,ig - €)

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

E@: = E@: (aj e, -‘QM—Q({ :_;.‘3: n(( ?3({ .JI[I *E???[I)
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Analytical modelling CHMPASS e
Advantage of the ecliptic frame

The full system is

and is still of 2.5 degrees of freedom

"Ef - fff(a?e?fgﬂ?w, _:‘Q({ 00, 1y J2, Reys €, ne, ac, ng ,ag 7Nq )

HOWEVER

In the ecliptic representation time
dependencies are always coupled with
the ecliptic node of the satellite.
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Analytical modelling CHMPASS  ©

Further 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.

Ho_ hHR2pu(3cos? i — 1)(3sin? e — 2)

2 82313

15 1
o = a’n? (—Eez cos 2w sin? i + 2+ 3e?)(3sin? i — 2))

= azn%( B(3cos?i¢ — 1)((2 + 3e?)(3cos? i — 1) + 15€? sin? i cos 2w)
( 3207
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Analytical modelling

Lidov-Kozai type Hamiltonian

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

A

H=—=(2- 3sin? i) + B((2 + 3e%)(2 — 3sin? i) + 15e%sin® i cos 2w)
n
where LR
2RgH :

A=— 553 (2 — 3sin’€)

and ,
_ _i n2—|— Nq 531‘:{:-52 g —1 2
16\ ° ne 2

The system no longer depends on M and €2, therefore the semi-major
axis a is constant and

v/ 1 — e2 cos | = constant
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Analytical modelling cEimPAsS &
Study of the reduced model

We introduce the non-singular elements
k =—ecosw, h=esinw

and the equations of motion are

dk  V1—h2—k2dV(k,h)

dt na? dh
dh  V1—h2—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,igirc)
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Analytical modelling CHMPASS !
Study of the reduced model

Low inclinations at all altitudes
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Analytical modelling CTEMPASS  erc

Study of the reduced model

Moderate inclinations at high altitudes
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Analytical modelling CHMPASS e
Study of the reduced model

Polar inclinations at medium altitudes
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Analytical modelling CHMPASS e
Study of the reduced model

Polar inclinations at high altitudes
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Analytical modelling CIMPASS _ efc

Bifurcation diagram
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Analytical modelling CIMPASS  erc

Comparison with numerical simulations
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Analytical modelling CEMPASS  erc

Disposal design

1.0k
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Conclusions - RemBSHIFT

Numerical investigation

= For low initial inclinations: graveyard orbits with low variation of
eccentricity.

= For inclined geosynchronous natural re-entry is possible.
= Optimise disposal manoeuvre for each particular end-of-life scenario.

= |s a single equation guideline for GEO enough?

= Could eccentric and inclined, small size constellations lead us to a
sustainable exploitation of GEO?

= All maps and manoeuvres calculated will be made public on the ReDSHIFT
web site (http://redshift-h2020.eu).

= ReDSHIFT software tool for EOL disposal calculation will be available
online
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http://redshift-h2020.eu/
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Conclusions CHEMPASS  erc

Analytical modelling

We have reduced the problem of high Earth satellites using an analytical
representation.

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

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

= We have calculated the bifurcation diagram.

Further work:

= Recover the short-periodic terms.

= Add more perturbations, second order J2 and up to P4 for the Moon.
= Study the equilibria and their bifurcation on a sphere.

= Exploit the reduced dynamics for preliminary mission design.
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