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FOREWORD

The 2007 Astrodynamics Con fer ence was hosted by the Amer i can Astronautical So ci -
ety (AAS) and co-sponsored by the Amer i can In sti tute of Aero nau tics and As tro nau tics
(AIAA). The con fer ence was held Au gust 19-23, 2007, Mackinac Is land, Mich i gan. There
were some 150 pa pers pre sented in 24 tech ni cal ses sions. Ses sion top ics in cluded Cassini,
at mo spheric den sity anal y sis, sat el lite con stel la tions and for ma tion fly ing, tra jec tory de sign
and plan e tary mis sion stud ies, or bit de ter mi na tion and track ing, at ti tude dy nam ics, de ter mi -
na tion and con trol, at mo spheric re-entry guid ance and con trol, space craft guid ance, nav i ga -
tion and con trol, 50 years of space de vel op ment, low thrust mis sion and tra jec tory de sign,
dy nam ics and con trol of large space struc tures, STE REO, tra jec tory op ti mi za tion, space de -
bris and con junc tion anal y sis, or bital dy nam ics, per tur ba tions and sta bil ity and earth or bital
and plan e tary mis sion stud ies.

These astrodynamics con fer ences have been held an nu ally since the mid-1960s, man -
aged al ter nately by the Amer i can Astronautical So ci ety and the Amer i can In sti tute of Aero -
nau tics and As tro nau tics. Ev ery sec ond year the Amer i can Astronautical So ci ety pub lishes
the pro ceed ings. The pro ceed ings usu ally con sist of a hard-copy vol ume or set of vol umes
plus a mi cro fiche or CD ROM sup ple ment. This vol ume, Astrodynamics 2007, Vol ume 129, 
Ad vances in the Astronautical Sci ences, con sists of three parts to tal ing about 3000 pages,
plus a CD ROM sup ple ment which in cludes the pa pers in dig i tal form. All of the avail able
pa pers ap pear in full in Vol ume 129. A chro no log i cal in dex and an au thor in dex are ap -
pended to the third part of the vol ume. Pa pers which were not avail able for pub li ca tion are
listed on the di vider pages of each sec tion in the hard copy vol ume.

This vol ume is the lat est in a se quence of Astrodynamics vol umes which are pub lished 
as a part of the Amer i can Astronautical So ci ety se ries, Ad vances in the Astronautical Sci -
ences. Sev eral other se quences or subseries have been es tab lished in this se ries. Among
them are: Space Flight Me chanics (an nual), Guid ance and Con trol (an nual), In ter na tional
Space Con fer ences of Pa cific-Basin So ci eties (ISCOPS, for merly PISSTA), and AAS An -
nual Con fer ence pro ceed ings. Pro ceed ings vol umes for ear lier con fer ences are still avail able
ei ther in hard copy or in mi cro fiche form. The ap pen dix at the end of Part III of the hard
copy vol ume lists pro ceed ings avail able through the Amer i can Astronautical So ci ety.

In these pro ceed ings vol umes the tech ni cal ac cu racy and ed i to rial qual ity are es sen -
tially the re spon si bil ity of the au thors. The ses sion chairs and the ed i tors do not re view all
pa pers in de tail; how ever, for mat and lay out are im proved when nec es sary by the ed i tors.

We com mend the gen eral chairs, tech ni cal chairs, ses sion chairs and the other par tic i -
pants for their role in mak ing the con fer ence such a suc cess. A spe cial word of thanks is
also ex tended to those who as sisted in or ga ni za tional plan ning, reg is tra tion and nu mer ous
other func tions re quired for a suc cess ful con fer ence.
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The cur rent pro ceed ings are valu able in keep ing spe cial ists abreast of the state of the
art; how ever, even older vol umes con tain some ar ti cles that have be come clas sics and all
vol umes have ar chi val value.

AAS/AIAA ASTRODYNAMICS VOL UMES

Astrodynamics 2007 ap pears as Vol ume 129, Ad vances in the Astronautical Sci ences.
This pub li ca tion pres ents the com plete pro ceed ings of the AAS/AIAA Astrodynamics Con -
fer ence 2007.

Astrodynamics 2005, Vol ume 123, Ad vances in the Astronautical Sci ences, Eds. B.G.
Wil liams et al., 2878p, three parts plus a CD ROM Sup ple ment.

Astrodynamics 2003, Vol ume 116, Ad vances in the Astronautical Sci ences, Eds. J. de
Lafontaine et al., 2746p, three parts plus a CD ROM Sup ple ment.

Astrodynamics 2001, Vol ume 109, Ad vances in the Astronautical Sci ences, Eds. D.B.
Spencer et al., 2592p, three parts.

Astrodynamics 1999, Vol ume 103, Ad vances in the Astronautical Sci ences, Eds. K.C.
Howell et al., 2724p, three parts.

Astrodynamics 1997, Vol ume 97, Ad vances in the Astronautical Sci ences, Eds. F.R. Hoots
et al., 2190p, two parts.

Astrodynamics 1995, Vol ume 90, Ad vances in the Astronautical Sci ences, Eds. K.T.
Alfriend et al., 2270p, two parts; Mi cro fiche Suppl., 6 pa pers (Vol. 72 AAS Mi cro fiche Se ries).

Astrodynamics 1993, Vol ume 85, Ad vances in the Astronautical Sci ences, Eds. A.K. Misra
et al., 2750p, three parts; Mi cro fiche Suppl., 9 pa pers (Vol. 70 AAS Mi cro fiche Se ries)

Astrodynamics 1991, Vol ume 76, Ad vances in the Astronautical Sci ences, Eds. B. Kaufman 
et al., 2590p, three parts; Mi cro fiche Suppl., 29 pa pers (Vol. 63 AAS Mi cro fiche Se ries)

Astrodynamics 1989, Vol ume 71, Ad vances in the Astronautical Sci ences, Eds. C.L.
Thorn ton et al., 1462p, two parts; Mi cro fiche Suppl., 25 pa pers (Vol. 59 AAS Mi cro fiche
Se ries)

Astrodynamics 1987, Vol ume 65, Ad vances in the Astronautical Sci ences, Eds. J.K.
Soldner et al., 1774p, two parts; Mi cro fiche Suppl., 48 pa pers (Vol. 55 AAS Mi cro fiche
Se ries)

Astrodynamics 1985, Vol ume 58, Ad vances in the Astronautical Sci ences, Eds. B. Kaufman 
et al., 1556p, two parts; Mi cro fiche Suppl. 55 pa pers (Vol. 51 AAS Mi cro fiche Se ries)

Astrodynamics 1983, Vol ume 54, Ad vances in the Astronautical Sci ences, Eds. G.T. Tseng
et al., 1370p, two parts; Mi cro fiche Suppl., 41 pa pers (Vol. 45 AAS Mi cro fiche Se ries)

Astrodynamics 1981, Vol ume 46, Ad vances in the Astronautical Sci ences, Eds. A.L.
Friedlander et al., 1124p, two parts; Mi cro fiche Suppl., 41 pa pers (Vol. 37 AAS Mi cro fiche
Se ries)

Astrodynamics 1979, Vol ume 40, Ad vances in the Astronautical Sci ences, Eds. P.A. Penzo
et al., 996p, two parts; Mi cro fiche Suppl., 27 pa pers (Vol. 32 AAS Mi cro fiche Se ries)

Astrodynamics 1977, Vol ume 27, AAS Mi cro fiche Se ries, 73 pa pers

Astrodynamics 1975, Vol ume 33, Ad vances in the Astronautical Sci ences, Eds., W.F.
Powers et al., 390p; Mi cro fiche Suppl., 59 pa pers (Vol. 26 AAS Mi cro fiche Se ries)

Astrodynamics 1973, Vol ume 21, AAS Mi cro fiche Se ries, 44 pa pers

Astrodynamics 1971, Vol ume 20, AAS Mi cro fiche Se ries, 91 pa pers
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AAS/AIAA SPACE FLIGHT ME CHANICS VOL UMES

Space flight Me chanics 2007, Vol ume 127, Ad vances in the Astronautical Sci ences, Eds.
M.R. Akella et al., 2230p., two parts, plus a CD ROM sup ple ment.

Space flight Me chanics 2006, Vol ume 124, Ad vances in the Astronautical Sci ences, Eds.
S.R. Vadali et al., 2282p., two parts, plus a CD ROM sup ple ment.

Space flight Me chanics 2005, Vol ume 120, Ad vances in the Astronautical Sci ences, Eds.
D.A. Vallado et al., 2152p., two parts, plus a CD ROM sup ple ment.

Space flight Me chanics 2004, Vol ume 119, Ad vances in the Astronautical Sci ences, Eds.
S.L. Coffey et al., 3318p., three parts, plus a CD ROM sup ple ment.

Space flight Me chanics 2003, Vol ume 114, Ad vances in the Astronautical Sci ences, Eds.
D.J. Scheeres et al., 2294p, three parts, plus a CD ROM sup ple ment.

Space flight Me chanics 2002, Vol ume 112, Ad vances in the Astronautical Sci ences, Eds.
K.T. Alfriend et al., 1570p, two parts.

Space flight Me chanics 2001, Vol ume 108, Ad vances in the Astronautical Sci ences, Eds.
L.A. D’Amario et al., 2174p, two parts.

Space flight Me chanics 2000, Vol ume 105, Ad vances in the Astronautical Sci ences, Eds.
C.A. Kluever et al., 1704p, two parts.

Space flight Me chanics 1999, Vol ume 102, Ad vances in the Astronautical Sci ences, Eds.
R.H. Bishop et al., 1600p, two parts.

Space flight Me chanics 1998, Vol ume 99, Ad vances in the Astronautical Sci ences, Eds.
J.W. Middour et al., 1638p, two parts; Mi cro fiche Suppl., 2 pa pers (Vol. 78 AAS Mi cro fiche
Se ries).

Space flight Me chanics 1997, Vol ume 95, Ad vances in the Astronautical Sci ences, Eds.
K.C. Howell et al., 1178p, two parts.

Space flight Me chanics 1996, Vol ume 93, Ad vances in the Astronautical Sci ences, Eds.
G.E. Powell et al., 1776p, two parts; Mi cro fiche Suppl., 3 pa pers (Vol. 73 AAS Mi cro fiche
Se ries).

Space flight Me chanics 1995, Vol ume 89, Ad vances in the Astronautical Sci ences, Eds.
R.J. Proulx et al., 1774p, two parts; Mi cro fiche Suppl., 5 pa pers (Vol. 71 AAS Mi cro fiche
Se ries).

Space flight Me chanics 1994, Vol ume 87, Ad vances in the Astronautical Sci ences, Eds.
J.E. Cochran, Jr. et al., 1272p, two parts.

Space flight Me chanics 1993, Vol ume 82, Ad vances in the Astronautical Sci ences, Eds.
R.G. Mel ton et al., 1454p, two parts; Mi cro fiche Suppl., 2 pa pers (Vol. 68 AAS Mi cro fiche
Se ries).

Space flight Me chanics 1992, Vol ume 79, Ad vances in the Astronautical Sci ences, Eds.
R.E. Diehl et al., 1312p, two parts; Mi cro fiche Suppl., 11 pa pers (Vol. 65 AAS Mi cro fiche
Se ries).

Space flight Me chanics 1991, Vol ume 75, Ad vances in the Astronautical Sci ences, Eds.
J.K. Soldner et al., 1353p, two parts; Mi cro fiche Suppl., 15 pa pers (Vol. 62 AAS Mi cro fiche
Se ries).

All of these pro ceed ings are avail able from Univelt, Inc., P.O. Box 28130, San Diego,
Cal i for nia 92198 (Web Site: http://www.univelt.com), pub lish ers for the AAS.

Rob ert H. Jacobs, Se ries Ed i tor
Amer i can Astronautical So ci ety (AAS) http://www.space-flight.org/ and http://www.astronautical.org/

Amer i can In sti tute for Aero nau tics and As tro nau tics (AIAA) http://www.aiaa.org/

9

http://www.astronautical.org
http://www.univelt.com
http://www.aiaa.org/
http://www.space-flight.org/


PREF ACE

The 2007 AAS/AIAA Astrodynamics Spe cial ists Con fer ence was held from Au gust 19 
through Au gust 23, 2008, on Mackinac Is land, Mich i gan at the Mis sion Point Re sort. The
con fer ence was co-sponsored by the Amer i can Astronautical So ci ety (AAS) and the Amer i -
can In sti tute of Aero nau tics and As tro nau tics (AIAA), and or ga nized by the AAS Space
Flight Me chanics Tech ni cal Com mit tee and the AIAA Astrodynamics Tech ni cal Com mit tee. 
There were over 190 reg is tered par tic i pants, with in clud ing en gi neers, sci en tists and math e -
ma ti cians from around the world, rep re sent ing in dus try, ac a de mia and gov ern ment agen cies.

There were 156 tech ni cal pa pers pre sented in 24 ses sions cov er ing a large spec trum of
Astrodynamics top ics, in clud ing the de sign and con trol of sat el lite con stel la tions; tra jec tory
de sign and tra jec tory op ti mi za tion, plan e tary mis sion stud ies; sat el lite at ti tude dy nam ics, de -
ter mi na tion and con trol; sat el lite or bit de ter mi na tion; and the dy nam ics and con trol of large
struc tures; space de bris; and space craft guid ance, nav i ga tion and con trol. There were spe cial
ses sions on two space sci ence mis sions: STE REO, or ga nized by Jose Guzman and Cassini,
or ga nized by Fred Pelletier and Pe ter Antresian.

There were two events to com mem o rate the fifty years of space flight. The first was a
a very well re ceived and at tended spe cial tech ni cal ses sion, or ga nized and co-chaired by Dr.
Thomas Eller and Dr. Tony Hagar, on the 50 years of Space De vel op ment since Sput nik
was launched. The sec ond event was a ple nary lec ture by Dr. Roger Launius, who is from
the Di vi sion of Space His tory, the Smith so nian In sti tu tion Na tional Air and Space Mu seum.
He gave an in spir ing lec ture en ti tled “Space: Jour neying To ward the Fu ture,” which pro -
vided a sur vey of space flight his tory to gether with com ments on the ma jor chal lenges we
will see in space flight dur ing the 21st cen tury. His ap pear ance was sup ported by the AIAA
Dis tin guished Lec turer Se ries. 

At this event, a spe cial award was pro vided to Dr. Kathleen Howell by Mark Craig,
pres i dent of the Amer i can Astronautical So ci ety, for her years of ser vice to the so ci ety as
ed i tor-in-chief of the Jour nal of Astronautical Sci ences, the AAS peer-reviewed tech ni cal
jour nal.

A spe cial course on tra jec tory op ti mi za tion en ti tled “Emerging prin ci ples in Fast Tra -
jec tory Op ti mi za tion” was held on Sunday, Au gust 19. Pres ented by I. M. Ross, Na val Post -
grad u ate School, and Q. Gong, Uni ver sity of Texas at San An to nio, the course ex plored sev -
eral ad vances that have taken place over the last de cade in both the the ory and com pu ta tion
meth ods of op ti mal con trol and tra jec tory op ti mi za tion.

The ed i tors of these pro ceed ings would like to ex tend their ap pre ci a tion to all the au -
thors, as these pro ceed ings would not ex ist with out them. A spe cial thanks to the ses sion
chairs, and to Shan non Coffey for his con tin u ing sup port of the Ab stract Ad min is tra tion
Website.

10



We would like to also ex press our thanks The Charles Stark Draper Lab o ra tory for
sup port ing the cost of print ing the con fer ence pro gram. The pro gram cover was de signed by 
Tomas Starchville, the AIAA Tech ni cal Chair, of the Aero space Cor po ra tion.

AAS Gen eral Chair
Mr. Rich Burns
NASA GoddardSpaceflight Cen ter

AIAA Gen eral Chair
Dr. Dan iel Scheeres
Uni ver sity of Mich i gan

AAS Tech ni cal Chair
Dr. Ron ald Proulx
The Charles Stark Draper Lab o ra tory

AIAA Tech ni cal Chair
Dr. Thomas Starchville, Jr.
The Aero space Cor po ra tion
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PA PERS BY NUMBER AND TI TLE

VOLUME 129 I, II & III
ADVANCES IN THE ASTRONAUTICAL SCIENCES,
ASTRODYNAMICS 2007 (2008)

(AAS/AIAA Astrodynamics Specialist Conference, August 19-23, 2007,
Mackinac Island, Michigan)

SES SION 1: SPE CIAL SES SION - CASSINI

AAS 07 – 252 Op ti cal Nav i ga tion for the Cassini/Huygens Mis sion, S. D. Gillam,
W. M. Owen Jr., A. T. Vaughan, T.-C. M. Wang, J. D. Costello,
R. A. Ja cob son, D. Bluhm, J. L. Pojman and R. Ionasescu

AAS 07 – 253 Cassini Or bit De ter mi na tion Per for mance Dur ing Sat urn Sat el lite Tour:
Au gust 2005 – Jan u ary 2006, P. G. Antreasian, J. J. Bordi, K. E. Criddle,
R. Ionasescu, R. A. Ja cob son, J. B. Jones, R. A. Mac Ken zie,
D. W. Parcher, F. J. Pelletier, D. C. Roth and J. R. Stauch

AAS 07 – 254 Cassini-Huygens Ma neu ver Ex pe ri ence: Third Year of Sat urn Tour
Powtawche N. Wil liams, Em ily M. Gist, Troy D. Goodson, Yungsun Hahn,
Paul W. Stumpf and Sean V. Wag ner

AAS 07 – 255 Re-Aiming Cassini’s Iapetus Flyby, Frederic Pelletier, Brent B. Buffington,
Na than Strange and Tilmann Denk

AAS 07 – 256 500-Year Ec cen tric Or bits for the Cassini Space craft within the Sat urn
Sys tem, Chris Patterson, Masaki Kakoi, Kathleen C. Howell,
Chit Hong Yam and James M. Longuski

AAS 07 – 257 Sat urn Im pact Tra jec tories for Cassini End-of-Life, Chit Hong Yam,
Di ane Craig Da vis, James M. Longuski and Kathleen C. Howell

AAS 07 – 258 Cassini End-of-Life Es cape Tra jec tories to the Outer Planets,
Masataka Okutsu, Chit Hong Yam, James M. Longuski and
Na than J. Strange

SES SION 2: AT MO SPHERIC DEN SITY ANAL Y SIS

AAS 07 – 259 De ter mi na tion of Drag Co ef fi cient Values for CHAMP and GRACE Sat el lites
Us ing Or bit Drag Anal y sis, Bruce R. Bow man, Frank A. Marcos,
Ken neth Moe and Mil dred M. Moe

AAS 07 – 260 Neu tral Den sity De ter mined from CHAMP Pre ci sion Or bits,
Craig A. McLaughlin and Ben S. Bieber

AAS 07 – 261 Stan dard ized Ap proaches for Es ti mating Or bit Life time af ter End-of-Life,
Dan iel L. Oltrogge and Chia-Chun (George) Chao
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AAS 07 – 262 Drag Co ef fi cient Vari abil ity at 100-300 km from the Or bit De cay Anal y ses of
Rocket Bodies, Bruce R. Bow man and Stan Hrncir

AAS 07 – 264 Or bit De cay Pre dic tion Sen si tiv ity to So lar Flux Vari a tions, Bo J. Naasz,
Kevin Berry and Ken neth Schatten

AAS 07 – 265 Pre lim i nary Re sults from the At mo spheric Neu tral Den sity Ex per i ment Risk
Re duc tion Mis sion, A. C. Nich o las, J. M. Picone, J. Emmert, J. DeYoung,
L. Healy, L. Wasiczko, M. Da vis and C. Cox

SES SION 3: SAT EL LITE CON STEL LA TIONS AND FOR MA TION FLYING - I

AAS 07 – 267 1-D Con strained Cou lomb Struc ture Sta bi li za tion With Charge Sat u ra tion,
Shuquan Wang and Hanspeter Schaub

AAS 07 – 268 An a lytic So lu tions for Equal Mass 4-Craft Static Cou lomb For ma tion,
Harsch Vasavada and Hanspeter Schaub

AAS 07 – 269 Stability and Control of Relative Equi lib ria for the Three-Spacecraft
Cou lomb Tether Prob lem, Is lam I. Hussein and Hanspeter Schaub

AAS 07 – 270 Modeling and Prop erties of a Flux-Pinned Net work of Sat el lites,
Mi chael Nor man and Ma son A. Peck

AAS 07 – 271 A Gen eral Meth od ol ogy for Min i mum-Fuel Hovering Sat el lite For ma tions,
Da vid J. Irvin Jr., Rich ard G. Cobb and T. Alan Lovell

AAS 07 – 273 Neigh bouring Op ti mum Feed back Con trol Law for Earth-Orbiting For ma tion
Flying Space craft, Jean-Francois Hamel and Jean de Lafontaine

AAS 07 – 274 Time-Varying Ex pres sion of the For ma tion Flying Along Cir cu lar
Tra jec tories, Jun’ichiro Kawaguchi and Ryu Funase

SES SION 4: TRA JEC TORY DESIGN AND PLAN E TARY MIS SION STUDIES - I

AAS 07 – 275 So lar Grav ity Per tur ba tions to Fa cil i tate Long-Term Or bits: Ap pli ca tion to
Cassini, Di ane Craig Da vis, Chris Patterson and Kathleen Howell

AAS 07 – 276 Patched-Integrated Grav ity-Assist Tra jec tory De sign, Brent Buffington and
Na than Strange

AAS 07 – 277 Map ping the V-Infinity Globe, Na than Strange, Ryan Rus sell and
Brent Buffington

AAS 07 – 280 Op ti mal Tra jec tories for Soft Land ing on As ter oids, Greg ory Lantoine and
Rob ert D. Braun

AAS 07 – 281 Com par i son Be tween Patched Conic and Per turbed Or bit for Mars Mis sion,
B. P. Dakshayani and N. S. Gopinath

SES SION 5: OR BIT DE TER MI NA TION AND TRACKING - I
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SES SION 1: SPE CIAL SES SION - CASSINI
Chair: Mr. Pe ter Antreasian, Jet Pro pul sion Lab o ra tory

AAS 07 – 251
Withdrawn

AAS 07 – 252
Op ti cal Nav i ga tion for the Cassini/Huygens Mis sion

S. D. Gillam, W. M. Owen Jr., A. T. Vaughan, T.-C. M. Wang, J. D. Costello,
R. A. Ja cob son, D. Bluhm, J. L. Pojman and R. Ionasescu, Jet Pro pul sion Lab o ra tory 

Nav i ga tion of the Cassini or biter and re lease of the Huygens probe to Sat urn’s
moon Ti tan de pended partly on high qual ity ground op ti cal nav i ga tion data pro cess ing.
2200 pic tures of Sat urn’s nine ma jor sat el lites and oc ca sional cal i bra tion fields were
taken with the Cassini nar row an gle cam era (NAC). These pro vide the po si tion of the
space craft in two di men sions rel a tive to the sat el lites. These mea sure ments are used to
im prove es ti mates of the or bital el e ments of the sat el lites and the po si tion of the space -
craft. This pa per de scribes the sat el lite cen ter find ing tools and the opnav re sults that
con trib ute to the con tin u ing suc cess of the mis sion.

AAS 07 – 253
Cassini Or bit De ter mi na tion Per for mance Dur ing Sat urn Sat el lite Tour: Au gust
2005 – Jan u ary 2006

P. G. Antreasian, J. J. Bordi, K. E. Criddle, R. Ionasescu, R. A. Ja cob son, J. B. Jones,
R. A. Mac Ken zie, D. W. Parcher, F. J. Pelletier, D. C. Roth and J. R. Stauch,
Jet Pro pul sion Lab o ra tory

Dur ing the pe riod span ning the sec ond Enceladus flyby in July 2005 through the
elev enth Ti tan en coun ter in Jan u ary 2006, the Cassini space craft was suc cess fully nav i -
gated through eight close-targeted sat el lite en coun ters. Three of these in cluded the 500
km fly bys of the icy sat el lites, Hyperion, Dione and Rhea and five tar geted fly bys of
Sat urn’s larg est moon, Ti tan. This pa per will show how our re fine ments to Sat urn’s sat -
el lite ephemerides have im proved or bit de ter mi na tion pre dic tions. These re fine ments in -
clude the mass es ti mates of Sat urn and its sat el lites to better than 0.5%. Also, it will be
shown how this better or bit de ter mi na tion per for mance has helped to elim i nate sev eral
sta tis ti cal ma neu vers that were sched uled to clean-up or bit de ter mi na tion and/or ma neu -
ver-execution er rors.
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AAS 07 – 254
Cassini-Huygens Ma neu ver Ex pe ri ence: Third Year of Sat urn Tour
Powtawche N. Wil liams, Em ily M. Gist, Troy D. Goodson, Yungsun Hahn,
Paul W. Stumpf and Sean V. Wag ner, Jet Pro pul sion Lab o ra tory

The Cassini-Huygens space craft was launched in 1997 on a mis sion to ob serve
Sat urn and its many moons. Af ter a seven-year cruise, Cassini-Huygens en tered the Sat -
urn or bit in 2004 for a four-year mis sion. This pa per high lights sig nif i cant ma neu ver ac -
tiv i ties per formed dur ing the third year of the tour. Spe cifically, re sults of 54 ma neu -
vers, or bit trim ma neu vers 65 to 118, are pre sented. Suc cess ful ex e cu tion of these ma -
neu vers have en abled Cassini-Huygens to com plete the clos est Ti tan flybys in the tour,
as well as achieve in clined or bit ge om e tries to ob tain never-before-seen views of Sat urn 
and its rings.

AAS 07 – 255
Re-Aiming Cassini’s Iapetus Flyby

Frederic Pelletier, Brent B. Buffington, Na than Strange, Jet Pro pul sion Lab o ra tory;
Tilmann Denk, Freie Universität, Berlin, Ger many

Cassini’s only tar geted Iapetus flyby is sched uled for Sep tem ber 10, 2007. In
2006, in qui ries were made to in ves ti gate the pos si bil ity to im prove the flyby ge om e try.
Af ter nu mer ous dis cus sions and de sign vari a tions, mod i fi ca tions to the tra jec tory were
adopted by the pro ject in early 2007. The goal of the de sign ers was to achieve a flyby
ge om e try that max i mizes the sci ence re sults for a rea son able ad di tional pro pel lant cost.
This in volved (as a ma jor driver) the re as sess ment of a star occultation that took away
ob ser va tion time from re mote sens ing of the sur face . Ground-tracks were also stud ied
to en sure the ob ser va tion of very in ter est ing fea tures near the sat el lite’s equa to rial line.

AAS 07 – 256
500-Year Ec cen tric Or bits for the Cassini Space craft within the Sat urn Sys tem

Chris Patterson, Masaki Kakoi, Kathleen C. Howell, Chit Hong Yam and
James M. Longuski, Purdue Uni ver sity

One op tion for ef fi cient and safe dis posal of the Cassini space craft will be de cided 
at some point prior to the end of the mis sion. Ec cen tric, long-term or bits be tween the
Satur nian moons may of fer con tin ued ob ser va tions for an ex tended pe riod of time. Or -
bit de sign strat e gies to pre vent col li sions with any moons, par tic u larly Ti tan, are a sig -
nif i cant chal lenge, how ever. An ec cen tric or bit about Sat urn with periapsis above Ti tan
can be achieved such that the or bit is main tained un der all rel e vant grav i ta tional per tur -
ba tions for 500 years or more. In ser tion into such an or bit is ac com plished via Ti tan en -
coun ters and with lim ited delta-V ca pa bil ity.
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AAS 07 – 257
Sat urn Im pact Tra jec tories for Cassini End-of-Life

Chit Hong Yam, Di ane Craig Da vis, James M. Longuski and Kathleen C. Howell,
Purdue Uni ver sity

We de sign Sat urn im pact tra jec to ries for the end-of-life of the Cassini space craft.
For short-period or bits (6-10 days), we use a Tisserand graph to de ter mine when the
ring-plane cross ing dis tance is within the ring-gap to re en coun ter Ti tan. To im pact Sat -
urn with short-period or bits, the space craft hops through the rings of Sat urn via suc ces -
sive Ti tan fly bys to place the periapsis in Sat urn’s at mo sphere. For long-period or bits
(550-900 days), so lar grav ity plus a small apoapse ma neu ver can lower the space craft’s
periapsis to im pact Sat urn. For cer tain or bits with pe ri ods > 900 days, no ma neu ver is
nec es sary, pro vid ing an at trac tive “flyby-and-forget” op tion.

AAS 07 – 258
Cassini End-of-Life Es cape Tra jec tories to the Outer Planets

Masataka Okutsu, Chit Hong Yam and James M. Longuski - Purdue Uni ver sity;
Na than J. Strange, Jet Pro pul sion Lab o ra tory

We in ves ti gate es cape tra jec to ries via grav ity as sist from Ti tan as an op tion for a
con tam i na tion-free, end-of-life sce nario for the Cassini space craft. The Sat urn-escape
en ergy will be large enough to reach any where from the as ter oid belt to the Kuiper belt, 
in clud ing the or bital ra dii of all gas gi ants, from Ju pi ter (at 5 AU) to Nep tune (at 30
AU). In one ex am ple, we pres ent a trans fer to Ju pi ter in which the Cassini space craft
es capes Sat urn in 2013 to im pact Ju pi ter nine years later.

SES SION 2: AT MO SPHERIC DEN SITY ANAL Y SIS
Chair: Mr. John Seago, An a lyt i cal Graph ics, Inc.

AAS 07 – 259
De ter mi na tion of Drag Co ef fi cient Values for CHAMP and GRACE Sat el lites
us ing Or bit Drag Anal y sis

Bruce R. Bow man, Air Force Space Com mand; Frank A. Marcos, Air Force Re search
Lab o ra tory; Ken neth Moe and Mil dred M. Moe, Space Environment Technologies

The CHAMP and GRACE sat el lites pro vide the op por tu nity to an a lyze very fine
den sity struc tures within the ther mo sphere. How ever, pre vi ous ef forts to cal i brate the
ac cel er om e ter data among the dif fer ent sat el lites and with den sity drag data have shown 
large bi ases among the dif fer ent data sets. These large bi ases in the ac cel er om e ter den -
si ties are a re sult of us ing drag co ef fi cients that are too small for these long sta bi lized
sat el lites at 400 to 500 km al ti tude. Using the HASDM at mo spheric den sity cor rec tions
in the or bit de ter mi na tions of the CHAMP and GRACE sat el lites re sults in an ob served
drag co ef fi cient of 3.3 to 3.4 for both sat el lites. The o ret i cal drag co ef fi cients are shown
to be in agree ment with the HASDM ob served drag co ef fi cient val ues.
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AAS 07 – 260
Neu tral Den sity De ter mined from CHAMP Pre ci sion Or bits

Craig A. McLaughlin, University of Kansas; Ben S. Bieber, Uni ver sity of North Da kota

At mo spheric den sity mod el ing has long been one of the great est un cer tain ties in
the dy nam ics of low Earth sat el lite or bits. Ac cu rate den sity cal cu la tions are re quired to
pro vide mean ing ful es ti mates of the at mo spheric drag per turb ing sat el lite mo tion. This
pa per uses pre ci sion sat el lite or bits from the Chal leng ing Minisatellite Pay load
(CHAMP) sat el lite to pro duce a new data source for up per at mo spheric den sity and
changes that oc cur on time scales less than a day. The pre ci sion or bit de rived den sity is
com pared to CHAMP ac cel er om e ter de rived den sity to de ter mine the ac cu racy of us ing
pre ci sion or bit de rived den sity.

AAS 07 – 261
Stan dard ized Ap proaches for Es ti mating Or bit Life time af ter End-of-Life

Dan iel L. Oltrogge, 1Earth Re search, LLC;
Chia-Chun (George) Chao, The Aero space Cor po ra tion

This pa per de tails the de vel op ment of an a lyt i cal ap proaches and pro ce dures to rea -
son ably de ter mine or bit life times for post-mission or bits, ac count ing for nonlinearities
of so lar and geo mag netic in di ces, so lar cy cle phas ing, drag co ef fi cient vari a tions, or -
bit-to-Sun ge om e try vari a tions, and the re cently-observed thermospheric cool ing ef fect.
These tech niques were de vel oped to sup port the de vel op ment of a draft stan dard for the 
In ter na tional Stan dards Or ga ni za tion (ISO) to help re duce long-term col li sion risk in the 
LEO or bit re gime by en sur ing that the pre-launch as sess ment of or bital life time is done
care fully and ac cu rately, us ing stan dard ized anal y sis meth ods.

AAS 07 – 262
Drag Co ef fi cient Vari abil ity at 100-300 km from the Or bit De cay Anal y ses of
Rocket Bodies

Bruce R. Bow man and Stan Hrncir, Air Force Space Com mand

In the past it has been cus tom ary to al ways use the drag co ef fi cient 2.2 for sat el -
lites of com pact shapes when cal cu lat ing at mo spheric den si ties. This con stant value is
not ap pli ca ble for use in com put ing de cays as the sat el lite de scends down to 100 km
heights. In this anal y sis drag co ef fi cient vari abil ity for dif fer ent shaped rocket bod ies is
de ter mined as a func tion of sat el lite al ti tude. A den sity de ter mi na tion method us ing
HASDM at mo spheric den sity cor rec tions was used to com pute drag co ef fi cients from
the or bit de cay of nu mer ous types of up per stage rocket bod ies.
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AAS 07-263
Withdrawn

AAS 07 – 264
Or bit De cay Pre dic tion Sen si tiv ity to So lar Flux Vari a tions

Bo J. Naasz and Kevin Berry, NASA Goddard Space flight Cen ter;
Ken neth Schatten, ai So lu tions, Inc.

It is well known that at mo spheric den sity er rors are the main source of un cer tainty 
in or bit de cay pre dic tions. Per haps less well known is the sen si tiv ity of at mo spheric
den sity to so lar ac tiv ity. In this pa per, we ex am ine the sen si tiv ity of or bit de cay pre dic -
tions to re al is tic daily vari a tions in so lar flux. We pres ent re sults from anal y sis of or bit
de cay pre dic tion for a va ri ety of or bits, ini tial ep ochs, and pre dicted smooth flux pro -
files. For each set of ini tial con di tions, we sim u late 1000 sam ple flux pro files with sim -
u lated daily vari a tions, and com pute the or bital re en try date for com par i son.

AAS 07 – 265
Pre lim i nary Re sults from the At mo spheric Neu tral Den sity Ex per i ment Risk
Re duc tion Mis sion

A. C. Nich o las, J. M. Picone, J. Emmert, J. DeYoung, L. Healy and L. Wasiczko, Na val 
Re search Lab o ra tory; M. Da vis, Honeywell TSI;
C. Cox, Raytheon In te grated De fense Sys tems

The At mo spheric Neu tral Den sity Ex per i ment (ANDE) Risk Re duc tion flight was
launched on Dec 9, 2006 and de ployed into or bit by the Space Shut tle Dis cov ery on
De cem ber 21, 2006. The pri mary mis sion ob jec tive is to test the de ploy ment mech a -
nism from the Shut tle for the ANDE flight in mid 2009. At mo spheric den si ties de rived
from ob ser va tions of the ANDERR space craft will be pre sented and com pared to at mo -
spheric mod els and other data sources. A meth od ol ogy to im prove pre dic tion ac cu racy
by aug ment ing pre dic tions pro duced with ra dar ob ser va tions with com bi na tion ra dar
and sat el lite la ser rang ing ob ser va tions will be pre sented.
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SES SION 3: SAT EL LITE CON STEL LA TIONS AND FOR MA TION FLYING - I
Chair: Dr. Alan Segerman, AT&T

AAS 07-266
Withdrawn

AAS 07 – 267
1-D Con strained Cou lomb Struc ture Sta bi li za tion With Charge Sat u ra tion

Shuquan Wang and Hanspeter Schaub, Uni ver sity of Col o rado at Boul der

A Cou lomb struc ture is a clus ter of sat el lites which main tains its shape through
inter-vehicle elec tro static forces. This pa per in ves ti gates the 1-D re stricted mo tion of a
3-craft clus ter. Two charge feed back strat e gies are dis cussed where the charge sat u ra -
tion lim i ta tion is con sid ered. First a con tin u ous feed back strat egy is pre sented, and its
sta bil ity in the pres ence of charge lim its dis cussed. Next, a sat u rated con trol strat egy is
de vel oped to ar rest any rel a tive mo tion rates of the Cou lomb struc ture. Implementable
real-charge so lu tions are en sured through scal ing the Lyapunov func tion rate. Be cause
of the lim i ta tion of the con trol charges, some ini tial con di tions will not lead to a zero
for ma tion ex pan sion rate. Con di tions un der which the rel a tive mo tion of the Cou lomb
struc ture can be sta bi lized are an a lyzed through in ves ti gat ing the to tal en ergy.

AAS 07 – 268
An a lytic So lu tions for Equal Mass 4-Craft Static Cou lomb For ma tion

Harsch Vasavada and Hanspeter Schaub, Vir ginia Tech

This pa per in ves ti gates an a lytic charge so lu tions for pla nar and 3D 4-craft static
Cou lomb sat el lite for ma tions. The so lu tions are for mu lated in terms of the for ma tion
ge om e try and at ti tude. In con trast to the 2 and 3 space craft for ma tions, a 4-craft for ma -
tion has ad di tional con straints that need to be sat is fied for the in di vid ual space craft
charges to be both unique and real. The nullspace of the pla nar 4-craft con fig u ra tion is
ex ploited to find in di vid ual space craft charges. Fur ther, the 3-D tet ra he dron for ma tion
sce nario is also in ves ti gated. The implementability con straints are nu mer i cally eval u ated 
sweep ing across two Eu ler an gles while hold ing the third con stant.

AAS 07 – 269
Stability and Control of Relative Equi lib ria for the Three-Spacecraft Cou lomb
Tether Prob lem

Is lam I. Hussein, Worces ter Poly tech nic In sti tute; Hanspeter Schaub, Vir ginia Tech

In this pa per, we de rive gen eral con di tions whose so lu tions are all rel a tive equi lib -
ria for the spin ning three-craft Cou lomb tether con stel la tion. In par tic u lar, we de rive the 
col lin ear three-craft spin ning fam ily of so lu tions. We also de rive sta bil ity con di tions for 
the fam ily of col lin ear so lu tions and show that no other so lu tions (e.g., tri an gu lar con -
fig u ra tions) ex ist. We rely on the use of the en ergy-momentum method to de ter mine
sta bil ity.
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AAS 07 – 270
Modeling and Prop erties of a Flux-Pinned Net work of Sat el lites

Mi chael Nor man and Ma son A. Peck, Cor nell Uni ver sity

Sat el lite for ma tions typ i cally have to rely upon ac tive con trol meth ods to main tain
sta ble con fig u ra tions. This re quire ment im poses an as so ci ated cost on the sat el lite
through fuel ex pen di ture, ac tu a tor mass, and nec es sary com pu ta tional power. This pa per 
pro poses uti liz ing the flux-pinning in ter ac tion be tween a su per con duc tor and a mag netic 
field as a means to pas sively sta bi lize a sat el lite for ma tion at equi lib rium, re duc ing
these costs. By mod el ing the flux-pinning ef fect as a set of lin ear equa tions, we can ex -
am ine the sta bil ity of such a sys tem. We ap ply this de sign to for ma tion keep ing and re -
con fig u ra tion and dem on strate vi a bil ity through anal y sis of a the o ret i cal sparse-aperture
tele scope.

AAS 07 – 271
A Gen eral Meth od ol ogy for Min i mum-Fuel Hovering Sat el lite For ma tions

Da vid J. Irvin Jr. and Rich ard G. Cobb, Air Force In sti tute of Tech nol ogy;
T. Alan Lovell, Air Force Research Laboratory

A cur rent prob lem of in ter est to mis sion plan ners is the abil ity of a dep uty sat el lite 
to “hover” within a de fined vol ume fixed in the vi cin ity of a chief sat el lite for an ex -
tended pe riod of time. Re cent re search has de vel oped meth od ol o gies for main tain ing re -
stricted tear drop hover or bits in a fixed plane within the chief’s frame. Ad di tional pa -
pers have de vel oped strat e gies for fuel-optimal tra jec to ries re stricted to chiefs in cir cu -
lar or bits and tra jec to ries con tained within the or bit plane. This re search re laxes those
as sump tions to al low hov er ing about a chief in any or bit and in any spec i fied vol ume in 
three space.

AAS 07 – 272
Withdrawn

AAS 07 – 273
Neigh bouring Op ti mum Feed back Con trol Law for Earth-Orbiting For ma tion
Flying Space craft

Jean-Francois Hamel and Jean de Lafontaine, Universite de Sherbrooke, Canada

This pa per pres ents the de vel op ment of a neigh bour ing op ti mum feed back con trol
law for for ma tion fly ing space craft. This con trol ler is based on op ti mal con trol the ory
and per forms a fuel/for ma tion ac cu racy trade-off with the se lec tion of only one gain.
The con trol ler is in the semi-analytic form, as only one time-varying gain ma trix needs
to be com puted prior to the ma neu ver. It guar an tees near-optimality for all the mem bers 
of the for ma tion. Sim u la tion re sults com pare the per for mance of this con trol ler with
other com mon for ma tion fly ing con trol al go rithms: the Lin ear Qua dratic Reg u la tor and
the Mean Or bit El e ments con trol ler.
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AAS 07 – 274
Time-Varying Ex pres sion of the For ma tion Flying Along Cir cu lar Tra jec tories

Jun’ichiro Kawaguchi and Ryu Funase, ISAS/JAXA, Ja pan

Usually, the for ma tion fly ing as so ci ated with cir cu lar or bits is dis cussed through
the well-known Hill’s or C-W equa tions of mo tion. This pa per dares to pres ent and dis -
cuss the co or di nates that may con tain time-varying co ef fi cients. The dis cus sion pres ents 
how the con trol ler’s per for mance is af fected by the se lec tion of co or di nates, and also
looks at the spe cial co or di nate suit able for des ig nat ing a tar get bin to which each space -
craft in the for ma tion has only to be guided. It is re vealed that the lat ter strat egy may
in cor po rate the J2 dis tur bance au to mat i cally.

SES SION 4: TRA JEC TORY DESIGN
AND PLAN E TARY MIS SION STUDIES - I

Chair: Mr. Frederic Pelletier, Jet Pro pul sion Lab o ra tory

AAS 07 – 275
So lar Grav ity Per tur ba tions to Fa cil i tate Long-Term Or bits: Ap pli ca tion to
Cassini

Di ane Craig Da vis, Chris Patterson and Kathleen Howell, Purdue Uni ver sity

The Sun’s grav i ta tional ac cel er a tion is not of ten a fo cal point in the de sign of
space craft tra jec to ries about an outer planet, but the im pact of so lar grav ity is po ten -
tially sig nif i cant, es pe cially on large or bits. So lar grav ity is ex ploited in the de sign of
tra jec tory op tions that sup port pos si ble end-of-life sce nar ios for the Cassini space craft.
Com bining so lar per tur ba tions with Ti tan en coun ters and small ma neu vers, the space -
craft can reach var i ous long-term or bits, for ex am ple, quasi-circular Satur nian or bits be -
yond the ra dius of Phoebe. Af ter a num ber of Sat urn-centered rev o lu tions, other tra jec -
to ries de part the Satur nian sys tem. A pos si ble re turn to Sat urn within 500 years is con -
sid ered.

AAS 07 – 276
Patched-Integrated Grav ity-Assist Tra jec tory De sign

Brent Buffington and Na than Strange, Jet Pro pul sion Lab o ra tory

Patched conics have long been the means by which grav ity-assist tra jec to ries have
been con structed for pre lim i nary anal y sis. How ever, Keplerian or bits aren’t al ways suf -
fi cient to de sign a tour that meets a mis sion’s sci ence re quire ments. For the de sign of
the Cassini ex tended mis sion, per tur ba tions by Sat urn’s ob late grav ity field had to be
ac counted for in or der to ac cu rately de sign fly bys of Sat urn’s small in ner moons, and to 
better man age the delta-v ex pended in high-inclination or bits. In re sponse, a method
was de vel oped to patch to gether cen tral-body in te grated tra jec to ries with Keplerian or -
bits mod el ing grav ity-assists. This method proved in valu able in the de sign the Cassini
ex tended mis sion.
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AAS 07 – 277
Map ping the V-Infinity Globe

Na than Strange, Ryan Rus sell and Brent Buffington, Jet Pro pul sion Lab o ra tory

Plotting a globe with all or bits shar ing the same flyby V-Infinity pro vides a graph -
i cal method for the de sign and vi su al iza tion of grav ity-assist tours. This graph i cal
method col lapses a large and com plex space of pos si ble tra jec to ries to a map on which
a tour de signer may use in tu ition and ex pe ri ence to de sign a grav ity-assist tour. This
method was used with great suc cess in the Cassini ex tended mis sion de sign.

AAS 07 – 278
Withdrawn

AAS 07 – 279
Withdrawn

AAS 07 – 280
Op ti mal Tra jec tories for Soft Land ing on As ter oids

Greg ory Lantoine and Rob ert D. Braun, Geor gia In sti tute of Tech nol ogy

This pa per de scribes a tech nique for com put ing op ti mal au ton o mous con trolled tra -
jec to ries for soft land ing in an ir reg u lar grav ity field of an as ter oid. We will first dis -
cuss how we can model the com plex forces that act on the space craft dur ing a land ing.
Then, we will pres ent the nu mer i cal method used to solve the op ti mal con trol prob lem,
and typ i cal re sults are shown on case stud ies at as ter oids Vesta and Golevka. In each
ex am ple, we will iden tify the best mis sion de sign sce nar ios and some op er a tional dif fi -
cul ties. Finally, we will in ves ti gate sen si tiv ity to pa ram e ter un cer tain ties and the im ple -
men ta tion of a real-time feed back con trol ler.

AAS 07 – 281
Com par i son be tween Patched Conic and Per turbed Or bit for Mars Mis sion

B. P. Dakshayani and N. S. Gopinath, ISRO Sat el lite Cen tre, India

This pa per pres ents an in ves ti ga tion of the ac cu racy of the patched conic or bit with 
re spect to the per turbed or bit for Mars mis sions. In patched conic ap proach the en tire
tra jec tory from Earth to Mars is treated as a two body prob lem. But, in re al ity the
space craft is at tracted by more than one body. For pre cise or bit the rel e vant per tur ba -
tions have to be con sid ered. Com par i son of the two ap proaches is car ried out for MRO
or bit. Con sid er able dif fer ences are no ticed be tween the two ap proaches. Even though
the patched conic ap proach is sim ple to use for ac cu rate cal cu la tion it is re quired to use
per turbed or bit which rep re sent the or bit more pre cisely.
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SES SION 5: OR BIT DE TER MI NA TION AND TRACKING - I
Chair: Mr. Bob Glover, AT&T

AAS 07 – 282
A Non-Iterative So lu tion for Kep ler’s Equa tion

James D. Turner, Texas A&M Uni ver sity

Kep ler’s Equa tion is solved over the en tire range of el lip tic and par a bolic mo tion.
The M-e plane has four do mains where an a lytic start ing val ues are de vel oped for the
Ec cen tric Anom aly by us ing per tur ba tion meth ods. A closed-form so lu tion is ob tained
for the par a bolic spe cial case by di vid ing the par a bolic range into three in de pend ent
ranges as a func tion of the Ec cen tric Anom aly, where se ries so lu tion are ob tained. A
rap idly con verg ing vari able-order re fine ment al go rithm, based on an an a lytic con tin u a -
tion of New ton’s method, is pre sented. The re fine ment al go rithm main tains a min i mum
of thir teen dig its of pre ci sion over the en tire range of el lip tic and par a bolic mo tion.

AAS 07 – 283
As sess ment of the So lar Ra di a tion Model for GRACE Or bit De ter mi na tion

Minkang Cheng, John C. Ries and By ron D. Tapley, Uni ver sity of Texas at Aus tin

The GRACE (Grav ity Re cov ery And Cli mate Ex per i ment) mis sion is de signed to
de ter mine the mean and time vari able com po nents of the Earth’s grav ity field. The
high-accuracy ac cel er om e ter (ACC) data car ried by the GRACE sat el lites are par tic u -
larly well-suited for aeronomy study. The un cer tainty in mod el ing of the so lar ra di a tion
pres sure on the GRACE sat el lites has been a prin ci pal con cern in ex tract ing the up per
at mo sphere mass den sity and thermospheric winds from the ACC data. This pa per will
pres ent a crit i cal as sess ment of the un cer tainty in the GRACE macro-model for so lar ra -
di a tion forc ing on GRACE us ing the cal i brated ac cel er om e ter data, and its ef fects on
de ter mi na tion of the up per at mo sphere mass den sity and thermospheric winds.

AAS 07 – 284
CARTOSAT-1 Or bit De ter mi na tion Sys tem and Achieved Ac cu racy dur ing Early
Phase

Naryanasetti Venkata Vighnesam, Anatta Sonney, Pramod Kumar Soni
and B. P. Dakshayani, ISRO Sat el lite Cen tre, India

The 1560 kg IRS-P5/CARTOSAT-1 In dian Re mote Sensing Sat el lite (IRS) was in -
jected by the PSLV-C6 from Sriharikota on 5th May 2005 at 10:32 IST. The sat el lite
was put into an al most nom i nal or bit of (616 X 641) km with an in cli na tion of 97.91
deg. The im ag ing sys tem of CARTOSAT-1 con sists of two pan chro matic cam eras. This 
pa per de scribes the per for mance of or bit de ter mi na tion (OD) sys tem dur ing ini tial phase 
op er a tions of CARTOSAT-1 mis sion. Achieved OD ac cu racy us ing S-band track ing
data dur ing ini tial phase of the mis sion was stud ied in de tail. This pa per high lights the
achieved or bit de ter mi na tion ac cu racy based on “dif fer ence in po si tion” method and
also by com par i son with SPS/GPS (Sat el lite Po si tion Sys tem (SPS) 8-channel GPS re -
ceiver) or bit de ter mi na tion re sults.
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AAS 07 – 285
GEO Ma neu ver De tec tion for Space Sit u a tional Aware ness

Zachary J. Folcik and Rich ard I. Ab bot, MIT Lin coln Lab o ra tory;
Paul J. Cefola, Mas sa chu setts In sti tute of Tech nol ogy

This pa per sum ma rizes work done in an ef fort to de velop a near-real time au to -
mated GEO sat el lite ma neu ver de tec tion al go rithm. Dis cus sion and re sults for in ter me -
di ate al go rithms and a hy brid ma neu ver de tec tion al go rithm are in cluded. Re sults for
the hy brid al go rithm are pre sented for 17 sat el lites over 194 days with a to tal of 590
known ma neu vers. 94% of the ma neu vers tested are de tected within three days of oc -
cur rence and the av er age de tec tion lag time for those de tected ma neu vers was one day.
49 or 8% of the to tal num ber of known ma neu vers were false alarms, i.e., oc cur ring
more than three days from known ma neu vers.

AAS 07 – 286
Global Po si tioning Sys tem Up per Stage Dis posal and Col li sion Risk Anal y sis:
Part 2

Alan B. Jenkin and John P. McVey, The Aero space Cor po ra tion

Block IIF GPS EELV up per stages will re main par tially in the con stel la tion af ter
dis posal. A pre vi ous study es ti mated the col li sion risk posed to the op er a tional con stel -
la tion by the up per stages for one of the two EELV con fig u ra tions. The study has since
been sig nif i cantly up dated to ac count for up per stages left by both EELV con fig u ra -
tions. Since long-term ec cen tric ity growth is very sen si tive to the ini tial con di tions of
the dis posal or bit, it is nec es sary to ac count for the sta tis ti cal spread in the ini tial con di -
tions. The Monte Carlo pro ce dure used in the orig i nal study to quan tify this sta tis ti cal
vari a tion has been im proved.

AAS 07 – 287
Ra dar-Optical Ob ser va tion Mix

Fe lix R. Hoots, The Aero space Cor po ra tion

Deep space sat el lites can be tracked by ei ther ra dar or op ti cal sen sors. How ever, in 
the US Space Sur veil lance Net work only a lim ited amount of ra dar track ing re sources is 
avail able. It would be use ful to have a quan ti ta tive way to de cide how to best dis trib ute
ra dar and op ti cal re sources to op ti mize the re sult ing or bit pre dic tion ac cu racy. The
covariance pro vides a gen er ally ac cepted way to as sess pre dic tion qual ity. For cir cu lar
sat el lite mo tion syn chro nized with the Earth mo tion, we are able to for mu late the
covariance an a lyt i cally. The for mu la tion al lows de ter mi na tion of the op ti mum choice of 
re source use be tween ra dar and op ti cal mea sure ments. It also re veals that the op ti mum
mix de pends not only on sen sor qual ity but also on fit span length.
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AAS 07 – 288
Spe cial Per tur ba tions Uncorrelated Track Pro cessing

James G. Miller, The MITRE Cor po ra tion

Two his tor i cal uncorrelated track (UCT) pro cess ing ap proaches have been em -
ployed us ing gen eral per tur ba tions (GP) or bit de ter mi na tion the ory. The Cuthbert-Mor -
ris al go rithm clus ters UCTs based on plane, drift rate of the right as cen sion of the as -
cend ing node, and pe riod match ing. A pat tern rec og ni tion tool de vel oped by Lockheed
Mar tin finds pat terns in the trends of GP UCT el e ment set pa ram e ters over time. A new 
spe cial per tur ba tions (SP) hi er ar chi cal agglomerative clus ter ing al go rithm and SP
track-oriented mul ti ple hy poth e sis track ing (MHT) al go rithm are con sid ered for SP
UCT pro cess ing. Both SP UCT pro cess ing al go rithms show im proved per for mance over 
the GP UCT pro cess ing al go rithms for a stress ing test case.

SES SION 6: AT TI TUDE DY NAM ICS, DE TER MI NA TION AND CON TROL - I
Chair: Dr. Anil Rao, Uni ver sity of Florida

AAS 07 – 289
Withdrawn

AAS 07 – 290
At ti tude Dy nam ics and Con trol of a Com pound So lar Sail

Anna D. Guerman, Uni ver sity of Beira In te rior, Portugal;
Gueorgiy Smirnov, Uni ver sity of Porto, Portugal;
M. C. Pereira, Instituto Nacional de Pesquisas Espaciais, Brazil

We study at ti tude dy nam ics and con trol of a so lar sail com posed by a par a bolic
sur face and a small flat con trol mir ror. We de velop a model of the at ti tude dy nam ics of
this sailcraft, de duc ing the ex pres sions for so lar ra di a tion force and torque valid also for 
the case of mis align ment of the sail axis from the Sun di rec tion. We also study the
com pound sailcraft with non-ideal col lec tor, tak ing into ac count the ir reg u lar i ties of its
shape. We con sider and dis cuss var i ous sailcraft at ti tude con trol sys tems based on dis -
place ment of a cen tre of so lar ra di a tion pres sure with re spect to a fixed cen tre of mass
by a sys tem of small vanes, sta bi li za tion by ro ta tion and con trol by dis place ment of the
sailcraft’s cen tre of mass.

AAS 07 – 291
Withdrawn

AAS 07 – 292
Withdrawn
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AAS 07 – 293
Au ton o mous Line-of-Sight Es ti ma tion Ar chi tec tural De sign for Next Gen er a tion
GEO IR Pay load

Pe ter C. Lai and Ed ward Fiorelli, Northrop Grumman Elec tronic Sys tems

Line-of-sight (LOS) knowl edge is crit i cal for next gen er a tion geo sta tion ary in -
fra-red sen sor pay load be cause of in creas ingly strin gent im age ac cu racy re quire ment.
Im prove ments can be ex tended when LOS de ter mi na tion is per formed on-board and
used to as sist space craft at ti tude con trol and re duce base mo tion jit ter trans mit ted to
pay load. This pa per de scribes three dif fer ent LOS de ter mi na tion de signs cur rently be ing 
de vel oped. The first two cou ple an IRU, star track ers, and IR sen sor to drive a Kalman
fil ter for en hanced LOS de ter mi na tion. In the third de sign the star tracker is elim i nated
and LOS knowl edge is ob tained us ing only an IRU and the IR sen sor, which has the
ben e fit of cost re duc tion on star track ers. The de sign trade starts with the steady-state
so lu tion by a covariance anal y sis and fol lowed by high-fidelity LOS de ter mi na tion sim -
u la tion.

AAS 07 – 294
Pa ram e ters Es ti ma tion of a Sat el lite At ti tude Con trol Sim u la tor

Luiz Carlos Gadelha DeSouza, Na tional In sti tute for Space Re search, INPE, Brazil

This pa per pres ents the de vel op ment of a Sat el lite At ti tude Con trol Sys tem Sim u -
la tor (SACS S) model, which al lows the ex per i men tal ver i fi ca tion of fun da men tal as -
pects of the sat el lite at ti tude dy nam ics and the de sign of dif fer ent at ti tude con trol tech -
niques, con ju gated with pa ram e ters iden ti fi ca tion pro cess. The model con sists of the
equa tion of mo tion which de scribes the sat el lite ro ta tion around the ver ti cal, with one
re ac tion wheel as ac tu a tor and one an gu lar ve loc ity sen sor. The pa ram e ters es ti ma tion
has been done ini tially by the least squares al go rithm in re gres sive form, al ter na tively, a 
re cur sive least squares es ti ma tion is done. Both meth ods have es ti mated the pa ram e ters
with er rors be low the re quire ments, val i dat ing the plat form model.

AAS 07 – 295
Sur vey of Cal i bra tion Al go rithms for Space craft At ti tude Sen sors and Gyros

Mark E. Pittelkau, Aero space Con trol Sys tems En gi neering and Re search, LLC

This pa per is a sur vey of al go rithms for ground-based and on-orbit cal i bra tion of
at ti tude sen sors and gy ros on space craft. These al go rithms in clude the clas si cal Dav en -
port gyro cal i bra tion al go rithm and var i ous Ex tended Kalman Fil ters. The cal i bra tion al -
go rithms are out lined and com pared. The op er a tional con sid er ations and the cal i bra tion
ma neu vers re quired for cal i bra tion are dis cussed. The fu ture of on-board real-time cal i -
bra tion is also dis cussed.
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SES SION 7: SAT EL LITE CON STEL LA TIONS AND FOR MA TION FLYING - II
Chair: Dr. Rao Vadali, Texas A&M Uni ver sity

AAS 07 – 296
A Meth od ol ogy Unifying Bang-Bang Con trols and Low-Thrust Tra jec tories for the 
Re con fig u ra tion of Space craft For ma tions

Laura Gar cia-Taberner, Universitat de Girona, Spain;
Josep J. Masdemont, Universitat Politècnica de Catalunya, Spain

This pa per ad dresses the re con fig u ra tion and de ploy ment of space craft for ma tions
us ing a sys tem atic meth od ol ogy based on the fi nite el e ment method. The ap proach is
for mu lated via an op ti mal con trol prob lem that can be tuned ei ther to con verge to wards
the op ti mal bang-bang tra jec tory (for the cases where the re con fig u ra tion is far from a
col li sion risk) or to low-thrust arcs in gen eral sit u a tions. Il lus tra tive ex am ples of de -
ploy ment and reconfigurations are pre sented with sce nar ios lo cated in the Sun-Earth
libration point re gime and in free space. How ever, the meth od ol ogy can also be ap plied
to for ma tion fly ing about the Earth with mi nor changes.

AAS 07 – 297
Perturbations of Grav ity Field on a Flight Formation for an Eccentric Reference
Frame

Jordi Fontdecaba Baig, Gilles Métris, F. Deleflie and Pi erre Exertier,
Côte d’Azur Ob ser va tory, France

This pa per pres ents an an a lyt i cal so lu tion for the rel a tive mo tion per turbed by the
grav ity field of the cen tral body. This re sult has been ob tained us ing the dif fer ences of
the or bital el e ments of the two bod ies as vari ables for the tem po ral ex trap o la tion of the
rel a tive mo tion. Re sulting mo tion is pro jected in the lo cal or bital frame in terms of Car -
te sian el e ments. The grav ity field is an a lyt i cally mod elled us ing Kaula’s de vel op ment.
Re sulting equa tions are a use ful tool to un der stand the ca pa bil i ties of GRACE mis sion
and to ex plore the con fig u ra tion of fu ture flight for ma tion mis sions ded i cated to grav ity 
field de ter mi na tion.

AAS 07 – 298
De vel op ment and Con trol Scheme So lu tion for the Per turbed Mo tion of a
Con stel la tion in an El lip ti cal Or bit

Pedro A. Capó-Lugo and Pe ter M. Bainum, Howard Uni ver sity

The cor rec tion of the sep a ra tion dis tance drifts be tween a pair of sat el lites in an el -
lip ti cal or bit has been de fined for dif fer ent kinds of prob lems. The linearized
Tschauner-Hempel equa tions are used to rep re sent the mo tion of a pair of sat el lites in
an el lip ti cal or bit about the Earth. The ob jec tive of this pa per is to pres ent a dif fer ent
form of the linerized Tschauner-Hempel equa tions in which the lin ear J2 per tur ba tion is 
also pre sented in the for mu la tion. This for mu la tion will be ap plied to a dif fer ent lin ear
qua dratic reg u la tor that will take into ac count the non-linearities due to the lin ear J2
per tur ba tion.
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AAS 07-299
Withdrawn

AAS 07 – 300
Fuel-Equivalent Rel a tive Or bit El e ment Space

Jean-Francois Hamel and Jean de Lafontaine, Universite de Sherbrooke, Canada

This pa per pres ents a new tool to an a lyt i cally per form the guid ance for re con fig u -
ra tion of for ma tion fly ing space craft. The tech nique con sists in map ping the rel a tive or -
bit el e ments into a fuel-equivalent space where sim i lar dis place ments cor re spond to an
equiv a lent fuel-consumption. The min i mal-fuel ma neu ver prob lem is con se quently
trans lated into a sim ple geo met ric prob lem in the fuel-equivalent space. The the ory is
ap plied to two well-known for ma tions: the J2-in vari ant for ma tion and the pro jected cir -
cu lar for ma tion. The use of the fuel-equivalent space leads to very sim ple so lu tions for
the most fuel-efficient way to at tain both for ma tions.

AAS 07 – 301
Linearized Dy nam ics of For ma tion Flying Space craft on a J2-Perturbed El lip ti cal
Or bit

Jean-Francois Hamel and Jean de Lafontaine, Universite de Sherbrooke, Canada

A linearized set of equa tions of rel a tive mo tion about a J2-per turbed el lip ti cal ref -
er ence or bit is de vel oped. This model uses an a lyt i cal re la tions that are well suited for
on-board ap pli ca tions. The model uses the linearized dif fer en tial drift rate of mean or -
bital el e ments to pre dict the im pact of the J2 per tur ba tion on rel a tive os cu lat ing space -
craft mo tion. It an a lyt i cally pro vides the rel a tive mo tion in Hill co or di nates at any given 
true anom aly us ing only the ini tial os cu lat ing rel a tive or bit el e ments and the ini tial or bit 
el e ments of the ref er ence tra jec tory. Sim u la tion re sults show that rel a tive mo tion pre dic -
tion re mains ac cu rate over sev eral or bits.

AAS 07 – 302
Op ti mal Interferometric Im age Ac qui si tion via Multi-Spacecraft For ma tion
Ma neu vering – Spe cial Cases of Optimality

Haithem A. Al-Twaijry, King Abdulaziz City for Sci ence & Tech nol ogy, Saudi Arabia;
Da vid C. Hyland, Texas A&M Uni ver sity

A brief ac count of im age syn the sis via in ter fer om e try us ing col lected light beams
from se lected pairs of tele scopes that are part of a for ma tion of free-flying tele scopes is
pre sented. A mea sure of im age qual ity is adopted that in cor po rates the es ti mated im age
and ac counts for the op ti cal per for mance and ge om e try of the tele scopes. Ac cept able
im age qual ity is achieved when the MTF as sumes suf fi cient mag ni tudes ev ery where
within the res o lu tion disc in the spa tial res o lu tion plane of the equiv a lent op ti cal sys -
tem. The prob lem is thus a cov er age prob lem where we for mu late and find the nec es -
sary con di tions for optimality and spe cial ize them to dis tinct cases rel e vant to the
multi-spacecraft im ag ing sit u a tion.
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AAS 07 – 303
Ef fi cient, Pas sively Or biting Con stel la tions for High Res o lu tion Im aging of
Geosynchronous Ob jects

Da vid C. Hyland, Texas A&M Uni ver sity

Over the past sev eral years, much prog ress has been made in the de vel op ment of
the In ten sity Cor re la tion Im aging ap proach to ul tra-fine res o lu tion im ag ing. In this pa -
per, we con sider the de sign of a LEO-based ob ser va tory of small tele scopes us ing the
In ten sity Cor re la tion Im aging tech nol ogy to achieve 1 cm res o lu tion im ag ing of ob jects
in geosynchronous or bit. We for mu late the sys tem Mod u la tion Trans fer Func tion
(MTF) and then seek to op ti mize u-v plane cov er age by the de sign of pas sive, LEO or -
bits. An adap tive ran dom search tech nique is used to find con stel la tion de signs that of -
fer twice the rate of u-v cov er age as ear lier re sults.

SES SION 8: AT MO SPHERIC RE-ENTRY GUID ANCE AND CON TROL
Chair: Dr. Paul Wil liams, RMIT Uni ver sity

AAS 07 – 304
3 -D Tra jec tory Op ti mi za tion Sat is fy ing Waypoints and No-Fly Zone Con straints

Tim o thy R. Jorris and Rich ard G. Cobb, Air Force In sti tute of Tech nol ogy

Min i mum time to tar get is the Global Strike mis sion of the Com mon Aero Ve hi -
cle. Ad di tional mis sion ob jec tives in clude pas sage through in ter me di ate waypoints and
avoid ance of no-fly zones. This pre sen ta tion ad dresses au ton o mous com pu ta tion of a
time op ti mal tra jec tory sat is fy ing both the mis sion ob jec tives and ve hi cle dy namic con -
straints. Due to the hy per sonic ve loc ity dur ing re en try, the turn ra dii are sig nif i cant,
thus a di rect point-to-point method is clearly sub-optimal. The re search herein dem on -
strates mul ti ple so lu tion tech niques. The 3-D model in cludes first-order ap prox i ma tions
of the equa tions-of-motion to ex pe dite so lu tion con ver gence. The costate time his to ries
are an a lyzed to ver ify the optimality of the so lu tion.

AAS 07 – 305
Six-Degree-of-Freedom Tra jec tory Op ti mi za tion for Re us able Launch Ve hi cle
Foot print De ter mi na tion

Kevin P. Bollino and I. Mi chael Ross, Na val Post grad u ate School;
Da vid B. Doman, Air Force Re search Lab o ra tory

In this pa per, a pseudospectral (PS) method is used to solve a six-degree-of-free -
dom (6-DOF) tra jec tory op ti mi za tion prob lem for re us able launch ve hi cle foot print de -
ter mi na tion. The ap proach is based on op ti mal con trol the ory and en tails the de vel op -
ment of a high-fidelity model that ad dresses an im por tant is sue in model fi del ity and its
im pact on safety. Di rectly solv ing the full 6-DOF re en try prob lem with out re ly ing on
time- scale sep a ra tion of fers a more sim pli fied and di rect ap proach. Re sults show sim i -
lar tra jec tory trends when com pared to lower-fidelity so lu tions, but dif fer ences in
extremals can be up wards of 4.5%, enough to be cat a strophic if trusted as fea si ble land -
ing sites.
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AAS 07 – 306
Op ti mal Tra jec tories for Ma neu vering Re -en try Ve hi cles

Aditya Undurti, Ron ald J. Proulx, Roy H. Setturlund and James A. Shearer,
The Charles Stark Draper Lab o ra tory

Many de mand ing aero space mis sions to day re quire ma neu ver able re-entry ve hi cles 
that can fly tra jec to ries that have strin gent path and ter mi nal con straints, in clud ing those 
that can not be writ ten as drag or en ergy con straints. This work pres ents a method based 
on tra jec tory op ti mi za tion tech niques to as sess the ca pa bil i ties of the re-entry ve hi cle by 
com put ing the land ing and re-entry foot prints while meet ing these con di tions. The mod -
els used also ac count for im por tant non-linear ef fects seen dur ing hy per sonic flight.
Sev eral dif fer ent ve hi cles are stud ied, and the ef fects of pa ram e ters such the max i mum
G-loading, stag na tion point heat rate, and the max i mum L/D are an a lyzed.

AAS 07 – 307
Trajectory and Aerothermodynamic Anal y sis of Towed-Ballute Aerocapture Using 
Di rect Sim u la tion Monte Carlo

Kristin L. Gates Medlock, Alina A. Alexeenko and James M. Longuski,
Purdue Uni ver sity

Ballutes per mit aerocapture at higher al ti tudes, lower heat fluxes, and for lower
mass than tra di tional aeroshells. Be cause the ve loc ity change is achieved at rel a tively
high al ti tudes, rar efac tion can be con sid er able and it is there fore im por tant that anal y sis
be con ducted us ing the Di rect Sim u la tion Monte Carlo (DSMC) method. We in ves ti gate 
the aerothermodynamics of to roid al towed-ballutes for aerocapture at Ve nus, Mars,
Nep tune, and Ti tan. In each case, com pu ta tional re sults for sur face and flow-field in ter -
ac tions are pre sented. This study fur ther con firms the great po ten tial that ballute
aerocapture of fers for the ex plo ra tion of at mo sphere-bearing bod ies in the so lar sys tem.

AAS 07 – 308
An a lyt i cal At mo spheric Guid ance for Aerocapture

Jordi Casoliva and Ken neth D. Mease, Uni ver sity of Cal i for nia, Irvine

The aerocapture guid ance is di vided into two phases: (i) a cap ture phase and (ii)
an exit phase. In the cap ture phase, an equi lib rium glide con di tion is es tab lished via
track ing. The exit phase ini ti a tion and guid ance are based on an ap prox i mate an a lyt i cal
so lu tion to the equa tions of mo tion, ob tained via the method of Matched As ymp totic
Ex pan sions (MAE). For low lift-to-drag ra tios, the zeroth-order in ner so lu tion is in ac cu -
rate. A new in ner so lu tion is pro posed and tested, that al lows lift-up and lift-down tra -
jec to ries dur ing the exit phase.
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AAS 07 – 309
En try Tra jec tory Planning for Higher El e va tion Land ing

J. Benito and K. D. Mease, Uni ver sity of Cal i for nia, Irvine

A de sired ca pa bil ity driv ing Mars en try, de scent and land ing tech nol ogy de vel op -
ment is land ing at higher el e va tion sites. The chal lenge for en try guid ance is to com pen -
sate for off-nominal at mo spheric con di tions and ve hi cle aero dy nam ics and achieve the
re quired ver ti cal and hor i zon tal de liv ery ac cu ra cies, de spite re duced con trol ca pa bil ity
due to the higher para chute de ploy ment al ti tude. A new en try tra jec tory plan ner based
on in sight from tra jec tory op ti mi za tion is pre sented and com pared to other ex ist ing
plan ners by im ple ment ing each in a com mon guid ance al go rithm and sim u lat ing en tries
for a va ri ety of off-nominal con di tions. The re sults show that the new plan ner al lows
im proved guid ance per for mance.

AAS 07 – 310
Mars Pin point Land ing Sys tems Trades

Aron Wolf, Evgeniy Sklyanskiy, Jeffrey Tooley and Brian Rush,
Jet Pro pul sion Lab o ra tory

Es ti mated land ing ac cu racy at Mars has steadily im proved, from within ~150 km
of the tar get (3-sigma) for Mars Path finder to ~35 km for MER (both of which flew un -
guided bal lis tic en tries), mainly due to im proved ap proach nav i ga tion. The 2009 MSL
mis sion will im prove de liv ery to within ~10 km us ing guided hy per sonic en try to “fly
out” at mo spheric and ve hi cle aero dy nam ics un cer tain ties. “Pin point Land ing” within
100 m re quires ter rain-relative nav i ga tion, as well as ad di tional pro pel lant in pow ered
de scent which lev ies a pen alty on EDL per for mance. Sys tems trades af fect ing this pro -
pel lant mass pen alty are ex plored here.

AAS 07 – 311
Pre ci sion En try Nav i ga tion Dead-Reckoning Er ror Anal y sis: The o ret i cal
Foun da tions of the Dis crete-Time Case

Renato Zanetti and Rob ert H. Bishop, The Uni ver sity of Texas at Aus tin

A lin ear covariance anal y sis strat egy is de vel oped for ap pli ca tion to at mo spheric
plan e tary en try where the only avail able nav i ga tion data is pro vided by strapdown in er -
tial mea sure ment units. The nav i ga tion sce nario con sid ered en com passes the so-called
dead-reckoning nav i ga tion wherein the in er tial mea sure ment unit pro vides mea sures of
the change in ve loc ity and the change in at ti tude at dis crete times. These mea sure ments
are used to prop a gate an ini tial state es ti mate for ward in time. The ques tion that is ad -
dressed is quan ti fy ing the ac cu racy of the state es ti mate us ing dead-reckoning dur ing a
typ i cal Mars at mo spheric en try. The in er tial mea sure ment data is as sumed to be cor -
rupted with ran dom noise, ran dom con stant bi ases, mis align ment er rors, and scale fac tor 
er rors, and the lo ca tion of the space craft cen ter of mass is also con sid ered to con tain
un cer tainty.
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SES SION 9: SPACE CRAFT GUID ANCE, NAV I GA TION AND CON TROL - I
Chair: Dr. Thomas Lovell, Air Force Re search Lab o ra tory

AAS 07 – 312
Au ton o mous Lu nar Or bit Nav i ga tion Using Op ti cal Sen sors

Sun Hur-Diaz, Bill Bamford and Dave Gaylor, Emer gent Space Tech nol ogies, Inc.

Au ton o mous use of op ti cal sen sors for ob tain ing self-contained nav i ga tion so lu -
tions in a lu nar or bit that are in de pend ent of ground or other ex ter nal aids is ex plored.
Tracking of mul ti ple un known land marks on the Moon is con sid ered along with a disk
mea sure ment pro vid ing range in for ma tion from in fra red sen sors. Sen si tiv ity of the nav i -
ga tion per for mance to sen sor ac cu racy, num ber of land marks, mea sure ment fre quency,
and ini tial er ror is as sessed. Nav i ga tion per for mance ob tained from track ing un known
land marks is com pared with per for mance ob tained from track ing known land marks.

AAS 07 – 313
Guid ance and Nav i ga tion Lin ear Covariance Anal y sis for Lu nar Powered De scent

Travis J. Moesser and Da vid K. Geller, Utah State Uni ver sity

A lin ear covariance anal y sis tool is pre sented for use in as sess ing the per for mance
of guid ance, nav i ga tion, and con trol (GN&C) sys tems of the Lu nar Sur face Ac cess
Mod ule (LSAM) dur ing lu nar pow ered de scent, in cor po rat ing Au ton o mous Land ing
Haz ard and Avoid ance Tech nol ogy (ALHAT). Guid ance al go rithms de signed for lu nar
land ing are pre sented and in cor po rated into the closed-loop covariance equa tions. Event 
trig ger ing is also in cluded in the covariance for mu la tion to use nav i ga tion knowl edge in 
dis per sion con trol. Sev eral stud ies are pre sented, in clud ing an in er tial-only nav i ga tion
study, a fi nal ap proach nav i ga tion study, and dis per sion con trol stud ies with trig ger ing
and guid ance.

AAS 07 – 314
Pre ci sion De scent Nav i ga tion for Land ing at the Moon

Kyle J. DeMars and Rob ert H. Bishop, The Uni ver sity of Texas at Aus tin

A de tailed anal y sis of the al go rithm for pre ci sion de scent nav i ga tion is pre sented.
A con tin u ous-discrete, dual-state ex tended Kalman fil ter is de vel oped in which the po si -
tion, ve loc ity, and at ti tude of the ve hi cle con sti tute one state in the dual-state re al iza -
tion, and the se lected land ing site con sti tutes the sec ond state in the dual-state re al iza -
tion. Con cur rently, es ti ma tion of the er rors as so ci ated with ac cel er om e ter and gyro
based mea sure ments, as well as the er rors as so ci ated with ex ter nal sen sor mea sure ments 
(such as altimetry and velocimetry), is per formed. Ad di tionally, de vi a tions from the
nom i nal po si tion of the cen ter of grav ity of the ve hi cle with re spect to the in er tial mea -
sure ment unit are es ti mated.
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AAS 07 – 315
Mars Re con nais sance Or biter Pri mary Sci ence Or bit Ac qui si tion

Ramachandra S. Bhat, C. Al len Halsell, Tung-Han You, Stacia M. Long,
Dolan E. Highsmith, Stu art W. Demcak, Eric J. Graat, Neil A. Mottinger
and Earl S. Higa, Jet Pro pul sion Lab o ra tory

A se quence of five ma neu vers was de signed and im ple mented to achieve the Pri -
mary Sci ence Or bit af ter the ter mi na tion of Mars Re con nais sance Or biter (MRO)
aerobraking on Au gust 30, 2006. These ma neu vers ad justed the size of the or bit, cor -
rected the in cli na tion, ro tated the apsidal line to get the frozen con di tions, ac quired the
re quired ground tack walk pat tern, and froze the Lo cal Mean So lar Time (LMST) of the 
as cend ing node at the de sired time (3:00 PM ± 15 Min). The five ma neu ver se quence
was suc cess fully com pleted on De cem ber 13, 2006 pro vid ing smooth tran si tion to the
Pri mary Sci ence Phase. The achieved Lo cal Mean So lar Time was 3:02:39 PM and
achieved the re quired ground track walk pat tern.

AAS 07 – 316
State Es ti ma tion and Tar geting for Au ton o mous Ren dez vous and Prox im ity
Op er a tions

Scott C. Jenkins and Da vid K. Geller, Utah State Uni ver sity

There is a re cent trend to ward de vel op ing au ton o mous ren dez vous and prox im ity
op er a tion ca pa bil i ties, as ob served by the ETS-VII, XSS -11, Dart, and Or bital Ex press
mis sions. This pa per pres ents the com par i son of in er tial ver sus rel a tive nav i ga tion and
tar get ing sys tems for or bital ren dez vous and prox im ity op er a tions. Since both meth ods
can be used, the sit u a tions where one method works better than the other has not been
re solved. The de vel op ment of the nav i ga tion and tar get ing al go rithms for each sys tem
are pre sented. Re sults in clude the rel a tive tra jec tory con trol er rors, nav i ga tion er rors and 
re quired CPU time sim u lated for a va ri ety of ren dez vous sit u a tions.

AAS 07 – 317
Withdrawn

AAS 07 – 318
Op ti mal For ma tion De ploy ment Using Rel a tive Con straints

Mi chael Volle, a.i. so lu tions, Inc.

This pa per ex am ines a method of op ti miz ing the de ploy ment of a for ma tion of
space craft about a ref er ence halo or bit us ing rel a tive dy nam ics and rel a tive tar get ing
con di tions. The equa tions of mo tion rel a tive to the ref er ence halo or bit are de rived and
cal cu lated in a ro tat ing frame. The rel a tive tar get ing con di tions are used to spec ify an
ar bi trary for ma tion size and shape, and zero rel a tive ve loc ity. In di rect meth ods of op ti -
mi za tion are used to form a time-constrained, fi nite-burn, min i mum fuel prob lem. Two
sets of con trols are con sid ered, as well as the evo lu tion of the for ma tion af ter the de -
ploy ment.
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AAS 07 – 319
Re con struc tion of the Voy ager Ura nus En coun ter in the ICRF Sys tem

Rob ert A. Ja cob son and Brian P. Rush, Jet Pro pul sion Lab o ra tory

The Ura nian sys tem was vis ited by the Voy ager~2 space craft in Jan u ary of 1986.
Tay lor et al. (AIAA Pa per 86-2112) dis cusses the de ter mi na tion of the space craft’s or -
bit. In 2007 the planes of Ura nian sat el lite and ring sys tem will ap pear edge on as
viewed from the Earth. This ge om e try pro vides as tron o mers a unique ob ser va tional op -
por tu nity. Data ac quired dur ing 2007 will be an a lyzed to gether with pre vi ous ob ser va -
tions such as those ob tained by Voy ager. To en hance the sci en tific study of the Ura nian 
sys tem, we have re-examined the Voy ager mis sion. We ob tain a re vised Voy ager tra jec -
tory and an up dated the Ura nian sys tem grav ity field.

SES SION 10: TRA JEC TORY DE SIGN
AND PLAN E TARY MIS SION STUDIES - II

Chair: Dr. Louis D’Amario, Jet Pro pul sion Lab o ra tory

AAS 07 – 320
Anal y sis of Cap ture Tra jec tories to the Pe ri odic Or bits in the Vi cin ity of Libration 
Points

Masaki Nakamiya, The Grad u ate Uni ver sity for Ad vanced Studies, Japan;
Dan iel J. Scheeres, Uni ver sity of Mich i gan;
Hiroshi Yamakawa, Kyoto Uni ver sity, Japan;
Makoto Yoshikawa, Japan Aero space Ex plo ra tion Agency, Japan

We in ves ti gate space craft cap ture tra jec to ries to the pe ri odic or bits in the vi cin ity
of the L1 and L2 points in the re stricted Hill three-body prob lem. The spe cific fo cus is
on trans fer into these vi cin i ties from in ter plan e tary tra jec to ries. This ap pli ca tion is mo ti -
vated by fu ture plans to use the Sun-Earth and Sun-Mars col lin ear libration points as a
space hub for Mars Mis sion. We an a lyze the fea si bil ity of us ing aero-assist cap ture to
re duce the cost of trans fer into these lo ca tions.
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AAS 07 – 321
Nu mer i cal Parametrizations of Libration Point Tra jec tories and Their In vari ant
Man i folds

Josep M. Mondelo, IEEC & Universitat Autonòma de Bar ce lona, Spain;
Esther Barrabés, Universitat de Girona, Spain;
Gerard Gómez, IEEC & Universitat de Bar ce lona, Spain;
Mercè Ollé, Universitat Politecnica de Catalunya, Spain

The pres ent pa per is de voted to the de vel op ment of a meth od ol ogy for the nu mer i -
cal parametrization of all the tra jec to ries (pe ri odic or bits and 2D tori) in a large neigh -
bor hood of the col lin ear libration points of the re stricted Three-Body Prob lem, as well
as their in vari ant sta ble and un sta ble man i folds. The meth od ol ogy is based in in ter po la -
tion of a suf fi ciently fine mesh of in di vid ual tra jec to ries and man i folds ob tained by nu -
mer i cal con tin u a tion. In this way, the con ver gence re stric tions of semi-analytical tech -
niques, such as Lindsted-Poincaré ex pan sions, are avoided. Nu mer i cal re sults will be
shown for the L1 and L2 points of the Earth-Moon and Sun-(Earth+Moon) sys tems.

AAS 07 – 322
Withdrawn

AAS 07 – 323
Withdrawn

AAS 07 – 324
In ter plan e tary Waveriders for At mo spheric Sam ple Re turn

Dan iel T. Ly ons and Evgeniy Sklyanskiy, Jet Pro pul sion Lab o ra tory

In ter plan e tary Waveriders use at mo spheric lift to in crease the ef fec tive ness of
grav ity as sist ma neu vers by in creas ing the bend ing an gle at the ex pense of de par ture
speed. A de tailed sim u la tion of the at mo spheric flyby seg ments of a pos si ble waverider
based, at mo spheric sam ple re turn mis sion to Mars and Ve nus eval u ates the pos si ble dif -
fi cul ties as so ci ated with achiev ing and con trol ling such tra jec to ries. The high de par ture
speeds re quire very ac cu rate tar get ing of both the de par ture speed and di rec tion to min i -
mize cleanup pro pel lant re quire ments. Pre lim i nary re sults show that the per turbed, in te -
grated sim u la tions of the at mo spheric flight seg ments can achieve the de par ture
V-infinity tar gets from the ref er ence in ter plan e tary de sign.
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AAS 07 – 325
Op ti mi za tion of Aerogravity-Assist Tra jec tories for Waveriders

Greg ory A. Henning, and James M. Longuski, Purdue Uni ver sity

Aerogravity-assist (AGA) and waverider re search has dem on strated the po ten tial to 
de liver space craft to a wide range of des ti na tions within the so lar sys tem. We use
patched conics for a fixed L/D dur ing the AGA to ob tain bound ary con di tions at the
flyby plan ets. For the as sumed L/D, the flythrough de par ture ve loc ity is max i mized
while meet ing the re quired at mo spheric turn an gle. Af ter this step, the de par ture ve loc -
ity is usu ally greater than re quired, al low ing us to re duce the L/D to a min i mum in the
fi nal step. As an ex am ple, we de sign an Earth de par ture and re turn mis sion with fly bys
at Mars and Ve nus (EMVE).

AAS 07 – 326
Pre lim i nary Spec u la tion on Ac cre tion Mech a nism As so ci ated with ‘Rub ble Pile’
Ce les tial Ob jects

Jun’ichiro Kawaguchi, ISAS/JAXA, Japan; Akifumi Kitajima, Yuichi Miwa and
Masatoshi Hiyabayashi, University of Tokyo, Japan

Itokawa vis ited by Hayabusa be longs to the ‘Rub ble Pile’ cat e gory, which ac cu -
mu lated frag ments that de rived from the col li sion be tween larger ce les tial bod ies. Here
is left a sim ple ques tion as to the for ma tion pro cess. It is on whether Itokawa’s shape is 
a typ i cal Rub ble Pile shape. The as ter oids so far vis ited have shown dif fer ent shapes
and the an swer to it ap par ently seems in cor rect. How ever, the pa per will look into the
ac cre tion pro cess about such ir reg u lar shape bod ies, and try to pres ent a cer tain, but still 
pre lim i nary, evo lu tion mech a nism and sto ries.

AAS 07 – 413
Ap pli ca tion of the Weierstrass Con di tion in Rocket Tra jec tory Op ti mi za tion

Da vid G. Hull, Uni ver sity of Texas at Aus tin

The sin gu lar, vari able-thrust subarc of an op ti mal chem i cal rocket tra jec tory was
shown to be min i miz ing by ap ply ing the Weierstrass con di tion (WC). Sub se quently, the 
gen er al ized Legendre-Clebsch conditon (GLCC) was de vel oped which proved that the
vari able-thrust subarc was non-minimizing. This con tra dic tion is ex plained by show ing
that the WC does not ap ply on a sin gu lar arc. A strong point con di tion (SPC) is de vel -
oped and is shown for a sin gu lar con trol to re duce to the form of the GLCC, so that
both con di tions yield the same re sult. The WC and SPC are ap plied to the chem i cal
rocket prob lem di rectly and by re de fin ing the con trols to con vert a sin gu lar prob lem
into a non-singular prob lem. Re sults are also pre sented for an elec tric rocket op er at ing
at max i mum power.
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SES SION 11: SPE CIAL SES SION - 50 YEARS OF SPACE DE VEL OP MENT
Chairs: Dr. Thomas Eller, Astro USA, LLC

Dr. Tony Hagar, Embry-Riddle Aero nau ti cal Uni ver sity

AAS 07 – 327
A Brief His tory of NRL’s Early Firsts in Space flight

Pat rick W. Binning and Jay W. Middour, Na val Re search Lab o ra tory

The Na val Re search Lab o ra tory has been a pi o neer in our na tion’s ex plo ra tion of
space flight start ing from be ing com pet i tively se lected in 1955 by the Na tional Sci ence
Foun da tion to launch Amer ica’s first space craft, to the cur rent par tic i pa tion in Amer -
ica’s pol icy for Op er a tionally Re spon sive Space. It is true that NRL did not achieve or -
bit first for Amer ica, how ever, NRL con tin ues to lay claim to hav ing built and launched 
hu man-kind’s old est or bit ing ob ject, Van guard I. A brief his tory will be ex plored of
NRL’s many leg a cies to space flight; the Van guard Pro gram, NRL’s con tri bu tion to the
for ma tion of NASA and the Goddard Space Flight Cen ter, Amer ica’s first re con nais -
sance sat el lite, GRAB [de clas si fied in June, 1998], as well as de fin ing mo ments in the
NRL in ven tions of the Na val Space Sur veil lance Sys tem and the Global Po si tioning
Sys tem.

AAS 07 – 328
50 Years of Sat el lite Tracking and Cat a loging in the US

Fe lix R. Hoots, The Aero space Cor po ra tion; Paul W. Schumacher, High Per for mance
Com puting Soft ware Ap pli ca tions In sti tute for Space Sit u a tional Aware ness;
Taft DeVere, 1st Space Con trol Squad ron

The launch of the Sput nik sat el lite in 1957 cre ated a need within the United States
to track and main tain a cat a log of or bital el e ments for ar ti fi cial Earth sat el lites. The key 
com po nents in the his tor i cal de vel op ment of this pro cess ing are: a world wide sys tem of 
ob serv ing sites that pro vides the track ing data of the sat el lites, the cat a log ing and up dat -
ing of or bital el e ments on each sat el lite, the an a lyt i cal or bit pre dic tion mod els, and the
peo ple who fash ioned the pro cess out of whole cloth evolv ing and in vent ing a so lu tion
to a prob lem that did not even ex ist prior to 1957.

AAS 07 – 329
Withdrawn
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AAS 07 – 330
Apollo 13 Tra jec tory Re con struc tion via State Tran si tion Ma trices

Dan iel R. Adamo, United Space Al li ance, LLC

An it er a tive method of solv ing the per turbed Lam bert bound ary value prob lem us -
ing state tran si tion ma tri ces is doc u mented and ap plied to re con struct ing Apollo 13’s
as-flown tra jec tory. Use of NASA Apollo Tra jec tory (NAT) el e ments as Lam bert
bound ary val ues is val i dated. Abridged NAT el e ment ta bles ap pear to be the only com -
pre hen sive as-flown Apollo Pro gram tra jec tory data avail able to pres ent-day re search -
ers. In their ap pli ca tion to tra jec tory re con struc tion, NAT el e ments are of great value to
space his to ri ans and NASA’s Vi sion for Space Ex plo ra tion.

AAS 07 – 331
A History of Tethers in Space: In no va tive Con cepts, Tech ni cal De vel op ments, and
Mis sions

Paul A. Penzo, Global Aero space Cor po ra tion;
Arun K. Misra, McGill Uni ver sity, Canada

The first se ri ous in ter est in space teth ers be gan when the Tethered Sat el lite Sys tem 
(TSS) was pro posed to NASA and the Ital ian Space Agency (ASI) in the early 1970’s.
An agree ment was signed in 1984 where NASA would build a deployer sys tem, and
ASI would de velop a spe cial sat el lite for de ploy ment. With the many un knowns as so ci -
ated with this mis sion, the NASA Of fice of Space Flight Ad vanced Pro jects formed the
Tether Ap pli ca tion in Space (TAS) Task Group to in ves ti gate other pos si ble tether mis -
sion con cepts and tech ni cal re quire ments. This be came a ma jor ef fort, in volv ing the
aero space in dus try, uni ver si ties, and gov ern ment. For the next 10 years or so, with in -
creas ing gen eral in ter est, many work shops, con fer ences, and spe cial meet ings were held 
in both coun tries. This pa per sum ma rizes these many ac tiv i ties.

AAS 07 – 332
Withdrawn

AAS 07 – 333
Withdrawn
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AAS 07 – 334
His tor i cal De vel op ment of the Tran sit Sat el lite Nav i ga tion Pro gram

Thomas Thomp son, Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory

The gen e sis of the Tran sit sat el lite nav i ga tion pro gram at the Ap plied Phys ics Lab -
o ra tory evolved as a di rect re sult of an ex per i ment in the track ing of te lem e try sig nals
from the Sput nik I sat el lite. Al though the con cepts of or bit de ter mi na tion and sta tion lo -
ca tion es ti ma tion were clear, many en gi neer ing chal lenges lay ahead with knowl edge of 
the space en vi ron ment not well known, the grav ity field of the earth was not well de ter -
mined and sat el lite en gi neer ing was in its in fancy with many who be lieved that the
space craft en gi neer ing could not be prac ti cally ac com plished. This ar ti cle will re view
the Tran sit sys tem de vel op ment, the evo lu tion of the ideas that es tab lished the fun da -
men tals of sat el lite nav i ga tion and po si tion ing, and the tech no log i cal ad vances re al ized
within the pro gram his tory.

SES SION 12: AT TI TUDE DY NAM ICS,
DE TER MI NA TION AND CON TROL - II

Chair: Dr. Mark Pittelkau,
Aero space Con trol Sys tems En gi neering and Re search, LLC

AAS 07 – 335
Ro ta tional Dy nam ics of a Comet Nu cleus Sub ject to Outgassing Jets

Sharyl M. Byram and Dan iel J. Scheeres, Uni ver sity of Mich i gan

A model for the dy nam i cal evo lu tion of a comet nu cleus ro ta tion state is pre sented 
in sup port of space craft nav i ga tion for fu ture comet mis sions. The model pre dicts pos si -
ble lev els of ro ta tional ex ci ta tion and es ti mates the pos si ble change in ro ta tion state dur -
ing a peri he lion pas sage which arise as the re sult of mul ti ple dis crete outgassing jets
act ing on the nu cleus. Each jet is mod elled as an emis sion cone while the comet body is 
mod elled as a uni form den sity el lip soid. Two com pu ta tional meth ods for in te grat ing the 
comet’s ro ta tional dy nam ics un der outgassing pres sures are com pared, a variational in -
te gra tor and a stan dard RK method.

AAS 07 – 336
Spin Axis Es ti ma tion with RF Hard ware - A So lar Sen ti nels Case Study

Wayne F. Dellinger and Dipak K. Srinivasan,
The Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory

Two meth ods of us ing a space craft’s ra dio fre quency tele com mu ni ca tion sys tem
along with a Sun sen sor for spin-axis es ti ma tion are pre sented. One method uses the
plat form ro ta tion and gimbal an gles of a de-spun high-gain an tenna plat form, and the
other uses the mea sured si nu soi dal Dopp ler shift of an an tenna off-set from the spin
axis. These two meth ods give the earth an gle that, along with a mea sured sun an gle,
pro vide the nec es sary vec tors for at ti tude es ti ma tion. Sim u lated per for mance re sults are
pre sented us ing the So lar Sen ti nels mis sion, a pro posed con stel la tion con sist ing of mul -
ti ple eclip tic-normal spin ning space craft to study the Sun.
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AAS 07 – 337
Im ple men ta tion of a Multi pli ca tive Ex tended Kalman Fil ter (MEKF) for Spinning
Space craft At ti tude De ter mi na tion in the Astrodynamics En vi ron ment (ADE)

Ken neth J. Ernandes and Benjamin E. Jo seph, Braxton Tech nol ogies, Inc.;
Paul J. Cefola, MIT

Re cently a Kalman fil ter was de vel oped in the Braxton Tech nol ogies Astrody nam -
ics De sign En vi ron ment (ADE) soft ware for spin-stabilized At ti tude De ter mi na tion
(AD) com pu ta tions. This pa per pro vides a brief de scrip tion of the fil ter de sign and il lus -
trates the func tion al ity of Braxton’s at ti tude fil ter by com par ing its per for mance against
two al ready ex ist ing sys tems: the NASA Goddard Space Flight Cen ter (GSFC)
Multimission Spin-Axis Sta bi lized Space craft (MSASS) At ti tude De ter mi na tion Sys tem
(ADS) and the Air Force’s Com mand and Con trol Seg ment (CCS) sys tems. Com par i son 
is based upon con ver gence rate, ac cu racy, and ro bust ness from ac tual at ti tude data from 
a spin-stabilized space craft. Real data cases are in cluded.

AAS 07 – 338
Zero Gyro Kalman Fil tering in the Pres ence of a Re ac tion Wheel Fail ure

Sun Hur-Diaz, Emer gent Space Tech nol ogies, Inc.;
John Wirzburger, Honeywell Tech nol ogy So lu tions, Inc.;
Dan Smith, Lockheed Mar tin Mis sion Ser vices;
Mike Myslinski, Honeywell Tech nol ogy So lu tions, Inc.

Typ i cal im ple men ta tion of Kalman fil ters for space craft at ti tude es ti ma tion in -
volves the use of gy ros for three-axis rate mea sure ments. When there are less than three 
axes of in for ma tion avail able, the ac cu racy of the Kalman fil ter de pends highly on the
ac cu racy of the dy nam ics model. This is par tic u larly sig nif i cant dur ing the tran sient pe -
riod when a re ac tion wheel with a high mo men tum fails, is taken off-line, and spins
down. This pa per looks at how a re ac tion wheel fail ure can af fect the zero-gyro Kalman 
fil ter per for mance for the Hub ble Space Tele scope and what steps are taken to min i -
mize its im pact.
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AAS 07 – 339
In ter nal Dis tur bance Ac com mo da tion Fil ter of Con trol Mo ment Gyros with
Adap tive Ob server

Masaki Takahashi and Seiichi Shimizu, Keio Uni ver sity, Japan;
Shigemune Taniwaki, Ehime Uni ver sity, Japan;
Yoshiaki Ohkami and Kazuo Yoshida, Keio Uni ver sity, Japan

The ob jec tive of this study is to es tab lish the high ac cu rate point ing con trol
method of the sat el lite with CMG while tak ing a pho to graph of the ground tar get. In the 
method af ter the sat el lite starts to ma neu ver, the fre quency of the in ter nal dis tur bance is 
es ti mated by the adap tive ob server of Kreisselmeier. Af ter the ma neu ver of sat el lite is
fin ished, the ac tive in ter nal dis tur bance ac com mo da tion fil ter based on the in ter nal
model prin ci ple is es tab lished and the in ter nal dis tur bance is elim i nated by feed-forward 
con trol. From the sim u la tion re sults, it was con firmed the use ful ness of the pro posed
method.

AAS 07 – 340
En hance ments of Re pet i tive Con trol us ing Spe cial ized FIR Zero-Phase Fil ter
De signs

Jiangcheng Bao and Rich ard W. Longman, Co lum bia Uni ver sity

Re pet i tive con trol can can cel the ef fects of pe ri odic dis tur bances on a feed back
sys tem. It can can cel the ef fects of jit ter from im bal ance in a mo men tum wheel on fine
point ing equip ment on a sat el lite. To pro duce sta bil ity ro bust ness to re sid ual modes,
real-time zero-phase low-pass fil ter ing must be used in prac tice. Im proved meth ods of
de sign ing such fil ters are pre sented, us ing qua dratic pro gram ming with in equal ity con -
straints, al low ing one to use a higher fil ter cut off. Dig i tal con trol of ten makes use of
anti-aliasing fil ters, and in the re pet i tive con trol ap pli ca tion this can be zero-phase. The
use of such fil ters in RC is also in ves ti gated.

AAS 07 – 341
The Ad van tages and Dis ad van tages of Kalman Fil tering in Re pet i tive Con trol

Benjamas Panomruttanarug, King Mongkut’s Uni ver sity of Tech nol ogy, Thailand;
Richard W. Longman, Co lum bia Uni ver sity

It er a tive learn ing con trol (ILC) and re pet i tive con trol (RC) can elim i nate de ter min -
is tic track ing er rors in re peat ing sit u a tions. In the ory, RC on an ac tive iso la tion mount
for fine point ing equip ment can com pletely elim i nate the ef fects from a vi bra tion source 
such as a mo men tum wheel with slight im bal ance. When there is plant and mea sure -
ment noise it is nat u ral to ask if Kalman fil ter ing can im prove per for mance. It is shown
that Kalman fil ter ing nor mally will in tro duce bi ases and hence there is a trade-off. Also, 
im ple men ta tion is sues are stud ied, and a method of ap prox i mat ing the Kalman smoother 
by an FIR fil ter are stud ied.

AAS 07 – 342
With drawn
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SES SION 13: LOW THRUST MIS SION AND TRA JEC TORY DE SIGN
Chair: Pro fes sor Kathleen Howell, Purdue Uni ver sity

AAS 07 – 343
Low-Thrust Trans fers in the Earth-Moon Sys tem In clud ing Ap pli ca tions to
Libration Point Or bits

K. C. Howell and M. T. Ozimek, Purdue Uni ver sity

Pre lim i nary de signs of low-thrust trans fer tra jec to ries are de vel oped in the Earth-
Moon three-body prob lem. The so lu tion for a com plete time his tory of the thrust mag ni -
tude and di rec tion is ini tially ap proached as a cal cu lus of vari a tions prob lem to lo cally
max i mize the fi nal space craft mass. The prob lem is then solved di rectly by se quen tial
qua dratic pro gram ming us ing mul ti ple shoot ing. The coast ing phase along the trans fer
ex ploits in vari ant man i fold the ory and con sid ers lo ca tions along the en tire man i fold sur -
face for in ser tion. This in ves ti ga tion in cludes trans fer tra jec to ries from an Earth park ing 
or bit to sam ple libration point tra jec to ries in clud ing L1 halo or bits, L1 and L2 ver ti cal
or bits, and L2 “but ter fly” or bits.

AAS 07 – 344
Withdrawn

AAS 07 – 345
Re duc tion of Low Thrust Con tin u ous Con trols for Tra jec tory Dy nam ics

Jennifer S. Hud son and Dan iel J. Scheeres, Uni ver sity of Mich i gan

A novel co ef fi cient-based method to eval u ate the tra jec tory dy nam ics of low-thrust 
space craft is de vel oped. The thrust vec tor com po nents are rep re sented as Fou rier se ries
in ec cen tric anom aly and Gauss’s variational equa tions are av er aged over one or bit to
de fine a set of sec u lar equa tions. These sec u lar equa tions are a func tion of only 14 of
the thrust Fou rier co ef fi cients, re gard less of the or der of the orig i nal Fou rier se ries, and
are suf fi cient to de ter mine the low-thrust spi ral tra jec tory with sig nif i cantly re duced
com pu ta tional re quire ments as com pared to in te gra tion of the full New to nian prob lem.
This method has ap pli ca tions to the space craft tar get ing and op ti mal con trol prob lems.

AAS 07 – 346
Withdrawn
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AAS 07 – 347
Sta tion Keeping Close to Un sta ble Equi lib rium Points with a So lar Sail

Ariadna Farrés and Àngel Jorba, Universitat de Bar ce lona, Spain

We have con sid ered the move ment of a So lar sail in the Sun - Earth sys tem. Using 
the Cir cu lar RTBP + So lar ra di a tion pres sure as a model we have a 2D fam ily of equi -
lib rium points (most of them un sta ble) parametrised by the two an gles de fin ing the sail
ori en ta tion. The knowl edge of the vari a tion of the in vari ant man i folds with re spect to
the sail ori en ta tion has per mit ted us to de sign a con trol strat egy to keep close to one of
these un sta ble points. This strat egy has been tested for dif fer ent fonts of er rors and ini -
tial con di tions.

AAS 07 – 348
De sign Space Pruning Tech niques for Low-Thrust, Mul ti ple As ter oid Ren dez vous
Tra jec tory De sign

Kristina Alemany and Rob ert D. Braun, Geor gia In sti tute of Tech nol ogy

In 2006, the 2nd Global Tra jec tory Op ti mi za tion Com pe ti tion (GTOC2) posed the
prob lem of max i miz ing the ra tio of fi nal mass to flight time for a low-thrust tra jec tory
which per forms a ren dez vous with one as ter oid from each of four de fined groups (re -
sult ing in over 41 bil lion pos si ble as ter oid com bi na tions). One of the ma jor weak nesses
sited by par tic i pants was their lack of a rig or ous method for quickly elim i nat ing a large
num ber of as ter oids and as ter oid com bi na tions, while main tain ing the best so lu tions in
the de sign space. This pa per ex am ines sev eral de sign space prun ing tech niques for a
sub set of the GTOC2 prob lem.

AAS 07 – 349
PHOIBOS Mis sion Anal y sis - A Low Thrust Tra jec tory To wards the Sun Co rona

Régis Bertrand, Jean-Yves Prado and Em man uel Hinglais,
Cen tre Na tional d’Etudes Spatiales (CNES), France

This pa per de tails the flight dy nam ics re sults of the PHOIBOS (Probing Helio-
spheric with an In ner Bound ary Ob serving Space craft) study. The sci en tific ob jec tives
re quire the space craft to reach a very en er getic he lio cen tric or bit with a peri he lion of
four so lar ra dii and an eclip tic in cli na tion of at least sixty de grees. These re quire ments
are clas si cally achieved by means of costly pow er ful launch ers and a Ju pi ter grav ity as -
sist. We pro pose in this pa per an al ter na tive mis sion sce nario based on the com bined
use of in ner-planet grav ity as sists and elec tric pro pul sion. This cruise strat egy al lows to
use cheaper launch ers and to en hance the mis sion flex i bil ity.
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SES SION 14: AT TI TUDE DY NAM ICS,
DE TER MI NA TION AND CON TROL - III

Chair: Dr. Don Mackison, Uni ver sity of Col o rado

AAS 07 – 350
Cor re sponding Point De tec tion by Har ris Cor ner De tec tor and RANSAC, and
At ti tude Vari a tion Es ti ma tion by the Eight-Point Al go rithm

Hirohisa Kojima, Keitarou Kimoto and Yutaka Usuda,
To kyo Met ro pol i tan Uni ver sity, Japan

An im age pro cess ing method to es ti mate the at ti tude vari a tion of a sat el lite is pro -
posed. The pro posed method con sists of five steps: search ing the po si tion of a tar get
sat el lite in an im age us ing color in for ma tion, ex trac tion of fea ture points on the sat el lite 
us ing a Har ris cor ner de tec tor, op ti cal flow es ti ma tion by tem plate match ing and ran -
dom sam ple con sen sus, de let ing in cor rect op ti cal flow us ing the eight-point al go rithm,
and de ter mi na tion of the ro ta tional axis and at ti tude vari a tion from the op ti cal flow by a 
heu ris tic ap proach. A space light sim u la tion room is de vel oped to em u late the light con -
di tion in space and is used to ver ify the va lid ity of the pro posed method. Ex per i ments
on the im ages of a sat el lite model taken in the sim u la tion room show that the pro posed
method can es ti mate the ro ta tional axis within a roughtly 30-degree rel a tive an gle and
the at ti tude vari a tion of the tar get sat el lite within an er ror range of 3 deg.

AAS 07 – 351
Withdrawn

AAS 07 – 352
Ad dressing Prob lems of In sta bil ity in Intersample Er ror in Iterative Learning
Con trol

Yao Li and Rich ard W. Longman, Co lum bia Uni ver sity

It er a tive learn ing con trol (ILC) aims to pro duce zero track ing er ror fol low ing a
spe cific com mand, by learn ing from ex pe ri ence ex e cut ing that com mand. There are po -
ten tial ap pli ca tions in space craft that use fine point ing in stru ments that make re peated
scans. Pre vi ous work has shown that ask ing for zero er ror at ev ery time step pro duces
very large er ror be tween the time steps for the ma jor ity of sys tems. Methods are in ves ti -
gated to ad dress this prob lem. The most ef fec tive re quires us ing a higher sam ple rate
and ask ing for zero er ror ev ery other time step, as well as ex tend ing the de sired tra jec -
tory at each end.
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AAS 07 – 353
De sign of Re pet i tive Con trol lers in the Fre quency Do main for Multi-Input
Multi-Output Sys tems

Rich ard W. Longman and Kevin Xu, Co lum bia Uni ver sity;
Minh Q. Phan, Dartmouth Col lege

Mo men tum wheels, CMG’s, re ac tion wheels, and cryo pumps can have slight im -
bal ances that cre ate vi bra tions in a space craft struc ture. Fine point ing equip ment must
be iso lated from such vi bra tions. Re pet i tive con trol is an ac tive con trol method that the -
o ret i cally can com pletely elim i nate the ef fects of pe ri odic dis tur bances. Very ef fec tive
de sign meth ods have pre vi ously been de vel oped to de sign re pet i tive con trol ler for sin -
gle-input sin gle-output sys tems. To ad dress the space craft prob lem, these meth ods were
gen er al ized to han dle mul ti ple un re lated pe ri ods. Here they are fur ther gen er al ized to
han dle multi-input multi-output sys tems as need to iso late fine point ing equip ment in all 
six de grees of free dom.

AAS 07 – 354
On Closed-Loop Space craft At ti tude Ma neu vers

Pooya Sekhavat and I. Mi chael Ross, Na val Post grad u ate School

Ag ile space craft ma neu ver ing is es sen tial to max i mize ob ser va tions. In this pa per,
we show that com monly-used feed back con trol laws, in clud ing op ti mal eigenaxis con -
trol lers, sig nif i cantly di min ish ob ser va tion op por tu ni ties. This con clu sion is borne out
by com par ing var i ous state feed back con trol lers ver sus non-eigenaxis op ti mal steer ing.
The op ti mal steer ing prob lem is solved us ing pseudospectral meth ods. Var i ous per for -
mance gains in clud ing faster ma neu ver time as well as ac tu a tor size re duc tion are dis -
cussed in de tail. It is fur ther shown that, un like tra di tional feed back con trol, the
Carathéodory-π op ti mal con trol ex ploits the po ten tial ben e fits of ex og e nous dis tur -
bances rather than re ject ing them blindly.

AAS 07 – 355
Min i mum-Time Ma neu vering of CMG-Driven Space craft

An drew Flem ing, Space and Naval Warefare Systems Command;
I. Mi chael Ross, Na val Post grad u ate School

In this pa per we ad dress the rigid-body re ori en ta tion of a space craft with con trol
mo ment gy ros (CMGs) as the torque gen er at ing de vices. The at ti tude and at ti tude rate
sen sors pro vide the ini tial con di tions for the prob lem for mu la tion which is de scribed as
a rest-to-rest ma neu ver in the in er tial frame. The full non-Eulerian dy nam ics are ex -
ploited in a path-free ma neu ver to achieve the min i mum-time ma neu ver. Ini tial gimbal
po si tion is fixed at zero for a bench mark prob lem. Re sults for a small space craft based
on the pa ram e ters of NPSAT1 dem on strate the de tails of our ap proach.
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AAS 07 – 356
Re ceding Ho ri zon Con trol on Steering of Con trol Mo ment Gyro for Fast At ti tude
Ma neu ver

Kohei Takada and Hirohisa Kojima, To kyo Met ro pol i tan Uni ver sity, Japan

Al though Con trol Mo ment Gyro has the ad van tage of out put torque, its sin gu lar i -
ties hin der from us ing it on spacecrafts. While any num bers of stud ies on sin gu lar ity
avoid ance have been car ried out, at ti tude set tling time in ma neu ver us ing CMG was still 
long. In this pa per, re ced ing ho ri zon con trol was ap plied to CMG steer ing for fast at ti -
tude ma neu ver. The eval u a tion func tion is se lected so as not to force the sys tem to
avoid all sin gu lar i ties. Nu mer i cal sim u la tions show that gimbal tra jec to ries avoid ing
sin gu lar i ties that are se ri ous for at ti tude set tling are se lected by eval u at ing only at ti tude
er ror, in spite of not eval u at ing CMG gain.

AAS 07 – 357
Rel a tive Equi lib ria of a Tet ra he dral Struc ture with Rigid and Tethered El e ments

Al ex an der A. Burov, Dorodnicyn Com puting Cen ter of the RAS, Russia;
Anna D. Guerman, Uni ver sity of Beira In te rior, Portugal;
Revaz S. Sulikashvili, Razmadze Math e mat i cal In sti tute, Republic of Georgia

We study equi lib ria of a tet ra he dral struc ture with rigid and teth ered el e ments in a
cir cu lar or bit. We dis cuss the pos si bil ity to use flex i ble teth ers to pro vide the tet ra he -
dron con fig u ra tion. The re ac tions ap pear ing the links con nect ing the mas sive points in
the tet ra he dral sat el lite con stel la tion are stud ied. The ob jec tive is to iden tify the links
which are sub ject to stretch and con se quently can be re placed by mass less teth ers. We
also dis cuss the meth ods of at ti tude con trol for such struc tures and pos si ble geo met ri -
cally based gen er al iza tions of the con sid ered sys tems.

SES SION 15: OR BIT DE TER MI NA TION AND TRACKING - II
Chair: Dr. Fe lix Hoots, The Aero space Cor po ra tion

AAS 07 – 358
A Preliminary Anal y sis of State Vec tor Pre dic tion Ac cu racy

Da vid A. Vallado, Cen ter for Space Stan dards and In no va tion

Mod ern pre cise nav i ga tion ser vices are cre at ing in creased ap pli ca tions for nu mer i -
cally gen er ated state vec tors for sat el lite op er a tions. Tra di tional ra dar and op ti cal tech -
niques can achieve mod est ac cu racy in or bit de ter mi na tion, but on-board GPS sat el lite
re ceiv ers are chang ing the rou tine ac cu racy avail able. Sys tem re quire ments usu ally in -
volve fu ture lo ca tions, rather than past lo ca tions de rived from OD tech niques. This pa -
per com pares prop a ga tion of var i ous sat el lite ini tial state vec tors to in de pend ently pro -
duced Pre cise Or bit Ephemerides (POE’s). The ini tial state of each sat el lite is var ied to
re flect ex pected or bital ac cu racy achiev able through ex ist ing or bit de ter mi na tion tech -
niques. Sat el lite ephemerides are com pared to known POE’s, and to pre cise
ephemerides gen er ated by state-of-the-art or bit de ter mi na tion tech niques.
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AAS 07 – 359
Ar ti fi cial Damping for Sta ble Long-Term Or bital Covariance Prop a ga tion

J. Rus sell Car pen ter and Kevin Berry, NASA Goddard Space flight Cen ter

There are con texts in or bital nav i ga tion in which it may be ad van ta geous to con -
strain the growth of the covariance. For in stance, pre dic tions of po ten tial con junc tions
may re quire prop a ga tion of the covariance many or bits into the fu ture. In such ap pli ca -
tions, pre dic tions of the un cer tainty may re quire that the covariance prop a ga tion in clude 
pro cess noise, which will pro duce un bounded growth in the covariance ma trix. Even -
tually, the el e ments of the covariance ma trix will ex ceed the pre ci sion of the com puter.
As a mit i ga tion, this pa per de scribes how the ad di tion of an ar ti fi cially damped mode,
sev eral or ders of mag ni tude slower than the or bital dy nam ics, can force the covariance
prop a ga tion to at tain a con stant steady-state value. This mode does not no tice ably af fect 
the evo lu tion of the covariance over short time scales.

AAS 07 – 360
Ra dio met ric Tracking Benefits of Us ing a Co her ent Trans ceiver System With
Flexible Turnaround Ratios

Karl B. Fielhauer, Gene A. Heyler, Chris to pher B. Haskins, Dipak K. Srinivasan and
Christopher J. Krupiarz

The Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory (JHU/APL) has de vel -
oped a co her ent trans ceiver sys tem that has a reprogrammable uplink fre quency and
flex i ble downlink turn-around ra tio that en ables si mul ta neous ra dio met ric track ing us ing 
a sin gle an tenna ap er ture. This novel tech nol ogy will al low sec ond ary space craft to
track the pri mary space craft’s uplink sig nal, op er at ing in a dif fer ent uplink chan nel as -
sign ment from its own for a given pass, and co her ently or non-coherently turn that sig -
nal around within its own downlink chan nel as sign ment. Doing so will greatly ex pand
the ra dio met ric track ing data avail able for space craft nav i ga tion and sci ence.

AAS 07 – 361
Withdrawn

AAS 07 – 362
Sin gu lar Value De com po si tion and Least Squares Or bit De ter mi na tion

Vladi mir F. Boikov and Zakhary N. Khutorovsky, Vymple Int. Cor po ra tion, Russia;
Kyle T. Alfriend, Texas A&M Uni ver sity

When de ter min ing or bits from mea sure ments with least-square tech niques, it is of -
ten dif fi cult to as sure con ver gence when a) there are only a small num ber of mea sure -
ments with large time in ter vals be tween the mea sure ments (sparse mea sure ments), b)
the mea sure ment ac cu racy is poor, c) there are crude or ab nor mal mea sure ments pres -
ent, or d) no good ini tial guess is avail able. We show in this pa per how an al go rithm
us ing SVD can re solve con ver gence prob lems in these cases by choos ing the di men sion 
of the minimization subspace for each minimization step. Re sults are shown for LEO
or bits with ra dar mea sure ments.
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AAS 07 – 363
Op ti mal Mea sure ment Fil tering and Mo tion Pre dic tion Taking into Ac count the
At mo spheric Per tur ba tions

Andrey I. Nazarenko, Space Ob ser va tion Cen ter, Russia;
Vasiliy S. Yurasov, In sti tute for Pre ci sion In stru ment En gi neering, Russia;
Kyle T. Alfriend, Texas A&M Uni ver sity;
Paul J. Cefola, Massachusetts Institute of Technology

The pri mary er rors in or bit de ter mi na tion and pre dic tion for Low Earth Or bit space 
ob jects re sult from the in ac cu racy of the up per at mo sphere den sity mod els and the ab -
sence of con crete data about the vari a tions of the bal lis tic fac tors. The au thors in ves ti -
gate a con ve nient method for or bit de ter mi na tion tak ing into ac count ‘col ored noise’
sta tis ti cal char ac ter is tics of the at mo spheric dis tur bances. This tech nique, named “Op ti -
mal Mea sure ment Fil tering” (OMF), has some com mon fea tures with both the Least
Squares Tech nique and the Kalman fil ter. The a pri ori cor re la tion func tion of the at mo -
spheric noise is given in the form of a nu mer i cal ta ble.

AAS 07 – 364
Precise Orbit Determination of Sat el lite Using a Batch Fil ter Based on the
Unscented Transformation

Eun-Seo Park, Sang-Young Park and Kyu-Hong Choi, Yonsei Uni ver sity, Korea;
Kyoung-Min Roh, GeoForschungZentrum Potsdam (GFZ), Germany

In this pa per, a new batch least squares al go rithm us ing the Un scented Trans for -
ma tion has been pre sented and uti lized for sat el lite or bit de ter mi na tion. The ex ist ing
batch least squares has been ap plied to non lin ear sys tem by sim ply linearizing and ap -
prox i mat ing all the non lin ear mod els. These ap prox i ma tions cause er rors in re sult ing ac -
cu racy and/or in sta bil ity in the es ti ma tion pro cess that can pro duce di ver gence of fil ters. 
The main ob ject of this pa per is to de rive a new al go rithm us ing the Un scented Trans -
for ma tion to over come the linearization and ap prox i ma tion er rors. An al ter na tive gen er -
al iza tion of the batch least squares is pro posed and ap plied to the sat el lite or bit de ter mi -
na tion. The re sults of the new al go rithm have been com pared with those of ex ist ing
batch least squares to eval u ate the ac cu racy and sta bil ity per for mance.
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AAS 07 – 365
GOCE Pre cise Em u la tor for ESOC Flight Dy nam ics Op er a tions Prep a ra tion

Livio Tucci, Stefano M. Pessina and Mi chael L. Flegel, Terma GmbH at ESA/ESOC,
Germany; Susanne Kasten-Coors, ESA/ESOC, Germany

Within the Flight Dy nam ics (FD) Di vi sion of the Eu ro pean Space Op er a tions Cen -
tre (ESOC), an em u la tor has been de vel oped by the Test & Val i da tion group for the
ESA GOCE mis sion. Dur ing op er a tions prep a ra tion, the em u la tor is used to test the FD
sys tem and to train the whole team. In op er a tions, the em u la tor val i dates FD com mands 
and it is valu able in ana lys ing AOCS per for mance and in ves ti gat ing con tin gen cies. Af -
ter an out line of the re quire ments for the em u la tor, the de sign and im ple men ta tion ap -
proach will be pre sented. Ad di tionally, the space craft hard ware and space en vi ron ment
mod els will be de scribed. Ex am ples will be given about the em u la tor op er a tional ap pli -
ca tions.

SES SION 16: DY NAM ICS AND CON TROL OF LARGE SPACE STRUC TURES
Chair: Pro fes sor Rich ard Longman, Co lum bia Uni ver sity

AAS 07 – 366
Withdrawn

AAS 07 – 367
Elec tro dy namic Tether Shape Es ti ma tion with Square-Root Un scented Fil ter

Paul Wil liams, RMIT Uni ver sity, Australia

The dy namic es ti ma tion of the state of an elec tro dy namic tether sys tem is con sid -
ered. A square-root im ple men ta tion of an un scented fil ter is uti lized. In the first in -
stance, a fil ter is de vel oped based on an in elas tic tether model, which is used to es ti -
mate the tether libration dy nam ics. This is cou pled with a sim ple feed back con trol
scheme for track ing a de sired libration tra jec tory. A fil ter is also de vel oped that takes
into ac count the ef fects of tether flex i bil ity. Only mea sure ments of the tetherend body
po si tion and the tan gent vec tor at the main space craft are re quired to es ti mate the tether
shape and libration dy nam ics.

AAS 07 – 368
Libration Con trol of Elec tro dy namic Tethers Us ing Model Pre dic tive Con trol with 
Time-Delayed Feed back

Paul Wil liams, RMIT Uni ver sity, Australia

A con trol strat egy is de vel oped for sta bi liz ing elec tro dy namic teth ers in el lip tic
and time-varying or bits. The con trol is de vel oped by us ing time-delayed feed back of the 
sys tem states from the pre vi ous or bit. The con trol in put, which is as sumed to be only
the elec tric cur rent, is se lected so as to min i mize a weighted cost func tion that trades
the dif fer ence be tween the time-delayed tra jec tory and the con trol ef fort. The non lin ear
op ti mal con trol prob lem is solved and im ple mented in real-time to sta bi lize the elec tro -
dy namic tether sys tem in the gen eral case of a non-fixed cen ter of mass or bit.
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AAS 07 – 369
On the Con trol of a Per ma nent Tethered Ob ser va tory at Ju pi ter

J. Peláez, Tech ni cal Uni ver sity of Ma drid, Spain;
D. J. Scheeres, University of Michigan

Outer planet ex plo ra tion is al ways hand i capped by a scar city of power. In some
mis sions, elec tro dy namic teth ers could be an al ter na tive to pro duce the re quired en ergy. 
In this pa per, we pres ent a per ma nent Ju pi ter ob ser va tory lo cated at one of its in ner
moonlets and sus tained by an elec tro dy namic tether. We ex tend a pre vi ous anal y sis by
us ing the Hill equa tions, and we in tro duce a more de tailed anal y sis of the elec tro dy -
namic as pects of the tether. In par tic u lar we deepen in the sen si tiv ity of the tether at ti -
tude with the changes of the tether cur rent to es tab lish an ap pro pri ate con trol law for
the whole sys tem.

AAS 07 – 370
Quick De ploy ment of Bare Tape Tether and Overview of the Sound ing Rocket
Ex per i ment

Takeo Watanabe, Hironori A. Fujii and Hirohisa Kojima,
To kyo Met ro pol i tan Uni ver sity, Japan

In the pres ent study, the de ploy ment be hav ior of the tape tether is an a lyzed by ob -
ser va tion at the on ground test rig, and the de ploy ment drag is mea sured. A tower type
de ploy ment sim u la tor de vice and vac uum cham ber have been de vel oped to sim u late the 
de ploy ment phase. These re sults are ex pected to be use ful in de sign ing the re li able
brake sys tem to con trol the de ploy ment. In ad di tion, small model ex per i ment is em -
ployed to dem on strate the re li abil ity of the pres ent de ploy ment method by us ing wa ter
rocket.

AAS 07 – 371
On-Orbit Jit ter Mea sure ment and Anal y sis of Pre ci sion Pointing Space craft and
their In stru ments

John Sudey, Jr., Nick Stamatakos, and Paul Kirchman, Swales Aero space; Scott Miller,
Or bital Sci ence Cor po ra tion; Ken Yienger, NASA Goddard Space Flight Cen ter

This pa per pres ents jit ter per for mance of the new gen er a tion of Geo sta tion ary Op -
er a tional En vi ron men tal Sat el lite GOES-N space craft and in stru ments. Prac ti cal tech -
niques are pre sented to dem on strate the im por tance of mea sur ing and an a lyz ing the dy -
namic in ter ac tion be tween the space craft and in stru ments for pre ci sion point ing space -
craft their In stru ments. The dis cus sion pre sented in this pa per in cludes sys tem re quire -
ments, math e mat i cal mod el ing, 2D, FFT/3D/AFT, FFT im age anal y sis, and in stru ment
sys tem sen si tiv ity to jit ter dur ing ground and on-orbit test ing. Meth od ol ogy, tech niques
and sen sors used to mea sure and sub se quently op ti mize and com pen sate for the flight
seg ment dis tur bance are also de scribed.
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AAS 07 – 372
Robustified Re pet i tive Con trol lers with Monotonic Con ver gence for Mul ti ple-Input 
Mul ti ple-Output Sys tems

Hunter M. Brown and Minh Q. Phan, Dartmouth Col lege;
Soo Cheol Lee, Daegu Uni ver sity, Korea; Rich ard W. Longman, Co lum bia Uni ver sity

A method to de sign re pet i tive con trol lers with im proved ro bust ness for mul ti -
ple-in put mul ti ple-output (MIMO) sys tems with un cer tain pa ram e ters is pre sented. The
para met ric un cer tain ties are spec i fied via their prob a bil ity dis tri bu tion func tions. The
con trol lers aim to pro duce monotonic con ver gence of all fre quency com po nents of the
track ing er rors from pe riod to pe riod. The method ap plies to any type of dis tri bu tion
func tions spec i fy ing the un cer tain ties of any num ber of pa ram e ters. Robustification of
the con trol lers is achieved by the mul ti ple-model de sign prin ci ple.

SES SION 17: SPE CIAL SES SION - STE REO
Chairs: Dr. Jose Guzman and Mr. An drew Driesman
Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory

AAS 07 – 373
STE REO Over view and His tory

Pe ter J. Sharer, An drew Driesman, Da vid W. Dun ham and Jose J. Guzman,
The Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory

STE REO (So lar TErestrial RE la tions Ob ser va tory) fea tures a two-spacecraft for -
ma tion in so lar or bit. The work de scribes the de vel op ment of the mis sion de sign con -
cept for achiev ing the mis sion us ing lu nar grav ity as sists. The de sign was suc cess fully
im ple mented fol low ing launch in Oc to ber 2006. The space craft were placed into a lead -
ing-trailing for ma tion with the Earth via lu nar grav ity in late-2006 and early 2007.

AAS 07 – 374
STE REO Launch Win dows

Jose J. Guzman, Pe ter J. Sharer and Da vid W. Dun ham, The Johns Hopkins Uni ver sity
Ap plied Phys ics Lab o ra tory; Henry D. Friessen, United Launch Al li ance

STE REO (So lar-TErestrial RE la tions Ob ser va tory) is the third mis sion in the So lar 
Ter res trial Probes pro gram (STP) of the Na tional Aero nau tics and Space Ad min is tra tion 
(NASA). STE REO is the first mis sion to uti lize phas ing loops and mul ti ple lu nar fly bys 
to al ter the tra jec to ries of more than one sat el lite. An over view and his tory of the pro -
gram were pre sented in a pre vi ous pa per. This pa per will de scribe the launch com pu ta -
tion meth od ol ogy, the launch con straints, and the re sult ing nine de tailed launch win -
dows that were pre pared for STE REO. More de tails will be pro vided for the win dow in
late Oc to ber 2006 that was ac tu ally used.

AAS 07 – 375
With drawn
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AAS 07 – 376
STE REO Sep a ra tion and ∆V Monte Carlo Anal y ses

Jose J. Guzmán, Pe ter J. Sharer and Da vid W. Dun ham,
The Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory

STE REO (So lar-TErestrial RE la tions Ob ser va tory) is the third mis sion in the So lar 
Ter res trial Probes pro gram (STP) of the Na tional Aero nau tics and Space Ad min is tra tion 
(NASA). STE REO is the first mis sion to uti lize phas ing loops and mul ti ple lu nar fly bys 
to al ter the tra jec to ries of more than one sat el lite. An over view and his tory of the pro -
gram, a de scrip tion of the launch win dows, and the ac tual launch were cov ered in pre vi -
ous pa pers. This pa per will de scribe the pre-launch Monte Carlo runs per formed to un -
der stand the im pact of er rors in the sep a ra tion se quence and on the ∆V bud get.

AAS 07 – 377
STE REO First Or bit and Early Op er a tions

Dan iel A. Ossing, Da vid W. Dun ham, Jose J. Guzmán, Gene A. Heyler and
John E. Eichstedt, The Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory;
Henry D. Friessen, United Launch Al li ance

This pa per will de scribe STE REO’s suc cess ful early op er a tions dur ing the first
phas ing or bit. This in cludes the au ton o mous detumble and so lar ar ray de ploy ment af ter
in jec tion, and con fir ma tion of space craft health and pro mo tion to full op er a tions. Dur -
ing the first or bit, both space craft per formed two en gi neer ing ∆V ma neu vers to cal i brate 
and val i date the pro pul sion sys tem, which was also used for the 11.7 m/sec ∆V ma neu -
ver near apo gee that raised peri gee to pre vent cat a strophic at mo spheric re-entry.

AAS 07 – 378
STE REO Ma neu ver Im ple men ta tion

John W. Hunt, Jr., J. Courtney Ray, John E. Eichstedt and Hongxing S. Shapiro,
The Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory

The or bit ad just ma neu vers for each of the two STE REO (So lar-TErestrial RE la -
tions Ob ser va tory) space craft were de signed to tar get lu nar swingbys to in sert the
space craft into their re spec tive he lio cen tric mis sion or bits. In this pa per, we de scribe the 
space craft Guid ance and Con trol sys tem, the op er a tions as so ci ated with test ing and ex e -
cut ing the de sired ma neu vers pre scribed by the mis sion de sign ers, the pre-maneuver
anal y sis, and the ma neu ver ex e cu tion and per for mance.

AAS 07 – 379
STE REO Phasing Or bits

Da vid W. Dun ham, Jose J. Guzmán and Pe ter J. Sharer, The Johns Hopkins Uni ver sity
Ap plied Phys ics Lab o ra tory; Zane L. Nitskorski, University of Minnesota

This pa per will de scribe the suc cess ful im ple men ta tion (lu nar swingby tar get ing)
of the STE REO mis sion fol low ing the first phas ing or bit to de ploy ment into the he lio -
cen tric mis sion or bits fol low ing the two lu nar swingbys.
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SES SION 18: TRA JEC TORY OP TI MI ZA TION - I
Chair: Dr. Craig McLaughlin, Uni ver sity of Kan sas

AAS 07 – 380
Ben e fits of Adap tive Schemes for Tra jec tory Op ti mi za tion

Luis Ro dri guez, Benjamin Villac and Athanasios Sideris,
Uni ver sity of Cal i for nia, Irvine

This pa per in ves ti gates the ben e fits of us ing adap tive schemes for the di rect op ti -
mi za tion of space craft tra jec to ries by com par ing two dif fer ent al go rithms, the first us ing 
a stan dard fixed time-step discretization, while the sec ond a vari able time-step ap -
proach. The al go rithms are com pared based on their per for mance on a set of low-thrust
tra jec tory op ti mi za tion prob lems and on sev eral equiv a lent for mu la tions of these prob -
lems in terms of var i ous co or di nates sys tems such as Car te sian, or bital el e ments and
reg u lar iz ing co or di nates.

AAS 07 – 381
Com pu ta tion of Bound ary Con trols Us ing a Gauss Pseudospectral Method

Geoffrey T. Hun ting ton and Da vid A. Benson, C. S. Draper Lab o ra tory, Inc.;
Jon a than P. How, Massachusetts Institute of Technology;
Nicole Kanizay, Chris to pher Darby and Anil V. Rao, Uni ver sity of Florida

A com pu ta tional ap proach is pre sented that im proves the con trol ap prox i ma tion re -
sult ing from the Gauss pseudospectral tran scrip tion of an op ti mal con trol prob lem. The
ap proach de vel oped in this pa per is a post-optimality com pu ta tion where the Pontryagin 
min i mum prin ci ple is ap plied at the bound aries to ob tain a more ac cu rate con trol ap -
prox i ma tion at the ini tial and fi nal times. In par tic u lar, the ap proach uses both the
bound ary state (ob tained from the pri mal so lu tion of the non lin ear pro gram) and the
bound ary costate (ob tained via a pre vi ously de vel oped costate map ping from the KKT
mul ti pli ers of the non lin ear pro gram). Three ex am ples il lus trate the im proved con trol
ac cu racy, and also show im proved per for mance when the new con trol law is im ple -
mented in sim u la tion. The re sults in this pa per have the po ten tial to be used in
real-time.

AAS 07 – 382
Sat el lite Ren dez vous Tours Us ing Multiobjective Evo lu tion ary Op ti mi za tion

The o dore R. Stodgell and Da vid B. Spencer, The Penn syl va nia State Uni ver sity

An au ton o mous space craft may one day face the task of ren dez vous ing with a set
of tar gets se quen tially un der con straints such as time li ness, pri or ity and ∆V cost. This
type of ren dez vous tour is re duc ible to a multiobjective wan der ing sales man prob lem
(WSP) with dy nam i cally mov ing ver ti ces rep re sent ing the ren dez vous tar gets. Op ti mal
tours are seen to min i mize both the time taken to visit all tar gets and the to tal ∆V used.
Evo lu tion ary multiobjective op ti mi za tion (EMOO) is well suited to this type of prob -
lem, han dling mixed dis crete and real-valued pa ram e ters in com pli cated en vi ron ments.
This re search pres ents Orbgnosis, a sat el lite tar get ing and tra jec tory op ti mi za tion tool
that em ploys the Non-Dominated Sorting Ge netic Al go rithm II (NSGA-II).
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AAS 07-383
Withdrawn

AAS 07 – 384
Optimal Strategies in Cooperative Games With Terminal Payoff

Rajnish Sharma, John E. Hurtado and Srinivas R. Vadali, Texas A&M Uni ver sity

A two pur suer, one evader cap ture game is stud ied. The fo cus of this pa per is the
es tab lish ment and in ves ti ga tion of a co op er a tion model among the pur su ers, which al -
lows cap ture to oc cur in a more ef fi cient man ner than if the pur su ers did not co op er ate.

AAS 07 – 385
Sim u la tion on a Bud get

An drew Colombi, Uni ver sity of Il li nois at Ur bana-Champaign

A study, with fo cus on tra jec tory sim u la tion, of next gen er a tion super com puter
tech nol ogy is pre sented. Spe cifically, we uti lize com mod ity Graph ics Pro cessing Units
(GPUs) to cal cu late grav i ta tional force us ing the poly he dral method and spher i cal har -
mon ics. Ex per i ments com par ing speed and ac cu racy show a sin gle GPU to be ca pa ble
of out per form ing a sin gle con ven tional CPU by an or der of mag ni tude.

AAS 07-386
Withdrawn

SES SION 19: SPACE DE BRIS AND CON JUNC TION ANAL Y SIS
Chair: Dr. Jeff Beck, Northrop Grumman Cor po ra tion

AAS 07 – 387
A First Or der Fo ren sic Anal y sis of Chi na’s Recent Anti-Satellite Test

Johannes M. Hacker, SpaceDev, Inc.

This pa per will use the pub lished NORAD two line el e ment sets of the Fengyun 1
C de bris cloud and prop a gate them back ward to the en gage ment time. This prop a ga tion
will use first or der or bital per tur ba tions due to Earth’s grav i ta tional field, and it will ne -
glect at mo spheric drag. De bris pieces that have sig nif i cantly de cayed in the at mo sphere
will be elim i nated from this study. Using a delta-v “cloud” plot ted in three di men sions
in RIC co or di nates and what is be lieved to be the Chi nese launch site, this pa per will
at tempt to make in fer ences about the orig i nal en gage ment ge om e try of the orig i nal
ASAT test.
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AAS 07 – 388
Un cer tainty Char ac ter iza tion of Or bital De bris Us ing Sim u lated Space
Sur veil lance Net work Mea sure ments

Jolanta Matusewicz and Kamesh Subbarao, Uni ver sity of Texas at Arlington;
Joe Frisbee, United Space Alliance

Or bit de ter mi na tion tech niques are used to es ti mate the po si tion and ve loc ity of a
de bris ob ject in or bit us ing range, az i muth, and el e va tion mea sure ments ob tained from
Space Sur veil lance Net work (SSN) sen sors. Eight sen sors from the SSN are sim u lated
to track a de bris ob ject in an In ter na tional Space Sta tion (ISS) like or bit. Per tur ba tions
due to a 4 X 4 com plex grav ity model and an ex po nen tial at mo spheric model are in -
cluded in the two-body equa tions of mo tion that model the de bris ob ject in or bit. A
non lin ear batch least squares tech nique is used to es ti mate the de bris or bit. The po si tion 
and ve loc ity es ti mates are ob tained for six sen sor sites that were able to ob serve the de -
bris ob ject’s or bit. Es ti mates are eval u ated for a batch of 12 and 120 mea sure ments.

AAS 07 – 389
Un cer tainty Char ac ter iza tion of Or bital De bris Us ing the Ex tended Kalman Fil ter

Jolanta Matusewicz and Kamesh Subbarao, Uni ver sity of Texas at Arlington;
Joe Fris bee, United Space Al li ance

Or bit de ter mi na tion tech niques are used to es ti mate the po si tion and ve loc ity of a
de bris ob ject in or bit us ing range, az i muth, and el e va tion mea sure ments ob tained from
Space Sur veil lance Net work (SSN) sen sors. Eight sen sors from the SSN are sim u lated
to track a de bris ob ject in an In ter na tional Space Sta tion (ISS) like or bit. Per tur ba tions
due to a 4 X 4 com plex grav ity model and an ex po nen tial at mo spheric model are in -
cluded in the two-body equa tions of mo tion that model the de bris ob ject in or bit. The
con tin u ous-discrete Ex tended Kalman fil ter is used to es ti mate the de bris or bit. The po -
si tion and ve loc ity es ti mates are ob tained for six sen sor sites that were able to ob serve
the de bris ob ject or bit. Es ti mates are eval u ated for a batch of 12 and 120 mea sure ments.

AAS 07 – 390
Im prove ment of the Two-Line El e ment Ac cu racy As sess ment Based on a Mix ture
of Gaussi an Laws

Paul Legendre and Stéphanie Delavault, CNES, France;
Romain Garmier, G. Prat and Bruno Revelin, CS (Com mu ni ca tion & Sys tem), France

In the frame work of the ex per i men tal col li sion risk as sess ment led by CNES, an
es ti ma tion of the ac cu racy of the TLE has been mod eled based on a Gaussi an law mix -
ture. The goal of this study was to im prove this er ror model in three dif fer ent ways:
first adapt ing the Ex pec ta tion Max i mi za tion al go rithm to han dle the 3-D prob lem and to 
deal with “ex treme mea sure ments”, then char ac ter iz ing its tem po ral evo lu tion, and fi -
nally de fin ing ob ject classes al low ing to com pute er ror mod els for newly cat a logued ob -
jects. This pa per will ad dress the method in de tails, the re sults ob tained and fu ture ideas 
to im prove the method.
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AAS 07 – 391
So lar Ra di a tion Pres sure Es ti ma tion and Anal y sis of a GEO Class of High
Area-to-Mass Ra tio De bris Ob jects

Tom Kelecy, Boe ing LTS; Tim Payne, Air Force Space Com mand; Robin Thurston,
1st Space Con trol Squad ron; Gene Stansbery, NASA John son Space Cen ter

A pop u la tion of re cently dis cov ered deep space ob jects is thought to be high area-
to-mass ra tio (AMR) de bris hav ing or i gins from sources in the geosynchronous or bit
(GEO) belt. The av er age AMR val ues have been ob served to range any where from 1’s
to 10’s of m2/kg, and re sult in mi gra tion of ec cen tric ity (0.1-0.6) and in cli na tion over
time. The na ture of the de bris dy nam ics also re sults time-varying so lar ra di a tion forces
about the av er age which com pli cate the or bit pro cess. The or bit de ter mi na tion re sults
are pre sented for sev eral of these de bris ob jects, and high light their unique and var ied
dy namic at trib utes.

AAS 07 – 392
SubVolumes in Dy nam i cal Sys tems and the Tracking of Space De bris

J. M. Maruskin, D. J. Scheeres and A. M. Bloch, Uni ver sity of Mich i gan

Tracking and rec og niz ing space de bris has re ceived much at ten tion in re cent years. 
Op ti cal mea sure ments can de ter mine the an gles and an gu lar rates of a pass ing ob ject,
but the range and range-rate are left un de ter mined. The ob ject’s state is there fore con -
strained to ex ist in some two-dimensional sur face in phase space. In ad di tion to nu mer i -
cally in te grat ing a sam ple of points in this sur face, our work pro vides a quan ti ta tive
way to de ter mine area ex pan sion and pro jec tion fac tors of lo cal neigh bor hoods near any 
point on the un cer tainty sur face. This gives us ad di tional struc ture and geo met ric in sight 
into the spread of the prob a bil ity dis tri bu tion.

AAS 07 – 393
Beta Con junc tion Anal y sis Tool

Salvatore Alfano, Cen ter for Space Stan dards and In no va tion

A means for as sess ing sat el lite con junc tions is pre sented. True and max i mum
prob a bil i ties are com puted as well as the prob a bil ity di lu tion thresh old. A user-defined
ac cu racy re quire ment is used to find the min i mum rel a tive ve loc ity that en sures suf fi -
cient lin ear ity. Non lin ear prob a bil ity is com puted by break ing the col li sion tube into
suf fi ciently small cyl in ders. The first method does not ac count for gaps or over laps of
the abut ting cyl in ders, the sec ond elim i nates these gaps and over laps. The ob jects are
treated as spheres for test ing, but the com plex non lin ear method is de signed to han dle
any time-varying ob ject shape.
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AAS 07 – 394
Space Ve hi cle Con flict Prob a bil ity for El lip soi dal Con flict Vol umes

Rus sell P. Patera, The Aero space Cor po ra tion

This pa per pres ents a method to com pute con flict prob a bil ity for el lip soi dal shaped 
con flict vol umes. A co or di nate sys tem change and scale change are used to trans form
the el lip ti cal con flict vol ume to a spher i cal con flict vol ume. The same trans for ma tions
are used on the com bined po si tion er ror covariance, po si tions and ve loc i ties of the
space ob jects. Once the trans for ma tions are made, the prob lem is that of find ing the
con flict prob a bil ity for a spher i cal con flict vol ume. Con junc tion sta tis tics as so ci ated
with three space col li sion events are used to eval u ate the abil ity of el lip soi dal con flict
vol umes to iden tify high risk con junc tion events.

SES SION 20: SPACE CRAFT GUID ANCE, NAV I GA TION AND CON TROL - II
Chair: Dr. Den nis Byrnes, Jet Pro pul sion Lab o ra tory

AAS 07 – 395
GAME: Guid ance with Avoid ance Dur ing Ma neu ver Elab o ra tion

Nicolas Théret, Jean-François Aubrun, Gérard Lassalle-Balier and Isabelle Sebbag,
Cen tre Na tional d’Etudes Spatiales (CNES), France;
Nicolas Descouvemont and Chris tian Delacroix, Ecole Nationale Supérieure de
l’Aéronautique et de l’Espace (Supaéro), France

Some pieces of equip ment of space-borne sys tems are sen si tive to the light com ing 
from ce les tial bod ies. The prob lem of blind ing will oc cur es pe cially dur ing at ti tude ma -
neu vers, when the sat el lite moves out of the nor mal op er at ing range. This prob lem is
of ten solved by the con cep tion of the space sys tem, but con straints are then im posed on 
the mis sion. An other con straint-free strat egy is to com pute ma neu vers that take ac count
of for bid den zones avoid ance. This is the pur pose of the GAME method. The pa per
pres ents the method in de tail, and gives some il lus trated ex am ples.

AAS 07 – 396
In no va tive Non lin ear Pre dic tive Con trol of Space craft Improved by Dis tur bance
Ob server

Frederic Claveau and Jean deLafontaine, Sherbrooke Uni ver sity, Canada

An in no va tive ap proach for the pre dic tive con trol of space craft large-angle ma neu -
vers is pre sented. This ap proach is based on the Non lin ear Generalised Pre dic tive Con -
trol (NGPC) tech nique that min i mizes the en ergy of the er ror on a pre dic tion ho ri zon.
In view of the dif fi culty to ob tain an an a lyt i cal so lu tion to the NGPC, tak ing into ac -
count the ac tu a tor sat u ra tion and the slew rate limit, a guid ance law is de signed to con -
sider these lim i ta tions. A non lin ear dis tur bance ob server is also used to enchance its
dis tur bance re jec tion ca pa bil ity. Finally, sim u la tions show ing the re sults are pre sented
in de tail.
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AAS 07 – 397
On the Im ple men ta tion of Space craft Hovering Un der Re duced-Order Dead-Band
Con trol

Ste phen B. Broschart, Jet Pro pul sion Lab o ra tory;
Dan iel J. Scheeres, Uni ver sity of Mich i gan

Hovering is a space craft sta tion-keeping con trol scheme that uses thrust to di rectly
coun ter the ac cel er a tion on the space craft. Hovering is a par tic u larly at trac tive op tion
for small-body mis sions be cause of the weak ac cel er a tions in that en vi ron ment. A pre -
vi ous pa per of ours showed that the zero-velocity sur face that ex ists near a hov er ing
space craft due to the Jacobi con stant pro vides a re stric tion on the space craft mo tion that 
can be ex ploited us ing dead-band con trol. This pa per ex plores that re sult fur ther by
look ing at us ing typ i cal mea sure ment types as the ba sis of a dead-band con trol, the
delta-V ex pense of hov er ing, nu mer i cally in te grated hov er ing tra jec to ries.

AAS 07 – 398
Sin gu lar ity Avoid ance of Con trol Mo ment Gyros Us ing Op ti mi za tion of Ini tial
Gimbal An gles and Ap pli ca tion to Multi Tar get Pointing for Sat el lite At ti tude
Con trol

Yasuyuki Nanamori and Masaki Takahashi, Keio Uni ver sity, Japan;
Shigemune Taniwaki, Ehime Uni ver sity, Japan;
Kazuo Yoshida and Yoshiaki Ohkami, Keio Uni ver sity, Japan

Con trol Mo ment Gyros (CMG) has been ex pected to be ap plied to an earth ob serv -
ing sat el lite in re cent years. How ever it is not easy to con trol it be cause CMG has a sin -
gu lar ity con di tion and a ma jor source of dis tur bance. Al though there are many sin gu lar -
ity avoid ance logics, these use much re source of com puter mounted on sat el lite. From
the pre vi ous back ground, this pa per pres ents a new but sim ple CMG steer ing law us ing
pre ferred ini tial gimbal an gles and null mo tion for high ac cu rate at ti tude con trol sys tem
on an ag ile sat el lite. Pre ferred ini tial gimbal an gles are de cided by eval u at ing func tion
con sid er ing in ner state of CMG.

AAS 07 – 399
Pre lim i nary Or bit De ter mi na tion for Or bital Ren dez vous Us ing Gauss’ Method

Bryan E. Bingham and David K. Geller, Utah State Uni ver sity

In 1801 Carl Friedrich Gauss suc cess fully de ter mined the or bit of the plan e toid
Ceres us ing only an gle mea sure ments. In this pa per, we will ap ply a mod i fied ver sion
of Gauss’ method to an or bital ren dez vous nav i ga tion prob lem. Sev eral ren dez vous sce -
nar ios will be stud ied in which a chaser space craft with a known or bit at tempts to de ter -
mine the rel a tive po si tion and ve loc ity of a tar get space craft with an un known or bit.
The chaser will make line-of-sight ob ser va tions of the tar get and use these ob ser va tions
to de ter mine the or bit of the tar get us ing Gauss’ method.

66

http://www.univelt.com/book=1901
http://www.univelt.com/book=1902
http://www.univelt.com/book=1903


AAS 07 – 400
Observability of Multi-Sat el lite Sys tems

Wei Kang and I. Mi chael Ross, Na val Post grad u ate School;
Khanh Pham, Air Force Re search Lab o ra tory;
Qi Gong, Uni ver sity of Texas at San An to nio

In this pa per we de fine and prove the observability of multi-satellite sys tems us ing 
rel a tive mea sure ments. In this work, GPS in for ma tion is not re quired. This re sult on
observability does not re quire any di rect com mu ni ca tion with the tar get to be de tected.
There fore, it is ap pli ca ble for both co op er a tive and non-cooperative tar gets. For
multi-satellite sys tems with com mu ni ca tion, the over all sen sor pay load re quired for
observability can be re duced. Nu merically checkable observability con di tions are de vel -
oped for mul ti ple sat el lite sys tems con nected by sen sor and com mu ni ca tion net works.
To ver ify the the ory, sim u la tions us ing a UKF are car ried out and they show good es ti -
ma tion ac cu racy.

AAS 07 – 401
The Road to Au ton o mous Or bital Ren dez vous

Da vid C. Woffinden and Da vid K. Geller, Utah State Uni ver sity

Cur rently the ma jor ity of all the space flight ex pe ri ence in or bital ren dez vous co -
mes from the United States and Rus sian space pro grams. Both pro grams took two dis -
tinct ap proaches; the U.S. fa vored a more man ual op er a tion while the Rus sians pur sued
an au to mated meth od ol ogy. This pa per pro vides a com pre hen sive over view of the pro -
grams and mis sions that have come to de fine or bital ren dez vous by high light ing the
early ren dez vous nav i ga tion sys tems and tech niques in con text of the ra tio nale and
events be hind them, show ing how they have ma tured to in flu enced en su ing pro grams,
and ex plain ing how the long stand ing tra di tional meth ods are con verg ing to ward au ton -
o mous or bital ren dez vous.

AAS 07 – 402
Observability Cri te ria for An gles-Only Nav i ga tion

Da vid C. Woffinden and Da vid K. Geller, Utah State Uni ver sity

This pa per pres ents a for mal der i va tion of an an a lyt i cal ex pres sion for the
observability cri te ria for an gles-only nav i ga tion. The so lu tion, in tended for or bital ren -
dez vous ap pli ca tions, is also valid for any ar bi trary lin ear dy namic sys tem mod el ing the 
rel a tive mo tion be tween two ve hi cles while mea sur ing the rel a tive LOS an gles. An in tu -
itive graph i cal in ter pre ta tion is also pro vided along with sev eral ex am ples re lated to or -
bital ren dez vous. From the ba sic ideas pre sented, they can be uti lized to de ter mine rel a -
tive tra jec to ries and ma neu vers that op ti mize observability. In ad di tion, they can be ex -
tended to de ter mine the de gree of detectability due to a se lected ren dez vous pro file and
sen sor noise.
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SES SION 21: SAT EL LITE CON STEL LA TIONS
AND FOR MA TION FLYING - III

Chair: Dr. Hanspeter Schaub, Uni ver sity of Col o rado

AAS 07 – 403
A De cen tral ized At ti tude Con trol for Space craft For ma tion Flying Via the
State-Dependent Riccati Equa tion Tech nique

Insu Chang, Sang-Young Park and Kyu-Hong Choi, Yonsei Uni ver sity, Korea

The ob jec tive of this re search is to pres ent the de cen tral ized co or di nated at ti tude
con trol us ing be hav ior-based con trol. The main con tri bu tion of this re search is to in tro -
duce the State-Dependent Riccati Equa tion (SDRE) tech nique to the rel a tive at ti tude
con trol prob lem for space craft for ma tion fly ing. We com pare the ef fec tive ness of con -
trol lers among PD, LQR and SDRE tech niques in the sys tem. In ad di tion, we pro vide
the nu mer i cal proof of lo cal sta bil ity for the SDRE tech nique. In the prac ti cal sense, re -
ac tion wheels are ap plied to the sim u la tion to con trol space craft at ti tude in the for ma -
tion ma neu ver. Sim u la tion re sults for at ti tude align ment dem on strate the ef fec tive ness
of SDRE ap proach.

AAS 07 – 404
Con trolled Or bital Dy nam ics of Low Al ti tude For ma tions by Means of Elec tri cal
Pro pul sion

Giovanni B. Palmerini and Marco Sabatini, Sapienza Università di Roma, Italy;
Daniele Pavarin and Marco Manente, CISAS, Università di Padova, Italy

De sign of per form ing for ma tion fly ing con trol strat e gies de pends on a cor rect rep -
re sen ta tion of the ac tu a tors be hav ior. A com plete closed loop con trol based on LQR ap -
proach, in clud ing un cer tain ties in state knowl edge as well as thrust bound aries and fore -
see able in ac cu ra cies, is deeply in ves ti gated for a low al ti tude for ma tion pro vided with
elec tric pro pul sion. Main per tur ba tions act ing in LEO (J2 and drag) are con sid ered, with 
test cases car ried out at dif fer ent al ti tudes. Per for mances for both an ac qui si tion and a
con fig u ra tion-keeping phases are eval u ated. Re sults of the com plete model sim u la tions
are com pared to the ones of sim pler, computationally ef fi cient mod els, to as sess their
re li abil ity.
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AAS 07 – 405
Optimal Multiple-Im pul sive Reconfiguration Trajectories of Satellite Formation
Flying

Dong-Yoon Kim, Sang-Young Park and Kyu-Hong Choi, Yonsei Uni ver sity, Korea;
Byoungsam Woo, Space Sys tems/Loral

We in ves ti gate fuel-optimal for ma tion re con fig u ra tion tra jec to ries us ing im pul sive
con trol. The for ma tion re con fig u ra tion is clas si fied into three cat e go ries in this work:
ini tial iza tion, resizing, and re as sign ment. The ref er ence or bit is con sid ered as two-body
cir cu lar or bit and Hill’s equa tion is used to de scribe the for ma tion or bit. A ge netic al go -
rithm as a global-optimization-tool is used to find sub-optimized two-impulsive tra jec to -
ries. The primer vec tor tech nique as a lo cal-optimization-technique is ap plied to fully
search op ti mized so lu tions and to ob tain multi-impulsive tra jec to ries. The re sults show
that fuel sav ing through multi-impulsive tra jec tory can be of fered, how ever its amount
is in sig nif i cant. Two-impulsive tra jec to ries ob tained by GA, there fore, are cred i ble.

AAS 07 – 406
Model Predictive Con trol of Ve hi cle For ma tions

Jon a than S. Barlow and Minh Q. Phan, Dartmouth Col lege

A method to de sign model pre dic tive con trol lers for a group of ve hi cles is pre -
sented. It ex tends a pre vi ous re sult where the con trol lers min i mize lo cal cost func tions
as so ci ated with in di vid ual ve hi cles. Here a global re ced ing-horizon cost func tion of the
en tire group is min i mized. The con trolled ve hi cles con verge to pre-specified for ma -
tion(s) and move to gether to wards cer tain tar gets. The tar gets and the for ma tions them -
selves can be time-varying. When full com mu ni ca tion among all ve hi cles in the group
is not pos si ble, one can re strict com mu ni ca tion of a ve hi cle to those in its neigh bor -
hood. A com pan ion pa per pres ents an adap tive ver sion of the pro posed con trol lers.

AAS 07 – 407
Adap tive Pre dic tive Con trol of Ve hi cle For ma tions With Obstacle Avoidance

Jon a than S. Barlow and Minh Q. Phan, Dartmouth Col lege

This pa per pres ents an adap tive pre dic tive con trol de sign for a group of ve hi cles to 
move in for ma tions. In stead of iden ti fy ing the ve hi cle pre dic tive mod els from in put-
out put data, and then de sign ing the con trol ler gains from the iden ti fied mod els, this pa -
per pres ents a di rect method where the con trol ler gains are com puted di rectly from the
ve hi cle in put-output data, by pass ing the pre dic tive model iden ti fi ca tion step. The adap -
tive ver sion is use ful be cause it al lows the sys tem to han dle un ex pected ob sta cles and
chang ing op er at ing en vi ron ment. Nu mer i cal re sults are pre sented to il lus trate the adap -
tive con trol ler de sign method.
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AAS 07 – 408
With drawn

AAS 07 – 409
With drawn

AAS 07 – 410
Flight Dy nam ics and Con trol of the JC2SAT Mis sion

Balaji Shankar Kumar and Al fred Ng, Ca na dian Space Agency, Canada;
Keisuke Yoshihara, Japan Aero space Ex plo ra tion Agency, Japan

The JC2SAT-FF mis sion will be the first mis sion ever to ex er cise close for ma tion
fly ing of two sat el lites with for ma tion keep ing and ma neu ver ing solely with dif fer en tial
drag. From an op er a tional point of view, the build-up and con trol of the JC2SAT for -
ma tion poses var i ous new re quire ments and chal lenges; the safe in jec tion of the two
space craft to gether from the launcher, the safe sep a ra tion of the two space craft from the 
stacked con fig u ra tion, a col li sion-free drift of the space craft to the re quired po si tion and 
the for ma tion keep ing of the space craft at the de sired po si tion. This pa per will pro vide
de tails of the flight dy nam ics and a brief dis cus sion of the con trol laws that will help
the mis sion reach its ob jec tives.

SES SION 22: TRA JEC TORY OP TI MI ZA TION - II
Chair: Dr. Todd Cerven, The Aero space Cor po ra tion

AAS 07 – 411
A Se ries So lu tion Method for the So lu tion of the Ham il ton Jacobi Isaacs Equa tion
and its Ap pli ca tions to Aero space Sys tems

Rajnish Sharma, John E. Hurtado and Srinivas R. Vadali, Texas A&M Uni ver sity

A novel ap pli ca tion of the se ries so lu tion ap proach for ter mi nally con strained non -
lin ear op ti mal con trol prob lems is pro posed for solv ing the time de pend ent Ham il ton
Jacobi Isaacs (HJI) equa tion. The HJI equa tion ap pears in non lin ear pur suit-evasion
games and de sign ing H-infinity con trol laws. As the first in no va tive ap pli ca tion of the
pro posed meth od ol ogy to solv ing the HJI equa tion, this pa per con sid ers the ex am ple of
non lin ear dif fer en tial games in or bits. The HJI equa tion is solved in or der to con struct
non lin ear feed back strat e gies for fi nite time pur suit and eva sion sce nar ios in volv ing
space as sets. A soft ter mi nal con straint is used to pe nal ize ter mi nal er ror. The sec ond
novel ap pli ca tion pre sented in the pa per is as so ci ated with fi nite-time H-infinity con trol
for mu la tion for hard con strained op ti mal con trol prob lems with dis tur bances. Sev eral
ex am ples are il lus trated.
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AAS 07 – 412
Op ti mal Non lin ear Feed back Con trol ler De sign Using a Waypoint Scheme

Rajnish Sharma, Srinivas R. Vadali and John E. Hurtado, Texas A&M Uni ver sity

This pa per dis cusses an in no va tive idea of blend ing the no tion of a waypoint
scheme with a se ries so lu tion method of solv ing the Ham il ton Jacobi Bell man Equa tion
de vel oped by the au thors for de sign ing the op ti mal non lin ear feed back con trol laws for
an a lytic ter mi nally con strained sys tems. The pa per be gins with the the o ret i cal as pects of 
the al go rithm fol lowed by some key der i va tions. The over all time in ter val of the given
prob lem is par ti tioned into smaller pieces and the se ries so lu tion method is ap plied
within each piece with the use of stored gains com puted for one time in ter val only. The
meth od ol ogy is ap plied to highly non lin ear ex am ples in clud ing min i mum fuel or bit
trans fer prob lem. Sev eral ex am ples are dem on strated and com pared with the open-loop
so lu tion to dem on strate the ef fi cacy of the pro posed method.

AAS 07 – 413
Pres ented in Ses sion 10

AAS 07 – 414
Op ti mal Earth Es cape Using Soyuz Launches from Kourou

Jose Manuel Sánchez Pérez, GMV S.A. at ESA/ESOC, Germany

An al ter na tive es cape strat egy us ing the Soyuz-Fregat 2-1b mid-size launcher ve hi -
cle from the Eu ro pean spaceport at Kourou has been de signed to max i mize the pay load
mass into in ter plan e tary tra jec to ries. In stead of a di rect es cape launch, the space craft is
in serted onto an in clined highly ec cen tric Earth or bit and a se quence of ma noeuv res at
the peri gee per formed by the on-board pro pul sion unit al lows reach ing the re quired es -
cape con di tions. This pa per de scribes the meth od ol ogy and re sults ob tained dur ing the
mis sion anal y sis stud ies of this strat egy, which may be ap plied to the next gen er a tion of 
Eu ro pean ex plo ra tion mis sions such as ExoMars.

AAS 07 – 415
Withdrawn

AAS 07 – 416
Improved Or bit Trans fer Switching Function Analysis by an Extended Frequency
Study

Brian Jamison and Vic to ria Coverstone, Uni ver sity of Il li nois at Ur bana-Champaign

Pre vi ous anal y sis of the switch ing func tion (SF) for min i mal pro pel lant tra jec to ries 
has pro vided use ful cri te ria for the op ti mi za tion pro cess. Also, for mer work has yielded
an a lyt i cal equa tions for the co-states dur ing coast ing, al low ing for an an a lyt i cal ex pres -
sion for the SF dur ing coast ing arcs. Re cent work used an an a lyt i cal so lu tion to de ter -
mine the max i mum fre quency of the SF dur ing coast ing. Such an anal y sis can rap idly
pro vide ap pro pri ate bounds for a zero-finding al go rithm (ZFA). This pa per re views sev -
eral ZFAs and a com par i son of speed in con ver gence to ze ros of the SF is pro vided for
a range of or bit trans fers.
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SES SION 23: OR BITAL DY NAM ICS, PER TUR BA TIONS AND STA BIL ITY
Chair: Dr. Da vid Spencer, Pennsylvania State Uni ver sity

AAS 07 – 417
Cor rect Modeling of the In di rect Term for Third Body Per tur ba tions

Mat thew M. Berry and Vin cent T. Coppola, An a lyt i cal Graph ics, Inc.

The in di rect term in the for mula for third body per tur ba tions mod els the ac cel er a -
tion of the pri mary body due to the third body. This term is nec es sary be cause the in te -
gra tion frame, which has its or i gin at the cen ter of the pri mary body, is not in er tial. The 
term is nor mally com puted an a lyt i cally, as sum ing both bod ies are point masses and
only grav i ta tional forces af fect the pri mary body. How ever, these as sump tions lead to
in ac cu ra cies when other forces act on the pri mary body. Com puting the in di rect term
nu mer i cally, us ing fi nite dif fer enc ing to find the ac cel er a tion of the pri mary body, can
re duce those in ac cu ra cies.

AAS 07 – 418
Withdrawn

AAS 07 – 419
Withdrawn

AAS 07 – 420
Third-Body Per tur ba tion in the Case of El lip tic Or bits for the Disturbing Body

Rita de Cássia Domingos and Rodolpho Vilhena de Moraes, UNESP/FEG, Brazil;
An to nio Fernando Bertachini de Almeida Prado, DEM/INPE, Brazil

A semi-analytical and a nu mer i cal study are pre sented for the per tur ba tions caused 
in the mo tion of a space craft by a dis turb ing body. A dou ble av er aged an a lyt i cal model
is used. The dis turb ing func tion is ex panded in Legendre poly no mi als up to the
fourth-order. The the ory de vel oped is used to study the be hav ior of a space craft, where
the Moon is the dis turb ing body. A set of nu mer i cal sim u la tions is per formed for the
evo lu tion of the mean or bital el e ments for a long time pe riod con sid er ing dif fer ent ini -
tial ec cen tric i ties for the sat el lite and space craft. Sev eral plots show the time-histories
of the Keplerian.
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AAS 07 – 421
Sta bil ity Anal y sis of the At ti tude of Ar ti fi cial Sat el lites Sub ject to Grav ity
Gra di ent Torque

Rodolpho Vilhena de Moraes, UNESP/FEG, Brazil;
Re gina Elaine Santos Cabette, DEM/INPE, Brazil;
Maria Cecília Zanardi, UNESP/FEG, Brazil;
Teresinha J. Stuchi, IF/UFRJ, Brazil

Using a ca non i cal for mu la tion and con sid er ing grav ity gra di ent torque the sta bil ity 
of the ro ta tional mo tion of ar ti fi cial sat el lites is an a lyzed. Here, the vari ables de scrib ing 
the ro ta tional mo tion are the Andoyer’s vari ables. The ap proach used in this pa per re -
quires the re duc tion of the Hamiltonian to a nor mal form. Equi lib rium points are found
and us ing gen er al ized co or di nates the Hamiltonian is ex panded in the neigh bor hood of
these points. Using Lie-Hori the ory the Hamiltonian is nor mal ized up to or der four.
Sim u la tions are done con sid er ing data sets for hy po thet i cal sat el lites with char ac ter is tics 
sim i lar to the SCD Bra zil ian sat el lites and the Amer i can sat el lite PEG A SUS.

AAS 07 – 422
Withdrawn

AAS 07 – 423
Earth Sat el lite Or bits as KAM Tori

Wil liam E. Wiesel, Air Force In sti tute of Tech nol ogy

Kolmogorov, Ar nold, and Moser pre dicted that tra jec to ries in lightly per turbed
Hamiltonian sys tems should lie on tori, now known as KAM tori. In this pa per we show 
that this ap pears to be the case for most, if not vir tu ally all earth or bits per turbed by the 
en tire geopotential. Methods for de ter min ing the to rus fre quen cies and co or di nate Fou -
rier se ries are de vel oped and their ac cu racy is eval u ated.

SES SION 24: EARTH OR BITAL AND PLAN E TARY MIS SION STUDIES
Chair: Dr. Da vid Geller, Utah State Uni ver sity

AAS 07 – 424
Op ti mal Path Planning for Space craft For ma tion Flying: Planning Ar chi tec ture
and Op er a tions

Ross Burgon, Jennifer A. Rob erts and Pe ter C. E. Rob erts,
Cranfield Uni ver sity, United Kingdom

A num ber of fu ture space mis sions are be ing planned to ex ploit the unique dy nam -
i cal and en vi ron men tal lo cal ity of the Sun-Earth col lin ear libration points, in par tic u lar
the L2 point. Of these mis sions, the use of for ma tion fly ing of dis trib uted space sys tems 
(DSS) is re ceiv ing much at ten tion es pe cially for space-based in ter fer om e try. Ar chi tec -
tures for the au ton o mous plan ning of op ti mal space craft tra jec to ries are pre sented in cor -
po rat ing five de fined op ti mi sa tion mod ules that can gen er ate col li sion-free, fuel-optimal 
tra jec to ries about L2 for in ter fer om e try ma noeuv res. The first of these mod ules, the op -
er a tions plan ner, is in tro duced and a tool de vel oped (for use onboard) that is able to op -
ti mally sched ule mis sion ob ser va tions sig nif i cantly better than a sim ple bench mark.
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AAS 07 – 425
Op ti mal Vis i ta tion Or der for Space craft Ser vicing Mis sions

Brian J. Wadsley and Rob ert G. Mel ton, Penn syl va nia State Uni ver sity

The prob lem of vis it ing a set of sat el lites for ser vic ing (re pair/re fu el ing) can be
for mu lated as a Wan dering Sales man Prob lem (un con strained start and end points).
Other re search ers have shown that for closely neigh bor ing or bital planes, the prob lem is 
sim pli fied by ex am in ing the or bital an gu lar momenta pro jected onto a com mon plane.
This pa per ap proaches the prob lem us ing a dy namic pro gram ming al go rithm and ad -
dresses sit u a tions where per tur ba tions have sig nif i cant ef fect across the life time of the
mis sion, and/or the or bital planes have sub stan tially dif fer ent in cli na tions.

AAS 07 – 426
Po ten tial for Tsu nami Detection and Early-Warning Using Space-Based Pas sive
Mi cro wave Ra di om e try

Rebecca G. Myers, Mas sa chu setts In sti tute of Tech nol ogy;
John E. Draim, Aero space Con sul tant;
Paul J. Cefola, Con sul tant in Aero space Sys tems, Space flight Me chanics/Astrodynamics

The threat of a tsu nami in coastal com mu ni ties is con sid er able, es pe cially in the
Pa cific and In dian Oceans. Pres ently, de tec tion re lies on bot tom-pressure re cord ers at
sin gle point lo ca tions and tide gauge data close to shore lines, lim it ing re ac tion time.
The abil ity to de tect a tsu nami in the deep ocean is be ing pro posed us ing space-based
pas sive mi cro wave ra di om e try. Pas sive mi cro wave ra di om e try can de tect pa ram e ters
such as sea-surface tem per a ture and sea rough ness to con trib ute to ear lier de tec tion, far -
ther from shore, to in crease the re ac tion time for coastal com mu ni ties at risk.

AAS 07 – 427
On the Fundamental Fre quencies of Satellite Relative Motion and Control of
Formations

S. R. Vadali, P. Sengupta, H. Yan and K. T. Alfriend, Texas A&M Uni ver sity

In this pa per, we ex am ine the be hav ior of J2 per turbed rel a tive or bits. We study
the in-plane and out-of-plane re la tion ships as a func tion of the or bit in cli na tion. It has
been ob served by way of nu mer i cal sim u la tions by oth ers that for cer tain spe cial val ues
of the in cli na tion, the rel a tive or bits do not pre cess for a sig nif i cant pe riod of time. This 
pa per pres ents an anal y sis of the prob lem and pro vides a clear rea son for this enig matic
be hav ior.
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AAS 07 – 428
Understaning Maneuver Un cer tainties During Inclination Ma neu vers of the Aqua
Space craft

Da vid P. Mc Kin ley, a.i. Solutions, Inc.

Dur ing the Fall 2006 in cli na tion cam paign for the Aqua space craft it was dis cov -
ered that there was sig nif i cant un cer tainty in the pre dic tion of the Semi-Major Axis
change dur ing a ma neu ver. The low at mo spheric drag en vi ron ment at the time of the
ma neu vers am pli fied the ef fects of this un cer tainty lead ing to a po ten tial vi o la tion of
the space craft ground-track re quire ments. In or der to un der stand the un cer tainty, a
Monte Carlo sim u la tion was de vel oped to char ac ter ize the ex pected Semi-Major Axis
change un cer tainty given the ob served be hav ior of the space craft pro pul sion and at ti -
tude con trol sys tems dur ing a ma neu ver. This ex pected un cer tainty was then used to de -
velop new anal y sis tools to en sure that fu ture in cli na tion ma neu ver plans will meet
ground-track con trol re quire ments in the pres ence of the er ror.

AAS 07 – 429
Stardust Earth Re turn Or bit De ter mi na tion

Darren T. Baird, Moriba Jah, Da vid Jef fer son, Brian Ken nedy, George Lewis,
Tomas Mar tin-Mur, Tim McElrath, Neil Mottinger, Sumita Nandi and
Paul F. Thomp son, Jet Pro pul sion Lab o ra tory

The de liv ery of the Stardust space craft to the land ing site at the Utah Test and
Training Range (UTTR) on Jan u ary 15, 2006 was the cul mi na tion of a seven-year mis -
sion. Dur ing the last two months of the mis sion, three Tra jec tory Cor rec tion Ma neu vers 
were ex e cuted to steer the space craft to ward the tar get. Com pli ca tions to the or bit pre -
dic tion pro cess were en coun tered be cause of fre quent thruster fir ings and so lar ra di a tion 
pres sure. In sights ob tained from these stud ies were folded into a base line fil ter strat egy, 
which evolved as the space craft dy nam ics be came better un der stood. These ef forts and
the op er a tions re sults are de scribed in the pa per.

AAS 07 – 430
Free Flying Ex ter nal Oc cult er Mis sion De sign, Sim u la tion, and Anal y sis

Ian J. E. Jor dan, Com puter Sci ences Cor po ra tion

This pre sen ta tion will en com pass mis sion de sign, com puter sim u la tions, and anal y -
sis of free-flying ex ter nal oc cult er space as tron omy mis sions with em pha sis on tra verse
mod el ling of a likely range of ES-L2 ter res trial planet finder (TPF) class ve hi cles. A
the o ret i cal model re lat ing crit i cal mis sion pa ram e ters will be con trasted with com puter
sim u la tion. The model con straints will be dis cussed in con text of meet ing crit i cal sci -
ence cri te ria for com plete ness of sur veys around tar get stars. Dis cus sion of the model
im ple men ta tion to sin gle and mul ti ple oc cult ers and its ex ten si bil ity to fu ture ap pli ca -
tions will be high lighted.
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SPE CIAL LECTURE

AAS 07 – 431
Space: Jour neying To ward the Fu ture (Abstract Only)

Dr. Roger D. Launius, AIAA Dis tin guished Lec turer;
Di vi sion of Space His tory, Smith so nian In sti tu tion Na tional Air and Space Mu seum

In the fifty years since the be gin ning of the space age in 1957, much has been ac -
com plished, our knowl edge ad vanced, and a fu ture made more pos i tive. This pre sen ta -
tion of fers a sur vey of space flight his tory and of fers com ments on what might be ex -
pected in the next fifty years. It fo cuses on five ma jor chal lenges in space flight for the
twenty-first cen tury: (1) po lit i cal will to con tinue ag gres sive space ex plo ra tion, (2) in ex -
pen sive, re li able space ac cess, (3) smart ro botic ex plor ers, (4) pro tect ing this planet and
this spe cies from space, and (5) hu man ex plo ra tion of the Moon and Mars.
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