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Leggi di Keplero
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Leggi di Newton 1/2
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LA LEGGE DI GRAVITA': F =

Forza gravitazionale tra due corpi
Costante di gravitazione universale: G = 6.670 x 101" N.m?.kg~

Massa di un corpo (Terra o Sole)
Massa di un altro corpo (il satellite)
Separazione tra i corpi

T3S O

GMe, g = M = 3.986004418 x 1014 m3.2
~ 400°000 km3.s2
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Leggi di Newton 2/2

Ry
X/
- r
'm
Sistema a due corpi >
dimassa M em o

(M >> m)
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Equazioni del moto 1/2

9= _ M /
a=-ul/r?
MOTO CENTRALE
a,=0
v, = dr/dt velocita radiale
Vo= r do/dt velocita tangenziale
a, = d?r/dt? — r (d6/dt)? accelerazione radiale

a,=r d?0/dt? + 2 dr/dt do6/dt accelerazione tangenziale
= 1/r d(r2d6/dt)/dt
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Equazioni del moto 2/2

S = satellite

T = terra (fuoco)

Jocus

r = vettore posizione S rispetto
alcentrodi T

pr=all-e?)

V = vettore velocita S rispetto

ail +e) pra— il | -1 —m a T

semiasse maggiore

semiasse minore: b = a+v1-e?
semidistanza fra i fuochi
eccentricita: e = c/a = Va%-b? /a
semi-latus rectus: p = a(1-e?)
raggio del perigeo

raggio dell’'apogeo

angolo polare (anomalia vera)
anomalia eccentrica

5 DTS T OO T
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Coniche 1/3
r=p/(1+ecos0)

Circle Ellipse Parabola Hyperbola
e=10 D<ce<1 e=1 €e>1
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Coniche 2/3
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ellipse

O<e<1

r=p/(1+ecos0)

e>

e=1 —_—— hy;perbola
parabola

circle
e=10

11



0 = anomalia vera
¢ = anomalia eccentrica
M = anomalia media

Coniche 3/3
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Anomalie

a (1-e?)
1+e-cos0

anomalia vera:

anomalia eccentrica: a (1-e-cos o)

anomalia media: M=¢-esing= \/%(t ~t,)

e —COoS ¢
e:cos @ - 1

Ccos 0 =
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Elementi Orbitali 1/2

a v
X
Ve mal
Equinox
Simbolo |[Nome Significato
a semiasse maggiore dimensione
e eccentricita forma
[ inclinazione inclinazione del piano orbitale (nello spazio)
Q2 (RAAN) [ascensione retta del nodo ascendente orientazione del piano orbitale (nello spazio)
® argomento del perigeo orientazione del perigeo (nel piano orbitale)
0 (v) anomalia vera posizione dello S/C sull'orbita
T istante di passaggio al periapside posizione dello S/C sull'orbita
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Elementi Orbitali 2/2

esempi:
orbita circolare, i=0, Q,®»?
orbita circolare, i=10°, Q,»?
0=0, »=0, 90° , 180°
0=90° , =0, 90° , 180°

ascending
node

| Earth \\

\_N.
A

Ve mal
Equinox
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Perturbazioni 1/3

d2r/dt2 + i r =f

Energia:
da/dt = 2a2 /up ( f. e sind + f, (1+e cosb) )

Momento Angolare Specifico:

dQ/dt sini  =1/Nup rf, sinv (L= ®+0)
di/dt = 1/\pp r f, cosv
de/dt = \p/u ( f. sin 6 + f, (cosO + coso) )

do/dt+dQ/dt cosi = 1/e \p/u ( -f. cos6 + f, (1+r/p) sind )
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Perturbazioni 2/3

Drag
Coefficient

S phere — O 0.47

0.42

Triassialita della Terra

®= (- Sy do(ReayPrfsing))  (f=-ver) =
: - e

0.50

1.05

dQ/dt ~ -9.97 (Re/a)* (1-e2) cos(/) gradi/gi :I%I
do/dt ~ 4.98 (Re/a)*> (1-e2)2 (5-cos?(/)-1) gradi/gif =, O
ro = oo ~ 6.8 sin(/) sin(e) P

Half-body ~ " £ooosomr O

Measured Drag Coefficients

3TESSERAL

J,= 1.08263x 10355
J5=

-6 7, )
25610 P

Rotazione terrestre e onflame ./ equatoriale e appiattimento
;3,01Fﬁ,§|§7d 21 Krf’pil cortoargg TOR AL

Centro di massa su

S Yo TS =
§ \bk‘\‘\\i{\\u\

Assimetria gravitazi hal
equatoriale Ar ~70 m

—

P (COs 8)

{f COS7X)
P1. #€cas8): | SINTAA




Perturbazioni 2/3

a (km) = | (deg) AQ (deg/day) A (deg/day)
Shuttle 6700 0 28  -7.35 12.05
GPS 26600 0 60  0.033 0.008
GEO 42160 0 0 -0.013 0.025
Molniya 26600 0.75 634 -0.30 0.00

Attrito Atmosferico
F=ma=-12pVv?AC, = A, = - 21 (CpA /m) p a2
AV, = T(CpA/m)pav

Tiife — - H/ Aarev
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Perturbazioni 3/3

Forze Gravitazionali del Sole e della Luna

dQ/dt | =-3.38:103 cos(/) / n
dQ/dt s =-1.54:103 cos(/) / n
dw/dt | = 1.69-10 ( 5-cos?() -1)/n
do/dt g =0.77-103 ( 5-:cos?() -1 ) /n

n = numero di rivoluzioni / giorno

gradi/giorno
gradi/giorno
gradi/giorno

gradi/giorno

Pressione di Radiazione

f=-4.5108 (1+r) A/m m/s?

r = coefficiente riflessione
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Terra
GEO ——
MEO

LEO
Fasce di Van Allen

ORBITE
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Low Earth Orbit (LEO)

LEQOs are either circular (or elliptical) orbits less than
2 000 km above the surface of the earth

Satellites generally some 700 to 1400 km up

Orbit periods between 90 to 120 minutes

Maximum time during which a satellite is above the horizon for an
observer on the earth is 20 minutes.

Footprint radius is generally 3 000 to 000 km

A global system requires many s
Needs to hand over the service t

Need to be able to cope wi
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Medium Earth Orbits (MEO)

MEQOs are circular orbits at an altitude of around
10000 km, with an orbit period of around 6 hours

The time during which a MEO satellite is in view for an
observer on the earth is in the order of a few hours

A global communications system using this type of orbit,
requires a modest number of satellites (around 10 to 20) in
2 to 3 orbital planes to achieve global coverage

Compared to a LEO system, hand-over is less frequent,
and propagation delay and free space loss are greater
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Geosynchronous Orbit (GEO)

A circular orbit with an orbital period equal to that of
the Earth

When in the equatorial plane (geostationary: inclination = 0°),
it appears fixed from an observer on Earth

This is achieved with an orbital height of 35 786 km (or an orbital
radius of 6.6107 Equatorial Earth Radii)

A GEO orbit has small non-zero values for inclination and
eccentricity
causing the satellite to trace out a small figure of eight in the sky

The round-trip delay is approximately 250 ms
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Orbite particolari

© Sun-Synchronous:
»dQ/dt;, = vel.ang. Terra
© Molniya:
»1=12 hr, dw/dt,, = 0, e=0.75, i=63.5°
© Geo-Synchronous:
»1 =vel.rot. Terra
© Geo-Stazionarie:
»1 = vel.rot. Terra, iI=0°
© Lagrangiane:
»equilibrio Luna/Terra/sat

Trieste, 18 Ottobre 2021
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Lagrangiane

SUN-EARTH : SUN-EARTH

L
L2

S MOON'S ORBIT

1.5 MILLION km—l—l.s MILLION km

TL = 322127 km
TL, = 442060 km
TLy = 386322 km
TLys = 384400 km
TS, = 1.5E+06 km
TS = 1.5E+08 km
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agrangian points

d by and between the 2 large masses M1 and M2. It is
stood of the Lagrangian g -
i®is effectively cancel each

d by the 2 large masses,
f the 2 large masses balz

L3: lies on the line defined by the 2 large masses,
the combined pull of Earth and Sun again causes {
same period as the Earth

rs of the 2 equilateral triangles
4) the smaller mass wrt its ork
e 2 masses are equal = gr
: e same ratio as their masst
WP e of the system: being bot
stem, the resultant force is
ilibrium with the rest of the ¢

,,,,,,
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Giorno siderale e sinodico

Giorno Siderale Giorno Sinodico
(giorno solare apparente)

Stelle
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Periodo siderale e sinodico

Periodo Siderale tg

Stelle
fisse

21 + O = 2n/tg (t-t9)
D = 27'C/T|V| (t2‘t1)
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Periodo Sinodico tgqg

LEO

— 1/(t2't1) — 1/TS - 1/TM - 1/TSS
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Terra e pianeti esterni e Luna
1/‘C|V| - 1/’CS — 1/TSS

periodo sinodico

=1 - 1/'[8 — 1/’583
— 1tp=1—1/Ts

Congiunzione T, L, S (C,M,S): “Luna
Nuova”, periodo sinodico

15 = 365 giorni, T, = 27.3 giorni, =
1= 29.5 giorni

Congiunzione S, T, P (C,M,S):
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Trasferimento LEO-GEO: GTO 1/3

Ellissi di
Hohmann
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Trasferimenti possibili

per| =P / (1 I

i e) <
apo p/(1 ) M

=e>p/r -1

=e>1-plr,

—e=p/r1 -1
—e=1-p/r2
(6]
©
£1
[
(6]
(&)
(&)
(]
Hohmann
0

1 .
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Trasferimento LEO-GEOQO: GTO 2/3

LEO GEO ELLISSE
h 400 km h 35781 km a 24469 km
radius 6778 km radius 42160 km ra 6778 km
\Y; 7.669 km/s V 3.075 km/s 's 42160 km

V'a 10.066 km/s

V'g 1.618 km/s

T 19046 s
317.4 min

AV 2.397 km/s
AVg 1.456 km/s
AVTOT 3.854 km/s
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Trasferimento di piano

0
Vs Vs

AVpjanel2 = V; sin 6/2 AVpiane i = Vi¢ + V¢ -2 V; V¢ COSO
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Trasferimento LEO-GEOQO: GTO 2/3

LEO GEO ELLISSE
h 400 km h 35781 km a 24469 km
radius 6778 km radius 42160 km ra 6778 km
\Y; 7.669 km/s V 3.075 km/s 's 42160 km

V'a 10.066 km/s

V'g 1.618 km/s

T 19046 s
317.4 min

AV 2.397 km/s
AVg 1.456 km/s
AVTOT 3.854 km/s
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Trasferimento LEO-GEOQO: GTO 3/3

Trieste, 18 Ottobre 2021

LEO GEO ELLISSE
h 400 km h 35781 km a 24469 km
radius 6778 km radius 42160 km ra 6778 km
\Y; 7.669 km/s \Y; 3.075 km/s g 42160 km
i 28 deg i 0 deg V'a 10.066 km/s
0.4887 rad O rad V'g 1.618 km/s
T 19046 s
317.4 min
AV 2.397 km/s
AVg 1.456 km/s
g AVT1oT 3.854 km/s
Tutto trasferimento AVpiane 14877 km/s
flettuato in B~ < [—owror  O-942 ks
© AVoanes  1.8128 km/s
AVTOT 4.210 km/s
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Trasferimento LEO-GEOQO: GTO 3/3

Trieste, 18 Ottobre 2021

LEO GEO ELLISSE
h 400 km h 35781 km a 24469 km
radius 6778 km radius 42160 km ra 6778 km
\Y; 7.669 km/s \Y; 3.075 km/s g 42160 km
i 28 deg i 0 deg V'a 10.066 km/s
0.4887 rad O rad V'g 1.618 km/s
T 19046 s
317.4 min
AV 2.397 km/s
AVg 1.456 km/s
AVT1oT 3.854 km/s
Tutto trasferimento AVplang 3710 km/s
. AVToT 7.564 km/s
effettuato in A < AV 4880 kmis
AVToT 6.337 km/s

47



Aggiustamenti di orbita

Attrito Atmosferico LEO

AV, = T(CpA/m)pav

o

GEOQO, i=0

Triassialita della Terra
AV,nno = 1.715 sin( 2|long-long,| ) m/s  (long,= 75°/225° E)

Forze Gravitazionali del Sole e della Luna
AV una.anno = 102.67 cos a sin oo m/s /anno  ~36.93 m/s /anno

AVsole anno = 40.17 cos ysinym/s /anno  ~14.45 m/s /anno

Trieste, 18 Ottobre 2021
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Appuntamenti in orbita

AP: TaAp— T \/aB/M = Tgp — TH
BP: Tgp — OLL/(DB — O(,L\_er3/H

OL|_=TC'(Df
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tW — (OCL—TC +2kTC) / ((DA—(DB)

— (TH(DB—TC'FZKTC) / ((DA—(DB)

ttot = 1:w + TH+ 1:o
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Parametri Ellisse
V; =V COS Y (*) | $m(;m PATH ANGLE

_ VELOCITY ¥ )\ 'y=0 per orbite
U = S ‘% satecue circolari (v=vy, v,=0)

b=af(l-e?) 17 p=afr-e?)
SEMIMINGR AXIS ot e SEMILATUS RECTUM

ANDMALY

‘\0

. !

A F' C F P
APDGEL EMPTY FOCUS GEDMETRIC CENTER Focus PERIGTE

lﬁ -—‘Q‘ — ae

ra-a(i'el : ‘..__'tp=a(l-t)

APGGEE RAO!US/ PERIGEE RADIUS

| pr—
SEMIMAJDR AXIS
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