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FOREWORD

This vol ume is the nine teenth of a se quence of Space flight Me chanics vol umes which
are pub lished as a part of 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: Astrodynamics (pub -
lished for the AAS ev ery sec ond year), 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.

Space flight Me chanics 2009, Vol ume 134, Ad vances in the Astronautical Sci ences,
con sists of three parts to tal ing about 2,500 pages, plus a CD ROM sup ple ment which con -
tains all the avail able pa pers in dig i tal for mat. 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. 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.

In our 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 our 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 our 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. We would also like to thank
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.

The cur rent pro ceed ings are valu able to keep 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. This cur rent ma te rial should be a boon to aero space spe cial ists.

AAS/AIAA SPACE FLIGHT ME CHANICS VOL UMES

Space flight Me chanics 2009 ap pears as Vol ume 134, Ad vances in the Astronautical
Sci ences. This pub li ca tion pres ents the com plete pro ceed ings of the AAS/AIAA Space
Flight Me chanics Meet ing Con fer ence 2009.

Space flight Me chanics 2008, Vol ume 130, Ad vances in the Astronautical Sci ences, Eds.
J.H. Seago et al., 2190p., two parts, plus a CD ROM sup ple ment.

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.
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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).

AAS/AIAA ASTRODYNAMICS VOL UMES

Astrodynamics 2007, Vol ume 129, Ad vances in the Astronautical Sci ences, Eds. R.J.
Proulx et al., 2892p, three parts plus a CD ROM Sup ple ment.

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.

8



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

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/
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PREFACE

The 19th An nual Space Flight Me chanics Meet ing was held from Feb ru ary 9 through Feb -
ru ary 12, 2009, in Sa van nah, Geor gia at the Hilton Sa van nah DeSoto Ho tel. The meet ing was
spon sored by the Amer i can Astronautical So ci ety (AAS) Space Flight Me chanics Com mit tee
and co-sponsored by the Amer i can In sti tute of Aero nau tics and As tro nau tics (AIAA) Astrody -
nam ics Tech ni cal Com mit tee. Ap prox i mately 176 peo ple reg is tered for the meet ing. At ten dees
in cluded en gi neers, sci en tists, and math e ma ti cians rep re sent ing gov ern ment agen cies, the mil i tary 
ser vices, in dus try, and ac a de mia from the United States and abroad.

There were 142 tech ni cal pa pers pre sented in 22 ses sions on top ics re lated to space flight
me chan ics and astrodynamics. An ex cel lent ple nary speech ti tled “In dus try’s Ob li ga tion for Mis -
sion Suc cess” was given by Dr. Al ex an der C. Liang of The Aero space Cor po ra tion on Tues day
af ter noon. Note that Dr. Liang un for tu nately passed away on May 2, 2009, due to stroke. The
two spe cial ses sions on In ter stel lar Bound ary Ex plorer (IBEX) and Ad vanced At ti tude Con trol
Sen sors were well re ceived and strongly at tended. A spe cial work shop on Ad vanced Sci ences
and Tech nol ogy Re search In sti tute for Astrodynamics (ASTRIA) was held on Thurs day by Dr.
Moriba Jah of the Air Force Re search Lab o ra tory (AFRL).

The meet ing in cluded four so cial events. The Early-Bird Re cep tion was held in the Telfair
Art Mu seum on Sunday eve ning. On Mon day eve ning, the 2009 AAS Dirk Brouwer Award re -
cip i ent, Dr. Bob Schutz, pre sented his lec ture en ti tled “From Ge od esy to Sat el lite Ge od esy.” On
Tues day eve ning, at ten dees en joyed a beau ti ful Sa van nah riverboat cruise, where the eve ning
ended with many at ten dees win ning ex otic sou ve nirs in a lot tery draw ing. A Stu dent and Young
Pro fes sional Re cep tion was spon sored by the Geor gia In sti tute of Tech nol ogy, Guggenheim
School of Aero space En gi neering on Wednes day eve ning.

The ed i tors ex tend their grat i tude to the Ses sion Chairs who made this meet ing suc cess ful:
Angela Bowes, Den nis Byrnes, John Carrico, Dr. Wil liam Cerven, Dr. Mi chael Gabor, Dr. James 
Gearhart, Bob Glover, Dr. Yanping Guo, Dr. Fe lix Hoots, Dr. Moriba Jah, Dr. Brian Kawauchi,
Dr. Thomas Lovell, Dr. Don Mackison, Dr. Ryan Park, Dr. Chris Ranieri, Dr. Ryan Rus sell, Dr.
Hanspeter Schaub, Dr. Paul Schumacher, Dr. Tom Starchville, Dr. Aaron Trask, Dr. James
Turner, and Dr. Ken neth Wil liams. Our grat i tude also goes to Dr. Shan non Coffey for his sup -
port and as sis tance with website admin- istration.

We would also like to ex press our thanks to Schafer Cor po ra tion for the pro gram cover de -
sign and print ing of the con fer ence pro grams, and for do nated sup plies.

Dr. Alan M. Segerman Dr. Peter C. Lai
AT&T Government Solutions, Inc. The Aerospace Corporation
AAS Technical Chair AIAA Technical Chair

Dr. Matthew P. Wilkins Dr. Mark E. Pittelkau
Schafer Corporation Aerospace Control Systems 
AAS General Chair Engineering and Research, LLC

AIAA Gen eral Chair
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SES SION 1:  OR BIT DE TER MI NA TION 1
Chair:  Bob Glover, AT&T

AAS 09 – 101
With drawn

AAS 09 – 102
With drawn

AAS 09 – 103
Al go rithm of Au to matic De tec tion and Anal y sis of Non-Evolutionary Changes in
Or bital Mo tion of Geo cen tric Ob jects

Sergey Kamensky,* Andrey Tuchin,* Vic tor Stepanyants* and Kyle T. Alfriend†

* “Vympel” Cor po ra tion, Mos cow, Rus sia.

† Dept. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

The goal of this work is the de vel op ment of meth ods and al go rithms for the au to -
matic de tec tion and anal y sis of non-evolutionary changes in or bital mo tion of geo cen -
tric ob jects caused by ma neu vers and other events (but not by nat u ral per tur ba tions).
The task is for mu lated for three kinds of non-evolutionary changes, namely the sin gle
im pulse ma neu ver, two im pulses ma neu ver and small con tin u ous thrust. The meth ods
and al go rithms are de vel oped. Ex am ples of the al go rithm work are given.

AAS 09 – 104
De riving Den sity Es ti mates using Champ Pre ci sion Or bit Data for Pe riods of High
Solar Ac tiv ity

An drew Hiatt, Craig A. McLaughlin and Travis Lechtenberg
De part ment of Aero space En gi neering, Uni ver sity of Kan sas, Law rence, Kan sas 66045, USA.

At mo spheric den sity mod el ing is one of the great est un cer tain ties in the dy nam ics
of sat el lites in low Earth or bit. Ac cu rate den sity cal cu la tions are re quired to gen er ate
mean ing ful es ti mates of the at mo spheric drag per turb ing sat el lite mo tion. This pa per
uti lizes pre ci sion or bit data from the Chal leng ing Minisatellite Pay load (CHAMP) sat el -
lite as mea sure ments in an op ti mal or bit de ter mi na tion pro cess to gen er ate den sity es ti -
mates dur ing pe ri ods of in creased so lar ac tiv ity. The re sults are com pared with CHAMP 
ac cel er om e ter de rived den sity for de ter min ing the ac cu racy of the den sity es ti mates de -
rived from pre ci sion or bit data. The den sity and bal lis tic co ef fi cient Gauss Markov pro -
cess half-lives and base line den sity model were changed in a sys tem atic fash ion to ob -
tain the re sults. The re sults were cor re lated to the ac cel er om e ter de rived den si ties for
each so lu tion and or ga nized into so lar and geo mag netic ac tiv ity bins and in an over all
sum mary. Using the cross cor re la tion co ef fi cients pro vides a quan ti ta tive means by
which to choose the best base line den sity model and Gauss Markov half-life com bi na -
tion for use in an op ti mal or bit de ter mi na tion scheme. The pre ci sion or bit de rived den si -
ties show higher cor re la tion to the ac cel er om e ter de rived den si ties than the Jacchia 1971 
em pir i cal den sity model.
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AAS 09 – 105
Geosat Fol low-on Pre ci sion Or bit Im prove ment through Drag Model Up date

Ste phen R. Mance,* Craig A. McLaughlin,* Frank G. Lemoine,† Da vid D. Rowlands,†

and Paul J. Cefola‡

* De part ment of Aero space En gi neering, Uni ver sity of Kan sas, Law rence, Kan sas 66045, USA.

† Geodynamics Lab o ra tory, NASA Goddard Space Flight Cen ter, Greenbelt, Mary land, 20771, USA.

‡ Con sul tant in Aero space Sys tems, Space flight Me chanics, and Astrodynamics; Sudbury, Mas sa chu setts, 

USA.

The NRLMSISE-00 den sity model and den sity cor rec tions found us ing the dy -
namic cal i bra tion of the at mo sphere pro cess were im ple mented in GEODYN, the
NASA GSFC Pre ci sion Or bit De ter mi na tion and Geo detic Pa ram e ter Es ti ma tion Pro -
gram. These up dates are used in an at tempt to im prove the or bit pre ci sion of GEOSAT
Fol low-on (GFO). The cor rec tions used in this pa per ap ply to al ti tudes up to 600 km.
Since GFO is in an 800 km or bit, these cor rec tions pave the way for a fu ture ad di tion
of den sity cor rec tions which will be in the ap pro pri ate al ti tude re gime. The up dates
made to GEODYN were com pared through SLR re sid u als, or bit over laps be tween ad ja -
cent arcs, and changes in the em pir i cal ac cel er a tions. The com par i sons show lit tle
change from the orig i nal MSIS-86 den sity rou tine re gard less of so lar and geo mag netic
ac tiv ity level.

AAS 09 – 106
On Pre lim i nary Or bit De ter mi na tion: A New Ap proach

Reza Ray mond Karimi and Daniele Mortari
Dept. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

A new ap proach for pre lim i nary or bit de ter mi na tion based on an gles-only ob ser va -
tions is pre sented. The pro posed tech nique is it er a tive and uses the Lagrangian co ef fi -
cients f and g which is sim i lar to the Gauss’ method of or bit de ter mi na tion from this as -
pect. As op posed to the Gauss’ ap proach, the method is not sin gu lar for the coplanar
case. The pro posed tech nique is fi nally com pared with the clas sic it er a tive method of
Dou ble-r. The pre sented tech nique is also ca pa ble of han dling mul ti ple ob ser va tions for 
higher ac cu racy whereas the level of the al go rithm com plex ity re mains the same as op -
posed to the avail able meth ods. Also the data were cor rupted with noise to sim u late the
true mea sure ments. Re sults show our method as a valid al ter na tive to the clas si cal
meth ods of or bit de ter mi na tion.
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AAS 09 – 107
Comparision of Dif fer ent Methods of LEO Sat el lite Or bit De ter mi na tion for a
Sin gle Pass Through a Radar

Zakhary N. Khutorovsky,* Sergey Yu. Kamensky,* Nickolay N. Sbytov,*

Kyle T. Alfriend†

* “Vympel” Cor po ra tion, Mos cow, Rus sia.

† Dept. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

The pri mary ap proaches used for or bit de ter mi na tion on the ba sis of a sin gle pass
through a ra dar are re cur sive (Kalman fil ter) and joint (least squares). If the sto chas tic
char ac ter is tics of the er rors are not com pletely known or the mea sure ment er rors are
time cor re lated these tech niques do not pro vide a guar an teed eval u a tion of the er rors of
the gen er ated es ti mates. This is a sig nif i cant lim i ta tion. This pa per pres ents a com par a -
tive anal y sis (based on com puter sim u la tion) for the pro ce dures based on the Guar an tee
method and tra di tional re cur rent and joint pro cess ing tech niques.

AAS 09 – 108
Pas sive Multi-Target Tracking with Ap pli ca tion to Or bit De ter mi na tion for
Geosynchronous Ob jects

Kyle J. DeMars* and Moriba Jah†

* De part ment of Aero space En gi neering and En gi neering Me chanics, The Uni ver sity of Texas at Aus tin,

Aus tin, Texas 78712, USA.

†Air Force Maui Op ti cal and Supercomputing Site, AFRL, Kihei, Ha waii 96753, USA.

As tele scope sys tems achieve greater pho to met ric sen si tiv ity and met ric ac cu racy,
the num ber of de tected and tracked ob jects in deep space or bits around the Earth is
likely to in crease ex po nen tially. The Pan-STARRS 1 (PS1) tele scope, just now com ing
on line atop Mount Haleakala on the Is land of Maui (at the Maui Space Sur veil lance
Sys tem [MSSS]), will pro vide 19-22 vi sual mag ni tude sen si tiv ity and sub arc-second
met ric ac cu racy for track-mode sen si tive ob jects. The PS1 sys tem is be ing funded and
de vel oped col labor atively by the Uni ver sity of Ha waii In sti tute for As tron omy and the
Air Force Re search Lab o ra tory (AFRL). One of the goals is to de ter mine a Con cept of
Op er a tions (CONOPS) that ac com mo dates the ex pected den sity of ob jects that will be
de tected, pri mar ily in the Geosynchronous Or bit (GEO) re gime. The chal lenge is to
adopt a sur vey and track ing scheme that does the best job of pro cess ing the data that
are col lected (both astrometry and pho tom e try) for all of the de tected ob jects in a given
set of frames to pro duce es ti mated and pre dicted or bits. The anal y sis pre sented here is
lim ited to ob jects likely to be de tected in the GEO or bit re gime by PS1. A method is
pre sented herein which com bines Set-Hypothesis Tracking along with a Prob a bil ity
Data As so ci a tion Fil ter in or der to as so ci ate ob served ob jects with ex ist ing tracks as
well as ini ti ate ob jects which are be ing ob served for the first time. The re sults from this 
im ple men ta tion are en cour ag ing and if suc cess ful could be used in a near real-time, au -
ton o mous im ple men ta tion.
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SES SION 2:  REN DEZ VOUS, REL A TIVE MO TION, FOR MA TION FLIGHT,
AND SAT EL LITE CON STEL LA TIONS 1

Chair:  Dr. Aaron Trask, Apo gee In te gra tion

AAS 09 – 109
A Co op er a tive Egal i tar ian Peer-to-Peer Strat egy for Re fueling Sat el lites in
Cir cu lar Con stel la tions

Atri Dutta and Panagiotis Tsiotras
D. Guggenheim School of Aero space En gi neering, Geor gia In sti tute of Tech nol ogy, At lanta, Geor gia

30332-0150, USA.

We ad dress the prob lem of peer-to-peer (P2P) re fu el ing of sat el lites in a cir cu lar
con stel la tion. In par tic u lar, we pro pose a Co op er a tive Egal i tar ian P2P (CEP2P) strat egy
that com bines the ideas of Co op er a tive and Egal i tar ian P2P re fu el ing strat e gies in tro -
duced in our pre vi ous work. Dur ing a CE-P2P ma neu ver, a fuel-sufficient sat el lite and a 
fuel-deficient sat el lite en gage in a co op er a tive ren dez vous, ex change fuel, and then re -
turn to any avail able or bital slots left va cant by other ac tive sat el lites. We pro pose a
meth od ol ogy, based on a net work flow for mu la tion, to de ter mine the CE-P2P ma neu -
vers that use the min i mum amount of fuel dur ing the en su ing or bital trans fers. Since the 
methodologymay yield sub-optimal so lu tions, we pro vide es ti mates of sub-optimality of 
these so lu tions. Finally, and with the help of nu mer i cal ex am ples, we com pare the
CE-P2P, E-P2P and C-P2P al ter na tives, and dem on strate the ben e fits of CE-P2P ma -
neu vers in terms of re duc ing the over all fuel ex pen di ture.

AAS 09 – 110
An In ves ti ga tion of Tear drop Rel a tive Or bits for Cir cu lar and El lip ti cal Chief
Sat el lites

Da vid J. Irvin Jr.,* Rich ard G. Cobb† and T. Alan Lovell‡

* Space Based In fra red Sys tems Wing, U.S. Air Force.

† Dept. of Aero nau tics & As tro nau tics, Wright-Patterson Air Force Base, Ohio 45433, USA.

‡ U.S. Air Force Re search Lab o ra tory, Space Ve hi cles Di rec tor ate, Kirtland AFB, New Mex ico 87117,

USA.

Rel a tive sat el lite mo tion be tween a chief and dep uty sat el lite that are in close vi -
cin ity is well de scribed by the Clohessy-Wiltshire (CW) equa tions which in more gen -
eral form can ac com mo date chiefs in ec cen tric or bits. When the chief and dep uty sat el -
lites have dif fer ent pe ri ods, the re sult ing rel a tive or bit drifts in the chief-fixed ref er ence
frame. Un der most con di tions these drift ing rel a tive or bits pro duce tear drop for ma tions
in which the tra jec tory in ter sects it self in the chief’s or bit plane, pro vid ing an op por tu -
nity for the dep uty to thrust and re main on the tear drop. These for ma tions have been
ex plored ex ten sively for chiefs in cir cu lar or bits. The re search pre sented herein ex pands 
the tear drop con cept to el lip ti cal chief or bits and seeks to find fuel-optimal tra jec to ries
for long term “hov er ing” in the vi cin ity of the chief.
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AAS 09 – 111
Con trol Sys tem Design and Sim u la tion of Space craft For ma tions Via
Leader-Follower Ap proach

Mahmut Reyhanoglu
Phys i cal Sci ences De pt., Embry-Riddle Aero nau ti cal Uni ver sity, Daytona Beach, Florida 32114, USA.

This pa per pres ents an ef fec tive leader-follower based con trol scheme for space -
craft for ma tions. Mod ifying ear lier es tab lished con trol de sign tech niques, pas siv ity-
based feed back laws are con structed to con trol translational and ro ta tional mo tion of a
group of space craft. Com puter sim u la tions are car ried out to il lus trate the ef fec tive ness
of the con trol laws. The ephemeris and at ti tude data gen er ated through the sim u la tions
are used to cre ate 3D vi su al iza tions.

AAS 09 – 112
De cen tral ized Op ti mi za tion for Con trol of Sat el lite Im aging For ma tions in
Com plex Re gimes

Lindsay D. Millard and Kathleen C. Howell
School of Aero nau tics and As tro nau tics, Purdue Uni ver sity, West La fay ette, In di ana, 47907, USA.

De cen tral ized con trol and agent-based mod el ing tech niques are em ployed to de ter -
mine op ti mal space craft mo tion for for ma tions hav ing mul ti fac eted ob jec tives in com -
plex dy namic re gimes. Co op er a tive sat el lite “agents” share a com mon ob jec tive (high
res o lu tion im ag ing) and si mul ta neously pur sue pri vate goals (min i mal fuel us age). An
al go rithm is de vel oped based on dual de com po si tion. The so lu tion from an agent-based
model is com pared to a tra di tional, non-linear op ti mal con trol so lu tion. Then, by ex -
ploit ing the re duced com pu ta tional re quire ments, the agent-based model sim u lates ar -
rays with in creas ing num bers of sat el lites and con straints.

AAS 09 – 113
Elec tro mag netic Flat Docking Sys tem for in-Orbit Self-Assembly of Small
Space craft

Samia Smail and Craig I. Under wood
Sur rey Space Cen tre, Uni ver sity of Sur rey, Guild ford, Sur rey, GU2 7XH, UK.

A novel method of in-orbit as sem bly of small In tel li gent Self-powered Mod ules
(ISMs) is pre sented. This is achieved us ing the Elec tro mag netic Flat Docking Sys tem
(EFDS). Compared with con ven tional dock ing mech a nisms, the EFDS is a pro pel lant-
less dock ing adapter, de signed to con trol the mo tion of the ISMs dur ing the fi nal ap -
proach pro ce dures. With its sim ple sen sors and ac tu a tors, plume im pinge ment is mit i -
gated and pre cise align ment is not needed prior to ini tial con tact. This pa per mainly fo -
cuses on the de sign of the elec tro mag nets that serve as a means of guid ing two ISMs
from a sep a ra tion dis tance of 10 me ters up to phys i cal cou pling.
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AAS 09 – 114
In ves ti ga tions of a Mas sive, Non-Spherical Chief in Close Prox im ity For ma tions

Cengiz Akinli and Ryan Rus sell
School of Aero space En gi neering, Geor gia In sti tute of Tech nol ogy, At lanta, Geor gia 30332, USA.

A method is de vised to pro vide or bit con trol of the el e ments of a small space craft
for ma tion us ing the highly non-spherical grav i ta tional po ten tial of a nearby, co-orbiting
mas sive body, such as a rocket body, at the for ma tion cen ter. The base line mo tion of
the for ma tion el e ments is de scribed by the well-known Hill-Clohessy-Wiltshire equa -
tions, and the per turb ing ef fect of the large mass at the cen ter of the Hill’s frame is
highly de pend ent on the chief’s at ti tude. This de pend ence pro vides a means of con trol -
ling the po si tions of the for ma tion el e ments, and some meth ods for im ple ment ing that
con trol are in ves ti gated.

AAS 09 – 115
One-Dimensional Test bed for Cou lomb Con trolled Space craft

Carl R. Seubert and Hanspeter Schaub
Aero space En gi neering Sci ences De part ment, Uni ver sity of Col o rado, Boul der, Col o rado 80309.

This pa per dis cusses the pre lim i nary re sults of a novel test bed de vel oped to ex am -
ine rel a tive mo tion of craft us ing elec tro static or Cou lomb forces. The Cou lomb For ma -
tion Flight (CFF) con cept uses ac tive charge emis sion to con trol the nat u rally oc cur ring
space craft po ten tial in space to main tain de sired sep a ra tion dis tances. These forces are
on the or der of milli-Newtons and can strongly in flu ence rel a tive mo tion of geo sta tion -
ary sat el lites doz ens of me ters apart. Sim u lating such charged rel a tive mo tion in a ter -
res trial en vi ron ment is very chal leng ing. The test bed con sists of a non-conducting
one-dimensional hover track which can lev i tate a charged craft. With a sec ond ary
charged ob ject and the abil ity to change the po ten tial it is pos si ble to ac tu ate the sus -
pended craft and study the rel a tive mo tion due to charge. The chal lenges of de vel op ing
this first gen er a tion elec tro static ac tu a tion test bed are out lined, in clud ing the me chan ics
of con struct ing the hover track, sens ing the po si tion of the cart, lim it ing the air flow sup -
ply as well as de sign ing and im ple ment ing the cart which car ries an elec tro static charge. 
Grav ity dis tur bances are char ac ter ized and pre sented with test run data as well as pre -
lim i nary re sults dem on strat ing that the Cou lomb test bed suc cess fully achieves elec tro -
static rel a tive mo tion ac tu a tion.
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SES SION 3:  SPACE CRAFT GUID ANCE, NAV I GA TION, AND CON TROL 1
Chair:  Dr. James Turner, TAMU Aero space En gi neering

AAS 09 – 116
Space craft Con stel la tion Or bit Es ti ma tion Via a Novel Wire less Po si tioning Sys tem

Shu Ting Goh,* Ossama Abdelkhalilk* and Seyed A. Zekavat†

* MEEM De part ment, Mich i gan Tech. Uni ver sity, Hought on, Mich i gan 49931-1295, USA.

† ECE De part ment, Mich i gan Tech. Uni ver sity, Hought on, Mich i gan 49931-1295, USA.

In for ma tion fly ing, it is im por tant for all space craft to sus tain their or bit. The or -
bit can be main tained if the ab so lute po si tion of space craft can be es ti mated. This pa per 
in tro duces a novel Wire less Lo cal Po si tioning Sys tem (WLPS) that can be used to keep
the ab so lute po si tions of space craft in for ma tion fly ing. The WLPS en ables one space -
craft to lo cate other space craft’s rel a tive po si tion. Two sce nar ios that are two space craft 
and three space craft con fig u ra tions are con sid ered. Sim u la tions are con ducted to in ves ti -
gate the po ten tial of Ex tended Kalman Fil ter (EKF) to es ti mate the rel a tive po si tion of
space craft and in cor po rate it to main tain the ab so lute po si tion of the space craft. The
EKF sta bil ity us ing WLPS-only mea sure ment is com pared to the case when we also
take into ac count the mea sure ments taken by a ra dar sys tem in stalled on the earth ca pa -
ble of lo cal iz ing at least one space craft. The av er age root mean square er ror (RMSE)
per for mances of dif fer ent sce nar ios are com pared and the im pact of pa ram e ters such as
the mean rel a tive dis tance and the mean al ti tude is in ves ti gated.

AAS 09 – 117
A New Op ti mal Or bit Con trol for Two-Point Bound ary-Value Prob lem Using
Gen er ating Func tions

Mai Bando and Hiroshi Yamakawa
Re search In sti tute for Sus tain able Humanosphere, Kyoto Uni ver sity, Gokasho, Uji, Kyoto 611-0011,

Ja pan.

The op ti mal con trol prob lem of a space craft us ing im pul sive and con tin u ous thrust 
where the ter mi nal state and time in ter val are ex plic itly given is con sid ered. Using a re -
cently de vel oped tech nique based on Ham il ton-Jacobi the ory, we de velop a method to
ap prox i mate the so lu tion of the Ham il ton-Jacobi equa tion which can solve the two-point 
bound ary-value prob lem. The pro posed method is based on the suc ces sive ap prox i ma -
tion and Galerkin spec tral method with Chebyshev poly no mi als. This ap proach is ex -
pected to de rive the an a lyt i cal so lu tion of the op ti mal con trol prob lem in the large do -
main. Nu mer i cal sim u la tion is given to il lus trate the the ory.
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AAS 09 – 118
Im prove ment of Vi sion-Based Es ti ma tion Using Mul ti ple Vec tor Ob ser va tions

Daero Lee and Henry Pernicka
De part ment of Me chan i cal & Aero space En gi neering, Mis souri Uni ver sity of Sci ence & Tech nol ogy

Rolla, Mis souri 65409-0050, USA.

Mul ti ple (three or more) line-of-sight vec tor ob ser va tions are used to im prove rel a -
tive at ti tude and po si tion es ti ma tion per for mance for a pair of space craft pre par ing to
ren dez vous. Mul ti ple LOS vec tor ob ser va tions are gen er ated by stra te gi cally ar ray ing
bea cons on the chief space craft. An observability anal y sis of the six-degree-of-freedom
at ti tude and po si tion de ter mi na tion prob lem is used to ver ify the ef fec tive ness of the
bea con con fig u ra tions. An ex tended Kalman fil ter is used for the state es ti ma tion. In or -
der to eval u ate sim u la tion re sults, the norms of the at ti tude and po si tion er rors are nu -
mer i cally in te grated over thirty min utes of the fi nal ap proach ren dez vous phase.

AAS 09 – 119
Op ti mal Guid ance for Lunar As cent

Da vid G. Hull
Department of Aero space En gi neering and En gi neering Me chanics, Uni ver sity of Texas, Aus tin, Texas

78712-0235, USA.

The ob jec tives of this pa per are (a) to re view the an a lyt i cal so lu tion for the min i -
mum-time rocket trans fer with con stant thrust in a plane over a flat moon and (b) to use 
it in a sam ple and hold op ti mal guid ance scheme for or bital in ser tion. The gen eral so lu -
tion of the min i mum-time prob lem is de rived. Next, it is used to com pute the min i -
mum-time tra jec tory from the sur face of the moon to or bital in ser tion. Then, in op ti mal
guid ance, this so lu tion pro cess is used at each sam ple point to com pute a new op ti mal
con trol, and it is held con stant over the sam ple pe riod. Finally, flat moon guid ance is
adapted to a spher i cal moon.
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AAS 09 – 120
De sen si tizing the Min i mum-Fuel Powered De scent for Mars Pin point Landing

Haijun Shen, Hans Seywald and Rich ard W. Powell
An a lyt i cal Me chanics As so ci ates, Inc., Hampton, Vir ginia 23666, USA.

De sen si tized Op ti mal Con trol (DOC) meth od ol ogy is ap plied to the prob lem of
min i mum fuel pow ered de scent on Mars, in or der to re duce the land ing er rors in the
pres ence of un cer tain ties and per tur ba tions. Un like the con ven tional prac tice of de sign -
ing sep a rately the nom i nal tra jec tory and a feed back track ing con trol ler, DOC strat egy
in cor po rates the two de signs in syn ergy, de liv er ing better track ing per for mance. Within
this study, a point mass model with a uni form grav i ta tional field is used, with the en -
gine throt tle be ing the con trol vari able which is bounded be tween two non-zero set tings. 
Most dom i nat ing per tur ba tions dur ing the pow ered de scent stage are con sid ered, in clud -
ing the ini tial de liver er rors of the po si tion and ve loc ity, mid-course po si tion up date er -
rors, and the un cer tain ties on the en gine thrust. Lin ear Qua dratic Reg u la tor (LQR) tech -
nique is used to de sign the feed back con trol gains. In or der to re duce the like li hood of
the closed loop throt tle ex ceed ing the pre scribed bounds, a multi pli ca tive fac tor is ap -
plied to the feed back gains. In the mean time, sen si tiv i ties of the fi nal po si tion and ve -
loc ity with re spect to state per tur ba tions at all times are de rived, and aug mented onto
the min i mum fuel per for mance in dex through pen alty fac tors. As a re sult, the nom i nal
tra jec tory is re shaped from the well-known max i mum-minimum-maximum pro file with
lit tle ex tra fuel con sump tion such that the nom i nal throt tle is en cour aged to stay away
from the bounds. Monte-Carlo sim u la tions show that the oc cur rence of out of bound
throt tles are sig nif i cantly re duced, re sult ing in im proved land ing pre ci sion. LQR tech -
nique is also used to de sign feed back con trol laws to guide the lander to a dif fer ent tar -
get de tected dur ing the de scent, and Monte Carlo sim u la tions are per formed to ver ify
the per for mance of the al go rithm.

AAS 09 – 121
Fi nite Set Con trol Tran scrip tion for Op ti mal Con trol Ap pli ca tions

Stu art A. Stanton and Belinda G. Marchand
De part ment of Aero space En gi neering and En gi neering Me chanics, The Uni ver sity of Texas at Aus tin,

Texas 78712-0235, USA.

Pre vi ous ef forts ex plore an en hanced col lo ca tion method de signed to treat op ti mal
con trol ap pli ca tions in which con trol vari ables are con strained to fi nite sets of val ues.
Pres ently, the method is ap plied to sev eral aero space con trol prob lems to dem on strate
its util ity and ca pa bil ity. On-off ac tu a tion schemes are ide ally rep re sented with con -
strained con trol. The be hav ior of vari able-thrust ac tu a tors is mod eled by lim it ing con trol 
change rates to a fi nite space. So lu tions de rived are char ac ter ized as op ti mal switch ing
sched ules be tween fea si ble con trol val ues. The meth od ol ogy al lows con trol switches to
be de ter mined over a con tin u ous spec trum, over com ing many of the lim i ta tions as so ci -
ated with discretized so lu tions.
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AAS 09 – 122
Au ton o mous Op ti cal Lunar Nav i ga tion

Brian Crouse,* Renato Zanetti,* Chris D’Souza† and Pol D. Spanos‡

* The Charles Stark Draper Lab o ra tory, Hous ton, Texas, 77058, USA.

† Aeroscience and Flight Me chanics Di v., NASA John son Space Cen ter, Hous ton, Texas, 77058, USA.

‡ Dept. of Me chan i cal En gi neering and of Civil En g., Rice Uni ver sity, Hous ton, Texas 77005, USA.

The per for mance of op ti cal au ton o mous nav i ga tion is in ves ti gated for space craft in 
low lu nar or bits and highly el lip ti cal lu nar or bits. Var i ous op tions for em ploy ing the
cam era mea sure ments are pre sented and com pared. Strat egies for im prov ing nav i ga tion
per for mance are de vel oped and ap plied to the Orion ve hi cle lu nar mis sion.

AAS 09 – 123
Rigid Body In er tia Es ti ma tion with Ap pli ca tions to the Cap ture of a Tum bling
Sat el lite

Dan iel Sheinfeld and Ste phen Rock
De part ment of Aero nau tics and As tro nau tics, Stan ford Uni ver sity, Stan ford, Cal i for nia 94305, USA.

A frame work for rigid-body in er tia es ti ma tion is pre sented which is gen eral and
may be used for any rigid body un der go ing ei ther torque-free or non-torque-free mo -
tion. It is ap plied here to the case of a tum bling sat el lite. In cluded are a geo met ric in ter -
pre ta tion of the es ti ma tion prob lem which pro vides an in tu itive un der stand ing of when
to ex pect good es ti ma tion re sults and sim u la tion re sults to dem on strate the vi a bil ity of
the method.
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SES SION 4:  AT TI TUDE SENSING, ES TI MA TION, AND CAL I BRA TION 1
Chair:  Ken neth Wil liams, KinetX, Inc.

AAS 09 – 124
Par tial Disk Tracking Using Vi sual Snakes: Ap pli ca tion to Space craft Pose
Es ti ma tion

Rajtilok Chakravarty and Hanspeter Schaub
De part ment of Aero space En gi neering Sci ences, Uni ver sity of Col o rado, Boul der, Col o rado 80309, USA.

The abil ity to ac cu rately es ti mate the po si tion and ori en ta tion of one ob ject with
re spect to an other lies at the heart of many ground, air and space op er a tions. To this af -
fect, this pa per in ves ti gates a vi sion based strat egy to solve the rel a tive pose prob lem by 
track ing four in de pend ent spheres whose rel a tive ge om e try is known. The novel as pect
is that the sphere out lines do not need to be com plete to com pute a so lu tion. Rather, tar -
get seg ments are used to es ti mate the true ap par ent sphere cen ter and ra dius. The vi sion 
sen sor used is a cam era. The cam era is fixed to the ob ject whose pose is to be cal cu -
lated rel a tive to the spheres. It is as sumed that the po si tion and ori en ta tion of the cam -
era frame with re spect to the ob ject frame to which it is at tached, is known. The vi sion
sen sor is equipped with ac tive de form able con tour al go rithms (vi sual snakes), the out -
puts of which are used in the pro posed pose es ti ma tion al go rithm. Compared to ear lier
work which looked at cal cu lat ing the rel a tive pose based line of sight mea sure ments
only, this pa per also looks at in cor po rat ing depth es ti mates into the al go rithm, which
can lead to an im proved so lu tion. The pro posed method al lows for a unique so lu tion
with only three spheres, as op posed to four which is the min i mum needed if only line of 
sight mea sure ments are used.

AAS 09 – 125
Fast Ac cess and Low Mem ory Star Pair Cat a log for Star Iden ti fi ca tion

Da vid D. Needelman,* James P. Alstad,* Pe ter C. Lai† and Haytham M. Elmasri*

* Boe ing Space & In tel li gence Sys tems, El Segundo, Cal i for nia 90245, USA.

† The Aero space Cor po ra tion, El Segundo, Cal i for nia 90245, USA.

Star pat tern iden ti fi ca tion-based at ti tude de ter mi na tion has re sulted in de vel op ment 
of nu mer ous meth ods re lat ing to star in for ma tion da ta bases. At Boe ing, given an au ton -
o mous Lost-in-Space method based on iden ti fi ca tion of star pairs, we re quire a star pair
cat a log (da ta base with spec i fied star pairs) as well as a stan dard star cat a log (da ta base
with in for ma tion on in di vid ual stars). In this pa per, we dis cuss the cat a logs’ ar chi tec -
ture, size op ti mi za tion, meth ods for cat a log gen er a tion, and meth ods for on-board au -
ton o mous up dat ing of the cat a logs. We com pare our cat a logs’ struc tures with other pub -
lished struc tures and il lus trate by sim u lated re sults.
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AAS 09 – 126
The K-Vector ND and its Ap pli ca tion to Building a Non-Dimensional Star
Iden ti fi ca tion Cat a log

Benjamin B Spratling IV and Danielle Mortari
Dept. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

A multi-dimensional or thogo nal range-searching al go rithm (K-Vector ND) is pre -
sented. The al go rithm is an a lyzed and found to have an ex e cu tion time that is in de pend -
ent of the size of that da ta base, for well-distributed data sets. Nu mer i cal tests are per -
formed to de ter mine the per for mance ad van tage as com pared to a Quad-Tree for the
two-dimensional data set. Re sults range from break-even to a fac tor of 14, de pend ing
on the da ta base size. The K-Vector ND is then ap plied to the prob lem of build ing a
non-dimensional star-identification da ta base that con tains all vis i ble star tri ples. The
per for mance of the K-Vector ND al go rithm in that task is then com pared to a sim ple
nested loop, and found to range from break-even to a fac tor of 200, de pend ing on the
size of the da ta base.

AAS 09 – 127
Per for mance of Spin-Axis At ti tude Es ti ma tion Al go rithms With Real Data

Jozef C. van der Ha
De part ment of Aero nau tics & As tro nau tics, Kyushu Uni ver sity, Nishi-ku, Fukuoka 819-0395, Ja pan.

The pa per pres ents the ap pli ca tion of the Tanygin-Shuster (T-S) al go rithm for
spin-axis at ti tude de ter mi na tion. The sen sor data orig i nate from two sat el lites with dif -
fer ent or bit and at ti tude char ac ter is tics. The most ap pro pri ate data in ter vals are iden ti -
fied us ing cri te ria based on mea sure ment sen si tiv i ties. A min i mum-variance tech nique
is for mu lated for es tab lish ing the Earth as pect an gle from the mea sured chord an gles.
The at ti tude de ter mi na tion re sults are af fected by mea sure ment bi ases. The chain of
covariance trans for ma tions from the fun da men tal sen sor mea sure ment er rors to the fi nal 
at ti tude er ror is pre sented. The unit-vector nor mal iza tion, which is in her ent in the T-S
method, is ben e fi cial for the sta bil ity of the at ti tude de ter mi na tion re sults un der bi ases
for both sat el lites.

AAS 09 – 128
Time Tag Is sues in the Star Tracker and Gyro Data for ICESat Pre ci sion At ti tude
De ter mi na tion

Sungkoo Bae, Randall Ricklefs, Noah Smith and Bob Schutz
Cen ter for Space Re search, Uni ver sity of Texas at Aus tin, Texas 78712, USA.

We de scribe sev eral time tag prob lems for ICESat’s star track ers and gy ros. Prob -
lems in clude star tracker time tag shifts for one or more or bital pe ri ods, pe ri odic spikes
in the gyro rate, com pressed gyro data, and a gyro time tag bias. We dis cuss pos si ble
causes for each prob lem, the ef fects on ICESat at ti tude de ter mi na tion and point ing de -
ter mi na tion, and meth ods to han dle the prob lems and meet mis sion re quire ments.
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AAS 09 – 129
Using Quan tum Search Al go rithm in Fu ture Space craft At ti tude De ter mi na tion

Jack Tsai, F. Y. Hsiao and Y. J. Li
De part ment of Aero space En gi neering, Tamkang Uni ver sity, Tamsui 251, Tai wan, R.O.C.

In this pa per we study the po ten tial ap pli ca tion of quan tum search al go rithm to the 
space craft nav i ga tion with fo cus on at ti tude de ter mi na tion. Tra di tionally the at ti tude and 
or bit de ter mi na tion can be achieved by rec og niz ing the rel a tive po si tion/at ti tude to the
back ground stars us ing sun sen sors, earth limb sen sors, or star track ers. Due to the mas -
sive ce les tial da ta base, how ever, star pat tern rec og ni tion is a com pli cated and power
con sum ing job. We pro pose a new method of at ti tude and or bit de ter mi na tions by ap -
ply ing the quan tum search al go rithm to the search of a spe cific star or star pat tern. The
quan tum search al go rithm, pro posed by Grover in 1996, could search the spe cific data
out of an un struc tured da ta base con tain ing a num ber of N data in only O(√N) steps,
while it would take con ven tional com put ers to look through an av er age of N/2 steps. As 
a re sult, by tak ing the ad van tage of match ing a par tic u lar star in a vast ce les tial da ta -
base in very lim ited steps, we could ac quire the po si tion/at ti tude of the space craft rap -
idly for nav i ga tion, guid ance and con trol.

AAS 09 – 130
Nonsingular At ti tude Fil tering Using Mod ified Rodrigues Pa ram e ters

Chris to pher D. Karlgaard* and Hanspeter Schaub†

* An a lyt i cal Me chanics As so ci ates, Inc., Hampton Vir ginia 23666, USA.

† Aero space En gi neering Sci ences De pt ., Uni ver sity of Col o rado, Boul der, Col o rado, 80309-0431, USA.

A method to es ti mate the gen eral rigid body at ti tude us ing a min i mal Mod ified
Rodrigues Pa ram e ters (MRP) co or di nate set is pre sented. The sin gu lar ity avoid ance
technique is based on the ste reo graphic pro jec tion prop er ties of the MRP set, and makes 
use of a sim ple map ping re la tion ship be tween MRP rep re sen ta tions. Pre vi ous work has
used the MRP du al ity to avoid sin gu lar at ti tude de scrip tions but has ig nored the as so ci -
ated covariance trans for ma tion. This pa per pres ents a map ping to trans form the state
covariance ma trix be tween these two rep re sen ta tions as the at ti tude de scrip tion is
mapped be tween the two pos si ble MRP sets. Sec ond–or der covariance trans for ma tions
suit able for di vided dif fer ence fil ter ing are also pro vided. The MRP fil ter for mu la tion
based on ex tended Kalman fil ter ing and di vided is com pared with a stan dard multi pli ca -
tive quaternion Kalman fil ter in an ex am ple prob lem.
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SES SION 5:  IBEX SPE CIAL SES SION
Chair:  John Carrico, Ap plied De fense So lu tions

AAS 09 – 131
Mis sion De sign for the In ter stel lar bound ary Ex plorer (IBEX) Mis sion

Michelle Reno,* Ryan Ty ler,† Na than Schwadron‡ and Dave McComas**

* Aus tin Mis sion Con sulting, Aus tin, Texas 78701, USA.

† Or bital Sci ences Cor po ra tion, Dulles, Vir ginia 20166, USA.

‡ CAS As tron omy Dept., Boston Uni ver sity, Boston, Mas sa chu setts 02215, USA.

** Space Sci ence and En gi neering, South west Re search In sti tute, San An to nio, Texas 78238, USA.

The In ter stel lar Bound ary Ex plorer mis sion was suc cess fully launched on Oc to ber
19th, 2008. This mis sion was achieved with a small oc tag o nal space craft, launched on a
Peg a sus rocket. The IBEX space craft is a sun-pointed spin ner with 2 nar row an gle FOV 
sen sors spe cial ized to de tect neu tral at oms from the so lar sys tem’s outer bound aries and 
ga lac tic me dium. IBEX used a STAR-27 solid rocket mo tor and its own onboard pro -
pul sion sys tem to boost it self into a high al ti tude cislunar or bit. The or bit achieved is a
high ec cen tric ity or bit, ap prox i mately 48 Re apo gee by 20,000 Km ra dius peri gee. The
au thors de scribe the or bit, at ti tude, op er a tional, and hard ware se lec tions used to meet
the sci ence ob jec tives.

AAS 09 – 132
Prelaunch Tra jec tory Design and Anal y sis for the IBEX Mis sion

Mike Loucks,* John Carrico† and Ryan Ty ler‡

* Space Ex plo ra tion En gi neering Co., Fri day Har bor, Wash ing ton 98250, USA.

† Ap plied De fense So lu tions, Inc., Fulton, Mary land 20759, USA.

‡ Or bital Sci ences Cor po ra tion, Dulles, Vir ginia 20166, USA.

The In ter stel lar Bound ary Ex plorer mis sion was suc cess fully launched on Oc to ber
19th, 2008. In this pa per the au thors de scribe the tra jec tory de sign and anal y sis that en -
abled IBEX to meet its sci ence ob jec tives. The au thors give de tails on the as cent pro -
files used to trans fer from the ini tial or bit to the fi nal or bit with flex i bil ity to ac count
for launch dis per sions. The or bit mod el ing and tar get ing meth od ol o gies used to plan the 
two-year base line or bit are pre sented, in clud ing the tech niques to con trol the un sta ble
na ture of the highly el lip ti cal 8-day pe riod cislunar or bit. De tails of the launch win dow
anal y sis, sta tion-keeping plans, and col li sion avoid ance anal y sis are also pre sented.
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AAS 09 – 133
Prelaunch Or bit De ter mi na tion Design and Anal y sis for the IBEX Mis sion

John Carrico,* Mike Loucks† and Lisa Policastri*

* Ap plied De fense So lu tions, Inc., Fulton, Mary land 20759, USA.

† Space Ex plo ra tion En gi neering Co., Fri day Har bor, Wash ing ton 98250, USA.

The In ter stel lar Bound ary Ex plorer mis sion was suc cess fully launched on Oc to ber
19th, 2008. This pa per de scribes the prelaunch anal y sis per formed to en able real-time
or bit ac cu racy to meet mis sion re quire ments. The re sults of sim u la tions of var i ous mea -
sure ment types and sched ules are pre sented. These sim u la tions in cluded the as cent ma -
neu ver mod els and un cer tainty in per for mance. The au thors also pres ent how real ob ser -
va tions from other space craft were used to char ac ter ize the track ing plans prior to
launch. De tails are given on the anal y sis for the launch and early or bit phase as well as
the nom i nal op er a tions.

AAS 09 – 134
Tra jec tory Design Op er a tions for the IBEX Mis sion

Mike Loucks,* John Carrico,† Marco Concha† and Tim o thy Craychee†

* Space Ex plo ra tion En gi neering Co., Fri day Har bor, Wash ing ton 98250, USA.

† Ap plied De fense So lu tions, Inc., Fulton, Mary land 20759, USA.

The In ter stel lar Bound ary Ex plorer mis sion was suc cess fully launched on Oc to ber
19th, 2008. The au thors pres ent the tech niques used in op er a tions to plan the tra jec tory
as cent ac count ing for launch and ma neu ver dis per sions. The au thors give the re sults of
ma neu ver plan ning and cal i bra tion, and re con struc tion of the launch and solid rocket
mo tor fir ing. The mod els and al go rithms used to plan the mul ti ple-maneuver phas ing
loop as cent are de scribed, as well as de tails of how the fi nal mis sion or bit was
achieved. The au thors pres ent how Monte Carlo anal y sis was used in op er a tions to en -
sure that the sci ence ob jec tives would be met over the two-year mis sion life time.

AAS 09 – 135
Or bit De ter mi na tion Op er a tions for the In ter stel lar Bound ary Ex plorer

Lisa Policastri,* John Carrico,* Tim o thy Craychee,* Tom John son,† James Wood burn†

* Ap plied De fense So lu tions, Fulton, Mary land 20759, USA.
† An a lyt i cal Graph ics Inc., Exton, Penn syl va nia 19341, USA.

The In ter stel lar Bound ary Ex plorer (IBEX) suc cess fully launched on Oc to ber 19,
2008. The or bit de ter mi na tion tech niques ap plied proved to be ef fec tive and met the
unique needs of the highly el lip ti cal IBEX tra jec tory. Dur ing the early op er a tions phase
of this mis sion, par tic u lar or bit es ti ma tion chal lenges were ad dressed in clud ing or bit
rais ing phas ing loops, the ma neu vers in volved, and in mod el ing the track ing sys tem, its
un cer tain ties, and bi ases, while meet ing the real-time op er a tional sched ule. In ad di tion,
the real-time po si tion and ve loc ity covariance es ti mate was di rectly ap plied op er a tion -
ally. In this pa per, the or bit de ter mi na tion pro cesses from launch through rou tine op er a -
tions are fully de scribed and the re sults are pre sented.
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AAS 09 – 136
Ef fect of IBEX Spinning At ti tude on Dopp ler Ob ser va tions

James Wood burn,* Tom John son,* Vin cent Coppola,* John Carrico,† Lisa Policastri†

* An a lyt i cal Graph ics, Inc., Exton, Penn syl va nia 19341, USA.

† Ap plied De fense So lu tions, Fulton, Mary land 20759, USA.

The pri mary ob ser va tion type for or bit de ter mi na tion for the IBEX space craft is
ground based two-way Dopp ler. Dur ing early op er a tions, IBEX was spin ning at 22 to
60 RPM. The an tenna used for tak ing Dopp ler ob ser va tions is off set from the space craft 
spin axis which re sulted in a high fre quency os cil la tion in the Dopp ler data that was or -
ders of mag ni tude larger than the noise level of the ob ser va tions. A low pass fil ter was
de signed to re move the high fre quency con tent from the Dopp ler sig na ture. The mod i -
fied ob ser va tions were val i dated via sim u la tion prior to ap pli ca tion of the tech nique to
the real track ing data.

SES SION 6:  OR BIT DY NAM ICS 1
Chair:  Dr. James Gearhart, Or bital Sci ences Cor po ra tion

AAS 09 – 137
A Cubed Sphere Grav ity Model for Fast Or bit Prop a ga tion

Brandon A. Jones,* George H. Born* and Greg ory Beylkin†

* Col o rado Cen ter for Astrodynamics Re search, Uni ver sity of Col o rado, Boul der, Col o rado 80309, USA.

† De part ment of Ap plied Math e mat ics, Uni ver sity of Col o rado, Boulder, Col o rado 80309, USA.

The cubed sphere model of the grav ity field maps the pri mary body to the sur face
of a seg mented cube, with a ba sis de fined on the cube sur face for in ter po la tion pur -
poses. As a re sult, the model de creases or bit prop a ga tion time and pro vides a lo cal ized
grav ity model. This pa per pro vides a brief de scrip tion of the cubed sphere model, which 
is cur rently de rived from the spher i cal har mon ics. Early tests of the in te gra tion con stant 
did not meet re quire ments, thus the model was re con fig ured to im prove ac cu racy. A de -
tailed char ac ter iza tion of the model was then per formed to pro file agree ment with the
base model. The new model closely ap prox i mates the spher i cal har mon ics with or bits
de vi at ing by a frac tion of a mil li me ter at or above fea si ble Earth-centered al ti tudes.
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AAS 09 – 138
A Nonsingular Ap proach in Sat el lite Theory

Giorgio E. O. Giacaglia* and Bob E. Schutz†

* Professor, Grad u ate Pro gram in Me chan i cal En gi neering, Uni ver sity of Taubaté, Brazil.

† Dept. of Aero space En gi neering and En gi neering Me chanics, Cen ter for Space Re search, Uni ver sity of

Texas at Aus tin, Texas 78712, USA.

Nonsingular dif fer en tial equa tions for the vari a tion of vari ables sug gested by
Lagrange for the mo tion of an ar ti fi cial sat el lite un der the in flu ence of the Earth grav i -
ta tional field are de vel oped keep ing the usual or bital el e ments. It is shown that no sin -
gu lar i ties are pres ent in these equa tions ex cept for the case of a ret ro grade equa to rial or -
bit. Equa tions are de vel oped for sec u lar, long pe riod and short pe riod per tur ba tions. The 
ad van tage of re tain ing the usual or bital el e ments is to avoid a com plex and cum ber some 
form of the equa tions.

AAS 09 – 139
An a lytic Con struc tion of Pe ri odic Or bits in the Cir cu lar Re stricted Three Body
Prob lem With Small Mass Pa ram e ter

Mo ham med Ghazy and Brett Newman
Dept. of Aero space En gi neering, Old Do min ion Uni ver sity, Nor folk, Vir ginia 23529.

An a lyt i cal so lu tions for three body mo tion are sparse in the lit er a ture but still
sought for many rea sons. In this pa per, an an a lytic so lu tion for mo tion of the third body 
in a cir cu lar or bit in the plane of mo tion of the two pri ma ries is in tro duced, for small
mass pa ram e ter and when the mo tion is in the vi cin ity of one of the two pri ma ries. In
this case, the Jacobi func tion al lows im ple men ta tion of Legendre poly no mi als, and the
Jacobi in te gral equa tion is re duced to the Legendre nor mal form of an el lip tic in te gral.
A closed form ex pres sion for the pe riod of mo tion is for mu lated and ex pres sions for co -
or di nates as func tions of time are also in tro duced. The speed of the third body is found
to be non uni form along the path. The ob tained so lu tion gives in sights into the phys ics
of the three body prob lem. This so lu tion can be used as a gen er at ing or bit for pur poses
of nu mer i cal or an a lyt i cal con tin u a tion of pe ri odic or bits in three body sys tems in
which mass pa ram e ter is close but not equal to zero.
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AAS 09 – 140
Bézier Rep re sen ta tion of An a lyt i cal Func tions

Troy A. Henderson,* Ashraf Ibrahim† and Daniele Mortari*

* Department of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843, USA.

† De part ment of Math e mat ics, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843, USA.

This pa per pro vides a meth od ol ogy to op ti mally ap prox i mate an a lyt i cal func tions
with non-rational and ra tio nal Bézier curves. The great flex i bil ity of Bézier curves is
here high lighted by di rect com par i son with Padé ra tio nal ap prox i ma tion of an a lyt i cal
func tions and other meth ods where ap pro pri ate. Cur rent re sults show a non-questionable 
su pe ri or ity of Bézier ra tio nal ap prox i ma tion with re spect to Padé rep re sen ta tions. There
are sev eral po ten tial ap pli ca tions of the pro posed the ory (e.g., in op ti mal con trol) which 
will fol low in sub se quent pa pers. In gen eral, wher ever Padé ap prox i ma tion is adopted to 
ap prox i mate an a lyt i cal func tions, it can be sub sti tuted by Bézier rep re sen ta tions.

AAS 09 – 141
Nearly Cir cu lar Equa to rial Or bits of a Sat el lite About an Ob late Body With
At mo sphere

Thomas Carter* and Mayer Humi†

* De part ment of Math e mat ics, East ern Con nect i cut State Uni ver sity, Willimantic, Con nect i cut 06226.

† Pro fes sor of Math e mat ics, Worces ter Poly tech nic In sti tute, Worces ter, Mas sa chu setts 01609.

This pa per stud ies nearly cir cu lar equa to rial or bits of sat el lites in the grav i ta tional
field of an ob late body that in cludes the J2 term and Qua dratic drag. We de rive an a lytic 
ex pres sions for the or bit of a sat el lite un der these con di tions even if the lo cal at mo -
spheric den sity is pro vided in tab u lar form. This work in cludes four dis tinct at mo -
spheric den sity mod els. A closed-form so lu tion of the or bit equa tion for each model is
com pared with the nu mer i cal in te gra tion of the ex act or bit equa tion dis clos ing the ac cu -
racy of the an a lytic so lu tion that fol lows from each model. The sim u la tions re veal some 
highly ac cu rate re sults.
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AAS 09 – 142
PPKBZ9A,SA Two Or bit Prop a ga tors Based on an An a lyt i cal Theory

Juan F. San-Juan
CIEMUR-Dept. of Maths and Com pu ta tion, Uni ver sity of La Rioja, Logroño, Spain.

In the con text of gen eral per tur ba tion the o ries, we an a lyze the mo tion of an ar ti fi -
cial sat el lite around an Earth-like planet per turbed by the first eight zonal har monic co -
ef fi cients. By means of two Lie trasforms and the Krylov-Bogoliubov-Mitropolsky
method we pro duce a closed-form sec ond-order an a lyt i cal the ory. Ex cept for the crit i cal 
in cli na tion, this the ory is valid for small ec cen tric i ties and in cli na tions. Two or bit prop -
a ga tors are de rived from the an a lyt i cal the ory. The first one, PPKBZ9A, is com pletely
an a lyt i cal while the sec ond one, PPKBZ9SA, is based on nu mer i cal meth ods that com -
pute the trans for ma tion of the vari ables. Pre dic tion ac cu racy given by the or bit prop a ga -
tor pro grams is in ves ti gated by us ing data of dif fer ent types of Earth and Mars or bit ers.
PPKBZ9A can be also used by means of a friendly Web In ter face in
Astrody(Web/Tools) Web Site.

AAS 09 – 143
Evo lu tion Strat egies for Com puting Pe ri odic Or bits

Alberto Abad and An to nio Elipe
Grupo de Mecánica Espacial-IUMA, Uni ver sity of Zaragoza, 50009 Zaragoza, Spain.

An evo lu tion strat egy al go rithm be long ing to the gen eral field of ge netic al go -
rithms is de vel oped to de tect pe ri odic or bits in dy nam i cal prob lems. The al go rithm is
ap plied to the prob lem of mo tion of a par ti cle un der the grav i ta tional field of a solid
cir cu lar wire.
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SES SION 7:  LOW THRUST MIS SION AND TRA JEC TORY DE SIGN
Chair:  Dr. Ryan Rus sell, Geor gia In sti tute of Tech nol ogy

AAS 09 – 145
An Ef fi cient Method for Com puting Near-Optimal, Low-Thrust Earth-Orbit
Trans fers

Craig A. Kluever
Me chan i cal and Aero space En gi neering De part ment, Uni ver sity of Mis souri-Columbia, Co lum bia,

Mis souri 65211 USA.

A new low-thrust tra jec tory op ti mi za tion tool has been de vel oped. This method
can quickly ob tain min i mum-time, three-dimensional Earth-orbit trans fers, and can ac -
com mo date Earth-shadow ef fects. Two key fea tures im prove the com pu ta tional speed
and con ver gence prop er ties of the op ti mi za tion tech nique: (1) the use of a sim ple, it er a -
tive scheme for gen er at ing a good ini tial guess for the tra jec tory-shaping pa ram e ters,
and (2) the use of a sim pli fied Earth-shadow model. An it er a tive ini tial-guess gen er a tor
im proves a pre lim i nary set of tra jec tory-shaping pa ram e ters that are based on Edel-
baum’s clas sic an a lytic method (and ex ten sions to Edelbaum’s orig i nal work) for op ti -
miz ing quasicircular trans fers. The sub se quent pa ram e ter op ti mi za tion prob lem in volves 
a small set of free op ti mi za tion vari ables (less than ten), and the nu mer i cal search rap -
idly con verges to an op ti mal so lu tion. Sev eral nu mer i cal tri als dem on strate the ac cu racy 
and run-time per for mance of the new op ti mi za tion method. This pre lim i nary anal y sis
sug gests that the new ef fi cient op ti mi za tion method would be a use ful tool for mis sion
and space craft de sign ers.

AAS 09 – 146
Ap pli ca tions of Con straint Sta bi li za tion to Low-Thrust Mis sion Design

Iman Alizadeh and Benjamin Villac
Me chan i cal and Aero space De part ment, Henry Samueli School of En gi neering, Uni ver sity of Cal i for nia,

Irvine, Cal i for nia 92617.

The de sign and anal y sis of low-thrust trans fers in a mis sion de sign con text gen er -
ally in volves sev eral tasks, such as pre lim i nary de sign and trade-studies in low- or me -
dium-fidelity mod els, op ti mi za tion into a high-fidelity model and the de sign of a nav i -
ga tion and guid ance scheme. While op ti mal con trol has proved to be an ef fec tive tool to 
ad dress these is sues, the com ple men tary use of suboptimal meth ods for the first two
tasks, such as shape-based meth ods or Q-laws, ac cel er ates the de sign pro cess that ul ti -
mately con verge to ward a sat is fy ing nom i nal de sign. In this pa per, we pro pose a close-
loop re for mu la tion and an ex ten sion of shape-based meth ods in the set ting of con straint
sta bi li za tion meth ods to pro vide a sim ple and ef fec tive tool to ad dress the trans for ma -
tion of a low-fidelity de sign into a higher fi del ity model and the de sign of a guid ance
law. This gen er al iza tion also pro vides fur ther flex i bil ity in ap ply ing shape-based meth -
ods for the pre lim i nary de sign tasks. The method is dem on strated in the case of trans -
fers be tween cir cu lar or bits bound to the Earth.
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AAS 09 – 147
Design Con cept and Modeling of an Ad vanced Solar Photon Thruster

Bernd Dachwald* and Pat rick Wurm†

* De part ment of Aero space Tech nol ogy, FH Aachen Uni ver sity of Ap plied Sci ences, 52064 Aachen,

Ger many.

† In sti tute of Aero nau tics and As tro nau tics, RWTH Aachen Uni ver sity, 52062 Aachen, Ger many.

The so-called “com pound so lar sail”, also known as “So lar Pho ton Thruster”
(SPT), holds the po ten tial of pro vid ing sig nif i cant per for mance ad van tages over the flat
so lar sail. Pre vi ous SPT de sign con cepts, how ever, do not con sider shad ow ing ef fects
and mul ti ple re flec tions of highly con cen trated so lar ra di a tion that would in ev i ta bly de -
stroy the gos sa mer sail film. In this pa per, we pro pose a novel ad vanced SPT (ASPT)
de sign con cept that does not suf fer from these over sim pli fi ca tions. We pres ent the equa -
tions that de scribe the thrust force act ing on such a sail sys tem and com pare its per for -
mance with re spect to the con ven tional flat so lar sail.

AAS 09 – 148
Design of Op ti mal Low-Thrust Lunar Pole-Sitter Mis sions

Dan iel J. Grebow, Mar tin T. Ozimek and Kathleen C. Howell
School of Aero nau tics and As tro nau tics, Purdue Uni ver sity, West La fay ette, In di ana 47907-2045, USA.

Using a thruster sim i lar to Deep Space 1’s NSTAR, pole-sitting low-thrust tra jec -
to ries are dis cov ered in the vi cin ity of the L1 and L2 libration points. The tra jec to ries
are com puted with a sev enth-degree Gauss-Lobatto col lo ca tion scheme that au to mat i -
cally po si tions thrust ing and coast ing arcs, and aligns the thruster as nec es sary to sat isfy 
the prob lem con straints. The tra jec to ries ap pear to lie on slightly de formed sur faces cor -
re spond ing to the L1 and L2 halo or bit fam i lies. A col lo ca tion scheme is also de vel oped
that first in cor po rates spi ral ing out from low-Earth or bit, and fi nally spi ral ing down to a 
sta ble lu nar or bit for con tin ued un con trolled sur veil lance of the lu nar south pole. Using
di rect tran scrip tion, the pole-sitting cov er age time is max i mized to 554.18 days, and the 
min i mum el e va tion an gle as so ci ated with the op ti mal tra jec tory is 13:0°.

AAS 09 – 149
Withdrawn
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AAS 09 – 150
Low-Thrust Con trol of Lu nar Or bits

Na than Harl and Henry J. Pernicka
De part ment of Me chan i cal and Aero space En gi neering, Rolla, Mis souri 65409-0050.

A method is pre sented for the con trol of lu nar or bit ers us ing con tin u ous low-thrust 
pro pul sion. While the pro posed ap proach is fairly gen eral and could be use ful for a va -
ri ety of mis sion sce nar ios, in this work it is ap plied to the par tic u lar case of ob tain ing a
lu nar Sun-synchronous or bit for use in a lu nar map ping mis sion. Using op ti mal con trol
the ory, it is shown that a lu nar or bit can be ob tained that is low-altitude, near-polar, and 
Sun-synchronous. The anal y sis of the op ti mal con trol prob lem leads to the com monly
seen two-point bound ary value prob lem, which is solved us ing an in di rect shoot ing al -
go rithm.

AAS 09 – 151
Multiobjective Op ti mi za tion of Low-Thrust Tra jec tories Using a Ge netic
Al go rithm Hy brid

Mat thew A. Vavrina* and Kathleen C. Howell†

* School of Aero nau tics and As tro nau tics, Purdue Uni ver sity, Cur rently: Boe ing Re search and

Tech nol ogy, Se at tle, Wash ing ton 98124, USA.

† School of Aero nau tics and As tro nau tics, Purdue Uni ver sity, West La fay ette, In di ana 47907. USA.

In low-thrust, grav ity-assist tra jec tory de sign, two ob jec tives are of ten equally im -
por tant: max i mi za tion of fi nal space craft mass and minimization of time-of-flight. Gen -
erally, these ob jec tives are cou pled and com pet ing. De signing the tra jec tory that is best- 
suited for a mis sion typ i cally re quires a com pro mise be tween the ob jec tives. How ever,
op ti miz ing even a sin gle ob jec tive in the com plex de sign space of low-thrust, grav -
ity-assist tra jec to ries is dif fi cult. The tech nique in this de vel op ment hy brid izes a multi-
ob jec tive ge netic al go rithm (NSGA-II) and an ef fi cient, cal cu lus-based di rect method
(GAL LOP). The hy brid al go rithm cap i tal izes on the ben e fits of both meth ods to gen er -
ate a rep re sen ta tion of the Pareto front of near-globally op ti mal so lu tions.

AAS 09 – 152
Tra jec tory to the Or bit Largely In clined with the Eclip tic Plane by Way of
Elec tric Pro pul sion Delta-V Earth Grav ity Assist

Yasuhiro Kawakatsu, Hitoshi Kuninaka and Kazutaka Nishiyama
JAXA/ISAS, 3-1-1, Yoshinodai, Sagamihara, Kanagawa, 229-8510, Ja pan.

The study on the post-HINODE So lar Ob ser va tion Mis sion has been started by
mem bers in the So lar phys ics com mu nity. One can di date of the mis sion tar gets on the
ob ser va tion of the high lat i tude re gion of the Sun, which re quires the in jec tion of the
space ob ser va tory (space craft) into the or bit largely in clined with the eclip tic plane. Re -
ported in this pa per are the tra jec tory de sign re sults for this or bit trans fer, which con -
tains a se quen tial ap pli ca tion of the Elec tric Pro pul sion Delta-V Earth Grav ity As sist
(EDVEGA) pro ce dure.
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SES SION 8:  OR BIT DY NAM ICS 2
Chair:  Dr. Fe lix Hoots, The Aero space Cor po ra tion

AAS 09 – 153
Dis placed Pe ri odic Or bits with Low-Thrust Pro pul sion in the Earth-Moon Sys tem

Jules Simo and Colin R. McInnes
De part ment of Me chan i cal En gi neering, Uni ver sity of Strath clyde, Glas gow G1 1XJ, United King dom.

So lar sail ing and so lar elec tric tech nol ogy pro vide al ter na tive forms of space craft
pro pul sion. These pro pul sion sys tems can en able ex cit ing new space-science mis sion
con cepts such as so lar sys tem ex plo ra tion and deep space ob ser va tion. The aim of this
work is to in ves ti gate new fam i lies of highly non-Keplerian or bits, within the frame of
the Earth-Moon cir cu lar re stricted three-body prob lem (CRTBP), where the third mass -
less body uti lizes a hy brid of so lar sail and a so lar elec tric thruster. The aug mented
thrust ac cel er a tion is ap plied to en sure a con stant dis place ment pe ri odic or bit above L2,
lead ing to sim pler track ing from the lu nar sur face for com mu ni ca tion ap pli ca tions.
Using an ap prox i mate, first or der an a lyt i cal so lu tion to the non lin ear non-autonomous
or di nary dif fer en tial equa tions, pe ri odic or bits can be de rived that are dis placed above/
be low the plane of the CRTBP.

AAS 09 – 154
Fast Or bit Prop a ga tion With out Solving Kep ler’s Equa tion

Daniele Mortari,* Jeremy Da vis* and Chris tian Bruccoleri†

* De pt. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

‡ StarVision Tech nol ogies Inc., Col lege Sta tion, Texas 77845, USA.

A pre dic tor-corrector ap proach is used for or bit prop a ga tion with out solv ing Kep -
ler’s equa tion. The value of the ec cen tric anom aly is es ti mated un der a con stant time in -
ter val con straint by lin ear or qua dratic ap prox i ma tions and then cor rected us ing a sin gle 
New ton-Raphson or Halley it er a tion. Nu mer i cal tests show that the qua dratic prop a ga -
tion with the Halley cor rec tion has an ac cu racy com pa ra ble with the ma chine er ror for
the el lip tic and hy per bolic cases. Two very ac cu rate ap proaches push ing el lip ti cal and
hy per bolic for mu la tions to near par a bolic (e.g. e = 0:99999), have been de vel oped. The
pro posed method has con stant com plex ity (it is not it er a tive), does not re quire pre-
com puted data, and can be im ple mented in just two lines of code.
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AAS 09 – 155
Grav i ta tional Po ten tial of a Mas sive Disk

A. Elipe,* E. Tresaco* and A. Riaguas†

* Grupo de Mecánica Espacial-IUMA, Universidad de Zaragoza, 50009 Zargoza, Spain.

† Grupo de Mecánica Espacial, Universidad de Valladolid, 42004 Soria, Spain.

This ar ti cle stud ies the main fea tures of the dy nam ics around a mas sive an nu lar
disk. The first part ad dresses the dif fi cul ties find ing an ap pro pri ated ex pres sion of the
grav i ta tional po ten tial of a mas sive disk, which will be used later on to de fine the dif -
fer en tial equa tions of mo tion of our dy nam i cal sys tem, and for the al go rithms com put -
ing fam i lies of pe ri odic or bits. The sec ond part of the ar ti cle de scribes the dy nam ics of
a par ti cle or bit ing around a mas sive an nu lar disk by means of a de scrip tion of the main
fam i lies of pe ri odic or bits, their bi fur ca tions and lin ear sta bil ity.

AAS 09 – 156
Iden ti fi ca tion of Non-Chaotic Ter mi na tor Or bits Near 6489 Golevka

Ste phen B. Broschart* and Benjamin F. Villac†

* Jet Pro pul sion Lab o ra tory, Cal i for nia In sti tute of Tech nol ogy, Pas a dena, Cal i for nia 91109, USA.

† De part ment of Me chan i cal and Aero space En gi neering, Uni ver sity of Cal i for nia, Irvine, Cal i for nia

92697-3975, USA.

Ter mi na tor or bits are an at trac tive class of quasi-periodic or bits for mis sions to
small bod ies be cause they ex hibit sta ble be hav ior in the pres ence of a strong so lar ra di -
a tion pres sure per tur ba tion and ro bust ness against un cer tainty in the grav i ta tional en vi -
ron ment. Here, a nu mer i cal pro ce dure is dem on strated for ex tract ing long-term sta bil ity
char ac ter is tics of ter mi na tor or bit dy nam ics. This ap proach yields a quan ti ta tive de scrip -
tion of the re gion in state space that re sults in long-term sta ble ter mi na tor or bit dy nam -
ics in a high-fidelity dy nam i cal model. These body-specific re sults com ple ment the
more gen er al ized an a lyt i cal re sults by pro vid ing more de tail on the or bit sta bil ity prop -
er ties in a par tic u lar sit u a tion of in ter est and sta bil ity in for ma tion when the im plicit as -
sump tions of the an a lyt i cal re sults do not ap ply.
      The pro ce dure first iden ti fies pe ri odic or bits in the aug mented Hill prob lem nu mer i -
cally, then eval u ates the long-term be hav ior of nearby ini tial con di tions us ing the Fast
Lyapunov In di ca tor of chaoticity in a high-fidelity dy nam i cal model that in cludes so lar
ra di a tion pres sure, an el lip ti cal he lio cen tric small-body or bit, and a ir reg u lar ro tat ing
small-body grav ity field. The pro ce dure is suc cess fully dem on strated on a model of the
as ter oid 6489 Golevka and re sults are com pared with ex ist ing an a lyt i cal re sults. This
ap proach also has ap pli ca tion to the study of or bit ing par ti cles and moons.
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AAS 09 – 157
Lunar An a lyt i cal Theory for Po lar Or bits in a 50-Degree Zonal Model

Mar tin Lara,* Sebastián Ferrer† and Ber nard De Saedeleer‡

* Ephemerides sec tion, Real Observatorio de la Ar mada, 11110 San Fernando, Spain.

† Dep. Matemática Aplicada, Uni ver sity of Murcia, 30071 Espinardo, Spain.

‡ Redu Space Ser vices S.A., B-6890 Redu, Bel gium.

Low-altitude or bit ers about the moon re quire full po ten tial fields for ac cu rate mod -
el ing. There fore, an a lyt i cal the o ries are usu ally dis carded in the pre lim i nary mis sion de -
sign of close lu nar or bit ers for the huge for mal ex pres sions that need to be han dled.
How ever, spe cific ap pli ca tions al low for cer tain re duc tion. This is the case of po lar or -
bits, where a re ar range ment of the per turb ing func tion makes it pos si ble to carry out
dra matic sim pli fi ca tions that al low us to cope with fifty zonal har mon ics an a lyt i cally.
The the ory re flects the real long-term be hav ior of low-altitude, po lar, lu nar or bit ers and
may be use ful in pre lim i nary mis sion de sign.

AAS 09 – 158
Com pu ta tion and Ap pli ca tions of an Or bital Dy namics Symplectic State Tran si tion 
Ma trix

Yuichi Tsuda* and Dan iel J. Scheeres†

* In sti tute of Space and Astronautical Sci ence/Ja pan Aero space Ex plo ra tion Agency, 3-1-1, Yoshinodai,

Sagamihara, Kanagawa 229-8510, Ja pan.

‡ Uni ver sity of Col o rado, Boul der, Col o rado 80309, USA.

This pa per pres ents a nu mer i cal method for de riv ing a symplectic state tran si tion
ma trix for an ar bi trary Hamiltonian dy nam i cal sys tem. It pro vides the ex act so lu tion
space map ping of the linearized Hamiltonian sys tems, pre serv ing the symplectic struc -
ture that all Hamiltonian sys tems should pos sess by na ture. The symplectic state tran si -
tion ma trix can be ap plied to ac cu rate, yet computationally ef fi cient dy namic fil ters,
long-term propagations of the mo tions of for ma tion fly ing space craft and the eigen-
struc ture/man i fold anal y sis of N-body dy nam ics etc., when the ex act struc ture-pre serv -
ing prop erty is cru cial. We pres ent the der i va tion and key char ac ter is tics of the sym-
plectic state tran si tion ma trix, and ap ply it to the two-body dy nam ics, cir cu lar re stricted
three-body prob lem and to an Earth or bit with per tur ba tion forces based on the real
ephemeris. These nu mer i cal ex am ples re veal that this nu mer i cal symplectic state tran si -
tion ma trix shows im prove ments in pre serv ing the struc tural prop er ties of the state tran -
si tion ma trix as com pared with the con ven tional lin ear state tran si tion ma trix with Eu ler 
or Runge-Kutta in te gra tions.
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AAS 09 – 159
The IAU 2000A and IAU 2006 Pre ces sion-Nutation The ories and Their
Im ple men ta tion

Vin cent Coppola,* John H. Seago* and Da vid A. Vallado†

* An a lyt i cal Graph ics, Inc., Exton, Penn syl va nia 19341-2380, USA.

† Cen ter for Space Stan dards and In no va tion, Col o rado Springs, Col o rado 80920, USA.

The IAU 2000A pre ces sion-nutation the ory re lates the In ter na tional Ce les tial Ref -
er ence Frame to the In ter na tional Ter res trial Ref er ence Frame and has been ef fec tive
since Jan u ary 2003. In 2006, the IAU moved to adopt a more dy nam i cally con sis tent
pre ces sion model to com ple ment the IAU 2000A nutation the ory. This up date – de -
scribed as IAU 2006 pre ces sion in the 2009 As tro nom i cal Al ma nac – is ef fec tive Jan u -
ary 2009. Now there are mul ti ple nu mer i cal stan dards re lat ing the ICRF and ITRF pre -
cise to within a few ìas. In this pa per, the im pact of al ter na tive (yet ac cept able) ITRF-
to-ICRF trans for ma tions is dis cussed, and an op er a tional al ter na tive is also pro posed
that is computationally faster and eas ier to main tain, while pre serv ing pre ci sion.

SES SION 9:  SPACE CRAFT GUID ANCE, NAV I GA TION, AND CON TROL 2
Chair:  Dr. Moriba Jah, Air Force Re search Lab o ra tory

AAS 09 – 160
De signing an In ter plan e tary Au ton o mous Space craft Nav i ga tion Sys tem Using
Vis i ble Planets

Reza Ray mond Karimi and Daniele Mortari
Dept. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

Du al ity ex ists be tween the prob lem of or bit de ter mi na tion from line-of-sight mea -
sure ments and the prob lem of de sign ing an in ter plan e tary au ton o mous nav i ga tion sys -
tem. While the first prob lem es ti mates the ob served body or bit us ing the ob server or bit
knowl edge, the sec ond prob lem does ex actly the op po site. How ever, in an in ter plan e -
tary nav i ga tion prob lem, in ad di tion to the mea sure ment noise we need to con sider (1)
the light-time ef fect due to the fi nite value of the speed light and (2) the ab er ra tion of
light (also re ferred to as the as tro nom i cal ab er ra tion), which has been here con sid ered
by in clud ing also the con tri bu tion given by the re stricted (spe cial) rel a tiv ity. These two
ef fects re quire mod i fi ca tion of the clas sic or bit es ti ma tion prob lem. This pa per shows
how to ex tend or bit de ter mi na tion meth ods of Gauss and the tech nique de vel oped by
the cur rent au thors [1] (a Gauss-based tech nique) when ob serv ing dis tant plan ets. The
re sults show that the ac cu racy pro vided by our tech nique is higher than those pro vided
by Gauss’ method.

AAS 09 – 161
With drawn
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AAS 09 – 162
Op ti mal Au ton o mous Or bit Con trol Of Re mote Sensing Space craft

Sergio De Florio and Simone D’Amico
Space Flight Tech nol ogy De part ment, Ger man Aero space Cen ter (DLR), D-82230 Wessling, Ger many.

This pa per anal y ses the prob lem of the au ton o mous con trol of a sat el lite in Low
Earth Or bit (LEO) us ing an op ti mum con trol ler. The type of con trol ler con sid ered is a
stan dard Lin ear Qua dratic Reg u la tor (LQR). As the prob lem can also be treated as a
two-sat el lites-formation con trol in which there is no can cel la tion of the com mon pertur- 
bative forces, its for mu la tion is sim i lar to that used in for ma tion fly ing con trol prob -
lems. The driv ing or bit con trol re quire ment is to keep the sat el lite or bit within a max i -
mum ab so lute dis tance of 250 m (r.m.s.) from a sun-synchronous, phased and frozen
ref er ence or bit. The con trol ac tion is re al ized by means of in-plane and out of-plane
thrusts whose cost is min i mized by the op ti mal so lu tion of the con trol prob lem. The
PRISMA dual sat el lite mis sion flight soft ware de vel op ment and test en vi ron ment is
used as a first test-bed to val i date the con trol al go rithms. The PRISMA flight soft ware
and test en vi ron ment al lows a very re al is tic val i da tion of the pro posed con trol tech -
niques. The TerraSAR-X mis sion sce nario is used as a sec ond test-bed for the val i da -
tion of the con trol al go rithm as it is a very rep re sen ta tive ex am ple of LEO sat el lite for
Earth ob ser va tion with high de mand ing or bit con trol ac cu racy re quire ments.

AAS 09 – 163
Or bit De ter mi na tion Covariance Anal y sis for the Cassini Ex tended Mis sion

Rodica Ionasescu, Pe ter G. Antreasian, Jeremy B. Jones and Duane C. Roth
Guid ance, Nav i ga tion and Con trol Sec tion, Jet Pro pul sion Lab o ra tory, Cal i for nia In sti tute of Tech nol ogy, 

Pas a dena, Cal i for nia 91109, USA.

The ac cu rate nav i ga tion of the prime Cassini tour around Sat urn has re sulted in ex -
cess pro pel lant on board the space craft. This will al low fur ther ex plo ra tion of Sat urn
and its sat el lites. In or der to en sure the suc cess of an ex tended mis sion, all as pects of
the tour nav i ga tion have to be planned in ad vance. This pa per de scribes the re sults of a
covariance study that was un der taken to as sess the nav i ga tional ca pa bil i ties for the ex -
tended tour from an or bit de ter mi na tion point of view, to es ti mate point ing ac cu ra cies at 
all the fly bys for sci ence plan ning, and to es tab lish a ΔV bud get for the ma neu vers
needed to keep the space craft on the ref er ence tra jec tory.
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AAS 09 – 164
Pseudospectral Op ti mal Con trol Al go rithm for Real-Time Tra jec tory Planning

Mi chael A. Hurni, Pooya Sekhavat and I. Mi chael Ross
De part ment of Me chan i cal and Astronautical En gi neering, Na val Post grad u ate School, Monterey, Cal i for -

nia. 93943, USA.

We pres ent the de vel op ment and im ple men ta tion of a new pseudospectral (PS) op -
ti mal con trol-based al go rithm for au ton o mous tra jec tory plan ning and con trol of an Un -
manned Ground Ve hi cle (UGV) with real-time in for ma tion up dates. The ba sic al go -
rithm is pre sented and used to solve a dy namic tra jec tory plan ning prob lem. The UGV
mis sion is to tra verse from an ini tial start point and reach the tar get point in min i mum
time, with max i mum ro bust ness, while avoid ing both static and dy namic ob sta cles. This 
is achieved by de riv ing the con trol so lu tion that car ries out the ini tial plan ning prob lem
while min i miz ing a cost and sat is fy ing con straints based on the ini tial global knowl edge 
of the area. The con trol so lu tion is re peat edly re com put ed and up dated through out the
ve hi cle’s mis sion. To com bat the prob lem of in ac cu rate global knowl edge and/or a dy -
namic en vi ron ment, the UGV uses its sen sors to map the lo cally de tected changes in the 
en vi ron ment and con tin u ously up dates its global map be fore re-computing the next con -
trol so lu tion that can achieve an op ti mal tra jec tory to the goal. We pres ent the com plete 
al go rithm and its suc cess ful im ple men ta tion through var i ous sce nar ios.

AAS 09 – 165
With drawn
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AAS 09 – 166
Vi sion-Based Rel a tive State Es ti ma tion Using the Un scented Kalman Fil ter

Daero Lee and Henry Pernicka
De part ment of Me chan i cal and Aero space En gi neering, Mis souri Uni ver sity of Sci ence & Tech nol ogy,

Rolla, Mis souri 65409-0050, USA.

This pa per pres ents a new ap proach to space craft rel a tive at ti tude es ti ma tion and
nav i ga tion based on the un scented Kalman fil ter which was im ple mented and eval u ated
for ren dez vous and prox im ity op er a tions. The use of the un scented Kalman fil ter re -
quires prop a ga tion of care fully se lected sigma points from the non lin ear sys tem to map
prob a bil ity dis tri bu tion more ac cu rately than is pos si ble us ing the linearization of the
stan dard ex tended Kalman fil ter. This ap proach leads to faster con ver gence when us ing
in ac cu rate ini tial con di tions in at ti tude es ti ma tion and nav i ga tion prob lems. This method 
uses ob ser va tions from a vi sion sen sor to pro vide mul ti ple line of sight vec tors from the 
chief space craft to the dep uty space craft. Be cause the ob ser va tion equa tions as so ci ated
with the vi sion sen sor are cou pled with the at ti tude ma trix and the rel a tive po si tion vec -
tor, the es ti ma tion is per formed based on the ini tial at ti tude and the ini tial nav i ga tion in -
for ma tion. A multi pli ca tive quaternion er ror is de rived from the lo cal at ti tude er ror that
guar an tees that the quaternion unit con straint is main tained in the fil ter. One sce nario
cho sen for the study was the sim u la tion of bounded rel a tive mo tion for 10 hours, and
an other sce nario cho sen was a 30-minute ren dez vous ma neu ver. Sim u la tion re sults
show that, in these sce nar ios, the un scented Kalman fil ter is more ro bust than the ex -
tended Kalman fil ter un der re al is tic ini tial at ti tude and nav i ga tion con di tions. The rel a -
tive nav i ga tion re sults are val i dated by com par ing them with the rel a tive or bit com puted 
by the High Pre ci sion Or bit Prop a ga tor (HPOP) of Sat el lite Tool Kit (STK). Finally, the 
es ti ma tion of the ren dez vous ma neu ver is shown by com par ing with the ref er ence tra -
jec tory, a lin ear im pulse ren dez vous based on a Cochran-Lee-Jo (CLJ) tran si tion ma trix
for an el lip ti cal or bit.
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SES SION 10:  AT TI TUDE DY NAM ICS AND CON TROL 1
Chair:  Dr. Hanspeter Schaub, Uni ver sity of Col o rado

AAS 09 – 168
Pointing Per for mance In ves ti ga tion of a Mul ti ple Rigid Body Space craft

Burak Akbulut,* Kemal Özgören† and Ozan Tekinalp†

* Sat el lite Sys tems, Turk ish Aero space In dus tries, TAI B-BLOK ODTU TEKNOKENT AN KARA

TUR KEY 06531. Also, a grad u ate stu dent at the Me chan i cal En gi neering De part ment of the Mid dle East

Tech ni cal Uni ver sity.

† Me chan i cal En gi neering De part ment, Mid dle East Tech ni cal Uni ver sity, ODTU MAKINE MUH,

BOLUMU AN KARA TUR KEY 06531.

Earth Ob ser va tion (EO) mis sions are char ac ter ized by high point ing per for mance.
Also, space craft pay loads are be com ing more ca pa ble, de mand ing more power (and so -
lar ar ray area). This ad di tional ar ray area in clud ing its struc tural flexibilities has to be
taken into ac count in the mod el ing of sat el lite dy nam ics, as well as dis tur bances and the 
com po nents of at ti tude con trol sys tem. A mod el ing task is un der taken to ac cu rately rep -
re sent the sat el lite and its com po nents in the sim u la tion en vi ron ment. The point ing per -
for mance met rics are de fined and im ple mented in the sim u la tion loop as a part of this
task. The ef fect of so lar ar ray con fig u ra tion on the point ing per for mance is in ves ti gated.

AAS 09 – 169
At ti tude Con trol by Mag netic Torquer

Kikuko Miyata and Jozef C. van der Ha
Kyushu Uni ver sity, De part ment of Aero nau tics and As tro nau tics, Space Sys tems Dy nam ics Lab o ra tory,

Nishi-ku, Fukuoka 819-0395, Ja pan.

One of the most ef fec tive ways for per form ing low-cost at ti tude con trol of sat el -
lites is by uti liz ing the Earth’s mag netic-field. In this pa per, we pres ent at ti tude con trol
tech niques that use only mag netic de vices for ac tive con trol. First, we sum ma rize a few
meth ods that have been used in or bit. Next, we dis cuss the de tails of the con trol meth -
ods. As a con crete ex am ple, we se lect a 50-kg class uni ver sity sat el lite, which has
three-axis mag netic torquers as the main con trol equip ment. In ad di tion, it has an ex ten -
sion boom that helps at ti tude sta bi li za tion by means of the grav ity-gradient ef fect. We
di vide the op er a tion pe riod into three main phases cor re spond ing to the ex pected at ti -
tude con di tions. We con struct a few ef fec tive at ti tude con trol meth ods and eval u ate
con trol per for mances on the ba sis of the re sults of de tailed sim u la tions. Finally, we
pres ent de tails of the de vel op ment and cal i bra tion of mag netic torquers.
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AAS 09 – 170
De vel op ment of Con trol and Mea sure ment Sys tem for the Three-Dimensional
Re ac tion Wheel

Yoji Shirasawa* and Yuichi Tsuda†

* Uni ver sity of To kyo, 3-1-1, Yoshinodai, Sagamihara, Kanagawa 229-8510, Ja pan.

† The In sti tute of Space and As tro nau tics Sci ence (ISAS)/JAXA, 3-1-1, Yoshinodai, Sagamihara,

Kanagawa 229-8510, Ja pan.

This pa per pres ents a de vel op ment of an at ti tude con trol de vice called three-di -
men sional re ac tion wheel. This de vice con sists of only one lev i tated spher i cal ro tor
which can ro tate around ar bi trary axes with out me chan i cal con tact be tween the stator.
This leads to the re duc tion of the weight and space of the de vice, and the fail ure caused 
by the me chan i cal con tact would be also re duced. To de velop this sys tem, it is re quired
to mea sure 3-DOF ro ta tion of spher i cal ro tor with a contactless method. In this pa per, a
new method mea sur ing three-axes an gu lar ve loc ity of spher i cal ro tor is pro posed. Using 
this method, ro ta tion con trol of a spher i cal ro tor is eval u ated ex per i men tally.

AAS 09 – 171
Use of Tay lor Ex pan sions of the In verse Model to Design FIR Re pet i tive
Con trol lers

Kevin Xu* and Rich ard W. Longman†

* De part ment of Elec tri cal En gi neering, Co lum bia Uni ver sity, New York, New York 10027, USA.

† Dept. of Me chan i cal En gi neering, and Civil En gi neering and En gi neering Me chanics, Co lum bia

Uni ver sity, New York, New York 10027, USA.

Slight im bal ance in ro tat ing parts on space craft can pro duce vi bra tions that com -
pro mise the op er a tion of fine point ing equip ment. Re pet i tive con trol (RC) ap plied on an 
iso la tion mount can in the ory com pletely elim i nate the in flu ence of such pe ri odic dis tur -
bances. A very ef fec tive RC de sign method based on op ti mi za tion in the fre quency do -
main was pre sented pre vi ously. It de vel ops com pen sa tors that ex hib ited spe cific pat -
terns of zero lo ca tions. This pa per takes a dif fer ent time do main ap proach and de vel ops
an RC de sign method based on Tay lor se ries ex pan sions of the re cip ro cals of zero fac -
tors in the sys tem trans fer func tion. The ap proach is very sim ple, straight for ward, and
easy to use. It also sup plies con sid er able in sight, and gives un der stand ing of the cause
of the pat terns for zero lo ca tions. The ap proach forms a dif fer ent and ef fec tive time do -
main de sign method, and it can also be used to guide the choice of pa ram e ters in per -
form ing the fre quency do main op ti mi za tion de sign.
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SES SION 11:  MIS SION DE SIGN 1
Chair:  Den nis Byrnes, Jet Pro pul sion Lab o ra tory

AAS 09 – 172
Ma neu ver Plans for the First ATV Mis sion

P. Labourdette,* D. Carbonne,* E. Julien,* F. Chemama,* G. Kudo† and S. Laurent‡

* CNES, 18 av. E. Belin, cedex 09, 31401 Toulouse, France.

† Thales Ser vices, 105 av. Gal Ei sen hower BP 1228, 31037 Toulouse Cedex, France.

‡ Atos-Origin, Les Espaces St Mar tin, 6 im passe Al ice Guy, 31300 Toulouse, France

On 03/09/2008, the first ESA Au to mated Trans fer Ve hi cle (ATV), so-called Jules
Verne, lifted off from Kourou aboard the Ariane 5 launcher to wards the In ter na tional
Space Sta tion (ISS). Af ter sev eral phas ing, park ing and ren dez vous dem on stra tion days, 
the ATV au ton o mously com pleted its dock ing to ISS with suc cess on 04/03/2008. On
09/05/2008, the ATV undocked ISS, then per formed ma neu vers to re-phase with the
ISS and fi nally ini ti ated its re en try over the Pa cific Ocean on 09/29/2008. This pa per
deals with the de scrip tion of the ac tual ma neu ver plans com puted by the CNES Flight
Dy namic Team all along the mis sion.

AAS 09 – 173
Nav i ga tion Anal y sis of the Tra jec tory Cor rec tion Ma neu vers on Ap proach to the
Pluto En coun ter for the New Ho ri zons Mis sion, Using Lorri Only

K. E. Wil liams, E. Carranza and P. J. Wolff
KinetX, Inc., Space Nav i ga tion and Flight Dy nam ics Prac tice, Simi Val ley, Cal i for nia 93065, USA.

Nav i ga tion stud ies of the re quired sta tis ti cal ma neu vers in the Pluto ap proach
phase of the New Ho ri zons mis sion have been per formed. Anal y sis of the space craft
po si tion knowl edge and con trol er rors, with vary ing num ber and place ment of the fi nal
ma neu vers from 100 to 10 days prior to Pluto clos est ap proach, were sim u lated. The ef -
fect of vary ing the or bit de ter mi na tion data cut off prior to the ma neu ver de sign, an im -
por tant op er a tional con sid er ation, was char ac ter ized. A Monte Carlo anal y sis was per -
formed based on or bit de ter mi na tion knowl edge er rors, based largely on im ages ob -
tained from the Long Range Re con nais sance Imager (LORRI), and re quired ma neu ver
ex e cu tion er rors to in ves ti gate un cer tain ties in the con trol to the Pluto B-plane tar get, as 
well as the delta-v ex pended. A com par i son of knowl edge and con trol re quire ments is
made, and an op ti mal ma neu ver strat egy is de ter mined.
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AAS 09 – 174
New Ho ri zons Pluto Ap proach Nav i ga tion: The Ef fect of Nix And Hy dra on Time
of Flight Knowl edge

D. R. Stanbridge,* J. K. Miller,† E. Carranza,‡ K. E. Wil liams,‡ 
B. G. Wil liams‡ and P. Wolff‡

* KinetX, Inc., Tempe, Ar i zona 85284, USA.

† Re tired, KinetX, Inc., Space Nav i ga tion and Flight Dy nam ics Prac tice, Simi Val ley, Cal i for nia 93065,

USA.

‡ KinetX, Inc., Space Nav i ga tion and Flight Dy nam ics Prac tice, Simi Val ley, Cal i for nia 93065, USA.

This pa per de scribes the re sults of an anal y sis to up date the nav i ga tion un cer tain -
ties in time of flight ex pected for the New Ho ri zons space craft on the ap proach to
Pluto. This up dated anal y sis in cor po rates the ef fects of the newly dis cov ered sat el lites,
Nix and Hy dra, on the Pluto ap proach un cer tain ties and uti lizes the lat est op ti cal nav i -
ga tion (OpNav) im age sched ule. The re quired Pluto ap proach nav i ga tion ac cu racy for
New Ho ri zons de pends on the de sired ac cu racy of sev eral key geo met ric pa ram e ters of
in ter est to sci ence. Ex am ples are sci ence in stru ment point ing an gles and ac com plish ing
Pluto and Charon occultations of the Earth dur ing the Pluto flyby. In par tic u lar, sci ence
would ben e fit if the time of flight er ror can be re duced. In this pa per, the knowl edge of
space craft po si tion along the tra jec tory, or time of flight er ror, for var i ous op tions of
pro cess ing OpNav im ages of Pluto and its sat el lites is pre sented. The OpNav sce nar ios
are part of an over all nav i ga tion plan that in cludes the use of DSN ra dio met ric data
and cur rent as sump tions on a pri ori un cer tain ties for the Pluto sys tem ephemerides.

AAS 09 – 175
Near-Optimal Steering Anal y sis for a Slow-Push Mis sion to De flect Apophis

Darío O. Cersosimo and Craig A. Kluever
Dept. of Me chan i cal & Aero space En gi neering, Uni ver sity of Mis souri, Co lum bia, Mis souri 65211, USA.

We ex am ine the ef fec tive ness of a near-optimal steer ing strat egy for a grav ity trac -
tor mis sion to de flect as ter oid Apophis from the pos si ble pas sage through a key hole in
2029. Di rect op ti mi za tion of the tug vec tor is com pared against along track tug ging us -
ing patched conics anal y sis. The ob jec tive is to max i mize Apophis’ peri gee dis tance.
Re sults sug gest that a steer ing strat egy may more ef fec tive than along-track tug ging to
max i mize peri gee dis tance when a de flec tion mis sion is im ple mented with short lead
times prior to close en coun ter. For long lead times tug ging along the ve loc ity vec tor
showed to be more ef fec tive to max i mize flyby dis tance.
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SES SION 12:  AD VANCED AT TI TUDE SEN SORS SPE CIAL SES SION
Chair:  Dr. Brian Kawauchi, The Aero space Cor po ra tion

AAS 09 – 176
The Hemi spher i cal Res o na tor Gyro: From Wine glass to the Planets

Da vid M. Rozelle
Northrop Grumman Co., Nav i ga tion Sys tems Di vi sion, Wood land Hills, Cal i for nia 91367, USA.

Small size, low noise, high per for mance and no wear-out has made the Hemi spher -
i cal Res o na tor Gy ro scope (HRG) the choice for high value space mis sions. Af ter 14
years of pro duc tion the HRG boasts over 12-million op er at ing gyrohours in space with
100% mis sion suc cess. But to get to this point has been a strug gle. This pa per will de -
scribe the HRG’s el e gant sim plic ity in de sign and op er a tion and trace its ge ne al ogy
from con cept to the fu ture. Its ver sa til ity will be shown by its use for space craft sta bi li -
za tion, pre ci sion point ing, air craft nav i ga tion, stra te gic ac cu racy sys tems, oil bore hole
ex plo ra tion and plan e tary ex plo ra tion.

AAS 09 – 177
Pre ci sion Nav i ga tion Sen sors Based on Cold Atoms

Mark A. Kasevich
Dept. of Phys ics and Dept. of Ap plied Phys ics, Stan ford Uni ver sity, Stan ford, Cal i for nia 94305, USA.

Re cent ad vances in the quan tum-level con trol of at oms us ing light has re sulted in
the evo lu tion of a new class of high per for mance in er tial sen sors, in clud ing ac cel er om e -
ters, gy ro scopes and grav ity gra di om eters. This pa per will pres ent ba sic op er at ing prin -
ci ples and dis cuss per for mance of cur rent and en vi sioned fu ture gen er a tion sen sors and
sys tems.

AAS 09 – 178
In te grated Ultracold Atom Chip Gy ro scopes

Dana Z. An der son, Ste ven Segal, Evan Salim and Dan iel Farkas
Dept. of Phys ics, Uni ver sity of Col o rado, Boul der, Col o rado 80309-0440, USA.

It has long been ap pre ci ated that mat ter wave in ter fer om e ters have a Sagnac sen si -
tiv ity to ro ta tion is many or ders of mag ni tude greater than that for light. While ro ta tion
sens ing needs pro vided sig nif i cant mo ti va tion to de velop atom based sen sors, atom in -
ter fer om e try has proven to be a very ca pa ble par a digm for high per for mance in er tial
sens ing ap pli ca tions in gen eral. Con sid er able prog ress has been made and much of the
sig nif i cant prog ress is re viewed in this same con fer ence ses sion. In the last de cade, sci -
ence saw the birth and evo lu tion of ultracold mat ter with the first dem on stra tion of the
Bose-Einstein Con den sate, or BEC. Ac knowl edged as the atom an a log of the op ti cal la -
ser, one con sid ers the im pact that the BEC and re lated forms of ultracold mat ter may
have on atom in ter fer om e try. The past sev eral years have wit nessed the emer gence of
so-called “atom-chip” tech nol ogy, which has led to the min ia tur iza tion of ultracold
atom sys tems and which is now look ing to en able small yet high per for mance ultracold
atom in ter fer om e ters.
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AAS 09 – 179
At ti tude Sen sors on a Chip: Fea si bil ity Study and Breadboarding Ac tiv ities

Franco Boldrini,* Elisabetta Monnini,* Dorico Procopio,* Ber nard Alison,†

Werner Ogiers,‡ Manuel In no cent,** Alan Prit chard†† and Ste phen Airey‡‡

* SELEX Ga li leo – Space Line of Busi ness – It aly.

† Thales Alenia Space – France.

‡ In de pend ent con sul tant (for merly with Cy press Semi con duc tor – Bel gium).

** Cy press Semi con duc tor Corp. – Bel gium.

†† BAE Sys tems – United King dom.

‡‡ Eu ro pean Space Agency – The Neth er lands.

The ad vent of MEMS and tiny-scale CMOS tech nol ogy en abled a sig nif i cant mini- 
aturisation trend on con sumer elec tron ics’ Elec tro-Optical de vices. ESA tech nol ogy de -
vel op ments fol low this trend, us ing for the first time MEMS ap pli ca tions in space (e.g.
MEMS rate sen sors, mi cro-shutters, mi cro-thrusters) and highly-integrated CMOS im -
age de tec tors. Within ESA TRP, the team runs a fea si bil ity study for the ap pli ca tion of
mi cro-technologies to on-a-chip sun sen sors, star track ers and nav i ga tion cam eras. The
“sun sen sor on-a-chip” re sulted as the most straight for ward to be de vel oped in a short/
me dium pe riod. The study out lined key ar eas of tech no log i cal chal lenges and a star
tracker con fig u ra tion, with the ex pected per for mance.

AAS 09 – 180
With drawn

AAS 09 – 181
The Joint Milli-Arcsecond Path finder Sur vey (JMAPS): Mis sion Over view and
At ti tude Sensing Ap pli ca tions

Bryan N. Dorland, Ra chel Dudik, Zachary Dugan and Greg ory S. Hennessy
Astrometry De part ment, U.S. Na val Ob ser va tory, Wash ing ton, D.C. 20392, USA.

The Joint Milliarcsecond Path finder Sur vey (JMAPS) is a De part ment of Navy
bright star astrometric all-sky sur vey sched uled for launch in the 2012 timeframe. Mis -
sion ob jec tives in clude a com plete up date of star po si tions for the 2015 ep och to ac cu -
racy lev els of 1 milliarcsecond (5 nano-radians) for bright stars, dem on stra tion of 10
milliarcsecond at ti tude de ter mi na tion ca pa bil ity, and 50 milli-arcsecond at ti tude con trol
on-orbit. In the fol low ing pa per, we de scribe the gen eral in stru ment de sign and ex -
pected per for mance. We also dis cuss the new mis sion ca pa bil i ties en abled by this un -
prec e dented at ti tude de ter mi na tion ac cu racy, and fo cus spe cif i cally on the ap pli ca tion to 
long dis tance (50,000-100,00 km) for ma tion fly ing and so lar sys tem nav i ga tion.
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AAS 09 – 182
Qual i fi ca tion of the APS Based Star Tracker to be Flown on the Alphabus
Plat form

F. Boldrini,* D. Procopio,* S. D’Halewyn† and D. Temperanza‡

* SELEX Ga li leo – Space Line of Busi ness – It aly.

† Thales Alenia Space – France.

‡ Eu ro pean Space Agency – The Neth er lands.

The APS Star Tracker ac tiv i ties started in Ga li leo early in 2002, within an ESA
con tract ded i cated to the de vel op ment of a Dem on stra tion Model (DM) to se cure the
tech nol ogy for the fu ture Bepi Co lombo ESA mis sion to the planet Mer cury. This con -
tract showed the fea si bil ity of a com pact, light and sim ple star tracker based on APS
de tec tor. As a fol low on, Ga li leo was awarded an other con tract from ESA, de voted to
the re al iza tion of a Flight Con fig u ra tion Model (FCM) of the Bepi Co lombo sen sor, to
be flown as an ex per i ment on the PROBA-2 sat el lite, cur rently sched uled for a launch
within 2008. To day, Ga li leo has com pleted the de vel op ment and on-ground qual i fi ca -
tion of an APS based star tracker ded i cated to the ALPHABUS plat form prod uct line
for GEO Sat el lite Tele com mu ni ca tion (TLC) ap pli ca tions. The sen sor con fig u ra tion for
ALPHABUS has sev eral char ac ter is tics in com mon with the sen sor con fig u ra tion that
Ga li leo will fly on board PROBA-2. The EQM has been sub jected to a full qual i fi ca tion 
cam paign, in clud ing elec tri cal, func tional, per for mance and en vi ron men tal tests. The
Flight Models for AlphaBus, Bepi Co lombo and other Com mer cial pro grams are cur -
rently at var i ous stages of their man u fac tur ing pro cess, con firm ing the mar ket de mand
for this new prod uct.  In this pa per an over all de scrip tion of the AA-STR is re ported,
to gether with the main re sults ob tained from its qual i fi ca tion cam paign.

AAS 09 – 183
Next Gen er a tion In er tial Stellar Com pass

Tye Brady
Space Sys tems, C. S. Draper Lab o ra tory, Cam bridge, Mas sa chu setts 01772, USA.

Draper Lab o ra tory’s In er tial Stel lar Com pass (ISC) is an at ti tude de ter mi na tion
sys tem with ac cu racy better than 0.1 de gree at very low power and mass. The ISC has
been suc cess fully flight val i dated on the TACSAT-2 space craft and marks for the first
time Draper MEMS gy ros have been op er a tional in space. Since its ini tial de vel op ment
by Draper Lab o ra tory in 2001, both MEMS tech nol o gies and APS tech nol o gies have
ad vanced, mak ing pos si ble an or der of mag ni tude im prove ment in at ti tude ac cu racy
while keep ing the power and mass met rics nearly the same as the orig i nal de sign. This
pa per de scribes the pro posed sys tem and de vel op ment to re al ize the next gen er a tion
ISC.
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SES SION 13:  REN DEZ VOUS, REL A TIVE MO TION, FOR MA TION FLIGHT,
AND SAT EL LITE CON STEL LA TIONS 2

Chair:  Dr. Thomas Starchville, The Aero space Cor po ra tion

AAS 09 – 184
Elec tro static Space craft Col li sion Avoid ance Using Piece-Wise Con stant Charges

Shuquan Wang and Hanspeter Schaub
Aero space En gi neering Sci ences De part ment, Uni ver sity of Col o rado, Boul der, Col o rado 80309, USA.

This pa per de vel ops a three-phase piece-wise con stant space craft charge ma neu ver
to achieve an short-range col li sion avoid ance with a sym met ric rel a tive tra jec tory. This
sym met ric tra jec tory guar an tees col li sion avoid ance, re stores the orig i nal rel a tive mo -
tion di rec tion, and keeps the rel a tive change in ki netic en ergy level the same as the ini -
tial one. The pa per first pres ents an an a lyt i cal so lu tion to cal cu late a unique sym met ric
tra jec tory when the mid dle phase is a cir cu lar tra jec tory. Next a gen eral sym met ric tra -
jec tory pro gram ming strat egy is de vel oped where the mid dle-phase can be any conic
sec tion. Four con straints are re quired to guar an tee a sym met ric col li sion avoid ance tra -
jec tory, while five in de pend ent vari ables are re quired to solve the prob lem. This leaves
one de gree of free dom (DOF) which is uti lized to op ti mize the tra jec tory sub ject to spe -
cific cost charge func tions. There is a du al ity in the charge so lu tion when solv ing for
the open-loop tra jec tory with one of the so lu tions be ing false. This is ad dressed by
prop erly initializing and con fin ing the re gion of the nu mer i cal search rou tine. Min i mum 
charge cri te ria are de ter mined to avoid a col li sion by an a lyz ing the geo met ric prop er ties 
of the two-body sys tem and com par ing the re sults from cir cu lar tran si tional tra jec tory
cal cu la tions.

AAS 09 – 185
With drawn
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AAS 09 – 186
For ma tion Flying: Rel a tive Or bits’ Modelling and Con trol Through Eulerian
Or bital El e ments

Gabriella V. M. Gaias,* Michèle R. Lavagna,*

Alexei R. Golikov† and Mi chael Yu. Ovchinnikov‡

* DIA Dipartimento di Ingegneria Aerospaziale, Politecnico di Milano, 20156 Milano, It aly.

† KIAM Bal lis tic Cen ter, Rus sian Acad emy of Sci ences, Miusskaya Sq., 4, Mos cow, 125047 Rus sia.

‡ At ti tude Con trol Sys tem and Ori en ta tion Di vi sion, Keldysh In sti tute of Ap plied Math e mat ics of

Rus sian Acad emy of Sci ences, Miusskaya Sq., 4, Mos cow, 125047 Rus sia.

This work deals with the dy nam ics of spacecrafts in for ma tion. The rel a tive mo -
tion is de scribed through the dif fer ence be tween the Eulerian or bital el e ments of the
dep uty sat el lite and the chief’s ones. Eulerian or bital el e ments are de fined from the con -
stants of mo tion of the In ter me di ary Mo tion: they in clude per tur ba tions till part of the
4th zonal har monic of the Earth’s grav ity po ten tial. A tar get rel a tive mo tion in sen si tive
up to the J3 is de fined by match ing the time vari a tions of the Eulerian an gu lar el e ments. 
Re con fig u ra tion ma noeuv res are per formed by a rel a tive or bit con trol where er rors in
the or bital el e ments are fed-back.

AAS 09 – 187
For ma tion Keeping and Ma neu vering for As tro nom i cal, Dual Space craft
For ma tion Flying Mis sions

Stefano Casotto,* Enrico Lorenzini,† Francesca Panzetta‡

* De pt . of As tron omy and Cen ter for Space Studies (CISAS), Uni ver sity of Padua, 35122 Padua, It aly.

† De pt. of Me chan i cal En gi neering and Cen ter for Space Studies (CISAS), Uni ver sity of Padua, 35131

Padua, It aly.

‡ Cen ter for Space Studies (CISAS), Uni ver sity of Padua, 35131 Padua, It aly.

Typ i cal as tro nom i cal sat el lite mis sions main tain in er tial point ing over ex tended pe -
ri ods. In the case of a dis trib uted ob ser va tory formed by an op ti cal as sem bly and a de -
tec tor as sem bly fly ing in for ma tion, the chal lenge is to keep the for ma tion aligned
inertially to within tight tol er ances, while coun ter act ing the nat u ral ten dency to for ma -
tion disgregation. We in ves ti gate strat e gies for ac qui si tion, keep ing and re con fig u ra tion
of the for ma tion to sat isfy an ob ser va tional sched ule. Sim u la tions are car ried out ac -
count ing for all rel e vant forces and us ing Lam bert tar get ing and dif fer en tial cor rec tions
for coarse and fine for ma tion ac qui si tion and re con fig u ra tion. For ma tion keep ing is sim -
u lated based on a thrust pro file de rived from a sim ple the o rem of rel a tive mo tion. Sim -
u la tions are per formed sim ply as a for ward mod el ling prob lem with out closed loop con -
trol of the chaser. Thruster and or bital res ti tu tion un cer tain ties are mod elled. A set of
X-ray sources has been adopted from the XMM mis sion as ob ser va tion tar gets for im -
ple men ta tion of the ob ser va tional sched ule sub ject to sev eral view ing con straints. The
re sult ing thrust and fuel con sump tion pro files are pro vided cor re spond ing to dif fer ent
op er a tional strat e gies, to gether with their eval u a tion of their ef fec tive ness.
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AAS 09 – 188
Per tur ba tion Model for the High El lip ti cal For ma tion Or bits (HEO)

Edwin Wnuk and Justyna Golebiewska
As tro nom i cal Ob ser va tory of the A. Mickiewicz Uni ver sity, ul. Sloneczna 36, 60-286 Poznan, Po land.

The pa per pres ents an an a lyt i cal model of the rel a tive mo tion of sat el lites in a for -
ma tion on HEO that in clude the in flu ence of geopotential co ef fi cients up to ar bi trary
de gree and or der, luni-solar ef fects and so lar ra di a tion pres sure. For mulas for dif fer en -
tial per tur ba tions have been trans formed to the form en abling their ap pli ca tion to the
high el lip ti cal or bits. Values of the ec cen tric ity func tion are ob tained with use of a spe -
cial pro ce dure that en ables sta ble cal cu la tions for all val ues of the ec cen tric ity less than
1. The pre sented model can by use for pre cise pre dic tions of the rel a tive mo tion of sat -
el lites in a for ma tion. Per tur ba tion mod els were an a lyzed for dif fer ent types of for ma -
tion fly ing ar chi tec tures, in clud ing in-plane and out-of-plane for ma tions, and for dif fer -
ent types of spacecrafts (with dif fer ent area to mass S/m ra tio). In par tic u lar, the pa per
pres ents re sults for the SIMBOL-X, PROBA-3 and MMS mis sions.

AAS 09 – 189
Ro tating Sym me tries in Space: The Flower Con stel la tions

Mar tin Avendaño* and Daniele Mortari†

* Visiting As sis tant Pro fes sor, De part ment of Math e mat ics, Texas A&M Uni ver sity, 023 Milner, Col lege

Sta tion, Texas 77840-3368, USA.

† As so ci ate Pro fes sor, De part ment of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion,

Texas 77843-3141, USA.

Flower Con stel la tions is a novel meth od ol ogy to de sign ax ial-symmetric sat el lite
con stel la tions whose sat el lites all be long to the same closed tra jec tory in a pre scribed
ro tat ing ref er ence frame. These con stel la tions high light the ex is tence of new, un ex -
pected, shape-preserving rigid-body ob jects ro tat ing with spe cific an gu lar ve loc i ties. In
this pa per, the fun da men tals of Flower Con stel la tions the ory is re vis ited in a very gen -
eral way and new im por tant pa ram e ters, such as the “Flower Mean Anom aly” and the
“Con fig u ra tion Num ber,” are de rived to clas sify and de scribe the Flower Con stel la tions.
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AAS 09 – 190
The Two-Dimensional Equatons of Per turbed Rel a tive Mo tion

Julio César Benavides and Da vid B. Spencer
De partment of Aero space En gi neering, Penn syl va nia State Uni ver sity, Uni ver sity Park, Penn syl va nia

16802, USA.

The very re stricted four-body prob lem is used to de rive linearized equa tions of rel -
a tive mo tion that take into ac count the per turb ing ef fects of a sec ond ary grav i ta tional
source. The re sult is a sys tem of lin ear dif fer en tial equa tions that has an an a lyt i cal so lu -
tion. The re sults of this so lu tion are com pared to the out comes of the very re stricted
four-body prob lem and the well known Hill-Clohessy-Wiltshire equa tions for var i ous
cases in the Sun-Ceres sys tem. The re sults dem on strate that the Benavides-Spencer for -
mu la tion’s ac cu racy ex ceeds that of the Hill-Clohessy-Wiltshire equa tions when com -
pared to the real-life out comes re turned by the nu mer i cal in te gra tion of the very re -
stricted four-body prob lem.

AAS 09 – 191
The Use of Sat el lite Con stel la tions and For ma tions for Fu ture Sat el lite Grav ity
Mis sions

Brian C. Gunter, Joao Encarnação and Pavel Ditmar
Delft In sti tute of Earth Ob ser va tion and Space Sys tems (DEOS), Delft Uni ver sity of Tech nol ogy, Delft

2629HS, The Neth er lands.

The mon i tor ing of Earth’s grav ity field from space has wit nessed great prog ress
through the launch of sev eral ded i cated sat el lite mis sions over the past de cade, but the
mis sion life times for all of these mis sions are pro jected to end within the next five
years. Looking for ward to po ten tial fol low-on mis sions, there are lim i ta tions in the cur -
rent grav ity field mis sions that might be over come through the use of mod i fied for ma -
tion de signs, or even through the use of sat el lite con stel la tions. Through a se ries of sim -
u lated mis sion sce nar ios, this study will show that by com bin ing a ded i cated grav ity
field mis sion to gether with a con stel la tion of (non-dedicated) sat el lites, the re cov ery of
the grav ity field across the full spec trum of sig nals (both spa tial and tem po ral) can be
dra mat i cally im proved. Fur ther more, the pro posed mis sion con cept is based pri mar ily
on ex ist ing tech nol ogy, and could con ceiv ably be re al ized in a fairly short time frame
(i.e., less than five years).
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SES SION 14:  TRA JEC TORY DE SIGN AND OP TI MI ZA TION 1
Chair:  Dr. Wil liam Cerven, The Aero space Cor po ra tion

AAS 09 – 192
Au to mated Lunar Free Re turn Tra jec tory Gen er a tion

Mark C. Jesick and Cesar A. Ocampo
De part ment of Aero space En gi neering & En gi neering Me chanics, The Uni ver sity of Texas at Aus tin,

WRW Lab o ra tories, Aus tin, Texas 78712, USA.

A lu nar free re turn tra jec tory gen er a tion al go rithm is de vel oped with patched conic 
and cir cu lar re stricted three body mod els. With lim ited user in put, the al go rithm con -
structs an ini tial guess of both the trans-lunar in jec tion ve loc ity and time of flight. Once 
the ini tial tra jec tory is found, a sys tem of non lin ear equa tions is solved nu mer i cally to
tar get earth ar rival con di tions lead ing to a fea si ble free re turn tra jec tory. Pos si ble free
re turns in clude de par tures from both prograde and ret ro grade earth or bits cou pled with
circumlunar or cislunar flight, in and out of the earth-moon plane. The ad van tage of this 
method over pre vi ous meth ods is that no trial and er ror is re quired to gen er ate the ini tial 
guess.

AAS 09 – 193
Re peat Ground Track Methods for Earth Ob ser va tion Sat el lites: For Use in
Op ti mi za tion Al go rithms

Sharon D. Vtipil and Brett Newman
De part ment of Aero space En gi neering, Old Do min ion Uni ver sity, Nor folk, Vir ginia 23529, USA.

This pa per in ves ti gates three meth ods for nu mer i cally de ter min ing the con di tion
for re peat ground tracks. The ba sic an a lyt i cal con di tion for a re peat ground track is es -
tab lished fol lowed by a short re view of two re cent meth ods. Then a third method is in -
tro duced. The ad van tages and dis ad van tages of each ap proach are weighed with each
method’s re li abil ity, per for mance, and com pu ta tional ease based on a case study. From
these cri te ria, one method is rec om mended for use in an op ti mi za tion al go rithm.

AAS 09 – 194
With drawn
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AAS 09 – 195
Ini tial Tra jec tory Model for a Multi-Maneuver Moon to Earth Abort Se quence

Cesar A. Ocampo and Robin R. Saudemont
De part ment of Aero space En gi neering and En gi neering Me chanics, The Uni ver sity of Texas at Aus tin,

W. R. Woolrich Lab o ra tories, Aus tin, Texas 78712, USA.

To sup port the mis sion de sign and tra jec tory de sign prob lems as so ci ated with the
Moon to Earth tra jec to ries for the Crew Ex plo ra tion Ve hi cle (CEV), we de velop the
start ing tra jec tory model that serves as the first it er ate for a com plete tar get ing and op ti -
mi za tion pro ce dure that takes a space craft from any closed lu nar park ing or bit (0 ≤ e <
1) to the Earth en try in ter face state for any date. The mo ti va tion for this work is to ex -
am ine the “any time abort” ca pa bil ity re quired for the CEV hu man Moon mis sion. The
ma neu vers are ei ther im pul sive or fixed di rec tion fi nite burns, though the re sults pre -
sented here are lim ited to im pulses. An an a lyt i cal pro ce dure is de vel oped that con structs 
a multi-impulse es cape tra jec tory from the Moon prop a gated for ward in time and a
back ward prop a gated tra jec tory from the Earth with a mis match in po si tion and ve loc ity 
near the sphere of in flu ence of the Moon. The po si tion and ve loc ity dis con ti nu ities at
the mis match point are small enough to lie within the con ver gence en ve lope of sim ple
gra di ent based dif fer en tial cor rec tion pro ce dure that can, at a min i mum, gen er ate a fea -
si ble so lu tion. The ef fi ciency of the method is il lus trated by solv ing any-time-abort
trans fer prob lems typ i cal for a hu man mis sion.

AAS 09 – 196
With drawn

AAS 09 – 197
With drawn

AAS 09 – 198
Op ti mal Col li sion-Free Tra jec tory Planning for Ro botic Ma nip u la tors: Sim u la tion
and Ex per i ments

J. Cascio, M. Karpenko, P. Sekhavat and I. M. Ross
De part ment of Me chan i cal and Astronautical En gi neering, Na val Post grad u ate School, Monterey,

Cal i for nia 93943, USA.

Tra jec tory plan ning for ro botic ma nip u la tors is a chal leng ing prob lem that con tin -
ues to re ceive a great deal of at ten tion. This pa per dem on strates the ap pli ca bil ity of
pseudospectral op ti mal con trol to solve the mo tion plan ning prob lem for a two-link ro -
botic arm. Min i mum-time point-to-point ma neu vers in the ab sence and pres ence of
workspace ob sta cles are con sid ered. In cor po rating kinodynamic con straints on the ma -
nip u la tor joint an gles, ve loc i ties and ac cel er a tions, as well as con trol torque lim its into
the op ti mal con trol for mu la tion en sures the com puted so lu tions are phys i cally re al iz -
able. The fea si bil ity of the nu mer i cal re sults is ver i fied by ex e cut ing the com puted tra -
jec to ries on an ex per i men tal ro botic ma nip u la tor.
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AAS 09 – 199
Av er aging and Mis sion Design: The Par a digm of an Enceladus Or biter

Mar tin Lara,* Jesús F. Palacián† and Ryan P. Rus sell‡

* Ephemerides sec tion, Real Observatorio de la Ar mada, ES-11 110 San Fernando, Spain.

† Dep. Ingeniería Matemática e Informática, Universidad Pública de Navarra, ES-31 006 Pamplona,

Spain.

‡ Guggenheim School of Aero space En gi neering, Geor gia In sti tute of Tech nol ogy, At lanta, Geor gia

30332-0150, USA.

Pre lim i nary mis sion de sign for plan e tary sat el lite or bit ers re quires a deep knowl -
edge of the long-term dy nam ics that is typ i cally ob tained through av er ag ing. In some
cases the va lid ity of the av er ag ing is lim ited to pro hib i tively small re gions, thus, de priv -
ing the anal y sis of sig nif i cance. We find this par a digm at Enceladus, where the va lid ity
of a first or der av er ag ing based on the Hill prob lem lies in side the body. This in con ve -
nience does not in val i date the tech nique, and per tur ba tion meth ods are used to reach
higher or ders in the av er ag ing. Pro ceeding this way, we av er age the Hill prob lem up to
the sixth or der ob tain ing valu able in for ma tion on the dy nam ics close to Enceladus.

AAS 09 – 225
Flying By Ti tan

Frederic J. Pelletier, Pe ter G. Antreasian, Shadan M. Ardalan, Kevin E. Criddle,
Rodica Ionasescu, Rob ert A. Ja cob son, Jeremy B. Jones, Dan iel W. Parcher,
Duane C. Roth and Paul F. Thomp son
Guid ance Nav i ga tion and Con trol Sec tion, Jet Pro pul sion Lab o ra tory, Cal i for nia In sti tute of Tech nol ogy,

Pas a dena, Cal i for nia 91109, USA.

The Cassini space craft en coun ters the mas sive Ti tan about once ev ery month.
These en coun ters are es sen tial to the mis sion as Ti tan is the only sat el lite of Sat urn that
can pro vide enough grav ity as sist to shape the or bit tour, which will al low out stand ing
sci ence for many years. From a nav i ga tion point of view, these en coun ters pro vide
many chal lenges. In par tic u lar, those that fly close enough to the sur face for the at mo -
spheric drag to per turb the or bit. This pa per dis cusses the dy namic mod els de vel oped to 
suc cess fully nav i gate Cassini and de ter mine its tra jec tory. This in cludes the moon’s
grav ity pull with its sec ond de gree zonal har mon ics, J2, the at ti tude con trol per tur ba -
tions and the ac cel er a tion of drag.
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SES SION 15:  AT TI TUDE SENSING, ES TI MA TION, AND CAL I BRA TION 2
Chair:  Dr. Don Mackison, Uni ver sity of Col o rado

AAS 09 – 200
Ap pli ca tion of the Back ward Smoothing Ex tended Kalman Fil ter to At ti tude
Es ti ma tion us ing Ra dar Ob ser va tions

Kyle C. Volpe,* Zachary J. Folcik* and Paul J. Cefola†

* MIT/Lin coln Lab o ra tory, Lexington, Mas sa chu setts 02420-9108, USA.

† Con sul tant in Aero space Sys tems, Space flight Me chanics, and Astrodynamics, Sudbury, Mas sa chu setts

01776, USA (also Re search Af fil i ate, MIT Aero nau tics and As tro nau tics Dept., Cam bridge,

Mas sa chu setts). 

The Lin coln At ti tude Es ti ma tion Sys tem is a new tool be ing de vel oped for the
Space Sit u a tional Aware ness Group at Lin coln Lab o ra tory. The sys tem em ploys a mod -
i fied back ward-smoothing ex tended Kalman fil ter (BSEKF) to pro duce an at ti tude de -
ter mi na tion pro cess that can be in te grated with a col lec tion of leg acy hard ware and soft -
ware sys tems cur rently in use at Lin coln Lab o ra tory. The new fil ter uses a non-tra di -
tional mea sure ment pro cess which in volves the fit of geo met ric sat el lite mod els to dis -
crete-time ra dar im ages. The ma jor al ter ations that have been made to the BSEKF in -
clude the ad di tion of en vi ron men tal torque mod els and a geo met ri cally-derived in er tia
ma trix that re moves the as sump tion of sym me try in the prin ci pal mo ments of in er tia
and in cludes es ti mates for the off-diagonal prod ucts of in er tia. The al go rithm has been
tested us ing sim u lated and ac tual data from a chal leng ing space craft at ti tude es ti ma tion
prob lem with sig nif i cant dy namic model un cer tainty. The fil ter com pen sates for this un -
cer tainty by means of con cur rent es ti ma tion of mo ment of in er tia pa ram e ters and has
been dem on strated to have ac cu rately and re li ably con verged on a mo tion so lu tion in
both test cases.
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AAS 09 – 201
Es ti ma tion and Cal i bra tion of Align ment Change Be tween Pre ci sion Star Sen sors

Takanori Iwata,* Noboru Muranaka,† Hoshiko Takayasu‡ and Tetsuo Kawahara**

* Guid ance and Con trol Group, Ja pan Aero space Ex plo ra tion Agency, 2-1-1 Sengen, Tsukuba, Ibaraki

305-8505, Ja pan.

† CosmoLogic, 3-5-7 Kirigaoka, Midori-ku, Yo ko hama, Kanagawa 226-0016, Ja pan.

‡ NEC Aero space Sys tems, 1-10 Nisshin-cho, Fuchu, To kyo 183-8501, Ja pan.

** In te grated Sys tems Dept., NEC Corp., 1-10 Nisshin-cho, Fuchu, To kyo 183-8501, Ja pan.

Im prove ments in ac cu racy of star sen sors re vealed that align ment changes be tween 
star sen sors be came a dom i nant fac tor pre vent ing pre cise at ti tude de ter mi na tion. The
Ad vanced Land Ob serving Sat el lite (ALOS) launched on Jan u ary 24, 2006, in tro duced
a newly de vel oped pre ci sion star tracker hav ing three op ti cal heads. On-orbit cal i bra tion 
of sen sor align ments for this star tracker, how ever, re vealed an anom aly af fect ing at ti -
tude de ter mi na tion ac cu racy. Or bit pe ri odic changes and long-term tem po ral changes
were ob served in rel a tive align ments be tween its op ti cal heads and are mainly caused
by ther mal dis tor tion of an at tach ment bracket of the sat el lite struc ture. These align ment 
changes were mod eled and an ap proach to es ti mate them was de vel oped. Pe ri od i cal es -
ti ma tion of the align ment changes was per formed and de rived align ments were up dated
to com pen sate those changes in ground-based at ti tude de ter mi na tion to main tain its ac -
cu racy.

AAS 09 – 202
Ex tended Kalman Fil ter for MMS State Es ti ma tion

Julie K. Thienel,* F. Landis Markley† and Rich ard R. Har man‡

* U.S. Na val Acad emy, De part ment of Aero space En gi neering, Annapolis, Mary land 21402, USA.

† GN&C Sys tems En gi neering Branch, NASA Goddard Space Flight Cen ter, Greenbelt, Mary land 20771, 

USA.

‡ Mis sion Val i da tion and Op er a tions Branch, NASA Goddard Space Flight Cen ter, Greenbelt, Mary land

20771, USA.

The Magnetospheric MultiScale Mis sion is a four space craft for ma tion fly ing mis -
sion de signed to study the Earth’s mag neto sphere. The space craft fly in highly el lip ti cal 
or bits, form ing a tet ra he dron at apo gee. Each space craft spins at 3 RPM and is equipped 
with a star scan ner, slit sun sen sor, and ac cel er om e ter. The pur pose of this work is to
de velop an Ex tended Kalman Fil ter to si mul ta neously es ti mate the at ti tude, an gu lar ve -
loc ity, an gu lar ac cel er a tion, and cen ter of mass of each space craft.
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AAS 09 – 203

Gyro Misalignment Decomposition Applied to MESSENGER Calibration

Mark E. Pittelkau* and Daniel J. O’Shaughnessy†

* Consultant, Aerospace Control Systems LLC, Round Hill, Virginia 20141-2395, USA.

† The Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland 20723, USA.

In attitude sensor misalignment estimation, a rotational misalignment vector, or a

linear combination of rotational misalignments, must be constrained to zero for full

observability. For this reason, one attitude sensor is generally designated the body refer-

ence sensor. Alternatively, the Inertial Measurement Unit (IMU) can be the body refer-

ence sensor. A method for removal of a rotational misalignment from a Redundant IMU

(RIMU), which has more than three sense axes, was developed recently. We demon-

strate the method using telemetry from the MESSENGER spacecraft. Results are com-

pared with earlier results where one star tracker is the body reference sensor.

AAS 09 – 204

Further Study on Attitude Acquisition of a Satellite With a Partially-Filled Liquid

Tank

Ja-Young Kang* and Victoria L. Coverstone†

* Currently Visiting Professor (from Korea Aerospace University), Dept. of Aerospace Engineering,

University of Illinois at Urbana Champaign, Urbana, Illinois 61801, USA.

† Dept. of Aerospace Engineering, University of Illinois at Urbana Champaign, Urbana, Illinois 61801,

USA.

The wheel spin-up for spacecraft reorientation using a momentum transfer tech-

nique is limited by the amount of available satellite power, and by the allowed time pe-

riod for the maneuver. Therefore, determination of the desired spin-up strategy and ac-

quisition time constant are primary issues in a momentum transfer maneuver. In this

study, an analytical method to determine an appropriate wheel spin-up scheme and the

acquisition time constant is developed and compared to numerical simulations and show

excellent agreements.
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AAS 09 – 205
Kalman Fil ter Based Multimode At ti tude De ter mi na tion Al go rithms for a LEO
Sat el lite

Aykut Kutlu* and Ozan Tekinalp†

* Aero space En gi neering De part ment, Mid dle East Tech ni cal Uni ver sity (METU), AN KARA, TUR KEY

06531. Also, Sat el lite Sys tems, Turk ish Aero space In dus tries TAI B-BLOK TEKNOKENT.

† Aero space En gi neering De part ment, Mid dle East Tech ni cal Uni ver sity, ODTU HAVACILIK VE

UZAY MUH, BOLUMU AN KARA TUR KEY 06531

This study pres ents the de sign of a Kalman fil ter based at ti tude de ter mi na tion al -
go rithms for a hy po thet i cal LEO sat el lite with a multimode struc ture that em ploys dif -
fer ent sen sor com bi na tions and as well as on line switch ing be tween these com bi na tions
de pend ing on the sen sor avail abil ity. The per for mance and ef fec tive ness of these dif fer -
ent at ti tude de ter mi na tion modes and the multimode struc ture are in ves ti gated through
sim u la tions. Es pe cially the ac cu racy of the state es ti ma tion and the be hav ior of the sys -
tem covariance ma trix on the mode tran si tion phases are pre sented. In con clu sion, per -
for mance com par i son for a suc ces sive at ti tude ma neu vers and for a fixed at ti tude hold
ma neu ver be tween the asyn chron ous multimode struc ture and ac cu rate mode hav ing
syn chro nous sen sor mea sure ments are dis cussed.

AAS 09 – 206
At ti tude De ter mi na tion from Light Curves via Un scented Kalman Fil tering

Charles J. Wetterer* and Moriba Jah†

* De part ment of Phys ics, U.S. Air Force Acad emy, Col o rado 80840, USA.

 † Astrodynamics Team Lead, Air Force Re search Lab o ra tory, Kihei, Hiwaii 96753, USA.

A quaternion-based un scented Kalman fil ter (UKF) was used to re cover at ti tude
pa ram e ters and body rates for a sim u lated ob ject of known shape and sur face char ac ter -
is tics by re duc ing the light curve (ob served bright ness as a func tion of time) of a spe -
cific ob ject. Syn thetic data were gen er ated for a sun lit cyl in der in a geosynchronous
trans fer or bit, as ob served from a spe cific ground site and cor rupted by a white noise
pro cess. The light curve data were then re duced by the UKF (us ing the same ob ser va -
tion model as the one which gen er ated the syn thetic mea sure ments) to re cover the at ti -
tude and ro ta tion rate of the cyl in der. The re sults were then com pared to the known
truth data as a means of quan ti fy ing fil ter per for mance.
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SES SION 16:
FLIGHT DY NAM ICS OP ER A TIONS AND SPACE CRAFT AU TON OMY

Chair:  Dr. Mi chael Gabor Northrop Grumman

AAS 09 – 207
Over view of ATV Flight Dy namics Op er a tions from Sep a ra tion to Docking

Hélène Cottet, Laurent Francillout and J. J. Wasbauer
* CNES, French Space Agency, 31401, Cedex 09, Toulouse, France.

On 09 March 2008, the first Au to mated Trans fer Ve hi cle of the Jules Verne mis -
sion lifted off from Kourou aboard the Ariane 5 launcher to wards the In ter na tional
Space Sta tion. It was the first Eu ro pean au to mated space craft which has ever docked
au ton o mously to the ISS. This pa per pres ents the over view of the ATV Jules Verne
Flight Dy nam ics op er a tions from LEOP to Docking, in clud ing the un fore seen events
that the Flight Dy nam ics Sys tem met and how it man aged them.

AAS 09 – 208
Au to mated Trans fer Ve hi cle (ATV) “Jules Verne” Flight: Real-Time GNC
Mon i toring at ATV-CC/FDS – Con cepts and Mis sion Re sults

Mauro Augelli,* Pascale Ferrage,* Alejandro Torres* and Christophe Veltz†

* Flight Dy nam ics and GNC Mon i toring En gi neer, CNES, 31401 Toulouse, France.

† Flight Dy nam ics and GNC Mon i toring En gi neer, EADS Astrium–ST, Les Mureaux, France.

ATV Jules Verne, as the first of a se ries of highly au to mated space ve hi cles, gave
the pos si bil ity to im ple ment some new ap proaches to in crease mis sion re li abil ity con fi -
dence: the real-time mon i tor ing of GNC func tions. This has been im ple mented through
con sis tency checks with re spect to ground tools of same na ture or with re spect to pre -
dicted ab so lute/rel a tive tra jec tory and at ti tude pro files or boost com mands. All along the 
Jules Verne mis sion, real-time GNC mon i tor ing has suc cess fully op er ated. This pa per
high lights the con cepts of the ATV GNC mon i tor ing, de tails its im ple men ta tion and
dis cusses the re sults ob tained dur ing the Jules Verne mis sion.

AAS 09 – 209
Man age ment of Un fore seen Events by Flight Dy namics Team During ATV Jules
Verne Op er a tions

Laurent Francillout, Hélène Cottet, Jean-Jacques Wasbauer and Pi erre Labourdette
Flight Dy nam ics Di vi sion, CNES, French Space Agency, 31401 Cedex 09, Toulouse, France.

On 09 March 2008, the first Au to mated Trans fer Ve hi cle of the Jules Verne mis -
sion lifted off from Kourou aboard the Ariane 5 launcher to wards the In ter na tional
Space Sta tion. It was the first Eu ro pean au to mated space craft which has ever docked
au ton o mously to the ISS. This pa per de scribes the un fore seen events that FDS (Flight
Dy nam ics Sys tem) met dur ing Jules Verne op er a tions and how it man aged them.
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AAS 09 – 210
With drawn

AAS 09 – 211
Heu ris tic Ap proach for Sat el lite Mis sion Sched uling

Seung-woo Baek,* Soon-mi Han,* Kyeum-rae Cho,* Pe ter M. Bainum,† 
Dae-woo Lee* and Hae-dong Kim‡

* Dept. of Aero space En gi neering, Pu san Na tional Uni ver sity, Geumjeong-gu, Busan, Ko rea.

† Dept. of Me chan i cal En gi neering, Howard Uni ver sity, Wash ing ton D.C. 20059 USA.

‡ Space Ap pli ca tions and Fu ture Tech. Cen ter, Ko rea Aero space Re search In sti tute, Daejeon, Ko rea.

Heu ris tic ap proaches for sat el lite mis sion sched ul ing us ing the ge netic al go rithm
are pre sented in this pa per. As sat el lite con trol and op er a tion tech niques have been de -
vel oped, sat el lite mis sions to per form be came more com pli cated and over all quan tity of
mis sions also in creased. These changes re quire more spe cific con sid er ation and a huge
amount of com pu ta tion for the sat el lite mis sion sched ul ing. There fore, it is es sen tial to
re search and de velop an op ti mi za tion al go rithm that makes an op ti mal sat el lite mis sion
sched ule by con sid er ing mis sion pa ram e ters and con straints si mul ta neously. For this
rea son, many sched ul ing pro grams use heu ris tic al go rithms such as tabu-search, ge netic
al go rithm, neu ral net work, etc. as sched ul ing al go rithms. In this pa per, the ge netic al go -
rithm is re searched and an a lyzed as a sat el lite mis sion sched ul ing al go rithm. The re -
search on the com bi na tions of pro cess ing meth ods is per formed. Sim u la tions on the ac -
tual sat el lite mis sion sched ul ing prob lem are also con sid ered and ac com plished based
on the pre vi ous sim u la tion re sult.

AAS 09 – 212
Co op er a tive Con trol for Sat el lite For ma tion Re con fig u ra tion Via Cy clic Pur suit
Strat egy

Tao Yang,* Gianmarco Radice† and Weihua Zhang*

* De part ment of As tro nau tics and Ma te rial En gi neering, Na tional Uni ver sity of De fense Tech nol ogy,

410073, Chang Sha, Hu Nan, China.

† De part ment of Aero space En gi neering, Uni ver sity of Glas gow, Glas gow G12 8QQ, United King dom.

This pa per in ves ti gates a meth od ol ogy for group co or di na tion and co op er a tive con -
trol of sat el lites with the aim to achieve for ma tion re con fig u ra tion such as ra dius en -
large ment and phase an gle ad just ment. The pro posed ap proach sep a rates the con trol law 
into two dis tinct stages: pla nar move ment con trol and or thogo nal dis place ment sup pres -
sion. The in plane ap proach is based on a cy clic pur suit strat egy, where sat el lite i pur -
sues sat el lite i +1. For phase an gle ad just ment, a con trol law that makes use of ‘bea con
guidance’is syn the sized to main tain the cir cling cen tre sta tion ary. In the or thogo nal di -
rec tion, a lin ear feed back con trol on dis place ment and ve loc ity is used. The lo cal sta bil -
ity of the whole sys tem is also an a lyzed. Sim u la tion of two mis sions with dif fer ent pro -
pul sion sys tems are pro vided, which high light the thrust set ting strat egy and the over all
ef fec tive ness of the pro posed ap proach.
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SES SION 17:  OP TI MI ZA TION
Chair:  Dr. Chris Ranieri, The Aero space Cor po ra tion

AAS 09 – 213
An Adap tive and Learning Ap proach to Sam pling Op ti mi za tion

Troy A. Henderson,* Daniele Mortari,* Mar tin Avendaño† and John L. Junkins*

* De pt . of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

† Visiting As sis tant Pro fes sor, De part ment of Math e mat ics, Texas A&M Uni ver sity, Col lege Sta tion,

Texas 77840-3368, USA.

This pa per pro vides a meth od ol ogy to rap idly and ac cu rately ex plore the cost func -
tion of an op ti mi za tion prob lem based on re jec tion sam pling. Ini tial re sults show good
pre ci sion and rapid con ver gence. This leads to nu mer ous ap pli ca tions where a multi-
min ima prob lem must be op ti mized or solved, such as those seen in con trol prob lems,
op ti mal or bit ma neu vers, or con stel la tion de sign. The ap proach will be shown to be
adap tive and to cover mixed in te ger-real func tions.

AAS 09 – 214
Op ti mal Thrust Design of a Mis sion to Apophis Based on a Homotopy Method

Xiaoli Bai, James D. Turner and John L. Junkins
De pt. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

A novel homotopy method for solv ing op ti mal thrust di rec tion con trol prob lems
through Pontryagin’s prin ci ple is pre sented. The homotopy method en forces the sat is -
fac tion of the dy namic equa tion con straints along the homotopy path, yield ing an al go -
rithm that is ro bust to the high nonlinearity of both dy namic equa tion con straints and
per for mance cri te ria. The homotopy ap proach ex tends the con ver gence do main of the
ini tial guess of the un known bound ary con di tions when com pared to the se quen tial qua -
dratic pro gram ming method. The homotopy al go rithm is ap plied to an Earth to Apophis 
mis sion anal y sis. A hy brid im pul sive and low thrust pro pul sion strat egy is stud ied.
Through sim u la tion re sults, we prove that if we use a 0.05N con stant thrust and choose
the time of flight from 250 days to 300 days, the launch win dow for the Earth to
Apophis mis sion can span a full year from April 2012 to April 2013 for a stan dard
launch ve hi cle.
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AAS 09 – 215
Ap pli ca tions of an Evo lu tion ary Strat egy on Gen eral Per tur ba tion Equa tions for
Op ti mi za tion of Low-Thrust Near-Earth Or bit Trans fers

Pat rick S. Wil liams and Da vid B. Spencer
De part ment of Aero space En gi neering, The Penn syl va nia State Uni ver sity, Uni ver sity Park, Penn syl va nia 

16802, USA.

With re cent de vel op ments in low-thrust op ti mi za tion tech niques, sev eral meth ods
of tra jec tory op ti mi za tion can be im ple mented across var i ous trans fers. Much re cent
work has fo cused on per form ing meth ods of op ti mal con trol on low-thrust, near-Earth
or bit trans fers, achiev ing max i mum ef fi ciency in both en ergy use and time-of-flight.
How ever, the use of op ti mal con trol re lies on the ex ploi ta tion of a sat el lites’ equa tion of 
state, which be comes prob lem atic if op ti mi za tion is to be per formed through a venue
where the state equa tions can not be ma nip u lated. This sit u a tion is par tic u larly ev i dent
when at tempt ing to per form tra jec tory op ti mi za tion through a com mer cial off-the-shelf
sat el lite mis sion mod el ing soft ware pack age. Thus, a ro bust op ti mi za tion method must
be cho sen to pro duce com pet i tive re sults com pa ra ble to op ti mal con trol in these types
of sit u a tions. How ever, the for mu la tion of an ob jec tive func tion, as well as which type
of op ti mi za tion method to choose is im por tant, since some for mu la tions or al go rithms
may lead to better or faster con ver gence when com pared to oth ers. Pre vi ous work has
been de voted to as sess ing which op ti mi za tion al go rithms work best within a “black
box” com mer cial soft ware pack age, in which an evo lu tion ary strat egy was found to be
the most ro bust. In this study, a near-Earth low-thrust tra jec tory will be mod eled in Sat -
el lite Toolkit’s Astrogator® with an evo lu tion ary strat egy ap plied. An ap pro pri ate ob jec -
tive func tion, and prob lem for mu la tion in STK based on gen eral per tur ba tion equa tions
is op ti mized within this evo lu tion ary strat egy, in an at tempt to cre ate a op ti mi za tion
method which can pro duce re sults on par with those found us ing a method of op ti mal
con trol.
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AAS 09 – 216
It er a tive Learning Con trol in Non lin ear Sys tems Using State Es ti ma tion for
Relinearizations

Rich ard W. Longman* and Katja D. Mombaur†

* Dept. of Me chan i cal En gi neering, and Civil En gi neering and En gi neering Me chanics, Co lum bia

Uni ver sity, New York, New York 10027, USA.

† LAAS-CNRS, 7 Av e nue du Col o nel Roche, Toulouse, France 31077.

It er a tive learn ing con trol (ILC) ap plies to sys tems per form ing a track ing ma neu ver 
re peat edly. The er ror in each run is used to ad just the com mand in the next run, aim ing
to con verge to zero er ror. Space craft ap pli ca tions in clude mak ing fine point ing equip -
ment fol low a pre cise scan pat tern in spite of flex i bil ity ef fects. Pre vi ous pa pers showed 
how to use ef fec tive lin ear ILC laws in the neigh bor hood of a de sired tra jec tory of a
non lin ear sys tem, and also, how to im pose in equal ity con straints on ac tu a tor sig nals
dur ing the learn ing pro cess in lin ear sys tems. This pa per shows how to ex tend the range 
of con ver gence, by per form ing re peated relinearizations which re quires si mul ta neous es -
ti ma tion of the state his tory. At ten tion is ad dressed to the need to know the state his -
tory, not just the out put his tory for the tra jec tory about which one wants to linearize. In
ad di tion, at ten tion is fo cused on the fact that ILC aims for zero track ing er ror in hard -
ware, and the in put needed for this will be some what dif fer ent than the one that gets
zero er ror in the math e mat i cal model that is used in de sign ing the ILC law.

AAS 09 – 217
Modeling Per tur ba tions and Op er a tional Con sid er ations When Using In di rect
Op ti mi za tion With Equinotical El e ments

An drew S. Feistel and Chris to pher L. Ranieri
The Aero space Cor po ra tion, El Segundo, Cal i for nia 90245, USA.

Using equi noc tial el e ments with in di rect op ti mi za tion meth ods, a gen er al ized for -
mu la tion is de vel oped to in cor po rate var i ous or bital per tur ba tions re solved in the in er -
tial sys tem. This for mu la tion al lows the ef fects of the per tur ba tions to be eas ily in -
cluded in the equi noc tial force model and the cor re spond ing co-state equa tions for min i -
mum-time tra jec to ries. An a lytic ex pres sions for all the nec es sary de riv a tives are pre -
sented in a con cise frame work. This frame work al lows a more de tailed force model to
be used with equi noc tial el e ments in an in di rect op ti mi za tion scheme than have been
used to date. Ad di tionally, op er a tional con cerns are ad dressed to al low mis sion-specific
coast arcs to be placed op ti mally. Re sults are pre sented show ing the ef fects of var i ous
per tur ba tions (third bod ies, zonal har mon ics, and so lar ra di a tion pres sure) and the place -
ment of coast arcs on an ex am ple GTO to GEO trans fer.
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AAS 09 – 218
Op ti mal Con tin u ous-Thrust Tra jec tories Via Vi sual Trade Space Ex plo ra tion

Dan iel D. Jor dan,* Da vid B. Spencer,* Tim o thy W. Simpson,† 
Mi chael A. Yukish‡ and Gary M. Stump‡

* De part ment of Aero space En gi neering, The Penn syl va nia State Uni ver sity, Uni ver sity Park,

Penn syl va nia 16802, USA.

† Department of Me chan i cal and In dus trial En gi neering, The Penn syl va nia State Uni ver sity, Uni ver sity

Park, Penn syl va nia 16802, USA.

‡ Ap plied Re search Lab o ra tory, State Col lege, Penn syl va nia 16804 USA.

En gi neering de sign prob lems of ten con tain cor re la tions and trade offs that may or
may not be ob vi ous or well-understood. As de sign prob lem com plex ity in creases, de ci -
sion mak ers find it more and more dif fi cult to grasp these trade offs ef fec tively. The
rapid growth of com put ing power now al lows the sim u la tion of mil lions of de sign al ter -
na tives, and the abil ity to ef fec tively vi su al ize these al ter na tives and un der stand the
trade offs as so ci ated with them has never been more im por tant. Trade space vi su al iza -
tion tools are de signed to aid de ci sion mak ers by al low ing them to ef fec tively ex plore a
de sign space and grasp the un der ly ing trade offs and nu ances par tic u lar to their spe cific
prob lem. These tools pro vide great po ten tial in eval u at ing com plex dy nam i cal sys tems
in the aero space in dus try, among oth ers. In this pa per, we ap ply our trade space vi su al -
iza tion soft ware, the Ap plied Re search Lab Trade Space Vi su al izer (ATSV), to search
for op ti mal con stant thrust and con stant ac cel er a tion or bit trans fers. This prob lem is for -
mu lated as a multiobjective op ti mi za tion prob lem where it is de sir able to ex plore var i -
ous com pet ing ob jec tives. First, we iden tify a known op ti mal so lu tion and ex plore the
in put space to search for other op ti mal or near-optimal tra jec to ries. The prob lem is then
mod i fied to in clude the dis crete hard ware-side de sign vari able, en gine type, and op ti mal 
so lu tions are found for each cor re spond ing de sign vari able op tion. Finally, a study is
per formed to un der stand the sen si tiv ity of found op ti mal tra jec to ries to per tur ba tions of
the ini tial or bit.
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AAS 09 – 219
Im prove ments in Pseudospectral Based Hy per sonic Ve hi cle Tra jec tory Gen er a tion
Via En hanced Aerothermal Pre dic tion Methods

Tim o thy R. Jorris,* Chris to pher S. Schulz† and Shawn Rexius‡

* Ma jor, USAF, U.S. Air Force Test Pi lot School, Ed wards AFB, Cal i for nia 93524, USA.

† Ma jor, USAF, 773TS Ed wards Air Force Base, Cal i for nia 93524, USA.

‡ 2Lt., USAF, 773TS Ed wards Air Force Base, Cal i for nia 93524, USA.

Hy per sonic ve hi cle re-entry tra jec to ries are tra di tion ally for mu lated as a con -
strained two point bound ary value prob lem which con sider a va ri ety of prob lem re lated
path con straints. The so lu tions to these two point bound ary value prob lems are found by 
em ploy ing nu mer i cal op ti mi za tion tech niques such as the ac cel er ated pro jected gra di ent
method or pseudospectral op ti mi za tion tech niques. Ini tial, ter mi nal, and path con straints 
are used to de scribe the prob lem to be an a lyzed and are gen er ally prob lem spe cific. For
ex tended endoatmospheric hy per sonic flight, the to tal aerothermal heat and heat flux
im parted on the flight ve hi cle be comes a crit i cal path con straint to con sider when gen -
er at ing an op ti mal tra jec tory so lu tion. Heat cal cu la tions used in these cases, how ever,
tend to be sim pli fied to closed form rep re sen ta tion that solely con sider stag na tion heat -
ing to limit the con straint com plex ity. The Gauss pseudospectral op ti mi za tion method
has been shown to pro vide ex cel lent so lu tion con ver gence for highly con strained tra jec -
tory prob lems. This pa per eval u ates the per for mance of the Gauss pseudospectral op ti -
mi za tion method in gen er at ing long flight du ra tion hy per sonic ve hi cle tra jec to ries con -
sid er ing com plex aeroheating cal cu la tions as path con straints.

SES SION 18:  MIS SION DE SIGN 2
Chair:  Yanping Guo, APL

AAS 09 – 220
Or bit Me chanics About Small Sat el lites

Dan iel J. Scheeres
Col o rado Cen ter for Astrodynamics Re search, De part ment of Aero space En gi neering Sci ences, The

Uni ver sity of Col o rado, Boul der, Col o rado 80309, USA.

Space mis sions to small so lar sys tem bod ies must deal with mul ti ple per tur ba tions
act ing on the space craft. These in clude strong per tur ba tions from the grav ity field and
so lar tide, but for small bod ies the most im por tant per tur ba tions may arise from so lar
ra di a tion pres sure (SRP) act ing on the space craft. Pre vi ous re search has gen er ally in ves -
ti gated the ef fect of the grav ity field, so lar tide, and SRP act ing on a space craft tra jec -
tory about an as ter oid in iso la tion and has not con sid ered their joint ef fect. In this pa per 
a more gen eral the o ret i cal dis cus sion of the joint ef fects of these forces will be given.
Also de rived is a gen eral so lu tion for the av er aged mo tion of a space craft about a point
mass in or bit about the sun due to per tur ba tions from so lar ra di a tion pres sure.
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AAS 09 – 221
Ap pli ca tions of Chaoticity In di ca tors to Sta bil ity Anal y sis Around Small Bodies

Benjamin Villac* and Ste phen Broschart†

* Department of Me chan i cal and Aero space En gi neering, Uni ver sity of Cal i for nia, Irvine, Cal i for nia

92697-3975, USA.

† Jet Pro pul sion Lab o ra tory, Cal i for nia In sti tute of Tech nol ogy, Pas a dena, Cal i for nia 91109, USA.

The char ac ter iza tion of re gions of long-term sta ble mo tion of a small body or biter
is ad dressed us ing fast Lyapunov in di ca tors in com bi na tion with pe ri odic or bit fam i lies
com pu ta tions. In par tic u lar the fea si bil ity of com put ing dy nam i cal maps for such sys -
tems is dem on strated and the cal i bra tion of the method in re la tion to the par tic u lar i ties
of as ter oid dy nam ics, such as the ir reg u lar grav i ta tional field and im por tance of the so -
lar ra di a tion pres sure, is dis cussed. Se quences of maps around the as ter oid 6489
Golevka re veal the role of the var i ous per tur ba tions and the ex is tence of very-long term 
sta bil ity re gions near ter mi na tor or bits, where a space craft with out any con trol would
or bit the small body for sev eral de cades. The re gions are shown to be lim ited in size
and in flu enced by low or der mean mo tion res o nances. The method rep re sents a com ple -
men tary ap proach to the an a lyt i cal re sults avail able in the lit er a ture when av er ag ing as -
sump tions do not ap ply or quan ti ta tive, ac cu rate in for ma tion is needed for a par tic u lar
small body, and should thus be help ful for mis sion de signer in de ter min ing the avail able 
tra jec tory op tions for spe cific mis sions.

AAS 09 – 222
Pathfinding and V-Infininty Le ver aging for Plan e tary Moon Tour Mis sions

Adam T. Brinckerhoff and Ryan P. Rus sell
Guggenheim School of Aero space En gi neering, Geor gia In sti tute of Tech nol ogy, At lanta, Geor gia

30332-0150, USA.

The well es tab lished tech nique of V-infinity le ver ag ing is ap plied to the phase-
fixed plan e tary moon tour prob lem, and a global anal y sis of the re lated de sign space is
per formed us ing an au to mated pathfinding tech nique. Res o nance hop ping trans fers be -
tween two cir cu lar, coplanar moons of a com mon planet are de signed us ing se ries of al -
ter nat ing V-infinity le ver ag ing ma neu vers and zero-point patched conic grav ity as sists.
When this tech nique is com bined with an ef fi cient global search based on Bell man’s
Prin ci ple, the end re sult is an ex haus tive set of fuel and time op ti mal tra jec to ries be -
tween the two moons in ques tion. The as so ci ated Pareto front of so lu tions rep re sents the 
clas sic fuel ver sus flight time trade study sought in pre lim i nary mis sion de sign. Ex am -
ple nu mer i cal re sults are pro duced for or bital trans fers be tween sci en tif i cally in ter est ing 
moons in the Jovian sys tem. Finally, res o nant trans fers of neigh bor ing pairs of moons
are patched to gether to ob tain fuel and flight time es ti mates for a full Jovian sys tem
tour with in ter me di ate sci ence or bits. Re sults from this fast, pre lim i nary de sign pro ce -
dure are in tended to serve as use ful start ing points for higher fi del ity multi-body mis -
sion de sign. In gen eral, the res o nant hop ping de sign ap proach and the as so ci ated de sign 
pro ce dure are found to be most rel e vant for mis sions with short flight time re quire -
ments.
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AAS 09 – 223
Flight Path Con trol Design for the Cassini Equi nox Mis sion

Powtawche N. Wil liams, Chris to pher G. Ballard, Em ily M. Gist, Troy D. Goodson,
Yungsun Hahn, Paul W. Stumpf and Sean V. Wag ner
Flight Path Con trol Group and the Cassini Nav i ga tion Team, Jet Pro pul sion Lab o ra tory, Cal i for nia

In sti tute of Tech nol ogy, Pas a dena, Cal i for nia 91109.

The Cassini-Huygens space craft has suc cess fully com pleted its four-year Prime
Mis sion and be gan a two-year ex tended mis sion on July 1, 2008. Of fi cially named the
“Equi nox Mis sion”, the ex tended mis sion in cludes 95 or bit trim ma neu vers de signed to
achieve fly bys of Ti tan, Enceladus, Rhea, and Dione. This pa per gives an over view of
ma neu ver sta tis ti cal pre dic tions and anal y sis for the Equi nox Mis sion.

AAS 09 – 224
The End game Prob lem Part A: V-Infinity Le ver aging Tech nique and the
Le ver aging Graph

Stefano Campagnola* and Ryan P. Rus sell†

* Department of Aero space and Me chan i cal En gi neering, Uni ver sity of South ern Cal i for nia, Los An geles, 

Cal i for nia 90089-1191, USA.

† Guggenheim School of Aero space En gi neering, Geor gia In sti tute of Tech nol ogy, At lanta, Geor gia

30332-0150, USA.

ESA and NASA re newed in ter est on mis sions to Europa, Ganymede, Enceladus
and Ti tan poses the ques tion on how to best solve the End game prob lem. Endgames
typ i cally aim at a cheap in ser tion ma neu ver into the sci ence or bit, and can be de signed
us ing ei ther V-Infinity Le ver aging Ma neu vers (VILMs) or the Multi-Body dy nam ics.
Al though his tor i cally linked to in ser tion ma neu vers, the end game prob lem is sym met ric
and equally ap plies to de par ture. In this pa per se ries, we an a lyze and draw con nec tions
be tween the two ap par ently sep a rate ap proaches, pro vid ing in sight to the dy nam ics of
multi-body grav ity as sist prob lem. In this pa per we de rive new for mu lae for the VILM
and build the Le ver aging Graph to be used as a ref er ence guide for de sign ing End game
tours. We prove that the cost of a VILM se quence de creases when us ing high al ti tude
fly bys (as done in the Multi-Body tech nique). Finally, we find a sim ple quad ra ture for -
mula to com pute the min i mum ΔV trans fer be tween moons us ing VILMs, which is the
main re sult of the pa per. The Le ver aging Graphs and as so ci ated for mu lae are de rived in 
ca non i cal units and there fore ap ply to any ce les tial sys tem with a smaller body in a cir -
cu lar or bit around a pri mary. Spe cifically we dem on strate the new method to pro vide
rapid cal cu la tions of the the o ret i cal floor val ues for ΔV re quire ments for res o nant hop -
ping moon tours in the Sat urn and Ju pi ter sys tems us ing the VILM model.
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AAS 09 – 226
In vari ant Man i folds, Dis crete Me chanics, and Tra jec tory Design for a Mis sion to
Ti tan

Evan S. Gawlik,* Jerrold E. Mar sden,* Stefano Campagnola† and Ashley Moore*

* Con trol and Dy nam i cal Sys tems, Cal i for nia In sti tute of Tech nol ogy, Pas a dena, Cal i for nia 91125, USA.

† Aero space and Me chan i cal En gi neering, Uni ver sity of South ern Cal i for nia, Los An geles, Cal i for nia

90089-1191, USA.

With an en vi ron ment com pa ra ble to that of pri mor dial Earth, a sur face strewn with 
liq uid hy dro car bon lakes, and an at mo sphere denser than that of any other moon in the
so lar sys tem, Sat urn’s larg est moon Ti tan is a trea sure trove of po ten tial sci en tific dis -
cov ery and is the tar get of a pro posed NASA mis sion sched uled for launch in roughly
one de cade. A chief con sid er ation as so ci ated with the de sign of any such mis sion is the
con straint im posed by fuel lim i ta tions that ac com pany the space craft’s jour ney be tween
ce les tial bod ies. In this study, we ex plore the use of patched three-body mod els in con -
junc tion with a dis crete me chan i cal op ti mi za tion al go rithm for the de sign of a fuel-ef fi -
cient Satur nian moon tour fo cus ing on Ti tan. In con trast to the use of tra di tional mod els 
for tra jec tory de sign such as the patched conic ap prox i ma tion, we ex ploit sub tle ties of
the three-body prob lem, a clas sic prob lem from ce les tial me chan ics that asks for the
mo tion of three masses in space un der mu tual grav i ta tional in ter ac tion, in or der to slash 
fuel costs. In the pro cess, we dem on strate the ap ti tude of the DMOC (Dis crete Me -
chanics and Op ti mal Con trol) op ti mi za tion al go rithm in han dling ce les tial me chan i cal
tra jec tory op ti mi za tion prob lems.
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AAS 09 – 227
The End game Prob lem Part B: The Multi-Body Tech nique and the T-P Graph

Stefano Campagnola* and Ryan P. Rus sell†

* Department of Aero space and Me chan i cal En gi neering, Uni ver sity of South ern Cal i for nia, Los An geles, 

Cal i for nia 90089-1191, USA.

† Guggenheim School of Aero space En gi neering, Geor gia In sti tute of Tech nol ogy, At lanta, Geor gia

30332-0150, USA.

ESA and NASA re newed in ter est on mis sions to Europa, Ganymede and Ti tan
poses the ques tion on how to best solve the End game prob lem. Endgames typ i cally aim 
at a cheap in ser tion ma neu ver into the sci ence or bit, and can be de signed us ing ei ther
V-Infinity Le ver aging Ma neu vers (VILMs) or the Multi-Body dy nam ics. Al though his -
tor i cally linked to in ser tion ma neu vers, the end game prob lem is sym met ric and equally
ap plies to de par ture. In this pa per se ries, we an a lyze and draw con nec tions be tween the
two ap par ently sep a rate ap proaches, pro vid ing in sight to the dy nam ics of multi-body
grav ity as sist prob lem. In this pa per we study the anat omy of the Multi-Body ap proach
us ing a new graph i cal tool, the Tisserand-Poincaré (T-P) graph. The T-P graph shows
that bal lis tic endgames are en er get i cally pos si ble and it ex plains why they re quire res o -
nant or bits patched with high al ti tude fly bys, whereas in the VILM ap proach fly bys
alone are not ef fec tive with out im pul sive ma neu vers in be tween them. We then ex plain
how to use the T-P graph and the as so ci ated con cepts to de sign quasi-ballistic trans fers
com posed by endgames and begingames (the sym met ric prob lems). Un like pre vi ous
meth ods, the T-P graph pro vides a valu able, en ergy based, tar get point for the de sign of 
the two parts of the tra jec tory, and a sim ple way to patch them. Fur ther, the patch point
cal cu la tion is straight for ward and does not re quire the of ten te dious gen er a tion of man -
i folds and their as so ci ated in ter sec tions. We fi nally pres ent two trans fers. The first
trans fer is be tween low-altitude or bits at Europa and Ganymede us ing al most half the
Δv of the Hohmann trans fer; the sec ond trans fer is a 300-day quasi-ballistic trans fer be -
tween halo or bits of the Ju pi ter-Ganymede and Ju pi ter-Europa. With some 50 m/s the
trans fer can be re duced by two months. While the re sults have the most rel e vant im pli -
ca tions at low en ergy (end game) lev els, the Tisserand in te gral shows that bal lis tic
multi-body trans fers are fea si ble (given in fi nite time) for all en ergy lev els across any
dis tance gap.

AAS 09 – 228
With drawn
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SES SION 19:  OR BIT DE TER MI NA TION 2
Chair:  Dr. Paul Schumacher, Air Force Re search Lab o ra tory

AAS 09 – 229
ATV’s Jules Verne On-Ground Or bit De ter mi na tion

Isabelle Escané,* Nicolas Delong,* Mauro Augelli,* Bruno Gerey,† 
Adriana Mar tin† and Ludovic Labboz‡

* ATV-CC Flight Dy nam ics Team, CNES, 31401 Toulouse, France.

† ATV-CC Flight Dy nam ics Team, Coframi, 31100 Toulouse, France.

‡ ATV-CC Flight Dy nam ics Team, Atos-Origin, 31024 Toulouse, France.

The Au to mated Trans fer Ve hi cle (ATV) space craft is de signed and de vel oped by
EADS-Astrium Space Trans por ta tion as prime con trac tor for the Eu ro pean Space
Agency (ESA). Cen tre Na tional d’Etudes Spatiales (CNES) in Toulouse, France has de -
vel oped the ATV Con trol Cen tre (ATV-CC) un der ESA con tract and is re spon si ble for
the space craft op er a tions. One of the ATV-CC re spon si bil i ties is to per form on-ground
or bit de ter mi na tion us ing GPS mea sure ments with Kalman Fil ter for mon i tor ing pur -
poses and Least Mean Square meth ods to ob tain ac cu rate po si tion and ve loc ity. This pa -
per dis cusses our op er a tional soft ware and pro cess em ployed to per form ab so lute nav i -
ga tion, to ini tial ize rel a tive on-board GPS nav i ga tion (RGPS) with ATV rel a tive state
vec tor, and to mon i tor ATV-ISS rel a tive nav i ga tion be fore dock ing. Op er a tional re sults, 
post flight anal y sis, com par i son re sults with on-board nav i ga tion sys tem, and com pli -
ance re sults with dem on stra tion cri te ria and joint ATV-ISS flight rules are pre sented.
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AAS 09 – 230
De vel op ment of the Tech nique for Covariance Pre dic tion Using the Grav ity Color
Noise

A. I. Nazarenko* and K. T. Alfriend†

* Space Ob ser va tion Cen ter, Mos cow, Rus sia. 

† Dept. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

The con ven tional ap proach to es ti ma tion and pre dic tion of or bits un cer tainty is
based on us ing the equa tions of mo tion, in which the ran dom dis tur bances are ei ther not 
taken into ac count, or as sumed to be rep re sented by white noise. The fol low ing ques -
tions are con sid ered in the pa per:
1. Ba sis of the tech nique for covariance pre dic tion. The anal y sis of the dif fer en tial
equa tions for fore cast ing a cor re la tion ma trix of state vec tor er rors and their so lu tion are 
ex e cuted. It is nec es sary to take into ac count mu tual cor re la tion of state vec tor er rors
with col ored noise for main te nance of a cor rect ness of re sults. The tech nique for es ti -
ma tion of ma trix func tion of mu tual cor re la tion dur ing or bit de ter mi na tion is con sid -
ered.
2. Sta tis ti cal char ac ter is tics of the grav ity dis turb ing forces. The prob lem on a choice of 
har mon ics de gree which is taken into ac count in the mo tion model is con sid ered. The
de pend ence of the rec om mended de gree on al ti tude and ac cu racy of con stants Cnm and
Snm is con structed. The es ti ma tion of cor re la tion func tions of grav ity dis turb ing forces
in the Body-fixed, and also in the Earth-centered in er tial co or di nate sys tems is pre -
sented. The cor re la tion func tions for the res o nance sat el lites in the LEO and GEO, and
also for the ob jects of GPS type are con sid ered in de tail.

AAS 09 – 231
Cir cu lar and Zero-Inclination So lu tions for Op ti cal Ob ser va tions of
Earth-Orbiting Ob jects

K. Fujimoto,* J. M. Maruskin† and D. J. Scheeres‡

* De pt. of Aero space En gi neering, The Uni ver sity of Mich i gan, Ann Ar bor, Mich i gan 48109-2140, USA.

† De part ment of Math e mat ics, The San Jose State Uni ver sity, San Jose, Cal i for nia, 95192-0103, USA.

‡ De pt. of Aero space En gi neering Sci ences, The Uni ver sity of Col o rado, Boul der, Col o rado 80309, USA.

Sit u a tional aware ness of Earth-orbiting par ti cles is im por tant for hu man ex tra ter -
res trial ac tiv i ties. Given an op ti cal ob ser va tion, an ad mis si ble re gion can be de fined
over the topocentric range and range-rate, with each point rep re sent ing a pos si ble or bit
for the ob ject. How ever, based on our un der stand ing of Earth or bit ing ob jects, we ex -
pect that cer tain or bits in that dis tri bu tion, such as cir cu lar or zero-inclination or bits,
would be more likely than oth ers. In this re search, we pres ent an an a lyt i cal ap proach for 
de scrib ing the ex is tence of such spe cial or bits for a given ob ser va tion pass, and in ves ti -
gate meth ods of find ing them by means of sin gu lar i ties in or bital el e ments.
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AAS 09 – 232
Or bit De ter mi na tion and Prop a ga tion of Ob jects with High AMR for Or bital
Ar chive Main te nance

Vladi mir Agapov,* Vic tor Stepanyants,* Sergey Kamensky,† 
Zakhary Khutorovskiy,† and Kyle T. Alfriend‡

* Keldysh In sti tute of ap plied Math e mat ics, Mos cow, Rus sia.

† “Vympel” Cor po ra tion, Mos cow, Rus sia.

‡ Dept. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

Re cent re search has re vealed that ob jects with high AMR (usu ally more than 1
sq.m/kg) rep re sent a sig nif i cant por tion of the GEO pop u la tion and are usual among ob -
jects on GTO and other el lip ti cal or bits. Their or bit is highly per turbed by so lar ra di a -
tion pres sure, and this per tur ba tion far ex ceeds all other per tur ba tions. The pa per pres -
ents meth ods and al go rithms for the or bit de ter mi na tion and prop a ga tion for high AMR
ob jects. An al go rithm for the joint de ter mi na tion of the or bital pa ram e ters and the ac cel -
er a tion vec tor from the so lar ra di a tion pres sure with a-priori in for ma tion is de vel oped.

AAS 09 – 233
Sat el lite Con junc tion Monte Carlo Anal y sis

Salvatore Alfano
Cen ter for Space Stan dards and In no va tion (CSSI), Col o rado Springs, Col o rado, 80920-6522, USA.

This work uses a sim pli fied Monte Carlo pro cess to as sess the sat el lite col li sion
prob a bil ity com pu ta tions of var i ous meth ods and to ob tain a pre lim i nary es ti mate on
their bounds of util ity. The pro cess starts with a sim ple two-body an a lyt i cal prop a ga tion 
of the po si tion and ve loc ity vec tors and their as so ci ated 6x6 covariance from ep och to
the time of clos est ap proach (TCA). Each ob ject is as sumed spher i cal and a time span is 
set about the ini tial TCA to bound the re sults. No as sump tions are made re gard ing the
con stancy or di rec tion of the rel a tive ve loc ity over the en coun ter’s time span. The ep -
och vec tors are ran domly per turbed in ac cor dance with the ini tial covariance ma trix val -
ues and a col li sion de ter mi na tion made if the rel a tive dis tance at any time in the span is 
equal to or less than the com bined ob ject ra dius. Two sta tis ti cal bound ing cri te ria are
used to de ter mine the min i mum num ber of cases needed. The Monte Carlo re sults are
then com pared to prob a bil ity com pu ta tions that use the un per turbed or bital data at TCA. 
This par tic u lar work does not at tempt to sim u late real-world per tur ba tions such as at mo -
spheric drag and/or var i ous grav ity fields, but rather as sures the con sis tency of the
Gaussi an pro cess from ep och to clos est ap proach point for the cho sen force model. Be -
cause no unique or com pli cated force mod els are used the re sults can be eas ily re peated 
and in de pend ently val i dated.
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AAS 09 – 234
Sat el lite Ma neu ver De tec tion: A Sta tis ti cal Cer tainty Met ric

Kevin D. Stout* and Zachary J. Folcik†

* Sum mer Staff, MIT Lin coln Lab o ra tory, Lexington, Mas sa chu setts 02420, USA, and Uni ver sity of

Texas Aero space un der grad u ate stu dent.

† MIT Lin coln Lab o ra tory, Lexington, Mas sa chu setts 02420, USA.

Sta tis ti cal cer tainty met rics are a use ful tool in sat el lite ma neu ver de tec tion. They
can pro vide in sight into the size of a ma neu ver and the like li hood of a de tected ma neu -
ver be ing real. This pa per pro vides dis cus sions of which de tec tion cri te ria are use ful for 
geosynchronous sat el lites. Re sults of us ing two dif fer ent meth ods to con struct a met ric
are shown. These meth ods in clude one us ing prob a bil ity den sity func tions and one us -
ing the ma neu ver de tec tion data from each cri te rion. Re sults for the cer tainty met ric are
shown for 17 sat el lites over a span of 500 days with 1349 known ma neu vers and 110
known false alarms. As the ma neu ver size (ΔV) in creases over the in ter val from 0 to
0.4 m/s, the cer tainty met ric yields a 58% in crease in prob a bil ity per 1 (m/s) ΔV. The
cer tainty met ric also dis plays an 8-10% higher prob a bil ity for real de tected ma neu vers
than de tec tions where no ma neu ver has taken place.

AAS 09 – 235
With drawn

AAS 09 – 236
Sat el lite Or bit De ter mi na tion Using Con tin u ous Low-Thrust Modeling

Zachary J. Folcik* and Paul J. Cefola†

* MIT Lin coln Lab o ra tory, Lexington, Mas sa chu setts 02420, USA.

† Con sul tant in Aero space Sys tems, Space flight Me chanics, and Astrodynamics, Sudbury, Mas sa chu setts

01776, USA. (also Re search Af fil i ate, MIT Aero nau tics and As tro nau tics Dept. USA.).

This study used Op ti mal Con trol The ory to model the per tur ba tions caused by con -
tin u ous thrust. Fuel-optimal tra jec to ries were cal cu lated us ing nu mer i cal op ti mi za tion
tech niques. Soft ware was de vel oped to cal cu late the op ti mal tra jec to ries and as so ci ated
thrust plans. A new force model was im ple mented in GTDS to ac cept ex ter nally gen er -
ated thrust plans and ap ply them to a given os cu lat ing, i.e. Cow ell, or mean, i.e. DSST,
sat el lite tra jec tory. Test cases ver i fied the cor rect ness of the math e mat ics and soft ware
and also dem on strated that op ti mal thrust mod el ing could pro vide or der of mag ni tude
re duc tions in or bit de ter mi na tion er rors for a sat el lite with low-thrust elec tric pro pul -
sion.
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AAS 09 – 237
Tracking Ob jects With Un known Dy namics

Drew Woodbury and Daniele Mortari
Dept. of Aero space En gi neering, Texas A&M Uni ver sity, Col lege Sta tion, Texas 77843-3141, USA.

This pa per dis cusses tech niques that can be used by an im ag ing sys tem to track an
ob ject that has un known dy nam ics. A method to es ti mate an ob ject’s ve loc ity from a
sin gle im age us ing centroiding is pre sented. In er tial de riv a tives pres ent one pos si ble
means of es ti mat ing mo tion by as sum ing lin ear dy nam ics. Ac cu racy of the es ti mate can 
be fur ther im proved by im ple ment ing a con tin u ous-discrete Kalman fil ter on the mea -
sure ments. A sec ond method is then pre sented us ing non-rational Bézier curves to es ti -
mate the dy nam ics of the ob ject in the im age plane. Bézier curves are shown to be a su -
pe rior method of track ing an ob ject for short pe ri ods of time and a vi a ble means of
track ing an ob ject ex hib it ing ran dom walk be hav ior.

SES SION 20:  TETHERS
Chair:  Dr. Thomas Lovell, AFRL

AAS 09 – 238
De ploy ment Con trol of Elec tro dy namic Tethers

Paul Wil liams,* Ste ven Tragesser† and Wubbo Ockels*

* Delft Uni ver sity of Tech nol ogy, Postbus 5, 2600 AA Delft, The Neth er lands.

† Uni ver sity of Col o rado at Col o rado Springs, Col o rado 80918, USA.

The de ploy ment of elec tro dy namic teth ers is im por tant in fu ture ap pli ca tions of
con duc tive teth ers in space. Ex isting work on teth ered sat el lites has fo cused pri mar ily
on the de ploy ment of non-conductive teth ers, or the con trol of elec tro dy namic teth ers
af ter they have been de ployed. This pa per in tro duces a strat egy for de ploy ing an elec tri -
cally con duc tive tether. In stead of con strain ing the fi nal libration dy nam ics to be zero at 
the end of de ploy ment, the con trol ler is de signed to de ploy the tether into a pe ri odic so -
lu tion for the in- and out-of-plane li bra tions. Con trol over the cur rent and rate of change 
of reel-rate is used to ma nip u late the de ploy ment dy nam ics to in ter sect the ter mi nal
man i fold cre ated by the librational pe ri odic so lu tion. A feed back con trol ler is also de -
signed for sta bi liz ing the tether li bra tions around the pe ri odic so lu tion by ma nip u la tion
of the tether length while main tain ing the elec tric cur rent at the nom i nal value.
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AAS 09 – 239
CE2: A CubeSat Elec tron Col lec tor Ex per i ment

Bill Amatucci,* Ja son An der son,† Steve Ar nold,‡ John Bowen,** Joe Carroll,††

Shan non Coffey,‡ Chris to pher Compton,‡‡ George Gat ling,* Steve Huynh,‡ Paul Jaffe,‡

Ber nard Kelm,‡ Steve Koss,‡ John McGahagan,*** Erik Tejero,‡‡ and Adam Thurn†††

* Plasma Phys ics Di vi sion, Na val Re search Lab o ra tory, Wash ing ton, DC 20375, USA.

† Com puter Sci ence, Cal i for nia Poly tech nic State Uni ver sity, San Luis Obispo, Cal i for nia 93407, USA.

‡ Space craft En gi neering De part ment, Na val Re search Lab o ra tory, Wash ing ton, DC 20375, USA.

** Aero space En gi neering, Cal i for nia Poly tech nic State Uni v., San Luis Obispo, Cal i for nia 93407, USA.

†† Tether Ap pli ca tions Inc., Chula Vista, Cal i for nia 91913, USA.

‡‡ Global Strat egies Inc., Great Falls, Vir ginia 22066, USA.

*** Elec tri cal En gi neering Trainee @ NRL, Uni v. of Mary land, Col lege Park, Mary land 20742, USA.

††† Me chan i cal En gi neering Stu dent, Uni ver sity of Cincinnati, Cincinnati, Ohio 45221, USA.

The Na val Re search Lab o ra tory de vel oped an ex per i ment to mea sure the ef fec tive -
ness of an elec tron col lec tion de vice in space. Elec tron col lec tion from the plasma sur -
round ing the earth is a key el e ment of an emerg ing con cept for space craft pro pul sion
that makes use of the phys ics prin ci ples of elec tro dy nam ics. Elec tro dy namic pro pul sion
of fers the pros pects of en abling space craft to ma neu ver with out the ex pen di ture of con -
ven tional fuel, that is the pos si bil ity of pro pel lant-less ma neu vers. This ex per i ment will
mea sure the ef fec tive ness of nar row metal tapes for col lect ing elec trons from the earth’s 
plasma.
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AAS 09 – 240
Ex plo ra tion of the Ju pi ter Plasma To rus With a Self-Powered Elec tro dy namic
Tether

Davide Curreli,* Enrico C. Lorenzini,† Claudio Bombardelli,‡ Manuel Sanjurjo-Rivo,**

Fernando R. Lucas,** Je sus Peláez,** Dan iel J. Scheeres†† and Mar tin Lara‡‡

* STMS Doc toral School, CISAS “G. Co lombo” Re search Cen ter, 35131 Padova, It aly.

† Me chan i cal En gi neering Dept., 35131 Padova, It aly; also mem ber CISAS “G. Co lombo” Re s. Cen ter.

‡ De part ment of Ap plied Phys ics, Universidad Politecnica de Ma drid, 28040 Ma drid, Spain.

** ETS Aeronuticos, Plaza Cardenal Cisneros 3, 28040 Ma drid, Spain.

†† De part ment of Aero space En gi neering Sci ences, Boul der, Col o rado 80309-0429, USA.

‡‡ Ephemerides Sec tion, 11110 San Fernando, Cdiz, Spain.

The dy nam ics and power gen er a tion of an elec tro dy namic tether (EDT) placed in
the three body sys tem formed by Ju pi ter, Io and the space craft are an a lyzed. In the re -
gion sur round ing Io’s or bital path, a re gion of in creased elec tron den sity called the
plasma to rus of fers a suit able lo ca tion to op er ate an EDT. The elec tro dy namic in ter ac -
tion be tween the con duct ing ca ble of the EDT and the strong mag netic field of the
planet leads to non-negligible elec tro dy namic force, that per turbs the nat u ral three body
mo tion. New equi lib rium po si tions are found in the syn odic frame, which co in cide with 
the clas si cal tri an gu lar Lagrangian points only when the elec tro dy namic force van ishes.
The lo ca tions of equi lib rium po si tions are com puted as a func tion of tether length,
width and space craft mass. While in this equi lib rium po si tion, the teth ered sys tem can
gen er ate ki lo watts of elec tri cal power with out de orbit ing the sys tem, the en ergy com ing 
from to the super-rotating plasma sphere of Ju pi ter. The mo tion around the new equi lib -
rium po si tions is eval u ated, for both small lin ear mo tion con fined to a neigh bor hood of
the equi lib rium point, and for large am pli tude non-linear mo tions. As an ap pli ca tion of
this study, a mis sion pro file ca pa ble to ex plore the whole plasma to rus is pre sented.
This plasma to rus ex plorer can per form an in ter nal “scan” of the to rus it self while gen -
er at ing elec tri cal power use ful for loads on board the space craft.

AAS 09 – 241
Jovian Cap ture of a Space craft with a Self-Balanced Elec tro dy namic Bare Tether

M. Sanjurjo-Rivo,* D. J. Scheeres† and J. Peláez*

* E.T.S.I. Aeronáuticos, Plaza Cardenal Cisneros 3, E-28040 Ma drid, Spain.

† De part ment of Aero space En gi neering Sci ences, Boul der, Col o rado 80309-0429, USA.

The ex plo ra tion of Ju pi ter and the Jovian sys tem con sti tutes an im por tant chal -
lenge of plan e tary ex plo ra tion. Among the tech no log i cal ob sta cles to deal with, the
scarcity of power is one of the most lim it ing fac tors. In re cent works, elec tro dy namic
teth ers have been pro posed as an ef fi cient so lu tion to pro vide power in a per ma nent
man ner. Fur ther more, they are pointed out as also suit able pro pul sive de vices to per -
form or bit ma noeuv res in the Jovian world. In this pa per, the Ju pi ter cap ture of a space -
craft us ing a self bal anced elec tro dy namic tether as the pro pul sion sys tem is an a lyzed in 
de tail.
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AAS 09 – 242
On the Thrust Ca pa bil ity of Elec tro dy namic Tethers Working in Gen er a tor Mode

Claudio Bombardelli and Je sus Peláez
De part ment of Ap plied Phys ics, Universidad Politecnica de Ma drid, E-28040 Ma drid, Spain.

The prob lem of es ti mat ing the nec es sary con di tions un der which a pas sive elec tro -
dy namic tether (EDT) in creases the or bital en ergy of a sat el lite is stud ied in its full gen -
er al ity. We de rive the thrust con di tions of both spin ning and nonspinning EDT and the
max i mum achiev able thrust for a ge neric or bit and tether at ti tude. Af ter show ing that in
gen eral thrust arcs are pos si ble even when the or bital ve loc ity ex ceeds the plasma ve -
loc ity we show an ex am ple of EDT or bit rais ing start ing from a low-altitude equa to rial
el lip tic or bit around Ju pi ter.

AAS 09 – 243
Or bital Ma neu vering With Librating and Spinning Elec tro dy namic Tethers

Paul Wil liams,* Ste ven Tragesser† and Wubbo Ockels*

* Delft Uni ver sity of Tech nol ogy, Postbus 5, 2600 AA Delft, The Neth er lands.

† Uni ver sity of Col o rado at Col o rado Springs, Col o rado 80918, USA. 

Or bital ma neu ver ing with elec tro dy namic teth ers is con sid ered us ing op ti mal con -
trol. A guid ance scheme is de vel oped that cal cu lates the elec tric cur rent as a func tion of 
the sys tem or bital el e ments and tether dy namic state. The op ti mal cur rent pro file is de -
ter mined so as to af fect a de sired change in the space craft’s or bital el e ments. The pro -
cess is re peated on line in a sam pled data feed back man ner to en able closed-loop con trol 
of the or bital ma neu ver. One of the ben e fits of this ap proach is that it works for both
librating and spin ning teth ers, and no sim pli fi ca tions are made in the anal y sis of forces
on the sys tem.

AAS 09 – 244
Saturn Power Gen er a tion with Elec tro dy namic Tethers in Po lar Or bit

Claudio Bombardelli,* Enrico C. Lorenzini† and Juan R. Sanmartin*

* De part ment of Ap plied Phys ics, Universidad Politecnica de Ma drid, E-28040 Ma drid, Spain.

† De part ment of Me chan i cal En gi neering, Uni ver sity of Padova, 35131 Padova, It aly.

A power gen er a tion scheme based on bare elec tro dy namic teth ers (EDT) work ing
in pas sive mode is in ves ti gated for the pur pose of sup ply ing power to sci en tific mis -
sions at Sat urn. The sys tem em ploys a spin ning EDT on a low-altitude po lar or bit
which per mits to ef fi ciently con vert plasmasphere en ergy into use ful power. Af ter op ti -
miz ing the tether de sign for power gen er a tion we com pute the sup plied power along the 
or bit and the im pact of the Lo rentz force on the or bital el e ments as func tion of the
tether and or bit char ac ter is tics. Al though un cer tain ties in the cur rent ion o sphere den sity
mod el ing strongly af fect the per for mance of the sys tem the peak power den sity of the
EDT ap pears be greater than con ven tional power sys tems.
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AAS 09 – 245
Spin-up and De ploy ment Con trol of a Tether Sling

Ste ven G. Tragesser* and Bahman Gorjidooz†

* De part ment of Me chan i cal and Aero space En gi neering, Uni ver sity of Col o rado at Col o rado Springs,

Col o rado 80918, USA.

† ITT Cor po ra tion, P.O. Box 39550, 5009 Cen ten nial Blvd., Col o rado Springs, Col o rado 80949.

A tether sling holds tre men dous prom ise as an en ergy stor age de vice, per mit ting
space trans por ta tion sys tems ca pa ble of in ject ing a large num ber of pay loads with low
in cre men tal costs. This pa per de vel ops mo tor and de ploy ment con trols to go from rest
to a de sired fi nal tether length and end ve loc ity. Os cil la tions in the tether de ploy ment
an gle are min i mized in or der to avoid ad di tional ten sion in the tether. Open loop con trol 
laws are de vel oped for both power un lim ited and power con strained cases. For un lim -
ited power, the time op ti mal mis sion pro file dic tates de ploy ment at large an gu lar ve loc i -
ties. The sit u a tion is re versed when power is con strained; spin-up and de ploy ment time
is re duced by de ploy ing at very low an gu lar ve loc i ties.

AAS 09 – 246
Tether De ploy ment Modeling for the Sounding Rocket Ex per i ment

Paul Wil liams,* Hironori A. Fujii,† Ste ven Tragesser‡ and Wubbo Ockels*

* Delft Uni ver sity of Tech nol ogy, Postbus 5, 2600 AA Delft, The Neth er lands.

† Pro fes sor at Kanagawa In sti tute of Tech nol ogy and Nihon Uni ver sity, Ja pan.

‡ De part ment of Me chan i cal and Aero space En gi neering, Uni ver sity of Col o rado at Col o rado Springs,

Col o rado 80918, USA.

A sound ing rocket ex per i ment is planned that will de ploy a bare tape tether. The
tether will be pas sively de ployed in this ex per i ment, and there fore high fi del ity sim u la -
tions are needed to ver ify the pro posed mis sion se quence. This pa per pres ents a model
of the sys tem for con duct ing de ploy ment sim u la tions. The model rep re sents the tether
as a dis crete set of point masses con nected via viscoelastic springs. The rigid body ro ta -
tions of the two end bod ies, to gether with the tether at tach ment point off sets are in -
cluded in the sim u la tion. High or der grav ity and at mo spheric mod els are used to im -
prove the fi del ity of the nu mer i cal sim u la tion.

86

http://www.univelt.com/book=1499
http://www.univelt.com/book=1500


SES SION 21:  AT TI TUDE DY NAM ICS AND CON TROL 2
Chair:  Ryan Park, JPL

AAS 09 – 247
Ap pli ca tion of SDRE Method to Design a Sim u la tor At ti tude Con trol Sys tem

Rodrigo Guidoni Gon za les* and Luiz Carlos Gadelha DeSouza†

* Empresa Brasileira de Aeronáutica – Embraer, S. J. Cam pos – SP – Brazil.

† Na tional In sti tute for Space Re search – INPE, S. J. Cam pos – SP – Brazil.

Space mis sions in volv ing au to matic pro ce dures for large an gle ma neu vers and
con trol, us ing new non-linear con trol tech niques, re quire from the sat el lite At ti tude
Con trol Sys tem (ACS) re li abil ity and ad e quate per for mance. In that con text, ex per i men -
tal val i da tion of new equip ment and/or non-linear con trol tech niques through pro to types 
is the way to in crease con fi dence in the ACS. The Space Me chanics and Con trol Di vi -
sion (DMC) of INPE is con struct ing a Sim u la tion Lab o ra tory to sup ply the con di tions
for im ple ment ing and test ing sat el lite ACS. To set up a 3D sim u la tor that can ac com -
mo date var i ous sat el lites com po nents; like sen sors, ac tu a tors, com put ers and its re spec -
tive in ter face and elec tron ics is an im por tant ob jec tive of DMC Lab. When de sign ing a
3D sat el lite at ti tude con trol sys tem, the de signer nec es sar ily to deal with a highly non-
lin ear plant. Lin ear ap prox i ma tion of the plant and con trol ler is not likely to de liver
good per for mance for large an gle ma neu vers; there fore a non-linear ap proach must be
con sid ered. This pa per pres ents the ap pli ca tion of the State-Dependent Riccati Equa tion
(SDRE) method to de sign a con trol ler for a 3D sat el lite at ti tude sim u la tor. The SDRE
can be con sid ered as the non-linear coun ter part of Lin ear Qua dratic Reg u la tor (LQR)
con trol tech nique. Prac ti cal ap pli ca tions are pre sented to ad dress prob lems like pres ence 
of noise in pro cess and mea sure ments and in com plete state in for ma tion; Kalman fil ter is 
con sid ered as state ob server to ad dress these is sues. To in cor po rate the non-linearities,
SDRE method is also ap plied with fil ter im ple men ta tion. A simulink-based model is
im ple mented and some sim u la tions ex am ples are pro vided to dem on strate the per for -
mance of the SDRE con trol ler with SDRE-based Kalman fil ter.

AAS 09 – 248
With drawn
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AAS 09 – 249
Mul ti ple Model Robustification of It er a tive Learning and Re pet i tive Con trol Laws
In cluding Design From Frequency Re sponse Data

Benjamas Panomruttanarug,* Rich ard W. Longman† and Minh Q. Phan‡

* De part ment of Con trol Sys tems and In stru men ta tion En gi neering, King Mongkut’s Uni ver sity of

Tech nol ogy Thonburi, Bang kok, Thai land 10140.

† Department of Me chan i cal En gi neering, Department of Civil En gi neering and En gi neering Me chanics,

Co lum bia Uni ver sity, New York, New York 10027, USA.

‡ Thayer School of En gi neering, Dartmouth Col lege, Hanover, New Hamp shire 03755, USA.

Re pet i tive con trol (RC) and it er a tive learn ing con trol (ILC) aim for zero track ing
er ror of a con trol sys tem in re peat ing sit u a tions. RC can elim i nate the in flu ence on fine
point ing equip ment of slight im bal ance in re ac tion wheels, and ILC can aim for zero er -
ror in re peated scan ning ma neu vers. Asking for zero er ror can put se vere re quire ments
on the ac cu racy of one’s model of the sys tem. One wants to achieve zero er ror in the
hard ware gov erned by the real world model and this can be dif fer ent than our math e -
mat i cal model used for de sign. Hence, sta bil ity ro bust ness is im por tant, ask ing the ILC
or RC to con verge to zero er ror in spite of im per fect knowl edge of the sys tem. Sev eral
pre vi ous pub li ca tions have stud ied the av er ag ing of a cost func tion over a dis tri bu tion
of pos si ble mod els in or der to im prove sta bil ity ro bust ness. This pa per ex tends these
works to give a more com plete over view of the ben e fits of the ap proach. Three main
classes of ILC are con sid ered, and op ti mi za tion cri te ria for each are gen er ated so that
one can per form the needed av er ag ing. An im por tant de sign ap proach in RC by passes
the use of a model, and di rectly uses ex per i men tal fre quency re sponse data. In stead of
us ing mul ti ple ex per i ments to im prove the fre quency re sponse in for ma tion, a cost func -
tion is av er aged over the data sets. Nu mer i cal in ves ti ga tions dem on strate for each case
for ILC or RC, very sub stan tial im prove ment in con ver gence to zero track ing er ror in
the pres ence of model er ror.
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AAS 09 – 250
Novel Three-Axis At ti tude Con trol Al go rithms for Small Sat el lites Using Only
Mag netic Ac tu a tors

Mahmut Reyhanoglu and Sergey Drakunov
Phys i cal Sci ences De pt., Embry-Riddle Aero nau ti cal Uni ver sity, Daytona Beach, Florida 32114, USA.

Re cently, there has been a surge of in ter est in small sat el lite mis sions due to low-
cost launch op por tu ni ties. In par tic u lar, the fea si bil ity of non lin ear tech niques for the at -
ti tude con trol of small sat el lites us ing only mag netic ac tu a tors is be com ing a topic of
in creas ing in ter est in the lit er a ture. Since mag netic con trol sys tems are rel a tively light -
weight, re quire low power and are in ex pen sive, they are at trac tive for small, in ex pen -
sive sat el lites in low Earth or bits. In this pa per we pres ent av er ag ing-based feed back
con trol laws that achieve three-axis sta bi lized na dir-pointing at ti tude. We pro pose non -
lin ear model-independent quaternion feed back laws. Two cases are con sid ered; full state 
feed back that uses both at ti tude and an gu lar ve loc ity mea sure ment and pas siv ity-based
feed back that does not re quire an gu lar ve loc ity in for ma tion. Com puter sim u la tions are
in cluded to il lus trate the ef fec tive ness of the pro posed con trol laws.

AAS 09 – 251
Planar Ma neu vering of a Space craft With Pro pel lant Sloshing Using Switched
Feed back

Mahmut Reyhanoglu,* Sergey Drakunov* and Philip Savella†

* Phys i cal Sci ences De pt., Embry-Riddle Aero nau ti cal Uni ver sity, Daytona Beach, Florida 32114, USA.

† ITT Cor po ra tion, Space Sys tems Di vi sion, Roch es ter, New York 14606, USA.

This pa per stud ies the ma neu ver ing con trol prob lem for a space craft with fuel
slosh in a zero grav ity en vi ron ment. The pro pel lant is mod eled as a pen du lum mass an -
chored at the cen ter of a spher i cal tank. Af ter ob tain ing the cou pled equa tions of mo -
tion, lin ear and switched non lin ear feed back con trol lers are de vel oped to achieve pla nar 
space craft pitch ma neu vers while sup press ing the slosh mode. It is shown that the lin ear 
con trol lers are ill-equipped to achieve the de sired space craft at ti tude and trans verse ve -
loc ity si mul ta neously, es pe cially dur ing ag gres sive pitch ma neu vers; while the switched 
non lin ear feed back con trol lers are su pe rior in this re gard.
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AAS 09 – 252
Sat el lite At ti tude Con trol Using Dis sim i lar Re dun dant Ac tu a tors

Ozgur Kahraman* and Ozan Tekinalp†

* Aero space En gi neering De part ment, Mid dle East Tech ni cal Uni ver sity, AN KARA, TUR KEY. Also

En gi neer at the TUBITAK Space Tech nol ogies Re search In sti tute, Sat el lite Tech nol ogies De part ment,

AN KARA, TUR KEY 06531.

† Aero space En gi neering De part ment, Mid dle East Tech ni cal Uni ver sity, AN KARA, TUR KEY 06531.

Low Earth or bit sat el lites are usu ally equipped with mag netic torquers for mo men -
tum dump ing and re ac tion wheels to carry out three axis at ti tude sta bi li za tion and con -
trol. These two dif fer ent types of ac tu a tors mixed and used to gether to carry out slew
ma neu vers. The prob lem of al lo cat ing the con trol to these dif fer ent types of ac tu a tors is
re al ized us ing a re cently de vel oped al go rithm called blended in verse. The al go rithm is
com pared with the Moore-Penrose pseudo in verse dem on strat ing its suc cess in re al iz ing 
the de sired ma neu ver while over com ing sin gu lar i ties.

SES SION 22:  TRA JEC TORY DE SIGN AND OP TI MI ZA TION 2
Chair:  Angela Bowes, NASA LaRC / An a lyt i cal Me chanics As so ci ates

AAS 09 – 253
2 Di men sional, Fuel Op ti mal Earth-Moon Tra jec tory Design

Donghun Lee and Hyochoong Bang
De part ment of Aero space En gi neering, KAIST, Guseong Yuseong, Daejon 305-701, Ko rea.

Min i mum pro pel lant, Earth-Moon tra jec to ries are ad dressed in this pa per. Cost
function is re lated to fuel con sump tion of the space craft which equipped VSI en gine.
Two-dimensional, re stricted three-body equa tions of mo tion are ap plied for the sys tem
dy nam ics, and con tin u ously the low-thrust is used for the Earth es cape tra jec to ries,
trans-lu nar tra jec to ries and Moon cap ture tra jec to ries with no coast arcs. The con tri bu -
tion of this pa per is to pro pose the de sign pro ce dure of an op ti mal Earth-Moon tra jec -
tory us ing in di rect method and also to pro pose the way how to ob tain the Earth es -
cape/Moon cap ture tra jec to ries ef fec tively. The pro pel lant is qui etly re duced us ing the
VSI en gine com pared to pre vi ous re searches where burn-coast-burn thrust se quence are
used with con stant spe cific im pulse en gine.
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AAS 09 – 254
A For mu la tion of Pre ci sion Translunar Tra jec tory Design

Zhong-Sheng Wang
En gi neering Sci ences De pt, Embry-Riddle Aero nau ti cal Uni ver sity, Daytona Beach, Florida 32174, USA.

This pa per de scribes a new de sign pro ce dure to achieve pre ci sion translunar tra jec -
tory. Good in sights can be gained from the dis cus sion of this pro ce dure. The prob lem of 
de sign ing a pre ci sion translunar tra jec tory is to find a tra jec tory from peri gee to peri-
selene that sat is fies cer tain end con di tions. A 3-D two-body anal y sis is used to find the
ap prox i mate val ues of LAN, ar gu ment of peri gee and peri gee speed, then a search al go -
rithm based on the study of con tour graphs is used to find two sets of start ing val ues,
which are used in an it er a tion pro ce dure to com pute the val ues that sat isfy the end con -
di tions for periselene al ti tude and lu nar or bit in cli na tion.

AAS 09 – 255
Variational Equa tions for a Gen er al ized Space craft Tra jec tory Model

Cesar Ocampo and J. P. Munoz
De part ment of Aero space En gi neering and En gi neering Me chanics, The Uni ver sity of Texas at Aus tin,

W. R. Woolrich Lab o ra tories, Aus tin, Texas 78712, USA.

This pa per de vel ops the variational equa tions as so ci ated with a space craft tra jec -
tory model gen eral enough for most ap pli ca tions of in ter est. The sen si tiv ity equa tions of 
the fi nal state vec tor with re spect to all the in de pend ent pa ram e ters are de rived. The tra -
jec tory can have im pul sive and/or fi nite-burn ma neu vers, or mass dis con ti nu ities. The
gra di ent ex pres sions are de rived us ing the state tran si tion ma trix as so ci ated with an aug -
mented state vec tor, which in cludes the po si tion, ve loc ity, mass, and all other con trol-
re lated quan ti ties, such as thrust mag ni tude and di rec tion. This anal y sis was mo ti vated
by the study of abort Moon-Earth tra jec to ries. Ex am ples com par ing the per for mance of
these gra di ents with nu mer i cally ap prox i mated ones are pre sented.
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AAS 09 – 256
Con necting Libration Point Or bits of Dif fer ent En ergies Using In vari ant
Man i folds

Kathryn E. Da vis,* Rodney L. An der son,* Dan iel J. Scheeres† and George H. Born*

* Col o rado Cen ter for Astrodynamics Re search, Uni ver sity of Col o rado, Boul der, Col o rado 80309, USA.

† De pt. of Aero space En gi neering Sci ences, Uni ver sity of Col o rado, Boul der, Col o rado 80309, USA.

This re search pres ents a method of us ing in vari ant man i folds to con nect libration
point or bits. The method pre sented is ap pli ca ble to con struct ing trans fers be tween pla -
nar or three-dimensional or bits that have dif fer ent ini tial en er gies. Two de ter min is tic
ma neu vers are used to con nect an un sta ble man i fold tra jec tory of the first or bit to a sta -
ble man i fold tra jec tory of the sec ond or bit. The use of the two-body ec cen tric ity and
nor mal ized an gu lar mo men tum vec tors is dem on strated as a vi a ble ap proach to lo cat ing
un sta ble/sta ble man i fold tra jec tory pairs with low trans fer costs. A ge netic al go rithm is
used to vary the pa ram e ters that de fine the trans fer. Pre lim i nary re sults in di cate that this 
method pro duces fuel costs up to 72% less than trans fer tra jec to ries that do not em ploy
the use of man i folds at the ex pense of in creased trans fer time. This tech nique is en vi -
sioned as a prac ti cal ap pli ca tion to de creas ing fuel costs and add ing flex i bil ity to mis -
sion de sign.

AAS 09 – 257
Op ti mi za tion of Space craft Tra jec tories: A Method Com bining In vari ant Man i fold 
Tech niques and Dis crete Me chanics and Op ti mal Con trol

Ashley Moore, Sina Ober-Blöbaum and Jerrold E. Mar sden
Con trol and Dy nam i cal Sys tems, Cal i for nia In sti tute of Tech nol ogy, Pas a dena, Cal i for nia 91125, USA.

A mis sion de sign tech nique that uses in vari ant man i fold tech niques to gether with
the op ti mal con trol al go rithm DMOC pro duces lo cally op ti mal, low ΔV tra jec to ries.
Pre vi ously, in vari ant man i folds of the pla nar cir cu lar re stricted three body prob lem
(PCR3BP) have been used to de sign tra jec to ries with rel a tively small ΔV. Using lo cal
op ti mal con trol meth ods, spe cif i cally DMOC, it is pos si ble to re duce the ΔV even fur -
ther. This method is tested on a tra jec tory which be gins in Earth or bit and ends in bal -
lis tic cap ture at the Moon. DMOC pro duces lo cally op ti mal tra jec to ries with much
smaller to tal ΔV ap plied in a dis trib uted way along the tra jec tory. Ad di tionally, DMOC
al lows for vari able flight times, lead ing to smaller ΔV nec es sary for lu nar or bit in ser -
tion. Re sults from dif fer ent Earth to Moon mis sions are pre sented in ta ble form to show 
how the DMOC re sults fit in with ac tual mis sions and dif fer ent tra jec tory types. The
ΔV of the DMOC re sults are, on av er age, 23%-25% better than the ΔV of tra jec to ries
pro duced us ing a Hohmann trans fer.
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AAS 09 – 258
Anal y sis and Im ple men ta tion of In-Plane Stationkeeping of Con tin u ously
Per turbed Walker Con stel la tions

Jean A. Kéchichian
Astrodynamics De part ment, The Aero space Cor po ra tion, El Segundo, Cal i for nia 90245-4691, USA.

The stationkeeping of sym met ric Walker con stel la tions is an a lyzed by con sid er ing
the per tur ba tions aris ing from a high or der and de gree Earth grav ity field and the so lar
ra di a tion pres sure. These per tur ba tions act dif fer ently on each group of space craft fly ing 
in a given or bital plane, caus ing a dif fer en tial drift ef fect that would dis rupt the ini tial
sym me try of the con stel la tion. The anal y sis is based on the con sid er ation of a fic ti tious
set of ro tat ing ref er ence frames that move with the space craft in the mean sense, but
drift at a rate equal to the av er age drift rate ex pe ri enced by all the ve hi cles over an ex -
tended pe riod. The frames are also al lowed to ex pe ri ence the J2-pre ces sion such that
each ve hi cle is al lowed to drift in 3D rel a tive to its frame. A two-impulse ren dez vous
ma neu ver is then con structed to bring each ve hi cle to the cen ter of its frame as soon as
a given tol er ance deadband is about to be vi o lated. This pa per il lus trates the com pu ta -
tions as so ci ated with the stationkeeping of a ge neric Walker con stel la tion by ma neu ver -
ing each lead ing space craft within an or bit plane and cal cu lat ing the as so ci ated ve loc ity
changes re quired for con trol ling the in-plane mo tions in an ex act ing sense, at least for
the first se ries of ma neu vers. The anal y sis can be eas ily ex tended to lower fly ing con -
stel la tions, which ex pe ri ence ad di tional per tur ba tions due to drag.

AAS 09 – 259 to – 270
Not Assigned
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AWARDS LEC TURES

AAS 09 – 144
From Ge od esy to Sat el lite Ge od esy (and Ce les tial Me chanics, and Or bit
De ter mi na tion, and …) (Brouwer Award Lecture)

Bob Schutz
Brouwer Award Win ner, Pro fes sor and As so ci ate Di rec tor, Cen ter for Space Re search, Uni ver sity of

Texas at Aus tin, Texas 78712 USA.

Only an ab stract of this pre sen ta tion was avail able for pub li ca tion.
In the third cen tury B.C., the first known at tempt to mea sure the ra dius of the

Earth was ac com plished with re mark able ac cu racy, thereby es tab lish ing the dis ci pline
of ge od esy, the study of the size and shape of the Earth. With the be gin ning of the
space age 2000 years later, sat el lites be came an im por tant tool of ge od esy, thereby es -
tab lish ing a multidisciplinary area known as “sat el lite ge od esy,” with well-known par -
tic i pants such as Prof. Dirk Brouwer and the cel e brated re sult that the Earth has a
pear-shape. To day, the tools of sat el lite ge od esy con trib ute to the study of the size,
shape and mass dis tri bu tion of other ce les tial bod ies and the dis ci plines of ce les tial me -
chan ics, or bit de ter mi na tion, geo phys ics (to name a few ex am ples) are key el e ments of
sat el lite ge od esy.

BIO GRAPHY
Dr. Bob Schutz, pro fes sor of aero space en gi neer ing at The Uni ver sity of Texas at

Aus tin, was elected a fel low of the Amer i can Astronautical So ci ety (AAS) in 2000.
Schutz, who serves as as so ci ate di rec tor of the Cen ter for Space Re search at UT Aus tin, 
is a world-recognized au thor ity on earth sat el lite ap pli ca tions, with re search in ter ests in
the Global Po si tioning Sys tem (GPS), pre ci sion or bit and al ti tude de ter mi na tion, or bital
me chan ics, mis sion plan ning, and sat el lite ge od esy. Cur rently he leads a team of sci en -
tists for NASA pre par ing to mea sure po lar ice sheet growth and shrink age for the next
10 to 15 years. As sci ence team leader for the Geoscience La ser Al tim e ter Sys tem
(GLAS), an earth-observing in stru ment now un der de vel op ment at NASA Goddard
Space Flight Cen ter, Schutz will help mea sure the earth’s at mo sphere, bio sphere, and
phys i cal fea tures from a se ries of sat el lites over a 10-15 year pe riod, be gin ning with a
launch in July 2001. A mem ber of the Col lege of En gi neering fac ulty since 1969,
Schutz re ceived his doc tor ate from The Uni ver sity of Texas at Aus tin. He is a fel low of 
the Amer i can Geo phys i cal Un ion and holds the Joe J. King Chair in En gi neering at UT.
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AAS 09 – 167
In dus try’s Ob li ga tion for Mis sion Suc cess (Plenary Lecture)

Al ex an der C. Liang
Ve hi cle Sys tems Di vi sion, The Aero space Cor po ra tion, El Segundo, Cal i for nia 90245.

Only an ab stract and a PowerPoint slide pre sen ta tion were avail able to pub lish for this
lec ture. The PowerPoint slide pre sen ta tion is in cluded on the CD-ROM sup ple ment to
this vol ume.

With the pros pect of a flat bud get for both mil i tary and ci vil ian space pro grams, it
is in cum bent upon all of us in the space in dus try to go the ex tra mile to in sure that each 
mis sion is suc cess ful, not only in the con trac tual sense but in terms of tech ni cal
achievement. We are in a very un for giv ing busi ness; one in which “one strike” and
you’re out. There is no sec ond chance. The chal lenge for all of us is that much greater
when each “mass pro duced” space craft and launch ve hi cle is ac tu ally unique in one
form or an other. Starting from con cept def i ni tion, de sign, man u fac tur ing, as sem bly, test, 
in te gra tion, launch and on-orbit de ploy ment, and fi nally op er a tions, we have the ob li ga -
tion to the na tion and fu ture gen er a tions to em ploy all the les sons learned, all the tools
at our dis posal, and the ex pe ri ence-based know-how to en sure 100 per cent mis sion suc -
cess. A brief de scrip tion of the type of com pre hen sive an a lyt i cal, sim u la tion and test -
ing/di ag nos tic ca pa bil i ties and ac tiv i ties that fa cil i tate the suc cess ful ex e cu tion of each
of the steps will be pro vided based on the au thor’s per spec tive. En suring the use of
“best prac tices” would, of course, en hance the over all prob a bil ity of suc cess of the
even tual space mis sion.
See the PowerPoint slide pre sen ta tion on the CD-ROM sup ple ment to this vol ume for
more de tailed in for ma tion.

BIO GRAPHY
Dr. Liang joined The Aero space Cor po ra tion in Au gust 1970 as a Mem ber of the

Tech ni cal Staff in the Guid ance Anal y sis De part ment in En gi neering Sci ence Op er a -
tions. He sub se quently held po si tions of in creas ing re spon si bil ity, in clud ing Man ager,
At ti tude Es ti ma tion and Con trol Sec tion; Di rec tor, Ad vanced Pro jects Of fice; Prin ci pal
Di rec tor, Mis sion Sys tems Anal y sis Of fice; Prin ci pal Di rec tor, Aero-Thermal and Pro -
pul sion Sub di vi sion; Prin ci pal Di rec tor, Sys tems En gi neering Di rec tor ate, Space Launch 
Op er a tions; Chief En gi neer, Space Launch Op er a tions; Gen eral Man ager, Launch Sys -
tems En gi neering Di vi sion, Space Launch Op er a tions. His last po si tion at The Aero -
space Cor po ra tion was that of Gen eral Man ager, Ve hi cle Sys tems Di vi sion. Prior to
join ing The Aero space Cor po ra tion, Dr. Liang was a Mem ber of the Tech ni cal Staff at
TRW Sys tems.

In ad di tion to his nor mal re spon si bil i ties at Aero space, he also served as Chair of
the Se nior Re view Group for NASA’s Earth Ob serving Sys tems; and was a mem ber of
the Com mer cial Space Trans por ta tion Ad vi sory Com mit tee for the FAA, De part ment of 
Trans por ta tion. He also had an as sign ment as a panel chair for the White House – di -
rected Broad Area Re view of the Na tion’s ca pa bil ity for as sured ac cess to space.

Dr. Liang at the age of twenty, earned two con cur rent B.S.E. de grees from the
Uni ver sity of Mich i gan, an M.S. de gree in En gi neering Sci ence from Caltech and a
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Ph.D. de gree in Aero space En gi neering from the Uni ver sity of South ern Cal i for nia. He
has nu mer ous pub li ca tions in the fields of nav i ga tion and guid ance, op ti mal con trol,
sen sor de sign, sen sor back ground sup pres sion tech niques, and re mote sens ing. He was a 
mem ber of Tau Beta Pi, Phi Kappa Phi, and Sigma Xi.

Ed i tor’s Note: Dr. Liang passed away on May 2, 2009.
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