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FOREWORD

This vol ume is the sev en 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 II 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 2007, Vol ume 124, Ad vances in the Astronautical Sci ences,
con sists of two parts to tal ing about 2,200 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 sec ond 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 SPACEFLIGHT MECHANICS VOLUMES

Space flight Me chanics 2007 ap pears as Vol ume 127, Ad vances in the Astronautical
Sci ences (In clud ing CD ROM). This pub li ca tion pres ents the com plete pro ceed ings of the
AAS/AIAA Space flight Me chanics Meet ing 2007.

Spaceflight Mechanics 2006, Volume 124, Advances in the Astronautical Sciences, Eds.
M.R. Akella et al., 2282p, two parts, plus a CD ROM supplement.

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 supplement.

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 supplement.

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 supplement.
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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 106, Ad vances in the Astronautical Sci ences, Eds.
C.A. Kluever et al., 1704p, two parts.

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

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

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

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

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

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

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

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

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

All of these pro ceed ings are avail able from Univelt, Inc., P.O. Box 28130, San Diego, 
Cal i for nia 92198 (Web Site: http://www.univelt.com), pub lish ers for the Amer i can Astro-
nau ti cal So ci ety.

Robert H. Jacobs
Series Editor
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PREFACE

The 17th An nual Space Flight Me chanics Meet ing was held from 28 Jan u ary through
01 Feb ru ary 2007 in Sedona, Ar i zona at the Hilton Sedona Re sort & Spa.  The con fer ence
was co-sponsored by the Amer i can Astronautical So ci ety (AAS) and the Amer i can In sti tute
of Aero nau tics and As tro nau tics (AIAA), and it was or ga nized by the AAS Space Flight
Me chanics Tech ni cal Com mit tee and the AIAA Astrodynamics Tech ni cal Com mit tee.  Reg -
is tered at ten dance num bered ap prox i mately 200, con sist ing of en gi neers, sci en tists, and
math e ma ti cians from var i ous or ga ni za tions in gov ern ment, the mil i tary ser vices, in dus try,
and ac a de mia. 

There were 121 tech ni cal pa pers pre sented in 22 ses sions on the fol low ing top ics: or -
bital dy nam ics and per tur ba tions; or bit de ter mi na tion and track ing; tra jec tory de sign and op -
ti mi za tion; space craft guid ance, nav i ga tion, and con trol; sat el lite con stel la tions and for ma tion 
fly ing; Earth and plan e tary mis sions; libration point tra jec to ries; at mo spheric den sity mod el -
ing; teth ered sat el lites; so lar sails; space de bris and plan e tary de fense; and at ti tude de ter mi -
na tion, dy nam ics, and con trol.

The con fer ence also in cluded sev eral spe cial events.  On Mon day eve ning, the 2007
AAS Dirk Brouwer Award re cip i ent, Dr. N. X. Vinh, pre sented his lec ture en ti tled “A
Unified The ory on Thrust and Aero dy nam ics Con trol in Hy per sonic Flight.”  On Tues day
morn ing, Car o lyn Shoe maker of the US Geo log i cal Sur vey pre sented her Ple nary Ses sion
Lec ture en ti tled “NEO De tec tion and De flec tion,” in which she dis cussed the de tec tion and
de flec tion of Near Earth Ob jects and what could be done to re duce the prob a bil ity of their
col li sion with Earth.  Finally, on Tues day eve ning, we vis ited the Lowell Ob ser va tory in
Flag staff, Ar i zona.  Al though the cloud cover and snow fall pre cluded any as tro nom i cal ob -
ser va tions, it was fas ci nat ing to see the his toric Clark Re fracting Tele scope used by Percival
Lowell for his stud ies of the planet Mars.

A Work shop on “Doing Or bital Me chanics with Mathcad” was hosted on Wednes day
eve ning by Roger Mansfield of As tro nom i cal Data Ser vice.  The par tic i pants gained
hands-on ex pe ri ence in us ing the Mathcad soft ware to de velop and ex e cute com pu ta tional
al go rithms from the fields of dy nam i cal as tron omy and astrodynamics.

A Work shop pre sent ing the meth ods and re sults from the 2nd Global Tra jec tory Op ti -
mi sa tion Com pe ti tion was held on Thurs day.  This year’s com pe ti tion, which was or ga nized
by the Outer Planets Mis sion Anal y sis Group of the Jet Pro pul sion Lab o ra tory, in volved the
tra jec tory op ti mi za tion of a “Grand As ter oid Tour,” for which a hy po thet i cal space craft em -
ploy ing elec tric pro pul sion must launch from the Earth and ren dez vous with four as ter oids,
us ing an ob jec tive func tion that re wards low pro pel lant con sump tion and low to tal flight
time.  The win ning team this year was from the Politecnico di Torino in It aly.

The ed i tors of these pro ceed ings would like to ex tend their grat i tude to the fol low ing
Ses sion Chairs who helped make this con fer ence a suc cess: Jeff Beck, Den nis Byrnes, Al
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Cangahuala, Rus sell Car pen ter, Prasun Desai, Tom Eller, Mi chael Gabor, Bob Glover, Fe lix 
Hoots, Rich ard Longman, Alan Lovell, Don Mackison, Craig McLaughlin, Beny Neta,
Frederic Pelletier, Ron Proulx, Paul Schumacher, John Seago, Jon Sims, Da vid Spencer,
Tom Starchville, and Yunjun Xu.

We would also like to ex press our thanks to the Or bital Sci ences Cor po ra tion for the
cover de sign and print ing of the con fer ence pro grams.

Finally, many thanks to Shan non Coffey for his con tin ual sup port and as sis tance with
the Ab stract Ad min is tra tion Website, which greatly fa cil i tated the op er a tion of this con fer -
ence. 

Maruthi R. Akella
The University of Texas at Austin 
AAS Technical Chair

James W. Gearhart 
Orbital Sciences Corporation
AIAA Technical Chair

Robert H. Bishop 
The University of Texas at Austin 
AAS General Chair

Alfred J. Treder 
Barrios Technology 
AIAA General Chair
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SESSION 3:  TRAJECTORY DESIGN AND OPTIMIZATION I
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An to nio Fernando Bertachini de Almeida Prado and Othon Cabo Win ter

AAS 07 – 170 Early Nav i ga tion Re sults for the New Ho ri zons Mis sion to Pluto/Charon,
E. Carranza, A. Tay lor, J. Miller, D. Stanbridge, B. Page, J. Smith, P. Wolff,
B. Wil liams, L. Efron, R. Farquhar and Y. Guo

AAS 07 – 171 Earth to Venus-1 Navigation Results for NASA’s MESSENGER Mission to
Mercury, A. Tay lor, E. Carranza, J. Miller, D. Stanbridge, B. Page, J. Smith,
P. Wolff, B. Wil liams, L. Efron, R. Farquhar, J. McAdams and D. Dun ham

AAS 07 – 172 ExoMars Mis sion Anal y sis and De sign - En try, De scent and Land ing,
Rodrigo Haya Ramos, Davide Bonetti, Dave Northey, Dave Gittins,
Dave Riley, Stefano Portigliotti, Maurizio Capuano

AAS 07 – 173 ExoMars Mis sion Anal y sis and De sign - Launch, Cruise and Ar rival phases,
Juan L. Cano, Augusto Caramagno, Valeria Catullo and Carlo Cassi

AAS 07 – 174 Geostationary LEOP of a SpaceBus4000 from Alcatel With Sea Launch:
Flight Dynamics Aspects of the Mission Analysis and Operations,
Sylvain Delattre

AAS 07 – 175 Low Road to Mars: The Ve nus-Mars-Earth Cycler, An drew E. Turner
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S. Hough, K. Zaleski, G. Keating, J. Shidner, S. Brown, A. Brickler,
M. Scher and P. Thomas

AAS 07 – 185 Im proving Dy namic Cal i bra tion of the At mo sphere, Mat thew P. Wilkins,
Chris A. Sabol, Paul J. Cefola and Kyle T. Alfriend
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Den sity Model, Mat thew P. Wilkins, Chris A. Sabol, Paul J. Cefola and
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SESSION 15:  TETHERED SATELLITES
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J. Peláez and D. J. Scheeres
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AAS 07 – 192 Evo lu tion ary Com pu ta tion of Tether De ploy ment Tra jec tories With
Ap pli ca tion to YES2, Paul Williams, Marco Stelzer, Andrew Hyslop and
Michiel Kruijff

AAS 07 – 193 Hy brid Con trol of Or bit Nor mal and Along-Track 2-Craft Cou lomb Tethers,
Arun Natarajan and Hanspeter Schaub

AAS 07 – 194 Libration Con trol of Elec tro dy namic Tethers Using the Ex tended
Time-Delayed Autosynchronization Method, M. Iñarrea and J. Peláez

AAS 07 – 196 Power Gen er a tion Using Self-Balanced Elec tro dy namic Tethers in De bris
Mit i ga tion Sce narios, M. Sanjurjo and J. Peláez
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16



AAS 07 – 217 De signing Op ti mized FIR Re pet i tive Con trol lers from Noisy Fre quency
Re sponse Data, Benjamas Panomruttanarug and Richard W. Longman

AAS 07 – 218 On the Pe ri odic Im ages of Start-Up in Re pet i tive Con trol,
Rich ard W. Longman and Jiangcheng Bao

SESSION 19:  ORBIT DYNAMICS AND PERTURBATIONS II

AAS 07 – 220 A Per tur ba tion The ory for Ham il ton’s Prin ci pal Func tion: Ap pli ca tions to the
Two-Point Bound ary Value Prob lem, Oier Peñagaricano Muñoa and
Dan iel J. Scheeres

AAS 07 – 221 An a lyt i cal The ory for Sci ence Or bits Around Plan e tary Sat el lites,
Mar tín Lara

AAS 07 – 223 Ef fi cient Grav ity Field Com pu ta tion for Tra jec tory Prop a ga tion Near Small
Bodies, An drew Colombi, Anil N. Hirani and Benjamin F. Villac

AAS 07 – 224 En ergy Con straints in the Re stricted Full Three-Body Prob lem: Ap pli ca tion
to Bi nary Sys tem 1999 KW4, Julie Bellerose and Dan iel J. Scheeres

AAS 07 – 226 Huygens Ti tan Probe Tra jec tory Re con struc tion Using Tra di tional Methods
and the Pro gram to Op ti mize Sim u lated Tra jec tories II, Scott A. Striepe,
Rob ert C. Blanchard, Mi chael F. Kirsch and Wallace T. Fowler

AAS 07 – 227 Mul ti ple Grav ity As sists in the Re stricted Three-Body Prob lem,
Shane D. Ross and Dan iel J. Scheeres

SESSION 20:  LIBRATION POINT TRAJECTORIES

AAS 07 – 228 Anal y sis of Cap ture Tra jec tories to Libration Points, Masaki Nakamiya,
Dan iel J. Scheeres, Hiroshi Yamakawa and Makoto Yoshikawa

AAS 07 – 229 Di rect Lu nar Halo Or bit Trans fers, Jeffrey S. Parker and George H. Born

AAS 07 – 232 Pe ri odic Or bits High Above the Eclip tic Plane in the So lar Sail 3-Body
Prob lem, Thomas J. Wa ters and Colin R. McInnes

AAS 07 – 234 Earth-Sun Tri an gu lar Lagrange Point Or bit In ser tion and Sat el lite Sta tion
Keeping, Julio Cesar Benavides and Da vid B. Spencer

SESSION 21:  SPACECRAFT GUIDANCE, NAVIGATION AND CONTROL II

AAS 07 – 176 A Fuel-Free Sun-Tracking At ti tude Con trol Strat egy and the Flight Re sults
in Hayabusa (MUSES-C), Jun’ichiro Kawaguchi and Ken’ichi Shirakawa

AAS 07 – 235 Single-Frequency GPS Rel a tive Nav i ga tion in a High Ion o sphere Orbital
En vi ron ment, Pat rick R. Conrad and Bo J. Naasz

AAS 07 – 237 Mar tian Aerocapture Guid ance Us ing Ar ti fi cial Neu ral Net work Trained by
Ge netic Al go rithm, Philippe Cayouette, Jean-François Hamel and
Charles-Antoine Bru net

AAS 07 – 240 Modeling of Dy nam ics and Con trol for Grav ity Probe B, Ivanka Pelivan,
Sara Smoot, Stephan Theil and Yoshimi Ohshima

AAS 07 – 241 Mod ified µ-Synthesis for Drag-Free Con trol De sign, Lorenzo Pettazzi and
Stephan Theil

17



SESSION 22:  EARTH AND PLANETARY MISSIONS II

AAS 07 – 242 A Semi-Analytic Method to Pre dict Or bit Main te nance Thrust Ma neu vers,
Chris tina Doolittle and Frank R. Chavez

AAS 07 – 243 Mars Re con nais sance Or biter Aerobraking Con trol, C. Al len Halsell,
Stu art W. Demcak, Tung-Han You, Ramachand S. Bhat, Eric J. Graat,
Earl S. Higa, Dolan E. Highsmith, Stacia M. Long, Neil A. Mottinger and
Moriba K. Jah

AAS 07 – 244 Mars Re con nais sance Or biter Op er a tional Aerobraking Phase As sess ment,
Jill L. Prince and Scott A. Striepe

AAS 07 – 245 Mars Re con nais sance Or biter Or bit De ter mi na tion Dur ing Aerobraking,
Stu art W. Demcak, Tung-Han You, Ramachandra S. Bhat, Eric J. Graat,
C. Al len Halsell, Earl S. Higa, Dolan E. Highsmith, Stacia M. Long,
Neil A. Mottinger and Moriba K. Jah

AAS 07 – 246 Mis sion Anal y sis of the Sam ple Re turn From Prim i tive Type Near Earth
As ter oid, Yasuhiro Kawakatsu, Masanao Abe and Jun’ichiro Kawaguchi

AAS 07 – 247 Mis sion De sign Over view for the Phoe nix Mars Scout Mis sion,
Mark D. Gar cia and Ken neth K. Fujii

AAS 07 – 248 A Determination of Rhea’s Gravity Field From Cassini Navigation Analysis,
R. A. Mac ken zie, P. G. Antreasian, J. J. Bordi, K. E. Criddle, R. Ionasescu,
R. A. Ja cob son, J. B. Jones, D. W. Parcher, F. J. Pelletier, D. C. Roth and
J. R. Stauch

WITHDRAWN OR NOT ASSIGNED

AAS 07 – 109, 122, 123, 138, 139, 142, 144, 149, 152, 164, 168, 180, 184,
186, 187, 195, 204, 205, 214, 219, 222, 225, 230, 231, 233, 236, 238, 239
249 to 250

18



SES SION 1: AT TI TUDE ES TI MA TION
Chair: Rich ard Longman, Co lum bia Uni ver sity

AAS 07 – 100
Ac cu rate On-Ground At ti tude De ter mi na tion for the GAIA Mis sion Using Kalman 
Smoother

Malak A. Samaan and Stephan Theil, Uni ver sity of Bre men

In this pa per, we de sign and an a lyze al go rithms rep re sent ing the op er a tional mode
of the on-board At ti tude De ter mi na tion Sys tem (ADS) for the GAIA mis sion us ing the
on-board mea sure ments sen sor data and the Kalman fil ter ing. Also, we de sign and se -
lect the best on-ground at ti tude de ter mi na tion al go rithm that gives the most ac cu rate at -
ti tude knowl edge us ing the Kalman fil ter and the smooth ing pro ce dure. The prin ci pal
fea ture of the GAIA astrometry mis sion is a highly sta ble pay load con sist ing of two sci -
en tific in stru ment tele scopes with one big fo cal plane con tain ing an ar ray of 106 CCDs. 
In or der to achieve these highly sta ble re quire ments, the GAIA space craft should have
very ac cu rate at ti tude de ter mi na tion sen sors and also very ac cu rate con trol ac tu a tors.

AAS 07 – 101
A Batch Filter Based on the Unscented Transformation and Its Applications to
Spacecraft Attitude Determination

Kyoung-Min Roh, Sang-Young Park, Eun-Seo Park and Kyu-Hong Choi,
Yonsei Uni ver sity

The pres ent pa per pro vides a method for pre ci sion at ti tude de ter mi na tion of space -
craft us ing the Un scented Trans for ma tion as a batch pro ces sor. The goal of this study is 
to es tab lish the batch pro ces sor with out any linearization ap prox i ma tion. A new al go -
rithm im ple ment ing the Un scented Trans for ma tion is used for pre ci sion at ti tude de ter -
mi na tion of space craft at ep och time (not suc ces sive time) us ing mea sure ments ob tained 
dur ing fixed time span. The per for mance of the pre ci sion at ti tude de ter mi na tion method 
is tested and com pared with that of the Bayesian batch pro ces sor. The re sults are also
com pared with those achieved se quen tially us ing the Un scented Kalman Fil ter and the
Ex tended Kalman Fil ter.
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AAS 07 – 102
Ro bust ness and Ac cu racy of the QUEST Al go rithm

Yang Cheng, Uni ver sity of Buf falo; Malcolm D. Shuster, Acme Space craft Co.

Markley and Mortari have re ported re cently that the QUEST al go rithm has prob -
lems of ro bust ness and ac cu racy, un like Wahba-problem-based at ti tude es ti ma tion al go -
rithms which use the FOAM form of the char ac ter is tic equa tion for the max i mum over -
lap eigenvalue, de vel oped by Markley. We show that the bad case pre sented by
Markley and Mortari is ex tremely bi zarre and not at tain able with ex ist ing sen sors, not
to men tion an ex traor di narily poor de sign for an at ti tude de ter mi na tion sys tem. Fur ther -
more, the so-called ro bust ness and ac cu racy prob lem van ishes com pletely if a triv ial re -
ar range ment of terms is made in the cor re spond ing QUEST char ac ter is tic poly no mial.
The in verse re ar range ment of terms causes equally bad per for mance in the al go rithms
of Markley and Mortari.

AAS 07 – 103
Some Di rec tions in Spin-Axis At ti tude

Sergei Tanygin, An a lyt i cal Graph ics, Inc.; Malcolm D. Shuster, Acme Space craft Co.

Spin-Axis at ti tude es ti ma tion has much in com mon in its tech niques with three-
axis at ti tude es ti ma tion. These sim i lar i ties are ex ploited to gain a greater ap pre ci a tion of 
the work ings of both. Sev eral tech niques for spin-axis at ti tude es ti ma tion are ex am ined.
We find, in par tic u lar, that un con strained es ti ma tion fol lowed by brute-form nor mal iza -
tion yields a sig nif i cantly poorer re sult than do meth ods in which the nor mal iza tion is
main tained to at least sec ond or der through out the es ti ma tion pro cess. This has ob vi ous
con se quences for prac ti tio ners of un con strained quaternion es ti ma tion. The con nec tion
be tween con straint er rors and cor re la tions is ex am ined.

AAS 07 – 104
The Many TRIAD Al go rithms

Sergei Tanygin, An a lyt i cal Graph ics, Inc.; Malcolm D. Shuster, Acme Space craft Co.

The TRIAD al go rithm has many vari a tions, which yield at ti tude es ti mates for two
di rec tion mea sure ments of very dif fer ent ac cu racy. We ex am ine a gen er al ized TRIAD
al go rithm of which the dif fer ent al go rithms be come dif fer ent ex am ples. Within this
framework we ex am ine the at ti tude es ti mate-error covariance ma tri ces. One ex am ple, in 
par tic u lar, yields the same ac cu racy as the QUEST al go rithm for two vec tors.

AAS 07 – 105
The Speed of At ti tude Es ti ma tion

Yang Cheng, Uni ver sity at Buf falo; Malcolm D. Shuster, Acme Space craft Co.

The op er a tion counts and ex e cu tion times for the fast batch at ti tude es ti ma tors
have been stud ied ex ten sively and in great de tail. There turns out to be no un am big u ous 
fast est op ti mal at ti tude es ti ma tion al go rithm, al though a small group is found to be
faster than the rest. The var i ous fac tors ef fect ing the de ter mi na tion of ex e cu tion speed
in typ i cal an a lyt i cal stud ies and in ac tual mis sion im ple men ta tion are ex am ined.
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AAS 07 – 106
The Two Sun-Cones At ti tude De ter mi na tion Method

Jozef C. van der Ha, Kyushu Uni ver sity

Spin-stabilization of fers a straight for ward but ro bust at ti tude con trol. For Earth-or -
bit ing sat el lites, at ti tude de ter mi na tion can be done by Sun and Earth sen sor mea sure-
ments. For deep space mis sions, how ever, valid Earth sen sor mea sure ments are not
avail able. The pa per pres ents a tech nique for the de ter mi na tion of the spin axis ori en ta -
tion us ing only Sun sen sor data, col lected at two dif fer ent in stants of time. The spin
axis at ti tude fol lows from the in ter sec tion of the two Sun an gle cones. The ap pli ca tion
of the TSC method was val i dated us ing ac tual in-orbit Sun sen sor mea sure ments of
CON TOUR. The re sults show that an at ti tude ac cu racy of 1 deg can be reached af ter an 
in ter val of only a few hours and 0.1 deg can be achieved af ter a 2-days in ter val.

SES SION 2: SAT EL LITE CON STEL LA TIONS AND FOR MA TION FLYING I
Chair: Ron Proulx, Draper Lab o ra tory

AAS 07 – 107
Al go rithms for Safe Space craft Prox im ity Op er a tions

Da vid E. Gaylor and Brent William Barbee, Emer gent Space Tech nol ogies, Inc.

Fu ture mis sions re quir ing in-space ser vic ing, re pair, in spec tion, or ren dez vous and
dock ing need al go rithms for safe, au ton o mous prox im ity op er a tions. Al go rithms for rel -
a tive nav i ga tion, ma neu ver plan ning and ex e cu tion, and safe sep a ra tion and cir cum nav i -
ga tion tra jec tory de sign are pre sented. The al go rithms rely on safe, nat u ral mo tion tra -
jec to ries and covariance in for ma tion from rel a tive nav i ga tion to min i mize the prob a bil -
ity of col li sion. The al go rithms are de scribed in the con text of a space in spec tion mis -
sion where two at tached space craft sep a rate and one cir cum nav i gates the other. These
al go rithms can also be ap plied to a va ri ety of ren dez vous or other prox im ity op er a tions
mis sions, whether au ton o mous or man u ally op er ated.
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AAS 07 – 108
Analytical Solution to Optimal Relocation of Satellite Formation Flying in
Arbitrary Elliptic Orbits

Han-Cheol Cho, Sang-Young Park, Sung-Moon Yoo, and Kyu-Hong Choi,
Yonsei Uni ver sity

This pa per pres ents a gen eral an a lytic so lu tion to re con fig u ra tion prob lem for sat -
el lite for ma tion fly ing in an ar bi trary ec cen tric or bit. Fixing the ini tial and fi nal true
anom a lies as bound ary con di tions, fuel-optimal prob lem can be for mu lated for re con fig -
u ra tion of sat el lite for ma tion. Three-orthogonal thrusts are used and each of them is rep -
re sented by the Fou rier se ries. It is as sumed that thrust ers are of low lev els, thus thrust -
ers are fired dur ing a sig nif i cant frac tion of an or bital pe riod through out the ma neu ver.
An an a lytic op ti mal so lu tion is de rived for the mag ni tude and di rec tion of thrust as
func tion of true anom aly. A closed-form so lu tion to the op ti mal re lo ca tion prob lem is
found, and the so lu tion will be very use ful for de sign ing a feed back con trol ler for sat el -
lite for ma tion fly ing in gen eral el lip ti cal or bit.

AAS 07 – 109
With drawn

AAS 07 – 111
Pe ri odic Rel a tive Mo tion Near a Keplerian Or bit With Full Ap proach: Application 
to Formation Flight

S. J. Li and F. Y. Hsiao, Tamkang Uni ver sity

This pa per pres ents a new meth od ol ogy for de ter min ing rel a tive mo tion ini tial
conditions for pe ri odic mo tion in the vi cin ity of a Keplerian or bit, whose dy nam ics is
de scribed by the Tschauner-Hempel Equa tion. Af ter briefly re view ing the clas si cal ap -
proach, we pro pose with a new meth od ol ogy to de rive space craft rel a tive dy nam ics
with full so lu tions of the two-body prob lem. Our works avoid solv ing dif fer en tial equa -
tions, and pro vide a more pre cise ap prox i ma tion. A nom i nal cir cu lar or bit is se lected as
the nu mer i cal sim u la tions to ver ify our re sults. This re sult can be ap plied to the for ma -
tion of small/mi cro sat el lites, and used for low er ing down the fuel.
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AAS 07 – 112
Space craft Col li sion Avoid ance Us ing Cou lomb Forces With Sep a ra tion Dis tance
Feed back

Shuquan Wang and Hanspeter Schaub,
Vir ginia Poly tech nic In sti tute and State Uni ver sity

A 2-spacecraft col li sion avoid ance prob lem is dis cussed. The space craft are as -
sumed to be float ing freely in deep space. A con trol strat egy us ing clus ter in ter nal Cou -
lomb forces is de vel oped to pre vent col li sion of the two space craft. The con trol law is
de signed to keep the dis tance greater than a con straint value, and mean while, the con -
trol is also com mit ted to keep the de par ture rel a tive ki netic en ergy at the same level
with the ap proach ki netic en ergy. Fur ther, this strat egy only re quires mea sure ments of
the sep a ra tion dis tances. With the pres ence of charge sat u ra tions of space craft, it’s not
guar an teed that the col li sion can al ways be pre vented. Con di tions un der which a col li -
sion can be avoided are dis cussed by for mu lat ing the charged space craft rel a tive mo tion 
us ing con cepts of or bital me chan ics.

AAS 07 – 113
Space craft For ma tion Flying and Re con fig u ra tion With Elec tro static Forces

Vaios Lappas, Chakravarthini Saaj and Dave Richie, Sur rey Space Cen tre, Uni ver sity of 
Sur rey; Ma son Peck and Brett Streetman, Cor nell Uni ver sity;
Hanspeter Schaub, Vir ginia Poly tech nic In sti tute and State Uni ver sity

Nat u ral charg ing due to am bi ent plasma and the pho to elec tric ef fect can pro duce
Cou lomb forces of 10-1000 mN, which could dis turb the con fig u ra tion of swarms of
space craft in for ma tions close enough that Debye shield ing is neg li gi ble. Even in the
pres ence of Debye shield ing, charged space craft in ter act with the plan e tary mag neto -
sphere and gen er ate Lo rentz forces, which can also dis turb pre ci sion for ma tions. The
mag ni tude of these dis rup tive intersatellite Cou lomb forces is com pa ra ble to typ i cal ion
thrust ers pro posed for space craft for ma tion fly ing. We pro pose to de velop an ef fi cient
hy brid pro pul sion sys tem com bin ing Cou lomb forces, Lo rentz forces, and stan dard elec -
tric thrust ers for for ma tion fly ing of the or der of tens of me ters in geo sta tion ary or other 
high Earth or bits.
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AAS 07 – 201
Non-Parametric Col li sion Prob a bil ity for Low-Velocity En coun ters

J. Rus sell Car pen ter, NASA Goddard Space Flight Cen ter

An im plicit, but not nec es sar ily ob vi ous, as sump tion in all of the pres ently used
tech niques for as sess ing sat el lite col li sion prob a bil ity is that the rel a tive po si tion un cer -
tainty is per fectly cor re lated in time. If there is any mis-modeling of the dy nam ics in
the prop a ga tion of the rel a tive po si tion er ror covariance ma trix, time-wise de-correlation 
of the un cer tainty will in crease the prob a bil ity of col li sion over a given time in ter val.
The pa per gives some ex am ples that il lus trate this point. This pa per ar gues that, for the
pres ent, Monte Carlo anal y sis is the best avail able tool for han dling low-velocity en -
coun ters, and sug gests some tech niques for ad dress ing the is sues just de scribed. One
pro posal is the use of a non-parametric tech nique that is widely used in ac tu ar ial and
med i cal stud ies.

SES SION 3: TRA JEC TORY DE SIGN AND OP TI MI ZA TION I
Chair: Jon Sims, Jet Pro pul sion Lab o ra tory

AAS 07 – 114
2-D Tra jec tory Op ti mi za tion Sat is fy ing Waypoints and No-Fly Zone Con straints

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

The ve hi cle of study is the Com mon Aero Ve hi cle. Of mil i tary in ter est is the abil -
ity to au ton o mously mis sion plan mul ti ple in ter me di ate waypoints and no-fly zones,
while en sur ing a fly able tra jec tory. The cost func tion is flight time due to time-critical
tar gets. Due to hy per sonic ve loc ity dur ing re en try the turn ra dii are sig nif i cant com -
pared to the over all range from ini tial point to fi nal tar get. The re search herein dem on -
strates an an a lyt i cal geo met ric tra jec tory op ti mi za tion tech nique and com pares it to nu -
mer i cally de rived re sults. The re sult con verges to the op ti mal so lu tion with less com pu -
ta tional time and as sur ance that a so lu tion ex ists.

AAS 07 – 115
A Space Mis sion Au tom a ton Using Hy brid Op ti mal Con trol

Chris tian M. Chilan and Bruce A. Conway, Uni ver sity of Il li nois

A mod ern space mis sion is com posed of sev eral events such as im pul sive ma neu -
vers, thrust arcs, and plan e tary fly bys. Tra di tionally, a mis sion plan ner would de velop a 
struc ture for the mis sion us ing cat e gor i cal vari ables, and then find the best space craft
tra jec tory by solv ing a con tin u ous op ti mal con trol prob lem. A prob lem of this type is
known as a hy brid op ti mal con trol prob lem (HOCP). A re cent ap proach to solv ing
HOCP’s has the po ten tial to au to mate the mis sion plan ning pro cess. The method uses
two nested loops. In this work, we in tro duce ge netic al go rithms and di rect tran scrip tion
with non lin ear pro gram ming as meth ods of so lu tion for the outer-loop and in ner-loop
prob lems re spec tively. A mul ti ple as ter oid in ter cep tion mis sion is solved as an ex am ple
of the method.
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AAS 07 – 116
Or bital Ma neu ver Op ti mi za tion Using Time Se ries

James D. Thorne, In sti tute for De fense Anal y ses

Or bital ma neu ver op ti mi za tion is tra di tion ally ac com plished us ing ei ther clas si cal
cal cu lus of vari a tions tech niques or di rect nu mer i cal sam pling. The avail abil ity of ex -
plicit time se ries so lu tions to the Lam bert or bit de ter mi na tion prob lem will al low the to -
tal delta-v for a se ries of or bital ma neu vers to be ex pressed as an al ge braic func tion of
only the in di vid ual trans fer times. The delta-v func tion may then be min i mized for a se -
ries of ma neu vers by find ing the op ti mal trans fer times for each or bital arc. Re sults are
shown for the clas si cal ex am ple of the Hohmann trans fer, as well as an in ter plan e tary
fly-by mis sion to the as ter oids Pallas and Juno.

AAS 07 – 117
Path-Constrained Op ti mal Tra jec tory De sign for the Up per Stage of a Ver ti cal
Take off Ver ti cal Land ing Launch Ve hi cle

Yunjun Xu, Uni ver sity of Oklahoma

A hy brid op ti mi za tion meth od ol ogy is used for find ing the path con strained op ti -
mal tra jec tory of the launch ve hi cle’s up per stage. This method takes ad van tage of both
di rect and in di rect ap proaches. In the di rect tran script por tion, the Trap e zoid method
and the Legendre-Gauss-Lobatto pseudo-spectral method are ap plied and com pared. In
the in di rect tran script por tion, four homotopies plus the “heaviside” method are com -
bined in find ing the op ti mal so lu tion. Up per stage sep a ra tion speed and al ti tude from
the first stage of the launch ve hi cle are used as the de sign pa ram e ters. Nu mer i cal ex am -
ples dem on strate the ef fec tive ness of this hy brid al go rithm.

AAS 07 – 118
Plan e tary Moon Cycler Tra jec tories

Ryan P. Rus sell and Na than J. Strange, Jet Pro pul sion Lab o ra tory

Free-return cycler tra jec to ries re peat edly shut tle a space craft be tween two bod ies
us ing lit tle or no fuel. Here, the cycler ar chi tec ture is pro posed as a com pli men tary and
al ter na tive method for de sign ing plan e tary moon tours. Pre vi ously ap plied enumerative
cycler search and op ti mi za tion tech niques are gen er al ized and spe cif i cally im ple mented
in the Jovian and Satur nian sys tems. The brief syn odic pe ri ods con trib ute to the ex is -
tence of hun dreds of bal lis tic cycler ge om e tries. Many of the ide al ized model so lu tions
are found to re main bal lis tic in more re al is tic mod els. Of the most prom is ing ap pli ca -
tions is the Ti tan-Enceladus sys tem where re cent dis cov er ies by Cassini have thrust
both bod ies into the sci ence spot light.
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AAS 07 – 119
POST2 End-to-End De scent and Land ing Sim u la tion for the Au ton o mous Land ing 
and Haz ard Avoid ance Tech nol ogy Project

Jody L. Fisher and Scott A. Striepe, NASA Langley Re search Cen ter

The Pro gram to Op ti mize Sim u lated Tra jec tories II (POST2) is used as a ba sis for
an end-to-end de scent and land ing tra jec tory sim u la tion that is crit i cal in de ter min ing
the de sign and in te gra tion ca pa bil ity of lu nar de scent and land ing-system mod els and
lu nar en vi ron ment mod els for the Au ton o mous Land ing and Haz ard Avoid ance Tech -
nol ogy (ALHAT) pro ject. This POST2-based ALHAT sim u la tion pro vides de scent and
land ing sim u la tion ca pa bil ity, along with the data nec es sary to de sign and op er ate a
land ing sys tem for lu nar-landing suc cess. This pa per pres ents the de vel op ment and
model val i da tion of the POST2-based end-to-end tra jec tory sim u la tion used for the test -
ing, per for mance and eval u a tion of ALHAT pro ject mod els.

AAS 07 – 120
The Stream lined and Com plete Set of the Nonsingular J2-Perturbed Dy namic and
Adjoint Equa tions for Tra jec tory Op ti mi za tion in Terms of Ec cen tric Lon gi tude

Jean A. Kéchichian, The Aero space Cor po ra tion

The com plete set of the dy namic and mul ti pli ers dif fer en tial equa tions for a non-
sin gu lar set of equi noc tial el e ments where the ec cen tric lon gi tude stands for the sixth
or bital el e ment are de rived in a more straight for ward and stream lined man ner as com -
pared to a pre vi ous der i va tion. Fur ther more, this for mu la tion is used to de rive the
adjoint dif fer en tial equa tions by ac count ing for the sec u lar first or der ef fect of the zonal 
har monic J2. The pres ent for mu la tion re moves the need to solve for Kep ler’s tran scen -
den tal equa tion at each in te gra tion step, a need that is in ev i ta ble when the mean lon gi -
tude for mu la tion is used.

SES SION 4: OR BIT DE TER MI NA TION AND TRACKING I
Chair: Beny Neta, Na val Post grad u ate School

AAS 07 – 121
Or bit De ter mi na tion and Pre dic tion for Low Earth Sat el lites Using a Sin gle Pass
of Ob ser va tion Data

Kyle T. Alfriend, Texas A&M Uni ver sity;
Chris Sabol and Jill Tombasco, Air Force Re search Lab o ra tory

This re port pro vides the de vel op ment of a sim pli fied covariance model for pre dict -
ing the along-track er ror un cer tainty and er ror un cer tainty growth rate for the sin gle-
pass, or bit de ter mi na tion and pre dic tion prob lem for low Earth sat el lites. The model is
val i dated us ing sim u la tion and real data cases. Lastly, the model is used to gen er al ize
sin gle pass or bit pre dic tion re sults us ing an gles-only, range-only, range and an gles, and
range and range-rate data. The re sults in di cate the most ac cu rate so lu tions oc cur us ing a 
com bi na tion of range and an gles data.
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AAS 07 – 122
With drawn

AAS 07 – 123
With drawn

AAS 07 – 125
The Or bit De ter mi na tion Tool Kit (ODTK), Ver sion 5

Rich ard S. Hujsak, James W. Wood burn, and John H. Seago, An a lyt i cal Graph ics, Inc.

Or bit De ter mi na tion Tool Kit is com mer cial soft ware for geo cen tric space craft-or -
bit de ter mi na tion and anal y sis from An a lyt i cal Graph ics, Inc. Key fea tures in clude a
track ing-data sim u la tor, an op ti mal (Kalman-like) se quen tial fil ter, and a se quen tial
fixed-in ter val smoother. Func tion al ity in cludes au ton o mous mea sure ment ed it ing, cus -
tom iz able re port ing and graph ing, si mul ta neous mul ti ple-satellite es ti ma tion, and mod -
el ing of time-varying sys tem bi ases. Ver sion 5 of the Tool Kit adds two sig nif i cant ca -
pa bil i ties: a broad op er a tional ca pa bil ity for main tain ing global-navigation sat el lite sys -
tems such as the US Global Po si tioning Sys tem, and the abil ity to re fine lo ca tion es ti -
mates for poorly known emit ters us ing time-difference-of-arrival and fre quency-dif fer -
ence-of-arrival mea sure ments.

AAS 07 – 126
TLE or Not TLE? That is the Ques tion

Da vid Finkleman, Cen ter for Space Stan dards and In no va tion

This pa per re ports or bit data ex change stan dards, mes sages, and for mats de vel oped 
un der the aus pices of the In ter na tional Or ga ni za tion for Stan dard iza tion, the AIAA, and
the CCSDS. The goals are back ward com pat i bil ity with Two Line El e ment Sets (TLE),
con gru ence with the in ter na tional stan dard for deep space Or bit Data Mes sages, use of
Ex ten si ble Markup Lan guage (XML) space ontologies, and in cor po rat ing el e ments of
in for ma tion es sen tial for prop a gat ing es ti mated sat el lite states. This pa per will de scribe
the pro posed con tent of the or bit data trans fer stan dard, ex plain how data el e ment
choices were made, and in fer the tech ni cal con se quences of hav ing a stan dard.

AAS 07 – 127
Val i da tion of SGP4 and IS-GPS-200 Against GPS Pre ci sion Ephemerides

T. S. Kelso, Cen ter for Space Stan dards and In no va tion

Many ap pli ca tions use the NORAD SGP4 or bital model for pre dict ing sat el lite
ephemerides and of ten these ap pli ca tions re quire knowl edge of the er rors as so ci ated
with those pre dic tions. Un for tu nately, the SGP4 or bital data, in the form of two-line el -
e ment (TLE) sets, does not pro vide any kind of ac cu racy in for ma tion. Some ap proaches 
have been pub lished which pur port to es ti mate these er rors by per form ing con sis tency
or abut ment checks, but they do not val i date their as sump tions or pro vide any val i da tion 
by com par i son to high-accuracy ephemerides. This pa per will show the suit abil ity of
these ap proaches by com par ing SGP4 ephemerides to pre ci sion ephemerides avail able
for the GPS con stel la tion.
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SES SION 5: SPACE CRAFT GUID ANCE, NAV I GA TION AND CON TROL I
Chair: Frederic Pelletier, Jet Pro pul sion Lab o ra tory

AAS 07 – 128
Ac cel er om e ter Eval u a tion for the Mis sion to Ju pi ter

Sergei A. Jerebets, Jet Pro pul sion Lab o ra tory

Due to se vere ra di a tion en vi ron ment of the Jovian sys tem, the mis sion to Ju pi ter
in her ently pres ents a sig nif i cant tech ni cal chal lenge to At ti tude Con trol Sys tem de sign
since nav i ga tion sen sors must sur vive and func tion prop erly to re li ably ma neu ver the
space craft through out the mis sion. Dif fer ent ac cel er om e ter tech nol o gies and their crit i -
cal per for mance char ac ter is tics are dis cussed, com pared and eval u ated to fa cil i tate a
choice of ap pro pri ate ac cel er om e ter (within in er tial mea sure ment unit or as a stand-
alone sen sor) to op er ate in a harsh Jovian en vi ron ment to as sure mis sion suc cess.

AAS 07 – 129
Adap tive En try Nav i ga tion Using In er tial Mea sure ments

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

The ap pli ca tion of a mul ti ple model adap tive es ti ma tor ar chi tec ture to en try nav i -
ga tion dur ing the highly dy namic hy per sonic pre-parachute de ploy phase is in ves ti gated. 
The en try nav i ga tion fil ter de sign is ap proached by pro cess ing ac cel er om e ter data in an
ex tended Kalman fil ter as ex ter nal mea sure ments, rather than the more tra di tional ap -
proach of pro cess ing them in the prop a ga tion phase (dead-reckoning). The high un cer -
tainty as so ci ated with the Mar tian at mo spheric den sity is han dled with mul ti ple dy -
namic mod els com pris ing a fil ter bank The pro posed fil ter ing ar chi tec ture is com pared
to the dead-reckoning pro cess.

AAS 07 – 130
An Ex per i men tal Val i da tion of Space craft At ti tude and Power Tracking With
Vari able Speed Con trol Mo ment Gy ro scopes

Dongwon Jung and Panagiotis Tsiotras, Geor gia In sti tute of Tech nol ogy

Vari able Speed Con trol mo ment gy ros (VSCMGs) dis tin guish them selves from the 
con ven tional CMGs by hav ing ex tra de grees of free dom to con trol the wheel spin rates
in ad di tion to the gimbal an gles. Thus, they can be adopted to achieve ad di tional ob jec -
tives, such as en ergy stor age, as well as at ti tude con trol. VSCMGs are ideal for in te -
grated power/at ti tude con trol sys tems (IPACS). The gimbal rates of the VSCMGs can
be used to pro vide the at ti tude con trol torque, whereas the wheel ac cel er a tions can be
used for both at ti tude and power track ing. Sev eral con trol laws for si mul ta neous at ti tude 
and power track ing have been pro posed in the lit er a ture. In this pa per we ex per i men -
tally val i date an IPACS con trol law pro posed in our pre vi ous work us ing a re al is tic
3-dofspacecraft sim u la tor.
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AAS 07 – 131
Chat tering Free Ro bust Con trol for Non lin ear Sys tems

Yunjun Xu, Uni ver sity of Oklahoma

A new de sign which fully uses the slid ing man i fold in for ma tion is pro posed to
achieve a feed back chat ter ing free non lin ear con trol law. The guar an teed as ymp totic
sta bil ity is proven us ing the Lyapunov sec ond the o rem and the invariance prin ci ple. An
ex plicit time vary ing feed back gain de rived ac cord ing to the global sta bil ity and slid ing
man i fold vari a tions is proved to be uniquely solv able based on the Perron–Frobenius
the o rem. The pro posed non lin ear con trol ler which re lies on the nom i nal sys tem main -
tained the ad van tages of the con ven tional vari able struc ture and bound ary layer con trol.
In the mean time, it will not com pro mise the steady state er ror. The o ret i cal and nu mer i -
cal stud ies show that the pro posed con trol meth od ol ogy is su pe rior to tra di tional vari -
able struc ture con trol in terms of smooth tran sient per for mance and sat u ra tion pro tec -
tion.

AAS 07 – 132
Con trol of Sci ence Or bits About Plan e tary Sat el lites

Marci Paskowitz Possner, GMV Space Sys tems Inc;
Dan iel J. Scheeres, Uni ver sity of Mich i gan

In this pa per, con trol is sues for sci ence or bits about plan e tary sat el lites are in ves ti -
gated. The sci ence or bits have low al ti tudes, near-polar in cli na tions and fol low the sta -
ble and un sta ble man i folds of frozen or bits. The ef fect of or bit un cer tainty caused by
ini tial po si tion er rors is stud ied, and cri te ria are iden ti fied to en sure the de sired be hav ior 
for the or bits. Two schemes to con trol a plan e tary sat el lite or biter are de vel oped: a)
given the ter mi nal con di tions of a sci ence or bit, re de sign a new sci ence or bit and ex e -
cute a low-cost trans fer to it, b) re turn the space craft to its nom i nal tra jec tory via a
two-sequence set of ma neu vers.

AAS 07 – 133
Flight Per for mance Anal y sis of a High Ac cu racy Inter-Satellite Ranging
In stru ment

Jeongrae Kim, Hankuk Avi a tion Uni ver sity

The NASA/DLR GRACE mis sion is a ded i cated grav ity map ping mis sion us ing
two low earth sat el lites. The sat el lites, launched in 2002, are cur rently op er a tional and
pro duc ing new Earth grav ity mod els. The flight data from the K-band inter-satellite
rang ing sys tem (KBR), which is the key in stru ment of the GRACE, has been an a lyzed
in or der to val i date the in stru ment mod el ing and to im prove in stru ment cal i bra tion tech -
niques. Com par i son with GPS mea sure ments is per formed and pos si ble un-modeled er -
ror sources are dis cussed.
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AAS 07 – 134
Onboard Tra jec tory De ter mi na tion for Mars Ap proach Using Monte Soft ware
Com po nents on Electra Spare Sparc Ca pac ity

Courtney B. Duncan, Jet Pro pul sion Lab o ra tory

“Ac cess to all of Mars” is a top pri or ity for Mars pay load de liv ery. An im por tant
com po nent of this ca pa bil ity is im proved state knowl edge dur ing the late phases of
flight from Earth to Mars. This pa per de scribes work in prog ress to uti lize spare pro -
cess ing ca pac ity in the JPL-developed Electra soft ware de fined ra dio to com pute in-situ
tra jec tory from ra dio and other onboard mea sure ments. Some soft ware for this real-time 
ap pli ca tion is ported from the JPL-developed Monte nav i ga tion tool suite that is pri mar -
ily in tended for ground-based pro cess ing. Soft ware is sues that re sult, such as ef fects on
per for mance and foot print, are dis cussed.

AAS 07 – 135
Op ti mal Con trol of Un cer tain Tra jec tories Using Con tin u ous Thrust

Eric D. Gustafson and Dan iel J. Scheeres, Uni ver sity of Mich i gan

The op ti mal con trol of a non lin ear sys tem is stud ied near an un sta ble equi lib rium
point. Un cer tainty in the ini tial con di tions is as sumed to have a Gaussi an dis tri bu tion,
then this un cer tainty is prop a gated for ward in time un der op ti mal con trol. This pro cess
of mea sur ing the state with a given un cer tainty, then ap ply ing op ti mal con trol is re -
peated with a fixed time-between-measurements. For hy per bol i cally un sta ble sys tems,
we show that there is an op ti mal value for the time-between-measurements. We then
ap ply the method to con trol a space craft in the vi cin ity of a rel a tive equi lib rium point in 
the cir cu lar re stricted 3-body prob lem (CR3BP) us ing a semi-analytical frame work.

SES SION 6: OR BIT DY NAM ICS AND PER TUR BA TIONS I
Chair: Bob Glover, AT&T

AAS 07 – 136
A Com plex Ex po nen tial Keplerian Uni ver sal So lu tion

Troy A. Henderson and John L. Junkins, Texas A&M Uni ver sity

A Com plex Ex po nen tial Keplerian Uni ver sal (CEKU) so lu tion has been de vel oped 
as a so lu tion to the clas si cal uni ver sal two-body prob lem. This for mu la tion takes ad van -
tage of reg u lar ex po nen tial func tions with com plex ar gu ments. The eigenstructure of the 
prob lem is ex ploited and the so lu tions that fol low are com pletely real num bers. This de -
vel op ment fol lows the clas si cal de vel op ment pre sented by Battin.
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AAS 07 – 137
Orbital Maneuvers Using a Close Approach in a Return Passage by the Main
Body

D. P. S. Santos, A. F. B. A. Prado, and E. M. Rocco,
Na tional In sti tute for Space Re search (INPE), Brazil

The ob jec tive of this pa per is to study space ma neu vers that con sist in a space craft 
leav ing one ce les tial body and go ing back to this same body, us ing this re turn pas sage
to per form a Swing-By with the mother planet to change its ve loc ity, en ergy and an gu -
lar mo men tum. This is called here “Swing-By Ma neu vers us ing Con sec u tive Col li sion
Or bits”. Dur ing this ap proach, the space ve hi cle places it self in an or bit dif fer ent from
the ini tial one, for the in ter est of the mis sion.

AAS 07 – 138
With drawn

AAS 07 – 139
With drawn

AAS 07 – 140
Or bital Dy nam ics of La ser-Propelled Space Ve hi cles in Low-Earth Or bit

Hiroshi Yamakawa, Kyoto Uni ver sity;
Ikkoh Funaki, Ja pan Aero space Ex plo ra tion Agency

This pa per in ves ti gates the dy nam ics of an ac tive space ve hi cle or a pas sive ob ject 
around an or bit ing sta tion, as sum ing a la ser-propelled sys tem from the or bit ing sta tion
in low-earth or bit. The lin ear ren dez vous equa tions, Clohessy-Wiltshire equa tions, are
used for the anal y sis. Pe ri odic tra jec to ries around the or bit ing la ser sta tion were in ves ti -
gated and a first-order ap prox i mate so lu tion was given, which pro vides suf fi cient anal -
ogy with nu mer i cally in te grated tra jec tory in terms of am pli tude and fre quency vari a -
tion un der short flight time con di tion.

AAS 07 – 141
Reg u lar Rep re sen ta tion of the First- and Sec ond-Order Gra di ents of the
Geopotential

Stefano Casotto, Uni ver sity of Padua, It aly

The de riv a tives of the geopotential ex pressed in Spher i cal Har monics are known to 
be sin gu lar at the poles, and sub ject to the of loss of sig nif i cant dig its when com puted
in the high-latitude re gions. It is shown here that this prob lem can be re moved by ju di -
cious choice of iden ti ties and re cur rence re la tions to reg u lar ize cer tain ap par ently sin gu -
lar ex pres sions in volv ing the As so ci ated Legendre Func tions which ap pear in the for -
mu la tion. The for mu la tion of the geopotential and its first two de riv a tives ap pli ca ble to
the po lar axis is also pro vided.

AAS 07 – 142
With drawn
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AAS 07 – 143
De sign Using Gauss’ Per turbing Equa tions With Ap pli ca tions to Lu nar South Pole 
Cov er age

K. C. Howell, D. J. Grebow and Z. P. Olikara, Purdue Uni ver sity

The three-body prob lem is for mu lated in terms of os cu lat ing el e ments us ing
Gauss’ per turb ing equa tions. The state-transition ma trix is avail able and is, thus, a
mechanism for the com pu ta tion of semi-elliptical pe ri odic or bits. A method for mov ing
along the tan gent subspace to com pute fam i lies of pe ri odic or bits is posed. The method
is ap plied to the Earth-Moon sys tem, where fam i lies of pe ri odic or bits are cal cu lated
pos sess ing the char ac ter is tics de sir able for lu nar south pole cov er age.

AAS 07 – 144
With drawn

SES SION 7: SPACE DE BRIS AND PLAN E TARY DE FENSE
Chair: Jeff Beck, Northrop Grumman Cor po ra tion

AAS 07 – 145
Hovering Con trol of a So lar Sail Grav ity Trac tor Space craft for As ter oid
De flec tion

Bong Wie, Ar i zona State Uni ver sity

A So lar Sail Grav ity Trac tor (SSGT) space craft is pro posed as a vi a ble op tion for
de flect ing a cer tain class of near-Earth as ter oids such as highly po rous rub ble piles
rather than solid mono lithic bod ies. So lar sails are large, light weight re flec tors in space
that are pushed by sun light. The SSGT space craft con cept is sim ply based on the so-
called Grav ity Trac tor (GT) for tow ing as ter oids by us ing grav ity as a tow line, pro posed 
by Lu and Love in the 10 No vem ber 2005 is sue of Na ture. It fur ther ex ploits the pro-
pellantless na ture of so lar sails, and con se quently its ad van tage over a GT space craft
pro pelled by ion en gines is its pos si ble lon ger mis sion life times (> 5 years) with a
larger propellantless Delta-V ca pa bil ity.

AAS 07 – 146
New Star Cat a logs and New Ap pli ca tions

Dave G. Monet, U.S. Na val Ob ser va tory

The cur rent gen er a tion of star cat a logs of fers sys tem de sign ers ac cu ra cies as good
as 20 milliarcseconds, wave lengths from blue to in fra-red, and brightnesses from 1st to
20th mag ni tude. Sev eral new sur veys are in prog ress (or be ing planned) that will im -
prove the ac cu ra cies to al most 1 milliarcsecond and ex tend the faint limit to 22nd mag -
ni tude and be yond. Whether for tra di tional star track ers or for in-frame met rics, these
cat a logs can be used to im prove ex ist ing ap pli ca tions or as the ba sis for new ones. A
sur vey of the ex ist ing and planned cat a logs will be given, and ex am ples of high-ac cu -
racy ap pli ca tions will be pre sented.
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AAS 07 – 147
Op ti mal De flec tion of Earth-Crossing Ob jects Us ing a Power Limited Space craft

Young-Joo Song, Sang-Young Park, and Kyu-Hong Choi, Yonsei Uni ver sity

An op ti mal de flec tion method for Earth-Crossing Ob jects (ECOs) is for mu lated for 
a power lim ited space craft. To avoid the Earth im pact, ECO’s mo men tum is con tin u -
ously changed us ing a power lim ited la ser ab la tion sys tem car ried by a con cep tual fu -
ture space craft. The op ti mal op er at ing du ra tion and de flec tion an gle vari a tion his tory
are es ti mated as con trol vari ables for var i ous ECOs. Ef fects on the op ti mal op er at ing
du ra tion and op er a tion an gle his tory are also an a lyzed as ECO’s or bital el e ments and
the power lev els of the ab la tion tool vary. The tim ing of the op er a tion start is very im -
por tant and is pre ferred to be as early as pos si ble. This method is more prac ti cal be -
cause there will be ECO’s frag men ta tion or un ex pected or bital mo tions, and most
spacecraft can pro vide only lim ited en ergy.

AAS 07 – 148
Re view of Con junc tion Prob a bil ity Methods for Short-Term En coun ters

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

The pa per dis cusses cur rent meth ods for com put ing col li sion prob a bil ity be tween
space-borne ob jects. The early for mu la tions of space craft col li sion were based on the
Pois son dis tri bu tion and used con cepts from the ki netic the ory of gases in which the
mol e cules move in straight lines and their num ber den sity is sta tis ti cally uni form. Cur -
rent for mu la tions are more re al is tic, be ing based on the Gaussi an dis tri bu tion and the
con cept of covariances which can be ob tained from or bit de ter mi na tion. In broad gen -
eral terms and in chro no log i cal or der, there are four main cat e go ries to clas sify the cur -
rent mod els. These are the Fos ter (1992), Chan (1997), Patera (2000) and Alfano
(2002).

AAS 07 – 149
With drawn
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SES SION 8: SAT EL LITE CON STEL LA TIONS AND FOR MA TION FLYING II
Chair: Da vid Spencer, Penn syl va nia State Uni ver sity

AAS 07 – 150
A Greedy Ran dom Adap tive Search Pro ce dure for Op ti mal Sched uling of P2P
Sat el lite Re fueling

Atri Dutta and Panagiotis Tsiotras, Geor gia In sti tute of Tech nol ogy

All stud ies of peer-to-peer (hence forth ab bre vi ated as P2P) sat el lite re fu el ing so far 
as sume that all ac tive sat el lites re turn back to their orig i nal or bital po si tions af ter un der -
go ing fuel ex changes with the pas sive sat el lites. In this pa per, we re move this re stric -
tion on the ac tive sat el lites, namely, we al low the ac tive sat el lites to in ter change or bital
slots dur ing the re turn trips. We for mu late the prob lem as a three-index as sign ment
prob lem in a tri par tite con stel la tion graph. We use a greedy ran dom adap tive search
pro ce dure (GRASP) to de ter mine the op ti mal P2P re fu el ing sched ule be tween the ac tive 
and the pas sive sat el lites. It is shown that the pro posed meth od ol ogy leads to con sid er -
able fuel re duc tion over the base line P2P re fu el ing strat egy.

AAS 07 – 151
A Net work Flow For mu la tion for an Egal i tar ian P2P Re fueling Strat egy

Atri Dutta and Panagiotis Tsiotras, Geor gia In sti tute of Tech nol ogy

A vari a tion of the P2P strat egy, known as egal i tar ian P2P (E-P2P) re fu el ing strat -
egy, re laxes the re stric tion on the ac tive sat el lites to re turn to their orig i nal or bital slots
af ter un der go ing the fuel trans ac tions. The E-P2P re fu el ing prob lem can be for mu lated
as a three-index as sign ment prob lem on an un di rected tri par tite con stel la tion graph,
which can be solved us ing, say, a Greedy Ran dom Adap tive Search Pro ce dure
(GRASP). In this pa per we con sider again the E-P2P prob lem, which we for mu late as a
min i mum cost flow prob lem on a di rected graph, along with some ad di tional con -
straints. The so lu tion of the cor re spond ing in te ger pro gram yields the op ti mal sat el lite
as sign ment.

AAS 07 – 152
With drawn
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AAS 07 – 153
Con trol of Interferometric Sat el lite Ar rays for (u,v) Plane Cov er age in Multi-Body
Re gimes

Lindsay D. Millard and Kathleen C. Howell, Purdue Uni ver sity

Sat el lite im ag ing for ma tions have nu mer ous ap pli ca tions in the fu ture of space ex -
plo ra tion. There fore, con trol of these ar rays in multi-body re gimes is crit i cal. An op ti -
mi za tion prob lem to min i mize fuel us age while max i miz ing an im age met ric is for mu -
lated in the cir cu lar re stricted three-body prob lem. This im age met ric is de rived based
on ideal mis sion-specific cov er age of the (u, v) plane. An aug mented Lagrange Mul ti -
plier method is em ployed to for mu late the op ti mi za tion prob lem, which is nu mer i cally
solved for for ma tions of sat el lites mov ing near halo or bits. Im age re con struc tion is
dem on strated for dif fer ent mis sion pa ram e ters, such as for ma tion size and base line
length.

AAS 07 – 154
Con trol of Space craft For ma tion About a Near-Circular Or bit

F. Y. Hsiao and S. J. Li, Tamkang Uni ver sity, Tai wan

This pa per in ves ti gates a meth od ol ogy of con trol law de sign for for ma tion flight of 
space craft about a Keplerian near-circular or bit. We first in tro duce the Tschauner-
Hempel Equa tion, de scrib ing the rel a tive mo tion about a Keplerian or bit, and briefly re -
view its so lu tions. The “lo cal time ap prox i ma tion”, shown well-performed in con trol ling 
the space craft for ma tion about halo or bits, is then proved ap pli ca ble to our prob lems.
This ap prox i ma tion en ables us to de sign a po si tion-and-velocity feed back un der “lo -
cally” time-invariant cir cum stances. Among all pos si ble choices, we pro pose a con trol
law that can du pli cates a “scaled” nom i nal tra jec tory for the rel a tive mo tion. Nu mer i cal
sim u la tions are pre sented to ver ify our re sults.

AAS 07 – 155
Ef fects of Or bital Per tur ba tions on the Per for mance of a Rel a tive Nav i ga tion
Fil ter for High Earth Or bits

Chris to pher Lane and Penina Axelrad, Uni ver sity of Col o rado

This pa per ex tends pre vi ous anal y sis on rel a tive nav i ga tion in high Earth or bits to
in clude the im pact of unmodeled dy nam ics on fil ter per for mance. A rel a tive nav i ga tion
fil ter is de vel oped that es ti mates rel a tive Keplerian el e ments by pro cess ing sin gly dif -
fer enced GPS pseudorange mea sure ments. The dy namic model and fil ter per for mance
are pre sented for me dium and high Earth or bits with lim ited mea sure ment avail abil ity.
The fo cus is on eval u at ing the ef fect of higher-order grav ity terms, so lar ra di a tion pres -
sure, the third-body ef fects of the Sun and Moon, and at mo spheric drag on es ti ma tion
ac cu racy. Rel a tive semi-major axis ac cu racy of 0.81 m and rel a tive po si tion ac cu racy of 
0.89 m are ob tained for ve hi cles sep a rated by 10-170 km in HEO us ing GPS mea sure -
ments only.
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SES SION 9: TRA JEC TORY DE SIGN AND OP TI MI ZA TION II
Chair: Prasun Desai, NASA Langley Re search Cen ter

AAS 07 – 156
A Path Based Approach for Optimizing Low-Thrust Interplanetary Trajectories

Prashant Patel, Dan iel Scheeres, Alec Gallimore and Thomas H. Zurbuchen,
Uni ver sity of Mich i gan

We use a path based ap proach to con struct ini tial guesses and find op ti mal space -
craft tra jec to ries. The al go rithm searches for the con trol and states that gen er ate a tra -
jec tory that is near integrable. The path func tions al low ephemeris con straints to be di -
rectly sub sti tuted into the path en sur ing that the tra jec tory solves the tar get ing prob lem.
The nu mer i cal method used to solve the re sult ing op ti mi za tion prob lem uses a sec ond
or der Tay lor ap prox i ma tion of the cost func tion and the con straints. Search di rec tions
are se lected such that they main tain the con straint equa tions to the sec ond or der and
cause a de crease in the cost func tion.

AAS 07 – 157
An Ar chi tec ture for In cor po rating In ter ac tive Vi su al iza tions into Sci en tific
Sim u la tions

Ravishankar Mathur and Cesar A. Ocampo, Uni ver sity of Texas at Aus tin

As sci en tific sim u la tions get in creas ingly com plex, so must the vi su al iza tions used
to in ter pret the data pro duced. The re search un der taken here in tro duces an ar chi tec ture
by which a sim u la tion pro gram mer can eas ily add in ter ac tive 3D vi su al iza tions to their
sim u la tions. Com mon as pects of all sim u la tions are iden ti fied, and are used to de velop
a gen eral ``vi su al iza tion lan guage" that can be used by any sim u la tion de signer to spec -
ify what they want to vi su al ize. In ad di tion, a pro gram ming in ter face called Open-
Frames is in tro duced, which al lows a sim u la tion de vel oper to use the vi su al iza tion lan -
guage from within their own ap pli ca tion to eas ily vi su al ize their re sults.

AAS 07 – 158
Au to matic De ter mi na tion of Fi nite Dif fer ence De riv a tive Step Sizes for In di rect
Tra jec tory Op ti mi za tion

Scott Zimmer, Uni ver sity of Texas at Aus tin

This pa per pres ents a method to au to mat i cally gen er ate the step size for the fi nite
dif fer ence de riv a tives needed to solve in di rect tra jec tory op ti mi za tion prob lems. The
tech nique pro vides a method to es ti mate the op ti mal fi nite dif fer ence step size and pro -
vides an es ti mate of the de riv a tive er rors. The method re moves the bur den of tun ing
step sizes in or der to ob tain con ver gence. Be cause de ter min ing the op ti mal step size for
ev ery it er a tion is computationally in ten sive, the method al lows the user to op ti mize the
step size when ever the er ror in the de riv a tive ex ceeds some tol er ance.
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AAS 07 – 159
Com par i son of Fixed and Vari able Time Step Tra jec tory In te gra tion Methods for
Cislunar Tra jec tories

Mi chael W. Weeks, NASA John son Space Cen ter;
Ste phen W. Thrasher, C.S. Draper Lab o ra tory

Due to the non lin ear na ture of the Earth-Moon-Sun three-body prob lem and non-
spher i cal grav ity, CEV cislunar tar get ing al go rithms will re quire many propagations in
their search for a de sired tra jec tory. For on-board tar get ing es pe cially, the al go rithm
must have a sim ple, fast, and ac cu rate prop a ga tor to cal cu late a tra jec tory with rea son -
able com pu ta tion time, and still be ro bust enough to re main sta ble in the var i ous flight
re gimes that the CEV will ex pe ri ence. This pa per com pares Cow ell’s method with a
fourth-order Runge-Kutta in te gra tor (RK4), Encke’s method with a fourth-order Runge- 
Kutta-Nyström in te gra tor (RKN4), and a method known as Multi-Conic. Ad di tionally,
the study in cludes the Bond-Gottlieb 14-element method (BG14) and ex tends the in ves -
ti ga tion of Encke-Nystrom meth ods to inte gra tors of higher or der and with vari able step 
size.

AAS 07 – 160
Com par i son of a Simple Patched Conic Trajectory Code to Com mer cially
Avail able Soft ware

Brooke M. An der son Park and Henry Wright, NASA Langley Re search Cen ter

Of ten in space flight pro posal de vel op ment, mis sion de sign ers must eval u ate nu -
mer ous tra jec to ries as dif fer ent de sign fac tors are in ves ti gated in the de sign pro cess. Al -
though there are nu mer ous com mer cial soft ware pack ages avail able to help de velop and 
an a lyze tra jec to ries, most take a sig nif i cant amount of time to de velop the sim u la tions
them selves, which is n’t ef fec tive when work ing on pro pos als. Thus a new code,
PatCon, that is both quick and easy to use, was de vel oped to help mis sion de sign ers run 
trade stud ies on launch and ar rival times for any given planet.

AAS 07 – 161
De veloping a Sys tem atic Ap proach to the Use of Ge netic Al go rithms for the
So lu tion of Op ti mal Space craft Tra jec tory Prob lems

Bradley J. Wall and Bruce A. Conway, Uni ver sity of Il li nois at Ur bana-Champaign

A rel a tively re cent method known as the method of Ge netic Al go rithms (GA’s) is
per haps the best known of sev eral “evo lu tion ary al go rithms”; that is, al go rithms that at -
tempt to evolve to ward the op ti mal so lu tion. GA’s have been used to solve a num ber of 
space craft tra jec tory op ti mi za tion prob lems how ever, only in an ad hoc way; i.e. no de -
fin i tive rules (or rec om men da tions) have been es tab lished for the so lu tion of var i ous
types of prob lems in or bital me chan ics. This work is an ini tial at tempt to cat e go rize tai -
lor ing of the GA for var i ous types of prob lems com monly en coun tered in space craft tra -
jec tory op ti mi za tion.
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SES SION 10: OR BIT DE TER MI NA TION AND TRACKING II
Chair: Paul Schumacher, Air Force Re search Lab o ra tory

AAS 07 – 162
Ex pected Or bit De ter mi na tion Ac cu racy of High Al ti tude, Highly In clined Sat el lite 
Or bits

Brandon A. Jones and George H. Born, Uni ver sity of Col o rado;
Da vid B. Goldstein, United States Air Force

This study seeks to es ti mate the ex pected or bit de ter mi na tion ac cu racy for high al -
ti tude, highly-inclined sat el lite or bits us ing pseudo-range and car rier phase GPS mea -
sure ments. Gipsy-Oasis II was used for both ob ser va tion sim u la tion and sat el lite state
es ti ma tion. Data sim u la tion and er ror es ti ma tion was ac com plished through batch pro -
cess ing of var i ous sat el lite or bits through a pre scribed range of ini tial con di tions. Re -
sults dem on strate the ex pected state es ti ma tion ac cu racy given a de sired or bit type, ec -
cen tric ity and al ti tude.

AAS 07 – 163
Func tional Re la tion ship Be tween Time and True Anom aly for Near-Circular Or bit 
With Qua dratic Drag

Thomas Carter, East ern Con nect i cut State Uni ver sity;
Mayer Humi, Worces ter Poly tech nic In sti tute

In this pa per we seek ap prox i mate closed-form so lu tions for the flight time in
terms of the true anom aly for a sat el lite in a high near-circular or bit that de cays as a re -
sult of at mo spheric drag. So lu tions of this prob lem are at tempted based on three mod els 
that ap prox i mate the at mo spheric den sity. For the first model and in cer tain spe cial
cases of the other two mod els, so lu tions are found that com pare fa vor ably with nu mer i -
cal sim u la tions.

AAS 07 – 164
With drawn

AAS 07 – 165
Macro-Model Tuning Ex per i ment for ICESat Pre ci sion Or bit De ter mi na tion

Hyung-Jin Rim, Charles E. Webb, Sungpil Yoon and Bob E. Schutz,
Uni ver sity of Texas at Aus tin

A macro model was de vel oped for mod el ing ra di a tion pres sure forces in ICESat
Pre ci sion Or bit De ter mi na tion. This model con sists of a six-sided box and two flat
plates, rep re sent ing the sat el lite’s body and the so lar pan els. The op ti cal prop er ties as -
signed to each of these sur faces were de rived from a least-squares fit to the forces from
a mi cro-model de vel oped by Ball Aero space prior to the launch. This study re-visited
the macro model pa ram e ters. These pa ram e ters were ad justed by us ing the ac tual
ICESat track ing data.
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SES SION 11: SO LAR SAILS
Chair: Fe lix Hoots, The Aero space Cor po ra tion

AAS 07 – 124
So lar Sail Model Val i da tion from Echo Tra jec tories

An drew F. Heaton, NASA Mar shall Space Flight Cen ter;
Adam T. Brinckerhoff, Uni ver sity of Mich i gan

The NASA In-Space Pro pul sion pro gram has been en gaged in a pro ject to in crease 
the tech nol ogy readi ness of so lar sails. The ef fort in cluded soft ware tools to model so lar 
sail guid ance, nav i ga tion and con trol. The Echo 1 and Echo 2 bal loons were com prised
of alu mi nized My lar, which is the near-term ma te rial of choice for so lar sails. Thus
Echo 1 and Echo 2 are ex cel lent his toric mis sions for test ing the new soft ware tools.
We pres ent the re sults of stud ies of Echo tra jec to ries that val i date so lar sail mod els of
op tics, so lar ra di a tion pres sure, shape and low-thrust or bital dy nam ics.

AAS 07 – 166
Or bital Pre ces sion Via Cy clic Pitch for the UltraSail Sys tem

Jennifer Hargens-Rysanek, Vic to ria L. Coverstone and Rodney L. Bur ton,
Uni ver sity of Il li nois at Ur bana-Champaign

UltraSail is a non-traditional ap proach, uti liz ing in no va tive so lar sail ar chi tec ture
to achieve sail ar eas ap proach ing 1 km-squared. The pay load re sides in a cen tral bus.
At tached to this bus are sev eral “blades” of so lar sail film ma te rial that are con trol la ble
by a tip sat el lite at the end of each blade. This pa per fo cuses on the dy nam ics and con -
trol of this UltraSail blade/tip sat el lite sys tem, spe cif i cally the pre ces sion of each tip
sat el lite/blade sys tem. Cy clically pitch ing was shown to be a vi a ble method to pre cess
the spin-axis of the blade/tip sat el lite sys tem, as well as pro vide con sid er able fuel sav -
ings over us ing only thrust ers.

AAS 07 – 167
Static De ploy ment of Large Mem brane of Spinning So lar Sail Us ing a Bal loon

Osamu Mori, Maki Shida, and Jun’ichiro Kawaguchi, Ja pan Aero space Ex plo ra tion
Agency; Shuhei Nishimaki, Michihiro Matsumoto, Yusuke Shibasaki, and Fuminori
Hanaoka, Uni ver sity of To kyo; Masataka Arakawa, To kyo Denki Uni ver sity;
Masayuki Sugita, Aoyama Gakuin Uni ver sity

ISAS/JAXA is study ing the spin ning so lar sail mis sion con cept for fu ture ap pli ca -
tions to deep space ex plo ra tions. De ploy ment method for large thin mem branes is im -
por tant. We dem on strated static de ploy ment of the square sail of 20 m di ag o nal at 37
km al ti tude us ing a bal loon in Au gust. The size of a mem brane is the larg est in the
world, and to de ploy a mem brane stat i cally is the first achieve ment in the world. This
pa per pres ents the sys tem and re sults of the ex per i ment, and dis cusses the be hav ior of
the mem brane. The re sults of nu mer i cal sim u la tion us ing multi-particle model are com -
pared with the ex per i men tal data.
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AAS 07 – 168
With drawn

SES SION 12: EARTH AND PLAN E TARY MIS SIONS I
Chair: L. Alberto Cangahuala, Jet Pro pul sion Lab o ra tory

AAS 07 – 169
An In ter plan e tary Mis sion to Nep tune Sys tem: Grav i ta tional Cap ture and
Ma neu vers Around Tri ton

Carlos Renato Huaura Solórzano and An to nio Fernando Bertachini de Almeida Prado,
Na tional In sti tute for Space Re search (INPE);
Othon Cabo Win ter, Universidade Estadual Paulista (UNESP-FEG)

In a re cent study per formed by NASA it was pro posed, with high pri or ity, a mis -
sion to the Nep tune’s Sys tem. Hammel, in 2002, pro posed in de tails the main tar gets of
this mis sion to Nep tune. Re cently, Solórzano, in 2006, pro posed a mis sion to Nep tune,
ana lys ing sev eral schemes for the trip from Earth to Nep tune. In this work, our main
ob jec tive is to show the main char ac ter is tics of the grav i ta tional cap ture of a space craft
by Tri ton. As a sec ond ary ob jec tive, we can give the fuel con sump tion for other types
of ma neu vers to com pare with the one per formed with the grav i ta tional cap ture.

AAS 07 – 170
Early Nav i ga tion Re sults for the New Ho ri zons Mis sion to Pluto/Charon

E. Carranza, A. Tay lor, J. Miller, D. Stanbridge, B. Page, J. Smith, P. Wolff,
B. Wil liams, and L. Efron, KinetX, Inc.;
R. Farquhar and Y. Guo, Johns Hopkins Uni ver sity Ap plied Phys ics Lab

The New Ho ri zons mis sion is be ing flown as the first mis sion in NASA’s New
Fron tiers Pro gram. The space craft was launched Jan u ary 19, 2006, and with have its
first plan e tary flyby of Ju pi ter on Feb ru ary 28, 2007. Af ter this, the space craft will con -
tinue for eight-and-one-half years of in ter plan e tary cruise lead ing to flyby of the Pluto/
Charon sys tem in July 2015. This pa per gives a de scrip tion of the nav i ga tion sys tem de -
vel oped for the New Ho ri zons mis sion, along with the nav i ga tion re sults ob tained thus
far from cal i brat ing and test ing the nav i ga tion sys tem, in clud ing at ti tude and small force 
mod el ing and the use of Delta-DOR.
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AAS 07 – 171
Earth to Ve nus-1 Nav i ga tion Re sults for NASA’s MES SEN GER Mis sion to
Mer cury

A. Tay lor, E. Carranza, J. Miller, D. Stanbridge, B. Page, J. Smith, P. Wolff,
B. Wil liams and L. Efron, KinetX, Inc.; R. Farquhar, J. McAdams and D. Dun ham,
Johns Hopkins Uni ver sity Ap plied Phys ics Lab o ra tory

The MEr cury Sur face, Space EN vi ron ment, GEo chem is try, and Ranging (MES -
SEN GER) mis sion was launched on 3 Au gust 2004 to be gin its six-and-one-half-year
in ter plan e tary cruise to ar rive in or bit about Mer cury be gin ning in March 2011. The
cruise phase in cludes plan e tary grav ity-assist fly bys of Earth (Au gust 2005), Ve nus
(October 2006 and June 2007) and Mer cury (Jan u ary and Oc to ber 2008, and Sep tem ber 
2009). Nav i ga tion re sults from Earth flyby through Ve nus flyby 1 are pre sented for or -
bit de ter mi na tion, ma neu ver de sign and re con struc tion, and tra jec tory op ti mi za tion.
Also in cluded are pre lim i nary re sults from tests of opnav im ages and Delta-DOR taken
on ap proach to Ve nus.

AAS 07 – 172
ExoMars Mis sion Anal y sis and De sign - En try, De scent and Land ing

Rodrigo Haya Ramos and Davide Bonetti, Deimos Space S.L.;
Dave Northey, Dave Gittins and Dave Riley, Analyticon Limited;
Stefano Portigliotti and Maurizio Capuano, Alcatel Alenia Space Italia

ExoMars is ESA’s cur rent mis sion to planet Mars aimed for launch be tween 2011
and 2013. This pa per re gards the mis sion anal y sis and de sign of the En try, De scent and
Land ing (EDL) phases. It is driven by the flex i bil ity in terms of land ing site, ar rival
dates and the very strin gent re quire ment in terms of land ing ac cu racy. In no va tive ap -
proaches in terms of worst-case phi los o phy have been de signed. The de sign of the D&L 
phases is driven by the mass of the Lander, the lim ited mass bud get for the over all DM, 
the safe sep a ra tion of the frontshield and the mass mar gins phi los o phy.

AAS 07 – 173
ExoMars Mis sion Anal y sis and De sign - Launch, Cruise and Ar rival Phases

Juan L. Cano and Augusto Caramagno, Deimos Space S.L.;
Valeria Catullo and Carlo Cassi, Alcatel Alenia Space Italia

ExoMars is ESA’s cur rent mis sion to planet Mars. The cur rent mis sion base line is
based on a Soyuz-Fregat launch from Kourou in 2011 (back-up in 2013) of a space craft 
com pos ite bear ing a Car rier and a De scent Mod ule (DM). The tra jec tory pro file is char -
ac ter ized by the need to send the high est pos si ble mass to Mars. This con di tions the de -
sign in two main ways: launch into a highly el lip tic or bit (HEO) and es cape in a se -
quence of apo gee ris ing ma neu vers and per form a de layed trans fer of type 3 to Mars.
This pa per re gards the in ter plan e tary mis sion de sign from launch up to the start of the
EDL phase.
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AAS 07 – 174
Geostationary LEOP of a SpaceBus4000 from Alcatel With Sea Launch: Flight
Dynamics Aspects of the Mission Analysis and Operations

Sylvain Delattre, CNES

A sat el lite based on a spacebus4000 plat form from Alcatel was launched with Sea
Launch launcher on Au gust 2006. As it was the first op er a tions for CNES with this
launcher, spe cific Mis sion Anal y sis stud ies were per formed in clud ing con straints of the
mis sion (in ter fer ences, col li sion, cost, du ra tion, ro bust ness). The LEOP was then re al -
ized dif fer ently due to an un ex pected in jec tion. Flight Dy nam ics com puted a new strat -
egy in real time with op er a tional means to re duce LEOP du ra tion with out overcost. The 
to tal du ra tion of the mis sion was re duced of three days, thanks to strat egy choices made 
dur ing trans fer phase.

AAS 07 – 175
Low Road to Mars: Ve nus-Mars-Earth Cycler

An drew E. Turner, Space Sys tems/Loral

This pa per in tro duces a Ve nus-Mars Cycler to fa cil i tate Earth-Mars travel. Ad van -
tages of this novel con cept over pro posed Earth-Mars Cyclers is dis cussed, in clud ing
con sid er ations of travel du ra tion, launch op por tu nity fre quency, and the to tal ve loc ity
in cre ment to com plete an Earth-Mars round-trip mis sion. The ca pa bil ity of Ve nus to
mod ify in ter plan e tary tra jec to ries sig nif i cantly has al ready been flight-proven by a num -
ber of U.S. and Rus sian space craft, while Mars is of in suf fi cient mass to gen er ate a use -
ful grav ity as sist. This pa per ex tends this con cept for cost-effective travel to and from
Mars, the long-term goal of the space pro grams of the U.S. and other coun tries.

SES SION 13: AT TI TUDE DY NAM ICS AND CON TROL
Chair: Don Mackison, Uni ver sity of Col o rado

AAS 07 – 177
Saving Mass in Optimally Sizing a Small Satellite Energy Storage and Attitude
Control System

Da vid J. Richie and Vaios J. Lappas, Sur rey Space Cen tre, Uni ver sity of Sur rey

The re cent ad vent of min ia ture sin gle gimbal con trol mo ment gy ro scopes has
spawned in ter est in vari able speed ver sions for en ergy stor age and at ti tude con trol sys -
tems on small sat el lites. Al though much has been stud ied on the the ory be hind such a
sys tem, lit tle has been done in op ti mally siz ing these ac tu a tors for small sat el lite ap pli -
ca tions. There fore, this pa per in ves ti gates the fun da men tal de sign con cepts, op ti mal siz -
ing, and mis sion ben e fits for these ac tu a tors. Given a set of small sat el lite agil ity and
en ergy stor age re quire ments, an op ti mal, non lin ear pro gram ming method is ap plied to
this prob lem.
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AAS 07 – 178
Space craft At ti tude Con trol Using Aero dy namic Torques

M. Luke Gargasz and Na than A. Ti tus, Air Force In sti tute of Tech nol ogy

This pa per stud ies space craft at ti tude con trol us ing aero dy namic torques. Aero dy -
namic torque is mod eled with par tial ac com mo da tion the ory, as sum ing known ac com -
mo da tion co ef fi cients. A ro tat ing at mo sphere with an ex po nen tial den sity is used. The
non lin ear equa tions of mo tion in cor po rate drag flaps for at ti tude ac tu a tion. Space craft
ge om e try con sists of a cu bical bus and six drag flaps used in pairs to pro vide con trol of
roll, pitch, and yaw. Two con trol laws are com pared, one based on non lin ear con trol
the ory and one us ing lin ear qua dratic reg u la tor the ory. Sim u la tions dem on strate that
both con trol lers reg u late the space craft at ti tude in mul ti ple or bit types over a small
range of ori en ta tions.

AAS 07 – 179
A Sep a ra tion Prop erty for the Rigid-Body At ti tude Tracking Con trol Prob lem

Dongeun Seo and Maruthi R. Akella, Uni ver sity of Texas at Aus tin

It is a well known fact that quaternion based pro por tional-derivative con trol lers for 
rigid-body at ti tude mo tion guar an tee global as ymp totic sta bil ity in both set-point reg u la -
tion and tra jec tory track ing ob jec tives. How ever, the quaternion vec tor is never di rectly
mea sured and there fore in prac tice, con trol lers em ploy ing quaternion feed back should
in vari ably be cou pled with ap pro pri ate at ti tude es ti ma tors that per mit suf fi ciently fast
re con struc tion of the quaternion state vec tor. The pri mary con tri bu tion of this pa per is
the dem on stra tion of a non lin ear sep a ra tion prop erty for the at ti tude con trol prob lem
that pre serves global as ymp totic sta bil ity re sults even when the feed back con trol ler uses 
only in stan ta neous es ti mates of the quaternion state.

AAS 07 – 180
With drawn

AAS 07 – 181
Com bined Sin gu lar ity Avoid ance for Vari able Speed Con trol Mo ment Gy ro scope
Clus ters

Da vid J. Richie, Vaios J. Lappas and Sajjad Asghar,
Sur rey Space Cen tre, Uni ver sity of Sur rey

This work pro poses two al go rithms ex tended from ex ist ing steer ing laws which
link con ven tional con trol mo ment gy ro scope and re cent vari able-speed con trol mo ment
gy ro scope the ory for the more gen eral case of si mul ta neous at ti tude plus power track ing 
us ing a clus ter of ac tu a tors. These ex tended steer ing laws are then fur ther stud ied for
the case of con strained gimbal an gles and sat u rated wheel speeds in the at ti tude plus
power track ing prob lem.
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AAS 07 – 182
Space craft At ti tude Con trol Us ing Sym met ric Ste reo graphic Ori en ta tion
Pa ram e ters

Charles M. South ward II, Joshua R. Ellis, and Hanspeter Schaub,
Vir ginia Poly tech nic In sti tute and State Uni ver sity

A min i mal set of rigid body at ti tude co or di nates, Sym met ric Ste reo graphic Ori en -
ta tion Pa ram e ters (SSOPs), are in ves ti gated for con strained space craft point ing prob -
lems. These co or di nates are found through a gen eral ste reo graphic pro jec tion of the Eu -
ler pa ram e ter unit con straint hypersphere onto a three di men sional hy per-plane. The
SSOP co or di nates have the unique fea ture that the as so ci ated math e mat i cal sin gu lar ity
can be placed at a de sired prin ci pal ro ta tion an gle by ad just ing the pro jec tion point. An
at ti tude feed back con trol law in terms of SSOPs will in her ently avoid reach ing this sin -
gu lar at ti tude de scrip tion, and thus con strain the at ti tude er ror re sponse to be within a
well de fined cone.

SES SION 14: AT MO SPHERIC DEN SITY MODELING
Chair: Craig McLaughlin, Uni ver sity of North Da kota

AAS 07 – 183
At mo spheric Modeling Using Ac cel er om e ter Data Dur ing Mars Re con nais sance
Or biter Aerobraking Op er a tions

R. Tolson, E. Bemis, S. Hough, and K. Zaleski, North Carolina State Uni ver sity;
G. Keating, George Wash ing ton Uni ver sity; J. Shidner, S. Brown, A. Brickler,
M. Scher, and P. Thomas, Uni ver sity of Mary land

Dur ing MRO aerobraking, ac cel er om e ter data were used to de ter mine the den sity,
den sity scale height, or bit-to-orbit vari abil ity, lat i tu di nal-seasonal vari a tions, lon gi tu di -
nal waves and other phe nom ena in the ther mo sphere. The RMS noise was about 0.004
mm/s2, which, ig nor ing other er rors would per mit den sity re cov ery to about 0.008
kg/km3, more than an or der of mag ni tude im prove ment from pre vi ous mis sions. De tails 
are given of aerobraking op er a tions, the ac cel er om e ter data anal y sis meth ods and op er a -
tional pro ce dures. Ap pli ca tions to de ter min ing thermospheric prop er ties, in ter est ing at -
mo spheric phe nom ena en coun tered dur ing MRO and cor re la tion with the MGS and Od -
ys sey mis sions is pre sented. Some re main ing is sues on in ter pre ta tion of the data are
also pro vided.

AAS 07 – 184
With drawn
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AAS 07 – 185
Im proving Dy namic Cal i bra tion of the At mo sphere

Mat thew P. Wilkins, Schafer Cor po ra tion;
Chris Sabol, Air Force Maui Op ti cal and Supercomputing Site;
Paul J. Cefola, Con sul tant; Kyle T. Alfriend, Texas A&M Uni ver sity

Dy namic cal i bra tion of the at mo sphere is a tech nique where cor rec tions to at mo -
spheric den sity mod els are gen er ated based upon in di rect ob ser va tions of the at mo -
sphere, typ i cally sat el lite or bital data. In this work, the den sity cor rec tion the ory pro -
posed by Nazarenko and Yurasov is re vis ited and mod i fi ca tions to the the ory are ex am -
ined. Based upon ob ser va tions dur ing the val i da tion of the Rus sian DCA the ory, we
saw that suc ces sive re fine ments to the den sity cor rec tions pro vided a small yet ap pre -
cia ble im prove ment to the smooth ing of the bal lis tic fac tor. Ad di tionally, we ex plored
other parameterizations in an at tempt to re move ad di tional un cer tainty in the bal lis tic
fac tor es ti ma tion pro cess.

AAS 07 – 186
With drawn

AAS 07 – 187
With drawn

AAS 07 – 188
Thermospheric Den sity Model In clud ing Magnetospheric En ergy Sources at Quiet
Times

Ken neth Moe and Mil dred M. Moe, Space Environment Tech nol ogies

At geomagnetically quiet times, there is a large en ergy source at high lat i tudes. It
pro duces a prom i nent dayside den sity bulge which is de pend ent on uni ver sal time and
is cou pled to the lo ca tion of ion o spheric elec tron den sity peaks, the red air glow, and
par ti cles pre cip i tat ing from the mag neto sphere. We pres ent an an a lyt i cal semi-empirical 
model which re pro duces the neu tral den sity bulges at high lat i tudes in the north ern and
south ern hemi spheres.
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AAS 07 – 189
Val i da tion and Ap pli ca tion of Cor rec tions to the NRLMSISE-00 At mo spheric
Den sity Model

Mat thew P. Wilkins, Schafer Cor po ra tion;
Chris Sabol, Air Force Maui Op ti cal and Supercomputing Site;
Paul J. Cefola, Con sul tant; Kyle T. Alfriend, Texas A&M Uni ver sity

Dy namic cal i bra tion of the at mo sphere is a tech nique where cor rec tions to at mo -
spheric den sity mod els are gen er ated based upon in di rect ob ser va tions of the at mo -
sphere, typ i cally sat el lite or bital data. In this work, the den sity cor rec tion the ory pro -
posed by Nazarenko and Yurasov is in de pend ently vetted and val i dated. The cor rec tions 
are gen er ated for the NRLMSISE-00 at mo spheric den sity model from No vem ber 31,
1999 through De cem ber 1, 2003 and are com pared to pub lished re sults of Nazarenko
and Yurasov. A sec ond set of cor rec tions was gen er ated over the four years prior dur ing 
a rel a tively quiet space weather pe riod. Com paring the cor rec tions gen er ated dur ing
these two pe ri ods al lows us to draw con clu sions re gard ing our abil ity to com pute den -
sity model cor rec tions.

SES SION 15: TETHERED SAT EL LITES
Chair: Thomas Eller, Astro USA, LLC

AAS 07 – 190
A Per ma nent Tethered Ob ser va tory at Ju pi ter: Dy nam i cal Anal y sis

J. Peláez, Tech ni cal Uni ver sity of Ma drid (UPM);
D. J. Scheeres, Uni ver sity of Mich i gan

Outer planet ex plo ra tion has al ways been hand i capped by a scar city of power. The 
tra di tional way, so lar en ergy con verted to elec tric ity, be comes rap idly in ef fec tive as one 
trav els fur ther from the Sun. Elec tro dy namic teth ers could be used as an in ter est ing al -
ter na tive to pro duce onboard en ergy. This pa per de scribes the es sen tial dy nam i cal is sues 
aris ing in the place ment of a per ma nent Ju pi ter ob ser va tory lo cated at one of its in ner
moonlets and sus tained by an elec tro dy namic tether work ing in the gen er a tor re gime.
The aim of the work is to an a lyze the main as pects re lated with the or bital dy nam ics
and at ti tude dy nam ics of this sys tem.

AAS 07 – 191
Dy nam ics of an Elec tro dy namic Tether Sys tem Containing Gyrostat End Bodies
Joshua R. Ellis and Chris to pher D. Hall,
Vir ginia Poly tech nic In sti tute and State Uni ver sity

We study the dy nam ics of an elec tro dy namic tether sys tem con sist ing of two gyro -
stats and a flex i ble tether. Each gyrostat con tains an ar bi trary num ber of wheels and
thrust ers, and the tether is mod eled as a lin early elas tic string that re sists stretch ing, but
not bend ing or twist ing. The tether is spa tially discretized us ing the as sumed mode
method. The sys tem equa tions of mo tion are nu mer i cally in te grated for sev eral sce nar -
ios, and the re sults of these sim u la tions are used to an a lyze the re la tion ship be tween the 
dy nam ics of the tether un der the in flu ence of an elec tro dy namic force and the at ti tude
dy nam ics of the end bod ies.
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AAS 07 – 192
Evo lu tion ary Com pu ta tion of Tether De ploy ment Tra jec tories With Ap pli ca tion to 
YES2

Paul Wil liams, RMIT Uni ver sity, Aus tra lia;
Marco Stelzer, Andrew Hyslop and Michiel Kruijff, Delta-Utec, The Netherlands

This pa per con sid ers the de sign of tra jec to ries for the de ploy ment of the YES2
tether. Var i ous meth ods for op ti miz ing the de ploy ment strat egy are con sid ered. First, a
re duced sys tem model that rep re sents the tether as a straight in elas tic rod is used to de -
velop de ploy ment tra jec to ries us ing di rect tran scrip tion tech niques. A val i da tion model
that treats the full tether elas tic ity and flex i bil ity is used to per form Monte Carlo sim u -
la tions of the de ploy ment un der para met ric un cer tain ties. The crit i cal case oc curs if the
deployer has larger than ex pected fric tion and the ejec tion ve loc ity is lower than an tic i -
pated. It is nec es sary to re-optimize us ing evo lu tion ary tech niques.

AAS 07 – 193
Hy brid Con trol of Or bit Nor mal and Along-Track 2-Craft Cou lomb Tethers

Arun Natarajan and Hanspeter Schaub,
Vir ginia Poly tech nic In sti tute and State Uni ver sity

The dy nam ics and sta bil ity of a charged two craft sat el lite for ma tion with nom i nal
fixed sep a ra tion dis tance (Cou lomb teth ers) is stud ied when the clus ter is aligned with
the along-track and or bit nor mal di rec tion. Un like the charged 2-craft for ma tion sce -
nario aligned along the or bit ra dial di rec tion, the feed back con trol law us ing inter-
spacecraft elec tro static cou lomb forces and the dif fer en tial grav i ta tional ac cel er a tions is
not suf fi cient to sta bi lize the Cou lomb tether length or its at ti tude. There fore, a hy brid
feed back con trol law com bin ing con ven tional thrust ers and cou lomb forces is pre sented. 
This hy brid feed back con trol is de signed to as ymp tot i cally sta bi lize the sat el lite while
avoid ing plume im pinge ment is sues.

AAS 07 – 194
Libration Con trol of Elec tro dy namic Tethers Using the Ex tended Time-Delayed
Autosynchronization Method

M. Iñarrea, La Rioja Uni ver sity; J. Peláez, Tech ni cal Uni ver sity of Ma drid (UPM)

To over come the dif fi cul ties as so ci ated with dy namic in sta bil i ties of elec tro dy -
namic teth ers, a new con trol scheme has been an a lyzed in this pa per. We add ap pro pri -
ate forces to the sys tem with the aim of con vert ing an un sta ble pe ri odic or bit of the
gov ern ing equa tions into an as ymp tot i cally sta ble one. We use an ex tended time-delay
feed back con trol scheme which has been used suc cess fully in prob lems with one de gree 
of free dom. In or der to ob tain re sults with broad va lid ity, some sim pli fy ing as sump tions 
have been in tro duced in the anal y sis. Thus, we as sume a rigid tether with two end
masses or bit ing along a cir cu lar, in clined or bit.

AAS 07 – 195
With drawn
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AAS 07 – 196
Power Gen er a tion Using Self-Balanced Elec tro dy namic Tethers in De bris
Mit i ga tion Sce narios

M. Sanjurjo and J. Peláez, Tech ni cal Uni ver sity of Ma drid (UPM)

In de bris mit i ga tion sce nar ios, the most ef fec tive tether re gime is the de orbit ing
mode since it pro vides the min i mum de orbit ing time; in this re gime the elec tro dy namic
tether uses no load. Nev er the less, there ex ist mis sions with other re quire ments like
slower de scents en larg ing the op er a tional life of space craft or re us able ve hi cles. In these 
cases, a mix ture of power gen er a tion and or bit trans fer is needed. This pa per ex plores
the pos si bil ity of profit from the de cay pro cess of space de bris. We fo cus on the power
gen er a tion, es tab lish ing the dis si pa tion sources of me chan i cal en ergy and study ing dif -
fer ent con fig u ra tions. Nu mer i cal sim u la tions sup port the the o ret i cal re sults.

SES SION 16: SAT EL LITE CON STEL LA TIONS & FOR MA TION FLYING III
Chair: Thomas Alan Lovell, Air Force Re search Lab o ra tory

AAS 07 – 110
Mod ified Equa tions of Mo tion Around Cir cu lar Tra jec tory and its Ap pli ca tion to
For ma tion Flying Con trol

Jun’ichiro Kawaguchi,
In sti tute of Space and Astronautical Sci ence (ISAS), Ja pan Aero space Agency

Usually, the for ma tion fly ing as so ci ated with a cir cu lar or bit is dis cussed through
the well-known Hill’s equa tions of mo tion. This pa per pres ents and dis cusses the for -
ma tion-fixed co or di nate to dis cuss the for ma tion be hav ior. The re sult ing equa tions take
the non-autonomous form and de pict some in ter est ing char ac ter is tics. The pa per also
pres ents the ap pli ca tion of de cen tral ized for ma tion con trol strat egy that sta bi lizes and
en ables a quick re ac tion to the com mand.

AAS 07 – 197
Fuzzy Logic Con trol Sys tem for Re con fig u ra tion Pro ce dure Ap plied to the NASA
Bench mark Tet ra he dron Con stel la tion

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

In for ma tion fly ing, the re con fig u ra tion pro ce dures are dif fi cult and in volve a lot
of math e mat i cal com pu ta tion to re solve the prob lem in an op ti mal way. The re con fig u -
ra tion pro ce dure of the pro posed NASA bench mark tet ra he dron con stel la tion is more
com pli cated be cause of the re quired lo ca tions of the four space craft at the apo gee point. 
In this pa per, for the first time, a fuzzy logic con trol ler is used to re con fig ure the con -
stel la tion with the Lagrange Plan e tary Equa tions. The Lagrange Plan e tary Equa tions are 
a set of a non-linear equa tions con sist ing of pro pul sive re quire ments to vary the or bital
el e ments. The fuzzy logic con trol ler will be used to ob tain the de sired or bital di men -
sions for a sin gle sat el lite, but this con trol ler can be ap plied to the con fig u ra tion of the
con stel la tion.
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AAS 07 – 198
GPS Hard ware-in-the-Loop Space craft For ma tion Flying Sim u la tion

Scott A. Kowalchuk and Chris to pher D. Hall,
Vir ginia Poly tech nic In sti tute and State Uni ver sity

The re sult of a Global Po si tioning Sys tem (GPS) hard ware-in-the-loop sim u la tion
of two space craft fly ing in for ma tion is pre sented. The sim u la tions in volve a chief
spacecraft in a low Earth or bit (LEO), while a dep uty space craft main tains an or bit po -
si tion rel a tive to the chief space craft. An or bit cor rec tion ma neu ver (OCM) for the dep -
uty space craft is ac com plished us ing a clas si cal or bital el e ment (COE) con trol ler. The
po si tion of the dep uty is de ter mined from a GPS re ceiver that is con nected to a GPS
hard ware-in-the-loop sim u la tor. From the cur rent rel a tive po si tions of the space craft the
COE con trol ler de ter mines the OCM for the dep uty space craft.

AAS 07 – 199
Optimal Design of Satellite Formation Relative Motion Orbits Using Least Squares 
Methods

Hui Yan, Kyle T. Alfriend, Srinivas R. Vadali and Sengupta Prasenjit,
Texas A&M Uni ver sity

For ma tion fly ing de sign can be con sid ered as search ing for six ini tial con di tions in 
the lo cal ver ti cal lo cal hor i zon tal frame or dif fer en tial or bital el e ments. In this pa per, a
novel ap proach is pro posed to de sign for ma tion fly ing with a least squares tech nique.
We take the de sired for ma tion ge om e try as the ref er ence val ues, and then the ini tial
con di tions of rel a tive mo tion can be an a lyt i cally solved by a lin ear least squares ap -
proach. Also we show us ing Gaussi an least squares dif fer en tial cor rec tion to de sign
non lin ear for ma tion fly ing. Nu mer i cal re sults dem on strate that the ap proach works well.

AAS 07 – 200
Study of Lu nar Con stel la tions for Sit u a tional Aware ness and Sur veil lance

Devon S. Sanders and Carrie D. Olsen, Mis sis sippi State Uni ver sity

A method for de sign of lu nar con stel la tions for ground ob ser va tion is pre sented.
Such con stel la tions could be used to im prove sit u a tional aware ness for as tro nauts and
ground con trol lers con duct ing ex ten sive lu nar sur face op er a tions. The de sign method
con sid ers sin gle or bit pa ram e ter trade stud ies, the use of spe cialty or bits, such as sun-
syn chro nous and frozen or bits, and an a lyzes can di date con stel la tion con fig u ra tions
based on ground cov er age met rics and sta tion-keeping costs. The pa per con cludes with
a set of rec om men da tions for lu nar con stel la tion de sign, gen er al iz ing the method to ap -
ply to a broader class of lu nar or bit ing sat el lite con stel la tions.
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AAS 07 – 202
Op ti mal Con fig u ra tion of a Planet-Finding Mis sion Con sisting of a Tele scope and
a Con stel la tion of Oc cult ers

Egemen Kolemen and N. Jeremy Kasdin, Prince ton Uni ver sity

The op ti mal con fig u ra tion of sat el lite for ma tions con sist ing of a tele scope and
multiple oc cult ers is stud ied. The ob jec tive is to en able the im ag ing of the larg est pos si -
ble num ber of sat el lites with min i mum mass re quire ment which con sists of the dry
mass of the space craft and the to tal fuel re quire ment for the for ma tion. Fuel-free, max i -
mum sky cov er age quasi-periodic or bits are iden ti fied em ploy ing a mul ti ple Poincare
sec tion method. Sub se quently, the subproblems of con stel la tion ini tial iza tion, and the
se quenc ing and tim ing of the imag in ing ses sions are op ti mized for min i mum fuel. A
trade-off study of var i ous con stel la tions is per formed.

AAS 07 – 203
Op ti mal Con trol of a Cir cu lar Space craft For ma tion Sub ject to Grav i ta tional
Per tur ba tion

Ja son L. Baldwin and Na than A. Ti tus, Air Force In sti tute of Tech nol ogy

This pa per de vel ops the op ti mal open-loop con trol to main tain a cir cu lar rel a tive
space craft for ma tion. The non lin ear equa tions of mo tion in clude two-body and J2 grav i -
ta tional terms. The pri mary or bit is as sumed to be cir cu lar and in clined. The op ti mal
tra jec tory is found us ing a tra di tional cal cu lus of vari a tions-based ap proach, re quir ing
the nu mer i cal so lu tion of a two-point bound ary value prob lem. Con ver gence is de pend -
ent upon the choice of bound ary con di tions, but us ing the ini tial states for a cir cu lar for -
ma tion de rived an a lyt i cally from linearized equa tions pro vides rea son able re sults. For
an 800-km or bit, delta-v costs are ap prox i mately 40 m/s/year, with ex act val ues de pend -
ent upon er ror tol er ances.

AAS 07 – 204
With drawn
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SES SION 17: TRA JEC TORY DE SIGN AND OP TI MI ZA TION III
Chair: Den nis Byrnes, Jet Pro pul sion Lab o ra tory

AAS 07 – 205
With drawn

AAS 07 – 206
Fine Po si tioning Tech niques in Geo sta tion ary Trans fers: Ben e fits of a Lin ear
Ap proach

Sebastien Fourest, CNES

Fine po si tion ing of geo sta tion ary sat el lites is an is sue dif fi cult to op ti mize prop -
erly. Nu mer i cal soft ware ap pear not to be the most suit able ones, as the prob lem pres -
ents many lo cal op tima and is highly de pend ant on the ini tial so lu tion. On the other
hand, an a lyt i cal al go rithms make it pos si ble to per form high speed com pu ta tion (Monte
Carlo anal y sis, in stan ta neous graph i cal vi su al iza tion), lead ing to a new ap proach of the
prob lem, much more com pre hen sive and re li able. A set of tools based on lin ear anal y sis 
(sim plex, ge netic al go rithms,…) was de vel oped in or der to in crease the per for mances of 
the geo sta tion ary trans fers at CNES fa cil i ties (sav ing fuel and time).

AAS 07 – 207
In di rect Op ti mi za tion of Three-Dimensional Fi nite-Burning In ter plan e tary
Trans fers In clud ing Spi ral Dy nam ics

Chris to pher L. Ranieri and Cesar Ocampo, Uni ver sity of Texas at Aus tin

The min i mum fuel in di rect op ti mi za tion prob lem for a three-dimensional Low
Earth Or bit to Low Mars Or bit trans fer is solved us ing a step-by-step pro cess de vel oped 
pre vi ously for the two- di men sional model and tech niques to es ti mate the co-states for
three-dimensional spi rals. Using a newly de rived trans for ma tion, the en tire tra jec tory,
in clud ing the Mar tian cap ture, is in te grated in an Earth-referenced frame. As in the
two-dimensional case, more fuel ef fi cient tra jec to ries are found com pared with the same 
tra jec to ries pub lished in other stud ies. Whereas pre vi ous re search only achieved fi nal
Mar tian or bits of 20382 km, the new ap proach achieves lower or bits of 5000-6794 km.

AAS 07 – 208
Exploration of Interval Picard Methods for Trajectory Family Propagation

Benjamin F. Villac, Uni ver sity of Cal i for nia at Irvine;
Alan H. Barr, Cal i for nia In sti tute of Tech nol ogy;

An in ter val Picard in te gra tion method is in ves ti gated for ap pli ca tions to space craft
prop a ga tion prob lems in a self-validated com pu ta tional frame work. The method pro -
vides state in for ma tion at all times along a com puted tra jec tory seg ment with guar an -
teed er ror bounds. Fi nite pre ci sion com pu ta tions and in ac cu rate model pa ram e ters in for -
ma tion are au to mat i cally taken into ac count, and ex tended sets of ini tial con di tions can
also be com puted at once, with out the need to re sort to Monte Carlo sim u la tions. This
method opens the pos si bil ity for a de ter min is tic ap proach to tra jec tory guid ance and
nav i ga tion in a fully non lin ear frame work. The com pu ta tional com plex ity, lim i ta tions
and some al ter na tive ap proaches are dis cussed.
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AAS 07 – 209
Mul ti ple Leg Fuel-Optimal Tra jec tories for Hovering Sat el lites

Da vid J. Irvin, Jr. and Rich ard G. Cobb, Air Force In sti tute of Tech nol ogy

The ma jor ity of re cent work in rel a tive sat el lite dy nam ics has con cen trated on
closed or drift ing or bits of a dep uty about a chief sat el lite, as sumed to be lo cated at the
cen ter of a lo cal ref er ence frame. A prob lem of in ter est to mis sion plan ners is the abil -
ity to hover in a pre scribed vi cin ity of a chief sat el lite for an ex tended pe riod of time.
Re cent re search has iden ti fied fuel-optimal paths in the rel a tive frame for sin gle leg tra -
jec to ries in the or bit plane of the chief. This re search ex tends that work to find mul ti ple
leg, fuel-optimal tra jec to ries for true hover ca pa bil ity.

AAS 07 – 210
Op ti mal Ren dez vous and Docking Sim u la tor for El lip ti cal Or bits

Haijun Shen and Chris to pher D. Karlgaard, An a lyt i cal Me chanics As so ci ates, Inc.

This pa per de scribes the de vel op ment and im ple men ta tion of a sim u la tion en vi ron -
ment for space craft ren dez vous and dock ing guid ance, nav i ga tion, and con trol in el lip ti -
cal or bits. The ren dez vous and dock ing sim u la tor, known as DOCKSIM, func tions in
two phases. In the first phase, op ti mal tra jec to ries are ob tained for the point mass model 
of the dock ing ve hi cle sub ject to path con straints, with the tar get ve hi cle in a known el -
lip ti cal or bit. In the sec ond phase, the chaser ve hi cle is con sid ered as a rigid body
whose at ti tude and tra jec tory is con trolled such that its dock ing port is aligned with the
tar get ve hi cle at the time of dock ing, and the flight path closely fol lows the op ti mal tra -
jec tory.

AAS 07 – 211
Sur vey of Global Op ti mi za tion Methods for Low Thrust Mul ti ple As ter oid Tour
Mis sions

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

With the re cent suc cess ful launches of Deep Space 1, SMART-1, and Hayabusa,
elec tric pro pul sion has be come a vi a ble op tion for ro botic mis sions, en abling shorter
flight times, fewer re quired plan e tary grav ity as sists, smaller launch ve hi cles, and/or
larger pay loads. Global op ti mi za tion of a low-thrust tra jec tory with mul ti ple tar gets and
grav ity as sists, how ever, is a dif fi cult prob lem, due to the multi-modality and large size
of the de sign space. This pa per sur veys var i ous low-thrust tra jec tory op ti mi za tion tech -
niques com bined with global op ti mi za tion meth ods to as sess their ef fi cacy and ap pli ca -
bil ity to a low-thrust, mul ti ple as ter oid tour mis sion.
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SES SION 18: AT TI TUDE DE TER MI NA TION AND CON TROL
Chair: Yunjun Xu, Uni ver sity of Oklahoma

AAS 07 – 212
At ti tude Ac qui si tion of a Sat el lite with Partially Filled Liq uid Tank

Ja-young Kang, Hankuk Avi a tion Uni ver sity

Three-axis sta bi lized com mu ni ca tions sat el lites launched into GEO on con ven -
tional launch ers must make a tran si tion in at ti tude con trol from the spin ning state of the 
ini tial mis sion phases to long-term earth point ing sta bi lized state. One method of
achiev ing the tran si tion uti lizes the mo men tum trans fer ma neu ver, in which the space -
craft mo men tum is trans ferred from ini tially nor mal to the sys tem’s mo men tum vec tor.
This method has been stud ied for a long time and im ple mented widely. In this pa per,
the sim i lar tech nique is ap plied for re ori en ta tion of a sat el lite con tain ing par tially filled
spher i cal tank and the ef fect of slosh mo tion on at ti tude ac qui si tion is in ves ti gated qual -
i ta tively.

AAS 07 – 213
Av er aging Qua ter nions

F. Landis Markley, NASA Goddard Space Flight Cen ter;
Yang Cheng and John L. Crassidis, Uni ver sity at Buf falo;
Yaakov Oshman, Technion - Is rael In sti tute of Tech nol ogy;

At ti tude es ti ma tion of ten re quires find ing the av er age of a set of at ti tude es ti mates
in quaternion form with as so ci ated weights. The sim ple weighted av er age has two flaws 
that are dis cussed in the pa per. The ob ser va tion that we re ally want to av er age at ti tudes
rather than qua ter nions pro vides a way to avoid these flaws. The av er age quaternion
should min i mize a weighted sum of the squared Frobenius norms of at ti tude ma trix dif -
fer ences. The pa per con tains sim u la tion re sults of the av er ag ing al go rithm as well as re -
sults from spe cific ap pli ca tions, such as us ing the al go rithm for at ti tude es ti ma tion with
par ti cle fil ters.

AAS 07 – 214
With drawn

AAS 07 – 215
Is sues in Robustification of It er a tive Learning Con trol Us ing a Zero-Phase Fil ter
Cut off

Rich ard W. Longman and Wondo Kang, Co lum bia Uni ver sity

It er a tive learn ing con trol (ILC) aims to con verge to zero track ing er ror in con trol
sys tems that re peat edly per form a ma neu ver. ILC has the po ten tial to elim i nate the det -
ri men tal ef fects of flex i bil ity on point ing ac cu racy of sen sors dur ing re peated scan ning
ma neu vers in space craft. A zero-phase low-pass fil ter is nec es sary to robustify learn ing
against re sid ual modes. It is shown that the fil ter can in ter act with ze ros in tro duced by
discretization, ag gra vat ing er ror growth be tween sam ple times. A method of pre dict ing
the per for mance of ILC with a cut off is de vel oped, and used to show how one must
pick the cut off to pro duce good re sults.
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AAS 07 – 216
Placing the Repetitive Controller Inside or Outside the Feedback Loop:
Simultaneously Achieving the Feedback and Repetitive Control Objectives

Rich ard W. Longman and Joe W. Yeol, Co lum bia Uni ver sity;
Yeong S. Ryu, State Uni ver sity of New York at Farmingdale

Space craft of ten have in ter nal mov ing parts such as con trol mo ment gy ros. Slight
im bal ance in such equip ment sets up vi bra tions in the space craft that can com pro mise
the per for mance of any fine point ing equip ment on board. Re pet i tive con trol (RC) is a
rel a tively new field that cre ates con trol sys tems that can in the ory to tally elim i nate the
ef fects of a pe ri odic dis tur bance source. In many ap pli ca tions, one wants not only to
meet this ob jec tive, but also to sig nif i cantly at ten u ate more gen eral dis tur bances over a
range of fre quen cies up to a cho sen band width. This pa per is de voted to pre sent ing
meth ods that can ac com plish both ob jec tives.

AAS 07 – 217
De signing Op ti mized FIR Re pet i tive Con trol lers from Noisy Fre quency Re sponse
Data

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

In space craft, small im bal ances in re ac tion wheels pro duce vi bra tions that dis turb
fine point ing equip ment. Re pet i tive con trol (RC) the o ret i cally can to tally elim i nate the
ef fects of such dis tur bances. In two pre vi ous works, a very ef fec tive method of de sign -
ing the RC com pen sa tor needed for sta bil ity based on a given model was de vel oped,
and a zero-phase fil ter de sign was de vel oped to robustify against re sid ual modes. One
can de sign di rectly from fre quency re sponse in for ma tion with out us ing a model. This
work ad dresses how one must ad just these ef fec tive RC de sign meth ods in or der to ad -
dress the in flu ence of noise in the fre quency re sponse data.

AAS 07 – 218
On the Pe ri odic Im ages of Start-Up in Re pet i tive Con trol

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

Re pet i tive con trol (RC) can cels the ef fects of a pe ri odic dis tur bance to a con trol
sys tem, e.g. in an ac tive iso la tion mount for high pre ci sion point ing equip ment to elim i -
nate vi bra tions from a mo men tum wheel. RC ad justs the feed back con trol com mand
based on the er ror one pe riod back. At start up, the com mand nor mally has a jump dis -
con ti nu ity, which prop a gates for ward each pe riod. The na ture of the prop a ga tion and its 
de cay is in ves ti gated, both for sim ple RC laws and for sev eral im por tant classes of
more so phis ti cated RC laws. Methods are de vel oped to pre vent or re duce the ap pear -
ance of such dis con ti nu ities.

AAS 07 – 219
With drawn
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SES SION 19: OR BIT DY NAM ICS & PER TUR BA TIONS II
Chair: Thomas Starchville, The Aero space Cor po ra tion

AAS 07 – 220
A Per tur ba tion The ory for Ham il ton’s Prin ci pal Func tion: Ap pli ca tions to the
Two-Point Bound ary Value Prob lem

Oier Peñagaricano Muñoa and Dan iel J. Scheeres, Uni ver sity of Mich i gan

A per tur ba tion the ory for solv ing two-point bound ary value prob lems is pre sented.
Based on Ham il ton’s prin ci ple and the cal cu lus of vari a tions, this the ory al lows us to
an a lyt i cally solve for the ve loc i ties in the tar get ing prob lem. Ap pli ca tions of the the ory
are found in the fields of or bital me chan ics and op ti mal con trol. Ex am ples show ing the
ac cu racy of the the ory in the per turbed two-body prob lem are pre sented.

AAS 07 – 221
An a lyt i cal The ory for Sci ence Or bits Around Plan e tary Sat el lites

Mar tín Lara, Real Observatorio de la Ar mada

We pro vide an an a lyt i cal the ory for space craft mo tion close to syn chro nously or -
bit ing and ro tat ing plan e tary sat el lites. The main per tur ba tions of the mo tion arise from
the non-sphericity of the cen tral body and the plan e tary per tur ba tion. The ra tio ro ta tion
rate of the sat el lite mean mo tion of the or biter is the small pa ram e ter of our the ory. The 
evo lu tion of the sec u lar terms is ob tained up to the fourth or der in the small pa ram e ter,
and the short and long pe riod terms are re cov ered up to third or der through ex plicit
trans for ma tions. An ap pli ca tion for the com pu ta tion of long life time sci ence or bits is
pre sented

AAS 07 – 222
With drawn

AAS 07 – 223
Ef fi cient Grav ity Field Com pu ta tion for Tra jec tory Prop a ga tion Near Small
Bodies

An drew Colombi and Anil N. Hirani, Uni ver sity of Il li nois at Ur bana-Champaign;
Benjamin F. Villac, Uni ver sity of Cal i for nia at Irvine

A fi nite el e ment ap proach for grav ity po ten tial com pu ta tion near ar bi trary shaped
small bod ies, and an in ter po la tion scheme for fast re trieval of the force field are pre -
sented. This set of tools is shown to sig nif i cantly re duce the com pu ta tional ef fort for
tra jec tory in te gra tions around small bod ies when com pared to the cur rent ap proaches
(se ries ex pan sions and poly he dron method). This method is ex pected to pro vide a better 
foun da tion for Monte Carlo anal y sis of space craft guid ance and nav i ga tion in prox im ity 
op er a tion of small bod ies and help in the de sign of fu ture as ter oid or comet mis sions.
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AAS 07 – 224
En ergy Con straints in the Re stricted Full Three-Body Prob lem: Ap pli ca tion to
Bi nary Sys tem 1999 KW4

Julie Bellerose and Dan iel J. Scheeres, Uni ver sity of Mich i gan

We give a gen eral de scrip tion of the dy nam ics of a par ti cle in the grav i ta tional
field of a bi nary sys tem. In this model, we con sider one of the bi nary as hav ing a mass
dis tri bu tion and the other as be ing a sphere. The an a logue Lagrangian points and their
sta bil ity have been stud ied and an a lyzed, es pe cially L4,5. For this sys tem, we com pute
the zero ve loc ity curves, we in ves ti gate re gions of al low able mo tion tak ing into ac count 
the el lip soid body ge om e try and we in ves ti gate the ef fects of dif fer ent per tur ba tions.
We ap ply the meth ods to the bi nary sys tem KW4 and give some re sults.

AAS 07 – 225
With drawn

AAS 07 – 226
Huygens Ti tan Probe Tra jec tory Re con struc tion Using Tra di tional Methods and
the Pro gram to Op ti mize Sim u lated Tra jec tories II

Scott A. Striepe, NASA Langley Re search Cen ter;
Rob ert C. Blanchard and Mi chael F. Kirsch, Na tional In sti tute of Aero space;
Wallace T. Fowler, Uni ver sity of Texas at Aus tin

On Jan u ary 14, 2005, the ESA’s Huygens probe sep a rated from NASA’s Cassini
space craft, en tered the Ti tan at mo sphere and landed on its sur face. As part of the agree -
ment with ESA, NASA pro vided re sults of all anal y ses and pre sented find ings to the
Huygens pro ject team. In re turn, NASA was pro vided the flight data from the probe so
that tra jec tory re con struc tion could be done and sim u la tion mod els as sessed. Tra jec tory
re con struc tion of the Huygens en try probe at Ti tan was ac com plished us ing two in de -
pend ent ap proaches: a tra di tional method and a POST2-based method. Re sults from
both ap proaches are dis cussed in this pa per.

AAS 07 – 227
Mul ti ple Grav ity As sists in the Re stricted Three-Body Prob lem

Shane D. Ross, Vir ginia Poly tech nic In sti tute and State Uni ver sity;
Dan iel J. Scheeres, Uni ver sity of Mich i gan

We in ves ti gate mul ti ple grav ity as sists which can oc cur out side of a per turb ing
body’s sphere of in flu ence and which are dy nam i cally con nected to or bits that (i) get
cap tured by the perturber or (ii) come from or es cape to in fin ity. We pro ceed by de riv -
ing a symplectic twist map to ap prox i mate par ti cle mo tion. Es sen tial fea tures of the dy -
nam ics in the full equa tions of mo tion are pre served: the phase space con tains a con -
nected cha otic zone where lanes of fast mi gra tion be tween or bits of dif fer ent semi-ma -
jor axes can be iden ti fied. Nu mer i cal ex am ples are given for a space craft in the field of
Ju pi ter and Callisto.
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SES SION 20: LIBRATION POINT TRA JEC TORIES
Chair: Mi chael Gabor, Northrop Grumman Cor po ra tion

AAS 07 – 228
Anal y sis of Cap ture Tra jec tories to Libration Points

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

Space craft cap ture tra jec to ries to the vi cin ity of the L1 and L2 points in the re -
stricted Hill three-body prob lem are an a lyzed. The spe cific fo cus is on trans fer into
these vi cin i ties from in ter plan e tary tra jec to ries. This ap pli ca tion is mo ti vated by fu ture
pro pos als to place “Deep Space” ports at the Earth and Mars L1 or L2 points. We con -
sider the fea si bil ity of us ing aero-assist cap ture to re duce the cost of trans fer into these
lo ca tions.

AAS 07 – 229
Di rect Lu nar Halo Or bit Trans fers

Jeffrey S. Parker and George H. Born, Uni ver sity of Col o rado

This pa per pro vides a ro bust sur vey of short-duration, di rect trans fers from the
Earth to lu nar Halo or bits. The re sults show that sev eral fam i lies of such trans fers ex ist, 
in clud ing quick four- or five-day trans fers, as well as more ef fi cient trans fers that re -
quire three or more weeks. It has been found that the quick trans fers re quire be tween
3.6 and 4.1 km/s, de pend ing on the Halo or bit. If more time is avail able, then any lu nar
Halo or bit may be reached for at most 3.65 km/s. Finally, this pa per ad dresses the costs
and ben e fits as so ci ated with us ing short-duration, di rect trans fers to lu nar Halo or bits.

AAS 07 – 230
With drawn

AAS 07 – 231
With drawn

AAS 07 – 232
Pe ri odic Or bits High Above the Eclip tic Plane in the So lar Sail 3-Body Prob lem

Thomas J. Wa ters and Colin R. McInnes, Uni ver sity of Strath clyde

Due to the non-central na ture of the force on a so lar sail, there ex ist equi lib rium
points of the equa tions of mo tion out of the eclip tic plane in the Sun-Earth-Sail cir cu lar
re stricted 3-body prob lem, in con trast with the clas si cal Lagrange points. Anal o gous to
the ‘halo’ or bits, we con struct large am pli tude pe ri odic or bits about these equi lib ria. By
tim ing the pe riod of the or bit we may ne gate the sea sonal ef fects of the vari a tion in the
Earth’s axis of ro ta tion, and thus the sail’s po si tion when viewed from the pole sub -
tends a much smaller an gle (around 8 deg rather than 46 deg). These or bits are of prac -
ti cal in ter est with re gards to com mu ni ca tion with, and con stant im ag ing of, the poles.
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AAS 07 – 233
With drawn

AAS 07 – 234
Earth-Sun Tri an gu lar Lagrange Point Or bit In ser tion and Sat el lite Sta tion
Keeping

Julio Cesar Benavides and Da vid B. Spencer, Penn syl va nia State Uni ver sity

We an a lyze the ve loc ity changes to trans fer sat el lites from Earth or bit to the Sun-
Earth tri an gu lar Lagrange points and es ti mate the sta tion-keeping costs and times re -
quired for these ac tions. An a lyt i cal, co-orbital ren dez vous equa tions for a cir cu lar and
el lip ti cal Earth or bit were de rived. Ve loc ity changes and times-of-flight for or bital in -
ser tion into the tri an gu lar points were cal cu lated for var i ous start ing lo ca tions in Earth’s 
he lio cen tric or bit. These re sults were com pared to the out comes of Lam bert’s prob lem
for var i ous times-of-flight, and the re sults agreed closely. The small est ve loc ity changes 
to reach the tri an gu lar points oc curred when the trans fer started close to Earth peri he -
lion. Sta tion-keeping ve loc ity changes and times-of-flight were in versely pro por tional to 
the times-of-flight needed for the cor rec tion. Ap pli ca tions us ing sat el lites po si tioned at
these points are dis cussed.

SES SION 21: SPACE CRAFT GUID ANCE, NAV I GA TION AND CON TROL II
Chair: J. Rus sell Car pen ter, NASA Goddard Space Flight Cen ter

AAS 07 – 176
A Fuel-Free Sun-Tracking At ti tude Con trol Strat egy and the Flight Re sults in
Hayabusa (MUSES-C)

Jun’ichiro Kawaguchi and Ken’ichi Shirakawa,
In sti tute of Space and Astronautical Sci ence (ISAS), Ja pan Aero space Agency

The pa per pres ents the at ti tude re ori en ta tion tak ing the ad van tage of so lar ra di a tion 
pres sure with out use of any fuel aboard. The strat egy is cur rently adopted to make
Hayabusa space craft keep pointed to ward the Sun for sev eral months. The flight re sults
are pre sented with the es ti mated so lar ar ray panel dif fu sion co ef fi cient.
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AAS 07 – 235
Single-Frequency GPS Rel a tive Nav i ga tion in a High Ion o sphere Orbital
En vi ron ment

Pat rick R. Conrad, Cor nell Uni ver sity;
Bo J. Naasz, NASA Goddard Space Flight Cen ter

The Global Po si tioning Sys tem pro vides a con ve nient source for space ve hi cle rel -
a tive nav i ga tion mea sure ments, es pe cially for low Earth or bit for ma tion fly ing and au -
ton o mous ren dez vous mis sion con cepts. For sin gle-frequency GPS re ceiv ers, ion o -
spheric path de lay can be a sig nif i cant er ror source if not prop erly mit i gated. In par tic u -
lar, ion o spheric ef fects are known to cause sig nif i cant ra dial po si tion er ror bias, and add 
dra mat i cally to rel a tive po si tion es ti ma tion er ror if the onboard nav i ga tion soft ware
does not force the use of mea sure ments from com mon or shared GPS space ve hi cles.
This pa per pres ents re sults from sim u lated and hard ware-in-the-loop GPS nav i ga tion
sim u la tions for a pair of space ve hi cles fly ing in close prox im ity and us ing GPS
pseudorange mea sure ments to per form ab so lute and rel a tive or bit de ter mi na tion.

AAS 07 – 236
With drawn

AAS 07 – 237
Mar tian Aerocapture Guid ance Us ing Ar ti fi cial Neu ral Net work Trained by
Ge netic Al go rithm

Philippe Cayouette, Jean-François Hamel, and Charles-Antoine Bru net,
Université de Sherbrooke

Aerocapture is a tech nique that al lows a sig nif i cant re duc tion of fuel con sump tion
(thus re duc ing the space craft mass) for plan e tary in ser tion by dis si pat ing the or bital en -
ergy of the ve hi cle, us ing the aero dy namic drag cre ated by the pas sage in the at mo -
sphere of a planet. This ar ti cle pro poses a change of par a digm con cern ing the aerocap -
ture guid ance al go rithm: the use of a hy brid Ar ti fi cial In tel li gence tech nique. In or der to 
be used as a guid ance al go rithm, a neu ral net work has to be trained with a novel tech -
nique, i.e. a ge netic al go rithm within a nav i ga tion-guidance-control sim u la tion loop.

AAS 07 – 238
With drawn

AAS 07 – 239
With drawn
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AAS 07 – 240
Modeling of Dy nam ics and Con trol for Grav ity Probe B

Ivanka Pelivan and Stephan Theil, Uni ver sity of Bre men;
Sara Smoot and Yoshimi Ohshima, Stan ford Uni ver sity

Many sci en tific space mis sions have de mand ing re quire ments on dis tur bance re jec -
tion. Ap pli ca tion of drag-free con trol tech niques elim i nates or di min ishes the ac cel er a -
tions on a sat el lite to a level which al lows the ex e cu tion of highly sen si tive ex per i -
ments. A high-fidelity space craft dy nam ics and con trol sim u la tor has been de vel oped to 
aid in de sign, test and ver i fi ca tion for mis sions with a very high level of per for mance.
The sim u la tor is first adapted to Grav ity Probe B for dual pur pose: Ver i fi ca tion of sim -
u la tor mod ules is achieved by com par i son to flight data but also the sci ence data pro -
cess ing ben e fits from sys tem iden ti fi ca tion of pre vi ously unmodeled dis tur bances.

AAS 07 – 241
Mod ified µ-Synthesis for Drag-Free Con trol De sign

Lorenzo Pettazzi and Stephan Theil, Uni ver sity of Bre men

Drag-free sat el lite con trol has been re cently used for a num ber of sci en tific mis -
sions where a test mass is re quired to fol low with high ac cu racy a pure grav i ta tional tra -
jec tory. For a drag-free sat el lite not all the pa ram e ters are known and mod eled in the
same way. Some of them are usu ally more dif fi cult or ex pen sive to be es ti mated. The
main ob jec tive of the pres ent work is to de sign a con trol ler that tol er ates the max i mum
pos si ble level of un cer tainty in some given pa ram e ters while keep ing the un cer tainty in
the other pa ram e ters within a cer tain spec i fied range and achiev ing the de sired level of
per for mance.

SES SION 22: EARTH AND PLAN E TARY MIS SIONS II
Chair: John Seago, An a lyt i cal Graph ics, Inc.

AAS 07 – 242
A Semi-Analytic Method to Pre dict Or bit Main te nance Thrust Ma neu vers

Chris tina Doolittle and Frank R. Chavez, Air Force Re search Lab o ra tory/VSES

To sup port the goal of re duc ing cost and com plex ity of sat el lite ground op er a tions, 
sev eral or ga ni za tions are con sid er ing au to mat ing many of the ground op er a tion tasks.
The fo cus of the ef fort re ported herein is on au to mat ing the task of pre dict ing when to
ap ply or bit main te nance burns for sat el lite re quir ing con stant al ti tude or re visit pe ri ods.
A semi-analytic method has been de vel oped which will pro vide a mis sion planer burn
times and du ra tions given a de sired or bit al ti tude or re visit pe riod. Sub se quently, the
mis sion plan ner can work to in cor po rate these ma neu vers into a sched ule of tasks for
up loading to the sat el lite for ex e cu tion.
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AAS 07 – 243
Mars Re con nais sance Or biter Aerobraking Con trol

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

The Mars Re con nais sance Or biter space craft reached Mars on March 10, 2006 and 
suc cess fully cap tured into Mars or bit. The Mars cap ture or bit was el lip ti cal, with a
periapsis al ti tude of 400 km and an or bit pe riod near 35 hours. The fi nal Pri mary Sci -
ence Or bit (PSO) for the or biter is closer to Mars than any other space craft cur rently
op er at ing at Mars (255 km by 320 km). Aerobraking tech niques were used to es tab lish
this or bit with 445 or bits over a 6-month pe riod, sav ing over 1200 m/sec. This pa per
de scribes the strat egy and im ple men ta tion of the MRO aerobraking phase.

AAS 07 – 244
Mars Re con nais sance Or biter Op er a tional Aerobraking Phase As sess ment

Jill L. Prince and Scott A. Striepe, NASA Langley Re search Cen ter

The Mars Re con nais sance Or biter was in serted into or bit around Mars on March
10, 2005. Af ter Mars Or bit In ser tion, the aerobraking phase lasted ap prox i mately 5
months dur ing which teams from the Jet Pro pul sion Lab o ra tory, Lockheed Mar tin, and
NASA Langley Re search Cen ter worked to gether to mon i tor and ma neu ver the space -
craft such that ther mal mar gin on the so lar ar rays was main tained while sched ule mar -
gin was up held to pro vide a fi nal lo cal mean so lar time at as cend ing node of 3:00 PM
on the fi nal aerobraking or bit. This pa per will fo cus on the con tri bu tion of the flight
me chan ics team at NASA Langley Re search Cen ter.

AAS 07 – 245
Mars Re con nais sance Or biter Or bit De ter mi na tion Dur ing Aerobraking

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

The Mars Re con nais sance Or biter space craft reached Mars on 10 March 2006 and
was put into or bit with an or bital pe riod of 35 hours. Aerobraking through the Mars at -
mo sphere was used to help get the space craft into the fi nal low, near cir cu lar Pri mary
Sci ence Or bit. This pa per de scribes the or bit de ter mi na tion per formed dur ing the MRO
aerobraking phase for gen er at ing re con structed and pre dicted tra jec to ries. Pre dicted tra -
jec to ries had sev eral con straints on their ac cu ra cies. In or der to meet the con straints, the 
at mo spheric den sity was es ti mated for each aerobraking or bit. The es ti mated den si ties
were an a lyzed and used to gen er ate im proved short-term pre dict mod els.
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AAS 07 – 246
Mis sion Anal y sis of the Sam ple Re turn from Prim i tive Type Near Earth As ter oid

Yasuhiro Kawakatsu, Masanao Abe, and Jun’ichiro Kawaguchi, JAXA/ISAS

Re ported in this pa per is the mis sion anal y sis of the as ter oid sam ple re turn mis -
sion. Fol low ing the suc cess ful achieve ments of HAYABUSA, the Jap a nese as ter oid ex -
plorer, JAXA/ISAS has started the study of the next as ter oid ex plo ra tion mis sion sup -
pos ing a launch in the first half of the 2010s. The ob jec tive of the next mis sion is to re -
turn the sam ple from the as ter oid with prim i tive com po si tion. The pa per in cludes the re -
sults of the se lec tion of tar get as ter oid, the de sign of nom i nal mis sion se quence, and
some back up plans.

AAS 07 – 247
Mis sion De sign Over view for the Phoe nix Mars Scout Mis sion

Mark D. Gar cia and Ken neth K. Fujii, Jet Pro pul sion Lab o ra tory

The Phoe nix Mars Scout Lander, sched uled to launch in Au gust 2007, will land on 
the north ern plains of Mars in May 2008, prior to the start of the north ern, Mar tian
sum mer. For three months af ter land ing, the fixed Lander will per form in-situ and re -
mote sens ing in ves ti ga tions that will char ac ter ize the chem is try of the ma te ri als at the
lo cal sur face, sub-surface, and at mo sphere, and will iden tify po ten tial prov e nance of
key in di ca tor el e ments of sig nif i cance to the bi o log i cal po ten tial of Mars, in clud ing po -
ten tial organics and any ac ces si ble wa ter ice. An over view of the mis sion de sign from
launch through sur face op er a tions is de scribed.

AAS 07 – 248
A Determination of Rhea’s Gravity Field from Cassini Navigation Analysis

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

The Cassini space craft was tracked by the DSN in Can berra and Ma drid through
its 502-km al ti tude flyby of Sat urn’s moon Rhea on 26 No vem ber 2005. This has en -
abled the de ter mi na tion of low har mon ics of the Rhea grav ity field as part of the rou tine 
Cassini or bit de ter mi na tion. Sev eral dif fer ent or bit de ter mi na tion arcs and fil ter ap -
proaches were used to ex am ine so lu tion sen si tiv i ties to data weight ing, arc length and
the ef fects of col ored so lar plasma noise. In ad di tion, the so lu tion sen si tiv ity to the ap -
pli ca tion of a hy dro static con straint equa tion 3J2 = 10C22, as an in ex act con straint, is
ex am ined.
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