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Conics from Kepler and Newton
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Conic Orbits: Three-dimensional Characteristics

Vda




11 October 2006

Orbit of Eris Perihelion: 37.77 AU Eccentricity: 0.44
Aphelion: 97.56 AU Inclination: 44°

(136199 Eris) Orbital period: 557 years




Problem:
Design spacecraft trajectory

Approach:

Traditional Two-Body

| ellipses
e Analytical Solns parabolas
hyperbolas

eldentify various trajectory arcs;
patch together

e Transition to full model

e Optimize in full model

—

specific requirements

erbola



Sputnik

Launch: October 4, 1957
1stin Sputnik Program

Technology First !!

Orbit: 7310 x 6586 km
96.2 minutes/rev

Science measurements:
Density of upper layer of atmosphere
- changes in orbit
Radio signal distribution data in ionosphere
Meteoroid detection







ISS Trajectory

original
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Trajectory Design

Combine arcs of 3 shapes: ellipses

hyperbolas




Trajectory Design

Combine arcs of shapes: llipses - Different
parqbolas Energy Levels
‘Stable’

hyperkolas _
Maneuver (AV)
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Hohmann Transfer

AV’

Construction:
1. Circular #1

2. Maneuver to Ellipse #2

3. Remain in Ellipse #2; return

4. Maneuver to Ellipse #3

Mars at Arrival




Hohmann Transfer to Uranus

Hohmann Schematic Transter:

TOF = 16 years
AV =16 km/s Vs

— — Uranus Orbit
QL;E 1;.1

Hohmann
-> not the way to get to Uranus!!!

Sun

Both Voyager launches on Titan
llI-Centaurs; only enough energy
to reach Jupiter v

Both used gravity assists to reach Voow Hohmann Transfer
final destinations and even out of Earth Orbit Orbit
the solar system!




Cassini to Saturn

Transfer Trajectory:

Depart Earth 10/97
Pass Venus 4/98
Pass Venus 6/99
Pass Earth 8/99
Pass Jupiter 12/00
Arrive Saturn 7/04

___VENUS FLYBY
21 APR 1998

VENUS FLYBY
20 JUN 1999

Deep Space
MANEUVER

LAUNCH
6 OCT 1997



Cassini to Saturn
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Transfer Trajectory:

Depart Earth 10/97
Pass Venus 4/98
Pass Venus 6/99
Pass Earth 8/99
Pass Jupiter 12/00
Arrive Saturn 7/04

un. Inerti

Time Step: a1 6oobeaEignal Use only




Venus Flyby
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— Second Venus Swingby CaSSini

June 24, 1999

Saturn Arrival

Spacecraft iy 12000 ()
_

Earth Orbit

Deep Space
Maneuver
December 1998

Launch .
October 15, 1997 %

=

Jupiter Swingby
December 30, 2000

— Earth Swingby
August 18, 1999

First Venus Swingby Launch to 1st Venus Swingby

April 26, 1998
1st Venus Swingby to 2nd Venus Swingby

2nd Venus Swingby to Earth’' Swingby, Past
Jupiter to Saturn
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Science and exploration goals
cannot always be met
using conics, even with gravity assists!!




Innovation in Trajectory Design 1970’s

Apollo 18

Schmitt

RELAY SATELLITE

RELAY SATELLITE

y

HALO ORBIT

HALO ORBIT AS SEEN FROM EARTH

Courtesy: NASA



ISEE3 MANEUVERS FROM LAUNCH
TO HALO ORBIT
TO COMET EXPLORATION




Poincaré - Three-Body Problem

Modern Computers +
Advances in Mathematics
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Two assumptions
Earth_» % expand options:

>

>X 1. New perspective:
Sun View from Earth?
2. Multiple Gravity Fields



Orbit propagated for 4 conic periods:
4*19 days = 75.7 days

Inertial View



Orbits propagated for 4 conic periods:
4*19 days = 75.7 days

,r\

Inertial View



Orbit propagated for 4 conic periods:
4*19 days = 75.7 days

,r\

Inertial View



Inertial Frame




Orbit propagated for 4 conic periods:
4*19 days = 75.7 days

Rotating View



Rotating Frame




Inertial Frame

Rotating Frame




Orbit propagated for 4 conic periods:
4*19 days = 75.7 days

Inertial View



Orbits propagated for 4 conic periods:
4*19 days = 75.7 days

Inertial View



Orbits propagated for 4 conic periods:
4*47 days = 188 days

Inertial View



Orbits propagated for 4 conic periods:
4*47 days = 188 days

Inertial View



Rotating View

Resonant orbit propagated for 5.2 yeal




Resonant orbit propagated for 5.2 years

Inertial View
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Inertial View



Problem:
Design spacecraft trajectory —> specific requirements

Approaches:
Traditional Two-Body N-Body Regimes (even N = 3)
Analvtical Sol ellipses * No analytical solutions
* Analytical Solns
Y parabolas | | imited knowledge of solution arcs
hyperbolas
 |dentify various trajectory arcs; |- Little understanding of arc
patch together “overlap”
e Transition to full model e Transition —» propagate single
state
e Optimize in full model * Optimizing relies on GOOD guess;

Aeronautics and Astronautics



Poincaré - Three-Body Problem

New View + Additional
Grav Flelds

) spacecraft 1

What new
options exist?

1. How do we find new
solutions?

Earth 2. What do they look
like?

3. How do we start?
Equilibrium Solutions

>




E'arth-'Moon Distance: 384,000 km
Earth Scale: 5x ' '

Moon Scale: 10x




E'arth-'Moon Distance: 384,000 km
Earth Scale: 5x ' '

Moon Scale: 10x




Scale: 100x _
arth Distance: 1AU
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Innovation in Trajectory Design 1970’s

Apollo 18

Schmitt
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HALO ORBIT

HALO ORBIT AS SEEN FROM EARTH

Courtesy: NASA
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SOHO

Mission: @toL,
L, Halo Orbit: Az=120,000 km, Ay=666,672 km

L1

HOI earth-sun line

3i17/%6
= 1258700 km

ecliptic inc = 5.1 deg

Ecliptic x-y projection

Ecliptic x-7 projection

RLF Coordinate System

Range and Ecliptic Inclinations for

Tick Marks are as Follows: Nominal arbkal paramelers: Z

1r=808840km  i=T.82 deg iﬁ = ggg ;gg m ‘

2r=1084160km  =10.65 de -

3r-1256200Jm i 12458 der Ag 120 000 km TO SUN

4 1= 1364500 kan 88 deg
Sr=1439800Jom  i=17.39 deg
6 =1490000 ko i=14.30 deg
Tr=150T850kam  i=12.00 deg
$r=1495640 b i .22 deg
% r= 1468720 kan

9 r=1431740 ko

10 r= 1380360 kam
11r=1319600 km  i=6.16 deg
12r=12T0520 km  i=5.57 deg
13r=1258T00 kom  i=5.10 deg

Flight Dynami
NASA GSFC

HALO OREIT INSERTION
MANEUVER: 1996 FEBRUARY 14

FIRST MID-COURSE
CORRECTION: ~ L+1.5 DAYS

EARTH ORBIT Z-k¥IS 1S PERPEMDICULAR TQ THE
ECLIPTIC PLANE,

SOHO orbit schematic
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PURDUE

Genesis Trajectory

Solar Wind Collection
A in Halo Orbit About L1
(29.3 mos.)
0.5 1L Return and
n Recovery f
b i Lunar Orbit
9 (5.3 mos.) - ~
7] \ Moon_, Y / Positioning for
g f’ \ Daylight Reentry
E | Earth \
« €T Sun |
o
2 <
o Outward Leg
= (2.7 mos)
=
-0.5 4
Total Flight Time
(37.3 mos.)
-1 : : - : : ! - |
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Millions of Kilometers Aeronautics and Astronautics






THEMIS Background: Substorms

PRIME MISSION (FY08-09) SCIENCE GOALS:
Primary:

“How do substorms operate?”
— One of oldest, most important questions in Geophysics

— Aturning point in understanding
of the dynamic magnetosphere

RESOLVING THE PHYSICS OF
ONSET AND EVOLUTION OF
SUBSTORMS

First bonus science:

“What accelerates storm-time ‘killer’ electrons?”
— A significant contribution to space weather science

Principal Investigator
Vassilis Angelopoulos, UCLA

Second bonus science:

“What controls efficiency of solar wind — magnetosphere Mission Operations Manager
coupling?” Manfred Bester, UCB

— Provides global context of solar wind & magnetosphere

interaction EPO Lead

Laura Peticolas, UCB




THEMIS

Tivme History or EvenTts aND M ACROSCALE
INTERACTIONS DURING SUBSTORMS

Primary Objective:

THEMIS ' identify physical mechanism that
o] 2 leads to explosive release of energy
in substorms

» 2-year mission (launch 2/07); 5 identical probes
» First NASA launch of five satellites to study substorms
o THEMIS probes align over North Am @ 4 day intervals

» Alignments - in situ measurements of particles/fields 2>
identify region where substorm energy release; insight into
process

o |Successful result -4{Explosion of magnetic energy at 1/3
distance to moon powers substorms due to magnetic
reconnection (stressed magnetic field lines suddenly "snap"
to a new shape)




PURDUE Blue - Earth's magnetic field over the night side
White flash - energy released during substorms

UNIVERSITY.

—> night side magnetic field acts as slingshot;
propels electrons toward Earth.




Artemis 1’1 /P2 Baseline Trajectory

Frame: S-E Rotating'(Earth-Centered)




Trajectory Baseline

Lunar Gravity + Solar Perturbation + Libration Point Orbits + Lunar Orbits

Elliptical Earth Orbits

Translunar Trajectory Lissajous Orbits

P1

Phase 1

Phase 2 Phase 3

Lunar Orbits

Phase 4



Artemis 1’1 /P2 Baseline Trajectory

Frame: S-E Rotating'(Earth-Centered)



















Backflip Stable Manifold
Earth-Moon Rotating Frame







P1 Phase 2

Max Range

e DSM on 2010 March 15

e Sun-Earth L, Lissajous
Stable Manifold

Deep-Space
Maneuver (DSM)



P1: Phase 2

Max Range

« Max Range (6-Jun-2010)

e Trajectory and Sun-Earth L,
Lissajous Unstable Manifold







P1 Phase 3
Two viewpoints onthe L, to L,
transfer

e Simultaneously
matches the stable
manifold surface
assoclated with the










Artemis P1 /P2 Baseline Trajectory Design

Frame: S-E Rotating'(Earth-Centered)




