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Voyager Spacecraft
(Planetary Swingby/Gravity Assist)

VOYAGER 2
Launch

20 Aug 77

VOYAGER 1
Launch

S Sept 77

Neptune
25 Aug B9

Jupiter
S5Mar 79

Jupiter
9 July 79

12 Nov 80 VOYAGER 1

jpl.nasa.gov/basics/grav/primer.html

25 Aug 81

http://voyager.jpl.nasa.gov/science/heliocentric.html
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Lunar and Planetary Exploration of Japan

£ (2012)—

1985 &EAHNUT (/\L—EE, Halley Comet)

1985 Ly LY/ \L—E &Z, Halley Comet)
1990 O TA/(A, Moon)

1992 GEOTAIL (#e®k, A, Earth & Moon)
1998 MEH (K E, Mars) B&=

2003 [T SS(IERE, Asteroid)

2007 <42 (A, Moon)

2010 HMhD= (£ £, Venus)

2014-15 [FXOSS2(/NEE, Asteroid)
2015 BepiColombo (K2, Mercury)



Planetary Exploration
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Hayabusa Mission (2003-2010)

Earth Departure-(Low Thrust)-Earth Swingby-Asteroid Arrival-
Asteroid Departure-(Low Thrust)-Earth Return

2001 /2 /26

X (AU)
JAXA Total = 20957

Hayabusa Spacecraft INER B X
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Multiple Asteroid Flyby Mission

Multiple Asteroid Flyby Mission
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Multiple Asteroid Flyby Mission
Koronis family:5 asteroid flyby In 6 years

First Three Years Second Three Years

Multi-Koronis Family Asteroid Flyby
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L_ow-thrust Asteroid Rendezvous &
Sample Return Mission

Earth-Earth SEP Transfer

2

Orpheus(V type) [ Earth Swingby-0rpheus Rendezvous

Earth-Earth SEP Transfer (Orpheus case) Earth Swingby - Orpheus Rendezv ous
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L_ow-thrust Asteroid Rendezvous &
Sample Return Mission

Orpheus(V type)

Orpheus-Earth Return

Orpheus-Earth SEP Retu[n
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Mercury Exploration
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http://bepicolombo.esa.int/science-e/www/object/index.cfm?fobjectid=30159

ESA-JAXA BepiColombo Mercury Mission
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Lunar & Planetary Swingby
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Electric Propulsion: Multiple Mercury Flyby

Earth->Venus—> Mercury—->Mercury-> Mercury-> Mercury-> Mercury-> Mercury

Multiple-Mercury Flyby Trajectory
(E-V)+MMMMMIM
M1:2006.9.12. / M&:2005.2.22,

1' k - ' I T | R i T I

Y(AU)

-0.5

Hiroshi Yamakawa, 1996



Electric Propulsion: Mercury Rendezvous Mission

Low thrust by electric propulsion
Earth > Venus swingby->Mercury Arrival

Earth-Vanus-Mercury Rendezvous SEP Trajeclory
i_miﬁ Earth 2005.11.7. Venus 2006.4.21. Mercury 2008,1.19,
7 T T T T ! !

RITHFME: 2. 55

. | X(AU)

Copyright Hiroshi Yamakawa



Chemical Propulsion: Mercury Rendezvous Mission

Impulsive trajectory correction by chemical propulsion
Earth departure->Venus->Venus->Mercury->Mercury->Mercury

Earth-Mercury Ballistic Transfer Trajectory
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Chemical Propulsion: Mercury Rendezvous Mission

Impulsive trajectory correction by chemical propulsion
Earth departure->Venus->Venus->Mercury->Mercury->Mercury
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Double Lunar Swingby
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GEOTAIL Spacecraft (1992~)

HBEK

Geomagnetic Tail Observation

Copyright JAXA

RISH, Kyoto University
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GEOTAIL Trajectory
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HITEN Spacecraft(1990-1993)

Copyright JAXA
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(Circle-to-Circle Transfer)
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(Two-Impulse Transfer)
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THATORNERET

(Three-Impulse Transfer)
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Earth-Moon Transfer with Ballistic Capture
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Earth-Moon Transfer in the Sun-Earth-Moon-Spacecraft
Four-Body Problem
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Ballistic Capture (Gavitational Capture)

Region around the Moon
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Designing Earth-Moon Transfer
with Ballistic Capture

H. Yamakawa, J. Kawaguchi, N. Ishii and H. Matsuo, **A Numerical Study of Gravitational Capture Orbit
in the Earth-Moon System,"* Advances in the Astronautical Sciences, Vol. 79, Part 11, pp. 1113-1132, 1992,
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Earth-Moon Transfer with Ballistic Capture

Case 1 (Sunward)
LLZRTE I3, 19936:3H
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Earth-Moon Transfer with Ballistic Capture
Case 2 (Anti-Sunward)
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Earth-Moon Transfer with Ballistic Capture
Case 3 (Double-Revolution)

L ZRTE 5w, 1993638
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Earth-Moon Transfer with Ballistic Capture
Case 4 (Halo Type)

L HZRTE 5w, 1993638
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Three-Impulse Earth-Moon Transfer in the Four-
Circle-to-Circle Transfer Body Problem

1st Correction at Pergiee —>Lunar Swingby

2"d Correction at Apogee ->Solar Gravity Perturbation

3rd Correction at Perigee - Lunar Ballistic Capture




Mars Orbiter Mission
(1998-2004)

NOZOMI
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Copyright JAXA



Nozomi Mars Orbiter

Double Lunar Swingby for Earth Departure
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Lunar Swingby Effect
Trailing Edge Swingby Cases
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Solar Sail Propulsion
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http://antwrp.gsfc.nasa.gov/apod/ap030308.html
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Propulsive Force by Solar Sall
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agrange Planetary Equations and
Averaging
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Introduction of New Variables (k andy)
and Hamiltonian
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Solar Sail Dynamics
Eccentricity (K)-Argument of Perigee (y)
(Acceleration a=0.575)

06 08 9
Eccentricity=1 k Eccentricity=0 xw.wn



Solar Sail Dynamics
Unstable Motion (ARZEEES))




Solar Sail Dynamics
Rotational Motion (E1ExiES))




Solar Sail Dynamics
Librational Motion ({{&E$h)




Orbital Dynamics of Radial Acceleration

' arrow:;accele*tion dir?action ' . 5'-5{27'5 BINNEE l"é"_
5 | : ' Hidbh 5 DiEREE
T o pont """"""" N - @ n DR

/] - BAZNZIEMEZD
:\\”"T”T 1 BEERERANIC

Ol I N Y A 7 R SRR IRIR
o L..initialpaint ... N7 A e
(r=XAU) :
R IO I AN N G
B . B
3 2 -1 0 1 2 3

y-coordinate (AU)
Wiz



Central Forces

. O 2 2
EgsiE dr r(d_ﬁ\ _,  Bertrand’s Theorem: The only central
TR " forces that result in closed orbits for
r" all bound particles are the inverse-square
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Radial Acceleration Dynamics
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Maximum Attainable Distance under
Constant Radial Acceleration

n=0 MIERE—FE (FRXFE=2)

FESENLE
P = . & <0.125 N I R R T R
o | o

Nn=1 MEREHIEHECKLEA . doL L1

| T
(Pue — 1) E oLl o

“=2p Znp £0<0.2036 £ I
IR

Nn=2 HLEREHIEE?2 %(C}ittﬁu i : : :n ::'

1 o 351 o]

Prmax = £0< 0.500

1- 2, et s RIS

TP



Periodic Orbits with Radial Acceleration
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Optimization of Radial Thrust

Transformation into a simple form by introducing a new variable u = 1/r and
changing the independent variable from nondimensional time t to polar angle 6

u'+u=1-¢
Optimal control theory and the classical calculus of variation approach
u'=p p=-u+l-¢
H=A,p+A,(-u+D)—4.¢
A=A, A=A,
Optimal Control
E = O ﬂ“p <0
E= Eppay A, >0

The four linear differential equations are to be solved subject to the four boundary
conditions with the choice of multiplier, available to satisfy the additional boundary
condition. Wiz



On-Off Radial Acceleration Control

for Solar System Escape
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Use of Earth gravity assist is also possible.
2004. H.Yamakawa
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Rendezvous with Radial Acceleration
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